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Editorial

As a new service to its readers, Analytica Chimica Acta will implement a
new section:

Software Available from Authors.

As the name implies, the section will give authors of computer programs
the opportunity to announce software that they are willing to share with
their colleagues. The program descriptions will be very short, giving only the
title and purpose of the program, the hardware requirements, the exchange
media offered, and the name and address of the author to be contacted.
Anyone interested in a particular program must contact the author named
directly to obtain further information about the program and the mode of
exchange. Letters sent to the editors or to the publisher will not be for-
warded.

The programs included in this section will not be refereed in any way, and
neither the publisher nor the editors will take any responsibility for the soft-
ware offered. Anyone interested in placing program announcements in this
new section should write to J. T. Clerc (address on inside cover) who will
provide a standard entry form to be filled in.

The editors of Analytica Chimica Acta hope that this new service will give
authors of programs an easy way to disseminate information about the soft-
ware that they have available, and will allow analytical chemists to avoid
unnecessary programming efforts by gaining access to programs already
developed elsewhere.

J. T. Clerc
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OPTOSENSING AT ACTIVE SURFACES - A NEW DETECTION
PRINCIPLE IN FLOW INJECTION ANALYSIS

JAROMIR RUZICKA and ELO H. HANSEN

Chemistry Department A, Technical University of Denmark, Building 207, DK-2800
Lyngby (Denmark)

(Received 10th February 1985)

SUMMARY

Reflectance spectrophotometry is applied to flow-injection measurements of pH and
the assays of ammonia and urea with the aim of demonstrating the principle and testing
the performance of optosensors integrated into microconduits. A novel injection approach,
the split-loop technique, is applied. For pH measurements, detection is based on commer-
cial non-bleeding acid-base indicator papers situated in the flow stream at the tip of the
fibre optic. Measurements of pH in the range 4—10 are possible at a rate of 120 h!.
Special attention is given to the physiological pH range; the standard deviation is 0.004 at
pH 7.2, For the determinations of ammonia and urea (via urease), a bromothymol blue
stream is used with a miniature gas-diffusion device.

When the development of flow injection analysis (f.i.a.) over the last ten
years is reviewed, several patterns emerge, the trend towards miniaturization
and the introduction of new flow-through detectors being the most striking.
While the first flow-injection system [1] used more than 10 ml of reagent
and 0.5 ml of sample for a single measurement, the contemporary integrated
systems require ten to twenty times smaller volumes of solutions yet yield
more reproducible results [2]. This advance has been achieved through inte-
gration of detectors into the manifolds for f.i.a.; it has become feasible to
place the detector exactly into that section of the flow channel where disper-
sion of the sample zone is optimal to suit best the requirements of the
intended assay. Because conventional flow-through detectors are far too bulky
to be integrated into flow-injection microchannels, the existing detection
techniques have had to be modified by using optical fibres or miniaturized
electrodes [2].

The present work is a step further in this direction. A novel group of
detectors, based on interaction of radiation with a surface situated in a
flowing stream is introduced. Such optosensors will exploit absorbance,
reflectance, or fluorescence of visible and/or u.v. light as it is changed by
chemical reactions taking place at, or in close proximity to, a surface sur-
rounded by a flowing solution. This surface may be a solid fibrous structure,
a diffusion membrane, a gas-permeable membrane, an ion exchanger, or a

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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water-immiscible liquid. These materials may contain covalently-bound
reagent(s) and associated dyes, which by changing colour or fluorescence
intensity allow optosensing of the chemical reactions that occur. The flow of
solutions through the cell serves two purposes: to transport the sample zone
through the detector in the f.i.a. mode, and to renew the reagents which
cannot be immobilized within the optosensor. For both these purposes, the
flow of solutions may be continuous, or intermittent, depending on the
desired mode (e.g., stopped-flow for kinetic measurements) and on the
desired reagent economy.

Flow-through optosensors based on the above principles will allow micro-
miniaturization of the great majority of assays which utilize colorimetric
reagents and enzymes. Those reagents that cannot be immobilized or are not
reversible, can be replenished within the optosensor by intermittent pumping
of microlitre volumes. Assays that rely on separation processes, like dialysis,
gas diffusion, ion exchange and liquid-liquid extraction, can be micro-
miniaturized and executed within the optosensor. On-line preconcentration
within a small volume of a suitable reagent located in the flow-through opto-
sensor will allow a substantial increase in sensitivity of measurements based
on the above technique. Clearly, such a wide range of possibilities will have
to be examined gradually and carefully. It is therefore intended to do so and
to describe the results obtained in a series of papers similar to those initiated
in this journal ten years ago [1, 3]. As then, it is not possible to anticipate
the scope or application of this new concept, yet the preliminary results des-
cribed below, as obtained with flow-through optosensors utilizing reflectance
spectrophotometry, certainly justify further exploration of this field.

Reflectance spectrophotometry

Reflectance spectrophotometry has traditional applications such as evalua-
tion of paints, printing materials and textiles, but it has recently found use in
two other areas. Inrapid diagnostics [4], it is used for quantitative evaluation
of test strips designed for assays of urea and glucose in urine or blood. The test
strips, with solid-phase reagents, may be conceived as the modern extension
of the traditional litmus paper principle which is finding its way back into
the clinical laboratory in two novel modifications: (a) as a fibre-based system
where reagents and their combinations are covalently bound to cellulose; and
(b) as a multilayer film system where reagents and associated dyes are located
in gelatine-based layers sandwiched together. Though designed exclusively
for one-time use and batchwise operation, some of the commercially pro-
duced strips contain strongly-bound reversible reagents and are therefore
perfectly suited to become sensing surfaces in flow-through optosensors.
Another area in which reflectance measurements have found application is in
construction of optical probes (optrodes) for continuous monitoring. Peterson
et al. [6] made the pioneering contribution by designing a probe for con-
tinuous monitoring of pH of blood in vivo, and their work was later extended
to monitoring of oxygen, glucose and other species, An excellent review by
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Seitz [6] and contributions by Kirkbright et al. [7, 8] are very useful sources
of information about the technology of fibre optics and the methods of
incorporating reagents and/or dyes onto the tip of optical fibres. None of
this work, however, was conducted with the aim of incorporating the optrodes
into f.i.a. In fact, only the pH probe designed by Kirkbright et al. [8] was
tested in a flow-through mode, yet its response is too slow for f.i.a. applica-
tions (99% of steady state is reached within 5 min). In the same work,
normalized reflected radiation intensity was used to measure the response of
the probe. There is, however, generally some uncertainty above which mode
is most appropriate for the presentation and interpretation of reflectance
measurements on reactive media, and it seems useful to review briefly the
principles of reflectance measurements as relevant to the present purpose.

Absorbance and reflectance spectrophotometry are interrelated and for
f.i.a. applications a spectrophotometer can be used for both methods (although
requiring different designs of the flow through cells), thus it is useful to
review their principles by comparison. In absorptiometry, the radiation
intensity I, entering the flow cell is related to the intensity of the trans-
mitted radiation, Iy, by the transmittance T: T = I1/I,. In reflectance mea-
surements the reflected radiation, Iy, is related to the incident radiation, I,
by the reflecting power, R: R = Iy./I,. Evidently, both T and R can reach
values between 0 and 1. As long as the content of the flow cell is transparent,
the concentration C of the absorbing species can be expressed by Lambert—
Beer’s law

~log (Iz/I,) = A = eCd 1)

where € is the molar absorptivity and d is the thickness of the absorbing
solution. For reflectance measurement, the situation is much more complex,
because radiation scattering, the nature of the reflecting medium, the geom-
etry of illumination and of radiation collection play important roles [9—11].
Therefore several equations have been proposed to describe the relation
between R and C. For opaque layers, the Kubelka—Munk function [10]
applies

f(R.) = Ces™ (2)

where R ., is the reflectance of an opaque (and infinitely thick) layer and s is
the scattering coefficient. It can be shown [10] that A and f(R..) are equal
at R, = T = 0.44, and that for the same ¢ value, Ctd = Cg.s"!. Furthermore,
it has been shown [10] that error curves for both Eqns. 1 and 2 have minima
in the range 0.2—0.6, yet the reflectance concentration function has a lower
slope, shorter linear range and larger errors at both extremes.

Transparent layers on a white opaque background, if suitably illuminated
(so that light scattering of the transparent layer as well as gloss are elimi-
nated), will yield a reflectance/concentration dependence which resembles
Lambert—Beer’s law, except that because the radiation traverses the absorb-
ing layer at least twice (if not more, by multiple internal reflection), the
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thickness of the absorbing layer is equal to 2d (Egn. 1). Mirror-like reflectance
(gloss) will cause negative deviations at low R values, and excessive back-
scattering, owing to poor geometry of illumination and of reflector, will
result in loss of sensitivity.

Thus, in principle the following operational conclusions may be made.
Reflectance by an opaque layer is independent of its thickness, d, provided
that a certain minimum d value has been reached. Reflectance by a trans-
parent layer will be at least twice as high as its absorbance. The interdepen-
dence of R and C as described by the Kubelka—Munk function is a nonlinear
function (a combination of a straight line and a hyperbola) which within a
short range of concentrations close to the point of minimum error will
resemble Lambert—Beer’s law. Therefore, all reflectance measurements in
this work will be treated as if absorbance had been measured, yet to indicate
that the intensity of the reflected light has been measured, Az will be used
for the flow cell with a transparent solution layer and a white diffuse reflect-
ing background, while A, will designate measurements made in a cell with an
opaque reflecting layer. While this approach would not be feasible in classical
(i.e., discrete) applications of reflectance, it is practical in flow-through
applications because f.i.a. allows calibration of the optosensor by means of
standard solutions while the geometry of illumination, of light collection,
and of the position of the reflecting surfaces within the flow cell remain
strictly constant during series of measurements. The resulting calibration
curve will be linear within a limited range in favourable cases while at higher
concentrations it will exhibit a negative deviation.

To test the performance of optosensors with transparent and opaque
layers, a model system was chosen, the common feature of its components
being the optosensed reaction, namely, the colour change of an acid-base
indicator. The three methods examined, measurement of pH and assays of
ammonia and urea, are among the most frequently required assays, and
therefore their miniaturization is of general interest.

Flow-through optosensors

The flow-through optosensor for pH measurement (Fig. 1) uses a com-
mercially available fibrous cellulose material to which acid-base indicators
are covalently bound and through which the carrier stream C may freely pass
so that the change of reflectance of the incident light, led to the fibrous pad
by a bifurcated optical fibre (o), may be measured at the distant end by
means of a conventional spectrophotometer. If the pad thickness (d) were to
be sufficiently great, the use of a reflector (r) would not have been necessary
because each cellulose fibre, being white, serves as a diffuse reflector. Yet for
reasons of miniaturization (the channel thickness being 2 mm) an “infinitely
thick layer’” was not viable. Several acid-base indicators covalently bound to
the surface of cellulose fibres were tested with the aim of optimizing the
reproducibility of a series of pH measurements, maximum range and maxi-
mum sensitivity of pH measurements (i.e., pH/A, slope), the reproducibility



o f@o

d O
I

a C ég\fﬁ%\: —p T S TS —
AR & | ﬁ %v//////
r /// D /

m

Fig. 1. Optosensor with fibrous flow-through structure on the surface of which a pH
indicator is covalently bound. C, Carrier stream; d, thickness of indicator-containing cellu-
lose pad; r, reflector; o, optical fibre.

Fig. 2. Optosensor with a gas-diffusion membrane (m) separating a donor stream (D) and
an indicator-containing acceptor stream (A), the membrane being situated in that section
of the channel which is monitored by the optical fibre (o).

of the optosensor preparation, and the long-term stability of the optosensor
calibration curves, as well as the possible influence of colour, refractive index
and air bubbles in the measured sample solution.

The flow-through optosensor for gas measurements (Fig. 2) utilizes the
same bifurcated optical fibre (o) and associated instrumentation, yet the
ammonia emanating from the donor stream (D; cf. Fig. 5) penetrates a porous
hydrophobic membrane (m), thus changing the pH of the acceptor stream
(A) and so the colour of the acid-base indicator present in it. The incident
light is reflected by the hydrophobic membrane which is opaque and white,
thus serving as an ideal reflecting layer for an indicator reaction in its vicinity.
The indicator solution is transparent and the incident light traverses the
acceptor stream twice (the path length being 2d). The small portion of the
acceptor stream (ca. 1 ul) in which the pH and the indicator colour change,
is renewed periodically after each measuring cycle. The main purpose in
designing and testing the gas optosensor was to miniaturize the gas-diffusion
unit, which in conventional form [12—14] is bulky and awkward to assemble,
A further aim was to test how the reflectance measurement of a transparent
layer of a dye solution compares with the absorbance measurement of the
same dye (here, bromothymol blue), how the sensitivity of ammonia mea-
surements by such an optosensor compares with conventional gas-diffusion
fi.a., and to evaluate the reproducibility of the gas measurement and the
lifetime of the gas optosensor.

Measurement of urea by the well known method based on enzymatic
degradation of urea by urease, yielding ammonia which is then sensed by the
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approach outlined above, was chosen as the last component of the present
model system, because it provides a link to a number of biochemical applica-
tions and enzymatic tests. As both the ammonia and the urea assay require
that a sequence of chemical reactions must take place prior to the diffusion
of ammonia into the indicator acceptor stream, the mutual dispersion of
sample and reagent zones had to be controlled between the injector and the
detector. Because miniaturized f.i.a. requires extremely precise control of
such a merging process, a novel approach based on split-loop injection was
designed for this purpose.

Common to all three systems investigated is that the pH is sensed via a
colour change of an acid-base indicator

pH = pKaInd + ].Og [blnd] /[a]nd] = pKaInd + log xbLnd/xaInd (3)

where x,, . and x, . are the molar fractions, and where either the alkaline
(b) or the acid (a) form of the indicator can be selected for monitoring.
Depicted in a Bjerrum diagram, x,, . (or x, ) as a function of pH will yield
a sigmoidal curve which can be shown to approximate a straight line in the
pH range pH = pK, . % 0.6. Thus, if by,4 is the component to be monitored,

aInd ~

then within this pH range the equation valid will be
PH =Fkyxy  + Ry = 2004, + (PKy, — 1) (4)

Isolating Xpp,y from Eqn. 4 and inserting xy, . = [bmg)} /Co, where C, is the
stoichiometric concentration of indicator, gives

[bimal = 1/2Co(pH — pK, , + 1) (5)

In all indicator-based reflectance measurements, the indicator concentration
and hence the pH value is measured relative to the initial conditions. For
measurements of the reflectance Ay in cells with a transparent solution layer
and a white diffuse reflecting background, the initial conditions are fixed by
the indicator concentration, [bpgle, in the acceptor stream, whereas for
measurements of A, referring to measurement of reflectance in cells with an
opaque reflecting layer, the baseline pH value, pH,, is governed by the pH of
the carrier stream. If the [by,4] and pH values corresponding to the presence
of a sample in the flow-through cell are called [by4]. and pH,, i.e.,

PH, = (2[bmglo/Co) + PK,y; — 15 PH, = (2[bgnal «/Co) + pPK, ,—1
the recorded change in pH as the result of injection of a sample will be
ApH = pH, — pH, = (2/Co)([binal x — [Prmalo) = (2/Co)A [bpg] (6)

For measurements of Ay, asused for the flow-through cell based on diffusion
of gas through a gas-permeable membrane, A[b;,q] will be proportional to
the amount of gas diffused, i.e., A[b4l = k4C,, where C, is the sample con-
centration and k4 is a constant the value of which depends on the character-
istics of the membrane, the cell geometry and the residence time of the
sample in the cell. Combined with Eqn. 1, this yields

aInd

aInd



(2/Co)A[bmal = (2/Co)R4Cs = (2/Co)RAAR
or
AAg =kyCik =k'C, (7)

where k is proportional to 1/(e2d). Thus, provided that the indicator concen-
tration is sufficient to fulfil the conditions of Eqn. 7 (i.e., in excess) the mea-
sured signal will be independent of C,.

For measurements of A,, the recorded signal will be, according to Eqn. 2,
a function of the population of indicator molecules in the b-form, i.e., A, =
k[bmg] (Area), where Area refers to the area of indicator layer which is
observed by the detector system (the optical fibre). Combined with Eqn. 6,
this gives

ApH = (2/Cy)A [binal = 24A,/kCy(Area)
or
AA,= ApH k'Cy(Area) (8)

where k' will be proportional to e. Thus, if one imagines the indicator pad
consisting of sandwiched layers, each consecutive layer will add, to a gradually
diminishing extent, to the population of indicator observed by the optical
fibre. Therefore, eventually the reflectance R. (Eqn. 2) is reached, and is
independent of the pad thickness d.

The conditions on which Eqns. 7 and 8 are based are essential for both pH
measurements and indicator-based assays, if linearity of response is to be
maintained. The slope of the response plot is unconditionally and directly
proportional to € and d (or Area). Yet, for pH measurements all molecules of
the indicator (i.e., the population) have to be equilibrated with the sample
pH (i.e., fully reacted with the sample solution), whereas for the assay
of ammonia or urea, the indicator concentration C, must always be in excess
compared to the millimoles of base diffusing from the donor stream across
the membrane to the acceptor stream. This means that in order to achieve
maximum sensitivity of measurement, the indicator must have the highest
possible e value as well as a suitable pK, value. Further increase in sensitivity
can be achieved for the pH measurements by increasing the amount of
indicator immobilized within the illuminated area, provided that a sufficiently
large buffering capacity and/or large volume of sample solution is being con-
tacted with the immobilized indicator, so that all indicator molecules will
become equilibrated with the sample solution. For assay of ammonia (or
urea), In contrast, an increase in indicator concentration in the acceptor
stream will not yield higher sensitivity, but will increase the upper linear
range if the indicator is not already present in sufficient excess, provided
that other limiting factors (e.g., deviations arising from reflectance measure-
ments or from limited gas diffusion) do not play a role.
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EXPERIMENTAL

Instrumentation

All experiments were done with two Bifok-Tecator FIA-5020 Flow
Injection Analyzers. The manifolds with integrated flow-through detectors
were constructed by the microconduit technology as described earlier [2].
As a novel feature, a miniaturized injection valve, provided with an external
sample loop to allow for injection of variable sample volumes, was integrated
into the microconduit (cf. Fig. 3); this allowed the volume of the channel
connecting the sample loop and the detector to be minimized (to 10 ul for
the pH unit shown in Fig. 3). Optical communications were made by means
of plastic optical fibres (DuPont Crofon fibre 1610, 2.6 mm; Optronics,
Cambridge, England) consisting of 32 individual acrylic strands which were
randomly bifurcated at the remote end to allow connection to a light source
and to the spectrophotometer.

Microconduits were accommodated in a cassette furnished with a gear box
which allowed the arm of the miniaturized valve to be operated by the valve
motor of the FIA-5020 analyzer. For delivery and aspiration of liquids,
both peristaltic pumps (P1 and P2) of the analyzer were used. The automated
sequential operation of the pumps, and the timing of the valve functions,
were controlled by the microprocessor of the FIA-5020.

Reflectance measurements were done by either one of two conventional
spectrophotometers: the Bausch and Lomb Mini-20 spectrophotometer used
was furnished with a home-made logarithmic signal converter and a home-
made external high-intensity light source (20 W) powered by a variable

Fig. 3. Integrated microconduit for measurement of pH comprising injection valve and
optosensor. S, Sample solution; P1 and P2, tubes leading to the peristaltic pumps (cf.
Fig. 4); W, waste tube. The insert shows a cross-section of the optosensor (cf. Fig. 1).

Fig. 4. Manifold for pH measurement comprising two peristaltic pumps (P1 and P2), a
timer (T) and the microconduit shown in Fig. 3 (comprising the components within the
boxed area). S, Sample; C, carrier stream; W, waste. The flow-through cell communicates
with a light source and a spectrophotometer (D) through optical fibres.
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power supply (4—8 V); the Bifok-Tecator FIAstar 5023 scanning spectro-
photometer used was modified by removing the 400—700-nm blue filter and
by increasing the voltage of the light source lamp to 6.4 V in order to increase
the light intensity. The conventional flow-through cuvette of the instrument
was then replaced by a black plastic block which held in appropriate positions
the two bifurcated ends of the multistrand plastic fibre so that the light
from the internal light source could be piped into the microconduit and then
the light reflected from there could be piped back into the spectrophoto-
meter. Because the white opaque reflector of the flow-through cell used
reflected only 10% of the light, the signal of the unattenuated reference
beam had to be balanced electronically by means of the built-in adjustment
potentiometers.

Both spectrophotometers yielded identical results, but the FIAstar 5023
allowed automated recording of reflectance spectra. Further operational
details of spectrophotometry/reflectance measurements seem unnecessary
here, but it should be noted that the intensity of the polychromatic light as
supplied by the home-made unit, and subsequently made monochromatic
and measured by the Bausch and Lomb Mini-20, was so high that the micro-
conduits could be made from transparent PVC without any danger that
changes in ambient illumination would affect the measurement. The light
source of the FIAstar 5023, after being boosted, allowed reflectance mea-
surements to be made, but the microconduits had to be made of black PVC
to avoid any influence by ambient illumination. All fibre bundles were
protected from ambient light by black PVC sleeving. The measurements of
reflectance (A, or Ay) were automatically recorded on the printer of the
FIAstar 5023 and were digitally displayed on the FIA-5020, and concurrently
fed to arecorder (Radiometer Servograph REC-61, furnished with a REA-112
high-sensitivity interface). When the Bausch and Lomb spectrophotometer
was used, the transmittance signal was first fed to the logarithmic converter
and then to the Radiometer recorder, and from there to the FIA-5020.
Results were displayed digitally on the FIA-5020 and also recorded on an
attached printer (Alphacom Sprinter 40).

Microconduits

The microconduits consisted of 70 X 45 X 10-mm PVC blocks into which
appropriate channel patterns were impressed or engraved. When closed by a
transparent plate with the aid of pressure-sensitive polymeric glue, the
channels formed conduits of semicircular cross-section with an internal area
of 0.8 mm?. Introduction of liquids into the channels and their withdrawal
were effected through small perpendicular holes drilled at appropriate
positions and furnished with externally communicating tubes.

The microconduit and manifold for pH measurements are shown in Figs. 3
and 4, respectively. Details of the flow-through cell are shown in Fig. 1, the
cell compartment being ca. 3 mm in diameter (d = 2.0 mm), comprising a
circular pad (ca. 2.9 mm in diameter) containing the covalently bound
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acid-base indicator dye on cellulose support, which in the swollen state was
ca. 1.8 mm thick.

The manifold for the gas-diffusion system is outlined in Fig. 5. For con-
venience, it was made of two microconduits, one containing the injection
valve and the split-loop system, and the other one comprising the mixing coil
M and the flow-through cell. Details of the gas flow-through cell are shown
in Fig. 2. The donor stream (D) flows in a channel, 1.5 mm wide, 0.3 mm
deep and 4 mm long, engraved into the microconduit, while the acceptor
stream (A) is guided through a channel, 1.5 mm wide, 0.13 mm deep (d) and
7 mm long, the two channels being separated by the gas-permeable membrane,
m (Celgard 2500 microporous film; Celanese Fibers Operations, U.S.A.), but
sharing a common outlet in order to eliminate pressure differences across the
membrane.

Reagents and materials

For the pH measurements, the non-bleeding indicator papers (Merck)
designated as Universal (pH 0—14; cat. no. 9535), Neutralit (pH 5—10; cat.
no. 9533), Spezial (pH 4—7; cat. no. 9542), and Spezial (pH 6.5—10; cat.
no. 9543) were selected. A circular section (2.9 mm in diameter, 0.1 mm thick)
of cellulose fibres with covalently bound indicator was sliced off the support-
ing plastic backing with a lancet and was placed into the flow-through cell to
face the end of the optical fibre (see insert of Fig. 3).

The carrier stream (C, Fig. 4) used for wide-range pH measurements was
5 X 10 M hydrochloric acid; for narrow pH ranges, a 5 X 10 M phosphate
buffer adjusted to pH 6.50 was used. Both carrier solutions contained surfac-
tant (0.01% Brij) and were degassed before use. The standard buffers used in
this work contained phosphate, citrate, borate and appropriate amounts of
either hydrochloric acid or sodium hydroxide. Their exact compositions are
described in Tables 10.25, 10.43 and 10.45 in the monograph by Perrin and
Dempsey [15].

The carrier stream (C) for the ammonia determinations (Fig. 5) was a (1 +
99) dilution of a stock solution containing 1.2 M potassium dihydrogenphos-
phate and 0.59 M disodium hydrogenphosphate, pH 6.50. The reagent solu-
tion (R) was 0.1 M sodium hydroxide. For urea determinations (Fig. 5), the
carrier stream (C) was 0.1 M tris(hydroxymethyl)aminomethane (Tris)
adjusted to pH 8.32, while the reagent stream (R) was 0.1 M Tris to which
per 100 ml buffer (pH 8.32) was added 100 mg of urease (nominally 51 U
mg!; Worthington 3886 URC 30S956A). The acid-base indicator solution
(Ind) consisted in both cases of 0.04% (w/v) bromothymol blue in a 25:75
(% v/v) ethanol/water mixture, the pH being adjusted so that 5 10% of the
indicator was in the alkaline form. The blue form of the indicator was
monitored at 620 nm. Ammonium chloride standards in the range 1--20 mg
17 ammonia and urea standards in the range 1—10 mmol 17 were prepared
by aqueous dilutions of stock solutions.
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Fig. 5. Manifold for assay of ammonia and of urea, comprising two peristaltic pumps (P1
and P2), a timer (T'), reagent (R), carrier (C) and indicator (Ind) channels, mixing coil (M,
70 rl), sample channel (S) and a valve furnished with a split-loop configuration comprising
sample (a) and reagent (b) sections. The optosensor (cf. Fig. 2) is connected to a light
source and a spectrophotometer (D) by means of optical fibres. W leads to waste. The
boxed area includes the components within the microconduit.

Split-loop injection procedure

The split-loop injection approach may be explained by referring to Fig. 5;
the principle is that the normally used external sample loop, the length and
internal diameter of which fixes the injected sample volume, is divided (split)
into two sections sharing a common outlet. Thus, when the valve is in the
load position (as shown on Fig. 5) sample and reagent solutions are simul-
taneously being aspirated by means of pump P2, filling sections a and b,
respectively. When the loading has been completed pump P2 is stopped and
the valve is turned in the direction of the arrow so that both zones are
injected into the manifold by carrier stream C propelled by pump P1, zone b
(reagent) following immediately on zone a (sample) through the mixing coil
M. The dimensions of this coil govern the dispersions of the two zones and
hence their mutual overlap before entering the flow-through cell.

In practice, the common outlet and a portion of each volumetric section
aand b were imprinted into the microconduit, adjacent to the injection valve;
the connecting tubes between the valve and the imprinted channels thus fix
the volumes of zone a and b. By varying the length and internal diameter of
these connecting tubes, the injected volumes of reagent and sample could
readily be changed.

RESULTS AND DISCUSSION
Measurement of pH

Measurements of pH were made in the manifold with integrated valve
and optosensor (Fig. 4). The programming sequence of the FIA-5020 was
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00-00-00-08-1-6 which resulted in sample aspiration (S by pump P2) for 8 s
during which the sample loop (volume 50 ul} was washed and filled with
sample solution. After a 2-s delay the valve was turned, and the sample zone
was injected into the carrier stream which was pumped continuously by
pump P1, reached the optosensor after 1 s and passed through the sensor
during the next 20 s (cf. Fig. 7, curve e). Because sample aspiration and
sensor wash-out partially overlapped, a sampling frequency of 120 h™ could
be maintained.

The indicator pads, cut from the Merck strips, were chosen to change
from yellow (acid form) to blue (alkaline form), thus yielding minimum
reflectance (maximum A,) in the alkaline form in the vicinity of 610 nm. In
order to cover different pH ranges, pads were selected according to the
manufacturer’s instructions (from the Universal indicator series, a section
covering pH 5—10 was selected). Typical recordings obtained with these
cellulose-bound indicators and standard buffers are shown in Fig. 6. The
same pad could be used for several weeks and for thousands of measure-
ments without any deterioration of response characteristics (i.e., slope of
calibration curve, speed of response). Because of the excellent homogeneity
of the commercial materials and the reproducible geometry of the pad in the
flow cell, a pad could be replaced, or an entirely new microconduit fabricated,
with such repeatability that identical calibration curves were obtained with
new and old devices.

In order to investigate the reproducibility of pH measurements at the
maximum sensitivity achievable within the linear range of the indicator

0.3F
H 100 1O min
Al "M
r 80
0.2+
70
60
01
50
40
0O+
Merck 953% Merck 9547 Merck 9543

Scan ——»

Fig. 6. The pH responses of the optosensor furnished with the following immobilized
indicators: Universal (Merck 9535), Spezial (Merck 9547), and Spezial (Merck 9543),
recorded by injecting standard buffer solutions into a 5 x 10 M HCI carrier stream and
monitoring the reflectance as increased absorbance (A,) at 610 nm. The arrow at the far
right indicates the pH range investigated in Fig. 7.
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Fig. 7. Response of the optosensor within the pH range 6.8—7.8 using immobilized
indicator (Merck 9543) with a phosphate-based carrier stream of pH 6.5. Standard buffer
solutions were injected in triplicate, then (A) the standard buffer of pH 7.20 was injected
in quadruplicate followed by (B) the standard buffer of pH 7.20 containing 0.4% methyl
red injected in quadruplicate. Further injections (all in triplicate) were: (a) carrier solu-
tion; (b) carrier solution with 0.4% methyl red; (c) air; (d) 60% (w/v) glucose in carrier
solution. Recorded at high paper speed to the right are: (e) the buffer pH 7.80; (f) as (e)
but with a stop period of 17 s (indicated by the arrow on top of the peak). S is the point
of injection.

response, a Spezial indicator strip (cat. no. 9543, pH 6.5—10.5) was selected
and used together with a phosphate-based carrier stream, the pH of which
was chosen to fulfil the conditions stipulated by Egns. 4 and 8, so that
linearity of response and reproducibility of measurement could be evaluated.
The recording obtained (Fig. 7) yielded a calibration line with the equation
pH = 6.580 + 0.0034, (r* = 0.9995) while the standard deviation for 7
repeated injections of the pH 7.2 buffer (peaks marked 7.2 and A on Fig. 7)
corresponded to 0.004 pH.

Surprisingly, the injection of air, carrier solution containing a red dye or
containing 60% glucose (Fig. 7, a, b, ¢, d) had little or no effect on the base-
line, though one would intuitively expect that reflectance, absorbance or
schlieren effects would result in distortion of the signal read-out.

Fast detector response is crucial for all applications of f.i.a. and the opto-
sensor described above fulfils this requirement, as seen from Fig. 7 where At,
as measured from baseline to baseline, is 20 s while ¢,,, = 1 s. For the reasons
described earlier [16], the present system was designed and the sample
volume was selected to yield limited dispersion (D = 1.008). Therefore the
above response times reflect the linear velocity of the liquid and the rate of
sample zone wash-out from the optosensor. This conclusion is supported by
the stopped-flow experiment (Fig. 7, f) which shows no change in A, and pH
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value when the forward motion of the carrier stream is stopped, because the
covalently-bound indicator throughout the pad thickness has been equilibrated
with the flowing solution.

The compositions of the indicators immobilized on the pH strips used are
proprietary information; but from the information available [17], all the
indicators used here are substituted azo-dyes covalently bound to cellulose
by the Remazol process [18, 19]. This process, mainly used in the textile
industry, is based on the following scheme

D—S0,—CH,—CH,—0—S0O;H + 2 NaOH -~ D—SO,CH=CH,
+ Na,S0, + 2 H,0
D—80,—CH=CH, + HO—[Cell] - D—S0,—CH,—CH,—0O—[Cell]

where D is the Remazol azo-dye backbone molecule, tailored to have one or
two pK, values and suitable colour transition(s) to serve as an indicator.
Because the dyes are covalently bound to the surface of white reflecting
fibres forming a loose structure, within' which the turbulent flow allows
rapid interaction between solution and surface, fast response is achieved, in
contrast to the less favourable geometries used earlier where an indicator was
impregnated into polystyrene spheres or retained on absorbing materials
behind a diffusion membrane [5—8] with the result that diffusion (and
rediffusion) of solute takes a long time while the indicator is more loosely
retained and less uniformly distributed. The Remazol process is also applic-
able to nylon and some other polymers, and it would be interesting to con-
struct optosensors with smooth (nonporous) reflecting surfaces covered with
a thin layer of covalently-bound indicator and compare their performance
with that of fibrous structures. Because covalently-bound indicators are said
[17] to be free from protein error, and because the present work demonstrates
the excellent reproducibility of f.i.a. for pH measurements within the
physiological range, further research along these lines appears to be justified.

Assays of ammonia and urea

Determination of ammonia. For the assay of ammonia, the manifold
shown in Fig. 5 and the optosensor depicted schematically in Fig. 2 were
most suitable. While the chemistry of this assay is the same as that used in
previously described flow-injection methods for ammonia [12] the experi-
mental arrangement differs from the conventional techniques in the follow-
ing respects: (a) the gas diffusion unit is miniaturized and integrated with the
detector to form an optosensor; (b) the valve, mixing coil and optosensor are
integrated by using the microconduit technology; (c) the use of the split
loop ensures highly reproducible merging of the sample and reagent zones.

With the manifold recommended and the FIA-5020 unit, the integrated
microconduit was operated by using the following sequence: 18-16-00-09-1-6.
This means that the measuring cycle was initiated by a 9-s aspiration period
during which the sample loop a (20 ul of ammonium chloride solution) and
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the reagent loop b (35 ul of 0.1 M sodium hydroxide) were filled; pump P2
was then stopped, and after a delay period of 1 s the valve was automatically
turned, the two zones passing through the mixing coil M towards the opto-
sensor, propelled by the phosphate carrier stream. The dispersion in the mix-
ing colil is sufficiently large to ensure an alkaline milieu over the entire length
of the sample zone, and ammonia is liberated from each segment of the zone.
If, however, both the indicator and the carrier streams were pumped con-
tinuously, the residence time in the small flow-through cell would be so
short that only minute amounts of ammonia would diffuse across the
membrane from the donor stream to the acceptor (Ind) stream. When the
two streams are stopped after a prepicked delay period following cycle
initiation, a suitable section of the mutually dispersed zones can be selected
and contained within the flow-through cell whereby the diffusion of gas
across the membrane is enhanced. In this manner, the sensitivity of measure-
ment can be increased, the length of the stop period governing the degree of
transfer of the ammonia available within the entrapped segment of sample
zone. The ammonia is then sensed via the colour change of the indicator. In
Fig. 8 is shown the output for a series of calibration solutions in the range of
1—20 mg 1! ammonia, the stop period being 16 s. All peaks were recorded
during stop intervals commencing at a delay time of 18 s after cycle initia-
tion, corresponding to the point of maximum concentration of ammonia on
the sample zone gradient. With the 16-s stop period, approximately 70% of
the ammonia within the optosensor was transferred into the acceptor stream.
For shorter or longer delay times than 18 s, corresponding to segments on
the ascending or descending parts of the sample zone gradient, smaller but
equally well reproducible peaks were obtained. As seen from Fig. 8, the
experimental conditions used resulted in a small response even for the injec-
tion of blank solution. Thus the lower limit of detection for the ammonia
detection with the present system is ca. 0.3 mg 1™ ammonia.

Assay of urea. For the urea determinations, the manifold and split-loop
configuration were used as for the ammonia determinations. The carrier
stream consisted of diluted Tris buffer of pH 8.32 and the reagent solution
was the same Tris buffer containing urease. This operational pH value was
chosen as a compromise between the optimal pH for the enzymatic degrada-
tion procedure and a sufficient degree of liberation of ammonia. As the
reagent zone (enzyme) follows the sample zone, the peak maxima of the two
gradients are spatially displaced and therefore the enzyme concentration at
the peak maximum of the sample zone will be relatively low, while over part
of the descending gradient of the sample zone, the enzyme concentration
will be increasing. Thus the optimal point for measurement, corresponding
to the highest sensitivity, is found at a delay time longer than the 18 s mea-
sured above to correspond to the peak maximum of the sample zone. In the
present configuration, the optimum delay time was found to be 22 s. For a
16-s stop period (i.e., the programming of the FIA-5020 was 22-16-00-09-1-6),
a series of urea standards in the range 1—10 mM were run. A typical output
is reproduced in Fig. 8.
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Fig. 8. Recordings for the assay of ammonia and urea with the manifold depicted in
Fig. 5. To the left are shown the responses for a series of ammonium chloride standards in
the range 0—20 mgl' ammonia. At the right are shown the responses for 5 urea standards
in the range 1—10 mM. All samples were injected in triplicate. For details, see text.

Fig. 9. Calibration graphs for bromothymol blue, ammonia and urea, obtained with the
optosensor in Fig. 2 and the manifold of Fig. 5. For comparison, the values on the abscissa
were normalized, so that C = 2.0 corresponds to 10 mM urea or 20 mg |™* ammonia.

Linearity of response. When the calibration graphs for ammonia and urea
are plotted from the responses shown in Fig. 8, a negative deviation from
linearity is observed at high analyte concentrations. Because such a deviation
could be due to the nature of reflectance measurement on the transparent
layer, it was decided to test the performance of the optosensor by means of
serially diluted solutions of bromothymol blue which were all adjusted by
means of sodium tetraborate to pH 9.2. Because the same indicator was used
in both the ammonia and urea assays, it was possible to evaluate in which
range of Ap the optosensor responds linearly (Fig. 9). By normalizing the
concentration units on the abscissa (through the respective stoichiometries
of the reactions involved), it was possible to accommodate all calibration
curves in one graph. Obviously, Ag closely follows Lambert—Beer’s Law
versus bromothymol blue concentrations up to a value of 0.35 Ay. In the
case of ammonia, the negative deviation at higher ammonia contents is due
to limited diffusion of ammonia through the membrane. This was confirmed
by an additional experiment in which higher indicator concentrations were
used in the acceptor stream; there was no increase of the linear range. The
even larger deviation from linearity in case of urea assay is primarily due to
limitations in the enzymatic degradation of the substrate, e.g., lack of
activity of the urease used.
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Gas diffusion units. The units used previously were designed according to
the original device of Baadenhuijsen and Seuren-Jacobs [20] and/or the
commercial unit available from Bifok-Tecator [14]. All have channel/
membrane interface areas of approximately 2 mm X 100 mm. Surprisingly,
with the same membrane material and with identical chemistry, the opto-
sensor yielded similar sensitivity and limit of detection as the conventional
gas diffusion units in spite of the fact that the active membrane area in the
optosensor is at least 50 times smaller. Additionally, as the physical thickness
of the acceptor channel is 0.13 mm, the transparent reflecting layer is effec-
tively only 0.26 mm thick, i.e., 40 times shorter than a conventional detector
light path of 10 mm. These attenuating factors arising from miniaturization
are, however, offset by the gains produced by the following features: (a) better
transport of solute towards the membrane surface because of the wall-jet
geometry of the optosensor; (b) absence of dispersion within the optosensor;
and (c) preconcentration of analyte from a larger volume of sample solution
into a smaller volume of acceptor (indicator) solution.

Close inspection of Fig. 2 shows that the donor stream is directed to
impinge on that section of the membrane which is directly opposite the
sensing range of the optical fibre. This geometry of flow, similar to the
design of electrochemical wall-jet detectors, brings the solute material into
close contact with the diffusion membrane by promoting turbulent flow and
eliminating the concentration profiles formed by radial dispersion.

Because detection occurs in the layer of the stationary indicator solution
situated at the surface of the membrane directly opposite the wall-jet posi-
tion, and because there is no dispersion of the resulting coloured zone, much
larger colour changes are optosensed than in conventional units where disper-
sion of analyte occurs during three consecutive steps: (a) during passage of
sample through the donor channel; (b) during collection of elements of
diffused material in the acceptor channel; and (c) during transfer of diffused
and collected analyte through the transmission tubing which connects the
gas diffusion unit to the detector. Recently, detailed theoretical and experi-
mental studies on gas diffusion and dialysis have been published [13, 21]; it
was shown that the tanks-in-series model predicts higher transfer of analyte
than the plug or laminar flow models. The present design may be described
by a single tank model on the donor side and a quiescent diffusion unit on
the acceptor side of the membrane, and will thus be easier to solve mathe-
matically than the model describing the conventional gas diffusion unit with
constantly flowing streams of donor and acceptor solutions.

Finally, it should be mentioned that the gas diffusion experiments des-
cribed above did not, owing to the limitation in the programming of the
FIA-5020 unit, involve preconcentration of analyte within a smaller volume
of indicator. It is likely that such preconcentration would allow further
increase in sensitivity and improvement of the detection limit of the opto-
sensor beyond that of conventional devices.
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Conclusion

While this work describes only the beginning of research into optosensing
devices, the results provide interesting information within both technological
and conceptual areas. On the technological side, microconduits proved to be
an excellent tool for fabricating optosensors and integrating them into
miniaturized flow-injection manifolds. The optosensor and microconduit
technologies are admirably compatible. Next, covalent binding of reversible
reagents on a suitable support proved to be thoroughly suited for applica-
tions of f.i.a. Further, renewal of a reagent phase within an optosensor
proved to be a technique which allowed highly reproducible regeneration of
the optosensor function prior to each measuring cycle. This is an invaluable
feature in situations where either back-diffusion into a donor stream
(ammonia in the present case) would take a long time, or where the reagent
used is irreversible or becomes consumed during the measuring cycle. Another
important feature of this work is the introduction of the split-loop technique
which proved to be a highly reproducible means of applying the merging
zones principle. It is remarkable that this split-loop approach is being intro-
duced only now, more than 10 years after the first f.i.a. experiment was
designed.

On the conceptual side, it is important to realize that the use of fibre
optics is only a convenient means of directing radiation to and from the
optosensor. What is new is the optosensing at a second phase in the detector
area through which a stream of sample and of reagent are flowing. This
approach allows miniaturization and results in great economy of sample and
reagent materials. In addition, it will allow preconcentration of analyte from
a large sample volume into a small volume of immobilized reagent thereby
increasing the sensitivity of assays. Ultimately, it should allow multiple
detection based on spatial rather than on time or spectral resolution.

The authors express their appreciation to Inge Marie Johansen and Eva
Thale for conscientious technical assistance. Thanks are also due to Tage
Frederiksen for mechanical help and to Ove Broo S¢rensen for help in
preparing the illustrations.
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SUMMARY

The development and evaluation of a predictive-kinetic method for quantifying amino
acids based on reactions with ninhydrin are described. Conditions are developed for which
reactions are pseudo-first-order in the amino acid. Absorbance vs. time data from the
kinetic region of the reaction (1—3 half-lives) are fitted to a first-order model to predict
the total absorbance change that would occur if the reaction were monitored to comple-
tion. Computed absorbance changes vary linearly with amino acid concentration between
1Xx 107% and 5 X 10°® mol 1"!, Results are virtually independent of changes in temperature
(¢1°C) and ninhydrin concentration (3 X 10 mol 17),

The determination of amino acids frequently involves a chromatographic
separation followed by reaction with ninhydrin and hydrindantin with subse-
quent measurement of the absorbance of the reaction product. Conventional
procedures involve relatively long (e.g., 20 min) reaction times during which
the ninhydrin reaction approaches completion [1, 2]. By replacing the tradi-
tional equilibrium measurement approach with a kinetic approach, it should
be possible to reduce substantially the time involved in the measurement step.

Traditional kinetic approaches to the measurement step have not been
attractive because they frequently involve error coefficients that are much
larger than the error coefficients for equilibrium methods [3]. Papers from
this laboratory have described results of a curve-fitting approach that reduces
error coefficients for kinetic results to values that are similar to values for
equilibrium methods [4, 5]. This paper describes the results of an evaluation
of this kinetic approach for quantifying amino acids via their reaction with
ninhydrin.

In the proposed method, the amino acid is mixed with large excesses of
ninhydrin and hydrindantin and several absorbance values measured during
the first 1.25—2.5 half-lives are fitted to a first-order model to compute the
absorbance change, AA .., that would occur if the reaction were monitored to
completion. Results obtained for glycine, alanine, phenylalanine, leucine,
and isoleucine with this ‘‘predictive’ kinetic method are virtually identical to
results obtained when reactions are monitored to completion. Variations in
temperature and reagent composition that produced 13% and 22% changes,

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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respectively, in initial-rate results produced only 1% and 0.4% changes,
respectively, in results obtained by the predictive-kinetic method with data
collected during the first 130 s of reaction time. These apparent errors (1%
and 0.4%) are well within the random uncertainty of both the equilibrium
and predictive-kinetic methods. Thus, a substantial reduction in reaction
time (2 min vs. 20 min) is achieved without significant sacrifice of reliability.

EXPERIMENTAL

Instrumentation and reagents

Reactions proceeded in 1-cm cuvets controlled to +0.1°C with circula-
ting water. Absorbance vs. time data were monitored with a Hewlett-Packard
8450A spectrophotometer interfaced to a Hewlett-Packard 2100 mini-
computer.

Ninhydrin, hydrindantin, amino acids and methylcellosolve were all from
Sigma Chemical Company.

Sodium acetate buffer was prepared by dissolving 54.4 g of sodium acetate
trihydrate and about 9.0 ml of glacial acetic acid in sufficient distilled water
to make 100 ml of solution with pH = 5.51 + 0.03.

Ninhydrin reagent was prepared by dissolving 500 mg of ninhydrin and
80 mg of hydrindantin in 20 ml of methylcellosolve. Then 6.7 ml of sodium
acetate buffer was added to the solution. Ninhydrin reagent was prepared
freshly before each experiment and was kept under high-purity nitrogen
prior to its addition to the amino acid solutions.

Stock solutions (1.0 X 1072 mol 17?!) of each amino acid were prepared in
distilled water; the solutions were refrigerated at 4°C. Standards were pre-
pared by diluting 1.0—5.0 ml of the stock solution to 10 ml with distilled
water to give concentrations in the range 1.00—5.00 X 10 mol 172,

Procedure

All reactions except those in temperature studies were monitored at 80
0.1°C in a water-jacketed quartz cuvet, and all reactions except those in
ninhydrin reagent concentration studies were monitored at concentrations of
4.80 X 102 moll™ ninhydrin, 4.30 X 1073 moll? hydrindantin and 0.50 mol
17! acetate buffer (pH 5.50). For each run, 0.50 ml of ninhydrin reagent and
0.40 ml of distilled water were mixed in the cuvet before the reaction was
initiated by adding 0.1 ml of amino acid solution at 80°C. Absorbances at
570 nm vs. a distilled water blank were recorded at 10-s intervals for the
desired time period. All reactions were monitored to completion to permit
comparisons between kinetic and equilibrium results. Predictive-kinetic
results were obtained with a program described earlier [4].
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RESULTS AND DISCUSSION

Kinetic dependencies

Although there have been extensive kinetic and mechanistic studies of this
reaction system [6], inadequate kinetic data are available to permit a clear
definition of appropriate conditions for the kinetic quantitation of amino
acids. Accordingly, effects of temperature, and pH, as well as ninhydrin,
hydrindantin, and acetate concentrations were studied. Except when the
parameter was being varied, conditions for these studies were as specified in
the above procedure. Glycine was the acid used in these studies.

Temperature. Effects of temperature between 40 and 100° C were studied;
the results are presented in Fig. 1. The slope of the plot of In & vs. 1/T is
—8.66 X 10° + 1.5 X 10?%, corresponding to an activation energy of 72 kd
mol™. For reasons that will be explained later, subsequent studies were done
at 80°C.

Effect of pH. Figure 2 shows the effect of pH on both the apparent first-
order rate constant and the initial absorbance of the reaction solution. The
apparent rate constant has a very small dependence on pH between 4.5 and
5.5 and increases gradually with pH above 5.5. The initial absorbance of the
reaction solution is relatively low up to pH 5 and then rises sharply after that.
As a compromise between a detrimental acid-catalyzed hydrolysis of a reac-
tion intermediate [6] and an unacceptably large blank absorbance, pH 5.5
was chosen for subsequent studies.

Ninhydrin concentration. Figure 3 shows the effect of ninhydrin concen-
tration on the apparent first-order rate constant. The data exhibit a very
gradual curvature toward the concentration axis as ninhydrin concentration
is increased. These data suggest that higher ninhydrin concentration could be
used to speed the reaction, permit the use of lower temperatures and/or
reduce the measurement time. However, as will be explained in more detail
later, reactions for some amino acids deviate from pseudo-first-order behavior
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Fig. 1. Effect of temperature on the apparent first-order rate constant for glycine.

Fig. 2. Effects of pH on the apparent first-order rate constant and initial absorbance for
glycine.
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Fig. 3. Effect of ninhydrin concentration on the apparent first-order rate constant for
glycine.

Fig. 4. Effect of hydrindantin concentration on the apparent first-order rate constant for
glycine.

at higher ninhydrin concentration and a value of 0.048 M was chosen for
subsequent studies except when stated otherwise.

Hydrindantin concentration. Figure 4 shows the effect of hydrindantin on
the apparent first-order rate constant. The data show that there is no measur-
able color development in the absence of hydrindantin, but that the rate
constant rises rapidly with small increments of the reagent and becomes
independent of concentration above about 2 X 10 mol 17, A value of 4.3 X
107 mol 17! was selected for the remainder of these studies.

Acetate concentration. As shown in Fig. 5, the apparent rate constant
varies linearly with acetate concentration between 0.1 and 1.0 mol 17!, The
least-squares equation for the data is k, = 7.90 X 107 s 1 mol™ + 7.95 X
1073 s!. A somewhat arbitrary value of 0.5 M acetate was chosen for subse-
quent studies.

Selection of reaction conditions

A major objective of this study was to develop a single set of reaction
conditions that would permit a variety of amino acids to be quantified with
measurement times in the range 1—2 min. A secondary objective was to use
the lowest temperature that would permit the primary goals to be achieved.
Accordingly, experiments were done with a relatively high (0.165 mol 1)
ninhydrin concentration at 70° C.

Excellent results were obtained for glycine and leucine, with both exhibit-
ing pseudo-first-order behavior. For example, Fig. 6A shows a set of experi-
mental absorbance vs. time data for glycine along with results of a first-order
fit based on data from the early part of the reaction. There is good agreement
between the experimental (e) data and fitted (f) results, confirming desired
pseudo-first-order behavior. However, response curves for phenylalanine
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Fig. 6. Comparison of kinetic behavior for glycine (A) and phenylalanine (B) at 0.165 M
ninhydrin and 70°C. Curves: (e) experimental data; (f) fitted results (first-order model).
Data range, 8—88 s for glycine, 8—148 s for phenylalanine.

exhibited significant deviation from first-order behavior (Fig. 6B). The extent
of deviation from first-order behavior decreased as the ninhydrin concentra-
tion was decreased. Although the reasons for this behavior are not under-
stood, it is clear that this is not a satisfactory situation for the kinetic quan-
titation of amino acids. Accordingly, alternative conditions involving 80°C
and 0.048 mol I ninhydrin (and other conditions summarized above) were
evaluated and shown to be applicable to a wide range of concentrations of
several amino acids. With these conditions, the behavior of each amino acid
examined was similar to that illustrated for glycine in Fig. 6A. Accordingly,
these conditions were used for further work.

Quantitative evaluation

Three different data-processing options were compared for glycine. In a
rate method, glycine concentration was evaluated from the linear least-
squares slope of absorbance vs. time data between 8 and 58 s. In an equi-
librium method, the glycine concentration was evaluated from absorbance
measurements after 7—8 half-lives. In the predictive kinetic method, concen-
tration was evaluated from values of initial absorbance (4,) and equilibrium
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absorbance (/i,o) computed by fitting A vs. t data between 8 and 128 sto a
first-order model [4] asillustrated in Fig. 6A. These plots are atypical of most
obtained in this study in that the computed value of A.. usually tends to be
slightly larger than the measured value, A... Because the effect is relatively
small, reasons for it were not investigated. However, it is known that the
reaction mechanism is quite complex [6] and it is not surprising that it does
not follow exact first-order kinetics.

In the following discussion, all uncertainties are reported at +1 standard
deviation.

Comparison of data-processing optzons Flgure 7 mcludes calibration plots
for rate (AA /At), predictive kinetic (AA. A,), and equilibrium (AA
= A, — A,) data. Rate data vary nonhnearly w1th concentration but both
predictive-kinetic and equilibrium data vary linearly with concentration. The
slight offset between the latter plots results from the apparent deviation of
the reaction from exact first-order behavior (Fig. 6A). Least-squares statistics
for these two plots, included as the first two rows in Table 1, show that the
difference between the intercepts (0.019 — 0.017 = 0.002) is relatively small
in comparison with the uncertainty in the intercepts (0.006) and the standard
error of the estimate (0.012). Although the curve-fitting process tends to
over-estimate the A. value in most cases, the systematic error is relatively
small in comparison with the random scatter about the calibration plots. A
linear least-squares fit of predictive kinetic data (AA.) vs. equilibrium data
(AA.) gave

AA. = (1.014 = 0.006)AA.. — 0.003 + 0.004
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Fig. 7. Calibration data for glycine with different data-processing methods: (a) rate;
(o) equilibrium; (¢) predictive-kinetic.

Fig. 8. Comparison of error dependencies for rate and predictive-kinetic methods:
(A) ninhydrin concentration; (B) temperature. Data-processing method: (&, &) rate;
(o, ®) predictive-kinetic.
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TABLE 1

Least-squares statistics for absorbance change vs. concentration of glycine?

Data Half- Slope? Intercept® Std. error  Correlation
range lives (10* 1 mol™ em™) (Absorbance) est. (Syy) coefficient
(s)

Equilibrium 7.5 2.17 = 0.02 0.019+ 0.006 0.011 0.999
8—128 2.3 2.20 + 0.02 0.017 + 0.007 0.013 0.999
8—188 3.3 2.19+ 0.02 0.015+ 0.006 0.011 0.999
8—148 2.7 2.19+ 0.02 0.017 £ 0.007  0.012 0.999
8—108 1.95 2.22 + 0.03 0.020+ 0.010 0.018 0.998
8—98 1.75 2,24 + 0.04 0.020+ 0.013 0.023 0.996
8—88 1.6 2.29 + 0.05 0.020 + 0.016 0.029 0.995

2Four replicates at each of nine equally spaced concentrations of glycine from 1.0 X 103
to 5.0 X 10~° mol 1; the absorbance range of each data set is about 0.3—1.4. PWith
standard deviations.

with 8,, = 0.008 and r = 0.9996. These statistics confirm good agreement
between results obtained with the predictive-kinetic and equilibrium
approaches.

Effects of data range. Table 1 includes least-squares statistics for AA.,
values computed over different data ranges vs. concentration. Predictably
(see Fig. 6A), some statistics are degraded as the data range is decreased.
Thus, it is possible for a user to make a trade-off between reliability and the
time involved in the measurement step. Noting that it will usually be neces-
sary to include a calibration step, it is probable that a data-processing range
as short as 90 s could be used for glycine without substantial degradation of
results.

Error coefficients. Because the predictive kinetic method computes the
absorbance change expected if the reaction were monitored to completion,
this method is expected to have variable dependencies and error coefficients
that are much closer to those for equilibrium methods than for more conven-
tional rate methods. To check this, error dependences were evaluated for
variations in the temperature or the ninhydrin concentration. Results are
presented for the rate and predictive-kinetic methods.

Triplicate runs were made at 79, 80, and 81°C on each of four equally-
spaced glycine concentrations from 2.0 X 107° to 3.5 X 10 mol 17!, Average
values of rate constants at the three temperatures were 1.11 X 1072, 1.25 X
107, and 1.43 X 1072 s, Least-squares slopes of rate data (AA/At) and
predictive-kinetic data (A/im) vs. concentration were computed at each tem-
perature and results are plotted in Fig. 8B. Slopes for rate data exhibit the
expected increase with temperature with a temperature coefficient of about
6% per degree. In contrast, the slopes for the predictive-kinetic data are
virtually independent of temperature corresponding to a temperature coeffi-
cient near zero (less than the random uncertainty of the points). It should be
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noted that the temperature coefficient of the rate data is only about half the
value that might be expected from the 12—13% temperature coefficient of
rate constants given above. The smaller value is obtained because the “rate”
data computed in this work are chords computed over about one half-life of
the reaction rather than initial rates which would have error coefficients
equivalent to the temperature coefficients for the rate constants. Even so,
the predictive-kinetic method exhibits substantial improvement in the tem-
perature coefficient relative to the rate method. The temperature coefficient
for equilibrium data is virtually identical to that of the predictive kinetic data.

Triplicate runs were also made at 4.5 X 1072, 4.8 X 1072, and 5.1 X 107
mol 17 ninhydrin on each of four equally-spaced glycine concentrations
from 2.0 X 1075 to 3.5 X 1075 M glycine. Average values of rate constants at
the three ninhydrin concentrations were 1.06 X 1072, 1.25 X 1072, and 1.42
X 1072 s™'. Calibration slopes (AA/At vs. C and AA., vs. C) computed as
described for the temperature data are plotted vs. ninhydrin concentration in
Fig. 8A. Whereas the rate data change by about 20% for this change in nin-
hydrin concentration, the predictive kinetic data change less than the random
scatter among the points.

Thus, the predictive-kinetic method has systematic error coefficients that
are virtually zero for both temperature and ninhydrin concentration. Similar
results are expected for other variables that do not affect either the pseudo-
first-order behavior or the equilibrium absorbance.

Other amino acids. Four other amino acids (alanine, phenylalanine,
leucine, and isoleucine) were studied. All behaved similarly to glycine with
apparent first-order rate constants of 4.1, 6.9, 8.2, and 3.9 X 107 s for
alanine, phenylalanine, leucine and isoleucine, respectively.

Selected quantitative data for these four acids are summarized in Table 2.
The data confirm good agreement between the predictive-kinetic and equi-
librium results and reflect the good linearity of AA., vs. concentration. As
with glycine, better results are obtained when data ranges of 2—2.5 half-lives
are used in the fitting process. However, reasonable reliability is achieved
when data ranges of 1—1.5 half-lives are used.

Effects of variables such as temperature and reagent concentration were
not evaluated for these acids; however, there is no reason to expect that error
coefficients would be different than those obtained for glycine (Fig. 8).

The slopes in Tables 1 and 2 represent the apparent molar absorptivities
(assuming complete reaction) for the reaction products for the different
amino acids. For the five acids examined here, the absorptivities differ by
less than 5%. It should be noted that apparent absorptivities for products of
other amino acids differ from the ones studied here [1].

DISCUSSION

To ensure proper perspective for this study, it is emphasized that the
focus has been on the measurement and data-processing steps and that it is
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TABLE 2

Least-squares statistics for absorbance change vs. concentration? for four amino acids
processed by the equilibrium and predictive-kinetic methods

Data Half- Slope® Intercept? Std. error Correlation
range lives (10* I mol™ em™) (Absorbance) est. (Syx) coefficient
(s)

Alanine

8—1248 7.5 2.28 + 0.02 0.011 + 0.007 0.009 0.999
8—368 2.2 2.27 + 0.02 0.007 + 0.007 0.009 0.999
8—208 1.25 2.34 + 0.05 0.001 + 0.016 0.026 0.997
Phenylalanine

8—748 7.5 2.20 + 0.02 —0.003 + 0.007 0.010 0.999
8—238 2.4 2.21+ 0.02 —0.006 + 0.007 0.008 0.999
8—118 1.2 2.30 + 0.04 —0.014 + 0.012 0.016 0.998
Leucine

8—548 7.5 2.24 + 0.02 0.002 + 0.005 0.007 0.999
8—208 2.45 2.26 + 0.03 0.005 = 0.009 0.011 0.999
8—108 1.3 2.27 + 0.07 0.007 + 0.024 0.033 0.996
Isoleucine

8—1328 7.5 2.26 + 0.04 0.005 £ 0.013 0.013 0.999
8—398 2.25 2.26 + 0.02 0.005 + 0.003 0.011 0.999
8—208 1.15 2.28 + 0.04 0.005 + 0.014 0.019 0.998

3Three replicates at each of five equally-spaced concentrations between 1 X 10~° and
5 X 107* mol 17 ; absorbance ranges are about 0.3—1.5. bWith standard deviation.

expected that the proposed approach will be combined with suitable separa-
tion methods as is the equilibrium measurement approach. The results show
that the predictive-kinetic method offers an alternative to the more tradi-
tional equilibrium procedure without sacrificing reliability as is the case with
commoner kinetic methods [3].

One potential advantage of the kinetic measurement approach is the sub-
stantially reduced time required for the measurement step. A second advan-
tage is that the kinetic method compensates for any blank absorbance of the
sample because the A vs. t data are projected to zero time so that the initial
absorbance, A,, is calculated as part of the process. A third potential advan-
tage involves the possible use of rate constants generated by the fitting
process to confirm identifications based on chromatographic retention times.
A potential disadvantage of the kinetic approach is the need for multiple
data points for each sample. This problem could be alleviated with the aid of
any one of a variety of sample-processing systems developed recently that
permit several samples to be monitored simultaneously and repeatedly. One
such sample processor is the so-called ‘‘centrifugal analyzer’’ that uses centri-
fugal force to mix many different samples simultaneously with aliquots of
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reagent and then to spin the different mixtures past a detector rapidly for
repeated measurements as the reaction proceeds. There are other types of
“parallel” sample processors that permit multiple samples to be processed
simultaneously. Most of these could make it feasible to adapt the predictive-
kinetic measurement step to the chromatographic separation process. The
resulting combination could offer some advantages relative to the commoner
approaches without the problem of reduced reliability that characterizes
more conventional kinetic methods.

This work was supported by Grant No. CHE 8319014 from the National
Science Foundation.
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SUMMARY

The proposed determination of thiosulfate is based on the liberation of thiocyanate by
the reaction of thiosulfate with mercury(II) thiocyanate and spectrophotometric deter-
mination of the thiocyanate with iron(III). The reaction of thiosulfate with mercury(II)
thiocyanate is elucidated with reference to a system containing phosphate buffer; the
phosphate is shown to participate directly in the reaction, and a balanced chemical
equation is given. Optimum conditions are described for the stoichiometric formation
of 3 mol of thiocyanate from 1 mol of thiosulfate. The method can be applied to the
determination of thiosulfate in the range 3 X 10-%—1.4 X 10* M (1.7—78.5 ug thio-
sulfate in 5 ml).

The accurate determination of sulfur compounds in their mixtures causes
many problems. Sorbo [1] showed that copper(Il) catalyzes the conversion
of thiosulfate to thiocyanate, and reported a method for the determination
of thiosulfate by spectrophotometric measurement of the thiocyanate
formed. The copper(Il)-catalyzed cyanolysis of thiosulfate has played an
important role in the development of methods for the analysis of mixtures
of polythionates [2—6]. In a different method, Utsumi [7] determined
thiosulfate by quantifying the thiocyanate released in the reaction of thio-
sulfate with mercury(II) thiocyanate. However, the chemical composition
of the precipitate yielded in the reaction, its identity, and also the stoichio-
metric reaction were not established.

It was found here that thiosulfate reacts with mercury(Il) thiocyanate to
yield thiocyanate in the following manner

4 8,0,* "+ 6 Hg(SCN), + HPO,*>~+ 16 H,0

1
= HgsS.(OH),HPO, + 4 SO, + 10 H;0* + 12 SCN- @)

The purpose of this study is to establish the optimum conditions under
which this reaction proceeds to stoichiometric completion and to clarify the
reaction with special reference to the determination of thiosulfate.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Reagents and apparatus

All chemicals used, except mercury(ll) thiocyanate, were of analytical
grade and were used without further purification. A thiosulfate solution was
prepared by dissolving sodium thiosulfate pentahydrate in freshly boiled
and cooled redistilled water containing a small amount of sodium carbonate,
and standardized by iodimetry a week after preparation. Working standard
thiosulfate solutions were prepared by appropriate dilution. A stock solution
of thiocyanate was standardized by Volhard’s method {8], and working
standards were prepared by suitable dilution. These standards were used to
confirm the stoichiometry and completion of the reaction of thiosulfate
with mercury(II) thiocyanate.

Mercury(II) thiocyanate was synthesized by adding 250 ml of 0.4 M
potassium thiocyanate to 250 ml of 0.2 M mercury(Il) nitrate in 1.5 M
nitric acid, in small portions and with vigorous stirring. The white precipi-
tate of mercury(Il) thiocyanate formed was filtered off by suction with a
sintered-glass filter (3SG4), washed with distilled water and small amounts of
methanol, and then air-dried at room temperature.

A methanol solution of mercury(Il) thiocyanate (3.5 X 1072 M) was
prepared by dissolving 280 mg (accurately weighed) of the mercury(II)
thiocyanate in methanol and diluting the mixture to 250 ml with methanol.

Buffer solutions as required for adjusting the pH of reaction solutions
to 2.7—8.1 were prepared by mixing phosphoric acid (0.11 M) with sodium
dihydrogenphosphate (0.11 M), acetic acid (0.2 M) with sodium acetate
(0.2 M), sodium dihydrogenphosphate (0.11 or 0.2 M) with sodium mono-
hydrogenphosphate (0.11 M) or sodium hydroxide (0.2 M) and boric acid
(0.2 M) with sodium tetraborate (0.05 M), respectively, in various volume
ratios. The buffer solution of pH 7.4 used in the procedure given below
was obtained by mixing 50 ml of 0.2 M sodium dihydrogenphosphate with
39.5 ml of 0.2 M sodium hydroxide. A solution of iron(III) nitrate in per-
chloric acid was prepared by dissolving 306.1 g of iron(IIl) nitrate nona-
hydrate in 217.6 ml of 60% perchloric acid and diluting to 500 ml with
redistilled water to give a 1.5 M iron(III) nitrate in 4 M perchloric acid.

All spectrophotometric measurements were made at 460 nm with a
Hirama Model 6B spectrophotometer with 10-mm glass cells. The precipi-
tate formed by the reaction of thiosulfate with mercury(II) thiocyanate
was collected on the interface between aqueous and organic phases with a
Kokusan Model H-100B1 centrifuge. Desired temperatures were controlied
by a Taiyo Coolnit CL-15 thermoregulator. pH was measured with a Hitachi-
Horiba Model M-7 pH meter.

Procedure
Pipette 1 ml of 0.2 M phosphate buffer solution (pH 7.4), 5 ml of thio-
sulfate solution up to 1.4 X 10™* M, and then 1 ml of 3.5 X 10~ M mercury-
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(II) thiocyanate in methanol into a 15-ml glass-stoppered tube. The pH of
the solution is whereby brought to 7.7. Allow the mixture to stand at tem-
peratures ranging from 15 to 30°C for 10 min, to drive the reaction to com-
pletion. In this case, the reaction solution becomes turbid owing to the
formation of ayellow precipitate. To this mixture, add 2 ml of 1.5 M iron(III)
nitrate in 4 M perchloric acid and about 1 ml of carbon tetrachloride. Shake
the mixture vigorously by hand, and centrifuge it in order to collect the
precipitate formed on the interface between the aqueous and organic phases.
Measure the absorbance of a clear aqueous solution of the iron(II) thio-
cyanate complex formed against distilled water at 460 nm.

RESULTS AND DISCUSSION

Calibration graphs

A series of standard solutions of thiosulfate and thiocyanate were treated
as in the above Procedure. The resulting plots are shown in Fig. 1. If thio-
sulfate is completely and stoichiometrically converted into thiocyanate
according to Eqn. 1, the calibration graph for thiosulfate should coincide
with that for thiocyanate when the molar concentration scale for thio-
sulfate is drawn to three times the scale for the thiocyanate concentration.
Figure 1 thus proves that the reaction had proceeded to stoichiometric
completion. Positive deviation from a straight line in the lower concentration
range is attributed to the thiocyanate yielded as a result of slight dissociation
of the mercury(II) thiocyanate.

The precision was estimated from 11 results for 5-ml aliquots containing
0.505 pumol of thiosulfate. The present method gave a mean value of 0.505
umol of thiosulfate with a standard deviation of 0.0013 umol and a relative
standard deviation of 0.27%.

Effects of varying experimental conditions on the reaction

Rate of the reaction of thiosulfate with mercury(Il) thiocyanate at
different temperatures. The rate of the reaction was investigated at pH 7.7
and at various temperatures ranging from 10 to 30°C. The absorbance for
8 X 107 M thiosulfate reached that for 2.4 X 10~* M thiocyanate, which is
the expected value, in 60 min at 10°C, in 10 min at 15°C, in 8 min at 22°C
and in 5 min at both 25 and 30°C, and then remained constant. These results
reveal that the reaction can proceed to completion, as long as the reaction is
carried out for 10 min at temperatures ranging between 15 and 30°C. Thio-
sulfate was therefore allowed to react with mercury(II) thiocyanate under
these conditions.

Effect of pH. Preliminary studies showed that the monohydrogenphos-
phate produced from the phosphate buffer added for pH adjustment par-
ticipated directly in the reaction of thiosulfate with mercury(II) thiocyanate.
Therefore in the presence of the same amounts (0.11 mmol) of phosphate
as those used in the Procedure, the influence of pH on the reaction was
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Fig. 1. Calibration graphs for thiosulfate and thiocyanate. (C) S,0,%"; (®) SCN~,

Fig. 2. Effect of pH on the reaction of thiosulfate with mercury(II) thiocyanate at 22°C
in the presence of 0.11 mmol phosphate: (@) 8 X 10* M S,037; (®) 2.4 X 10* M SCN-;
(©) reagent blank.

examined over the pH range 4.5—8.5. The results are summarized in Table 1.
At pH 4.5 where the fraction present as monohydrogenphosphate is quite
negligible, the absorbances obtained for thiosulfate did not reach the expect-
ed value, though they are very reproducible. Over the pH range 6.6—8.5,
where monohydrogenphosphate can exist, each reaction went to completion
in 8 min and the absorbances at pH 7.0, 7.7 and 8.1 reached the relevant
expected value, confirming that the thiosulfate was stoichiometrically
converted to thiocyanate according to Eqn. 1, while the reaction at pH 6.6
did not follow Eqn. 1 completely, owing to the inadequate fraction present
as monohydrogenphosphate. At pH 8.5, however, poor and variable results
were obtained presumably because of some interaction between the thio-
sulfate and the hydrolysis product of mercury(Il) thiocyanate. The pH
range 6.8—8.1 was therefore optimal for the reaction of thiosulfate with
mercury(II) thiocyanate under the recommended conditions (Fig. 2). A
decrease in absorbance below pH 6.8 was caused by a decrease in the
fraction of monohydrogenphosphate, the pK, of phosphoric acid being 7.2.

Effect of amount of mercury(Il) thiocyanate. To establish the optimal
amounts of mercury(Il) thiocyanate in the conversion of thiosulfate into
thiocyanate, 1-ml portions of methanol solutions of mercury(II) thiocyanate
of various concentrations were used. Figure 3 shows that the reaction was
incomplete with 1 ml of 5X 10*—2.7 X 10" M mercury(II) thiocyanate
because the amount was inadequate. But when 1 mlof 3 X 10°—5X 10 M
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TABLE 1

Effect of phosphate on the reaction of thiosulphate with mercury(Il) thiocyanate at
various pH levels and 22C

Time Absorbance?
8 x 1075 M §,0%
pH 4.5 pH 6.6 pH 7.0 pH 7.7 pH 8.1 pH 8.5
0.581F 0.582b 0.579° 0.577° 0.573P 0.567P
2 0.484 0.532 0.535 0.537 0.545 0.571
5 0.484 0.564 0.562 0.568 0.563 0.576
8 0.477 0.568 0.576 0.575 0.569 0.598
10 0.484 0.570 0.578 0.576 0.575 0.589
15 0.482 0.566 0.579 0.573 0.577 0.604
20 0.478 0.571 0.578 0.576 0.573 0.582
30 0.474 0.575 0.578 0.575 0.574 0.605

aAgainst the reagent blank. ® Absorbances for 2.4 x 10"* M SCN, which are the expected
values.
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Fig. 3. Effect of concentration of mercury(II) thiocyanate (1-ml portions) on the reaction
of thiosulfate: (©) 1 X 10-* M S,0,>"; (®) 3 X 10°* M SCN-; (0) reagent blank. Other con-
ditions as in the Procedure.

Fig. 4. Effect of amounts of phosphate buffer on the reaction of thiosulfate with mer-
cury(II) thiocyanate: (&) S,0,* in the absence of phosphate buffer (tetraborate buffer
was used for pH adjustment); (@) S,0,?~ with 0.05 M phosphate buffer; (®) S,0,%~ with
0.1 M phosphate buffer; (©) §,0,% with 0.15—0.3 M phosphate buffer; (®) SCN- with
tetraborate buffer or 0.3 M phosphate buffer (expected graph). (The volume of buffer
solutions employed was 1 ml.)
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mercury(II) thiocyanate was used, the absorbances for thiosulfate were in
exact agreement with the expected values obtained for thiocyanate. There-
fore, 1 ml of methanol solution of 3.5 X 103 M mercury(II) thiocyanate was
used in the Procedure.

Effect of amount of phosphate buffer. As mentioned during the dis-
cussion of pH, the monohydrogenphosphate arising from the phosphate
buffer used for pH adjustment participated directly in the reaction of
thiosulfate with mercury(II) thiocyanate. In establishing the optimal
amounts of the buffer, thiosulfate was treated with mercury(II) thiocyanate
in the presence of various concentrations of phosphate buffer (pH 7.4)
prepared by mixing equimolar solutions of sodium dihydrogenphosphate
and sodium hydroxide in a volume ratio of 50:39.5 ml; 1-ml portions of
each buffer tested were used. The resulting graphs are shown in Fig. 4. In
the absence of the phosphate buffer, where tetraborate buffer solution
(pH 7.8) was used for pH adjustment, the calibration graph for thiosulphate
gave the greatest negative deviation from the expected graph. When 0.05
or 0.1 M phosphate buffer was used, thiosulfate was not quantitatively
converted to thiocyanate according to Eqn. 1 because of insufficient phos-
phate. But the graph for thiosulfate was in exact accordance with that for
standard thiocyanate when the phosphate buffer used was 0.15—0.3 M.
Therefore, 1 ml of 0.2 M phosphate buffer (pH 7.4) sufficed for quantita-
tive reaction.

Reaction of thiosulfate with mercury(II) thiocyanate in the presence of
phosphate

In order to establish the stoichiometric relationship of thiosulfate to
mercury(Il) thiocyanate, the reaction was investigated by the method of
continuous variations. For application of this method, 4x (x = mole fraction
of thiosulfate) ml of 5X 10™* M thiosulfate and 4(1 —x) ml of 5 X 10™* M
mercury(Il) thiocyanate in methanol were used with a varying mole ratio of
thiosulfate to mercury(II) thiocyanate. In this case, 4x ml of methanol
and 4(1 —x) ml of distilled water also were added in order to keep the vol-
umes of water and alcohol constant, because the alcohol tended to increase
the absorbance; 1 ml of 0.2 M phosphate buffer (pH 7.0) was used to adjust
the pH to the optimum range of 6.8—8.1. Then the absorbances of a series
of solutions were measured at 460 nm against water. Figure 5 shows the
plots of absorbance vs. mole fraction of thiosulfate, in which the Hg(SCN),
blank in the region x < 0.4 and the Hg(SCN),-free blank in the region
x > 0.4 were subtracted. The two curves intersected at a point indicating
a 0.4 mole fraction of thiosulfate. This signifies that 4 mol of thiosulfate
apparently reacted with 6 mol of mercury(Il) thiocyanate in the recom-
mended procedure.

A yellow precipitate which is soluble only in aqua regia was formed in
addition to the thiocyanate as a result of the reaction of thiosulfate with
mercury(IT) thiocyanate. An attempt was made to elucidate the reaction
by determining the mercury, sulfur, and phosphorus in the precipitate.
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Fig. 5. Continuous variations plot for the S,0,?*—Hg(SCN), reaction in the presence of
phosphate.

Some of the precipitates obtained in the Procedure were dissolved in a small
volume (3—4 drops) of aqua regia by heating, and then the solution was
diluted with water as required. The solutions so obtained were used for the
determination of mercury by atomic absorption spectrometry and for the
spectrophotometric determination of phosphorus [9]. For the determination
of sulfur contents, the precipitate was mixed with tin(II)/strong phosphoric
acid, and the mixture was heated at about 280° C for 15 min [10]. The evolved
hydrogen sulfide was absorbed in 1 M zinc acetate; the fixed sulfide was
determined by iodimetry. The results are shown in Table 2. The ratio of
the number of atoms for Hg, S, and P in the precipitate was thus calculated
to be 5.94:3.95:1.00. The precipitate could, therefore, be Hg; S, (OH), HPO, ;
the percentages of Hg, S, and P found are extremely close to those calculated
for this chemical formula (see Table 2).

It was concluded that the reaction proceeded to completion according to
Eqn. 1 under the conditions given in the Procedure on the basis of the
following findings: (1) 4 mol of thiosulfate react with 6 mol of mercury(Il)
thiocyanate (Fig. 5); (2) 1 mol of thiosulfate produces 3 mol of thiocyanate
(Fig. 1); (3) the monohydrogenphosphate from the phosphate buffer par-
ticipated directly in the reaction (Table 1 and Fig. 4); and (4) the above
element percentages fit the formula of Hg,S,(OH),HPO, (Table 2).

Effect of diverse ions

Aliquots (5-ml) of solutions containing 44.8 ug of thiosulfate and various
amounts of diverse ions were treated as in the Procedure. The amounts of
diverse ions that caused errors below 3% are listed in Table 3. Ammonium,
chloride, bromide, iodide, cyanide, sulfide gave positive interferences even
when present in small amounts, because they reacted with mercury(II)
thiocyanate to liberate thiocyanate. Metal ions such as Mg(II), Ca(Il),
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TABLE 2

Determination of mercury, sulfur and phosphorus in the precipitate

Precipitate taken Element found Element found Element calculated
(mg) (mg) in precipitate for Hg,S,(OH),HPO,
(%) (%)

Mercury

10.82 8.84 81.7 82.3

9.30 7.60 81.7

Sulfur

12.56 1.09 8.68 8.77

10.68 0.93 8.70
Phosphorus

49.59 1.05 2.12 2.12

53.09 1.13 2.13
TABLE 3

Effect of diverse ions on the determination of 44.8 ug of thiosulfate

Ion Added as? Amount 8,0, Ion Added as Amount §,0,*"
(ug) found (ug) found
(ng) (ug)
Na* NaNO, 5000 44.8 AP+ Al,(S0,), 50 43.8
K* KNO, 5000 44.6 1000  43.7
NH,* NH,NO, 5 446  F- NaF 5000 45.2
Mg**  MgSO, 500 434  CI- NaCl 2.5 456
1000  43.6 Br- KBr 5 45.9
Ca**  Ca(NO,), 50 441 I- KI 5 45.9
1000® 435 NO,” NaNO, 5000 44.1
Mn?**  MnSO, 2500 43.4  NO,” KNO, 5000 46.0
5000 43,5  CN- NaCN 0.5 454
Cu**  Cu(NO,), 500 441 CO,* Na,CO, 500 443
1000 435  §*- Na,S 0.5 46.1
Zn**  Zn(NO,), 50 434  S0,> NaHSO, 25 441
100° 434  SO,* Na,SO, 5000 44.3
cd**  Cdso, 50 443  HAsO,* Na,HAsO, 5000 44.3
100® 434  CH,CO0- CH,COONa 5000 43.8
Pb>*  Pb(NO), 5oob 43.8  borateion H,BO, 5000 44.3
1000 43.6

aWater of hydration is omitted for brevity. ®1 ml of 0.5 M phosphate buffer was used in
place of 0.2 M phosphate buffer,

Mn(II), Cu(Il), Zn(II), Cd(II), Pb(1I), and Al(III) gave negative interference
caused by a decrease in the fraction of monohydrogenphosphate owing to
the formation of their insoluble phosphates. The interferences of these metals
could be reduced or eliminated by increasing the amount of phosphate buffer
(see Table 3).
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SUMMARY

The development and evaluation of a kinetic method for the simultaneous quantitation
of two- and three-component mixtures of amino acids are described. The method is based
on reaction with ninhydrin. Multipoint kinetic data collected during one or more half-
lives of the slower-reacting component are processed with a nonlinear regression program
to resolve the data into the concentrations of the individual components in the mixture.
Results demonstrate good linearity between prepared and calculated concentrations of
each component and total amino acid in the mixture (10—50 uM). Slopes of least-squares
fits of calculated vs. prepared concentrations vary from 0.98 to 1.13 and intercepts vary
from —0.1 to 2.9 uM with standard errors of the estimate (Sy,) between 0.67 and 1.7 uM.

Differences in the kinetic behavior of components that undergo the same
or similar reactions have been used to resolve quantitatively the individual
components in mixtures for several years. Earlier methods were based on
graphical or simple computational procedures [1—4]. More recent papers
have described multipoint curve-fitting methods to resolve mixtures with
kinetic data [6—8]. Some of the curve-fitting methods were based on non-
linear regression methods [5, 7] while others were based on so-called multiple-
linear regression methods [6, 8]. Also, all the curve-fitting methods have
involved the use of data collected during 7-—8 half-lives of the slowest react-
ing component. Although this latter approach is satisfactory for the fast
reactions used as models in the earlier studies, it is less satisfactory for slow
reactions for which measurement time can present a problem.

The primary objective of this study was to evaluate the utility of the curve-
fitting methods to resolve mixtures of amino acids based on reactions with
ninhydrin. Secondary objectives were to compare the two curve-fitting
approaches and to evaluate the feasibility of utilizing data ranges shorter
than 7—8 half-lives to resolve mixtures. Conclusions are that the curve-
fitting methods can be used to resolve selected two- and three-component

3Present address: Department of Chemistry, Oklahoma State University, Stillwater,
OK 74078, U.S.A.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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mixtures of amino acids, that the two curve-fitting methods yield virtually
identical results, and that satisfactory results can be obtained with data pro-
cessed over as little as two half-lives of the more slowly reacting component.

EXPERIMENTAL

Principles and procedures involved in the curve-fitting methods were de-
scribed earlier [5, 6, 8]. Briefly, signal vs. time data collected for a fixed
period of time are fitted to a mathematical model that describes the kinetic
behavior of the mixture. In the present study, the model involved two or
three simultaneous pseudo-first-order reactions monitored by absorbance
changes. The computed value of the absorbance change, AA.,,, for each com-
ponent that gave the best fit to the experimental model was used to compute
the concentration of the component,

Experimental conditions required for first-order behavior for amino acids
were described earlier [9]. Briefly they involve a reaction medium consisting
of 4.8 X 102 M ninhydrin, 4.3 X 10 M hydrindantin, 0.5 M acetate buffer
at pH 5.5, and a temperature of 80°C. The acetate buffer was prepared by
dissolving 54.4 g of sodium acetate trihydrate in water, adding 9.0 ml of
glacial acetic acid, and diluting to 100 ml with water. A composite reagent
was prepared daily by dissolving 500 mg of ninhydrin and 80 mg of hydrin-
dantin in 20 ml of methylcellosolve (all from Sigma Chemical Co.) and
adding 6.7 ml of acetate buffer.

For each sample, 0.50 ml of the composite reagent and 0.40 ml of water
were mixed in a cuvet and 0.1 ml of sample containing amino acids was
added after the solution in the cuvet had reached 80°C. Absorbance was
monitored at 10-s intervals at 570 nm with a distilled-water blank. Absor-

bance/time data were processed with regression programs described earlier
[5, 6, 8].

RESULTS AND DISCUSSION

Uncertainties for all quantitative results are quoted as one standard-devia-
tion unit. Unless stated otherwise, reported results were obtained with the
nonlinear least-squares curve-fitting method [5].

Response curves

Figure 1A shows response curves for three amino acids (histidine, iso-
leucine, and leucine). Figure 1B is a response curve for an equimolar mixture
of these three components. The pseudo-first-order rate constant and absorp-
tivity of the product for each component are computed from data such as
those in Fig., 1A. Then, the experimental values of rate constants are used in
the curve-fitting programs to compute values of A, and values of A ., for each
acid that give the ‘“‘best’”’ (least-squares) fit of A vs. t data to the model for
three simultaneous first-order reactions with known rate constants.
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Fig. 1. Response curves for selected amino acids: (A) 30 uM histidine (a), leucine (b),
and isoleucine (c¢); (B) mixture containing 10 uM each histidine, leucine, and isoleucine.

The concentration of each component is computed from the absorbance
change, AA.. = A. — A,, by using a known value of absorptivity for the
reaction product. The fitting process involves assumptions that there are no
synergic effects among the amino acids and that all acids produce products
with the same absorptivities.

Absorptivities/rate constants

Molar absorptivities for all amino acids examined except lysine are 2.24 X
10* 1 mol™ cm™; the value for lysine is slightly larger at 2.37 X 10* 1 mol™
cm™. Pseudo-first-order rate constants for the five amino acids included in
this study were 16.0, 12.5, 8.2, 6.8, and 3.9 X 107 s for histidine, glycine,
leucine, lysine and isoleucine, respectively. It is of course important that
these rate constants be independent of amino-acid concentration. For amino-
acid concentrations between 10 and 50 uM, least-squares slopes of experi-
mental values of rate constants vs. concentration (uM) were 2.6, 2.9 and
5.8 X 107 for glycine, leucine, and isoleucine, respectively, confirming the
required low dependence on concentration. For isoleucine, the complete
least-squares equation was

k=58X%X10°C°+39Xx 107

For the lowest and highest concentrations (10 and 50 uM), computed values
of k were 3.958 X 107 and 4.19 X 107 s, corresponding to a maximum
difference of 0.23 X 1073 s or 6%. This is the worst-case value; all other
slopes and relative “‘errors’” were smaller and well within the random un-
certainty in experimental value of rate constants.

Concentration data

Results are reported here for two- and three-component samples processed
with different data ranges and with the different curve-fitting approaches
[5, 6, 8].

Two-component samples. Samples contained 10—50 uM total amino acid
and 5—45 uM of each component so that concentration ratios varied between
9:1 and 1:9. The two different sets of mixtures evaluated were glycine with
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Fig. 2. Comparison of computed vs. prepared concentrations for two-component mix-
tures: (A) glycine with a fitting range of 7.4 half-lives; (B) isoleucine with a fitting range
of 1.15 half-lives.

isoleucine, and leucine with isoleucine, involving ratios of rate constants of
3.2:1 and 2.1:1,respectively. Best-case and worst-case results for the glycine/
isoleucine mixture are presented in Fig. 2. Reproducibility was evaluated for
fixed amounts of each component in the presence of variable amounts of the
other component(s). For 5, 20 and 35 uM each of the acids, standard devia-
tions were 0.51, 0.39 and 0.41, respectively, for glycine and 0.84, 0.81 and
0.40, respectively, for isoleucine with data ranges of 8—408 s for glycine and
8—608 s for isoleucine. More complete results are presented as pooled stan-

TABLE 1

Least-squares statistics for calculated vs. prepared concentration of glycine, isoleucine and
total amino acid in glycine/isoleucine mixtures?

Data Number of Pooled Slope *5.d.2 Intercept Sy®° rd
range half-lives 5.d.P +s.d.? (M)

(s) (M) (M)

Glycine

8—408 7.4 0.51 0.99 £+ 0.01 0.12:0.21 0.64 0.999
8—248 4.5 0.71 1.01 +0.01 —0.25 + 0.26 0.78 0.997
8—208 3.8 0.95 0.01 £ 0.02 —0.26 = 0.35 1.05 0.995
Isoleucine

8—608 3.4 0.69 1.00+0.01 0.32£0.21 0.67 0.999
8—248 1.4 1.21 1.02 £ 0.02 —0.19 + 0.33 1.09 0.995
8—208 1.15 1.51 1.03+0.02 —0.01+0.49 1.61 0.990
Total amino acid

8—608 — 0.43 1.00 £ 0.01 0.14 + 0.21 0.45 0.999
8—248 — 0.75 0.99+0.01 0.36 £ 0.41 0.64 0.999
8—208 - 0.91 0.99+0.01 0.43 + 0.45 0.95 0.996

230 samples; 5—45 uM glycine, 5—45 pM isoleucine, and 10—50 uM total amino acid.
bSeven groups with 5, 5, 4, 4, 4, 3, and 3 samples, respectively. Standard error of esti-
mate. YCorrelation coefficient.
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TABLE 2

Least-squares statistics for calculated vs. prepared concentration of leucine, isoleucine and
total amino acid in leucine/isoleucine mixtures?®

Data Half-lives Pooled Slope ¢ s.d. Intercept Syx r
range (s) s.d. + s.d. (M)

(s) (M) (M)

Leucine

8—608 7.05 0.76 1.083 £ 0.02 —0.32+0.36 0.67 0.998
8—408 4.75 1.26 1.00z 0.03 —0.10 + 0.60 1.00 0.996
8—308 3.60 0.94 0.95 £ 0.04 —0.24 + 0.46 0.86 0.996
Isoleucine

8—608 3.4 0.69 1.07 £ 0.02 —1.20 £ 0.33 0.67 0.998
8—408 2.3 1.68 1.05 + 0.03 —0.36 £ 0.71 1.45 0.992
8—308 1.75 2.24 0.98 + 0.05 —2.20 = 0.98 2.00 0.983
Total amino acid

8—608 — 0.71 1.02 +0.02 —0.43 £ 0.55 0.69 0.999
8—408 - 0.98 1.00 £+ 0.02 0.32+£0.81 1.00 0.998
8—308 — 1.26 1.02 + 0.03 0.39 +0.98 1.25 0.997

230 samples; 5—45 uM leucine, 5—:15 M isoleucine, and 10—50 uM total amino acid.

dard deviations and least-squares statistics for fits of computed vs. prepared
concentrations in Tables 1 and 2 for these two-component mixtures. In each
case, best results were obtained for the faster-reacting component with data
processed over longer times and worst results were obtained for the slower-
reacting component with data processed over shorter times.

To provide a basis for comparison, single-component samples were pro-
cessed over similar data ranges by the predictive kinetic method described
earlier [9]. The least-squares statistics for a fit of computed concentration
(€°) vs. prepared concentration (C°) of glycine were

¢° = (1.007 £ 0.003)C° —0.16 + 0.21

with a standard error of the estimate (S,,) of 0.35 uM and correlation coef-
ficient of 0.9996. All results for two-component samples are degraded rela-
tive to those for the single-component sample. However, when the standard
error of the estimate is used as a measure of the scatter about the best fit
to the data, results are degraded by little more than a factor of 2 as long as
ratios of rate constants are 2:1 or larger, and the data range includes three
or more half-lives of the slower-reacting component. Shorter reaction times
can be used with a corresponding increase in uncertainty.

Three-component mixtures. Results obtained for two sets of three-com-
ponent samples are summarized in Table 3. To obtain reasonably reliable
results with these mixtures, it was necessary to process data over some 4.5
half-lives of the slowerreacting component. Results are substantially de-
graded relative to results for single-component samples and the best results
for two-components mixtures but are similar to those for two-component
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TABLE 3

Least-squares statistics for calculated vs. prepared concentration of individual and total
amino acid in three-component mixtures?

Amino acid Pooled s.d.®  Slope ¢ s.d. Intercept +s.d. S

yx
(M) (M) (M)

Histidine/lysine/isoleucine

Histidine 1.12 1.02+ 0.03 —1.02 + 0.50 0.93 0.99
Lysine 1.66 1.04 + 0.06 ~0.70 + 0.56 1.70 0.98
Isoleucine 1.25 1.09 £ 0.04 0.20 £ 0.60 1.30 0.99
Total amino acid 0.98 1.03 £+ 0.02 —0.64 + 0.68 1.05 0.99
Histidine/leucine/isoleucine

Histidine 1.21 0.11 £ 0.04 —2.90 + 0.60 1.10 0.99
Leucine 1.85 1.02: 0.06 —0.32 + 1.00 1.82 0.97
Isoleucine 1.35 1.13 £ 0.04 —0.32 + 0.569 1.02 0.99
Total amino acid 0.86 1.03£0.03 —0.72 £ 0.65 1.05 0.99

425 samples, concentration of each component 5 to 30 uM, and total amino acid 15 to
50 uM, data range 8—808 s. P Six groups with 4, 6, 6, 4, 3 and 2 samples, respectively.

mixtures when reduced data ranges are used. Longer monitoring times
approaching 6—8 half-lives for the slower—reacting component would likely
yield some improvement. However, such long times would not be practical
unless some type of multichannel sample-processing system were used.

Comparison of data-processing methods

The two data-processing methods reported previously [5, 6, 8] were used
to process data sets for selected two- and three-component samples. For
eighteen different combinations of samples and data ranges, the two methods
yielded results for AA., that differed by less than 0.001. A linear least-
squares fit of computed absorbance changes for the multiple-linear regression
(AAL,) and nonlinear regression (AA“,) methods yielded the equation

AAL =1.0002 AA. —0.0004

with S,, = 0.002 and r = 0.99995, indicating excellent agreement between
the two fitting methods.

Conclusions

It is apparent from the data presented above that, for ideal samples, there
is a real loss in reliability as one proceeds from one- to two- to three-com-
ponent samples. If it were possible to do separations without any loss or
cross-contamination, then clearly, best results would be obtained with com-
plete separations so that measurements would be made on single-component
aliquots of the sample. However, when allowance is made for the nonideal
nature of separation processes, it may be possible to exploit the multi-com-
ponent kinetic data-processing methods to resolve incompletely separated
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samples with substantially less net loss of reliability than might be implied
by the results presented above.

This work was supported by Grant No. CHE 8319014 from the National
Science Foundation.
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SUMMARY

The system consists of a continuum xenon are lamp source, a chopper, an argon-
separated air/acetylene flame atomizer, a high-throughput, medium-resolution grating
monochromator under Apple II+ wavelength control, a photomultiplier detector, and a
photon counter with an Apple II+ for data collection and statistical treatment. The com-
puter-controlled system is shown to give semiquantitative results (within +50%) for 19
elements at two wavelengths each (one wavelength for 7 elements) in less than 15 min;
quantitative results (within +5%) for each element at a selected wavelength were obtained
in about 5 min. The system was characterized by determining 10 and 14 elements in
synthetic mixtures and by determining a number of elements in NBS standard reference
materials (orchard leaves and two steels).

Presently, graphite-furnace and flame atomic absorption spectrometry and
inductively coupled plasma atomic emission spectrometry are the most com-
monly used atomic spectrometric methods for the determination of the
concentration of elements in a variety of samples; atomic fluorescence spec-
trometry (a.f.s.) is less widely used. Presently there is only one commercially
available atomic fluorescence spectrometer, the Baird ICP AFS-2000 [1].

While atomic absorption spectrometry (a.a.s.) provides low limits of detec-
tion, it has a relatively small linear dynamic range, approximately one to
three decades [2]. Multi-element a.a.s. with individual hollow-cathode line
sources is also time-consuming, especially with the conventional single-chan-
nel instruments. Modern atomic absorption flame spectrometers are capable
of rapidly measuring 2, 6 or 12 elements sequentially and rapidly with no
- changes in instrumentation, such as hollow-cathode lamps. The xenon source,
wavelength modulated, echelle, flame/furnace atomic absorption spectro-
metric system of Harnly et al. [3] allows up to 20 elements (wavelengths) to
be measured simultaneously.

While a.f.s. has been noted as a valuable tool in multi-element determina-
tions, it has not been commonly used [2, 4]. However, it has several poten-
tial advantages over a.a.s. Detection limits by a.f.s. are generally equal to or
better than a.a.s., and a.f.s. has a linear dynamic range of three to six decades.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Just as in a.a.s., a.f.s. has high selectivity. The presence of chemical (matrix)
interferences depend on the atomizer used. Because of the high spectral
selectivity, a multi-element atomic fluorescence spectrometer is easy to
operate and can be constructed at a relatively low cost.

Several years ago, Ullman et al. [5] proposed the use of a wavelength-
modulated computer-controlled atomic emission/fluorescence spectrometer
for multi-element determinations [5]. Based on this design, our system, a
computer-controlled, slew-scan, multi-element atomic fluorescence spec-
trometer (m.e.a.f.s.), was constructed at a low cost and for ease of operation.
An Eimac (Cermax) xenon arc lamp, which is a continuum source of radia-
tion, was used as the excitation source. This eliminated the need for a differ-
ent source for each element which is measured, and thus eliminated the
normally long warm-up time for individual lamps. The m.e.a.f.s. system in
the present case sequentially slew-scans to thirty-one different fluorescence
wavelengths, and determines the presence of and concentrations of nineteen
elements in a water matrix. The scanning of the monochromator and the
data acquisition are all under computer-control. The signal data are con-
verted to concentrations by using calibration curves stored within the com-
puter programming. The system was designed for ease of operation, time
efficiency, wide applicability, and low cost while yielding semi-quantitative
results (results within a factor of 2X the known results).

EXPERIMENTAL

Instrumental system

A block diagram of the system is shown in Fig. 1. Much of this system was
based upon systems previously described [5, 6]; a list of instrumental com-
ponents is given in Table 1. A 300-W Eimac (Cermax) xenon arc lamp (the
excitation source) was focused onto an argon-separated air/acetylene flame.
The optical train consisted of an f/4,4-in. focal length Suprasil lens focusing

FLAME CHOPPER ARC LAMP

<>ﬁ POWER SUPPLY

AMPLIFIER PHOTON
MONOCHROMATOR |PMT DISCRIMINATOR [ COUNTER fomd APPLE I +

STEPPER
MOTOR

Fig. 1. Block diagram of the m.e.a.f.s. system,




TABLE 1

Components of the m.e.a.f.s. instrument
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Component Model No. Company
Monochromator 218 GCA McPherson
Photomultiplier EMI 9789QB Thorne
Photomultiplier power supply 244 Keithley
Photomultiplier housing 1151 SSR Instruments
Photon counter
Amplifier/discriminator 1120 SSR Instruments
Digital synchronous computer 1110 SSR Instruments
Nebulizer 303-0110 Perkin Elmer
Capillary burner Laboratory-made
Xenon arc lamp 300 UV EIMAC, Div. of Varian
Lamp power supply PS300-1 EIMAC, Div. of Varian
Computer I Apple
Interfaces Laboratory-made
Video terminal Zenith
Printer V300-25 Vista Computer Co.
Dual disk drives Disk I Apple

Elite I Rana
Stepping motors M063-FC06 C2 Superior Electric Co.
Translator module STM 101 Superior Electric Co.
Chopper 382 B Ithaco

the light from the xenon arc lamp onto the flame and an f/5.3,2-in. focal
length Suprasil lens in a 2f configuration focusing a 1:1 image onto the
entrance slit of the monochromator. The fluorescence signals were ampli-
tude-modulated by means of a chopper placed between the xenon arc lamp
and the first lens.

Several precautions were also taken to reduce scattered light reaching the
monochromator. Two sets of cylindrical snouts, painted with flat black
paint, enclosed the light path. The first set of snouts was placed between the
xenon arc lamp and the first lens, enclosing the light path. These snouts were
also purged with nitrogen gas to reduce the formation of ozone. A 1-in. aper-
ture (diameter of the collimated beam emitted by the xenon arc lamp) was
placed on the end of one snout prior to the first lens. The second set of
snouts enclosed the light path from the flame to the monochromator. A
second aperture was placed prior to the second lens and was 0.75 in. to
match the angle of acceptance of the monochromator.

The pre-mixed argon-separated air/acetylene flame was fuel-rich to reduce
the background in the OH region [7]. A laboratory-constructed stainless-
steel capillary burner was used. Both the air and acetylene gas flows were
doubly regulated to reduce fluctuations in the flame. Nupro fine-metering
valves were also placed after the rotameters to adjust and set the gas flows to
the burner. The gas can, thus, be shut off from the burner at the rotameters
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without changing the flow settings. The argon sheath was also used around
the flame to minimize entrainment of air into the flame.

Several precautions were taken to reduce radiofrequency (r.f.) noise. In
addition to a photomultiplier housing which was magnetically and r.f. shiel-
ded, a doubly shielded coaxial cable was constructed for the high voltage
cable to the photomultiplier tube. All other cables were wrapped in aluminum
foil and electrical tape and grounded to reduce r.f. pickup. The Eimac xenon
arc lamp was also housed in a ventilated, grounded, aluminum box. The pho-
ton counter was mounted in a bench which was surrounded on three sides
with grounded copper screen acting like a Faraday cage. These precautions
helped reduce r.f. noise and thus lowered the background count rate.

An Apple II" microcomputer controlled the sequential slew scanning of
the monochromator by means of a stepping motor attached to the grating
drive lead screw [6]. The slew scan (ca. 16 nm s™) was controlled by an
assembly language program. Acquisition of the fluorescence signal from the
photon counter was also under computer control. The experimental param-
eters (used with SEMI-QUANT) chosen to reduce noise and fluctuations in
the system are given in Table 2.

Computer system and programming

A listing of the computer programs is available from the authors on
request. Two programs, SEMI-QUANT and QUANT are written in BASIC
for use with the m.e.a.f.s. system. The SEMI-QUANT program also used an
assembly language program, which is callable from BASIC, to control the
sequential slew scan.

The QUANT program is a modification of an LOD program written by
Long, based on a propagation-of-error approach to limits of detection [8].

TABLE 2

Experimental conditions used with the SEMI-QUANT program

Component Condition

Monochromator 0.3-m Czerny-Turner, /5.3; 600 grooves/mm grating
blazed at 300 nm; 90-um slit width; 1-cm slit height;
0.4-nm spectral bandpass

Source
power 300 W
arc voltage 15V
arc current 19.6 A
Chopper frequency 141 Hz
Photon counter Chop mode; difference display select; preset N =
1410 (10 s); chopper sampling time = 3.2 ms
Flame gases (1 min™) Air atomization = 5.6; air auxiliary = 0.8; acetylene
=1.2;argon =85
Nebulizer aspiration rate 5 ml min™*

Observation height 1.8 cm above burner
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In this program, calibration graphs for an element at a single wavelength are
obtained. Upon completion of the calibration graph, the limit of detection
(LOD) for k values of 2 and 3, a propagation-of-error LOD, and the equation
for the calibration graph are printed out. Finally, samples are introduced, the
fluorescence signal at the specific fluorescence line used for the calibration
curve is measured and converted by means of the program into an analyte
concentration, and the results (concentrations) are printed. To use the
QUANT program at a single wavelength requires about 5 min for determina-
tion of concentration (+5%).

The SEMI-QUANT program is written to allow rapid sequential slew scan-
ning to 31 fluorescence wavelengths and to facilitate collection of data for
both qualitative and semi-quantitative analysis of 19 elements using stored
(up to 6 months) calibration data. The experimental conditions for use with
this system (see Table 2) are chosen to reduce noise and fluctuations in the
system over time. The SEMI-QUANT program resulted in slew scanning of
the monochromator to each wavelength and in the collection of two mea-
sured signals; each measured signal is the number of counts in a 10-s integra-
tion period. The first signal is compared to the sum of three times the
standard deviation of the blank signal plus the average blank signal, i.e., 3s,
+ X, based on the IUPAC definition of limit of detection [9]. If the first
measured signal is less than the value of 3s, + X, then the second value is
not collected. Otherwise, the two measured signals are averaged, and the
average is stored. These averages are then compared to the stored log-log
calibration graphs and concentrations are calculated. For the concentrations
to be accepted, they must fall within the previously established linear dyn-
amic ranges at each wavelength. A table of the elements detected, their wave-
lengths, and the concentration calculated at that wavelength is then printed
out. The program was also adapted to the collection of blank signals and/or
standard signals prior to running a sample.

The m.e.af.s. system was found to be background shot-noise limited.
Thus, the standard deviation of the fluorescence signal is equivalent to the
square root of the sum of the fluorescence and emission of the flame [10].
The values for the square root of the sum at each wavelength were also
stored within the program. The sum of the blank signal plus three times the
square root of the background is then used for each line of each element as
the minimum signal with which to compare the measured signals for qualita-
tive and semi-quantitative measurement.

The fluorescence signal of one standard solution (located in the middle of
the calibration data) collected at each fluorescence line is used to correct the
intercepts of the log-log calibrations. Blank signals and standard signals may
be collected as often as necessary (in this case, once every two weeks). The
slopes of these log-log calibrations are very close to unity (1.00 + 0.05). By
periodically measuring blank signals and signals of standard solutions, the
m.e.a.f.s. system can thus be corrected for long-term drift.
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Reagents

The 1000 ug ml™ stock solutions of each element were prepared by dis-
solving the pure metal or reagent-grade salt in dilute acid, and diluting with
deionized water which was further purified using a Barnstead Nanopure
filtration system (14 M cm™ resistivity). Volumetric dilutions of the stock
solutions were made to obtain standard solutions of the desired concentra-
tions. Two multi-element solutions were also prepared to evaluate the instru-
ment. One such solution, a ten-element mixture called 10M, was prepared
by dissolving the metals in nitric acid. An aliquot of this solution was then
diluted to be within the linear dynamic range of the system. The second
solution, a fourteen-element mixture called 14M, was prepared by taking
aliquots of standard solutions and diluting them in a volumetric flask. This
solution was also diluted further to be within the linear dynamic range of
the instrument. Solutions of National Bureau of Standards (NBS) Standard
Reference Materials (SRM) were prepared by established procedures [11].
Aliquots of these solutions were then diluted so that the concentration of all
major constituents was 100 ug ml™ or less, to approximate a water matrix.
Water was used as the blank in all cases.

RESULTS AND DISCUSSION

Detection limits

In Table 3 are listed limits of detection obtained under optimized condi-
tions (applicable to the QUANT program) and constant conditions (Table 2,
applicable to the SEMI-QUANT program) for all lines of all elements studied.
Two lines were used for each element when possible to increase the reliability
of the results. The linear dynamic ranges are also indicated in Table 3; this
range corresponds to the range of concentrations for which the slope of the
log-log plot is 1.00 * 0.05. It should be noted that the linear dynamic range
for sodium at 589.6 nm is only one decade; this is caused by a high back-
ground and the maximum count rate of 85 MHz for the photon counter
used.

In Tables 4 and 5, the recoveries of 10 and 14 elements, respectively, in
two synthetic solutions are given. Except for iron (at 252.285 nm), all ele-
ments are recovered within +16% in the case of the 10M synthetic mix.
Except for Au, Pt, Tl, and Rh (at 350.252 nm), all elements were measured
within £23% in the case of the 14M synthetic mixture. In the 10M mixture,
the high iron result at 252.285 nm may be due to a spectral interference by
cobalt at 252.136 nm. In the 10M mixture, the somewhat low result for
copper occurs at both copper lines, indicating a non-spectral interference. In
the 14M mixture, the low results for thallium may have been the result of
thallium(I) chloride precipitating out of solution, because of a high concen-
tration of hydrochloric acid before dilution. The very high results for gold at
267.595 nm and platinum at 265,945 nm are certainly due to spectral inter-
ferences. The system also does not sufficiently resolve the cobalt and gold
lines at 242.493 nm and 242.795 nm, respectively.
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TABLE 3

Limits of detection (LODY) and linear dynamic ranges obtained by the m.e.a.f.s. system

Element Wavelength LOD? Upper LOD a.a.s.©

(nm) (ug ml?) cone.P (ug ml?)
(ng ml™)

cd 228.800 0.01 (0.01) 1 0.03

Ca 422,673 0.002 (0.004) 1 NA (0.003)

Cr 357.869 0.007 (0.009) 5 0.02
359.349 — (0.01) 10

Co 240.725 0.03 (0.06) 10 0.07
242.493 —  (0.09) 10

Cu 324.754 0.005 (0.008) 5 0.01
327.396 —  (0.02) 5

Au 242.795 0.3 (0.3) 40 0.17
267.595 — (0.3 100

In 303.936 —  (0.2) 50 —
451.131 0.05 (0.08) 10

Fe 248.327 0.02 (0.05) 100 0.07
252.285 —  (0.07) 100

Pb 283.306 —  (0.2) 50 0.1
405.783 0.2 (0.2) 50

Mg 285.213 0.0003(0.0006) 1 0.001

Mn 279.482 0.003 (0.005) 10 0.01

Ni 232.003 0.04 (0.06) 5 0.07
352.454 —  (0.1) 10

Pt 265.945 1.0 (1) 100 1
306,471 —  (5) 1000

Rh 343.489 0.08 (0.2) 100 0.07
350.252 - (1) 100

Ag 328.068 0.004 (0.004) 5 0.007
338.289 —  (0.007) 5

Na 589.592 0.06 (0.1) 1 0.003

Sr 460.733 0.003 (0.01) 5 NA (0.03)

Ti 276.787 - (0.2) 50 0.1
377.572 0.04 (0.04) 50

Zn 213.756 0.02 (0.02) 1 0.07

2Values obtained for optimized flame conditions; values in parentheses were obtained for
m.e.a.f.s. SEMI-QUANT experimental parameters. ®Concentration at which linearity of
calibration curve has changed by 5% (see text). ®Values taken from O’Haver [12] for
simultaneous multi-element atomic absorption flame spectrometry. NA means nitrous
oxide/acetylene flame; all other values are for air/acetylene flames. The upper concentra-
tion for linear response is obtained by combining several calibration lines obtained at dif-
ferent points on the absorption profile during wavelength modulation. Those upper con-
centrations are usually 10*—10° the limits of detection.
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TABLE 4

Determination of ten elements in a synthetic mixture (10M) with the SEMI-QUANT pro-

gram
Element Wavelength Concentration (ug ml™) Error?
(nm) Actual Found %)
Ccd 228.802 0.433 0.378 —12.7
Ca 422,673 0.290 0.292 0.7
Co 240.725 2.38 2.35 —1.0
242.493 2,50 5.5
Cu 324.754 0.669 0.574 14.2
327.396 0.573 —14.3
Fe 248.327 5.03 5.61 11.5
252.285 6.41 27.5
Pb 283.306 2.75 2.77 0.8
405.783 2.79 1.6
Mn 279.482 0.858 0.722 —15.8
Ni 232.003 2.01 1.86 —7.6
352.454 2.17 8.0
Ag 328.068 0.135 0.121 —10.4
338.289 0.129 —4.4
Zn 213.856 0.157 0.163 3.8

aFrror = ((conc. found — actual conc.)/actual conc.) x 100.

TABLE 5

Determination of fourteen elements in a synthetic mixture (14M) with the SEMI-QUANT

program
Element Wavelength Concentration (ug ml™?) Errord
(nm) (%)
Actual Found
cd 228,802 0.100 0.097 —2.9
Ca 422.673 0.100 0.103 3.0
Cr 357.869 1.00 0.969 —3.1
359.349 1.00 0.3
Co 240.725 1.00 0.956 —4.4
242.493 (0.988)P (—1.2)b
Au 242.795 1.00 (3.13)P (21.3)P
267.595 0.701 —29.9
In 303.936 5.00 4.91 —1.8
451.131 5.00 0
Mg 285.213 0.0500 0.0439 —12.2
Mn 279.482 0.100 0.100 0
Pt 265.945 10.0 22.0 120
306.471 <LOD? —
Rh 343.489 5.00 4.87 —2.6
350.252 7.07 41.4
Na 589.592 0.500 0.386 —22.8
Sr 460.733 1.00 1.03 3.5
Tl 276.787 5.00 2.30 ~54.0
377.572 1.94 —61.2
Zn 213.756 0.100 0.096 —4.2

28ee Table 4. PThe monochromator does not have sufficient resolution fully to separate
these lines. °*<LOD means concentration was below limit of detection resulting in a sig-

nal-to-noise ratio below 3.



59

It must be stressed that the resuits in Tables 4 and 5 were obtained by
using the SEMI-QUANT approach, involving stored calibration curves. A 19-
component mixture can be processed in about 15 min. By means of a faster
stepping motor and by decreasing the integration time to 5 s, a 19-component
mixture (at 31 wavelengths) could be processed in 3.5 min but the imprecision
is doubled. If greater precision is needed, then the QUANT program must be
used involving the preparation of fresh calibration data for each line of each
element prior to sample processing. Table 6 shows a comparison of the re-
coveries for the SEMI-QUANT and QUANT approaches; the superior accu-
racy of the QUANT approach is apparent. However, the QUANT approach is
considerably more time-consuming as discussed above.

Analysis of reference materials

In Table 7, the concentrations of several elements in three NBS-SRMs
(Orchard leaves and two carbon steel samples) measured by the m.e.a.f.s./
SEMI-QUANT approach are given and compared with certified values. For
most elements, the results are reasonable, especially when viewed from the
semi-quantitative aspect. In all cases, the concentrations are within a factor
of two of the certified values.

Reproducibility

The 10M and 14M synthetic mixtures were used to obtain estimates of the
relative standard deviation (RSD) for measurements taken over a period of
time (ranging from a week to a month). In Table 8, the RSD values are given
for all elements, except for platinum and gold (at 267.595 nm) which were
not reproducibly detected. These measurements were all obtained by using
the SEMI-QUANT approach (with constant input blank and standard values
and therefore no recalibration). The average RSD for all lines is 10.7%. It
is obvious that the reproducibility of the m.e.a.f.s. system in the SEMI-
QUANT program mode is considerably better than the accuracy (especially
if Table 7 is considered).

TABLE 6
Comparison of recoveries for m.e.a.f.s. with the SEMI-QUANT and QUANT approaches

Element Wavelength  Actual SEMI-QUANT Error? QUANT Error?
(nm) conc. (pg ml?) (%) (rgml) (%)
(ug ml™)
Cd 228.802 0.100 0.100 0 0.107 0
Ca 422.673 0.100 0.098 —2 0.103 3
Cr 357.869 0.100 0.054 —46 0.106 6
Co 240.725 1.00 1.14 14 1.15 15
Au 267.595 1.00 1.18 18 1.05 5
Pt 265.945 10.0 2.91 —71 9.41 —6
Zn 213.756 0.100 0.094 —6 0.112 12

28ee footnote to Table 4.
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TABLE 7

Analysis of NBS standards by m.e.a.f.s. and the SEMI-QUANT approach

Element Wavelength Concentration (ug ml™)
(nm) Actual Found

SRM 1571 (Orchard Leaves)?

Ca 422.673 1.20 0.677

Mg 285.213 0.267 0.267

SRM 361 (High Carbon Steel)®

Cr 359.349 1.40 0.94

Cu 324.754 0.086 0.113
327.396 0.124

Fe 248.327 >LDR°®
252.285 . 69.0

Mn 279.482 1.35 1.31

Ni 232.003 4.08 5.10
352.454 5.34

SRM 364 (High Carbon Steel)d

Cr 359.349 0.07 0.12

Cu 324.754 0.293 0.266
327.396 0.284

Fe 248.327 118 85
252.285 69

Mn 279.482 0.305 0.353

Ag 328.068 0.008 0.010
338.289 <LOD

2Concentration (ug g™') of analyte in orchard leaves is calculated as the concentration
(ug ml') of analyte measured x 250 ml of solution X 100-fold dilution/0.8609 g of
sample. PConcentration (ug g*) of analyte in SRM 361 is calculated as the concentration
(ug ml™?) of analyte measured X 250 ml of solution x 50-fold dilution/2.5596 g of sample.
°>LDR means concentration is above the range of linear response. 4Concentration (ug
g!') of analyte in SRM 364 is calculated as concentration (ug ml™) of analyte measured
X 250 ml of solution X 100-fold dilution/3.0515 g of sample.

Conclusions

The m.e.af.s. system with the SEMI-QUANT program based on stored
calibration curves gives reasonable precision and accuracy for low concentra-
tions. The QUANT program improves the accuracy and precision but at the
expense of speed. For samples such as steel, the accuracy is degraded because
the matrix causes spectral interferences in some cases. The m.e.a.f.s. system
is simple to operate and easy to adapt to specific problems, because of the
use of a flame atomizer. The system could be improved by better r.f. shield-
ing to reduce the background even more, by a photon counter with a higher
maximum counting rate, by a higher-resolution grating in the monochroma-
tor and by a more powerful light source. For higher light levels, as are found
In nitrous oxide/acetylene flames, a lock-in amplifier could be used rather
than the photon counter.
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TABLE 8

Reproducibility (RSD for concentration) of the SEMI-QUANT mode over a period of
time

Element Wavelength RSD Wavelength RSD
(nm) (%) (nm) (%)

Cd 228.802 8.3

Ca 422.673 17.8

Cr 357.869 22.82 359.349 8.12

Co 240.725 10.6 242.493 7.7

Cu 324.754 5.5 327.396 5.5

Au 242.795 2.92 267.595 —b

In 303.936 4.92 451.131 9.72

Fe 248.327 4.3 252.285 4.8

Pb 283.306 9.4 205.783 14.3

Mg 285.213 8.4

Mn 279.482 10.6

Ni 232.003 7.5 352.454 4.6

Pt 265.945 —a 306.471 —b

Rh 343.489 11.92 350.252 1.02

Ag 328.068 5.7 338.289 11.8

Na 589.592 33.22

Sr 460.733 20.72

Tl 276.787 12.22 377.572 9.52

Zn 213.856 26.7

8These values are based on three readings taken over a week for solution 14M. The other
values are based on six readings taken over a month for solution 10M. ®Concentrations
not reproducibly detected.
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Dr. Edward G. Voigtman in the design of this system. This work was sup-
ported by AF-AFOSR-F49620-84-C-0002.
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SUMMARY

The inside dimensions of a miniature (13 mm i.d.) inductively-coupled plasma (i.c.p.)
torch were optimized in an attempt to reduce further the r.f. power and argon gas required
to sustain an i.c.p. As found earlier with a conventional-sized (18 mm i.d.) torch, the
annular spacing between the plasma (intermediate) and coolant (outer) tube was shown
to be the most critical design parameter. However, the optimized miniature i.c.p. could
not necessarily be operated at lower r.f. power and argon flow rate than the optimized
18-mm torch or at lower argon flow rate than the original 13-mm torch. Moreover,
although the detection limits and working-curve linearity of the optimized mini-i.c.p.
were comparable to those of a conventional-sized torch, the errors caused by classical
vaporization interferents were somewhat greater.

Despite its great popularity and broad application [1, 2], world-wide
acceptance of the inductively-coupled plasma (i.c.p.) has been hindered by
high initial expenditure and continuing operating cost. Several approaches
have been taken to overcome these limitations {3—14]. Each, however, has
its own drawbacks: e.g., detection limits deteriorate [6, 7], interferences
are increased [5], the load coil must be modified [7, 8], or in some cases
the emission must be viewed through the quartz torch [8]. Only recently
has it been shown possible to sustain a low-flow i.c.p. which overcomes the
above limitations [15, 16].

In an earlier study [16], it was shown that the torch of a conventional-
sized i.c.p. can be optimized so that a stable, analytically useful discharge
can be sustained at coolant gas flows as low as 3.5 | min™! and at radio-
frequency (r.f.) powers down to 125 W. To demonstrate the utility of the
optimized torch for the analysis of samples, an NBS standard reference
material (SRM 1573, tomato leaves) was examined.

In the present work the same optimization procedure was applied to a
miniature i.c.p. torch (13 mm i.d.) similar to the one developed by Savage
and Hieftje [3, 4]. The purpose is to combine the optimization and miniatur-
ization of the torch to reduce power and argon flow consumption further.
However, the optimized mini-torch cannot be operated at r.f. powers or

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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argon flows appreciably lower than the conventional-sized torch. Moreover,
although detection limits and working-curve linearity equal those of a con-
ventional plasma, vaporization and ionization interferents are more pro-
nounced. Possible reasons for this behavior are offered.

EXPERIMENTAL

Instrumentation

A 2.5-kW, 40.68-MHz crystal-controlled generator (model HFP 2500D,
Plasma-Therm, Kresson, NJ) with an automatic impedance matching unit
(model PT/AMN/RCM, Plasma-Therm, Kresson, NJ) were used to supply
r.f. power to the torch. In contrast to the previous work which used a two-
turn small-sized coil, a conventional-sized, water-cooled three-turn load coil
was used in this work mainly because it was easier to ignite the plasma.
With both sizes of coil, however, the coupling of r.f. power into the mini-
plasma was relatively inefficient, probably because the present impedance-
matching module used only one capacitor for automatic tuning. In our
experience, the older double-tuning-capacitor units were superior when
used with a miniature plasma [3, 4]. The sample-introduction system for
all experiments except interference studies consisted of a pneumatic, con-
centric (glass) nebulizer (made in this laboratory) and a spray chamber with
impact surface similar to type 2C in Fig. 2 described by Schutyser and
Janssens [17]. For interference studies, a commercial (Plasma-Therm)
pneumatic, concentric nebulizer and a Scott-type [18] spray chamber
were employed. All the measurements for “plasma stability’’ curves were
made with water aspirated into the plasma at a flow rate of 1 ml min™!.
The nebulizer and plasma (intermediate) argon flow rates were held at
0.5 1 min~! in these experiments unless stated otherwise.

To optimize torch parameters, as in the previous work [16] ‘‘plasma
stability” curves were developed. These curves give the minimum r.f. power
and coolant gas flow under which an ignited plasma can be sustained. To
generate the plasma-stability curves, the plasma is first ignited and stabilized
at conventional flow and power levels, after which the coolant argon flow or
r.f. power is gradually decreased until the plasma spontaneously quenches.
The power at which the plasma extinguishes is then plotted vs. the coolant
flow rate. With this procedure, the dimensions of the torch were first opti-
mized for low-flow, low-power operation. Afterward, the “optimized” torch
was used for measurements and, in these measurements, plasma variables
(flow, power, observation height) were optimized for highest S/B and lowest
interferences.

The optical and readout systems for measuring detection limits were as
previously described [3]. Interferences, however, were studied by using a
silicon-intensified target (SIT) vidicon detector in an optical arrangement
similar to that described earlier [19]. A blank signal obtained during intro-
duction of distilled water into the i.c.p. was subtracted from each analyte
spatial profile.
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Operating procedure for detection-limit determinations

To obtain a set of operating conditions for the optimized miniature i.c.p.,
the critical variables (i.e., r.f. power, coolant flow, plasma flow and aerosol
carrier flow) were varied one at a time while keeping the other three constant.
The observation height was optimized for each combination of variables; the
criterion for optimization was signal-to-background ratio (SBR).

Detection limits were measured for several elements under optimized
operating conditions (Table 1); observation heights were optimized indi-
vidually for maximum signal-to-background ratio for each element. Five
measurements of signal and blank (water) were used in these measurements.
Signal-to-noise ratios were taken from these measurements and detection
limits were calculated as in the procedure described by Winefordner et al.
[20].

Reagents. Stock solutions were prepared as suggested by Dean and Rains
[21], from reagent-grade salts and acids. Analyte solutions were prepared
by suitable dilution. For interference studies, sodium was added as the
reagent-grade chloride, phosphorus as phosphoric acid, and the aluminum
solution was prepared from the metal.

TABLE 1

Operating conditions optimized for signal-to-background ratio in the miniature-i.c.p.
system (see Fig. 4)

R.f. power 450 W (<50 W reflected)
Gas flows (1 min~!)
coolant (outer) 7.5
plasma (auxiliary) 0.3
aerosol carrier (nebulizer) 0.48
Monochromator slits width 50 um (0.02-nm spectral band width), height 5 mm
Sample uptake rate 1 ml min™!?
Time constant 1ls

RESULTS AND DISCUSSION

Plasma-stability curves for mini-torch

Figure 1 shows the effect on the plasma stability curve of the annular
spacing between the plasma and coolant tubes. Clearly, this spacing has a
dramatic effect on the power and flow required to sustain the plasma; a
0.2-mm change in annular spacing causes a 58% change in the coolant flow
and a 44% change in the r.f. power required to sustain the plasma. In the
mini-torch, just as in the conventional-sized torch, the optimized value of
this parameter was found to be 0.5 mm. Spacings smaller than 0.5 mm were
not explored because of the difficulty in fabricating symmetric, concentric
torches.

The effect of the length of the flared portion of the plasma tube and of
the extension of the coolant tube beyond the plasma tube was found to be
not very critical in the design of a miniature i.c.p. torch.
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Fig. 1. Effect of annular spacing between the flared portion of plasma (intermediate) and
coolant (outer) quartz tubes. (O) 0.5 mm annular spacing; (*) 0.7 mm annular spacing;
(2) a non-optimized miniature torch with 1.0-mm annular spacing. (Length of coolant
tube, 17 mm; length of flared portion of plasma tube 15 mm; vertical spacing between
aerosol and plasma tubes, 3 mm; aerosol tube inner diameter, 0.75 mm.) (*) Non-opti-
mized conventional-size (18 mm o.d.) torch; (0O) optimized conventional-size torch (see

[16]).

The influence of the inner diameter of the aerosol injection tube and its
recession below the flared plasma tube on plasma stability was also studied
(Figs. 2 and 3). It appeared that these two parameters have a significant
effect on the performance of the torch. The optimized values for the various
parameters of the mini-torch are cited in Table 2.
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Fig. 2. Plasma stability curves illustrating the influence of inside diameter of aerosol
injection tube on plasma stability curves: (0) inner diameter 1 mm; (O) inner diameter
0.75 mm; (*) inner diameter 1 mm and tapered length of flared portion of plasma tube
7 mm. Annular spacing between plasma and coolant tubes 0.5 mm; all other dimensions
are the same as in Fig. 1.

Fig. 3. Effect of recession of capillary injection tube below rim of plasma tube; (*)
aerosol tube terminated 7.5 mm below plasma tube rim; (O) aerosol tube terminated
5 mm below plasma tube rim; (O) aerosol tube terminated 3 mm below plasma tube
rim. Annular spacing between plasma and coolant tubes 0.5 mm; all other dimensions
as in Fig. 1.
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Comparison of the minimum argon flow rate required for operation of
the mini-i.c.p. with that of an optimized conventional-sized low-flow, low-
power i.c.p. [16] indicates that it is not possible to sustain a discharge at
even lower coolant gas flow rates by reducing the external diameter of the
torch. This finding agrees with the recent predictions of Angleys and Mermet
[22]. Apparently, if the annular spacing between the coolant and plasma
tubes is larger than a limiting value (0.27 mm for an 18 mm i.d. torch), this
spacing rather than the internal diameter of the torch will limit the minimum
coolant-gas flow rate required for a plasma. Therefore, in the present situ-
ation only a very small reduction of the coolant-gas flow rate is realized by
miniaturizing the i.c.p. torch.

Effect of operating conditions on SBR in the optimized-miniature i.c.p.

Figure 4 shows that the applied r.f. power and aerosol carrier (nebulizer)
gas flow rate are the most critical parameters in governing SBR in the new
i.c.p. Coolant flow and plasma flow have a comparatively slight effect on
SBR. These results are in good agreement with those reported by Ebdon
et al. [23]. The optimized operating conditions extracted from these plots
are compiled in Table 1.
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Fig. 4. Influence of operating conditions on signal-to-background ratio of Ca II (393.4
nm). (A) Effect of coolant-gas flow rate; r.f. power 450 W, plasma gas and nebulizer gas
each at 0.5 1 min~'. (B) Effect of r.f. power; coolant flow rate 7.5 1 min-!, nebulizer gas
and plasma gas each at 0.5 1 min-!. (C) Effect of injector-gas flow rate, r.f. power 450 W,
coolant gas flow rate 7.5 I min-!, plasma gas = 0.5 1 min~!. (D) Effect of plasma-gas flow
rate, nebulizer gas flow 0.48 1 min~* ; other variables as in (C).
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TABLE 2

Optimized miniature i.c.p. torch dimensions

Parameter Optimal value (mm)
Annular spacing between plasma and coolant tubes 0.5

Coolant inlet port diameter 1

Length of flared portion of plasma tube 7

Length of coolant tube extending beyond plasma tube 17

Recession of aerosol injection tube below rim of plasma tube 2—5

Inner diameter of aerosol injection capillary tube 0.75

Detection limits

The analytical capability of the optimized miniature torch was evaluated
by measuring detection limits for several elements, reported in Table 3. The
right hand columns in Table 3 give the detection limits reported for a minia-
ture i.c.p. operated at higher power, for a conventional-sized i.c.p. [3], and
for a low-flow, low-power i.c.p. [24]. Detection limits for the optimized
miniature i.c.p. obtained here are not significantly different from those
obtained with the other torches.

Matrix interferences in the optimized miniature i.c.p.

Although earlier reports indicated that the i.c.p. is free from matrix
(interelement) effects [1, 25, 26], later studies [27—31] disagreed. The
exact nature and mechanisms of these interferences are known [32—36] to
be complex and so far it has not been possible to explain them satisfactorily.
However, it has been demonstrated [4, 37, 38] that interferences can be
minimized through proper choice of operating conditions (i.e., applied r.f.

TABLE 3

Comparison of detection limits offered by several i.c.p. torch designs

Element Spectral Detection limits (ng ml~') with i.c.p.
?3:1) Optimized Mini- Low-flow, Conventional
mini [31 low-power {31
(24]
Al 396.15 8 3 16 5
Call 393.37 0.2 0.07 0.19 0.04
Cu 324.75 5 8 5.4 2
Fe 371.99 30 10 21 12
Mg 285.21 3 6 3 2
Na 588.49 1.5 0.7 2.5 0.2
Ni 352.45 24 4 12 15
Pb 405.78 83 33 — 40

Zn 213.86 25 71 15 23
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power, nebulizer and chamber type, nebulizer gas flow, and observation
height in the plasma tail flame).

Figure 5 shows the rather strong effect of classical matrix interferents on
Ca II (393.4 nm) emission under the operating conditions optimized for
SBR listed in Table 1. In all emission profiles, curve A represents a 5 mg 1!
calcium (analyte) solution and curve B the same solution but with inter-
ferent added at an appropriate concentration. In Figs. 5—11 the scales are
the same within one frame but are different from frame to frame. Figure 5
shows that aluminum suppresses the Ca II emission to a greater extent than
sodium or phosphate. In an attempt to identify a set of operating conditions
under which the calcium signal is free from interferences, the effect of applied
r.f. power and nebulizer gas flow were further studied.

Vaporization interferences on calcium. Figure 6 and 7 show the effect of
added aluminum and varying nebulizer gas flow on the spatial profiles of
Ca I (422.7 nm) and Ca II (393.4 nm), respectively. At larger nebulizer
flow rates, the magnitude of the aluminum interference on Ca II (393.4 nm)
emission increases. The spatial shift in the emission profile of Ca I (422.7
nm) also becomes larger as the nebulizer gas flow is raised. Figure 6 (a—d)
demonstrates that the interference of aluminum on Ca I (422.7 nm) can be
minimal if proper operating conditions are selected.
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Fig. 5. Effect of several classical interferents on Ca II (393.4 nm) emission intensity
profiles under the optimized operating conditions listed in Table 1. Interferent: (a)
phosphate, 1470 mg 17*; (b) Al, 1200 mg 1°!; (c) Na, 1400 mg 1-'. Curve A represents
analyte (5 mg 1" Ca) signal and curves B analyte plus interferent. The intensity scales are
the same within one frame but vary from frame to frame.
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Figure 8 illustrates the influence of an aluminum matrix on the spatial
emission profile of Ca II (393.4 nm) at different r.f. powers. At 400 W the
interferences are severe; as the power is increased, the effect of aluminum on
the profile is reduced. Unfortunately, the interference cannot be eliminated
entirely by increasing the power input to the plasma. Savage and Hieftje
[4] observed the same effect using a mini-i.c.p. and 1-kW r.f. power. The
caption to Fig. 8 indicates that as the power was increased, the coolant flow
rate had also to be increased to prevent torch melting.

The spatial emission profiles of Ca I (422.7 nm) and Ca II (393.4 nm) at
different powers and nebulizer gas flows were studied also in the presence of
phosphate. The effect of phosphate on Ca I (422.7 nm) was very similar to
that of aluminum (cf. Fig. 6). The effect of r.f. power on the Ca II (393.4 nm)
emission profile in the presence of a phosphate matrix is shown in Fig. 9.
Surprisingly, there is an increase in the magnitude of the calcium-phosphate
interference as the r.f. power is increased. Savage and Hieftje [4] observed
the same behavior.

Effect of an easily ionized species on calcium emission. The effect of an
easily ionized element (sodium) on the Ca II (393.4 nm) emission profile at
various powers is shown in Fig. 10. The operating conditions for these plots
are identical to those in Fig. 8. Interestingly, the magnitude of sodium inter-
ference on Ca II is relatively small compared to that of a vaporization inter-
ference (i.e., from Al and phosphate). The interference of sodium on Ca II
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Fig. 8. Influence of aluminum matrix on spatial emission profiles of Ca II (393.4 nm) as
a function of r.f. power. (a) R.f. power 400 W, coolant flow 6 1 min™; (b) r.f. power
500 W, coolant flow 6.5 I min™"; (c¢) r.f. power 750 W, coolant flow 7.5 1 min-!. Nebulizer
gas 0.64 1 min™". Intensity scales are the same as in Fig. 5; curves A and B as in Fig. 6.
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nebulizer-gas flow rates; the nebulizer-gas flows and powers are the same as in Fig. 6.

increased with a decrease in nebulizer-gas flow from 0.59 1 min~! to 0.3 1
min~!,

Figure 11 illustrates the effect of sodium on the Ca I (422.7 nm) emission
profile at several nebulizer (aerosol carrier) gas flow rates. At higher aerosol-
gas flows an enhancement in the entire emission profile of Ca I (422.7 nm)
is observed in the presence of the sodium. Significantly, the magnitude and
direction of the interference are changed as the nebulizer flow is reduced.
At lower powers (250—450 W), the profile develops two peaks, the most
intense occurring very low in the plasma. The second peak, like Fig. 11(a),
occurs higher in the tail flame. In addition, at higher nebulizer flows the
peak in the emission profile shifts upward in the plasma in the presence of
the sodium matrix, possibly indicating both a vaporization and ionization
interference. The magnitude of this interference increases as the r.f. power
is raised.

Conclusion

The torch parameters of a miniature-i.c.p. can be optimized, so that the
plasma can be operated at somewhat lower gas flows and r.f. powers
although the decrease is less dramatic than in conventional-sized i.c.p.
torches. Under the optimized operating conditions for best SBR, matrix
interferences were found to be pronounced. A detailed study of vaporization
(phosphate, aluminum) and ionization (sodium) interferences on Ca I (422.7
nm) and Ca II (393.4 nm) emission profiles indicated that it is not possible
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to obtain operating conditions (i.e., r.f. power, nebulizer gas flow, and
observation height) under which interferences can be entirely eliminated.

This work was supported in part by the National Science Foundation
through grants CHE 82-14121 and CHE 83-20053 and by the Office of
Naval Research.
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SUMMARY

Non-dispersive flame atomic fluorescence spectrometry is a very sensitive method for
the determination of gold, with a limit of detection in aqueous solution of about 0.5 ng
ml. However, the application of the technique to aqua regia digests of geochemical
samples is limited by large scatter signals which are due mainly to aluminium. The use of
an auxiliary lamp to provide correction for scatter is suitable for samples containing low
concentrations of elements which form refractory compounds in the flame or for samples
where the full sensitivity of the fluorescence technique is not required. To obtain both
high accuracy and sensitivity, gold must be separated from the scattering matrix and this
can be achieved by a simple extraction with a 0.1% (w/v) solution of a trioctylmethyl-
ammonium salt (Aliquat-336) in di-isobutyl ketone. The use of fluorescence avoids the
need for a large extraction ratio and a subsequent washing step to remove iron, as is
normally required for atomic absorption measurements.

Flame atomic absorption spectrometry is well established for the deter-
mination of gold in a wide range of samples. However, it is not sufficiently
sensitive to provide direct determinations on an acid digest of many geo-
chemical exploration samples. The use of carbon rod or furnace atomisation
provides a significant improvement in sensitivity but the complex matrix
usually associated with gold in rock and soil samples can result in high back-
ground absorption values for which adequate correction is difficult.

Gold can be concentrated from dilute solutions by a variety of methods
including coprecipitation with tellurium [1, 2] or mercury [3] with tin(II)
chloride or hypophosphorous acid as the reducing agent. Although very
sensitive, such methods are lengthy and involve a substantial amount of
sample processing.

A commoner method of improving the sensitivity for gold is the use of
liquid-liquid extraction with large extraction ratios. Numerous solvents and
complexing agents have been used and good summaries of these have been
provided [4, 5]. The commonest method involves extraction of gold(III)
from a hydrochloric or hydrobromic acid solution with methyl isobutyl
ketone (MIBK) or di-isobutyl ketone (DIBK). The distribution coefficient
for the HCI/MIBK system is greater than 1000 [6] for acid concentrations
above about 1.5 M. Some complexing agents interfere with this extraction
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and, in addition, gold(I) is not readily extracted. However, Groeneweld
[7, 8] has shown that the cyanide complex of gold(I) and the cyanide and
chloride complexes of gold(III) can be extracted by using a solution of the
commercial trioctylmethylammonium salt, Aliquat-336, in DIBK. This
solvent was used [ 7] because it has lower volatility and water-solubility than
MIBK together with suitable flame characteristics.

Although flame atomic fluorescence spectrometry with boosted-output
hollow-cathode lamps has been shown to be a very sensitive method for the
determination of gold [9, 10], there has been no thorough investigation of
the application of this method in the analysis of complex samples. As the
previously reported detection limit of 5 ng ml™ is near the minimum level of
interest in geochemical exploration, the atomic fluorescence technique was
investigated more thoroughly to establish its suitability for this type of
sample.

EXPERIMENTAL

Apparatus

Atomic fluorescence. Measurements were made by using the non-dispersive
technique described previously [10] but with the optical system modified
slightly as discussed later. The light source was a boosted-output gold hollow-
cathode lamp which was made in this laboratory and was of the type des-
cribed by Lowe [11]. The sample was atomised in a stoichiometric air/
acetylene flame which was separated by a nitrogen sheath [12].

Scatter was corrected by using the auxiliary light source method described
by Larkins and Willis [13]. This technique involves the use of a second light
source (of an element known to be absent from the sample or incapable of
being atomised by the flame) to provide a measure of the amount of scatter.
The auxiliary lamp used in this work was a Philips OZ-4W mercury germicidal
lamp. A comparison of lamp intensities for scatter calculations was obtained
by aspirating aluminium solutions which were prepared by dissolving Spec-
pure aluminium in hydrochloric acid or a 1:1 hydrochloric/nitric acid mix-
ture. Correction provided by this technique was expected to be especially
reliable for two reasons: first, the main mercury lamp emission is at 253.7 nm
which is mid-way between (and close to) the two main gold fluorescence
lines at 242.8 and 267.6 nm; second, the major source of scatter in the
sample solutions was expected to be aluminium.

The lamps were operated by appropriate current-regulated power supplies
as described previously [10]. The fluoresced and scattered radiation was
detected by a single photomultiplier (Hamamatsu TV; Type R166), the out-
put of which was fed via a preamplifier/buffer to two phase-sensitive ampli-
fiers in parallel (Techtron Model IM1). One of the amplifiers (gold channel)
was operated at the standard 285 Hz while the other (mercury channel) was
altered to operate at 313 Hz. Synchronizing signals were available from the
amplifiers to permit modulation of the power supplies.
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The output signals from the amplifiers were further amplified, to provide
5 V at full scale, and passed to an OKI-if800 Model 10 computer fitted with
an eight-input multiplexed 12-bit A/D converter. Data were collected and
processed by using programs written in BASIC.,

Atomic Absorption. A Varian-Techtron Model AA6 atomic absorption
spectrometer was used but the AA6 amplifier was replaced by the dual
amplifier system used for scatter-corrected fluorescence measurements. A
standard 10-cm slot burner was used and background absorption was mea-
sured simultaneously with a deuterium arc lamp (Hamamatsu TV) in a
manner similar to that of commercial systems. The lamp currents were
adjusted to provide similar signal intensities, and data collection and process-
ing were again done by computer.

Sample preparation

A sample (30 g) of finely ground rock chip was roasted, if necessary, to
destroy sulphides, slurried with distilled water to prevent caking and then
digested for about 1 h with 60 ml of concentrated hydrochloric acid and
25 ml of concentrated nitric acid. After cooling, the sample was diluted to
300 ml and allowed to settle. Gold was then quantified on the clear liquid,
either directly or after liquid-liquid extraction.

For most extraction work, the following simplified procedure was used.
A portion (3 ml) of the sample solution was extracted by shaking for about
1 min in a small glass vial with a 0.1% (w/v) solution of Aliquat-336 in DIBK.
After the two layers had separated, the DIBK layer was aspirated into an air/
acetylene flame and the gold was quantified by atomic absorption or fluores-
cence spectrometry. Gold standards were extracted in the same fashion.
Solvent was aspirated between samples and the acetylene flow rate was
adjusted to provide an approximately stoichiometric flame.

The proposed fluorescence method was evaluated for solutions of rock
chip samples which had been treated by the following more extensive
extraction procedure: 200 ml of sample solution was extracted with 10 ml
of 5% (v/v) Aliquat-336 in DIBK. The DIBK layer was washed with 50 ml of
10% (w/v) nitric acid, to remove iron, and then aspirated into an air/acetylene
flame for the determination of gold by atomic absorption spectrometry in
the usual manner.

RESULTS AND DISCUSSION

Detection limit

One of the main attractions of non-dispersive atomic fluorescence, com-
pared with other atomic spectrometric methods for the determination of
gold, is its low detection limit. In accordance with common usage [14], the
detection limit is defined here as that concentration which gives a signal
equal to twice the standard deviation of ten measurements on a solution
with a concentration near the detection limit. For the determination of
detection limits in the present work, all signals were obtained by integration
for 10 s.
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Detection limits were evaluated for both atomic absorption and fluores-
cence by using the same nebuliser and spray chamber assembly and aqueous
solutions of gold in 2 M hydrochloric acid. The results are given in Table 1
together with values reported in the literature for some other spectrochemical
techniques. It can be seen that flame fluorescence is a much more sensitive
method than the others listed except for a.a.s. with furnace atomization. For
flame fluorescence the detection limit varies slightly with height of observa-
tion in the flame. The value quoted was obtained at 36 mm above the burner
top but at 22 mm the value was 0.001 ug mi~. This variation is due to
increasing flame gas emission (and the associated shot noise) with decreasing
height. The value given in Table 1 for flame atomic fluorescence shows a
significant improvement over the result of earlier work [10]. Although part
of this change is due to the adoption of the definition of detection limit
quoted above, the balance is due to improvements in the light source and the
optical system.

The detection limit given for furnace a.a.s. depends directly on the sample
volume and could be improved by the use of a larger volume. However, in a
practical situation the presence of large quantities of matrix materials can
produce very high background absorbances which cannot be corrected by
the standard deuterium-arc correction systems. The use of much smaller
sample volumes or less concentrated solutions can alleviate the background
problem but raises the detection limit. The use of platform furnaces and
Zeeman background correction is claimed [18] largely to overcome these
problems.

The result for non-dispersive fluorescence with plasma atomization was
obtained with a pulsed hollow-cathode lamp. The use of a boosted-output
hollow-cathode lamp, of the type employed in the present work, may
produce a substantial improvement in that technique.

Linear range

The upper linear limit (6% departure from linearity) was evaluated for
flame atomic fluorescence and found to be 20 ug ml™?. This value varies
slightly with the angle of observation and is best at small angles. Thus, the
method has a linear range, from detection limit to upper linear limit, of four

TABLE 1

Comparison of detection limits for gold by various spectrometric methods (all values are
for simple gold solutions and are given in ug ml™)

Fluorescence Absorption Emission
Flame? Ic.p.k Flame? Furnace® Lepd
Detection limit 0.0005 0.01 0.015 0.0002 0.01

aThis work. PRef. 15. °From Ref. 16 assuming a 50-u1 sample size. 4Ref. 17.
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and a half decades, which is comparable to linear ranges found in inductively-
coupled plasma emission.

Although atomic fluorescence is a very sensitive technique for the deter-
mination of gold, there are two major limitations which have previously dis-
couraged its use in this application. The first is the lack of availability of a
suitable light source. Apart from lasers, which are still very expensive, the
best light source for gold is the boosted-output hollow-cathode lamp [11,
19}. Although previously unavailable, these are now being made commerically
in both sealed (Photron Pty., Dandenong, Victoria, Australia) and demount-
able [20] (SGE Pty., Ringwood, Victoria, Australia) styles. Both should give
similar results to those obtained in this work. The second (and more difficult)
problem is that of scatter [13].

Scatter

The acid digestion technique used to dissolve the gold from the rock
samples also dissolves materials such as aluminium which can form refractory
particles in the flame and scatter the incident radiation. For a given sample
the ratio of scatter to fluorescence depends on several factors, in particular
the measurement angle and the height of observation in the flame.

Measurement angle. Most previous work on fluorescence has used an angle
of 90° between the incident and fluoresced radiation. Preliminary investiga-
tions for the present work showed that both the fluorescence intensity and
the scatter-to-fluorescence ratio vary with the angle of observation as shown
in Figs. 1 and 2 (an angle of 0° represents scatter or fluorescence back
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Fig. 1. (A) Variation of fluorescence intensity with viewing angle. (B) Diagrams showing
the increased flame volume from which fluorescence is collected when the viewing angle
is changed from 90° to 45°.

Fig. 2. Variation of scatter to fluorescence ratio with viewing angle: (o) 500 ug ml™!
aluminium solution; (o) 25 ug ml~ aluminium solution. Both graphs have been normalised
to 1 at 90° for direct comparison.
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towards the light source). The increase in fluorescence intensity is a geometric
effect resulting from the fact that both the incident light beam and the
observation path are narrower than the flame. Changing the direction of
observation can, therefore, change the fraction of the illuminated flame
volume from which fluorescence is gathered, as indicated in Fig. 1B. The
change in fluorescence signal was exactly as expected from this effect. The
change in scatter-to-fluorescence ratio with angle is slightly dependent on the
concentration of the scatterer but is always much worse in the forward than
in the reverse direction. All fluorescence intensities were therefore measured
by using an angle of 45° between the lamp and the photomultiplier as shown
in Fig. 3. A similar dependence of scatter on viewing angle has also been
found by other workers [21—23] and shows that the scatter is not of the
simple Rayleigh type [24] for which scattering is minimal at 90° and increases
symmetrically in the forward and reverse directions.

Height of observation. In addition to the effect on signal-to-noise ratio
noted earlier, there is a small variation in both scatter and signal levels at
different heights in the flame. The variation in the scatter level depends on
the nature of the scatterer. For pure aluminium solutions and also for most
rock samples, the scatter increases slightly with height. For example, increas-
ing the height of observation from 22 to 36 mm above the burner top resulted
in an increase in scatter of between 1% and 10% for a range of rock samples
and approximately 3% for a 2000 ug m!l™ aluminium solution. However, the
scatter from one rock sample and from a 1000 ug ml™ calcium solution
decreased by 7% and 23%, respectively. The latter effect is probably due
mainly to the scattering particles being less refractory than aluminium oxide
and evaporating significantly as they pass up the flame. The cause of the
increase in scatter is not obvious. The gold fluorescence decreased slightly
(about 3%) for the same increase in height and this is probably due to slight
dilution of the flame gases by the nitrogen sheath.

s Ne —seporated  Fiame
30

VIRV
o

< =
Mercury Lamp

"~
=)
T

Background Absorption
o
T

Boosted - output
Gold Lamp

1 1 J A 1
Solar -blind 0 5000 10000 15000 0 2000 4000
Photomultipher Iron Concentration {ug mh Aluminium Concentration (ug mi™)

Fig. 3. Schematic diagram of the optical system.

Fig. 4. Diagrams showing correlation, for rock chip samples, of (A) background absorp-
tion in flame a.a.s. with iron concentration and (B) scatter in flame fluorescence with
aluminium concentration. Background absorption and scatter are both given in terms of
equivalent gold concentrations in ug ml™, The solid lines are curves of best fit showing a
linear fit on graph A and a logarithmic fit on graph B.
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Of more importance for the proposed method of scatter correction by
using an auxiliary light source is the fact that the ratio of the scatter signals
from gold and mercury lamps also varied with height and the variation was
different for different samples. When a 2000 ug ml™ aluminium solution was
used to provide the lamp intensity ratio, the best correction for scatter from
the rock samples was obtained low in the flame (22 mm above the burner)
and so scatter-corrected measurements were made at this height. At greater
heights, the scatter measured with the mercury lamp generally resulted in
over-correction and low or negative results.

Scatter-corrected fluorescence

The extent of scattering by typical geochemical samples and the ability of
the auxiliary lamp technique to provide adequate scatter correction was
further evaluated by analysing a range of rock chip samples. The results are
shown in Table 2 together with results obtained by background-corrected
atomic absorption. Also included in Table 2 are the results which were pro-
vided with the samples and which were obtained by the liquid-liquid extrac-
tion/washing/a.a.s. procedure outlined earlier. Results were not provided for
samples 9—12 but the gold content of these samples is sufficiently high for
the results by background-corrected atomic absorption to provide a reason-
able reference. In addition, the results for these four samples are in good
agreement with those determined by the simple liquid-liquid extraction

TABLE 2

Determination of gold in acid digests of rock samples by using scatter/background correc-
tion (all results are given in ug ml™)

Sample Atomic fluorescence Atomic absorption Given
no. valueP
Total Scatter? Net Total Back- Net
signal signal signal ground? signal
1 1.348 1.308 0.040 1.12 1.09 0.03 0.031
2 0.844 0.838 0.006 1.44 1.33 0.11 0.013
3 1.525 1.503 0.022 1.67 1.65 0.02 <0.003
4 0.519 0.514 0.005 0.97 0.89 0.08 0.007
5 1.238 1.275 —0.037 1.24 1.17 0.07 0.005
6 1.233 1.284 —0.051 1.35 1.32 0.03 <0.003
7 0.419 0.431 —0.012 0.54 0.51 0.03 <0.003
8 1.593 1.574 0.019 1.53 1.49 0.04 0.004
9 1.653 1.213 0.440 2.06 1.60 0.46 -
10 1.585 1.201 0.384 1,96 1.57 0.39 -
11 1.527 0.814 0.713 3.56 2.86 0.70 -
12 1.501 0.809 0.692 3.55 2.87 0.68 —
13 1.342 1.304 0.038 1.31 1.31 0.00 0.006
14 1.333 1.290 0.043 1.34 1.31 0.03 0.010

3Expressed as equivalent gold concentration in ug ml~*. P Value provided with the samples
and obtained by a liquid-liquid extraction a.a.s. procedure as detailed in the text.
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procedure described later. All concentrations are given as ug ml™ in the solu-
tion analysed and scatter and background signals are expressed as equivalent
gold concentrations.

It can be seen from Table 2 that the signal caused by scatter in fluorescence
is comparable with that produced by background absorption in a.a.s. How-
ever, these signals were found to be due to different causes; the background
absorption gave good correlation with the iron content of the solutions,
while scatter in atomic fluorescence gave reasonable correlation with the
aluminium concentration. This is not surprising as iron, which is a major
constituent of these samples, produces only minor scatter but has been
observed by Fleming [25] to give molecular absorption in the wavelength
region around the gold 242.8-nm resonance line. The correlation between
scatter and the aluminium concentration was slightly better for a logarithmic
fit than for a linear one and this is consistent with the results of an earlier
study of scatter [13]. In addition to aluminium, the samples were found to
contain between 100 and 1300 ug ml™ calcium, which is also known to
produce significant scatter. Although aluminium was the major contributor
to scatter, a slight improvement to the correlation with the scatter signal
could be obtained by including an allowance for the calcium concentration.
The samples were also tested for silicon but none was found to contain
more than 50 yg ml™, which would give a negligible scatter signal compared
to the aluminium and calcium. The correlations of background absorption
with iron concentration and of scatter with aluminium concentration are
shown in Fig. 4. The iron, aluminium, calcium and silicon were determined
by normal atomic absorption measurements with an air/acetylene flame for
iron and a nitrous oxide/acetylene flame for the others.

For flame atomic fluorescence measurements, the minimum relative
standard deviation of a single measurement was found to be about 0.5% but
was sometimes higher, depending on the type of sample. When scatter cor-
rection is used, gold is determined as the difference of two measurements
and therefore the detection limit will be no better than about 1% of the
scatter signal. A scatter level equivalent to more than about 0.1 ug ml™ gold
will result in a poorer detection limit than that obtained with pure gold solu-
tions and so, for the samples in Table 1, the detection limit will be no better
than 0.004—0.016 ug ml™?. Thus, the auxiliary lamp method can only be
expected to provide reliable correction for reasonably low levels of scatter.
In addition, when a mercury lamp is used for correction, the presence of
mercury in the sample, even at low concentrations, will result in over-
correction and give low or negative gold values. However, the samples used
here were checked for mercury by using a cold-vapour technique, similar to
that described by Ebdon et al. [22], and all were found to have negligible
mercury levels (<0.05 ug ml™).

Several samples, notably 5, 6 and 7, show an error in excess of that
expected from the level of scatter. This indicates that these samples give a
slightly different ratio of scatter signals for gold and mercury radiation than
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that given by the pure aluminium solution used as a reference. Thus, on the
basis of these results, the correction provided by this technique may be in
error by as much as 4% of the scatter signal or 0.06 ug m1™ of gold, although
most results were in error by less than 0.03 ug ml™. Therefore, this method
is suitable for samples containing low levels of materials which form refrac-
tory compounds in the flame or where the accuracy required is no better
than about 0.06 ug ml™. The accuracy of the scatter correction obtained
here is better than that found by Naranjit et al. [23] who used a similar
auxiliary lamp scatter correction method for a number of elements in a multi-
element fluorescence system. They used tellurium as a reference lamp and
applied the technique with a range of observation angles. The good results
obtained in the present work are probably due to the closeness of the
mercury and gold spectral lines and the use of the same observation angles
for both scatter and fluorescence.

Liquid-liquid extraction/atomic fluorescence

The problem of large scatter signals together with low gold concentrations
can be best overcome by use of liquid-liquid extraction. As fluorescence is
already very sensitive, it is not necessary to use large extraction ratios and,
because iron is not expected to produce any significant molecular fluores-
cence or scatter, a washing step should not be necessary. The extraction
procedure can therefore be much simpler than that used for atomic absorp-
tion measurements. DIBK was chosen as the extraction solvent for the
reasons mentioned earlier; in addition, its flash point is above room tempera-
ture and it is therefore less of a fire hazard.

The simplest procedure is to use pure DIBK and extract the gold chloro-
complex from an aqua regia digest of the sample. Therefore, initial trials
were done with this solvent and solutions of gold in hydrochloric acid.
Particular attention was paid to the rate of extraction and the effects of
hydrochloric acid and gold concentrations on the extraction efficiency.

With the small volume ratios used in this work (3 ml of gold solution to
2 ml of DIBK), extraction was found to be extremely rapid and was practi-
cally complete within 15 s which is consistent with the findings of Groenewald
[7n.

Extraction efficiency was evaluated by direct atomic fluorescence measure-
ment of the residual gold in the aqueous phase after extraction. At hydro-

- chloric acid concentrations greater than 1 M, about 95% of the gold was
extracted from a 1 ug ml? solution but at lower acid concentrations the
efficiency was less and at 0.05 M was only 80%. When the same extraction
procedure was used, MIBK was found to extract about 99.9% of the gold
from a 2 M hydrochloric acid solution (this poorer extraction efficiency of
DIBK does not appear to have been noted previously). Not only is extraction
by pure DIBK significantly less than 100% but it tends to be variable and
influenced by the presence of other ions in solution, e.g., in the presence of
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1000 pg ml™ iron(III) ion and 2 M hydrochloric acid, the extraction efficiency
was about 97.5%. However, the presence of a small quantity of Aliquat-336
in the DIBK was sufficient to increase the efficiency to about 99.9% and also
improved the reproducibility. All further work was therefore done with 0.1%
(w/v) Aliquat-336 in DIBK and with the gold solutions 2 M in hydrochloric
acid.

Gold concentration was found to have no effect on the extraction effi-
ciency when 0.1% Aliquat in DIBK was used but with pure solvent the per-
cent extraction appeared to drop slightly for gold levels below 0.1 ug ml™.

Analysis of rock samples. Extractions with 0.1% Aliquat-336 in DIBK
were done on the set of aqua regia digests of rock chip samples used previ-
ously for scatter-corrected fluorescence measurements. The results are given
in Table 3 together with the results by atomic absorption after the same
extraction procedure. The fluorescence results have been corrected for a
small amount of scatter (equivalent to about 0.001 ug ml™ gold) as discussed
below. The precision of the atomic absorption measurements was about
+0.02 ugml™ and there was no significant background absorption. The agree-
ment between the fluorescence and absorption results is therefore within
experimental error.

The small scatter signal in the fluorescence measurements appears to be
due to co-extracted iron. When a higher concentration (1%) of Aliquat-336
in DIBK was used for the gold extraction, the solvent layer was noticeably
more yellow and the results for gold were higher by about 0.003 yg mil—.
The scatter signal also increased to about 0.004 ug ml™. However, provided

TABLE 3

Determination of gold in acid digests of rock samples with the simple solvent extraction
procedure (all results are given in ug ml™)

Sample Atomic Atomic Given

no.2 fluorescence absorption value?
1 0.026 0.04 0.031
2 0.009 0.01 0.013
3 0.000 0.01 <0.003
4 0.004 0.02 0.007
5 0.001 0.02 0.005
6 0.000 0.02 <0.003
7 0.003 0.01 <0.003
8 0.005 0.03 0.004
9 0.425 0.43 —

10 0.367 0.38 -

11 0.716 0.71 —

12 0.712 0.70 —

13 0.007 0.02 0.006

14 0.013 0.03 0.010

2 As for Table 2.
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that the Aliquat concentration islow and the hydrochloric acid concentration
is no greater than about 2 M there should be no need to check for scatter
and the resulting error should be negligible.

In addition to the conditions noted above, it is necessary to observe the
normal precautions recommended by instrument manufacturers regarding
the use of organic solvents. In particular, the spray chamber assembly should
be cleaned and dried prior to the use of solvent or a complete assembly
should be reserved for this use. Provided that these precautions are observed,
the simple liquid-liquid extraction procedure can be used together with
atomic fluorescence to measure the concentration of gold in solutions of
complex samples down to 0.001 ug ml™, which is equivalent to 0.01 ug g™
in the solid sample.

Solutions of rock chip samples were kindly supplied by Mr. A. Knowles of
Anaconda Australia, Kalgoorlie, Western Australia.
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SIMULTANEOUS DETERMINATION OF GERMANIUM, ARSENIC,
TIN AND ANTIMONY BY MOLECULAR EMISSION CAVITY
ANALYSIS AFTER HYDRIDE GENERATION AND GAS
CHROMATOGRAPHIC SEPARATION

E. HENDEN
Chemistry Department, Faculty of Science, University of Ege, Bornova, Izmir (Turkey)
(Received 29th November 1984) :

SUMMARY

Arsenic (0.1—5 ug), antimony (1—40 ug), tin (0.5—10 pg) and germanium (0.2—10
ug) are determined simultaneously by reduction to their hydrides with sodium tetra-
hydroborate(III), followed by gas chromatographic separation on a column of 10%
E-301 silicone gum rubber on Porapak Q, and measurement of the emissions at 490 nm
in an oxygen/hydrogen flame within a cavity. Detection limits for 1-ml samples are
35 ng As, 400 ng Sb, 85 ng Sn and 100 ng Ge. A more sensitive determination of arsenic
(0.05—3 ug) and antimony (0.1—5 ug) in binary mixtures is also described; the detection
limits are 15 ng As and 40 ng Sbh.

The determination of arsenic, antimony, tin and germanium by generation
of their volatile hydrides and measurement by atomic spectrometry is very
popular [1]. Several metal ions interfere [2] and the alleviating effect of
EDTA on these interferences has been reported [3, 4]. The elements which
form volatile hydrides also mutually interfere [2] and some of these inter-
ferences are believed to occur during atomization. The separation of the
volatile hydrides and development of a sensitive detector for their measure-
ment is, therefore, of importance. It would also provide a means of deter-
mining more than one element in a single run. For this purpose, a thermal
conductivity detector has been used [5] to detect arsenic, antimony and
germanium hydrides separated by gas chromatography. Kadeg and Christian
[6] determined arsenic, antimony, tin and germanium hydrides with a gas
chromatography/mass spectrometry system. Both techniques, however,
required a precollection step. Sequential determination of arsenic, selenium,
germanium and tin as their hydrides by gas chromatography with an atomic
absorption detector has also been described [7].

Applications of molecular emission cavity analysis (m.e.c.a.) to the
determination of arsenic and antimony [8, 9] and tin [9, 10] as their
hydrides were described earlier. The emissions, attributed to oxides, were
obtained by using an oxy-cavity. Gas chromatographic separation and simul-
taneous determination, at a single wavelength, of arsenic and antimony as
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their hydrides by m.e.c.a. was achieved [9]. Down to 0.2 ug of arsenic and
0.7 ug of antimony could be detected. Tin hydride could also be determined
simultaneously. Determination of germanium by injection of its solution
directly into the m.e.c.a. cavity and measurement of GeCl emission has been
reported [11], but it seems that the m.e.c.a. determination of germanium
based on hydride generation has not been described.

The m.e.c.a. oxy-cavity, which is used for producing oxide-based emis-
sions, involves a small flow of oxygen into the cavity held in a hydrogen/
nitrogen diffusion flame [8]. It was previously shown [12] that such oxide
emissions could also be obtained if the entire flame is generated within the
cavity. This cavity eliminates the need for the burner system required by
the oxy-cavity, and because of the relatively small flows of gases used, it is
more economic. The present paper reports the further development of this
cavity and its application to the simultaneous determination of arsenic,
antimony, tin and germanium after generation and gas-liquid chromatogra-
phy (g.c.) of their hydrides. The limits of detection were about ten times
lower than those obtained with the m.e.c.a. oxy-cavity [9].

EXPERIMENTAL

Instrumentation

A Pye Unicam SP90A flame spectrometer, with a 1.4-mm slit (bandwidth
at 400 nm = 45 nm) was used to measure the emissions. The output was
recorded on a Varian G-2500 chart recorder (response time 0.5 s for full-
scale deflection). A cavity-holding assembly was attached to the top of the
instrument. A stainless steel cavity without water cooling (4-mm diameter,
10 mm deep; Fig. 1) was used. Three stainless steel tubes (one of 0.8 mm i.d.
for nitrogen as the carrier gas and the other two of 0.3 mm i.d. for introduc-
ing oxygen and hydrogen into the cavity) were connected via three drilled
holes to the rear of the cavity at tangents to the cavity wall. All the gas tubes
were fixed to the outer wall of the cavity by welding.

e — TS

Nitrogen

Cross section Front view

Fig. 1. The cavity, which contains the flame (dimensions in mm).
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The volatilization and g.c. system was similar to that described earlier
[9], with a glass reaction vessel (12.5 cm long, 1.5 cm in diameter). The
chromatographic column for the separation of arsine and stibine was a PTFE
tube (3 mm i.d., 13 cm long) packed with 10% E-301 silicone gum rubber
on Porapak Q (80—100 mesh). The column was connected by means of
PTFE tubes to the reaction vessel through a drying tube, packed with
anhydrous calcium sulphate powder, and to the stainless steel tube (0.8
mm i.d.) in one of the rear openings of the cavity. The column temper-
ature was controlled at 17 = 0.5°C by immersion in water contained in a
Dewar flask. For the separation of the hydrides of arsenic, antimony, tin
and germanium, a PTFE column (55 cm long, 3 mm i.d.) was packed as
above and operated at 15 + 0.5°C.

Reagents

All chemicals used were of analytical-reagent grade unless otherwise
stated. Stock solutions (1 mg ml™?!) of arsenic(Ill), antimony(III), tin(II)
and germanium(IV) were prepared from arsenic(IIl) oxide, antimony(III)
oxide, tin(II) chloride and germanium(IV) oxide, respectively. All the final
stock solutions were 2 M in hydrochloric acid. The working solutions were
prepared daily by dilution of the stock solutions.

Sodium tetrahydroborate(1II) solution (5% w/v) was prepared, as required,
by dissolving an appropriate amount of the powder (BDH Chemicals, labora-
tory-reagent grade) in 0.01 M sodium hydroxide.

Measurement of emissions

The oxygen/hydrogen/nitrogen (carrier gas) flame was kept on throughout
a series of experiments. A 0.5-ml portion of the sodium tetrahydroborate(III)
solution was pipetted into the reaction vessel and the volatilization system
was closed. The system was deaerated for 20 s with nitrogen carrier gas and
the chart recorder was turned on. A 1-ml portion of the test solution was
injected and the resulting emissions from oxide-containing species were
recorded at 400 nm, for arsenic and antimony only, or at 490 nm for the
determination of arsenic, antimony, tin and germanium in mixtures. Peak-
height measurements were made for arsenic and germanium (which gave
sharper peaks) and peak-area measurements for tin and antimony (which
gave the later, broader peaks) unless stated otherwise. Peak areas were
measured by triangulation.

Because the emission intensities varied with time as the hydrides were
eluted from the g.c. column, it was not possible to obtain an emission
spectrum with the present system. In order to obtain a spectrum, the g.c.
column was replaced by a PTFE tube. Germanium solution (500 ug ml™!,
0.1 M in hydrochloric acid) was injected slowly at a constant rate from an
automated burette into the reaction vessel containing 3 ml of 5% sodium
tetrahydroborate(III) solution. The emission intensity was constant for more
than 15 min during which the spectrum was scanned. The emission spectra
of the other elements were obtained in the same way.
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RESULTS AND DISCUSSION

Optimization of conditions

The water-cooled cavities required relatively high flow rates of the flame
gases in order to reach high enough temperatures for the emissions to be
obtained. Because the background flame emission also increased with
increasing gas flow rates, the cavity used in this work was not water-cooled,
but came into thermal equilibrium by conducting heat to the cavity holder
assembly and to the surroundings. When thermal equilibrium was reached,
which usually took ca. 15 min, the emission readings became repeatable.

It was observed that the sequence in which the gas tubes entered the
cavity affected flame stability and the background emission. When the
hydrogen and oxygen tubes (Fig. 1) were exchanged, a much higher oxygen
flow rate was required in order to obtain a stable flame vortex within the
cavity, under which conditions the background emission increased and varied
more. This may be attributed to changes in the mixing efficiency of the
gases within the particular cavity used. In the present work, the sequence
shown in Fig. 1 was used.

The emission intensities and retention times for tin and germanium were
slightly changed when the acid concentration of the solution was increased
from 0.1 M to 0.3 M, as was previously found for arsenic and antimony
[9]. Therefore all the working solutions were prepared in 0.1 M hydro-
chloric acid.

The flow rates of the flame gases determine the shape, volume, temper-
ature and composition of the flame and the length of time spent by the
analyte in the cavity. The emission intensities are therefore affected by
changes in the gas flow rates. The flow rates were chosen in order to obtain
relatively high emissions for all the elements in the mixtures. A flame from
55 ml min~! oxygen, 85 ml min~! hydrogen and 55 ml min™! nitrogen was
used for the determination of arsenic and antimony in binary mixtures, but
for mixtures of all four elements, the flame used was from 40 ml min™!
oxygen, 70 ml min~! hydrogen and 45 ml min~! nitrogen.

Arsine and stibine were well separated on the 13-cm long g.c. column
under the recommended conditions. The retention times were 69 s for arsine
and 222 s for stibine. The separation of the germanium, arsenic, tin and
antimony hydrides on the 55-cm long column is shown in Fig. 2.

Emission spectra

The emission spectra of arsenic, antimony and tin were similar to those
obtained with the m.e.c.a. oxy-cavity [8, 10], and were attributed to oxide
emitters. The emission of germanium was blue where oxygen entered the
cavity and so the flame was rich in oxygen, whereas it was intense red in the
other parts of the cavity; the red emission might have masked some of the
blue emission. The red emission may be attributed to GeH [13]. The detec-
tor used was insensitive to red and, therefore, the red emission was not util-
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Fig. 2. Separation of germanium (5 ug), arsenic (3 ug), tin (10 pg) and antimony (20
ug) hydrides under the recommended conditions.

ized for the determination of germanium. The broad-band spectrum of the
blue emission, with maximum intensity at 470 nm, was used instead (Fig. 3).
This is also likely to arise from an oxide of germanium [13].

The determination of germanium, arsenic, tin and antimony in admixtures

Linear calibration graphs (Fig. 4) were obtained for 0.2—10 ug of ger-
manium, 0.1—5 ug of arsenic, 0.5—10 ug of tin and 1.0—40 ug of antimony.
The emission of 20 ug of tin showed strong apparent self-absorption at the
peak maximum, resulting in a double peak. Similar effects were also
observed when very intense emissions of the other elements were measured.
The amount of an element for which self-absorption was observed depended
on the flame composition.

The mutual effects of the four elements were studied. The calibration
graph for each element was found to be unaffected by the presence of 50 ug
of each of the other three elements. The relative standard deviations (n = 8)
for the determination of 2 ug of germanium, 1 ug of arsenic, 2 ug of tin and
10 ug of antimony in admixture were 3.8, 4.1, 4.5 and 4.9%, respectively.
These standard deviations could undoubtedly be decreased by better control
of the column temperature [9]. The limits of detection (signal equal to
twice the background noise) under the recommended conditions were 100
ng, 35 ng, 85 ng and 400 ng for germanium, arsenic, tin and antimony,
respectively. The detection limits could be greatly improved for a particular
element, if required, though at the expense of the other elements. Thus,
for example, 30 ng of tin could be detected when the emissions were
measured in the flame from 90 ml min~! hydrogen, 35 ml min~! oxygen and
45 ml min™' nitrogen. Under these conditions the calibration graph was
linear only up to 2 ug of tin.
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Fig. 3. Emission spectra: (a) GeH,; (b) flame background. (Slit = 0.1 mm, =3.2 nm at
400 nm.)

Fig. 4. Calibration graphs: (B) 0.2—10 ug of germanium; (O) 0.1—5 ug of arsenic; (&, A)
0.5—10 pg of tin, by peak height (&) and by peak area (4); (x ) 1.0—40 ug of antimony.

The determination of arsenic and antimony in binary mixtures

As the calibration ranges and the detection limits vary with the wave-
length and flame composition, the determination of arsenic and antimony
in binary mixtures was investigated in order to increase the sensitivity of
the technique for these elements. Under the recommended conditions
for such binary mixtures, stibine was well separated from the other three
hydrides on the 13-cm column, but the peaks of germanium, arsenic, and
tin overlapped to some extent. However, the limits of detection for tin
(0.5 ug) and germanium (2 ug) were poor, so that no spectral interference
was expected from these weights of tin and germanium in the determination
of arsenic.

Linear calibration graphs were obtained for 0.05—3.0 ug of arsenic and
0.1—5.0 ug of antimony. The relative standard deviations (n = 11) for the
determination of 0.4 ug of arsenic and 1.0 ug of antimony in a mixture
were 3.8% and 4.5%, respectively. The limits of detection were 15 ng for
arsenic and 40 ng for antimony.

REFERENCES

1 R. G. Godden and D. R. Thomerson, Analyst (London), 105 (1980) 1137.

2 A. E. Smith, Analyst (London), 100 (1975) 300.

3 R. Belcher, S. L. Bogdanski, E. Henden and A. Townshend, Analyst (London), 100
(1975) 522,

4 E. Henden, Analyst (London), 107 (1982) 872.



95

5 R. K. Skogerboe and A. P. Bejmuk, Anal. Chim. Acta, 94 (1977) 297.
6 R. D. Kadeg and G. D. Christian, Anal. Chim. Acta, 88 (1977) 117.
7 M. H. Hahn, K. J. Mulligan, M. E. Jackson and J. A. Caruso, Anal. Chim. Acta, 118
(1980) 115.
8 R. Belcher, S. L. Bogdanski, S. A. Ghonaim and A. Townshend, Anal. Chim. Acta,
72 (1974) 183.
9 R. Belcher, S. L. Bogdanski, E. Henden and A. Townshend, Anal. Chim. Acta, 92
(1977) 33.
10 1. Z. Al-Zamil, Ph.D. thesis, Birmingham University, 1978.
11S. A. Al-Tamrah, A. Z. Al-Zamil and A. Townshend, Anal. Chim. Acta, 143 (1982)
199,
12 S. L. Bogdanski, E. Henden and A. Townshend, Anal. Chim. Acta, 116 (1980) 93.
13 R. W. B. Pearse and A. G. Gaydon, The Identification of Molecular Spectra, 3rd edn.,
Chapman and Hall, London, 1965.



Analytica Chimica Acta, 173 (1985) 97—104
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

DETERMINATION OF GOLD BY ATOMIC ABSORPTION
SPECTROMETRY AFTER EXTRACTION INTO THE
NON-DESULPHURIZED FRACTION OF CRUDE OIL DISTILLATE

KAREL JAKUBEC*, ZDENEK SIR and JAN VILIMEC

Institute of Chemical Process Fundamentals, Czechoslovak Academy of Science,
Rozvojova 135, Praha 6 (Czechoslovakia)

(Received 14th December 1984)

SUMMARY

The extraction of gold from aqueous chloride solutions into non-desulphurized frac-
tions of crude oil distillates, especially paraffin oil, is described. The fraction boiling at
150—220°C exhibited optimum properties. The extraction is tested for solutions con-
taining chlorides, dissolved chlorine and 0.1—3 M hydrochloric acid. Nitric acid should be
absent. The distribution coefficient of gold varies from 400 to 900. Extracts containing
<0.3 g 1™ gold are stable for at least 12 months. The organic extract is sprayed into a lean
acetylene/air flame with measurement at 242.8 nm (background correction). The calibra-
tion graph has linear portions over the ranges 0—2.5 and 2.5—16 mg 1-'. The limit of
detection is 0.03 mg 1™ gold in the extract (0.001 mg 1* in the aqueous phase). The
minimum measurable concentration for gold in auriferous rocks and ores is 0.018 ¢ per
ton with 25-g samples.

The determination of gold by atomic absorption spectrometry (a.a.s.) is
now widely used because of its high sensitivity and its lack of complication
from interference effects {1]. Nevertheless, the direct determination of gold
by a.a.s. in solutions obtained by wet decomposition of ores and rocks or in
leach liquors from gold-containing raw materials is often difficult or even
impossible because of high salt concentrations or low gold content. Liquid/
liquid extraction of gold from such samples overcomes these difficulties. The
extractants used most frequently for this purpose are methyl isobutyl ketone
[2, 3] and various organic sulphides [4—6].

This paper reports on an efficient and selective gold extraction with the
use of non-desulphurized crude oil distillates. The extracts obtained are
directly suitable for a.a.s.

EXPERIMENTAL
Chemicals and instrumentation

All the chemicals used were of p.a. purity, except for iron(III) chloride
(technical grade). The standard gold(III) chloride solution was prepared from
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a known amount of pure gold sheet (Safina, Vestec) in the usual way; it
contained 1.660 g 17! gold and 1.0 M hydrochloric acid.
. Non-desulphurized crude oil distillates were commercial samples (CHZ
CSSP Litvinov).

An Atomspek H-1580 atomic absorption spectrometer (Rank-Hilger) was
used. A 9825A desktop computer equipped with a 9885M flexible disk
memory (Hewlett-Packard) was used for treatment of data.

Preparation of standard organic extracts

In preliminary experiments, the suitability of the crude oil and of a series
of non-desulphurized crude oil distillates (obtained by distillation at atmo-
spheric pressure and in vacuum) as extractants for gold from aqueous chloride
solutions was investigated. The properties of the extractants were evaluated
with respect to their extraction capacity and their behaviour during extrac-
tion. On the basis of these experiments, two fractions obtained by atmo-
spheric distillation of the crude oil were used in further work: the fraction
boiling at 90—160° C and containing 200 mg 17! sulphur (lacquer petroleum,
designated further as I) and the fraction boiling at 150—220° C, containing
0.2% sulphur and 19% aromatic hydrocarbons (primary paraffin oil, extractant
II). The crude oil itself and the other fractions of the distillate were found to
have either low extraction capacity or to form a dark precipitate at the inter-
face during extraction.

Two series of standard extracts I and II with defined gold concentration
were obtained as follows. Into 50-ml separating funnels, appropriate volumes
of the standard gold solution were pipetted, diluted to ca. 20 ml with 2M
hydrochloric acid and extracted with four 20-ml portions of extractant I or
IT (about 1 min of intense shaking for each extraction step). The combined
extracts were diluted with the extractant to 100.00 ml. The concentration
of gold in these standards was 0.20, 0.50, 1.00, 2.50, 5.00, 10.00 and
16.00 mg 17,

Quantitative extraction was checked by the sensitive test with Rhodamine
B [7] which has a detection limit of 0.1 ug of gold (limiting dilution
1:500 000). For testing, the aqueous phases after the fourth extraction were
evaporated to <1 ml. In none of the residual aqueous solutions was the
presence of gold detected.

Instrument settings

Optimum values of the a.a.s. parameters were established for a standard
extract of gold (16 mg 1) in extractant II and for the extractant itself. The
242.8-nm line with a slit width of 235 ym and a current intensity of 8 mA
for the hollow-cathode lamp were found satisfactory. For all measurements,
background correction and an integration time of 10 s were used. The opti-
mum ratio of the gases for the air/acetylene flame was established for
extractant II. The signal of the extractant increased as the amount of acetyl-
ene in the mixture was increased (Table 1) so that the flame should be kept
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TABLE 1

The dependence of the blank absorbance signal on the air/acetylene ratio (242.8 nm)

Ratio 10:1 10:1.5 10:2 10:2.5 10:3 10:3.5
Signal —0.0015 —0.0005 0.007 0.045 0.132 0.221

as lean as possible. The height of the burner top with respect to the horizontal
axis of the beam was also important. For the instrument used, the optimum
value was ca. 8 mm. Obviously, these parameters would require adjustment
for other sorts of spectrometer.

Recommended procedures

Leach liquors. A total of 100 ml of the leach liquor containing 0.008—
2.4 mg 17! gold, a maximum of 1 mol 17! iron and 0.1—3 M hydrochloric acid
is extracted with three 5.00-ml portions of extractant II. The combined
extract is used for a.a.s. in the acetylene/air (1.5:10) flame at 242.8 nm. The
gold content in the sample is evaluated from the calibration graphs plotted
for the concentration ranges 0—2.5 and 2.5—16 mg 17! by using standard gold
extracts in the same extractant.

For leach liquors containing 0.001—0.008 mg 17! gold, larger volumes of
sample, e.g., 500 ml, and the same procedure are recommended.

Auriferous rocks and ores. A weighed portion (25.00 g) of the milled
sample (<0.07-mm particle size) is heated with 20 ml of concentrated nitric
acid and 60 ml of concentrated hydrochloric acid to boiling for 1 h in a
covered beaker and left aside for 24 h at ambient temperature. Then, it is
diluted with 150 ml of distilled water and filtered on fine filter paper. The
residue on the filter is washed with 100 ml of hot 2% (v/v) hydrochloric
acid, 1 g of sodium chloride is added to the filtrate, and the solution is
evaporated nearly to dryness. The residue is dissolved in 10 ml of 6 M hydro-
chloric acid saturated with chlorine and subjected to another evaporation
until nitric acid is completely removed. The residue is then dissolved in 10 ml
of 6 M hydrochloric acid saturated with chlorine, the solution is diluted with
50 m! of distilled water and filtered, and the residue on the filter is washed
with 50 ml of hot 2 M hydrochloric acid. The filtrate is cooled, placed in a
separating funnel and extracted with three 5.00-ml portions of the extractant
II. The extract is then completed as in the preceding case.

RESULTS AND DISCUSSION

Calibration

The parameters of the calibration plots were calculated by linear regression.
Over the range of gold concentrations examined (0.20—16 mg1™), two linear
portions were found at 0—2.5 mg 1! and 2.5—16 mg 17; for these ranges, the
correlation coefficients were better than 0.999. The preliminary experiments
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showed that extractant II is more suitable for analytical purposes, because its
extraction capacity and its ignition temperature are higher. Accordingly,
extractant II was preferred for further measurements. With one sample of
extractant II, more than 30 calibration plots were obtained over about 13
months, as described above. For the calibration equation A =a + bc, where
A is the absorbance and ¢ is the gold concentration (mg 1), a for the lower
concentration region varied from —0.005 to +0.004 and b changed from
0.073 to 0.090; similarly, for the higher concentration region, a varied from
+0.013 to +0.030 and b from 0.064 to 0.081. There was no observable
time/stability dependence of the standard gold extracts prepared under the
conditions described. This indicates that extracts of gold (0.2—16 mg1™)in
extractant II are stable at least for one year, which is a great advantage com-
pared to other a.a.s. methods for gold. The stability of extracts in extractant
I was tested only for 4 months. The ¢ and b values remained nearly constant
during this period.

From these data for the a.a.s. determination of gold with extractant II,
the limit of determination was calculated as 0.050 mg 1™ and the detection
limit as 0.030 mg 17,

Extraction of gold from chloride solutions

Extraction capacity. The extraction capacities of extractants I and II were
evaluated as follows: 10 ml of the extractant was shaken with 10 ml of
aqueous gold standard (1.66 g1 Au, 2 M hydrochloric acid) for 30 min and
after phase separation, 1.00 ml of the organic phase was diluted with an
appropriate volume of the pure extractant for a.a.s. The remaining organic
phase was shaken with another 10 ml of the gold standard. This procedure
was repeated until the composition of the organic phase remained unchanged.
Three steps were found to be necessary for extractant I and five steps for
extractant II. The calculated values of the extraction capacity were 0.18 g 1™
gold for I and 4.85 g1 for II.

Stability of extracts. Gold-saturated extracts in both extractants were
found to deposit pale to dark yellow sediments on the walls of glass flasks
even after several hours, which indicates their low stability.

In order to evaluate the stability of concentrated gold extracts in extrac-
tant II, three standard extracts containing ca. 1.00, 0.75 and 0.31 g1 gold
were prepared. These standards were stored in closed Erlenmeyer flasks at
ambient temperature in sunlight; 0.50-ml portions of the extracts were
diluted at given time intervals to 50.00 ml with extractant II and subjected
to a.a.s. As shown in Table 2, the gold extracts obtained from chloride solu-
tions by using extractant II are remarkably stable. After ca. 6 months, the
gold content decreased from the initial value of 1.0 g 1! by about 7% and
from the initial value of 0.75 by about 4%, while the extract containing
0.3 g 1! was stable. As mentioned earlier, extracts containing 0.2—16 mg 1™
gold were stable for at least 13 months.

Distribution coefficient. The value of the distribution coefficient of gold
can be affected significantly by the composition of the aqueous phase that



101

TABLE 2

Stability of gold extract in extractant II with time

Time (days) 0 7 14 21 30 45 150
Au found? 1.006 0.965 0.956 0.952 0.956 0.937 - 0.935
(g1) 0.746 0.736 0.723 0.717 0.712 0.729 0.717

0.314 0.316 0.313 0.314 0.318 0.310 0.313

3Gold concentrations taken were 1.00, 0.75 and 0.31 g 17!, respectively.

can vary in different samples. For that reason, aqueous phases of the follow-
ing composition were examined: 2 M hydrochloric acid, 1 M iron(IlI)
chloride in 0.5 M hydrochloric acid, 0.5 M iron(1II) chloride in 1 M hydro-
chloric acid, and 1.5 M calcium chloride in 0.5 M hydrochloric acid. All the
aqueous phases contained 0.15 mg 17! gold. In each case, 11 of the aqueous
phase was extracted with four 10.00-ml portions of extractant II and after
phase separation, each portion was subjected to a.a.s. The values of the dis-
tribution coefficient ranged from 400 to 900 with no significant dependence
on the aqueous phase composition.

It is evident that for analytical purposes, it is sufficient to extract 100 ml
of the aqueous phase with three 5-ml portions of extractant II; if necessary,
1 1 of the aqueous phase should be extracted with three 10-ml portions of
the extractant.

The effect of nitric acid. Nitric acid is an essential component of almost
all solutions obtained by wet decomposition of solid gold-containing samples,
and its removal is time-consuming. Therefore, the possibility of extracting
gold from aqueous solutions containing nitric acid by extractant II was
examined as follows. To 50.00 ml of 0.5 M iron(III) chloride containing
0.5 M hydrochloric acid and 0.53 mg 17 gold were added different volumes
of 65% nitric acid, and each solution was extracted with three 10.00-ml por-
tions of extractant II. The extracts were subjected to a.a.s. The results in
Table 3 show that the extraction of gold is affected significantly even by low
nitric acid concentrations.

The effect of dissolved chlorine. The leaching of auriferousrocks is usually
done with chloride solutions containing dissolved chlorine in varying concen-
trations. The effect of the dissolved chlorine on the gold extraction was
examined under several different conditions. In the first set of tests, 60 ml of
aqueous phase containing 26.5 ug of gold, 0.25 M iron(III) chloride, 1.58 M
hydrochloric acid and 1 g 17 chlorine were extracted with three 10.00-ml
portions of extractant II. The following results were obtained: 22.5 ug of
gold in the first extract, 5.1 ug of gold in the second, and none in the third.
The total yield of gold thus corresponds to 104.1% of the theoretical value.
The overall time of contact of both phases in the three extraction steps was
ca. 15 min.
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TABLE 3

Effect of nitric acid on the extraction of gold (26.5 ug) with extractant II

HNO, in aq. phase (M) 0.3 1.5 2.5
Au found (ug) in
extract 1 28.5 28.6 17.3
extract 2 0 8.6 3.2
extract 3 0 4.1 0
Total Au found (ug) 28.5 41.3 20.5
(+7.6%) (+56%) (—22.6%)

In the second set of tests, equal volumes of extractant II and an aqueous
phase of the same composition as above were shaken for 10 h. After phase
separation, 102.8% of the gold was found in the organic phase. In the third
set of tests, equal volumes of extractant II and 7 M hydrochloric acid con-
taining 5 g 17! chlorine were shaken for 15 h or 48 h. After phase separation,
the extractants were used for one-step extraction of an aqueous standard
containing 0.53 mg 17! gold. The yield of the gold extraction was 24% in the
former case and 0% in the latter. Finally, the portion of extractant IT which
had been deactivated in the third experiment by shaking for 48 h was stirred
with an equal volume of 5% (w/v) tin(II) chloride solution in 5 M hydro-
chloric acid in the presence of 100 mg of tin foil for 5 min. The recovered
extractant exhibited the same properties as the original extractant for gold.

These experiments show that dissolved chlorine degrades the extraction
properties of extractant II. The rate of this reaction is, however, slow enough
for the extractant to be used in the analysis of chlorine-containing aqueous
gold solutions, provided that the time of the contact between the two phases
is not too long.

The valence of gold. The chloride solutions of gold contain two chloro
complexes, the proportion of which is given by the equilibrium constant [8]
of the reaction

AuCl; + 2e= AuCl; + 2C1° (£, =0.921 V)

How the two forms of gold behave during extraction with extractant II was
therefore studied. Asalready mentioned, the distribution coefficient of tetra-
chloroaurate(IIl) which is practically the only form of gold present in solu-
tions containing dissolved chlorine varied from 400 to 900. In another series
of experiments, extraction was done from solutions containing iron(III) and
iron(II) ions in different mole ratios. Distribution coefficients were calculated
as described above. The results are presented in Table 4. It was calculated
that the solutions with a Cpeqr)/Crear) ratio of 10 contain gold exclusively in
the form of AuCl;. This indicates that the distribution coefficients of both
chloro complexes are sufficiently high for analytical purposes.
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TABLE 4

The dependence of the distribution coefficient (D = c,yg/cy ) Of gold on the ratio Fe(IIl)/
Fe(Il) in extraction with extractant II (for 1 M total iron)

Ratio Fe(III)/Fe(II) 300 200 100 50 10
D 630 750 400 340 270

Acidity. To establish the effect of acidity on the distribution coefficient,
the concentration of hydrochloric acid was changed within the 0.1—3 M
range. In all cases, the gold concentration was 26.5 mg 17! and the iron(III)
chloride was 0.3 M. The distribution coefficient, evaluated as in the preced-
ing experiments, was found to lie within the 400—800 region, without any
significant dependence on the acidity of the aqueous phase.

On the basis of all these experiments, the procedures given under Experi-
mental are recommended for determining gold in chloride leach liquors of
auriferous rocks and in the rocks or ores themselves.

Precision and reproducibility

Leach liquors from auriferous rocks containing 0.3—1.0 M iron(IlI)
chloride and 0.5—1.0 M hydrochloric acid were analysed by a.a.s. in three
laboratories. In two laboratories, gold was extracted with dibutyl sulphide
and in the other the primary paraffin oil (extractant II) was used as the
extractant. The results are summarized in Table 5.

In further tests, the process of leaching gold from rock was examined; the
solution used contained 1 M iron(III) chloride and 0.5 M hydrochloric acid.
The gold contents in the leach liquors and solid phases were determined by
the recommended procedure. The results are given in Table 6.

From these results, it becomes evident that there is very good agreement
between the procedure recommended in the present work and the frequently

TABLE 5

The determination of gold in leach liquors of rocks after extraction into dibutyl sulphide
(Labs. 1 and 2) and into extractant II (Lab. 3)

Sample Gold found (mg 1)
Laboratory 1 Laboratory 2 Laboratory 3

1 0.010 0.006 0.008
2 0.037 0.033 0.040
3 0.046 0.037 0.045
4 0.054 0.053 0.055
5 0.060 0.060 0.070
6 0.106 0.092 0.102
7 0.250 0.231 0.233
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TABLE 6

The balance of a complete leaching process of auriferous rock analysed by the recom-
mended procedures

Gold found (mg kg™) Balance
Primary rock Rock after leaching Leached gold (%)
2.790 2.035 0.904 +5.3
2.807 1.962 0.845 —0.7
2.470 1.969 0.560 +2.6

used extraction of gold with dibutyl sulphide and also satisfactory consistency
in the analysis of the solid and liquid samples.
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SUMMARY

X-ray fluorescence spectrometry (x.r.f.) can be done through excitation with synchro-
tron radiation. This permits multi-element determinations in the trace region with im-
proved detection limits compared to conventional x.r.f. Detection limits are evaluated
and compared with theoretically calculated values. For a beam diameter of 0.5 mm and a
sample of 1 mg em™2, absolute detection limits are between 0.1 and 0.4 pg. The depen-
dence of the detection limit on the atomic number is reduced, when white synchrotron
radiation is used for excitation instead of monochromatic radiation. The optimum of the
limit of detection on the Z-scale can be shifted to higher atomic numbers and improved
through filtration of the primary radiation by aluminium absorbers. Preparation of
samples on different polymeric films is discussed in relation to blank values.

Developments in various branches of experimental science have increased
the need for knowledge of the quantitative distribution of elements even at
trace levels, and the demand for analytical procedures suitable for determin-
ing elements in the nanogram and picogram regions, preferably in multi-
element mode [1]. The principal multi-element techniques used in trace
analysis are neutron activation analysis (n.a.a.), atomic emission spectrom-
etry (a.e.s.) and some variants of x-ray fluorescence spectrometry (x.r.f.)
[2], which can quantify many elements simultaneously with different detec-
tion limits. The x.r.f. method seems to have high potential for development.
Under normal circumstances, procedures based on x.r.f. reach detection
limits only in the microgram region, as a result of unfavourable peak/back-
ground ratios. The background is caused mainly by scattering of the primary
beam in the sample carrier and matrix.

In order to reduce background signals, recent developments include mono-
chromatic and polarized Bragg reflectance on a single crystal [3—6], or
polarized scattered rays on secondary targets of low atomic number [7]. The
total intensity is, however, also greatly reduced so that little overall improve-
ment is achieved. Very important progress in the endeavour to reduce back-
ground signals caused by scattering was made by the development of the
xr.f. method with a totally reflecting sample carrier made of quartz [8].

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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However, the method requires that the measuring sample film be extremely
thin with defined dimensions, and the limit of detection is strongly depen-
dent on the atomic number, when excitation is done with a quasi-mono-
energetic x-ray tube. Good detection limits are obtained when the x-ray
fluorescence is induced by particle bombardment (p.i.x.e.) [9]. These
methods are associated with potential systematic errors because of evapora-
tion of some elements in the high vacuum commonly used. Owing to strong
absorption of the primary beam, the samples must be very thin, and again
the limits of detection show a strong dependence on the atomic number [9].

Synchrotron radiation originates from the acceleration of charged particles
in the field of a deflecting magnet, which is necessary to retain the circular
trajectory in a storage ring. The radiation, depending on the particle energy,
can extend from the visible to the hard x-ray region, and is emitted in a
narrow angular interval tangentially to the direction of the particles. Syn-
chrotron radiation bestows the following advantages on x.r.f. methods: high
photon flux density, strong collimation, high degree of linear polarization, a
white spectrum free of characteristic lines, and a well-defined source.

The high flux density and the strong collimation allow the irradiated area
and therefore the amount of sample to be kept small. The high degree of
linear polarization improves the peak/background ratio by a factor of
1/(1 — P), e.g., a degree of polarization P = 0.9 produces a 10-fold improve-
ment. The white spectrum, in contrast to normal tube excitation, permits
nearly uniform excitation of all elements with the consequence that compar-
able detection limits are achieved nearly independently of the atomic number.
The possibility of calculating the spectral distribution and intensity of the
source indicates that, when sufficient data become available, the method
might be developed into an absolute method operable without an internal
standard.

The first application of synchrotron radiation for x.r.f. with soft x-rays was
reported by Horowitz and Howell [10]. Later, Sparks et al. [11] attempted
to detect super heavy elements with the aid of synchrotron radiation and
monochromatic excitation [11]. Gilfrich et al. [12] conducted the test
experiments in the SPEAR storage ring at Stanford and further such experi-
ments are in progress elsewhere. With a graphite monochromator, the limits
of detection of such a procedure were determined on the storage ring in
Daresbury (G.B.) and compared with those of tube-excited x.r.f. (Mo tubes)
and p.ix.e. [13]. Results obtained by means of x.r.f. spectrometry with
synchrotron radiation at the synchrotron radiation laboratory in Hamburg
(HASYLAB) are reported in this paper.

EXPERIMENTAL

Equipment

The measuring arrangement is outlined in Fig. 1. The apparatus was built
so that the whole arrangement up to the beryllium window of the radiation
tubes can be flushed with helium. This prevents not only absorption losses
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Fig. 1. The measuring arrangement. The UHV pipe leads from the DORIS storage ring at
HASYLAB.

and increased scattering background resulting from the use of air, but also
the risk of uncontrollable vacuum evaporation of certain elements or vola-
tilizing of the sample material, and pressure forces on thin samples.

The whole arrangement is mounted on a goniometer head to afford re-
mote adjustment in the beam [14]. For the purpose of correct adjustment
of the sample, there are two ionization chambers, one in front and the other
behind the sample chamber. They measure the radiation intensity. In order
to locate the beam centre, i.e., the point of highest degree of polarization, a
spatially sensitive ionization chamber was built in, consisting of two identical
electrodes arranged in parallel with horizontal field. Standardization of the
radiation intensity was done by obtaining the quotients of the difference and
sum of the measured ionization currents with the aid of a division amplifier.
The accuracy of locating the midpoint of the radiation was better than
0.1 mm. The sample is mounted in a sample holder on a goniometer, which
facilitates manipulation in the x-, y- and z-directions inside the beam. The
sample position is indicated through potentiometers coupled to an analog
display. Over the sample holder there is a sample changer connected directly
to the sample chamber.

Optimal excitation conditions for the samples are obtained with the help
of a remotely controlled system of aperture and absorber. Different shutters
(0.05—3 mm diameter) and absorbers of purified aluminium (0.0—12.0 mm
thick) allow diverse combinations.

Owing to its ease of purification, the sample carrier is made of PTFE.
Dlumination of the sample spot should be only a few mm, if the aim is to
operate in an area with a high degree of polarization. For this purpose, the
sample carrier is equipped with a conical hole of 6-mm diameter. This per-
mits not only the attachment of thin synthetic foils on which the sample
preparation can take place but also direct preparation of thin sample films
on the sample carrier. The external dimensions of the sample carrier are
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30 X 30 X 2.5 mm to fit the sample changer. This size corresponds to slide
frames from Minox so that cassettes and slide boxes could be used for the
storage, transport and measurement of samples.

For characterization of the source, scattering experiments on defined
materials (e.g., gases or special foils) were conducted to determine the degree
of polarization and the spectral distribution of the excitation radiation.
Figure 2 illustrates the effect of polarization on the fluorescence spectra of
a xenon/nitrogen mixture taken (a) in the plane of ring (maximum polariza-
tion) and (b) perpendicular to it (linear degree of polarization P = Q). Spectra
taken under standard conditions (uniform radiation, flux and same measur-
ing time) show clearly the improved peak/background ratio obtained on
application of polarized beam. The directed scattered rays can be drastically
reduced whereas the intensity of the isotopic fluorescence rays remains con-
stant. Evaluation of the degree of polarization yielded a value of 88—90% at
an energy of 4—35 keV [15].

Sample preparation

The preparation of the sample for measurement was considered mainly
from the point of view of developing an allround sample system applicable
in different methods and for diverse sample materials. The simplest arrange-
ment for x.r.f. with synchrotron radiation is that illustrated in Fig. 1. The
following conditions must be observed: (a) in order to minimize scattering
effects and avoid absorption corrections, the sample carrier should be very
thin and should be made of a material comprising only elements with low
atomic numbers with the maximum thickness not exceeding 10 um; (b) im-
purities (blank values) in the sample carrier should be below the detection
limit of the method (e.g., in the case of iron, <10 ng g™); (¢) if the blank
values are higher, they must be reproducible to allow their being considered
as a constant background.

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Encrgy [keV]
Fig. 2. Spectra of Xe/N, in the horizontal and vertical directions in the plane of polariza-
tion.
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Possible candidates for the sample carrier are thin plastic sheets or water-
soluble polymers which leave thin films behind on drying. With addition
of an internal standard, these carriers are suitable for the following types
of sample preparation: drying of an aliquot of the trace element solution
on a suitable plastic sheet, evaporation on the plastic sheet, separation
of precipitated trace elements on membrane filters, or incorporation of
the trace elements in a polymer solution, from which an aliquot can be
evaporated to yield a thin film. Important criteria are the mechanical
strength of the prepared sample and low blank values of the substance
used.

In general, solid samples are decomposed by wet digestion in the presence
of an internal calibration standard and the resulting solution, after addi-
tion of a polymer, is used to fabricate the delicate films. If the solution
is sufficiently dilute, the resulting sample (<1 mg cm™) can be measured
directly. Calibration can then be done with the help of an external multi-
element standard but absolute calibration may also be possible. Aqueous
solutions need no decomposition and, after addition of a standard, can
be dispensed onto a suitable foil for evaporation to a film. Another method
requires the (concentrated) solution to be mixed directly with a water-
soluble polymer to form a hydrophilic film. A further possibility is to
proceed with a chemical separation and concentration step aided by organic
complexing agents, and then to treat the resulting organic solution of the
trace elements with a lipophilic polymer; the solution thus obtained is
used to prepare the sample film. This method is suitable for the analysis
of organic solutions, after a standard has been added. Organic solutions
can, of course, also be dropped directly onto the sample carrier and dried
to a film.

10% 4

10% 4

Counts

|02 o

04
©———— Range of the fit - s
10° T T T T

30 60 90 120 150 180 2.0

Energy (keV)

Fig. 3. Fit of the spectrum for a sea-water sample.
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RESULTS AND DISCUSSION

Optimization of the sample preparation

Carrier films. Five types of film were studied. Polyester (Mylar) films are
available as 2-um thick foils and can be made thinner by stretching. Poly-
amide (Kapton) films are obtainable only at a minimum thickness of 7.5 um.
Polycarbonate (Makrofol) films are available as 2-um thick foils. Formvar
films were 5-um thick. Polystyrene films were prepared to a minimum thick-
ness of 2 um [16]. The blank values of these various films were determined
by n.a.a. and x.r.f. with synchrotron radiation. Table 1 summarizes the
results.

In agreement with other authors [17], the blank values of the most fre-
quently used Mylar films are in certain cases very high. Polycarbonate films
appear more suitable, particularly because their thickness can be reduced by
stretching without adversely influencing the mechanical strength. The
highest purity was found for the relatively thick polyamide (Kapton) and
laboratory-prepared polystyrene films. Polycarbonate and polystyrene were
preferably used. The former was also used for the preparation of the calibra-
tion standard. The standards were obtained by evaporating delicate layers
(2 or 50 nm) containing the elements Ti, Fe, Cu, Nb, Ag, Ta, Bi and Au. The
values were checked by n.a.a.

For the separation of trace elements precipitated and collected on a mem-
brane filter (Nucleopore), preliminary experiments showed that satisfactory
yields of the trace elements were achieved only in the presence of large
amounts of coprecipitants, which of course has a deleterious effect on the
scattering background. In addition, the distribution of the trace elements
on the filter was not homogeneous and the membrane filter shows in some
cases very large blank values. This method was therefore discarded.

Preparation of sample films containing trace elements. Sample film pre-
paration from polymer solutions containing trace elements was found to be
very appropriate [18]. Especially methylcellulose and poly(vinylpyrrolidone)

TABLE 1

Blank values (ug g™ ) of thin films?

Element Mylar Makrofol Kapton Formvar Polystyrene
K 9.6+ 1.7 11+ 2 <3 <3 <3

Ca 1900 + 420(1750 £+ 11) 13 + 3(38 + 0.7) 2504 <3 <3

Cr 54 +09 <0.5 <0.5 0702 0.6 + 0.3
Fe 3.4+0.5(3.8+0.4) 17*3(11%0.7) 6.2+0.9 1.2 + 0.2 0.9 +0.4
Ni <0.3(<0.3) 55+ 1.1 <0.3 <0.3 <0.3

Cu <0.5(0.38 £ 0.4) <0.5(1.3 £ 0.5) 1.3+0.5 <0.1 <0.1

Zn 60 * 21(26 £ 0.9) 7.8 £2,000.7+0.7) <0.2 0.3:0.2 0.6 0.3
As <0.6 <0.6 <0.6 0.8 <0.6

Pb <0.2 <0.2 <0.2 0.35 <0.2

3Literature values {17 ] are given in parentheses where available.
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showed favourable properties as film-forming agents. Methylcellulose has
high blank values, which can be improved by purification. Table 2 shows the
blank values for some hydrophilic films. As was shown by x.r.f. measure-
ments with synchrotron radiation and spatial resolution, however, these
polymers are not suitable for alkali and alkaline earth metals or for halogens.
These elements tend to concentrate at the edges of the film during evapora-
tion of the solution and thereby adversely affect the required homogeneity.
For these elements, application of the essentially small irradiation diameter
did not allow the acquisition of a representative section. Addition of com-
plexing agents to speed up the drying process did not improve the situation
for these elements.

Embedding the trace elements in an organic matrix is advantageous in that
volatilization of elements caused by high radiation densities is avoided. For
instance, when a sample containing mercury(II) chloride, potassium bromide,
arsenic(IIT) oxide and selenium oxide was prepared with poly(vinyl alcohol),
no losses were detected even after continuous irradiation for 1 h. Measure-
ments before and after the irradiation showed (within the statistical error of
4%), no change in the sample composition.

To prepare samples from organic solutions, procedures similar to those for
hydrophilic polymers are suitable. With lipophilic polymers, very good and
stable films are obtained. Investigations on metal solutions complexed with
dithiocarbamates or 8-hydroxychinoline showed no inhomogeneity within
the films.

On the whole, embedding the trace elements in film-forming agents appears
to be the most suitable procedure for sample preparation, especially when
the procedure is restricted to the following steps: (a) preparation of a con-
centrated polymer solution; (b) addition of a definite amount of the trace
element solution under investigation to a definite amount of polymer solu-
tion; (c) addition of an internal standard; (d) transfer of an aliquot of this
mixture to the sample carrier placed on a polyethylene foil and drying; and
(e) detachment of the sample carrier with the sample film from the poly-
ethylene foil.

TABLE 2

Blank values (ug g*) for some hydrophilic polymers

Element Methylcellulose Methylcellulose Poly(vinyipyrrolidone)
(MC400) purified

K 115+ 3.7 4.0+ 2.3 97.8 + 22.0

Ca 1750+ 17.3 1.7+0.9 14.7+1.8

Cr 0.9=:0.1 0.3 — 0.7£05

Fe 41,0+ 2.5 6.8+1.7 36.6 + 4.1

Ni 4.4 +0.1 0.63:04 1.8:£0.3

Cu 1.1+:04 0.25+0.1 1.6+0.3

Zn 1.3+0.1 0.25:0.1 1.6 + 0.2
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Evaluation of the spectra

Spectra were evaluated by a program originally developed by the working
group of Prof. J. Scheer and adapted to tube-excited x.r.f. [19]. In this pro-
gram, the line ratios of the various elements are held constant. Because, how-
ever, the excitation conditions of the tube (monoenergetic excitation) are
quite different from that of the white synchrotron beam and therefore the
probabilities of exciting the L- and M-edges also differ, major changes in the
program had to be made and the ratios of the excitation probabilities of all
elements emitting L- or M-lines between 1.7 and 3.5 keV (i.e., all elements
with Z > 40) had to be determined anew. For this purpose, single-element
samples were prepared and the line ratios were calculated with a special
variation of the spectra evaluation program. Measurements were done with
five different absorbers. The intensity ratios of each line determined in this
way were fitted to a fourth-degree polynomial relative to atomic number.
The coefficients of these fits serve as constant parameters in the evaluation
program. A maximum of 16 lines can be fitted for one element. The off-line
computation of the measured spectra was done on a PDP 11/34 computer.
Entry of the data sets of the elements and fixing of the background were
done iteratively. The result of such a fit is illustrated in Fig. 3.

Detection limits

The sample preparation technique described above was used in evaluating
experimentally the detection limits for the various elements for comparison
with calculated values. The procedure involved optimization of the param-
eters affecting the detection limit (e.g., sample geometry), computation and
coverage of the excitation radiation and its properties, and preparation of
samples with known composition. By measuring the radiation intensity with
ionization chambers, and through the special construction of the sample
chamber with its built-in detector, it could be guaranteed that the measure-
ment was made in the optimal region of polarization and also that the detec-
tor measured only the direct radiation of the irradiated sample spot. By
means of the aperture and absorber systems, optimum excitation conditions
could be adjusted and adapted to each sample.

The influence of the absorber used in the primary radiation on the peak
sizes for the various elements is illustrated for a multi-element sample in
Fig. 4. The figure shows a bad peak/background ratio without an absorber in
the low-energy region; the ratio becomes much better with an absorber in the
primary beam. Using the correct absorbers and simultaneously increasing the
intensity by selecting a larger aperture can lead to a significant improvement
in the detection limits for many elements.

Calculation of the detection limit was based on Currie’s criterion of three
times the square root of the background [20]. In each case, the background
of the main lines of the element was used. The detection limits were obtained
for numerous elements across the periodic system in sample matrices having
negligible blank values. Experimental and theoretically calculated limits of
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Fig. 4. Measurement of a multi-element sample without and with an aluminium primary
filter.

detection are compared in Fig. 5. It can be seen clearly that the detection
limits are strongly influenced by the absorbers. This happens because the
low-energy part of the primary radiation is strongly reduced and so the
scattering rays in this region, and therefore the background are decreased.
Elements emitting fluorescence lines in the region are sufficiently excited
through the high-energy portion, so that an average improvement in the
peak/background ratio is achieved. By choosing the correct filter it is pos-
sible to select a region of high sensitivity for the desired elements.

The detection limits are generally in the range 0.05—0.2 ug g™. If a pri-
mary beam diameter of 0.5 mm and a sample of 1 mg cm™ are assumed, this
corresponds to an absolute value of 0.1—0.4 pg. Similar measurements for

10° - —4'03

Limits of detection (g g7)
Absolute values (pg)

K-lines L-lines
1072 1 | | i | I 1 |
20 30 40 50 60 70 80 90

Atomic number Z

Fig. 5. Comparison of theoretical detection limits (solid lines) with experimental values.
Calculated lines relate to absorber 0 (0.0 mm Al), absorber 2 (0.5 mm Al) and absorber 8
(6.0 mm Al), as indicated on the figure. For the experimental values, the sample was 1 mg
em™ and the beam diameter 0.5 mm. Points: (&) absorber 0; () absorber 2, 0.5 mm Al;
(o) absorber 8, 6.0 mm Al
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different multi-element samples showed no differences. This is valid only as
long as there is no overlapping; otherwise the detection limits for the affected
elements deteriorate, depending on the sample composition.

Calibration

The calibration function was evaluated with different single-element
samples in a measuring series for which the peak area measured was always
referred to a reference element added in constant amounts (usually about
100 ug g™). The concentration range varied between the detection limit for
the element in question and 3000 ug g'. The concentrations were always
altered by a factor of 3. All calibration plots showed, as expected, a linear
dependence of the signal on the concentration up to a maximum value. In
the case of high concentrations, however, the standard deviations were rela-
tively high, because the concentration of the internal standard compared to
the concentration to be measured was very small and because the constant
total counting rate imposed relatively poor statistics. The curves broke off in
the low-concentration region, because the counting statistics deteriorated
near the detection limit. Figure 6 shows the calibration plots for selected
elements. Corresponding multi-element samples showed similar behaviour.
Problems arise only when overlapping of lines occurs. Typical examples are
the Pb-L/As-K and Ba-L/Ti-K lines.

With the correct excitation conditions (absorber), lead and arsenic can be
determined together up to a ratio of 20:1. At higher Pb/As ratios, values for
arsenic become more erroneous, as subsidiary lines overlap with other ele-
ments. For example, the lead lines L, and L; are concealed behind selenium.
In such cases, the analytical problem obviously depends on the sample con-
cerned. Large concentration differences of both elements can be resolved
when both are selectively excited. The Ly-edge of lead and the K-edge of

T T T T
10° 10' 10° 10°
Concentration (ug g™

Fig. 6. Calibration plots: () chromium; (o) arsenic (X 1.50); (¢) yttrium; () molybdenum
(X 0.75); (o) cesium (X 0.50). C, is the ratio of the countrate to the standard.
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arsenic lie about 1 keV apart. This allows selective excitation with a mono-
chromatic source (graphite broad-band monochromator) or by cutting off
the high-energy component with a total reflecting mirror.

Overlapping of barium and titanium on excitation with white synchrotron
radiation can be resolved by first quantifying barium through its K-lines and
then calculating the contribution of the barium L-line to the titanium peak,
given the K/L-line ratio of barium.

Conclusions

Compared to other sources, synchrotron radiation-excited x.r.f. has the
disadvantage of being tied to one site. Advantages are that the high polariza-
tion makes it less sensitive to matrix interference and provides better detec-
tion limits. The white radiation effects a uniform excitation of all elements.

With this analytical principle, it should be possible to solve problems which
previously have required tedious separation techniques. The detection limits
generally attainable are in the range 0.1—0.4 pg (lower trace region).

With the help of absorbers on the primary radiation, the limits of detec-
tion can be improved for particular parts of the periodic table. In extreme
cases, however, two separate spectra of the same sample are necessary: one
for elements of low atomic number (Z < 30) and another with strong ab-
sorbers for the heavier elements.

The high photon-flux density facilitates x.r.f. measurements with spatial
resolution by relatively simple manipulation (collimation). For intensity
reasons, the present limit of resolution is about 10 um. Aided by a focussing
mirror and high radiation currents (for DORIS II, radiation currents up to
200 mA are planned), the resolution can be improved further.

We thank the Bundesminister fiir Forschung and Technologie and the
Verband der Chemischen Industrie-Fond der Chemischen Industrie for finan-
cial support. We gratefully acknowledge the support of the staff of the
HASYLAB, which made completion of this work possible.
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SUMMARY

Preasphaltene fractions of exinite and vitrinite macerals, liquefied in tetralin, were
examined by chemical ionization mass spectrometry/mass spectrometry for phenolic
constituents. Recognition was based on dehydration of the protonated molecule with
confirmation from daughter spectra, which in some cases could be compared with the
spectra of authentic compounds. Rapid screening for homologous compounds was
achieved by employing parent scans. Twelve homologous series of hydroxyaromatic
compounds were identified, including phenols, naphthols, indenols, indanols, and some
dihydroxy compounds. Many of the alkylated species have not been previously reported
in coal liquids. While tandem mass spectrometry is an effective means of encountering
new compounds, it does not provide the isomer selectivity of chromatographic methods
to which it is complementary.

Mass spectrometry/mass spectrometry (m.s./m.s.) has had a wide range
of applications in the analysis of complex mixtures. Its strengths include
high sensitivity, lack of reliance on lengthy sample preparation, and flexibility
in screening mixtures either for individual compounds or for groups. of
compounds having related structures [1]. These advantages are particularly
suited to the characterization of fuel-related materials where there is growing
interest in identifying series of compounds containing common functional
groups [2].

Mass spectrometry, in many cases coupled with gas chromatography, has
been used extensively for the investigation of fuels [3—7]. Several previous
studies have confirmed the presence of phenols and related compounds in
coal-derived materials [8—11]. The use of gas chromatography/mass spec-
trometry (g.c./m.s.) has greatly facilitated the characterization of these
materials, even though some are difficult to chromatograph. Furthermore,
as higher-molecular-weight coal-derived materials become of increased

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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interest, the difficulties in utilizing g.c./m.s. increase, making an exploration
of alternatives desirable. Simple phenols in coal liquids have also been
investigated by other spectroscopic methods including *F-n.m.r. of hexa-
fluoroacetone adducts of isomeric phenols [12]. Several alkylphenols have
been identified in coal recycle solvents by using ultraviolet absorption and
fluorescence spectroscopy of chromatographically separated fractions [13].
The combination of liquid chromatography with Fourier-transform infrared
spectroscopy has also shown promise in the speciation of polar compounds
including amines, ethers, and phenols in coal-derived process solvents [14].

The emphasis of the studies just mentioned is on the separation and
identification of simple phenols, Tandem mass spectrometry, although
incapable of distinguishing some types of isomers, is a technique which
promises greatly to expand the existing range of phenolic compounds
identified in coal liquids. This was indicated in an early m.s./m.s. study
which showed the potential of neutral loss scans in the identification of
alkyl phenols from a solvent-refined coal [15]. In the present study, atten-
tion is devoted to the identification of homologous series of the hydroxy-
aromatic compounds by using the complementary methods of parent and
daughter spectra. The degree to which different coal macerals can be dis-
tinguished on the basis of their constituents identified by using tandem
mass spectrometry is an additional object of enquiry.

EXPERIMENTAL

All spectra were obtained by using a Finnigan triple quadrupole mass
spectrometer [16] with either electron-impact ionization (70 eV) or iso-
butane chemical ionization (0.4 torr). The triple quadrupole mass spec-
trometer consists of three co-axially aligned quadrupole rod assemblies;
the first and third are conventional mass analyzers and the second is a
focussing collision cell. A daughter spectrum is obtained by selecting a
given ion in the first stage of mass spectrometry, passing it into the collision
quadrupole where it undergoes collision-induced dissociation (CID) with the
resulting fragments being mass-analyzed by the second mass analyzer. Argon
was used as the target gas for collision-induced dissociation at an indicated
pressure of 2 mtorr. Collision energy was set at 20 eV.

The two coal samples studied were hand-sorted Indiana VII macerals that
were separated into exinite and vitrinite fractions under a reflected light
microscope. Vitrinite purities were estimated as 99%, but the exinite con-
tained considerable pyrite. The macerals were liquefied under high pressure
at 400°C in a stainless steel bomb with tetralin as the hydrogen donor
solvent. The product was washed and extracted in tetrahydrofuran in a
Soxhlet apparatus. The liquid products were fractionated by liquid chroma-
tography; pentane, toluene, and pyridine were used successively to separate
maltene, asphaltene, and preasphaltene fractions. The eluted components
were dried and stored in a refrigerator,
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RESULTS AND DISCUSSION

The identification of phenolics and other hydroxyaromatics utilized two
major types of m.s./m.s. scanning. Daughter spectra were taken for individual
ions suspected to be hydroxyaromatics in order to confirm their structures
through interpretation of their fragmentation patterns and, where possible,
by comparison with the spectra of the authentic compounds. Parent spectra
were used to characterize all ions which fragmented to specified daughter
ions characteristic of a selected hydroxyaromatic skeleton (Scheme 1).

Step I. Record daughter spectra of the C; and C, members of a suspected hydroxy-
aromatic series and a non-member (fourteen dalton less in mass).

continue if spectra reveal water loss and non-member does not

\

Step II. Record parent spectra of the protonated C;, and C, members of the suspected
hydroxyaromatic series

1
Select homologous ions

¥

Step III. Record daughter spectra of suspected higher-molecular-weight members of series

Scheme 1.

The first two members of the protonated phenol series, m/z 95, phenol
itself, and m/z 109, methylphenol, as well as the m/z 81 ion, not a member
of the series, were selected for CID. The resulting spectra were examined for
water loss, as well as for other fragment ions which could be interpreted in
terms of the suspected structure. The daughter spectra of authentic hydroxy-
aromatics without alkyl substitution exhibit a dominant loss of 18 mass units
(loss of water), while alkyl-substituted phenolics yield variable amounts of
water loss along with fragmentation to the hydroxyaromatic skeleton. In
contrast, compounds which are not hydroxyaromatics, do not generally
exhibit this type of fragmentation. The presence of higher members of the
series was examined by obtaining parent spectra of ions corresponding to the
lowest members of the series and tabulating the ions which satisfy the require-
ment for being extended alkyl analogs. Finally, daughter spectra were taken
for each suspected series member to confirm the tentative structures suggested
by the parent scans.

The pre-asphaltene fraction of the two liquefied macerals was chosen for
this study because this fraction is the richest of the solubility classes in
compounds containing polar functional groups, including hydroxyaromatics
[17]. Cursory examination of the maltene and asphaltene fractions by
comparison of mass spectra indicated that maceral-related differences were
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small. This point was verified by tandem mass spectrometry. In both the
asphaltenes and maltenes, the presence of a homologous series of alkyl-
naphthalenes was indicated by recording parent scans of m/z 141 (methyl-
naphthalene ion) with electron ionization. The series extended to. m/z 254
with intense ions at m/z 142, 156, 170, 184, 198, 212, 226 and 240 (Table
1). The daughter spectra of the protonated forms of these ions showed
intense peaks at m/z 128 and 129, the naphthalene ions, and in most cases,
m/z 141 and 142, methylnaphthalene ions. A strong alkylbenzene series
was also found in the asphaltenes by recording the electron-impact parent
spectrum of m/z 91 (Fig. 1). As was done for the alkylnaphthalenes, daughter
spectra of ions at m/z 92, 106, 120, 134, 148, 162, 176 and 190 were
recorded using chemical ionization, and they indicated a common set of
fragments including 106, 92", and 79 which represent stable aromatic ions.
In each series of daughter spectra studied, a regular pattern of peaks at 14
dalton intervals was observed which extended down to the benzene or

TABLE 1

Parent scans of alkylbenzenes and alkylnaphthalenes?

Selected fragment (m/z) Relative intensity

Asphaltenes Maltenes

Exinite Vitrinite Exinite Vitrinite
Alkylbenzenes®
Parents of 91*
106 0.06 0.02 —¢ —
120 0.18 0.60 0.10 0.08
134 0.08 0.20 —¢ —¢
148 0.15 0.20 0.09 0.08
162 0.03 0.02 —¢ —¢
176 0.01 0.01 —¢ —
190 0.01 —c —€ —<
Alkylnaphthalenes
Parents of 141*
156 0.21 0.10 0.45 1.00
170 1.00 0.41 1.00 0.35
184 0.05 0.31 0.10 0.07
198 0.20 1.00 0.20 0.06
212 0.11 —¢ 0.05 0.01
226 0.01 0.30 0.03 0.01
240 —¢ 0.10 —¢ 0.01
254 0.04 0.03 —< —€

2All abundances are + 20%. P All intensities are relative to base peak m/z 131. Too weak
to be reliable.
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Fig. 1. Representative structures of parents that fragment to m/z 91 after collision-induced
dissociation.

naphthalene skeleton. The alkylbenzene and the alkylnaphthalene contents
were similar in both the exinite and vitrinite asphaltene and maltehe samples.
The expected differences between the highly paraffinic maltenes [17] and the
asphaltenes were observed. In fact, the low aromatic content of the maltenes
meant that reliable data on the alkylbenzenes distribution in the maltene
fraction could not be obtained for either the exinite or vitrinite samples.

The less-than-encouraging indications of maceral-related differences in
the asphaltenes and maltenes led to consideration of the pre-asphaltenes
and of their phenolic constituents. Preliminary chemical-ionization mass
spectra revealed several extremely intense solvent-related peaks that obscured
the ions from hydroxyaromatics in the mass spectra. The additional selectivity
of parent and daughter scans overcame this problem. The chemical-ionization
data showed that at high probe temperatures ions were observed up to about
700 daltons. In obtaining m.s./m.s. data, attention was concentrated on the
lower half of this range so as to deal with the overwhelmingly abundant
lower members of the various homologous series.

Twelve hydroxyaromatic series were observed in the two pre-asphaltene
fractions (see Table 2). The exinite fraction showed about an order of mag-
nitude greater concentration of hydroxyaromatics, compared to the vitrinite
fraction. This quantitative difference was indicated by the ion abundances
in the parent ion spectra. Differences in distributions of particular com-
pounds were not encountered, however, and in much of the remaining dis-
cussion, data for exinite macerals are referred to for convenience.

Neutral-loss spectra were recorded to select the species that lost water
after undergoing collision-induced dissociation. As expected, the non-
alkylated hydroxyaromatics were present in greater relative abundance than
any of the substituted species. Naphthol, dihydronaphthol, tetrahydronaph-
thol, phenol, pyridinol and indenol were particularly intense in both the
exinite and vitrinite pre-asphaltene spectra while dihydroxybenzene was
also extremely abundant in the exinite sample.
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TABLE 2

Hydroxyaromatic compounds identified in liquefied coal macerals

Side chain Identification Molecular weights?

C,—C,, Alkylphenols 94,108, 122,136, 150, 164,
178,192, 206, 220, 234

C,—C, Alkylpyridinols 95,109

C,—C, Alkyldihydroxybenzenes 110,124,138, 152

Cc,—C, Alkylindenols 132,146, 160, 174, 188, 202,
216, 230, 244

C,—C, Alkyldihydronaphthols 146,160, 174, 188, 202, 216,
230, 244

C,—C; Alkylindanols 134,148,162,176, 190, 204

c,—C, Alkyltetrahydronaphthols 148,162,176,190, 204

C,—C, Alkylnaphthols 144,158,172, 186, 200, 214,
228

Cc,—C, Alkylacenaphthols 170, 184, 198, 212, 226

C,—C, Alkylanthracenols/phenanthrols 194, 208, 222

C,—C, Alkylnaphthylphenols 220, 234

C,—C, Alkyldihydroxynaphthols 160, 174,188, 202, 216, 230,
244

2The ion selected for examination was always the (M + 1)* ion, viz., m/z 95, 109, etc.

Figure 2 is arepresentative set of daughter spectra used in the identification
of the naphthol series. The three spectra shown include the two lowest
members of the suspected series (C, and C, protonated naphthol at m/z
145 and 159, respectively) and the ion which has a molecular weight 14
daltons less than the C, analog (m/z 131). The ion at 131* effectively
represents a blank and is not expected to demonstrate a significant loss
of water unless it is by chance a member of a different phenolic series.
Figure 2(b) is a daughter spectrum of the m/z 145 ion in the exinite pre-
asphaltene fraction, which is consistent with the daughter spectrum of
protonated 1-naphthol. The intense peak from loss of water (18 dalton) is
the most striking feature of the spectrum. The ion at 117 dalton, or loss of
28 daltons, corresponds to the elimination of CO. Also indicative of aroma-
ticity is the ion at 91 daltons which represents the C,H," species. The
daughter spectrum of 159* (Fig. 2¢), representative of a protonated methyl-
naphthol, shows abundant fragment ions from water loss and methy! radical
loss. An enhanced 91" ion and loss of CO are observed. The presence of
other ions (e.g., 71") inconsistent with alkylnaphthol fragmentation indicate
the occurrence of isobaric or isomeric species at m/z 159" in the pre-asphaltene
sample. In contrast, the daughter spectrum of 131" (Fig. 2a) shows no
water loss and is clearly not a member of the naphtholic series. In fact, the
daughter spectrum of m/z 131 matches well with that of protonated dihydro-
naphthalene, which would be an expected component of the mixture because
tetralin was used as the hydrogen donor solvent. The identity of the ion at
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Fig. 2. Daughter spectra (chemical-ionization m.s./m.s.) of protonated molecules derived
from an exinite-derived pre-asphaltene showing the first two members of the naphthol
series, C, at 145* and C, at 159* and 131* not a member of the series.

131 is established by its facile fragmentation to the benzyl ion, its elimina-
tion of a methyl radical, and by comparison with a standard. Thus, the
daughter spectra of ions 145 and 159 support the assignment to the series
of naphthols while the daughter spectrum of 131 establishes the lower mass
termination of the series.

To elucidate the extent of the series, parent spectra of ions 145" and
159* were used to indicate the presence of ions of higher molecular weight
that yield either 145" or 159" on fragmentation. A parent spectrum of
159" (Fig. 3) shows the presence of additional members of the alkylnaph-
thol series at m/z 187, 201, 215, and 229, corresponding to the C;—Cq
naphthols. The intense ions at m/z 174, 177 and 219 are not part of this
series but rather are present as a result of facile cleavage to m/z 159. The
jon at m/z 174 results from CH, - loss. The ion at m/z 177 is observed as
aresult of the loss of water and is consistent with the presence of protonated
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Fig. 3. Parent spectrum (chemical-ionization m.s./m.s.) of ion 159* (exinite pre-asphaltene)
showing the extended alkylnaphthol series represented by ions at 187, 201, 215, and 229
(C,—C;).

C;-alkylindanol. The daughter spectrum of m/z 219 suggests that it is pheno-
lic (loss of 18 and 28). The spectrum contains evidence for alkyl substitution
(loss of 15 and 16), but the ring system remains to be established.

The procedure just described for the alkylnaphthols was repeated many
times over to identify the other hydroxyaromatic compounds shown in
Table 2. It should be noted that each member of an alkyl hydroxyaromatic
series listed in the table (excepting the unsubstituted component) does not
represent a single compound, but potentially an entire set of isomers. Most
previous studies in which alternative analytical methods were used, list
isomers separately, but the direct analytical capabilities of m.s./m.s. enable
a more extensive characterization of hydroxyaromatic compounds in coal
liquids to be achieved, while it is of limited value in isomer distinctions.

To confirm the presence of hydroxyaromatics in the coal samples, standard
hydroxyaromatic compounds were determined by recording their chemical-
ionization daughter spectra. Isomers that differ by type of substituent,
configuration of functional group, or skeletal structure are easily distinguished
by their fragmentation patterns. For example, the presence of C;-alkyl-
naphthol (m.w. 186; C;3H;,0) and the absence of biphenol (m.w. 186;
C,H;00,) in the coal samples was established by careful examination of the
daughter spectra of the protonated ion, m/z 187, and comparison to stan-
dards. Biphenol demonstrates only three significant neutral losses, loss of
18 dalton, 46 dalton, and 72 dalton, whereas the chemical-ionization daugh-
ter spectrum of the corresponding ion, in the pre-asphaltenes, exhibits
no loss of 46. Moreover, the pre-asphaltene spectrum showed abundant
losses of neutral fragments of 15, 28 and 42 dalton corresponding to alkyl
losses. The presence of ions consistent with alkylnaphthol behavior such as
m/z 91, 117 and 128 dalton was also noted.
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While this is an example of tandem mass spectrometry being used to
distinguish skeletal structures, the interpretation of daughter spectra can
also be used to assign substituent structure. Methylphenol, which has the
same molecular weight (m.w. 108), molecular formula (C,H;0), and aro-
matic skeleton as anisole, can readily be distinguished in the pre-asphaltene
samples by comparison to standard chemical-ionization m.s./m.s. spectra
of reference compounds. Anisole does not lose water and cleaves primarily
to form a stable phenyl ion (m/z 77). The daughter spectrum of 109" in the
coal samples indicates strong water loss, absence of 77", and the presence
of other ions consistent with the methylphenol standard. Similar procedures
of comparison of standard daughter spectra to pre-asphaltene daughter
spectra were used repeatedly to elucidate the isomeric structures of the
other hydroxyaromatics.

The spectra for several positional isomers were examined to estimate
the feasibility of making isomeric distinctions within the pre-asphaltene
hydroxyaromatic series. Pairs such as hydroquinone and resorcinol, methyl-
hydroquinone and 4-methylcatechol, and 1,3-dihydroxynaphthalene and
2,3-dihydroxynaphthalene, showed significant differences in the relative
ratios of specific fragment ions, but the actual fragments were virtually
identical. This last point made the assignment of positional isomers in the
complex coal samples impossible.

Parent spectra can often establish related series if expected fragment
species that are representative of a group of homologs are judiciously selec-
ted. For this reason, the basic skeletal hydroxyaromatic is chosen as the
predicted common fragment of other members in a series. Thus, when
parent and daughter spectra are jointly inspected, the elucidation of hydroxy-
aromatics becomes facile.

CONCLUSIONS

The power of tandem mass spectrometry for molecular characterization is
often not fully realized. When used to its full extent, m.s./m.s. offers more
than simply compound identification through fragmentation patterns of
selected ions. A hierarchy of structural information can be inferred by
careful inspection of the spectra, comparison with standards, and con-
sideration of known fragmentation behavior. Significant features of the
spectrum from m.s./m.s. may suggest the skeletal structure of the compound
under consideration as well as the molecular formula. Commonly, this is the
furthest structural level that is associated with tandem mass spectrometry.
Yet the depth of available information can be expanded to include the
assignment of a skeletal structure having specific substituents in specific
positions through closer analysis of the spectral details (Scheme 2). Further-
more, by comparison with known standards, the configuration of side
chains or other constituents can be accurately predicted, and the structures
of new compounds can be assigned. Other commonly available analytical
techniques have a narrower range of utility.
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This study incorporated four levels of the structural hierarchy including
the determination of molecular weight and molecular formula, skeletal
structure, and groupings of substituents. This report demonstrated the
utility of tandem mass spectrometry for the characterization of liquefied
coal macerals for hydroxyaromatics. Substantial differences have not been
observed in the types of compounds derived from different macerals, although
a substantial difference in the quantity of phenolics occurs in the pre-
asphaltene fractions derived from exinite and vitrinite. The method of
complementary parent-daughter spectra can be applied to any investigation
of components containing a common substructural unit. As an analytical
technique, m.s./m.s. avoids time-consuming sample preparation while main-
taining good sensitivity and flexibility for the detection of trace components
of complex mixtures.

This research was supported in part by the Department of Energy (DE-
FG22-82-PC50803).
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SUMMARY

Concentration-response, electrolyte concentration and composition, and Arrhenius—
Eyring energy in relation to changes in phosphatidyl choline-cholesterol membrane con-
ductance have been studied to examine the adsorptive dipolar potential reduction caused
by phloretin. The results indicate that these membranes possess weak surface binding sites
for potassium ion. Calculations for a statistical local model of adsorption of phloretin
molecules for each occupied cation site correlate with experimental trends. A rapid
transient current resembling a capacitive charging effect was observed shortly after addi-
tion to one side of the membrane of phloretin and 2,4,6-trihydroxyacetophenone, but
not for the dipolar species phlorhizin, p-nitrophenol or o-nitrophenol; the effect shows
saturation characteristics.

Perturbation of the surface dipolar potential of a bilayer lipid membrane
(BLM), with consequent modulation of ion flux, provides a potentially useful
signal for the development of electrochemical sensors [1]. In order to probe
the influence of modified electrostatic fields on the ion conductance of BLM,
it is instructive to observe the effects of dipolar molecules which can adsorb
to the membrane. An example of such a species is phloretin (dipole moment
5.6 D) which can bind to BLM in unionized form, producing a significant
increase of ion current [2, 3]. Apparently, the molecule aligns against the
established membrane dipole field with a consequent reduction in dipolar
potential [4]. Such a model assumes that the alignment of the anisotropic
lipid head group creates net dipolar fields which are laterally continuous
across each membrane surface [{5—7]. In this case, any ion passing into a
membrane would always encounter a uniform electrostatic barrier regardless
of lateral positioning with respect to the membrane surface. However, modi-
fication of this model may be required, because localized interactions of ions
with head groups may occur and be significant with respect to the energy
barrier faced by the translocating ion [8].

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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A test for the validity of the local model is the Langmuir adsorption
isotherm, which must exist for dipolar species capable of surface adsorption
[3, 9]. In addition, the temperature dependence of transmembrane ion
current can indicate the correct model. Arrhenius activation energy con-
siderations determine whether both the pre-factor (the number of ion-
conductive pathways) and the activation energy vary, which would imply
that localized effects dominate, or whether surface ‘‘sheets” of dipoles
cause a concentration-dependent homogeneous reduction of the activation
energy. The influence of electrolyte concentration as well as the electrolyte
composition coupled with the adsorption isotherm can indicate the degree of
surface ion complexation and competition for surface-binding sites.

In the present paper, several aspects of the interaction of phloretin with
phosphatidyl choline/cholesterol membranes are examined in order to
increase understanding of the dipole-perturbation hypothesis for chemical
sensing. Arrhenius—Eyring results are interpreted in terms of a statistical
local model for the adsorption of phloretin at membrane binding sites that
are weakly selective for potassium ion. Also, a phloretin-induced rapid,
transient current minimum is discussed in terms of a charging model. Finally,
current amplification through coupling of reduction of both membrane elec-
trical and chemical potential energy barriers is demonstrated.

EXPERIMENTAL

The electrochemical cell consisted of two identical perspex blocks separ-
ated by a teflon sheet (0.1 mm thick) containing a circular aperture (1 mm
diameter) used for BLM support. An external +25-mV direct potential was
applied across the membrane between two Ag/AgCl reference electrodes
(Orion Research) via salt bridges. The external circuitry consisted of a d.c.
power supply and a microprocessor-controlled digital electrometer (Model
616B; Keithley Instruments). The solution cell and sensitive electronic
equipment were isolated in a well-grounded Faraday cage.

The lipid used was phosphatidyl choline (Avanti Biochemicals, Birmingham,
AL), which was prepared with cholesterol (Sigma Chemical Co.) in a 20 mg/
20 mg quantity in 1.0 ml of dry n-decane. The cholesterol was partially
oxidized as determined by thin-layer chromatography. The brush technique
was used to introduce lipid solution into the teflon aperture, where formation
of planar BLM was monitored by optical and electrical methods. Each stirred
solution compartment contained 5 ml of aqueous electrolyte adjusted to
pH 5. The organic agents, phloretin, phlorhizin, 2,4,6-trihydroxyaceto-
phenone, p-nitrophenol, o-nitrophenol, and valinomycin (all from Sigma)
were added as methanolic solutions by a variable-volume micropipette. The
methanol concentrations in the aqueous electrolyte never exceeded 1% by
volume. Experiments were done at 21 + 1°C unless noted otherwise. An
infrared heat source was used to provide elevated temperatures.
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RESULTS AND DISCUSSION

Phloretin action and electrolyte dependence

For phosphatidy! choline membranes, contributions to the net perpendi-
cular membrane dipole originate with the carbonyl and phosphorus-choline
(P-N) moieties, and ordered water of hydration [10, 11]. Sterol incorporation
into such membranes increases mechanical integrity and can concurrently
contribute to, or alter, the electrostatic field [6, 12]. Reduction of the
dipolar potential by membrane adsorption of phloretin is evidenced by the
increase in positive current observed on addition of the dipolar species to
0.1 M lithium chloride on the positive high potential side of a BLM (Fig. 1).
The current/time profile exhibits a relatively rapid negative transient current
(see below). Adsorption of p-nitrophenol (dipole moment 5.4 D) produces a
similar positive response although a 100-fold increase in concentration is
required to elicit a response equivalent to that for phloretin because of the
large difference expected for membrane partitioning between the two com-
pounds [3, 4}. A concentration of 102 M o-nitrophenol (3.1 D) does not
induce a response in any electrolyte for similar reasons.

Sequential bilateral addition of equal quantities of phloretin (first to the
high side, then the low, with a final aqueous concentration of 10~ M) gener-
ally results in two positive current increases, the second increase being
generally of smaller magnitude. This is consistent with local phloretin action,
but may imply the existence of an interfacial process depending on ion
transfer rate and directly controlled by the phloretin concentration on the
membrane face. A similar effect has been described for the case of phloretin
action on valinomycin ion transport, where high concentrations of phloretin
apparently reduce interfacial ion transport, limiting the magnitude of trans-
port of the complex through the membrane [4]. Further evidence for such a
property may be derived from the observation that addition of phloretin to a
compartment containing 0.1 M potassium chloride held at the positive

. potential followed by addition to the low potential compartment results in a
second current increase which is three to four times smaller than that
obtained on sequential addition to the low and then the high potential elec-
trolyte compartments. This suggests that an adsorption plane for the cation
exists at one membrane/solution interface because of the applied potential
and membrane capacitive properties, and is consistent with a model involving
local phloretin action.

Electrolyte competition has an effect on phloretin response. (It should be
noted that phosphatidyl choline/cholesterol membranes exhibit cation selec-
tivity with respect to permeability in the order Rb* > K* > Li* > Mg?* [13}.)
This effect is predominantly determined by Born energy requirements. In
the present work, the response to phloretin was studied for various K*/Li*

- ratios at different ionic strengths. If permeability is only a function of ion

concentration in solution and membrane partitioning (constant for any
species), a simple analysis of K*/Li* competition indicates that the ion
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Fig. 1. Ion current/time profile observed for phloretin interaction with a phosphatidyl
choline BLM. The final concentration was 1.0 X 10* M in 0.1 M LiCl electrolyte.

Fig. 2. Current changes for different ratios of K*/Li* at constant ionic strength with
different phloretin concentrations: (e) 7.0 X 107 M;(+) 1.0 x 10~* M;(2) 2.0 X 105 M;
(0) 4.0 X 10~° M. Ionic strength: (a) 107 M;(b) 10 M;(c) 10* M.

current should remain large and drop in direct proportion to potassium ion
concentration. The current generated by lithium ion permeation should
become important only at high lithium ion concentration because of the
large Born energy opposing membrane permeation of the latter ion and even
then the current should be extremely small. These effects can be amplified
to facilitate accurate measurement by the action of phloretin on the mem-
brane, though anomalies in phloretin action may be observed at very low
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concentrations where local effects apparently dominate, or at very high con-
centrations where a substantial proportion of the membrane surface is
covered by phloretin. Figure 2(a—c) illustrates the results of these experi-
ments, indicating that potassium ion has a greater surface affinity than lithium
ion and dominates the ion current in solutions of low ionic strength except
athigh lithium concentrations. The BLM ion current is governed by the cation
residing at the membrane-solution interface rather than by cations in bulk
solution [9]. The amplification property produced by increasing phloretin
concentration consistently indicates that a weak potassium ion-selective
binding site is available at the aqueous interface. At high ionic strength
(0.1 M), no selectivity is observed, but reduced ionic strength leads to
maintenance of a large transmembrane ion flux in the presence of potassium
ion. A similar result is used practically in the formation of membranes used
for ion-selective electrodes [14].

Concentration and Arrhenius—Eyring analysis

Measurement of the maximum current generated by addition of phloretin
to the solution compartment held at positive potential results in concentra-
tion-response curves which are different for different lithium chloride con-
centrations (Fig. 3). In order to rationalize these curves, it is necessary to
consider the nature of perturbation of membrane dipolar potential by
phloretin. Change in the potential is reflected as a function of the magnitude
of the dipole, the net perpendicular adsorbed dipole component and the
surface density or concentration [1, 3]. A surface sheet model, where
adsorbed phloretin molecules would cause a homogeneous alteration of the
surface potential, should generate current values which fit a Langmuir-like
adsorption isotherm including a saturation level. It is apparent that the
results of Fig. 3 do not fit this description. (Experiments with over 10* M
phloretin are not included because the molecule causes membrane structural
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Fig. 3. Concentration-response curve for phloretin measured as a change in ion current
from a background current obtained in: (a) 10~ M LiCl; (b) 10-* M LiCl.
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changes and because the availability of interfacial ion-binding sites is reduced
at relatively high concentration levels.)

An Arrhenius—Eyring analysis was then considered. This could yield both
confirmatory evidence for the existence of an ion-adsorption plane at the
membrane surface, and indications regarding a possible mechanism for
phloretin perturbation of the surface dipolar potential. Eyring [15] has pro-
posed an absolute rate theory of membrane permeation which treats the
problem as an ion migration over a series of activation energy barriers. The
relationship of the BLM residual current to temperature provides data suit-
able for analysis with the Arrhenius equation to determine the activation
energy.

Figure 4(a) represents data in a standard graphical Arrhenius format where
the slopes of the resulting linear plots are proportional to the total activation
energy barriers and the intercepts are related to the Arrhenius pre-factor.
Although the temperature range investigated is small, the large values of the
activation energies indicate energy barrier limitation of ion transport through
the membrane. The barrier can be considered as an electrical potential and
for the unmodified lipid/sterol membrane this results in a calculated barrier
of approximately 1200 mV. The size of this barrier indicates that ions prob-
ably pass through the membrane in a partially hydrated form. It is also
interesting to note that an increase in the fraction of cholesterol in the sterol
content range (60—80%) encompassed in Fig. 4(a) decreases the activation
energy barrier. This may be due to an increase in polar groups in the mem-
brane because partially oxidized sterol was used, and/or to a decreasing
order caused by the heterogeneous lipid-sterol distribution which is expected
at mole fraction cholesterol contents greater than 60%.
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Fig. 4. (a) Standard Arrhenius plot of the logarithm of residual current (I,) against the
inverse of the absolute temperature. Cholesterol mole fraction (X.): (e) ca. 0.7; (x) ca. 0.8.
(b) Arrhenius-type temperature analysis of the phloretin-generated positive current in
0.1 M KCI: (a) potential barrier to ion transport; (®) relative change in the pre-factor as a
function of phloretin concentration.
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Application of the Eyring rate theory can be used to estimate the rate
constant (k;) of transmembrane ion permeation:

ki = (kt/h) exp (—q¢/kt) (1)

where q is charge, ¢ is the activation energy for ion transport and the con-
ventional kth™ factor represents the number of times per second that an ion
attempts to cross the energy barrier. The rate constant for an unmodified
membrane can be estimated as being around 10 s~!. Measurements of BLM
residual current allow estimates of the number of ions which actually manage
to cross the barrier (6 X 107 s at 107! A). For a bulk electrolyte concen-
tration of 0.1 M salt, approximately 10'° ions are instantaneously at the
membrane/solution interface for a BLM in a 1-mm diameter aperture, so that
given the Eyring rate constant, ions should permeate the membrane at a rate
of about 10° s™. This value is 60-fold less than that actually observed and
again indicates that a weak adsorption plane for permeation may exist. The
most probable location of such a selective ion-adsorption plane is at the
negative phosphate sites [16, 17]. If the area of each phospholipid and
cholesterol molecule is assumed to be 0.5 nm?, and if there is negligible over-
lap of electrostatic fields generated by individual ions, then up to 25% of the
available membrane surface may be occupied by cation. This indicates that
5 X 10" ions may reside at the membrane/solution interface, so that given
the rate constant, ions should penetrate the membrane at about 5 X 107 s,
as experimentally observed. Slightly higher theoretical currents are obtained
when the effect of bulk electrolyte, anion flux and the concentrated parti-
tion plane of cation are considered concurrently.

A temperature analysis of transmembrane ion-current alteration in the
presence of phloretin addition to the solution compartment held at positive
potential is represented in Fig. 4(b). The analysis assumes that the surface
partitioning of phloretin does not vary in the temperature range 22—30°C.
At concentrations above 5 X 107 M, it is apparent that the activation energy
for ion transport is dramatically reduced. This is apparently not the case at
lower phloretin concentration as indicated by the fact that the Arrhenius
activation energy remains relatively constant, but the pre-factor decreases
substantially.

The strong evidence for a weak selective adsorption plane for potassium
ion at the membrane surface and the Arrhenius—Eyring results lead to an
alternative to the surface sheet model for phloretin adsorption.

Statistical local model

The findings described above suggest that the influence of phloretin is
local and not due to a general change in the membrane potential. If the exist-
ence of ion-binding sites is accepted, then phloretin molecules adsorbed close
to an ion must have a larger influence than those adsorbed further away.
Further, the large decrease in activation energy for ion transport accom-
panied by the decrease in the number of current-carrying pathways is strong
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support for a local model. In order to rationalize the experimental results, a
statistical local model is invoked, in which phloretin molecules are assumed
to influence adsorbed ions. If there are phloretin molecules close to a cation
site, the adsorbed molecules will alter the activation energy for ion transport
through the membrane. It is also possible that more than one phloretin mole-
cule influences the same ion.

To investigate the general features of such a statistical model, some simple
calculations were done on the following basis. The leakage current through
the membrane is

Iy =k;n, exp (—q¢/kt) (2)

where n is the density of ions in the binding sites, and &; is a rate constant. If
a large increase in permeability is obtained for ions influenced by phloretin
through a decrease in activation energy A¢,, then the current through a
membrane can be described by

I~ I[1—6"+ 6" exp (—qA¢n/kt)] (3)

where 6 is the coverage of phloretin molecules on the membrane surface
[6 = (C/Cy)/(1 + C/Cy)] and n represents the number of adsorbed phloretin
molecules per ion.

Calculations were made for n = 1, 2, 3 and 4 and with ¢ = 1170 mV and
¢, = 260 mV for all n values. Figure 5 shows the equivalent prefactor, k.,
and the effective barrier height, ¢.¢, calculated from

I'= kegsng exp (—qdess/R1) (5)

Figure 5(c) shows the expected current increase as a function of phloretin
concentration, and results for the higher-order terms (n > 2) correlate at
least qualitatively with the experimental findings. No attempt was made to
fit the theory to the experimental results because several parameters are
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obviously unknown at present. For example, an important question is whether
all or only a fraction of the ions in the membrane binding sites (n;) are avail-
able for interaction with phloretin, Furthermore, in a complete theory, terms
with different n values would have to be added with the correct statistical
weight and A¢,, i.e.,

I=I, T (n)6°(1—6)" "' exp (—qAg,/kt) (6)

i=0

The curves in Fig. 5 represent the case when A¢,, > A¢; and i< n.

A local model has previously been proposed for the action of dipolar
molecules on excitable membranes [18] and a statistical local model was
suggested for the gating of nerve membranes [19, 20]. In the present case,
any effect of channels or pores in the membrane is not included; instead,
localized current-carrying pathways determined by a low activation energy
for ion transport are considered. That the cholesterol content and lipid/
cholesterol oxidation in the membrane are important factors is supported by
the results in Fig. 4. Such a mechanism would depend on ion interaction
with polar sites inside the membrane and ‘‘lattice” defect structures, which
would be partially dependent on ion hydration properties. It is interesting to
note that simple calculations indicate that the activation energy of transport
of an unhydrated ion through an unperturbed lipid membrane (3 nm thick)
is about 3 eV, and that of fully hydrated ion is about 0.7 eV [20].

Charging transient

A feature of phloretin interaction with BLM is the occasional evolution of
a concentration-dependent initial current transient as shown in Fig. 1. Addi-
tion of phloretin to the solution compartment held at the positive potential
results in a current minimum, which is always observed in the electrolytes
which eliminate observable transmembrane residual current. If phloretin
adsorbs to the membrane after addition to the electrolyte solution, a surface
dipolar potential may build up to charge the membrane capacitance. This
charging is observed as a current in the external circuit. The time constant of
the charging process may be governed by the membrane adsorption kinetics
of phloretin. Integration of the area under the current/time profiles for
fransient current evolution provides a direct measure of membrane charging,
which can be coupled with an estimate of capacitance for determination of
potential. Figure 6 provides a summary of data illustrating asymmetric
membrane potential as a function of phloretin concentration. The rate of
charging is generally independent of solution cations (K*, Na*, Li*), though
the evolution and extent of the transient current signal is related to the con-
centration of supporting electrolyte. The time constant in the charging
current becomes shorter as phloretin concentration is increased, as expected
for a charging current reflecting phloretin adsorption to the membrane.

The origin of the transient current is probably more complicated than a
result of simple alteration of surface dipole potential. The fact that a maximum
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charging of 70—80 mV is observed in Fig. 6 implies the existence of a satura-
tion of the charging mechanism. This could indicate that selective binding
sites for phloretin are present on these membranes or that a limited change
in surface structure is caused by phloretin action. The saturation effect
occurs at a concentration where Fig. 3 shows a deflection in the concentra-
tion response curve, providing supporting evidence that a significant threshold
is present. Similar transient current functions were not observed for the
dipolar species o-nitrophenol, p-nitrophenol and phlorhizin. However, 2,4,6-
trihydroxyacetophenone proved capable of generating similar current/time
profiles as were observed with phloretin. The actual binding position/location
of the dipolar species may be critical for this effect to be observed. The most
energetically favorable interaction of a molecule such as phloretin with
membrane lipid (phloretin is electrochemically active in the absence of
cholesterol) may be through dipole-dipole electrostatic binding. Such a model
suggests that the charge-center distributions of phloretin and 2,4 ,6-trihydroxy-
acetophenone are very similar, and are spatially and electrostatically suitable
for lipid dipole vector binding. The binding stability of phlorhizin would be
limited by the large steric hindrance caused by the glucose residue. In this
model, however, P-N dipole vector, bound water of hydration and underlying
carbonyl dipole vector reorientation would also have to be considered.

Phlioretin signal amplification

One interesting practical feature obtained through electrostatic manipula-
tion of BLM surfaces is the ability to amplify or probe the effects of agents
that act directly on the chemical potential energy barrier. Several studies
have included the use of molecular membrane probes such as valinomycin to
establish the nature of dipolar interaction [3, 4, 21, 22}. The addition of
valinomycin to a BLM significantly increases the potassium ion flux by
decreasing the chemical potential barrier involved in transmembrane ion
transport. The addition of phloretin to the same membrane will decrease the
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TABLE 1

Amplification of ion current for 1.0 X 10~° M phloretin additions to membranes doped
with valinomycin

Valinomycin (M2 6.4 x 10 3.2x 107

5.0 x 1077 6.4 X 1077 6.4 x 10
Amplification® 1.6 2.3 5.5

8.3 16.5

3Concentration of valinomycin in 0.1 M KCl. ® Amplification relative to the ion current
measured for the unmodified membrane.

electrical potential barrier to carrier ion transport. These two energy changes
then act in a concerted manner to produce greater potassium ion flux on
addition of both valinomycin and phloretin. A standard application of
phloretin resulting in a well defined final concentration will produce greater
electrochemical response for membranes containing increasing concentrations
of valinomycin. Table 1 shows the amplification possible when a constant
phloretin concentration is added with BLM of increasing valinomycin content.

Conclusions

This work confirms earlier work [1] which showed that local perturbation
of the electrical potential distribution in lipid membranes results in a valuable
analytical signal. With phloretin added, the ion permeability of the BLM is
influenced by local interaction of the stimulant with permions adsorbed at
the membrane surface. This effect is associated with ion conduction through
BLM sites that provide a low potential-energy pathway for the ion. Selective
sensing mechanisms based on alteration of an intrinsic receptor/membrane
dipolar potential by simple addition of a stimulant dipole and/or by surface
structural effects thus seem possible. Sensitivity increases for this mechanism
can be achieved if permion-binding sites are located near receptors operating
on the basis of dipolar change.

The transient charging of the membrane observed on addition of certain
dipolar molecules appears to be related to the adsorption of the stimulant on
the membrane surface. The induction period between adsorption and the
positive current increase indicates that there is not an immediate response of
transmembrane ion transport to molecular adsorption. There are at least two
possible reasons for this. First, the ions need time to respond to changes in
the potential distribution of the membrane; for a barrier height of about
0.8 eV, this time constant is estimated to be about 10 s at room temperature.
Secondly, there seems to be an extra step between the charging of the
membrane with phloretin and any dipole-induced action; the evolution of
large transient signals by such a mechanism has implications for receptor
action.

We are grateful to the Natural Sciences and Engineering Research Council
of Canada and the Ministry of the Environment, Province of Ontario for
support of this work.
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SUMMARY

Cyclic voltammetry is applied to evaluate the relative basicity of some organic polar
solvents of electroanalytical interest (nitromethane, acetonitrile, tetrahydrofuran, 1,2-
dimethoxyethane, dimethylformamide, dimethyl sulphoxide and pyridine). For this
purpose, anhydrous perchloric acid is electrogenerated in these solvents and the half-wave
potentials of the redox couple H*/H, are recorded by referring them to a reference
system independent of the nature of the solvent. The proton-basicity scale so obtained
is compared with previous basicity series and the observed analogies and differences are
discussed. The same procedure is also applied to evaluate, in the solvents mentioned, the
relative strengths of some bases which can be used as titrants in nonaqueous media.

Several attempts to rank organic solvents on the basis of their relative
basicity have been reported in the literature [1]. Different experimental
techniques, such as n.m.r., u.v. and i.r. spectroscopy, calorimetry and liquid
chromatography, have been applied. Full agreement between the scales
obtained is not observed. This is probably a consequence both of the differ-
ent nature of the acid-base reactions considered for evaluating the solvent
basicity and of the reaction parameter (AH or AG) measured. As to the
nature of the acid-base reaction, the reference acid and the solvent can inter-
act with each other, leading either to a real proton-transfer reaction or to the
formation of a molecular adduct with or without hydrogen bonds, depending
on the reference Lewis acid used. In particular, in the latter case, steric
hindrance may also play quite an important role.

Although the definition of basicity with reference to the proton is of prime
interest in gaining insight into the correct fulfilment of acid-base titrations in
nonaqueous solvents, relatively few data are available with respect to reac-
tions of bulk solvents with hydrogen ion.

To date, these reactions have been studied by using the potentiometric
approach [1] in which a solvent-independent reference electrode involving
stable redox couples and a hydrogen electrode are required; both of these

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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imply experimental difficulties that are hard to overcome. These reactions
can also be studied by voltammetric techniques which make it possible to
use an easier experimental approach. In this paper, the bulk solvent basicity
is evaluated by using cyclic voltammetry to measure the reversible half-wave
potential of the redox couple H*/H, in some organic polar solvents of elec-
troanalytical interest. The solvents investigated are pyridine (Py), dimethyl
sulphoxide (DMSO), N,N-dimethylformamide (DMF), 1,2-dimethoxyethane
(DME), tetrahydrofuran (THF), acetonitrile (AN) and nitromethane (NM).
The strengths of some bases which can be used as titrants are also evaluated
in these solvents.

EXPERIMENTAL

Chemicals

All the chemicals used were of reagent-grade quality. Reagent-grade
solvents were further purified by procedures reported in the literature [2]
and were stored over 0.4-nm molecular sieves under a nitrogen atmosphere.

The supporting electrolyte, tetrabutylammonium perchlorate (TBAP),
was recrystallized from methanol and dried under vacuum at 50°C. Stock
solutions of anhydrous perchloric acid in all the organic solvents examined
were obtained by anodic oxidation on a platinum electrode of hydrogen gas
bubbled through the solvents containing the appropriate amount of support-
ing electrolyte.

Nitrogen used to remove dissolved oxygen from the working solutions and
hydrogen were previously passed through sulphuric acid to remove traces of
water and then equilibrated to the vapour pressure of the solvent.

Apparatus and procedure

Voltammetric experiments were conducted at 20°C in a three-electrode
cell. The working electrode was a platinum disc mirror-polished with graded
alumina powder prior to each voltammetric scan. This preliminary surface
activation made it possible to record cyclic voltammetric responses as
reproducible as those obtained by using the activation method proposed
recently [3] which requires pre-anodization. The polishing procedure with
alumina is preferable for this work, in any case, because anodization is pre-
cluded when the ferrocene reference system is present in the solution (see
later).

In the cell, the working electrode was surrounded by a platinum spiral
counter electrode. Its potential was measured against a Luggin capillary-
reference electrode compartment, the position of which could be adjusted
by mounting it on a syringe barrel. An aqueous SCE was used as the actual
reference electrode, but all the potentials reported in this paper are referred
to the half-wave potential, E,,, of the ferricinium/ferrocene (Fc*/Fc)
system. This was measured by cyclic voltammetry after addition of ferrocene
to the H'-containing solutions in the different solvents, following the
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procedure recommended by IUPAC {4]. The Fc¢*/Fc system was chosen
because its E,,, 1s independent of the nature of the solvent; it was found to
be reversible in all the solvents investigated at the scan rate generally used
(0.050 V s).

Perchloric acid was electrogenerated in an H-shaped cell with cathodic and
anodic compartments separated by a sintered glass disc. The working elec-
trode was a platinum gauze and a nickel spiral served as the counter electrode;
again, the reference electrode was an aqueous SCE. The solutions thus
obtained were then transferred to the voltammetric cell under nitrogen with
a degassed syringe.

The voltammetric unit was a three-electrode system assembled with MPI-
System 1000 equipment in conjunction with a function generator (PAR 175
universal programmer). The recorder device was either a Hewlett-Packard
model 7040 A X-Y recorder or a Tracor Northern NS-570A digital storage
oscilloscope/wave form digitizer with analog output for an X-Y recorder,
depending on the scan rate applied.

In the controlled potential electrolyses, an Amel model 552 potentiostat
was used and the associated coulometer was an Amel model 731 integrator.
Potentiometric titrations were done in the H-shaped cell used for electro-
generating perchloric acid; a Metrohm EA-158 glass electrode was always
used for nonaqueous media.

RESULTS AND DISCUSSION

Bulk solvent basicity

According to the literature [5, 6], all measurements are made on the
assumption that the perchlorate ion is a weaker base than all the solvents
investigated. Consequently, quantitative dissociation of electrogenerated
perchloric acid is always expected, in agreement with the following general
reaction (S = solvent)

HCIO, + S > HS* + ClO;

The cyclic voltammetric profiles of all the perchloric acid solutions shows, in
fact, a single one-electron cathodic peak arising from the reduction of H* to
H,, the potential of which depends on the nature of the solvent used.

The occurrence of a one-electron process was checked by comparing the
height of the relevant peak with that displayed by ferrocene which is known
to involve a one-electron oxidation [7]. As shown in Fig. 1, the cathodic
peak is accompanied by an anodic peak reflecting the re-oxidation of
hydrogen to hydrogen ion. Consequently, the observed cathodic-anodic
system can be attributed to the following redox equilibrium

HS* + e‘#%Her S

Depending on the nature of the solvent used, the separation between the
associated cathodic and anodic peaks ranges from 0.060 to 0.090 V, when a
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scan rate of 0.020 V s is applied. An increase in the scan rate causes greater
peak separations to be observed (e.g., 0.090—0.120 V for AE, at a scan rate
of 2 V s™). This dependence of peak separation on the sweep rate suggests
that the process involved is not perfectly reversible; nevertheless, the cathodic-
anodic couple is always centred at the same potential value for each solvent
investigated. These findings indicate that a transfer coefficient a ranging
from 0.3 to 0.7 characterizes the electrode process, thus allowing evaluation
of the half-wave potential by the simple relationship [10] E, , = (E, + E,.)/2.

In Table 1 the solvents investigated are ranked on the basis of their
increasing basicity which is reflected by the decreasing E,,, values measured
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Fig. 1. Cyclic voltammograms recorded with a platinum disc microelectrode from solu-
tions containing 6 X 10 M HCIO, and 0.5 M TBAP in the solvents indicated. Scan rate
0.1 Vs,

Fig. 2. Comparison of the E, values reported in Table 1 with the following basicity
parameters: (a) free energy for the transfer of H* from water to the organic solvent (from
Benoit and Louis [1]); (b) donor number (from Gutmann [8]); (¢) basicity solvato-
chromic parameter (from Kamlet et al. [9]).
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TABLE 1

" Ey,, values for the H*/H, redox couple recorded at a platinum disc microelectrode from
cyclic voltammetry at a scan rate of 0.1 V s, referred to the Fc*/Fe system

Solvent E,, (V) Solvent E, (V)
NM —0.080 DMF —0.770
AN —0.260 DMSO —0.830
DME —0.400 Py -—-1.020
THF —0.440

against the reference redox system Fc*/Fc. In agreement with obvious expec-
tations, this basicity is shown to increase with the availability of unshared
pairs of electrons in the solvent molecule. The reported E,,, values might be
affected by the possible ion-pair formation (HS*ClOj), especially in the
solvents with quite low dielectric constant. This effect, if present, would
lower the proton activity leading to a more difficult reduction of the HS*
species and hence to an ‘“‘apparent’’ higher basicity of the solvents. Therefore,
the voltammograms were recorded for solutions in which the concentration
of the supporting electrolyte ranged from 0.2 to 2 M. No changes in the
voltammetric profiles were observed, thus indicating that the effect of the
ion-pair formation is negligible in the present experimental conditions.

A comparison between the present results and those obtained by different
approaches was attempted in order to test the reliability of the basicity scale
found here. For this purpose, the E,,, values were plotted against the param-
eters used in some other series. Figure 2(a) shows a good correlation with the
scale based on the potentiometric determination of the free energy for the
transfer of hydrogen ion from water to the generic organic solvent S
(AGS . ((H")) [1]. The following correlation equation is valid in this case:

E,,=—0.600 + 0.028AGY,_, (H*) (r = 0.986)

This equation was calculated for only five solvents because the AGY, _, (H*)
values for 1,2-dimethoxyethane and tetrahydrofuran are not available in the
literature. The good correlation coefficient can be explained by considering
that both scales are based on measurements of free energy variations. In this
connection, it may be noted, however, that the voltammetric approach
simplifies the evaluation of solvent basicity compared with the potentiometric
method. It enables the use of a hydrogen electrode, with all its experimental
difficulties, to be avoided. Moreover, the presence in the solution of freshly
prepared Fc* ion (not very stable) is not required.

A rather satisfactory agreement is also apparent in Fig. 2(b) with the series
suggested by Gutmann [8], although it is referred to a different thermo-
dynamic quantity. This series involves a parameter, the donor number (DN),
which is coincident with the AH® involved in the formation of an adduct
between the solvent and a Lewis acid (antimony(V) chloride). In this case,
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the correlation equation found is £,,, = 0.111 — 0.030 DN (r = 0.933). The
reasonably satisfactory value for the correlation coefficient indicates that
entropy variations do not play an important role in these acid-base equilibria.

The plot of E,,, vs. the solvatochromic parameter g8 [9, 11], is shown in
Fig. 2(c). The correlation equation here is E,,, = 0.233 — 1.518 g (r = 0.911).
It must be emphasized that in this last plot, there is complete disagreement
about the basicity of pyridine. This solvent is characterized by a § parameter
which is intermediate between those proper for THF and DMF, whereas it is
the more basic solvent examined according to the present ranking. This quite
unsatisfactory agreement is probably due to the different reference reactions
used for the two scales. The § parameter quantifies the solvent hydrogen-
bonding acceptor ability which leads to the formation of neutral adducts. In
contrast, the E,,, values used here refers to the net transfer of a proton to
the solvent. Nevertheless, it should be emphasized that the potentials mea-
sured here can be conditioned not only by the strength of the species HS™,
but also by the formation of hydrogen bonds between HS* and other solvent
molecules, yielding ionic adducts of the type HS;,.

Relative strength of some bases in organic solvents

In order to ascertain if valuable information concerning acid-base titrations
in nonaqueous solvents can be gathered by the cyclic voltammetric approach
described above, the strength of a series of bases was evaluated in the differ-
ent solvents investigated. For this purpose, each basic compound (B) was
added to the perchloric acid solution in the desired solvent and then the
cyclic voltammetric responses were recorded. A base/hydrogen ion molar
ratio of 2:1 was taken in all cases in order to determine the E,,, values rela-
tive to the HB*/B buffers. The addition to the HS* solutions of compounds
more basic than the solvent caused only a cathodic shift of the couple of
peaks displayed by the system H*/H,, while no effect was observed for
compounds of similar or lesser basicity, in full agreement with obvious
expectations.

A quite similar approach has been described very recently [12]. In that
case, however, the measurements were made under moist conditions in that
the species HS* was generated by adding aqueous perchloric acid to the
solvent. Moreover, the reference electrode used was not independent of the
nature of the solvent.

Table 2 collects all the experimental data; they appear to reflect quite well
the order of basicity expected from the literature [5]. Comparison of the
reported potentials with those collected in Table 1 allows one to infer the
potential changes expected in the relevant potentiometric titrations. To
verify the reliability of the present voltammetric data, potentiometric
titrations were done on perchloric acid solutions in different solvents by
adding stepwise the bases mentioned in Table 2. In all cases, the potential
changes obtained potentiometrically (see Fig. 3) agreed within +0.010 V
with those expected on the basis of the comparison of Table 1 with Table 2.
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TABLE 2

E,» values (V) for the H*/H, redox couple recorded at a platinum disc microelectrode
from cyclic voltammetry on solutions of some bases in different solvents (scan rate
0.1 V s7*; reference system Fc*/Fc)

Base E,;» (V) in different solvents

NM AN DME THF DMF DMSO Py
AN ndd _b b —b —b —b —b
DME nd —0.250 —b —b —b —b —b
THF nd —0.270 nd —b ~b —b —b
PPh, nd —0.430 nd nd —b —b —b
DMF nd —0.430 nd nd —b —b —b
DMSO nd —0.440 nd nd —b —b ~b
Py —0.680  —0.750  —0.800  —0.800 —0.850  —0.930 —>
Morp®  —0.960  —1.040 —1.070 —1.090 —1.140 —1.230 —1.130
Pipd —1.080 —1.160  —1.180 —1.200 —1.250 —1.350 —1.250

2Not determined. ® Undetectable owing to the higher or comparable basicity of the solvent.
tMorpholine. Piperidine.

AE/V
AN v (b)
.
EN | ANH ( a )
0.804 0.80-
DMF
DMS0
040 0.40
Py
Morp
0.004 0.004
Pip
, , T T
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Fig. 8. Titration curves: (a) electrogenerated 6 X 10-* M HCIO, in 0.1 M TBAP solutions
in acetonitrile with 0.1 M TBAP solutions in acetonitrile of the bases (1.6 x 1072 M)
indicated on the curves; (b) electrogenerated 6 X 10 M HCI1O, in 0.5 M TBAP solutions
in the solvent indicated on the curves with 1.6 X 10 M piperidine in 0.5 M TBAP dis-
solved in the same solvent. (Morp means morpholine.)
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The inspection of Table 2 indicates that the E,,, values relative to each of
the reported compounds are affected by the nature of the medium, even
when solvents with lesser basicity than that compound are used. In particular,
it can be seen that the reduction of the acids conjugated with pyridine,
morpholine and piperidine occurs at increasingly negative potential values as
the basic character of the solvent increases. The only exception to this trend
is given by the solvent DMSO which causes a higher cathodic shift than
pyridine, although the opposite basicity order is shown in Table 1.

The dependence of the E,,, values on the nature of the solvent indicates
that the real basicity exhibited by the compounds is conditioned by the
basic character of the medium and this is strongly suggestive of the forma-
tion of hydrogen bonds between HB* and the solvent molecules. These
bonds, mentioned also at the end of the previous section, are in fact expected
to be stronger the more basic is the solvent. The effect of their formation on
the “proton-basicity’’ measured here is the subject of a second report [13].

The authors thank C.N.R. (Rome) and the Ministry of Public Instruction
for partial support. Also the financial aid of C.N.R., Project ELA, “Accumulo
Elettrochimico”, is gratefully acknowledged.
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SUMMARY

The cyclic voltammetric technique is used to study hydrogen-bond formation in some
polar organic solvents (S) of electroanalytical interest (1,2-dimethoxyethane, tetrahydro-
furan, dimethylformamide, dimethyl sulphoxide and pyridine). The cathodic shift of the
proton reduction caused by stepwise addition of the solvent investigated to a solution of
anhydrous perchloric acid in acetonitrile is utilized. The theoretical treatment applied
produced evidence that HS* and HS} are the only acidic species involved, so that the rele-
vant formation constants can be evaluated. The data obtained mostly compare well with
those available in the literature. The features that condition the tendency to hydrogen-
bonding and the effect of hydrogen bonding on solvent basicity are discussed.

One of the most important solvent-solvent interactions is due to the for-
mation of hydrogen bonds when one hydrogen atom is shared between sol-
vent molecules. There have been many experimental and theoretical studies
dealing with the effect of hydrogen bonding on the solvent self-association
[1—-3]. Although some of these investigations have been devoted to evalua-
‘tion of the solvent basicity [4, 5], no attempt seems to have been made to
quantify the role played by hydrogen bonding in conditioning the proton
activity in a given organic solvent.

In principle, the relevant association products, when originated by added
protons, can be regarded as simple complexes of the type HS;. Consequently,
it is possible to characterize their stoichiometry as well as to determine their
stability constants by the normal methods used to study complex formation
equilibria which involve gradual changes in the concentration of the ligand S.
This approach has been adopted previously in potentiometric studies of the
hydrogen-bonded complexes formed by nitrogen bases in different solvents,
even though only quite low concentration ranges of the added bases were
used [6].

The effect on the proton activity caused by a concentration change of a
basic species can easily be monitored by cyclic voltammetry which appears

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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to be a valuable tool for this purpose, as was pointed out in the first part o1
this report [7]. Of course, these measurements must be made in a solvent
which is itself incapable of forming hydrogen bonds. Because the very poor
bonding ability of acetonitrile is well recognized [8], it was chosen as the
reference medium in this work; another advantageous feature is that this
solvent is easily purified and very stable on storage.

This paper reports the results achieved in a series of cyclic voltammetric
measurements on the H*/H, redox couple present in a medium obtained by
mixing the reference solvent acetonitrile (R) with increasing mole fractions
of some more basic solvents (S). The solvents examined were 1,2-dimethoxy-
ethane (DME), tetrahydrofuran (THF), dimethylformamide (DMF), dimethyl
sulphoxide (DMSO) and pyridine (Py).

EXPERIMENTAL

The preparation and the purification of all the chemicals as well as the
electroanalytical instrumentation were described in Part 1 [7].

All measurements were made at 20°C and the total proton concentration
was kept constant in order to avoid a dilution effect on the potential values
recorded (see later). For this purpose, anhydrous perchloric acid solutions
both in acetonitrile and in the solvent investigated (S) were freshly prepared
to exactly the same concentration, by following the electrochemical pro-
cedure reported previously [7]. Subsequently, increasing amounts of the
HCl0O,/S solution were added stepwise to the HCIO,/CH;CN solution and
cyclic voltammograms were recorded after each addition. The relevant E,,,
values were then evaluated from the well-established relationship E,,, = (E,,
+ E,.)/2. They were referred to the E,,, of the ferricinium ion/ferrocene
(Fc*/Fc) redox couple measured in its turn after each addition of the HCIO,/S
solution, ferrocene (3.0 X 107 M) being added at the beginning of all the
measurements.

All calculations were run on a Digital model 11/23 computer.

RESULTS AND DISCUSSION

The stepwise addition to perchloric acid solutions in acetonitrile (reference
solvent R) of a more basic solvent, S, containing perchloric acid at exactly
the same concentration, causes a progressive shift of the H*/H, cathodic-
anodic system of voltammetric peaks towards more negative potentials. But
there is no remarkable change in the height of these peaks.

The dependence of the relevant E,,, value, evaluated after each addition, on
the logarithm of the concentration of S is shown in Fig. 1;in these measure-
ments, a large change in the concentration of added solvent was explored,
reaching experimental conditions in which it became the predominant
medium, thus the mole fraction is preferred for expressing the concentration
of S. In three cases at least, the curves obtained made it possible to identify
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Fig. 1. Dependence of E ,, for the H*/H, couple on the logarithm of the mole fraction of
the solvent added to acetonitrile, both containing 6.0 x 10 M HCIO,, 3.0 x 10> M Fe
(internal reference) and 0.5 M TBAP. All the potentials are measured with a platinum
microelectrode at a scan rate of 0.1 V s™ and referred to the E,,, (H*/H,) in acetonitrile.

linear portions; the slopes are reported in Table 1. Such trends suggest that
H*-S association equilibria are operative; their rationalization is possible on
the basis of the following simple considerations.

Because the reference solvent R (acetonitrile) is unable to provide hydro-
gen bonds to an appreciable extent [8], its protonation can be assumed to
yield only the species HR*. The addition of a more basic solvent S to HR*
solutions is expected to cause the formation of protonated species such as
HS*, HS3, ..., HS;. Consequently, the following equilibria may be operative:

HR'+S=HS*+R (K, =[HS'][R]/[HR*][S])

HS*+ S = HS; (K. = [HS37]/[HS*][S]) (1)
H8;-, + 8= HS; (K, = [HS;]/[HS;—.,][8])
TABLE 1

Blopes available from Fig. 1

Bolvent Approximate mole Slope? n
fraction range

0.0006—0.01 0.058 1
DMF 0.01—1.0 0.119 2
DMSO 0.0006—1.0 0.118 2

. 0.0006—0.035 0.059 1
Pyridine 0.035—1.0 0.114 2

8Calculated by the least-squares method.
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The total concentration of protons is Cy+ = [HR*] + Z{[HS/]. This com-
bines with the above equations to give the following relationship for the
equilibrium concentration of HR*

[HR*] = Cyp(1 + >'liﬁ,-[81f/[R1 y @)

where §; is the jth overall formation constant (8; = II'K;). This can be inserted
in the Nernst equation relative to the redox system (supposed to be totally
reversible)

HR*+e =1/2H, + R (3)

This equation is valid if all activity coefficients are kept constant; it can be
considered that the ionic strength does not change appreciably under the
present experimental conditions (irrespective of the dielectric constant of
the solvent used) because of the presence of the supporting electrolyte in
both the mixed solutions. Thus

E=E°+ RTF™ In [HR*]/[R][H,]"? (4)
and
E=E°+RTF* In Cy([R] [H,]V?)(1 + z 8, (SH/IR] )™ (5)

In order to express the potential as a function of current, the following
diffusion conditions can be introduced: i = iy — d(Cy+)o and i = dy, [H:],,
where d and dy, are the relevant “Ilkovi¢” coefficients and the subscnpt 0
refers to the concentratlons at the electrode surface. Consequently, by im-
posing i = i3/2, Eqn. 5 becomes

E,, =E”+RTF™ In (d4%d) + RT(2F)™ In (ig/2) —RTF™ In ([R],
+ %m[sm 6)

Comparison of this equation with the half-wave potential relative to the
occurrence of reaction (3) in the absence of §, i.e.,
E,,=E”"+RTF'In (d”/dHR+) + RT(2F)™? In (i4/2)

(the term (RTF™) In [R], is omitted because its value is zero in pure R),
gives the following relationship, which is valid if it can be assumed that the
mean coefficient d is equal to dyg+

AE; =—RTF™ In ([R], + ZB,[S] 0) (7)

This equation implies that the plot of the half-wave potential against the
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logarithm of the concentration of the added solvent S consists either of a
number of linear portions with breaks if the step formation constants K,
differ sufficiently or of a smooth curve with no breaks when these constants
lie close to one another. The present experimental data appear to obey
Eqgn. 7, thus indicating that all the assumptions made above are satisfactory
and so that the products HS;, of the interaction between protons and solvent
molecules can be regarded in this case as simple complex species.

Inspection of Fig. 1 and Table 1 indicates that all the solvents investigated
are able to form hydrogen-bonded species of the type HS;, while higher-
order association products are not formed even by the more basic solvents.
Different behaviours are observed, however, for the various solvents added.
In particular, a slope lower than 0.058 V (n = 1) is shown by 1,2-dimethoxy-
ethane and THF until a quite high molar fraction is reached. This finding
indicates that the K, value for these solvents is not high enough to allow
reaction (1) to be shifted to the right for relatively low Cg/Cy ratios. More-
over, in these cases, a slope attaining 0.116 V (n = 2) is observed only for a
mole fraction approaching unity and no clear break in the slope is apparent,
which shows that K, does not differ considerably from K,.

Similar considerations lead to the conclusion that, in contrast, the solvents
DMF and pyridine are characterized by relatively high values for K; and
rather notable differences between K, and K,. A different behaviour again is
exhibited by DMSO, for which a straight line with a slope of 0.116 V (n = 2)
is obtained over the entire concentration range explored. This result strongly
suggests that the value for K, is higher than that for K,, even though K, is
expected to be fairly high in view of the significantly higher basicity of
DMSO (S) compared to that exhibited by acetonitrile (R). The circumstance
that the formation of the hydrogen-bonded species HS; for DMSO is more
favoured than that of HS®, which is at variance with the behaviour of the
apparently more basic solvent pyridine, suggests that not only basic strength
but also other effects (e.g., steric hindrance) can play an important role in
the hydrogen-bonding ability of a basic species. However, if this ability is
conditioned mainly by the basicity, then the more basic is the solvent, the
lower should be the mole fraction at which the change in slope (from n =1
to n = 2) is observed; this is in disagreement with the experimental evidence
(see Fig. 1). ’

According to this view, the least steric hindrance among the solvents
investigated is expected to be exhibited by DMSO, on the basis of simple
considerations. This could account for the disagreement between the pro-
posed “proton-basicity’’ scale [7] and that based on the solvatochromic
parameter § which ranks the solvents simply in order of their hydrogen-
bonding ability [5]. On this latter scale, DMSO is in fact more basic than
pyridine, whereas the opposite order was found in the present work, as well
as in some other series [9, 10]. This disagreement emphasizes that much
caution must be used before basicity data can be inferred from the hydro-
gen-bonding capability displayed by a species.
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The applicability of Eqn. 7 to the equilibria involving protons in the sol-
vents investigated means that the formation constants K,, K, and/or 8, may
be evaluated. For this purpose, a simple linear regression procedure can be
used in the cases of DMF, DMSO and pyridine, where a linear trend is
apparent in finite ranges of log S. Of course, for DMSO, only 3, can be
obtained from the data because the condition K, > K, mentioned above
means that the term g,[S], in Eqn. 7 is negligible for all values of the mole
fraction of S. Conversely, this method cannot be used for 1,2-dimethoxy-
ethane and THF because smooth curves were observed; for these solvents,
the formation constants K, and K, were evaluated by a modified simplex
optimization procedure [11]. It is worth noting that the application of this
procedure to DMF and pyridine yielded K, and K, values which agreed well
with those obtained by the linear regression method. The formation con-
stants obtained are collected in Table 2. The reliability of these data was
estimated by comparing the experimental points with the AE,,, vs. log [S]
curves calculated by inserting into Eqn. 7 the formation constants reported
in Table 2. This comparison is shown in Fig. 2.

The order of basicity inferred from the K, values agrees completely with
that found in Part 1 of this work [7]. In contrast, the formation constants
K, do not increase with solvent basicity. This strongly supports the above
suggestion that other effects are also of importance in the formation of H*-
bonded solvent association species. In this regard, it must be noted that all
of these effects are accounted for in the solvatochromic series [5] which
indeed evaluates the hydrogen-bonding ability. Thus at variance with the
present scale, the solvatochromic scale attributes a higher basicity to DMF
than to pyridine; according to the present K, values, pyridine is in fact less
prone to participate in the formation of hydrogen bonds. These arguments
can also explain the unexpected increase in basicity observed for morpholine
and piperidine on changing from pyridine to DMSO as solvent (see Table 2
[7]). This higher basicity is possibly due to the formation of heteroconju-
gated complexes of the type HBS* which will be more stable when S = DMSO,
because of its higher tendency to hydrogen bonding (see above).

TABLE 2

Formation constants of HS* and HS? for the solvents investigated, referred to acetoni-
trile?

Solvent K, K, 8,

DME 1.2 x 10? 5.0 6.0 X 10?
THF 6.4 x 10° 1.4 9.0 X 10?
DMF 5.8x 10° 110.3 6.4 x 107
DMSO — - 2.0x 10°
Pyridine 4.5 x 10 31.1 1.4 x 10%

4The mole fraction is used as the concentration unit (see text).
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Fig. 2. Fit of the experimental points to the calculated curves.

In comparing the formation constants found here with those reported in
the literature, it must be taken into account that the literature data are usu-
ally based on molarity as the concentration unit, whereas mole fractions are
used here. No problem arises for K, in that K, is a dimensionless quantity in
both cases; to make the K, values consistent, the sum of the molarities of all
the species present in the solution may be used as the conversion factor. Few
data are available in the literature; however, they appear to be in reasonable
agreement with those found here. Only the K, value for THF (12.6 [12])
differs from the present value by more than one order of magnitude; this can
probably be attributed to the different approaches used and to the presence
in this work of the supporting electrolyte, which especially affects the mea-
surements in solvents of lower polarity. For the K, values relevant to DMF
(1.2 X 10° [12]) and to pyridine (2 X 10' [18]), the agreement is better.
Substantial agreement is observed also with the only available K, value (4 1
mol™ for pyridine [8]); in the mole fraction scale, this becomes about 50
when the conversion factor mentioned above is used.

Conclusions

The above findings emphasize that the strength of a base when it is used as
solvent, i.e., the “bulk solvent basicity”, differs from its ‘“intrinsic basicity”’
(which is accounted for by K,) by a term defining its ability to undergo
hydrogen bonding (expressed by k,). Consequently, basicity data cannot be
applied indiscriminately to any experimental condition. Whether the ‘“‘bulk
solvent basicity’ or the “intrinsic basicity’’ should be considered will depend
on whether the solvent is used as the medium or as the basis titrant dissolved
in another medium with little tendency to hydrogen bonding.
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It must be noted, finally, that the formation constants found here may be
affected by the presence of the supporting electrolyte. Moreover, in spite of
the good agreement between the experimental results and Eqn. 7, all the
simplifying assumptions required by this equation are expected to have a
small but not negligible weight. Of course, the approach based on cyclic
voltammetry can be applied only for polar organic solvents.
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SUMMARY

The electrochemical behaviour of a material obtained by moulding graphitized carbon
black and polyethylene at 100—150°C is described. The material can be used as a pellet
electrode in voltammetric procedures. As a tubular anode held in a teflon body, the ma-
terial is valuable as a sensor for high-performance liquid chromatography. Its properties
are comparable with those of glassy carbon with better signal-to-noise ratios. It is applied
for the determination of several phenols, chlorophenols and hydroquinone in the low
mg 1" range or less,

Carbon materials are extensively used as electrodes in electroanalytical
chemistry. Although glassy carbon has been used in very many applications,
other products such as graphite, impregnated carbon and carbon paste have
also been applied [1—5]. The outstanding properties exhibited by graphi-
tized carbon black (GCB), a very homogeneous material which is widely
applied in gas chromatography [6—8], suggested an examination of its use as
an electrochemical sensor. If GCB is mixed with polyethylene powder and
moulded at a temperature of about 120°C and a pressure of 10—15 atmos-
pheres, the material can be obtained in any desired shape [9].

The polyethylene/graphitized carbon black (PGCB) electrode is attractive
because it is easy to fabricate and machine and it is inexpensive; it can be
used as a disposable electrode and discarded when it becomes fouled. The
aim of this investigation was to evaluate the performance of polyethylene/
graphitized carbon black electrodes for hydrodynamic voltammetry and to
examine their suitability as an electrochemical sensor in high-performance
liquid chromatography (h.p.l.c.).

EXPERIMENTAL

Preparation of electrodes
Graphitized carbon black was obtained as a fine powder (100 mesh;
Supelco). Polyethylene (low density; Montedison, Milano, Italy) in powder

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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form was mixed thoroughly with the GCB in several weight ratios (from
1:10 to 1:20), introduced into a suitable mould and moulded in a press at
10—15 atm. and 100—150°C. The pellet obtained was 4 mm in diameter and
3—8 mm in length.

For studies of electrochemical behaviour, the pellet was inserted into a
polyethylene tube (7 mm external diameter, 4 mm internal diameter) and in
another suitable mould with the same procedure the pellet was fixed at one
end of the tube, providing a planar electrode as shown in Fig. 1(a). In order
to obtain a tubular electrode for use in h.p.l.c., the pellet was drilled mech-
anically to give a bore in the range 0.4—1.5 mm. The pellet was introduced
into a teflon holder as shown in Fig. 1(b).

(a) 1 (b)
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Fig. 1. Polyethylene/graphitized carbon black pellet electrodes. (a) Pellet fixed on the
bottom of a polyethylene tube for 'characterization: (1) metal rod for contact; (2) poly-
ethylene tube, 7 mm o.d., 4 mm i.d.; (3) PGCB pellet. (b) Pellet drilled and fixed in a
tubular holder as a sensor for h.pl.c.: (1) standard nut; (2) teflon spacers: (3) PGCB
pellet drilled to give a bore of 0,4—1.5 mm; (4) teflon holder; (5) screw for contact;
(6) from h.p.l.c. column; (7) to reference electrode.
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Voltammetric procedures

The electrochemical behaviour was checked by comparing the performance
of the pellet PGCB electrode with that of an analogous glassy carbon elec-
trode (3 mm in diameter; Tokai Carbon Co., Tokyo, Japan).

The behaviour of the detector for h.p.l.c. was compared with that of a
thin-layer glassy carbon cell (LC-17; Bioanalytical Systems, West Lafayette,
IN 47907).

Voltammetric behaviour was studied with a Polarographic Analyzer Model
466 (Amel, Milano, Italy) equipped with an Amel Model 868 recorder. The
linear-sweep mode was used in all studies.

The h.p.l.c. equipment consisted of a Perkin-Elmer pump connected to a
standard stainless steel chromatographic column filled with Lichrosorb C8
(Merck) or Erbasil C18 (Carlo Erba, Milano). The flow rate was 1 ml min™.
A Rheodyne Model 4125 rotary injection valve with a 20-ul injection loop
was used. The electrochemical detector used was a model LC-4B (Bioanalyti-
cal Systems). The electrochemical cell was modified by inserting the tubular
PGCB electrode as described above. The system was equipped with a Perkin-
Elmer Model 561 recorder.

RESULTS AND DISCUSSION

Anodic voltammetry

Voltammetric curves obtained for hydroquinone (4.3 X 10”° M)in 0.5 M
sulfuric acid at a sweep rate of 20 mV s with a glassy carbon electrode
showed a pattern similar to that described by Gunasingham and Fleet [10].
Similar tests were run with hydroquinone concentrations of 0—4.3 X 10° M
as shown in Fig. 2(a). It is worth observing that at zero concentration there
is evidence for the existence on the glassy carbon surface of a species to
which a quinoidal structure might be attributed from its oxidation pattern.
This behaviour has been discussed by many authors [1—10]. Voltammograms
obtained with PGCB electrodes under the same experimental conditions for
hydroquinone concentrations of 0—7.5 X 10° M are shown in Fig. 2(b). No
extra peaks are observed and, though the hydroquinone peak is less well
defined than in the experiments with glassy carbon, reproducible results
were obtained.

Voltammetry at the PGCB electrodes was found to be possible over a
potential range of 0—2 V, which is much wider than the range available with
glassy carbon (0—1 V). A higher electrochemical inertia can thus be attributed
to this material. A point of major interest is obtained from Fig. 3, where the
intensity of the current measured (nA) is plotted against the hydroquinone
concentration. The plots for two PGCB electrodes of different sizes and one
glassy carbon electrode are shown. The former plots have better correlation
coefficients than the plot for the glassy carbon electrode and the plots with

_ the PGCB electrodes start from the origin whereas the plot with the glassy
carbon electrode does not. These results indicate that the PGCB surface does
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Fig. 2. Voltammetric curves for hydroquinone at different concentrations from 0 to
7.5 X 107 M: (a) on glassy carbon (0—1 V), scan rate 20 mV s™; (b) on PGCB (0—2 V),
scan rate 20 mV s™,

not present species which might be oxidized and, as linear response is ob-
served, that this material might be useful as a sensor in a flow-through cell.
It is well known that polyethylene is stable in the organic solvents and mixed
solvents often used as eluants in h.p.l.c.

The PGCB electrode as electrochemical detector in h.p.l.c.

The polyethylene/graphitized carbon black was examined for use as a
sensor in h.p.l.c. A common configuration for an electrochemical detector in
h.p.l.c. is a thin-layer cell with a glassy carbon electrode as anode. However,
this can easily be replaced by a tubular anode [11] as described in Fig. 1(b).
The tubular PGCB was forced into the teflon cavity and held in position
with teflon spacers and flanged teflon tubes. The reference and counter elec-
trodes (Ag/AgCl electrode and the stainless steel tube, respectively) were
placed downstream in a similar teflon container.

The behaviour of the thin-layer cell with a glassy carbon electrode was
compared with that of the tubular PGCB electrode by running hydrodynamic
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Fig. 3. Calibration plots for hydroquinone: (o) glassy carbon, correlation coefficient r =
0.98; (o) 3-mm diameter PGCB electrode, r = 0.997; (o) 5-mm diameter PGCB electrode,
r=10.996.

Fig. 4. Hydrodynamic voltammograms for phenol (2 mg 17) obtained by using (¢) PGCB
and (o) glassy carbon as the detector in h.p.l.c. (Ag/AgCl reference).

voltammograms of various compounds. As an example, Fig. 4 shows the vol-
tammograms for phenol obtained with aqueous 0.01 M phosphoric acid/
acetonitrile (1:1) as eluent. In neither case was a plateau observed but the
currents measured had similar values, becoming higher as the applied poten-
tial became more positive. The selected potentials were 1.1 V for the glassy
carbon electrode and 1.2 V for the PGCB electrode (vs. Ag/AgCl).

It is of primary importance to evaluate the signal/noise ratio which pro-
vides a measure of the detection limits for these devices. As shown in Table 1,
this ratio for the PGCB sensors is much higher than that for the glassy carbon
sensor, but it is strongly affected by the length of the electrode and by the
diameter of the hole through which the solution flows. The most favourable

TABLE 1

Signal/noise responses for various phenols with different anodes

Anode Length/ Signal/noise ratio?®
diameter Phenol cp DCP PCP
(mm)
Glassy carbon® — 9 5 0.15 0.45
PGCB 3/0.8 30 22 20 5
PGCB 6/0.8 110 42 82 20
PGCB 8/0.8 60 24 45 11
PGCB 4/1 70 32 53 16

28ignal/noise ratios normalized to 1 mg I concentrations for phenol, 2,4-dichlorophenol
(DCP) and pentachlorophenol (PCP). PThe BAS LC-17 cell.
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TABLE 2

Detector response and elution order of halogenated phenols

Compound Response (mm?’ ng™) Retention time
Glassy carbon PGCB (min)
Phenol 1.00 1.00 2.6
p-Chlorophenol 0.36 0.165 3.4
2,6-Dichlorophenol 1.20 0.48 4.2
2,4-Dichlorophenol 0.94 0.71 45
3,4,5-Trichlorophenol 0.09 1.10 7.0
2,4,5-Trichlorophenol 0.14 1.60 6.4
2,3,4,6-Tetrachlorophenol 0.15 1.35 8.9
2,3,4,5-Tetrachlorophenol 0.12 0.34 9.6
Pentachlorophenol 0.19 0.75 13.8

results were obtained with a PGCB length of 6 mm and a bore of 0.8 mm
diameter. The large increases obtained in the signal/noise ratios for some
chlorophenols with the PGCB electrodes are remarkable. This effect is
more readily appreciated from Table 2 in which response data are reported
for a set of compounds; the signal is expressed as peak area (mm?) per
nanogram of each compound; all values are referred to phenol taken as
standard. In several cases, the values obtained with the PGCB electrode
are higher.

Artificial mixtures of phenol and chlorophenols were injected onto
a reversed-phase Lichrosorb C8 column under the operating conditions
outlined above. The results are shown in Fig. 5(a) and (b). The higher
response of the PGCB electrode makes it possible to record signals for
compounds in the low mg 17 range or less.

The PGCB sensor is also suitable for the determination of other phenols;
Fig. 6 shows the chromatogram for a mixture of cresol, pyrocatechol, and
phloroglucinol.

The high sensitivity of the PGCB tubular anode for the determination of
phenolic compounds suggested its application for the determination of
this class of compounds in commercial samples of whiskies. Prior to chroma-
tography, it was necessary to clean up the sample; in the procedure, 25 ml
of the sample was adjusted to pH 12 by adding sodium hydroxide, evapo-
rated to 5 ml and washed with dichloromethane. After acidification with
0.01 M phosphoric acid, the sample was injected onto the column. Some
results are summarized in Table 3.

Conclusions

Graphitized carbon black can be moulded with polyethylene at 100—
150°C under pressure to yield a material which has interesting properties
for use as an electrochemical sensor in voltammetry. This material seems
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Fig. 5. Chromatograms of mixtures of phenols with the amperometric detector: (a) glassy
carbon sensor; (b) PGCB sensor. Peaks in (a) with concentration injected in pg ml?:
(1) p-chlorophenol, 2; (2) 2,6-dichlorophenol, 4; (3) 2,4-dichlorophenol, 8; (4) 3,4,5-
trichlorophenol, 100; (5) 2,4,5-trichlorophenol, 40; (6) 2,4,6-trichlorophenol, 40;
(7) 2,3,4,6-tetrachlorophenol, 40; (8) 2,3,4,5-tetrachlorophenol, 40; (9) pentachloro-
phenol, 40. Peaks in (b): (1) hydroquinone, 0.2; (2) e-cresol, 2;(3) 2,6-dichlorophenol, 4;
(4) 2,3,4-trichlorophenol, 2;(5) 2,3,4,6-tetrachlorophenol, 2.

Fig. 6. Response of the PGCB sensor to a mixture of phenols, with concentrations injec-

ted in ug ml™: (1) phloroglucinol, 0.2;(2) pyrocatechol, 0.2; (3) o-cresol, 2.

TABLE 3

Determination of phenols in commercial whiskies

Brand Concentrations found (mg 1)

Phenol o0-Cresol m-Cresol p-Cresol p-Ethylphenol
Ballantines 0.06 0.15 - 0.04 2.35
d.and B. 0.08 0.06 0.01 0.03 2.00

dohnnie Walker 0.09 0.07 0.01 0.11 2.60
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to be more inert than glassy carbon and yields a higher signal/noise ratio. A
tubular electrode moulded from the material is useful as an anode in h.p.l.c.
The behaviour of several compounds (phenol, chlorophenols and hydro-
quinone) indicates its advantages.

The PGCB electrode is attractive because it is easily prepared and cheap
enough to be regarded as disposable when it becomes fouled.
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SUMMARY

Microcolumn high-performance liquid chromatography is used for trace determin-
ations of polynuclear aromatic hydrocarbons. The detector is a laser fluorimetric system
with subnanosecond time resolution. The detection limit is 210 fg for perylene. In
chromatography, the fluorescence decay curves are measured successively as the sample
elutes by a microcomputercontrolled data-processing system. A three-dimensional
chromatogram, in which retention times and delay times are displayed, is constructed
after sample elution. A real sample extracted from airborne particulates is measured,
and perylene, benzo(a)pyrene, and benzo(ghi)perylene are shown to be present.

Polynuclear aromatic hydrocarbons (PAHs) are produced mainly by com-
bustion of fossil fuels from power plants and automobiles. Some of them are
strongly carcinogenic and should be determined at ultratrace levels. High-
performance liquid chromatography (h.p.l.c.) has been used extensively
for practical applications in analysis of real samples. A laser fluorimetric
detector is attractive because of its high sensitivity; the powerful radiation
can be focused tightly into a small detector [1, 2]. Diebold and Zare [3]
were the first to apply this technique to the determination of aflatoxins,

“using a continuous-wave He-Cd laser as light source and a flowing droplet
instead of a detection cell. Recently, Joseffson et al. [4] determined 20 fg
of fluoranthene, using an ultraviolet krypton laser and a flowing jet stream.

A fluorimetric detector based on a pulsed dye laser may be advantageous
with respect to the wide tuning range and the capability of temporal dis-
crimination of unwanted fluorescence from impurities. Richardson et al.
[6] used a pulsed dye laser for the determination of PAHs in coal gasifica-
tion studies. They could identify clearly the PAH species with long fluor-
escence lifetimes by using temporal resolution, and the limits of detection
were reported to be 1—10 pg. In our previous work [6], a time-resolved
fluorimeter with nanosecond resolution was constructed; the instrument
consisted of a subnanosecond dye laser pumped by an atmospheric-pressure
nitrogen laser, and was applied with a conventional h.p.l.c. system. It was
used for the analysis of samples extracted from airborne particulates, and

0003-2670/85/$03.30 ©® 1985 Elsevier Science Publishers B.V,
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the time-resolved fluorimeter with a good time resolution was shown to be
advantageous for efficient reduction of background emission [6]. Recently,
Furuta and Otsuki [7] developed a h.p.l.c. system with a pulsed dye laser
(pulse width of about 10 ns), which provided a sensitivity of 180 fg. They
measured the content of PAHs in Lake Mashu and found the concentration
of benzo(a)pyrene existing under natural conditions to be 7 pgl1™!.

Microcolumn h.p.l.c. has recently been developed [8, 9]. The resolution
obtained with fused silica capillary columns is satisfactory even at high flow
rates, so that the technique is advantageous for rapid resolution of the com-
plicated samples [9]. Furthermore, the solvent consumption rate is very low,
which is useful for routine purposes. However, it requires a very small detec-
tor with a volume of the order of nanoliters, otherwise the good resolution
may be degraded. A fused silica capillary was used for the detector for this
reason [4]. Hirschy et al. [10] used a flowing stream and could detect
several femtograms of fluorescent dyes. Very recently, Zare [11] reported
the application of laser fluorimetry to a microcolumn h.p.l.c. system with a
capillary detector and achieved femtogram detection limits with a He-Cd laser.

In h.p.l.c., reliable assignment is achieved by clarifying the characteristics
of the eluting component. The fluorescence technique is advantageous,
because the sample species can be identified from both the excitation
and fluorescence spectra. Time-resolved fluorimetry has an additional advan-
tage. In our previous study, the chromatograms were measured several times
at different delay times, and a three-dimensional chromatogram was con-
structed by superimposing these graphs [6]. This technique provided
additional information concerned with the fluorescence lifetime of the
sample, and the eluting component could be identified more reliably. But,
this technique requires a long time to obtain a three-dimensional chromato-
gram, because the sample injection must be repeated several times for con-
structing the three-dimensional chromatogram.

In this study, a microcolumn h.p.l.c. system with a time-resolved laser
fluorimetric detector is constructed and a microcomputer-controlled data-
processing system is developed which allows the construction of the three-
dimensional chromatogram after injection of a single sample. Based on three-
dimensional chromatography combined with time-resolved fluorimetry,
ultratrace analysis for P AHs and their reliable identifications are demonstrated.
The analytical advantages of the proposed method are discussed.

EXPERIMENTAL

Apparatus

A block diagram of the equipment is shown in Fig. 1. The pumping source
of the dye laser is a transversely-excited atmospheric-pressure (TEA) nitro-
gen laser (Nippon Dynamics, JH-500A). The dye laser is made with a quartz
cuvette for conventional fluorimetry, and is operated without tuning optics;
the output coupler is a quartz plate and the reflector is made of an
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Fig. 1. Block diagram of the equipment; M indicates a mirror.
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aluminum mirror. The laser dye used was 4,4" "-bis(butyloctyloxy)-p-quater-
phenyl (BBQ), which was dissolved in a mixture of ethanol and toluene
(1:1). The output power and the oscillating wavelength of the dye laser was
0.1 mJ and 386 nm, the average power being ca. 1 mW. The pulse-to-pulse
variation in the pulse energy of the dye laser was 50%. The dye laser beam is
split by a quartz plate, and the reflected pulse is detected by a photodiode to
provide a trigger pulse for a sampling oscilloscope (Iwatsu, SS 601B, 6 GHz).
The transmitted laser beam is focused by an objective lens for a microscope
(Nikon, M4) into a flow cell, which is made of a fused silica capillary. The
polyimide coating on the capillary was burned off by using a gas flame [4].
Fluorescence from the sample is focused by a lens (Nikon, M10) and passes
through a special mask to reduce scattered emission from the surface of the
capillary. The monochromator (Jasco, CT-10, dispersion 8 nm mm™) is
equipped with a microchannel plate photomultiplier (Hamamatsu Photonics,
R1294U-01); the dynode bias-resistance network including capacitors is
installed in the photomultiplier housing. The applied voltage was typically
3000 V. In this condition, no saturation effect was observed, and the signal
intensity was proportional to the fluorescence intensity. The signal is
measured by the sampling oscilloscope (aperture width 60 ps). The output
analog signal was amplified 10 times by a home-made amplifier and was
displayed on a strip-chart recorder or introduced into the analog input
interface of a microcomputer (NEC, PC9801) for data acquisition and
processing. The results were drawn by a plotter (Watanabe, WX4671) con-
trolled by the microcomputer. The time resolution of the instrument was
less than 1 ns,

The h.p.l.c. pumping system is assembled from a micro feeder (Azuma-
denki Kogyo, MF-2) with a 250-ul gas-tight syringe (Terumo, MS-GANO025).
The typical flow rate of solvent was 2—38 ul min~. The stability of the flow
rate was not always adequate and the retention times varied slightly with
.column conditions. A micro loop injector (Jasco, ML-422, 300 nl) was
modified for use in the microcolumn h.p.l.c. system, and gave an injection
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volume of 57 nl. The separation column was made of a fused silica capillary
with an inner diameter of 0.35 mm and a length of 100 mm. Fine SIL C,;3-5
(Jasco, ODS, 5 um) was used as packing material. The column was prepared
by the procedure recommended earlier [9].

Data processing

The three-dimensional chromatogram was constructed by displaying the
fluorescence intensity against the retention time and the delay time. The
laser was operated at a repetition rate of 20—30 Hz, and the fluorescence
decay curve was recorded successively as the sample eluted. The data were
stored during the measurement in the memory of the microcomputer. Data
with the same delay times were combined after all the components had
eluted, and a chromatogram was constructed. This procedure was repeated
sequentially by the microcomputer and the three-dimensional chromato-
gram was displayed by the plotter. Thus, 15 chromatograms were displayed
in a graph. For recording a decay curve, 15 data points at the specified
retention time were combined and displayed by the plotter. The signal-to-
noise (S/N) ratio of the chromatogram was improved by five-point data
smoothing, and this procedure was repeated a few times, unless the chro-
matographic resolution became poor. A semilog plot of the decay curve was
also displayed. Multicomponent analysis and calculation of the fluorescence
lifetimes were done by the microcomputer.

For recording two-dimensional chromatograms, the dye laser was operated
at a repetition rate of 1 Hz, and the fluorescence intensity was measured at
a specified delay time. For recording a time-resolved fluorescence spectrum,
the flow of solvent was stopped for a moment by a 6-way loop injector valve
(Gasukuro Kogyo, MPV-3), and the fluorescence intensity was measured at a
specified delay time by scanning the wavelength of the monochromator.

Reagents

Perylene, benzo(k)fluoranthene, benzo(a)pyrene, and benzo(ghi)perylene
were obtained from Wako Chemicals. The PAH samples from airborne
particulates and from solvent-refined coal were gifts. The methanol solvent
(Kishida Chemical Co.), specified for use in h.p.l.c. was used as received.
The water was doubly distilled and deionized. Oxygen dissolved in the sol-
vent and the sample was removed by bubbling with nitrogen and by further
treatment with ultrasonic agitation (Yamato, Brasonic 12).

RESULTS AND DISCUSSION

Sensitivity

In order to optimize the experimental conditions, the S/N ratio of the
chromatograph peak was plotted against the delay time by using the stan-
dard PAH samples. The S/N ratio immediately after excitation was very
poor because of the large background. The samples with short lifetimes
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such as perylene or benzo(k)fluoranthene gave optimum delay times at
around 6 ns. The optimum values were 10 ns for samples with long lifetimes
such as benzo(a)pyrene and benzo(ghi)perylene. At sufficient times after
excitation, the S/N ratio again decreased with increasing delay times, because
the signal intensity of the sample decreased.

The detection limits achieved with the present instrument are listed in
Table 1. These detection limits are apparently lower than those obtained
with the h.pl.c. system and a conventional fluorimetric detector based
on a lamp excitation source. A similar detection limit (180 fg) has already
been reported for a conventionally sized h.p.l.c. system with a fluorimetric
detector based on high average power (15 mW) and a pulsed dye laser
(10 ns) [7]. But, it should be emphasized that the present results were
achieved with a very low laser power (1/15) and a low solvent flow rate
(1/320) so that the system described here is more practical and versatile.
Moreover, the proposed time-resolved fluorimetric system with subnano-
second resolution can be applied to the determinations of various organic
substances with nanosecond fluorescence lifetimes such as drugs and metabo-
lites. It may be noted that a large detector can be used for a conventionally
sized h.p.l.c. system, and background fluorescence from the window material
of the detector cell can then be more effectively removed by optical masks.
A similar approach was difficult for the detector used in microcolumn
h.plc. A few techniques have recently been developed to reduce back-
ground emission even for the micro flow cells [12, 13}, but they are com-
plicated and were not used in this study.

In order to clarify the source of background, a time-resolved emission
spectrum of the empty fused silica capillary used as the detection cell was
measured. Immediately after excitation, scattered emission was dominant
in the time-resolved fluorescence spectrum, whereas impurity fluorescence
predominated long after excitation. The semilog plot of the decay curve indi-
cated that the decay time of the impurity fluorescence was 3.1 ns. Two
types of fused silica capillaries, which had purities of 99.99 and 99.9999%,

“were tested, but no appreciable difference was observed in the background
intensities. Impurity fluorescence seems to originate from organic com-
pounds formed on burning off the polyimide coating. Several ideas were

TABLE 1

Detection limits for PAH measured by microcolumn h.p.l.c.

Sample Wavelength Delay time Detection limit
(nm) (ns) (fg)

Perylene 443 6 210

Benzo(k)fluoranthene 420 6 290

Benzo(a)pyrene 430 10 500

Benzo(ghi)perylene 420 10 2600
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tried to remove impurities on the surface of the fused silica capillaries, but
they were unsuccessful. When methanol was introduced into the fused silica
capillary, large background was observed at around 430 nm, which was due
to Raman scattering of methanol. The Raman band was broadened because
of the untuned optical configuration of the dye laser. A narrow-band dye
laser is more useful for efficient reduction of unwanted scattered emission.
Other solvents such as acetonitrile/water are frequently used for chromato-
graphic separation, but acetonitrile seems to provide many Raman bands
because of the large number of vibrational freedoms. Though background
emission can be reduced compared to the signal by time-resolved fluor-
imetry, the maximum rating of the input voltage of the sampling oscillo-
scope was limited to 4.5 V. Therefore, the wavelength of the fluorescence
monochromator should be carefully adjusted to the optimum value to give
a low background signal even at t = 0. In the present system, the S/N ratio
was limited by the drift of the sampling oscilloscope because of the limited
capability in the maximum rating of the input voltage. A boxcar integrator
consisting of a gated electronic circuit with a large maximum rating or a
gated photomultiplier may be more useful for discrimination against the
background signal.

Two-dimensional chromatography

A two-dimensional chromatogram of a standard sample containing pery-
lene (120 pg), benzo(k)fluoranthene (180 pg), benzo(a)pyrene (1.8 ng), and
benzo(ghi)perylene (13 ng) is shown in Fig. 2. Three peaks are resolved on
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Fig. 2. Chromatogram of standard sample: (1) perylene and benzo(k)fluoranthene; (2)
benzo(a)pyrene; (3) benzo(ghi)perylene. Flow rate 2.6 ul min™!, Ay = 386 nm, Aepy
= 430 nm, methanol:water = 9:1, delay time = 0 ns.
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Fig. 3. Chromatogram of the sample extracted from airborne particulates. Flow rate
2.0 ul min~!, delay time = 5 ns; other conditions were identical to those for Fig. 2.
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the chromatogram. Peaks 2 and 3 are due to benzo(a)pyrene and benzo(ghi)-
perylene, respectively. However, perylene and benzo(k)fluoranthene have
similar retention times (ca. 14 min), and could not be resolved on the chro-
matograms. The peak resolution seems to be limited partly by the use of the
methanol/water solvent instead of acetonitrile/water and partly by the dead
volume in the tubing. Twofold better resolution (7000 theoretical plates)
has been achieved elsewhere [9].

Figure 3 shows a chromatogram of the sample extracted from airborne
particulates. In recording this chromatogram, the delay time was adjusted
to 5 ns to remove scattered emission. Peak 1 may be assigned to perylene
and/or benzo(k)fluoranthene. Peaks 2 and 3 seem to be due to benzo(a)-
pyrene and benzo(ghi)perylene, respectively. No other standard compounds
were measured in this study, so that peaks 4 and 5 remain unassigned. In
two-dimensional chromatography, assignment is possible only by com-
parison of the retention times with those of standards. Therefore, further
qualitative information is not available, unless a fluorescence spectrum is
measured by stopping the flow of the h.p.l.c. system.

Three-dimensional chromatography

The above standard mixture of PAHs including perylene, benzo(k)fluor-
anthene, benzo(a)pyrene, and benzo(ghi)perylene, was injected into the
h.pl.c. system. The three-dimensional chromatogram obtained is shown
in Fig. 4. Three peaks are apparent in the chromatogram as in the case of
two-dimensional chromatography. When the fluorescence decay curve was
measured for peak 1, a double exponential decay was observed. From the
semilog plot of the decay curve, the shorter component was found to have
a lifetime of 3 ns, the longer component being 11 ns. These components
are identified as perylene and benzo(k)fluoranthene from the fluorescence
lifetimes. The components providing peaks 2 and 3 have fluorescence life-
times of 18 ns and 25 ns, which can be attributed to benzo(a)pyrene and
benzo(ghi)perylene, respectively, from both the retention time and the
fluorescence lifetime. It should be noted that the eluting solvent and the
sample were thoroughly deaerated by bubbling with nitrogen and by ultra-
sonic agitation. But, sample fluorescence is partially quenched by oxygen
dissolved in the solvent, which seems to be due to penetration of oxygen
through the teflon tubing of the h.p.l.c. system. The use of the stainless
steel tubing may be necessary to remove this effect.

Real samples

A three-dimensional chromatogram of the sample extracted from air-
borne particulates is shown in Fig. 5. Five components are observed in the
chromatogram. The S/N ratio of the chromatogram is relatively poor, which
is partly due to large fluctuations in the output power of the nitrogen
laser by increasing the repetition rate and partly because of the weak fluor-
escence from the sample. A single exponential decay (1 = 8.6 ns) was ob-
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Fig. 4. Three-dimensional chromatogram of standard sample. Flow rate 2.7 nl min7!;

other conditions were identical to those for Fig. 2.

Fig. 5. Three-dimensional chromatogram of the sample extracted from airborne particu-
lates.

served for peak 1, and fitting to a double exponential curve was difficult
because the S/N ratio of the decay signal was poor. Perylene and benzo(k)-
fluoranthene are considered to be present at this retention time. The elec-
tronic system for compensation of laser intensity variation is currently
used in a dual-channel boxcar integrator system, and it might be useful to
reduce noise and to resolve these components by multicomponent analysis.
The use of a transient digitizer (ca. 1 GHz) combined with a signal averager
may be an alternative approach to measuring the decay curve with good
precision. Peak 2 provided a single exponential decay (16 ns), and was
assigned to benzo(a)pyrene. A single exponential decay (24 ns) was also
observed for peak 3, which was thus attributed to benzo(ghi)perylene. It is
noteworthy that the proposed method allows direct identification from the
fluorescence lifetime as well as the retention time. Then, it is more reliable
and useful for peak assignment. Though peak 4 could not be assigned, this
component was found to have a lifetime of 14 ns. If the fluorescence life-
times were measured for many PAHs, this peak could readily be estimated
from their list. Peak 5 was too weak for the fluorescence lifetime to be
evaluated.

In this study, assignments were also made by measuring the time-resolved
fluorescence spectrum by stopping the flow of the h.p.l.c. system. For peak
1, the fluorescence spectrum measured immediately after excitation was
identical to that of perylene, so that the existence of perylene was obvious.
However, the spectrum recorded at an appropriate time after excitation
was not exactly identical to that of benzo(k)fluoranthene, so that the
existence of benzo(k)fluoranthene was not confirmed definitely. The tem-
poral behavior of the fluorescence spectrum for peak 2 was similar to that
of benzo(a)pyrene. The time-resolved fluorescence spectrum for peak 3
is shown in Fig. 6. The spectrum measured at an appropriate time after
excitation for the real sample is similar to that of the standard sample,
which confirms that benzo(ghi)perylene is contained in the sample. How-
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Fig. 6. Time-resolved fluorescence spectra measured at peak 3 of Fig. 5; (A) the sample
extracted from airborne particulates; (B) standard sample of benzo(ghi)perylene. Delay
time: (a) 5 ns; (b) 10 ns; (¢) 20 ns; (d) 30 ns.

ever, peaks are observed on the spectrum at 475 nm and 510 nm immedi-
ately after excitation, so that other components with short lifetimes might
be superimposed. These compounds do not appear in the chromatogram
shown in Fig. 5, because it was measured at a fluorescence wavelength of
430 nm where the other components are not dominant. It should be empha-
sized that other spectrometric methods for measuring the absorption or
fluorescence spectrum have no capability to resolve components when their
retention times are identical. In contrast, time-resolved fluorimetry can
separate and identify the components by monitoring the fluorescence
spectrum at different delay times. Chromatograms of the solvent-refined
coal sample obtained from a coal liquefaction plant were also measured by
the present system. Although the components included in this sample
could not be resolved fully by the column used, perylene, benzo(k)fluoran-
thene, benzo(a)pyrene, and benzo(ghi)perylene were found not to be present
in this sample. The unresolved compounds had an average lifetime of 17 ns.

Comparison with other three-dimensional chromatographic systems

A few other types of three-dimensional chromatography are already
known. A multichannel absorption detector consisting of a monochromator
equipped with a photodiode array allows successive recordings of the absorp-
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tion spectrum as the sample elutes. This sort of three-dimensional chromatog-
raphy is not sensitive, because it is based on absorption spectrometry. How-
ever, it requires only small and cheaper components, and several commercial
instruments are already available [14]. The technique is currently used in
practical analysis of environmental and biochemical samples. A videofluori-
meter could also be used for this purpose. For sensitive detection, an optical
multichannel analyzer may be advantageous for recording a fluorescence
spectrum with high sensitivity, though it is more complicated. Such analyzers
are advantageous for reliable assignment of sample components because of
the data available for the excitation and fluorescence spectra. However, such
three-dimensional chromatography provides only limited performance in
multicomponent analysis, because the shape of the spectra is strongly affected
by the superimposed impurity bands.

Three-dimensional chromatography based on laser-induced time-resolved
fluorimetry has several advantages. First, the laser beam can be tightly
focused into a very small detector so that a very small sample cell can be
used, which is essential for microcolumn h.p.l.c. Secondly, sensitivity of
detection is superior than that of conventional h.p.l.c. even when a dye
laser with a very low average power is used as the excitation source. Thirdly,
the three-dimensional display allows visual selection of the optimum chroma-
togram which gives the largest S/N ratio, and time-resolved fluorimetry is
useful for the reduction of scattered emission and of short-lived impurity
fluorescence. The number of the components included under the chromato-
graphic peak can be clarified by multicomponent analysis of the decay curve
when the fluorescence lifetimes of the components are sufficiently different.
The eluted components might be identified from the data on fluorescence
lifetimes without using the retention times given for the used column,
though such assignments would require fluorescence lifetime tables for many
samples.

Finally, it should be emphasized that the present approach based on an
atmospheric-pressure nitrogen-laser-pumped dye laser is practical because of
its versatile performance, low cost, and small dimensions. Unfortunately,
the stability and reliability of the laser are not very good, as yet, and radio-
frequency interference noise could be more effectively reduced. These, how-
ever, are problems that could be solved for use in commercial instrumen-
tation.
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SUMMARY

A method is described for the determination of 25 common fatty acid mono-, di-, and
triglycerides and their components and mixtures by packed-column gas chromatography
after isolation and derivatization. The method is applied to two commercial materials, a
polypropylene resin and a hand lotion. The glycerides along with glycerol and free fatty
acids are first separated from the host by refluxing with 2-propanol containing an internal
standard. The extract is derivatized and the compounds are identified and measured by
gas chromatography. The chromatograms show sharp peaks, unique retention times and
reproducibility in the range of 2—5%. Several positional isomers of the fatty acid glycer-
ides were tested but found not to be resolved under the conditions used. Optical isomers
and cis-trans isomers of unsaturated acids were not tested.

Glycerol, free fatty acids, and their ester combinations as mono-, di-, and
triglycerides are widely used additives in the cosmetic, food and packaging
industries. The various species are derived from the hydrolysis of animal and
vegetable products which yield complex mixtures that may be used directly
or may be further purified. It was necessary to develop a simple yet general
method which would supply information about this class of compounds in
both the package and the product that it contained. Fatty acid glycerides
may be added to polyolefin resins in order to modify their handling proper-
ties. The fatty acid glycerides migrate to the surface of the plastic article
where they function as lubricants and static-charge reducers (antistats).
Knowledge of the fatty acid glycerides content in the package permits the
correlation of the type and concentration of various fatty acid glyceride
additives with changes in product performance. Knowledge of the fatty acid
glycerides in the product permits the assessment of product composition and
product/package interactions

It was necessary to resolve several major complications in order to develop
a general analytical method for fatty acid glyceride components in a food
packaging matrix. Specifically, (a) the polarity range is great; (b) the molec-
ular weights range from 92 (glycerol) to 891 (glycerol tristearate); (c) there
are isomers of the fatty acids and also fatty acid glycerides; (d) the real
materials consist of mixtures of fatty acids rather than a single species; and
(e) the isolation of the glyceride components from the matrix may be

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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difficult. As a specific example, glycerol monostearate (GMS) is a common
commercial material used as an antistatic ingredient in polyolefins. A com-
mercial GMS sample was found to contain glycerol-1- and -2-monostearate in
addition to two glycerol distearate isomers. The fatty acid portion of the
material was about two-thirds stearic acid and one-third palmitic acid, with a
small amount of myristic acid. Each acid may have a distribution of glycer-
ide isomers similar to that of stearic acid. Mixed-acid esters, free acids, and
free glycerol may also be present.

The general analytical approach chosen was the extraction of the glycer-
ides and related species followed by derivatization and packed-column gas
chromatography. Gas chromatographic methods for the determination of
fatty acid glycerides have appeared in the literature but have not included all
the species of interest [1, 2]. Methods based on capillary columns have been
shown to give superior resolution [3, 4] but are not as widely used as those
based on packed columns. The gas chromatographic conditions used here are
similar to those reported by Sge [4] and provide acceptable separations of
all of the species of interest.

This paper reports the separation and determination of 25 fatty acid
glycerides and related materials. The species were isolated from the host
material by refluxing in 2-propanol where necessary. The extract was treated
with bis(trimethylsilyl)trifluoroacetamide (BSTFA) catalyzed with 1%
trimethylchlorosilane to make the trimethylsilyl (TMS) derivatives. This step
converted the fatty acid glycerides to the corresponding TMS ethers for gas
chromatography (g.c.). The triglycerides did not appear to react with BSTFA
under the conditions used (with the exception of glycerol tristearate) and
could be identified and measured in a derivatized or underivatized solution.
The chromatogram of the underivatized solution was obtained in all cases to
check for interferences.

EXPERIMENTAL

Reagents

The glycerol, fatty acids, and fatty acid glycerides used were the best
obtainable grades from several laboratory supply houses and were used
without further purification. A solution of 1% trimethylchlorosilane in
BSTFA was used as the derivatizing agent. The internal standard used was
glycerol trioctanoate. The 2-propanol, chloroform (stabilized), and pyridine
solvents used were ACS reagent grade or better.

Sample preparation

The extraction solvent, 2-propanol, was selected for its intermediate
polarity and its use in the extraction of other polymeric additives [5]. It is
a poor solvent for polyolefin oligomers and a satisfactory solvent for all
species encountered in this work. An accurately weighed sample containing
less than 100 mg of glycerides was placed in a 50-m! Erlenmeyer flask with
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a 25-ml portion of 2-propanol containing 4.1 mg of the glycerol trioctanoate
internal standard. Water-soluble or dispersible samples (some foods, cos-
metics) were simply shaken to homogenize them. Polyolefin samples were
first ground to —20 mesh, a boiling chip was added, and the sample was
refluxed for 2 h. The sample was then filtered through Whatman No. 41
paper. The flask and solids were washed with a small volume of chloroform
to dissolve high levels of triglycerides if present. The filtrate was immediately
taken just to dryness on a hot water bath (to minimize the contact time with
2-propanol) if the sample were to be stored prior to derivatization. The dried
sample was then taken up in 5 ml of 1 + 1 pyridine/chloroform. Samples for
immediate treatment were derivatized directly in 2-propanol.

Derivatization and gas chromatographic conditions

Each solution was derivatized by placing 10 ul of the solution into a
2-ml crimp-top vial and adding 100 ul of the derivatizing reagent. A 50-ul
portion of chloroform was added as a cosolvent for triglycerides. The vial
was sealed and heated to 80°C for 10 min.

The g.c. column was selected for its ability to separate materials with
large differences in volatility. The column packing used was 1% Dexsil
300 on 100/120 mesh Supelcoport in either glass or glass-lined stainless
steel tubing (0.5 m long, 2 mm i.d.). The temperature program used for the
most versatile conditions was a 4-min hold at 50°C followed by programming
at 10°C per minute up to 380°C. Variations in the temperature-program
conditions were used in cases where the highest or lowest boiling com-
ponents were not to be quantified. The injector and detector temperatures
were 340 and 410°C, respectively. A Varian Model 3700 gas chromatograph
with a flame ionization detector was used. Helium at 30 ml min~! was used
as the carrier gas. A Hewlett-Packard Model 3390A integrator was used to
collect data.

A Finnigan Model 4021 gas chromatograph/quadrupole mass spectrometer
was used to confirm selected chromatographic peak identities. The instru-
ment was operated in the electron-impact mode using the identical g.c.
column and similar conditions.

Verification of experimental conditions

Several experiments were done to verify the suitability of the proposed
experimental conditions. No further recovery of glyceride species was found
by a second extraction with refluxing chloroform. There was no degradation
of the internal standard during the extraction procedure. Also, no changes
in response factors were observed by increasing the amount of derivatizing
reagent or the reaction time at 80°C. The internal standard in the presence
of the derivatizing reagent was stable for at least 24 h. The internal standard
solution was stable for at least two weeks under refrigeration. The deriva-
tized glycerides, glycerol, and free fatty acids were stable for at least 8 h.
Glycerol tristearate was not stable in the derivatizing solution and was deter-
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mined along with the other triglycerides without derivatization. The stan-
dard solutions in underivatized form in pyridine or pyridine/chloroform
were stable for at least two weeks under refrigeration.

Glycerol, free fatty acids, and the available fatty acid glycerides were
prepared as individual solutions at levels of 1 to 10 mg ml™. Triglyceride
solutions were prepared in (1 + 1) 2-propanol/chloroform because of their
limited solubility in cold 2-propanol. The solutions were chromatographed
without derivatization to locate the peak positions of the underivatized
species and impurities. Gas chromatography/mass spectrometry was used
to verify the identity of selected peaks.

RESULTS AND DISCUSSION

Figure 1 shows the chromatograms obtained from a reference mixture of
glycerides and related species before and after derivatization, respectively,
The chromatograms were typical of those obtained in this work. The peaks
were sharp and sufficiently well separated for accurate quantitation over
the entire temperature range.

Table 1 lists the absolute and relative retention times of the species
examined. The values given are for the derivatized form except for the tri-

10 20 30 MIN

Fig. 1. Chromatograms of reference mixtures of glycerides: (a) underivatized; (b) deriva-
tized. Peaks: (1) glycerol, (2) glycerol monopalmitate, (3) glycerol monostearate, (4)
glycerol trioctanoate (internal standard), (5) glycerol dipalmitate, (6) glycerol palmito-
stearate, (7) glycerol distearate, (8) glycerol tristearate.
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TABLE 1

Retention times (Zg ) and relative retention times for glycerides

Species tp Rel. Species tr Rel.
(min) tg* (min) tg?
Glycerol 5.9 0.26 Glycerol-1,3-dipalmitate 28.3 1.25
Lauric acid 11.3 0.50 Glycerol dioleate 299 1.32
Myristic acid 13.4 0.59 Glycerol-1,2-distearate 30.1 1.338
Palmitic acid 15.2 0.67 Glycerol-1,3-distearate 30.1 1.33
Oleic acid 16.8 0.74 Glycerol palmitostearate 29.2 1.29
Stearic acid 17.0  0.75  Glycerol trilaurate® 294 1.30
Glycerol monolaurate 16.8 0.74 Glycero! trimyristate? 32,1 1.42
Glycerol monomyristate 18.3 0.81 Glycerol tripalmitate® 34.6 1.53
Glycerol monopalmitate 19.9 0.88 Glycerol trioleate? 36.7 1.62
Glycerol monooleate 20.8 0.92 Glycerol-1,3-dipalmitate- 35.3 1.566
Glycerol monostearate 21.3 0.94 2-stearate®
Glycerol trioctanoate 22.6 1.00 Glycerol-1,3-distearate- 36.0 1.59
Glycerol dilaurate 23.8 1.05 2-palmitate®
Glycerol dimyristate 26.0 1.15 Glycerol tristearate? 36.7 1.62
Glycerol-1,2-dipalmitate 28.1 1.24

Relative to glycerol trioctanoate internal standard. P Not derivatized.

glycerides which do not form TMS derivatives under these conditions. Rela-
tive retention times are given against the glycerol trioctanoate internal
standard as the time reference. The internal standard has a retention index of
31.5 in the Kovats system [6]. Small differences in retention times were
observed (Table 1) for selected positional isomers. These differences were
considered to be too small to be of practical use in differentiating the
species. Capillary g.c. and/or g.c./m.s. should be used if it is necessary to
distinguish the positional isomers. Optical isomers and cis-trans isomers of
unsaturated acids were not tested.

The overall precision of the method was within 10% of the average value
for all species. This value included all sampling, preparation, derivatization
and gas chromatographic steps. Standard additions were made and recovered
within this value also. The accuracy of the method is thus expected to be
within 10% of the true value. No better statement of accuracy can be made
because standard samples were not available for testing, and because the
method of standard additions is not proof of recovery for complex samples
such as an intimate mixture of glycerides and polypropylene. The gas chro-
matographic sensitivity differed for the various species, but in all cases,
"submicrogram quantities were readily measurable.

When the derivatization procedure described above was used, deriva-
tization appeared to be complete at the end of 10 min. With the exceptions
of glycerol distearate and glycerol tristearate, the derivatized species were
stable for at least 8 h. For glycerol distearate, the peak area increased by
about 1.5 fold after 8 h while the area decreased to about 50% of the
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original value for glycerol tristearate during the same period and was not
reproducible. Two problems were apparent when glycerol tristearate was
present in the derivatizing solution. First, a transesterification took place as
evidenced by the drop in the glycerol tristearate peak and accompanying
increase in the glycerol distearate derivative peak. Second, the glycerol
tristearate had limited solubility in the polar derivatization solvent. A solid
phase, rich in glycerol tristearate, appeared as the mixture cooled to room
temperature. Both problems were solved by measuring the triglycerides
before derivatization. It was necessary to obtain the underivatized chromato-
gram in any event to know which peaks were the result of derivatization.

The 95% confidence level variations of peak areas for derivatized glycerol
monopalmitate, monostearate, dipalmitate, and distearate were 4, 5, 5, and
12%, respectively; the values for derivatized and underivatized glycerol
tristearate were 50% and 2%, respectively.

Figure 2 shows the chromatograms obtained from the extract of a poly-
propylene resin sample containing a commercial monoglyceride antistat
before and after derivatization. The clean chromatogram obtained from the
underivatized solution showed that interferences, particularly from poly-

(a) {b
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Fig. 2. Chromatograms of extract of polypropylene resin: (a) underivatized; (b) deriva-
tized. Peaks: (1) palmitic acid, (2) stearic acid, (3) glycerol monopalmitate, (4) glycerol
monostearate, (5) glycerol trioctanoate (internal standard), (6) unknown additive,

Fig. 3. Chromatograms of extract of hand lotion: (a) underivatized; (b) derivatized.
Peaks: (1) glycerol, (2) unknown, (3) isopropyl myristate, (4) palmitic acid, (5) stearic
acid, (6) glycerol monopalmitate, (7) glycerol monostearate, (8) glycerol trioctanocate
(internal standard).
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propylene oligomers, were negligible in this case. Glycerol monostearate and
monopalmitate as well as free palmitic and stearic acids were found in the
derivatized solution. The free acids may have been due to impurities from
the antistatic agent, deliberate addition, or from metal soaps added as lubri-
cants. Concentrations of palmitic acid, stearic acid, glycerol monopalmitate,
and glycerol monostearate were 0.2, 0.5, 0.2, and 1.7% (by weight), respect-
ively; retention times, relative to glycerol trioctanoate were 0.66, 0.75,
0.88, and 0.94, respectively. An unidentified component had a relative
retention time of 1.18.

Figure 3 shows the chromatograms obtained for underivatized and deriva-
tized extracts of a hand lotion sample. This sample illustrates the need to
chromatograph unknown samples before and after derivatization. The
underivatized chromatogram (Fig. 3a) shows a sharp peak (isopropyl myris-
tate) which was not a glyceride species, and shows that there were no appre-
ciable amounts of triglycerides present. The chromatogram of the derivatized
extract added further information about the glycerol, free acids, and other
glycerides. Table 2 lists the species found and their respective concentrations
in the hand lotion.

TABLE 2

Qualitative and quantitative results from hand lotion extraction

Relative tp Species Concentrations
(% by weight)

0.30 Glycerol (TMSE) 3.0
0.50 Unknown —
0.67 Isopropyl myristate? -
0.68 Palmitic acid (TMSE) 2.9
0.77 Stearic acid (TMSE) 3.3
0.89 Glycerol monopalmitate (TMSE) 0.8
0.95 Glycerol monostearate (TMSE) 0.6
1.00 Glycerol trioctanoate —

Identified by g.c./m.s. and not determined.
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SUMMARY

The capabilities of high-performance liquid chromatography (h.p.l.c.) for the deter-
mination of phenolic compounds in 80% ethanol extracts from plant material are des-
cribed. A reversed-phase column was used and elution was done with a linear gradient
from 0.01 M phosphoric acid up to methanol. The efficiency of the method was studied

. via determination limits, defined as the minimum concentration of a compound (ug of

. compound per gram of extracted dry plant material) necessary to provide 90% probability
that the relative error on the determination of the compound in an extract from a plant

" sample taken at random is <10%. These limits take into account matrix interferences as a
source of error, and were calculated with a minicomputer for the determination of 19
phenolic compounds in plant extracts. For good determinations, the concentrations of
the components should be in the range 1—10 mg g™' of dry plant material. Separating the
extracts into different chemical groups (on ion-exchange materials) prior to h.p.l.c.
decreases the determination limits about five times. The dependence of determination
limits on the u.v. characteristics of the compound, the sample clean-up, and the column
characteristics are discussed quantitatively by means of a simple empirical equation.

High-performance liquid chromatography (h.p.l.c.) is very popular for the
analysis of plant phenolic compounds in addition to the older thin-layer and
paper chromatography [1, 2]. These compounds occur in plant extracts as
very complex mixtures which, when chromatographed, give rise to complex
chromatographic peak patterns. In an earlier statistical study of these patterns,
it was shown that even for modern chromatographic techniques, peak over-
lap (interference) is practically unavoidable [3]. This results in large and
unpredictable errors of measurement when the plant constituents are quanti-
fied. The problem of matrix interference is inherent to the chromatographic
determination of compounds in all kinds of biological mixtures. Several
recent theoretical studies have dealt with such phenomena [4, 5].

It is generally accepted that the higher the relative abundance of a com-
ponent in a biological mixture, the higher the chance of obtaining a good
‘quantitative or qualitative result. In trace determinations, the minimum con-

0003-2670/85/$03.30 ©® 1985 Elsevier Science Publishers B.V.
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centration for which one has a specified probability of obtaining an accurate
measurement can be called a determination limit [6], which is not to be con-
fused with the minimum detectable concentration, or detection limit. In an
earlier publication [7], the concept of determination limits was applied to
predict measurement errors provoked by matrix interferences in the chro-
matographic analysis of plant extracts. A method was given for the calcula-
tion of determination limits DLSY (see Table 1). For the present purpose,
the determination limit is defined as the minimum relative abundance of a
component which is needed so as to have a probability of 0.9 of doing a
determination with a relative error smaller than 0.1 in a randomly chosen
plant extract.

In the present study, determination limits were calculated for the h.p.l.c./
u.v. determination of 19 biochemically interesting compounds (mostly
phenolics) in plant extracts. The efficiency which was gained by using group
separation methods prior to h.p.l.c. was evaluated quantitatively by using
these calculated DLSY values. The intention of the work is to provide data
on concentration ranges within which these compounds can be measured
accurately with the above technique.

EXPERIMENTAL

Instrumentation and chemicals

The Hewlett-Packard 1084B liquid chromatograph used was equipped
with a variable wavelength detector, and a reversed-phase column (length
25 cm, internal diameter 4.6 mm) filled with Lichrosorb RP8 (Merck). It
was eluted with a linear gradient from 5%B to 40%B in 20 min; solvent A
was 10 mM phosphoric acid and solvent B was methanol (for more details of
the method, see [8]). A HP3388A programmable integrator was used for the
A/D conversion of analog signals from the h.p.l.c. and spectrophotometric

TABLE 1

Definitions of symbols

Symbol Definition

a; Absorptivity of sample i or j at wavelength A given as 1 g™! ecm-!. The con-

a; A centration of the sample is given as gram of dry plant material extracted
per litre.

DLS¥ Determination limit: the minimum abundance of a component in the

extract (expressed as ug g™ relative to the dry plant material), which is
necessary to give a probability w of doing a determination with a relative
error smaller than e in an extract from a plant species taken at random.

pd Peak density: the probability that a detector response will be observed in a
retention zone with central value {g and width 40, when a sample is
injected,
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equipment. These data were transmitted to a HP1000 minicomputer for
further treatment.

Most of the 19 biochemical compounds were readily available commer-
cially in a chromatographically pure form. p-Coumaroyiglucose, caffeoyl-
glucose and p-coumaroylquinic acid were synthesized as described earlier
[8, 9]. The cinnamic acids were esterified at position 1 of glucose, and at
position 5 of quinic acid, i.e., they are the isomers 1-O-caffeoylglucose, 1-O-
galloylglucose (glucogallin) and 5-O-p-coumaroylquinic acid (IUPAC number-
ing convention).

" Plant material, extraction, and fractionation of the extracts
Sixty five different plant species were collected in the surroundings of the
university. Plant leaves were extracted with 80% ethanol as described earlier
[3]. This set is referred to later as the set of European plant extracts. A
second set was obtained by using identical extraction and cleanup procedures
for 50 plant species collected in the surroundings of the University of Ife,
- Tle-Ife, Nigeria. It is referred to later as the set of African plant extracts.

For fractionation of the extracts, small semi-preparative glass columns
(10-mm diameter) were eluted under constant pressure. Samples (a few milli-
litres) were applied on top of the column, as aqueous solutions. Basic
substances were first removed by passing these samples through a column
filled with 10 ml of water-swollen Sephadex SP cation-exchanger (Pharmacia,
. Sweden) in the H*-form, and eluting with 80 ml of distilled water. The
eluent was evaporated to dryness and redissolved in a few ml of water. The
latter fraction was fractionated into acidic and neutral components by using
columns filled with 10 ml of water-swollen Sephadex DEAE (formate form).
These columns were eluted successively with 80 ml of water (water fraction),
80 ml of 4% (w/v) ammonium formate (ammonium formate fraction) and
80 ml of 4% (v/v) formic acid (acids fraction).

The three fractions obtained were dried in vacuum and redissolved in a
few ml of water, adjusted to pH 3, and stored in a deep-freeze at —18°C.
Details about the use of ion-exchangers for fractionation of plant extracts
are available elsewhere {9, 10].

RESULTS AND DISCUSSION

The phenolic compounds for which DLSY values were calculated (Table 2)
ranged from simple C6 phenolics, to C6—C1 neutral phenolics, C6—C1
carboxylic acids and C6—C3 phenylpropane acids and esters. Coumarin,
naringin and indole acetic acid (IAA) were included to show that the methods
are also applicable to other groups of plant constituents (coumarins, flavo-
noids and growth hormones). All these substances are found very frequently

- in plant extracts in the free form, or in combination with sugars (glycosides)
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TABLE 2
Determination limits DLSY for 19 plant constituents, for h.p.l.c./u.v. processing of total

extracts from plant leaves (DLSY extract), and of fractionated extracts (DLSY fraction).
The fraction in which the compounds are found is indicated in the last column

Compound Retention Absorptivity A, DLSY DLS¥  Fraction
time (Ig*em™) (nm) extract fraction
(min) (ugg™?) (ugg™)
Cé6
Hydroquinone 2.2 25.7 285 5080 3700 water
Catechol 3.7 21.3 275 7420 5400 water
C6—C1
m-Hydroxybenzaldehyde® 7.9 68.4 275 3610 550 water
Salicylaldehyde 10.0 87.7 255 3750 510 water
Galloylglucose 1.5 25.7 275 6350 700 am. form,
p-Hydroxybenzoic acid 7.0 104.0 255 2370 840 acid
Vanillic acid 8.0 58.9 265 4300 1410 acid
Gallic acid 2.2 50.1 275 3120 1130 acid
C6—C3
p-Coumaroylglucose 7.2 64.2 310 4780 730 water
Caffeoylglucose? 5.0 46.5 325 4200 20 am, form.
Cinnamic acid 19.2 133.0 280 3320 700 acid
p-Coumaric acid 12.8 127.0 310 2760 600 acid
Caffeic acid 9.0 88.4 3256 4720 1830 acid
Sinapic acid 13.9 67.4 275 6440 1130 acid
Chlorogenic acid 8.4 44.9 325 8300 3610 acid
p-Coumaroylquinic acid 11.3 61.9 310 4980 1500 acid
Others
Coumarin 11.8 66.7 280 5570 620 water
Naringin® 15.2 28.9 275 16000 2590 water
Indole acetic acid 12.0 37.7 275 11400 2030 acid

2The minimum determination limits were found at 255, 305 and 290 nm,
respectively, for these compounds.

and non-aromatic carboxylic acids. They have been subjected to numerous
biochemical, taxonomical and pharmacological studies. Because of their high
u.v. absorptivities, a; , (Table 2, third column), and their low volatilities,
h.p.l.c./u.v. methods have been used frequently for their determination.

The method for the calculation of DLSY values for the determination of
plant phenolics with h.p.l.c./u.v. was outlined theoretically in a previous
paper [7]. This method was applied here for calculation of the determination
limits which are listed in Table 2. However, the statistical equations which
were derived earlier [7] were tedious as a basis for discussing the effects of
sample clean-up, detector or detector wavelength, and chromatographic
column, on the quality of the determination. Some simple empirical equation
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would be more practical, and several equations were tried. Very good
approximations of the results listed in Table 1, which were obtained with a
minicomputer programmed as described earlier [7], were achieved by using
the equation

DLSY = constant X pd X a; »/a; 1)

at all wavelengths A (definitions are listed in Table 1). The value of the con-
stant was 20.66 X 10° ug g™. A linear regression analysis of the 38 DLSY
values listed in Table 1 with values calculated via Eqn. 1, showed a correla-
tion coefficient (r) of 0.976.

Equation 1 relates all the variables which are important in DLSY predic-
tions in a simple way. The determination limit DLSY at wavelength A is
inversely proportional to the absorptivity a; , of compound j at that wave-
length. It is proportional to a@; ,, the mean absorptivity of the sample set
which is to be processed (total extracts from randomly sampled plants and
subfractions thereof in this case). Figure 1 shows the frequency distributions
of g; , values at 280 nm for extracts and subfractions, for the set of European
plant extracts. [This set will be used throughout this study as being represen-
tative of plant samples.] These frequency distributions have asymmetric
shapes. Obviously, the total extracts contain more absorbing material (@;,=
1195 1 g ¢cm™), while the two subfractions have similar a; » distributions:
G;2=1941g™ em™ for the water, and a; , = 220 1 g cm™ for the formic
acid subfraction. The distribution for the ammonium formate subfraction
(not shown) had the same shape, but this fraction contained much less u.v.-
absorbing material (a; x = 39 1 g7 cm™). These distribution functions are
useful for expressing the efficiency of group fractionation procedures: the
more the curves are shifted to the left in relation to the curve for the total

Frequency

IOIOO Z0.00
Qi
Fig. 1. Probability density functions of responses a; 5 at 280 nm: (=) for the total plant
extracts; (o) for the formic acid subfraction; (e) for the water subfraction. They were

obtained from the frequency distribution of the a; ) values of the set of European plant
extracts (total extracts and subfractions).
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extracts, the more efficient is the group separation or clean-up (assuming
that the compound of interest is quantitatively recovered, which is of course
always the first prerequisite). Only the curves at 280 nm are discussed here.
The calculation of determination limits (see below) was based on q; , data at
30 different wavelengths from 250 to 400 nm, which is the most frequently
used part of the spectrum for h.p.l.c. detection. The total extracts from the
set of African plants showed an a; , distribution pattern which was very
similar to the pattern obtained for the extracts from European plants. This
means that the set of 65 European plant species does not constitute a select
set.

Another important feature in the calculation of DLSY values is the resolv-
ing power of the chromatographic column for the sample components. As
the extracts are complex mixtures, varying greatly from sample to sample,
the use of ‘“‘peak densities’’ (pd; see Table 1) was proposed as an evaluation
parameter [7]. The peak density at retention time tp was defined as the
probability that a component response occurred within the band centred on
tg and with a width equal to 40 (¢ is the standard deviation of a Gaussian
peak). Peak density was obtained here by using chromatograms from the
extracts and subfractions of the set of European plants. For the total extracts
of plant leaves, on the reversed-phase column with linear gradient elution
and detection at 280 nm, this function has the shape shown in Fig. 2A.
Figure 2(B—D) shows the distributions for the water, ammonium formate
and formic acid subfractions from the model set. A comparison with results
obtained from the total extracts of the African plant set again showed no
significant differences.

A c
0.02 M 0.04}
3 0 20 i 20
B D
0.02t 0.02}
10 20 10 20
tg (min)

Fig. 2. Peak density, pd, as a function of retention time in the h.p.l.c. system: (A) for the
total extracts; (B) for the water fraction; (C) for the ammonium formate fraction; (D) for
the formic acid fraction. For further detail, see text.
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Except for the ammonium formate fraction, peak areas were quite uni-
formly distributed over the chromatograms. As the samples used were 80%
ethanolic extracts which were dried and redissolved in water, very apolar
u.v.-absorbing compounds were not present. At high retention times (high
methanol concentration in the eluent), the probability of having interference
from u.v.-absorbing peaks (i.e., pd) becomes very low. The distribution of
peaks over the chromatogram was completely different for the ammonium
formate fraction. At retention times around 18 min, these chromatograms
were overcrowded with u.v.-absorbing material, whereas at retention times
outside the range 10—20 min, the probability of interference was very small.
This means that the reversed-phase system used was not ideal for the separa-
tion of the compounds present in this subgroup. The system would not be
suitable in a search for biologically interesting compounds in this subfraction,
as the dispersion of the compounds was very poor. However, for the deter-
mination of u.v.-absorbing compounds with retention times outside the
range 10—20 min, the system would be convenient, with a low probability of
interference.

Although the DLSY values were calculated by the computer for wave-
lengths between 250 and 400 nm [7], only the lowest value is given in
Table 2, as this value is of most interest. The wavelength of the minimum
determination limit was within 10 nm of the X _,, for the compound, except
for the three compounds noted in Table 2.

For the determination of compounds in the total extracts, DLSY values
ranged between 2370 ug g (p-hydroxy benzoic acid) and 16 000 ug g™
(naringin). Typically, about 2—10 mg of compound per g of dry plant
material extracted was needed in order to ensure correct determination of
the components in the total extracts by the described h.p.l.c./u.v. method.
Certain plant constituents, such as phenylpropany! esters and glycosides,
occur frequently in such high concentrations. For example, chlorogenic acid
was often found in the plants in the range 5000—10 000 ug g™. Even for
these products, it is safer however to fractionate the plant extracts into sub-
groups prior to h.p.l.c. On average, DLS} values decreased by a factor of 3.7
and 5.5 for the acidic and water subgroups, respectively (Table 2). For
chlorogenic acid, the DLSY value dropped from 8300 in the total fraction to
3610 in the acid fraction.

For values below 1000 ug g™, more efficient group fractionations are
advisable, as shown by the ammonium formate subgroup, for which a; , was
only 1/30 of the a; , value of the total extracts. For products eluting in that
fraction, a 30-fold decrease in DLSY values was to be expected if the peak
density were to be reasonably constant (Eqn. 1). For this subgroup, peak
densities were strongly dependent on the retention time (Fig. 2C); thus,
caffeoylglucose can be determined down to 20 ug g™, in comparison with
only 700 ug g™ for galloylglucose.

The information given in Table 1 on determination limits will be useful
for guidance on the fractions and concentrations that are practical proposi-
tions for analysis. For example, it is clear that if a method of quantifying (by
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h.p.l.c./u.v.) growth hormones of the indole acetic acid type at the 0.1 ug g™
level is required, the formic acid subfraction will be of no interest (the
predicted DLSY value is 2030 ug g™ in that fraction), unless further purifica-
tions are done.

Conclusions

Determinations of phenolic compounds in total extracts from plant leaves
by h.p.l.c./u.v. will generally be successful only for the more abundant com-
ponents (2—10 mg g™). The main source of error is matrix interference from
other compounds present in the extracts. The determinable concentrations
are lowered by a factor of 3.5—5 when the extracts are separated into acidic
and neutral subgroups. Minimum determinable concentrations vary from
component to component, depending on their u.v. characteristics and reten-
tion time in the chromatographic system. Such concentrations are discussed
for 19 biochemically important compounds. For determinations of these
compounds at the concentrations below about 1 mg g™, more efficient
group fractionations are required. The efficiency of fractionation procedures
and of their combination with h.p.l.c. can be examined via DLSY values
calculated with a simple empirical equation based on peak density functions
and a; , distributions.

The authors thank W. Van Dongen for writing the Fortran programs and
for helpful discussions.
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SUMMARY

New crown ethers carrying a pendent phenolic chromophore were synthesized. These
crown ethers, on dissociation of the phenolic proton, provide lipophilic anions which can
extract alkali metal cations into 1,2-dichloroethane by forming highly-colored uncharged
metal complexes. Structural effects on the extraction were studied for possible use of these
crown ethers as extraction—spectrophotometric reagents selective for alkali metals. The
following factors are discussed in detail: (i) nature of the crown ether ring (ring size. aza-
crown or standard crown ether), (ii) nature of the pendent phenolic group, and (iii) geom-
etry between the crown ether center and pendent phenolic group. 15-Crown-5 or smaller
ring-sized reagents favored the extraction of lithium ion when the basicity of the pendent
phenolate was relatively high and a six-membered “chelate’” ring was possible for the
phenolate and the crown ether-bound metal. 15-Crown-5 type reagents were sodium-
selective when an eight-membered “chelate’’ ring was possible between the phenolate and
the crown ether-bound metal. 18-Crown-6 type reagents were generally potassium-selec-
tive. However, these selectivities were not absolute, and other structural parameters, steric

and conformational, must be considered to explain in detail the selectivities of the indi-
" vidual reagents.

The synthesis of functionalized crown ether derivatives continues to be a
topic of major interest in many research laboratories. Analytical applications
are expanding rapidly in such fields as ion-selective electrodes and ion chro-
matography, but applications to spectrophotometry seem still to be limited
{1]. Various chromogenic crown ethers which have pendent proton-disso-
ciable groups on the periphery of the crown ether macrocycle have been
synthesized and studied in this laboratory in the hope of developing spectro-
photometric reagents selective for alkali or alkaline earth metals [2—6]. This
paper describes further efforts on the synthesis of new chromogenic crown
ethers and the liquid-liquid extraction of alkali metal ions by using these
crown ethers. The structures of the crown ethers examined are summarized
in Fig. 1.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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1: n=1,2; X=H, Br, NO, 8(4): n-=1
5(5) n=2
J:S(OH — §(6): n=3
YL o 0o
2(4): n=1; x,\_iiNoz OBJ
2(5): n=2; X, Y=NO, 0 %,ov)%
2(6): n=3; X, Y=NO, 6(5): n=1
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4(3): n=1 4 (4,0pen) 7(5): n=1; X, Y=NO,
4(4): n=2 ?7(6): n=2; X, Y=NO,

4(6): n=4 8(6): n=2; X=H; Y= N=N-©—NO
9(5): n=1; X, ¥= N=N-@—N02

Fig. 1. Structures of the chromogenic crown ethers,

RESULTS

Synthesis of reagents

Full details of synthesis and confirmation of the compounds are given at
the end of this paper. For brevity of notation, the number of hetero-atoms
(oxygen and nitrogen) in the crown ether is indicated by a numeral in paren-
theses following the number of each crown ether.

Compounds 4(3)—4(6) were synthesized by the reaction of 5-nitro-2-
hydroxybenzyl bromide (known as Koshland-I reagent) with the correspond-
ing aza-crown ethers in the presence of triethylamine at 0°C:
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@CHzBr (03 O) triethylamine
NO: ‘(»o\a» THE
A

4(3)~4(8)+ HBr

The yields varied within 70—90%, depending on the nature of aza-crown
ethers.

Compounds 5(4)—5(6) were synthesized from the corresponding aza-
crown ethers, 3-methyl-7-hydroxycoumarin and formaldehyde by Mannich
reaction in the presence of triethylamine as the base:

ox oD
triethyl i
HOL ;0 + CHiO + H; o im};_“”l‘i, 5(4)~5(8)+H,0
0,

n

=}
These preparations were successful only when the reaction was conducted in
N,N-dimethylformamide (DMF') in combination with triethylamine. Aqueous
eonditions, whether alkaline or acidic, gave only poor results.
Compounds 7(5), 7(6), 8(5), 8{6), and 9(5) were synthesized as follows:

6
é(‘/CHsONO @WK n04 OH TsO 0 OTs
CHsl OH " NaH, DMF <

é’\[o 07 LiAlHa, érrbﬂ 0,/‘“76(5) 8(6) 9(5)
%/Jf“ \* HNOs
1) n=t et 705 76)

1(6)n=2 12(6):n=2
C

The key intermediate compound 12 was prepared as follows. The oxidation
of 2-allylanisole with permanganate gave diol 10 in 35% yield. Compound 10
was converted to crown ethers 11 by cyclization with appropriate polyethy-
lene glycol ditosylates in the usual manner. Reductive demethylation with
lithium tetrahydroaluminate gave phenolic crown ether 12 in good yield. The
demethylation proceeded most effectively in refluxing octane (ca. 125°C).
At a lower reaction temperature [6] (refluxing heptane), the reaction was
not complete.

Acidity constants

The proton-dissociable crown ethers and related reagents in this study are
represented by HL (neutral species). Some of them carry an amino-nitrogen
and form both cationic (H,L*) and anionic (L") species depending on the
acidity or alkalinity of the aqueous solution. Thus, the acidity constants are
defined by

HL" = H"+ HL; Ky,1» = [H"][HL]/[H,L"] (1)
HL=H*'+ L7 Ky = [H*][L7]/[HL] (2)
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The crown ethers 6 are peculiar in that they form dianionic species by
further deprotonation from L~ (dissociation of the second phenolic proton
from alizarin nucleus), but the dianionic species do not play any important
role in the extraction of univalent alkali metal cations. Acidity constants
were measured spectrophotometrically in the usual manner [3] and are sum-
marized in Table 1. Reagents 2, 3, 7, 8, and 9 have a single acidity constant
Ky, which corresponds to the dissociation of the phenolic proton. For re-
agents 4, 5, and 6, the first acidity constant Ky,1+ corresponds to the dissoci-
ation of phenolic proton, and the second, Ky, , to that of the ammonium
proton.

Extraction equilibria

The crown ether reagents (HL) in the present study were substantially
lipophilic, but the liquid—liquid distribution between water and 1,2-dichloro-
ethane depended somewhat on the pH of the aqueous solution. The distribu-
tion of the reagent 9(5) in the aqueous phase was negligible below pH 12.
However, with other reagents, an appreciable fraction of the reagent distri-
buted into the aqueous phase under strongly alkaline conditions because of
the proton dissociation to form the anionic species L.

Figure 2 shows typical spectra of the organic phase when lithium ion in
aqueous solution was extracted with crown ether 5(5) in 1,2-dichloroethane.
As the pH of the aqueous phase was raised, the absorbance maximum at
326 nm for the HL species shifted to a maximum at 376 nm corresponding
to the formation of the ML complex. The process is described by

[HL], + [M"]y = [ML], + [H*]w; Kex = [ML],[H*1w/[HL],[M"],, (3)

TABLE 1

Acidity constants in aqueous 10% (v/v) dioxane at 25°C

Reagent —log Ky 1. —log Ky, Reagent —log Ky —log Kyp,
2(4) 3.03 5(4) 6.37 11.13
2(5) 3.16 5(5) 6.29 10.46
2(6) 3.27 5(6) 6.45 10.49
3(5) 7.51 6(5)* 4.80 9.86
3(6) 7.54 6(6)* 491 10.32
4(4) 5.41 9.80 7(5) 3.97
4(5) 5.79 9.69 7(6) 3.92
4(6) 5.77 9.59 8(5) 7.97
4(4, open) 5.11 9.11 8(6) 8.11
9(5) 8.61

3—log K1~ = 12.8 for 6(5) and 12.4 for 6(6). K - corresponds to the dissociation of the
second phenolic proton (see text). Absorption spectra indicated that the first dissociation
of the phenolic proton (KH,L“) takes place at the 2-position on the anthraquinone nucleus
as is usually observed with alizarin and its derivatives.
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Fig. 2. Absorption spectra for extraction of lithium ion by 5(5). Conditions: 1 X 10% M
5(5); 1 M LiCl.

where K., is the extraction constant, and subscripts w and o denote the
aqueous and organic phases, respectively. Because the crown ether reagents
stay essentially in organic phase, the extraction constants K., could be deter-
mined spectrophotometrically in the standard manner. Appropriate correc-
tions were made when the distribution of the reagent to the aqueous phase
was of any importance [2, 3]. Table 2 summarizes the extraction constants
of reagents 2—9 along with those reported previously.

DISCUSSION

Acidity constants

Scheme I summarizes the proton-dissociation and metal-extraction pro-
cesses for aza-crown ethers. In addition to the formation of H,L" species, the
aza-crown reagents have another complication, in that HL can exist in solu-
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TABLE 2
Extraction constants with selectivity ratios in parentheses (water/1,2-dichloroethane,
25°C)?
Reagent —log K¢y (ratio)

Li* Na* K+ Rb* Cs*
2(4) — — — — —
2(5) 5.60(0.010) 3.60(1) 4.15(0.29) 4.76(0.069) 5.60(0.010)
2(6) 4.80(0.003) 4.01(0.016) 2.22(1) 2.68(0.35) 3.76(0.029)
3(5) 9.80(0.040) 8.40(1) 9.20(0.20) 9.565(0.071) 10.0(0.025)
3(6) 8.80(0.020) 8.32(0.063) 7.11(1) 7.75(0.25) 10.0(0.001)
4(3) — — — — -
4(4) 9.70 — - — -
4(5) 9.15(1) 9.76(0.25) 9.86(0.20) — —
4(6) 10.29(0.033)  9.46(0.29) 8.93(1) 9.63(0.20) 10.62(0.020)
4(4,o0pen) 11.05 — — — —
5(4) 10.63 — — — —
5(5) 9.70(1) 10.30(0.25) 11.50(0.016) — —
5(6) 11.00(0.083) 10.40(0.33) 9.90(1) 10.50(0.33) —b
6(5) 8.30(1) 8.70(0.33) 9.60(0.050) — -
6(6) 11.00(0.002) 8.70(0.50) 8.30(1) 10.50(0.007) —b
7(5) — 5.80(0.83) 5.71(1) 6.04(0.48) —
7(6) — 5.05(0.051)  3.76(1) 3.90(0.71) 4.59(0.15)
8(5) — 10.08(0.59) 9.84(1) 9.91(0.83) 10.83(0.10)
9(5) — 10.61(0.067) 9.43(1) 10.05(0.25)

2Unless otherwise indicated, a dash means that the metal ion was not extracted. PNo mea-
surement.

tion in two tautomeric forms, i.e., nonionic and zwitterionic forms. Absorp-
tion spectra indicate that HL in aqueous solution is zwitterionic, whereas it
assumes a nonionic structure in 1,2-dichloroethane. However, the coexist-
ence of a small amount (<2—5%) of one species with the other cannot be
excluded totally, and the acidity constants, Ky 1+, in Table 1 may safely be
deemed as the sum of the acidity constants K,, and K,,; (Scheme I).

With regard to the effect of the acidity constants on the metal extraction,
the reagents which have larger acidity constants (Ky,.+ and Kji, of which
the latter would be the more important at the extraction step) should extract
metals at lower pH, because they provide L~ species at lower pH. Comparison
of the data in Tables 1 and 2 for reagents 2 and 3 or reagents 7 and 8 indicate
that the larger the acidity constants, the larger are the metal extraction
constants.

However, the relation just mentioned is really less simple, because the
structural factors which affect proton dissociation must also influence the
extractability of the resultant metal complexes. Thus, the Ky;, values are not
very different among the reagents 4, 5, and 6, and in the order, 4 > 6 > 5,
while the K., values are quite different from each other and in the order,
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6 > 4 > 5. The latter order is better related to the Ky, 1+ values (the order
being 6 > 4 > 5), the constants which correspond to the dissociation of
phenolic protons. Reagent 6 carries an alizarin chromophore which is reason-
ably expected to be more lipophilic than either the p-nitrobenzyl (4) or the
4-methylumbelliferone-8-methylene (5) group. Therefore, the enhanced lipo-
philicity of reagent 6 itself probably contributes much to the greater metal
extraction constants. However, it is also possible that the more acidic alizarin
chromophore produces better charge-delocalized anion, and this has led to
an extractability of the resultant metal complexes.

Extraction of alkali metal cations

The crown ethers studied here can be outlined as in structure I; structural
factors a—d all influence the ease of extraction of alkali metal ions. Crown
ethers with the right ring size stabilize the complexes of particular metal ions

S .
[ X4 a:Crown ether ring
b b:Side arm
c:Chromophore

d:Anionic center
SCHEME I

and enhance their extraction; the nature of the hetero-atom in the ring will
also affect the stability of the complex (factor a), as will the length and flexi-
bility of the side-arm (factor b). The chromophore is important not only be-
cause it provides spectral sensitivity, but also because its lipophilicity may
enhance the distribution of the metal complex into the organic phase (factor
c¢). The anionic group can neutralize the cationic charge of the metal either
by coordination to the crown ether-bound metal or by formation of an intra-
molecular ion-pair in the organic phase, depending on the nature of the
anionic group itself as well as on the structure of the remainder of the mol-
_ ecule (factors b and c). This schematic picture of a crown ether can be gener-
alized to cover other crown ethers with functional groups [8] . Doubled side-
arms (as well as doubled chromophores and anionic charges) provide reagents
for extraction-spectrophotometry of alkaline earth metals [1, 9]. Introduc-
tion of hydrophilic side-arms with excess anionic charges leads to ‘“‘crown
complexones”, hybrids of a crown ether and a traditional complexone [1, 10].
Use of soft hetero-atoms such as sulfur in the macrocycle causes a drastic
change in metal selectivity [11].

Effect of ring size of the crown ether

It is generally accepted that an 18-crown-6 macrocycle favors K* complex-
ation. In accordance with this, all the reagents of the 18-crown-6 type, 2(6)—
8(6), extract potassium efficiently (Table 2). Among these reagents, 2, 3,
and 7—9, which lack a macrocyclic amino-nitrogen, show the extraction
selectivity order K* > Rb* > Na'. In contrast, the nitrogen-containing
reagents, 4(6)—6(6), display the selectivity order K* > Na* > Rb". The latter
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selectivity order may indicate stabilization of the light metal complex by
coordination of amino nitrogen to the metal ions of higher cationic surface
charge, but this inference requires much further proof.

For 15-crown-b derivatives, 2(5)—8(5), the extraction selectivities are
somewhat different. The selectivity order Na* > K* > Rb* > Cs*, Li* is ob-
served with reagents 2(5) and 3(5), while the order Li* > Na* > K* > Rb*, Cs*
is shown by 4(5)-6(5). This may be explained on the basis of stabilization
of a Li*containing 6-membered chelate ring formed with reagents 4(5)—6(5);
some covalent interaction between lithium ion and the phenolate can be ex-
pected [4]. The possibility of preferred reaction of amino-nitrogen with the
alkali metals of higher cationic surface charge is again indicated.

Reagents 7(5)—9(5), which lack the ethereal oxygen in the side-arm of
reagents 2(5) and 3(5), display selectivity for potassium rather than sodium,
in contrast to 2(5) and 3(5). This was unexpected, because a reduced rota-
tional freedom in the side-arm of reagents 7—9 (shorter side-arm) was initially
considered to stabilize a pseudo-chelate interaction between the phenolate
oxygen and the metal, leading to preferred extraction of the metal ion of
smaller ionic radius (i.e., sodium). However, inspection by CPK space-filling
models of reagents 7(5)—9(5) suggested that a proper approach of the lone-
pair electrons on the phenolate oxygen to the crown ether-bound metal is
somewhat hindered in reagents 7(5)—9(5), while in reagents 2(5) and 3(5),
this approach is much less hindered, effectively capping the metal-macro-
cycle complex. Though such an effect cannot be estimated quantitatively,
this steric hindrance is probably related to the reversed Na*—K" selectivity
of the two series of reagents.

The 12-crown-4 derivatives, 4(4) and 5(4) extract only lithium ion, in
accord with the size selectivity of this class of crown ethers. However, the
12-crown-4 type reagent, 2(4), does not extract lithium whereas the open-
chain chelating extractant 4(4, open) does. These seem to suggest that a
proper chelating functional group (amino-nitrogen-containing 6-membered
chelate) is essential for extracting lithium ions.

It is to be noted that the lithium extraction constant of 4(4) is smaller
than that of 4(5). It is also noted that the 9-crown-3 reagent 4(3) does not
extract any alkali metal ions at all. These data seem to indicate that lithium
ion does not assume four-coordination but is required to assume six-coordi-
nation for extraction. In the extraction with reagents 4(4) and 4(4, open),
one molecule of water is thought to accompany the complex (in the first
coordination sphere) to complete the six-coordination around lithium. Two
molecules of coordinated water may similarly be expected in the reaction of
lithium with 4(3), but such a complex must be too hydrophilic for effective
transfer to the organic phase.

Effect of basicity of the anionic group
It is implicitly supposed that the phenolate anion caps the crown ether-
bound metal by forming a sort of chelate ring when the metal complex is
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extracted into the organic phase. The nature of the phenolate-metal interac-
tion involved in such ‘‘chelate’’ formation may, however, vary from ‘“‘co-
valent” to ‘“ion-pair’’, depending on the type of both the metal ion and the
phenolate. Thus, less basic, more charge-delocalized phenolates prefer the
extraction of larger metal ions (which have lower cationic surface-charge
density) by forming intramolecular complexes analogous to ion-pairing. In
contrast, more basic, less charge-delocalized anions prefer the extraction of
smaller metal ions (with higher surface-charge density) by forming covalent-
like chelate complexes [12, 13]. Thisrelationship can be seen more readily in
Tables 8 and 4.

The basicity of the phenolates is in the order, monoazo- or bisazo-phenol
type (3) > 7-hydroxycoumarin type (5) > nitrophenol type (4) > alizarin
type (6) > dinitrophenol type (2). If the metal selectivity ratios Li*/Na* are
compared for reagents 2 and 3, the values for the latter reagents are always
higher (Table 3). Here, reagents 3 have higher —log K, values than reagents 2.
The Li*/K* and Na*/K* values are also higher for 3 than for 2. The same
holds for 4 and 5, though the structures of the phenolic chromophores are
very different. The relationship holds even for 5 and 6 (for the most part),
but it does not hold for 4 and 6; that the difference in log K, values for the
phenolic moiety is relatively large for 5 and 6 while it is small for 4 and 6
could be the reason for this different behavior.

It was unexpected that this phenolate basicity/metal extraction selectivity
relationship does not hold for reagents 7 and 8 in view of the fact that the
relationship holds satisfactorily for the structurally most closely related re-
agents 2 and 3. This again implies that factors different from the phenolate

TABLE 3

Comparison of the selectivity of metal extraction and the acidity constant, K,, of the
phenolate

Reagent —log K, Metal selectivity ratio?®

Li*/Na* Li*/K* Na*/K*
2(5) 3.16 0.010 0.033 3.5
3(5) 7.51 0.040 0.20 5
4(5) 5.79 4 5 1.2
5(5) 6.29 4 63 16
6(5) 4.80 3 20 7
1(5) 3.97 — — 0.83
8(5) 7.97 - - 0.59
2(6) 3.27 0.17 0.003 0.016
3(6) 7.54 0.33 0.020 0.063
4(6) 5.77 0.11 0.033 0.29
5(6) 6.45 0.25 0.083 0.33
6(6) 4.91 0.004 0.002 0.50

3Ratio of extraction constants.
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TABLE 4

Relation between K, and K, 2

Reagent pPKex —pK,,

Li* Na* K* Rb* Cs*
2(5) 2.44 0.44 0.99 1.6 2.44
2(6) 1.53 0.74 —1.05 —0.59 0.49
3(5) 2,29 0.89 1.69 2.04 2.5
3(6) 1.26 0.78 —0.43 0.21 2.5
4(4) 4.29 - - - -
4(5) 3.36 3.97 4.07 - -
4(8) 4.52 3.69 3.16 3.86 4.85
4(4, open) 5.94 - — et —
5(4) 4.26 - — - -
5(5) 3.41 4.01 5.2 — -
5(6) 4.55 3.95 3.45 4.05 -
6(5) 3.5 3.9 4.8 ~ -
6(6) 6.09 3.79 3.39 5.59 -

2A dash means not determined.

basicity or the crown ether size are contributing to the selectivity of metal
extraction by reagents 7 and 8 (see preceding section on the effect of crown
ether ring size).

Geometry of the pendent phenolate

The reagents can be classified into three groups according to the size of the
“chelate ring” formed between the pendent phenolate and the crown ether-
bound metal ion. A CPK space-filling model indicates that reagents 4—6
form ideal six-membered chelates with an anionic center capping directly
onto the metal from an axial direction. Reagents 7T—9 formally form a seven-
membered ring, but the phenolate oxygen is sterically hindered from direct
interaction with the metal bound in the crown ether plane. Therefore, only
indirect interaction analogous to ion-pairing seems to be feasible with this
group of complexes. Reagents 2—3 form formally eight-membered chelates;
the chain connecting the phenolate group is very flexible and the interaction
between the metal and the phenolate oxygen could well be coordinative or
ion-pair like (or even a mixture of the two) depending on the nature of the
metal, the phenolate oxygen (basicity), and the crown ether. Figure 3 gives a
schematic illustration of these three types of metal-phenolate interaction.

The following observations (Table 2) are in harmony with the above geo-
metrical considerations. Lithium selectivity is achieved only with six-mem-
bered chelate-forming reagents (4—6). Reagents 2 and 3 extract lithium to
only a limited extent, and reagents 7—9 do not extract lithium at all. Re-
agents 2 and 3 provide some selectivity for sodium ion whereas reagents 7—9
give only some selectivity for potassium ion. Selectivity to sodium ion by
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3
(c)

(a) (b)

Fig. 3. Geometry and schematic illustration of metal-phenolate interaction: (a) six mem-
bered “chelate’ (4—6); (b) seven membered ‘‘chelate” (7—9); (c) eight membered ‘“che-
late” (2—38).

2(5) and 3(5) seems to originate from a rather fortuitous combination of a
flexible eight-membered chelate and the 15-crown-5 ring.

There is admittedly a weakness in the above simplified considerations, be-
cause six-membered chelate rings for 4—6 include an amino nitrogen while
other chelate rings for 2 and 3 and 7—9 do not. In this connection, reagents
which lack a benzyl methylene group in 7—9 and those in which an ethereal
oxygen in the side-arm of 2 and 3 is replaced by a methylene group should
be interesting. However, their synthesis has not yet proved successful in this
laboratory.

Designing alkali metal-selective reagents for extraction-spectrophotometry

Based on the generalized structure I, general rules for designing alkali
metal-selective chromogenic reagents may be summarized as follows. Lithium-
selective reagents should be capable of forming a six-membered chelate ring
through an anionic side-arm and the crown ether-bound metal. The size of
the crown ether can be between 12-crown-4 and 15-crown-5. Because the
extracted lithium complexes are expected to assume 6-coordination around
the metal, reagents of the monoprotonic 12-crown-4 or 15-crown-5 (with
two trimethylene groups in the crown ether ring) type with an extra ligating
neutral side-arm could be potential candidates for lithium-selective reagents;
the side-arm could fulfil the requirement of the residual sixth coordination
site of the extracted lithium complex.

There seems to be no crucial requirement for attaining potassium selec-
tivity. A combination of an 18-crown-6 and a pendent anionic side-arm (pre-
ferably forming a chelate ring with more than seven members or providing
intramolecular ion-pair formation) is sufficient. An increased ion-pair charac-
terimproves selectivity for potassium over sodium. In order to obtain sodium
ion selectivity, some intermediate structural characteristics between those re-
quired for lithium and potassium are useful. The chelate ring would be better
six-membered or larger, and the macrocycle should be 15-crown-5.

Reagents that show selectivity for rubidium or cesium according to the
general formulation I have not yet been obtained. Macrocycles larger than
18crown-6 have not been tested, and may deserve study. However, the size
selectivity of such crown ethers is generally inadequate and the dehydration
requirement of metal ions in the transfer from aqueous to organic solutions



204

is energetically not very different among the heavy alkali-metal ions. Accord-
ingly, reagents highly selective for rubidium or cesium seem unlikely to be
achieved on the basis of the reagent molecules outlined in 1.

EXPERIMENTAL

Determination of acidity constants

The acidity constants of the crown ether reagents were determined spec-
trophotometrically in the conventional manner [3] in water containing 10%
(v/v) dioxane at 25°C. The concentration of the reagent was 1 X 10™ M. The
solution was buffered with 4 X 10 M each of tartaric acid, MES [2-(morpho-
lino)ethanesulfonic acid], Tricine [N-(2-hydroxy-1,1-bis-(hydroxymethyl)-
ethyl)glycine] and boric acid, to which aqueous 0.2 M tetramethylammonium
hydroxide was added dropwise to obtain the required pH.

Determination of extraction constants (K,,)

Portions (10 ml) of a 1,2-dichloroethane solution of the crown ether and a
pH-buffered aqueous solution of the alkali metal salts were equilibrated on a
mechanical shaker for 20 min at 25°C. The concentration of the reagent was
1 X 10™® M for 2(4), 2(5), 2(6), 6(5), 6(6) and 1 X 10 M for 3(5), 3(6),
4(3)—(6), 5(4)—(6), 7(5), 7(6), 8(5), 8(6) and 9(5). The aqueous solution
was 1 X 102—1 X 10! M in alkali metal chloride and was buffered with boric
acid, Tricine, MES and tetramethylammonium hydroxide in a similar manner
to the determination of the acidity constants. The organic solution was sepa-
rated by centrifuging for 10 min, and the absorption spectra were measured
in a 1-cm quartz cell. Extraction constants were calculated in the conven-
tional manner outlined previously [3].

Synthesis of reagents
N-(2-Hydroxy-5-nitrobenzyl)-monoaza-9-crown-3 [4(3)]. Monoaza-9-
crown-3 (0.4 g, 3.1 mmol) and triethylamine (0.6 g, 6.2 mmol) were dis-
solved in anhydrous tetrahydrofuran (THF; 5 ml). The solution was cooled
in ice-water, and Koshland-I reagent (2-hydroxy-5-nitrobenzyl bromide;
0.71 g, 3.1 mmol) dissolved in THF (10 ml) was added dropwise under stir-
ring. The mixture was allowed to warm to room temperature and was stirred
overnight while protected from moisture. The temperature of the bath was
then raised to effect refluxing of the mixture. After 3 h, the reaction mix-
ture was cooled and concentrated under reduced pressure. The residue was
. dissolved in chloroform and washed with aqueous 10% (w/v) tartatic acid
solution. The chloroform solution was dried with magnesium sulfate and
then concentrated under reduced pressure, to give yellow crystals. [Yield
0.5 g (57%); m.p. 89—90°C; 'H-n.m.r. (CDCl;, chemical shift from internal
TMS) §(ppm) = 7.8—8.1 (2H, m, aromatic H adjacent to NO,), 6.76 (1H, d,
J = 9 Hz, aromatic H), 3.95 (2H, s, Ar-CH,), 3.6—3.9 (8H, m, OCH,CH,),
2.99 (4H, t, J = 5 Hz, NCH,).]
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N-(2-Hydroxy-5-nitrobenzyl)-monoaza-12-crown-4 [4(4)]. The compound
was synthesized from monoaza-12-crown-4 (1.0 g 5.6 mmol) and Koshland-
I reagent (1.4 g, 6 mmol) in a similar manner to 4(3). Yellow crystals were
obtained. [Yield 1.3 g (71%);m.p. 82—83°C; 'H-n.m.r. (CDCl;) § = 7.75—8.1
(2H, m, aromatic H adjacent to NO,), 6.78 (1H, d, J = 9 Hz, aromatic H
adjacent to OH), 3.81 (2H, s, ArCH,), 3.5—3.8 (12 H, m, OCH,CH,), 2.76
(4H, t, J = 5 Hz, NCH,). Found: 54.7% C, 6.5% H, 8.6% N. Calcd. for
CisH,3N,04: 54.9% C, 6.8% H, 8.5% N.]

N-(2-Hydroxy-5-nitrobenzyl)-monoaza-15-crown-5 [4(5)]. The compound
was synthesized in a similar manner to 4(3), giving yellow crystals. [Yield
91%. 'H-n.m.r. (CDCl;) § = 7.9—8.3 (2H, m, aromatic H adjacent to NO,),
6.8—7.1 (1H, d, J = 9 Hz, aromatic H adjacent to OH), 3.92 (2H, s, ArCH,),
3.4—3.85 (18H, m, OCH,CH,), 2.8—3.1 (4H, t, J = 6 Hz, NCH,). Found:
51.8% C, 6.6% H, 6.8% N. Calcd. for C;H,¢(N,0,-3/2H,0: 51.4% C, 6.85%
H, 7.05% N.]

N-(2-Hydroxy-5-nitrobenzyl)-monoaza-18-crown-6 [4(6)]. The compound
was synthesized in a similar manner to 4(3), giving yellow crystals. [Yield
87%. 'H-n.m.r. (CDCl,) 6 = 7.8—8.2 (2H, m, aromatic H, adjacent to NO,),
6.8—7.1 (1H, d, J = 9 Hz, aromatic H adjacent to OH), 3.92 (2H, s, ArH),
3.4—-3.8 (20H, m, OCH,CH,), 2.8—3.1 (4H, t, J = 6 Hz, NCH,). Found:
538% C, 7.2% H, 6.4% N. Caled. for C,x,H3,N,0,- 1/2H,0: 53.9% C, 7.1% H,
6.6% N.]

1-Chloro-3,6-dioxaoctane. 1-Hydroxy-3,6-dioxaoctane (10.0 g, 74.6
mmol), pyridine (6.2 g, 79.0 mmol) and thionyl chloride (9.3 g, 78.1 mmol)
were stirred together at 110°C for 10 h. The reaction mixture was concentra-
ted under reduced pressure, and the residual oil was treated with water and
diethyl ether. The organic layer was collected and washed with water. The
diethyl ether was evaporated to give pale yellowish oil. [Yield 10.5 g (92%).]

l-Iodo-3,6-dioxaoctane. 1-Chloro-3,6-dioxaoctane (10.5 g, 6.9 mmol) and
sodium iodide (12.3 g, 8.0 mmol) were allowed to react for 48 h in 300 ml
of refluxing acetone. The reaction mixture was concentrated under reduced
pressure and the residue was dissolved in ethyl acetate. The solution was
washed with aqueous 20% (w/v) sodium thiosulfate solution followed by
aqueous sodium chloride solution. The removal of the solvent after drying
with sodium sulfate gave a colorless oil. [Yield 13.4 g (91%).]

3,9,12-Trioxa-6-azatetradecane. 1-Iodo-3,6-dioxaoctane (13.4 g, 55 mmol)
and 2-ethoxyethylamine (9.7 g, 110 mmol) were stirred together at room
temperature for 1 h. The temperature was then raised to 60°C and the mix-
ture was stirred for a further 1 h. Methanolic potassium hydroxide was added
to the cooled mixture, which was then filtered, concentrated, and finally dis-
tilled under reduced pressure to give a colorless liquid. [B.p. 65°C/ 0.1 mmHg.
Yield 6 g (53%). 'H-n.m.r. (CDCl;) 8 = 3.2—3.6 (12H, m, OCH,), 2.8—2.9
(4H,t,J = 6 Hz, NCH;), 1.75 (1H, s, NH), 1.0—1.3 (6H, t, J = 8 Hz, CH;).]

N-(2-Hydroxy-5-nitrobenzyl)-3,6,12-trioxa-9-azatetradecane [4(4, open)].
3,9,12-Trioxa-6-azatetradecane (2.0 g, 9.74 mmol) and triethylamine (3.0 g,
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29.22 mmol) were dissolved in anhydrous THF (5 ml) and stirred magneti-
cally under ice-cooling. Koshland-I reagent (2.5 g, 10.71 mmol) dissolved in
THF (10 ml) was added dropwise, and stirring was continued overnight at
room temperature. The mixture was then heated to refluxing (3 h), cooled
and concentrated under reduced pressure. The residue was taken into chloro-
form and washed with aqueous tartaric acid solution. The chloroform solu-
tion was concentrated under reduced pressure after drying with magnesium
sulfate, giving a yellowish oil. [Yield 0.5 g (567%). 'H-n.m.r. (CDCl5) § = 10.0
(1H, s, OH), 8.1—8.7 (3H, m, aromatic H), 4.0 (2H, s, ArCH,), 3.7—3.3
(12H, m, OCH,), 2.9—2.7 (4H, t,J = 8 Hz, NCH,), 1.3—1.1 (6H, t, J = 8 Hz,
CH;). Found: 56.1% C, 7.7% H, 7.8% N. Calcd. for C,;H,3N,04: 56.1% C,
7.65% H, 8.2% N.]
N-(4-Methyl-7-hydroxycoumarin-8-ylmethyl)-monoaza-12-crown-4 [5(4)] .
7-Hydroxy-4-methylcoumarin (1.1g, 6.0 mmol), monoaza-12-crown-4 (1.0 g,
5.7 mmol), triethylamine (2.3 g, 23 mmol), and formalin (1.73 ml,
23 mmol) were dissolved in DMF (N,N-dimethylformamide) and stirred mag-
netically at room temperature under nitrogen. After 10 h of stirring, the
reaction mixture was concentrated under reduced pressure. The residue was
dissolved in chloroform and washed successively with aqueous tartaric acid
solution and water. The chloroform solution was then concentrated under
reduced pressure after drying with magnesium sulfate to give yellow crystals,
which were purified by column chromatography on silica gel with chloro-
form/ethanol (3:1) as eluting solvent. [Yield 0.9 g (43%). !H-n.m.r. (CDCl;)
5 = 7.3—6.0 (4H, m, aromatic H), 4.1 (2H, s, ArCH,), 3.75—3.6 (12H, t,J =
6 Hz, OCH,), 2.9—2.7 (4H, t, J = 6 Hz, NCH;), 2.35 (3H, s, CH;). Found:
62.6% C, 6.95%H, 3.7% N. Calcd. for C;xH,5NO¢: 62.8% C, 6.9% H, 3.85% N.]
N-(4-methyl-7-hydroxycoumarin-8-ylmethyl)-monoaza-15-crown-5 [5(5)] .
The compound was synthesized in manner similar to 5(4), giving a yellow
oil. {Yield 47%. 'Hn.m.r. (CDCl;) 6 = 7.3—6.0 (4H, m, aromatic H), 4.1
(2H, s, ArCH,), 3.7—3.6 (16H, t,J = 6 Hz, OCH,), 2.9—2.7 (4H, t, J = 6 Hz,
NCH,), 2.4 (3H, s, CH3).]
N-(4-Methyl-7-hydroxycoumarin-8-ylmethyl)-monoaza-18-crown-6 [5(6)] .
The compound was synthesized similarly to 5(4), giving a yellow oil. [ Yield
62%. 'H-n.m.r. (CDCl;)8 = 7.4—6.0 (4H, m, aromatic H), 4.1 (2H, s, ArCH,),
3.8—3.6 (204, t,J = 6 Hz, OCH,), 2.86 (4H, t, J = 6 Hz, NCH,), 2.38 (3H, s,
CH,;). Found: 57.0% C, 6.7% H, 2.9% N. Calcd. for C,3H33NO; 0.2 CHCl;:
57.0% C, 6.8% H, 2.85% N.]
N-(1,2-Dihydroxyanthraquinone-3-ylmethyl)-monoaza-15-crown-5 [6(5)].
The compound was synthesized by the reaction of alizarin (1,2-dihydroxy-
anthraquinone), monoaza-15-crown-5, triethylamine and formalin at 50°C
under nitrogen in a similar manner to that of 5(4). Violet crystals were
obtained. [Yield 35%, m.p. 104.2—104.6°C. 'H-n.m.r. (CDCl;3) § = 8.3—7.5
(6H, m, aromatic H), 4.9 (2H, s, ArCH,), 3.8—3.6 (16H, m, OCH,), 2.87
(4H, t, J = 6 Hz, NCH,). Found: 63.55% C, 6.3% H, 2.7% N. Calcd. for
C2sH,oNOg: 63.7% C, 6.2% H, 3.0% N.]
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N-(1,2-Dihydroxyanthraquinone-3-ylmethyl)-monoaza-18-crown-6 [6(6)] .
The compound was synthesized similarly to 6(5). A violet crystalline powder
was obtained. [Yield 38%, m.p. 90.2—91.1°C. 'H-n.m.r. (CDCl;) § = 8.3—7.5
(5H, m, aromatic H), 4(2H, s, ArCH,), 3.6—3.8 (20H, m, OCH,), 3.0—2.8
(4H, t, J = 6 Hz, NCH,). Found: 63.4% C, 6.5% H, 2.7% N. Calced. for
C,7-Hi3sNOy: 63.0% C, 6.45% H, 2.7% N.]

2-Allylanisole. To sodium methoxide (0.402 mol: prepared from 9.24 g of
sodium) in 200 ml methanol were added under stirring 2-allylphenol (30.0 g,
0.201 mol) and methyl iodide (35 ml, 0.6 mol). The reaction mixture was re-
fluxed for 3 h and after cooling was concentrated under reduced pressure.
The residue was dissolved in chloroform and washed successively with aque-
ous 1 M sodium hydroxide and water. After drying with magnesium sulfate,
the chloroform solution was concentrated and distilled under reduced pres-
sure. [Yield 22.7 g (75%), colorless liquid, b.p. 96.5—98°C/12 mmHg. *H-
nm.r. (CDCl;) 6 = 6.7—7.4 (4H, m, aromatic H), 5.6—6.3 (1H, m, CH=C),
48—5.3 (2H, m, C=CH,), 3.8 (3H, s, OCH;), 3.3—3.4 (2H, d, J = 6 Hz,
ArCH,).

3-(2-Methoxyphenyl)propane-1,2-diol. 2-Allylanisole (34.0 g, 0.207 mol)
was dissolved in ethanol (300 ml). A solution of potassium permanganate
(32.8 g, 0.207 mol) and magnesium sulfate (51 g, 0.207 mol) in 300 ml of
water was slowly added at —10°C, and the mixture was stirred for 1 h at the
same temperature. Sodium hydrogensulfite (102 g, 0.98 mol) was then
added portionwise under cooling, and the mixture was stirred for 1 h.
Aqueous sulfuric acid (3 M) was added until the white precipitates were
dissolved. The ethanol was removed under reduced pressure, and the residual
solution was extracted with chloroform. The chloroform solution was washed
with water, concentrated and distilled under reduced pressure to give a yel-
lowish viscous oil. [Yield 14.4 g (38.2%), b.p. 151—153°C. 'H-n.m.r. (CDCl;)
6 = 7.4—6.6 (4H, m, aromatic H), 5.2—4.6 (1H, m, CHOH), 3.8 (3H, s, CH3),
3.5—3.3 (2H, m, CH,0), 3.0—2.8 (2H, d, J = 6 Hz, ArCH,). Found: 65.5% C,
7.7% H. Calcd. for C,,H 1405: 65.9% C, 7.7% H.]

(2-Methoxyphenyl)methyl-15-crown-5 [11(5)]. 3-(2-Methoxyphenyl)pro-
pane-1,2-diol (2.7 g, 14.8 mmol) was slowly added to a suspension of sodium
hydride (60% in oil; 2.5 g, 63 mmol) in DMF (200 ml) under nitrogen. Tetra-
ethyleneglycol ditosylate (7.47 g, 15 mmol) was added and stirred for 24 h
at room temperature. Temperature was then raised to 60°C, and after 3 h
stirring, the mixture was concentrated under reduced pressure. The residue
was taken up in chloroform and washed with water. The chloroform solution
was concentrated and distilled under reduced pressure to give a viscous oil.
[Yield 2.36 g (47%), b.p. 173—175°C/2 X 14™* mmHg. 'H-n.m.x. (CDCl;) 6 =
6.7—7.3 (4H, m, aromatic H), 3.8 (3H, s, OCH;), 3.6 (16H, m, OCH,CH,),
3.3—.0 (3H, m, OCHCH,), 2.6—2.9 (2H, d, J = 6 Hz, ArCH,). Found:
62.7% C, 8.3% H. Calcd. for CgH,304 1/4H,0: 62.7% C, 8.3% H.]

(2-Methoxyphenyl)methyl-18-crown-6 [11(6)]. The compound was syn-
thesized similarly to (2-methoxyphenyl)-methyl-15-crown-5. [Yield 41%.
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Yellow viscous oil, b.p. 169—171°C/4 X 10™* mmHg. 'H-n.m.r. (CDCl;) § =
6.6—7.3 (4H, m, aromatic H), 3.8 (3H, s, OCH3), 3.6 (20H, m, OCH,CH,),
3.4—4.0 (3H, m, CHCH,0), 2.7—2.9 (2H, d, J = 6 Hz, ArCH,).]
(2-Hydroxyphenyl)methyl-15-crown-5 [12(5)]. To (2-methoxyphenyl)-
methyl-15crown-5 (107.8 mg, 0.317 mmol) in benzene (5 ml) was added
lithium tetrahydroaluminate (100 mg, 2.64 mmol) and heptane (20 ml). The
mixture was heated to refluxing, the benzene being removed. After 10 h, the
reaction mixture was cooled to room temperature and methanol was added
to decompose the excess of lithium tetrahydroaluminate. Hydrochloric acid
(6 M) was added, and the mixture was extracted with chloroform. The
chloroform solution was concentrated to give a yellowish viscous oil. [ Yield
0.94 g (91%). 'H-n.m.r. (CDCl;) § = 6.7—7.4 (4H, m, aromatic H), 3.7 (16H,
m, OCH,CH,), 3.0—4.0 (3H, m, CHCH,), 2.6—2.9 (2H, d, J = 6 Hz, ArCH,).
Found: 62.1% C, 8.2% H. Calcd. for C;H,¢04: 62.6% C, 8.2% H.]
(2-Hydroxyphenyl)methyl-18-crown-6 [12(6)]. The compound was syn-
thesized similarly to (2-hydroxyphenyl)methyl-15-crown-5; a yellowish vis-
cous oil was obtained. [Yield 0.197 g (93%), 'H-n.m.r. (CDCl;) § = 6.7—7.3
(4H, m, aromatic H), 3.7 (20 H, m, OCH,CH,), 3.0—4.0 (3H, m, CHCH,),
2.8—3.0 (2H, d, J = 6 Hz, ArCH,).]
(2-Hydroxy-3,5-dinitrophenyl)methyl-15-crown-5 [7(5)]. (2-Hydroxy-
phenyl)methyl-15-crown-5 (0.2 g, 0.62 mmol) was dissolved in 10 ml of
chloroform/acetic acid (1:1 v/v) and 60% nitric acid (0.5 ml, 0.6 mmol) was
slowly added at 0°C. The solution was then slowly heated to 50°C under stir-
ring and kept at that temperature for 90 min, After cooling, the reaction
mixture was diluted with chloroform (10 ml). The organic phase was collec-
ted, washed with water and concentrated under reduced pressure. The resi-
dual product was purified by column chromatography on silica gel with
chloroform/ether (1:1) as eluting solvent. A yellowish viscous oil was ob-
tained. [Yield, 0.248 g (96%). 'H-n.m.r. (CDCl;) 8 = 8.9—9.0 (1H, d, J =
3 Hz, aromatic H adjacent to NO,), 8.4—8.5 (1H, d, J = 3 Hz, aromatic H
adjacent to ArCH,), 3.7 (16H, m, OCH,CH,), 3.0—4.1 (5H, m, ArCH, and
CHCH,O). Found: 49.15% C, 5.8% H, 6.4% N. Caled. for C;;H,,0,N;:
490% C,5.8% H, 6.7% N.]
(2-Hydroxy-3,5-dinitrophenyl)methyl-18-crown-6 [7(6)]. The compound
was synthesized similarly to 7(5). A yellow viscous oil was obtained. [Yield
56%. 'H-n.m.r. (CDCl;) 6 = 8.9—9.0 (1H, d, J = 3 Hz, aromatic H adjacent to
NO,), 8.4—8.5 (1H, d, J = 3 Hz, aromatic H adjacent to ArCH,), 3.7 (20H,
m, CH,CH,0), 3.0—4.0 (5H, m, ArCH, and CHCH,).]
[2-Hydroxy-5-(4-nitrophenylazo)phenyl] methyl-15-crown-5 [8(5)] and
[2-hydroxy-3,5-bis(4-nitrophenylazo)phenyl] methyl-15-crown-5 [9(5)]. (2-
Hydroxyphenyl)methyl)-15-crown-5 (0.2 g, 0.624 mmol) was dissolved in
10 m] of THF /water (1:1,v/v) in the presence of sodium hydrogencarbonate.
A solution of p-nitrobenzenediazonium chloride (0.63 mmol) in 10 ml of
THF /water (1:1, v/v) was added dropwise at 0—5°C, and the mixture was
stirred continuously for 30 min. The temperature was then gradually raised



209

to room temperature, and the solution was stirred for 1 h. The THF was
removed from the reaction mixture by evaporation, and the residue was ex-
tracted with chloroform. The chloroform solution was washed with aqueous
sodium carbonate and sodium chloride followed by dilute hydrochloric acid
and water. After concentration, the residue was passed through a silica-gel
column with chloroform/ethanol (3:1) as eluting solvent to give two major
components. Compound 8(5) was then recrystallized from water/ethanol,
and 9(5) from ethanol.

For 8(5), yield 50 mg (23%), brown powder, 'H-n.m.r. (CDCl;) 6§ = 7.7—
8.9 (4H, m, aromatic H adjacent to NO, and N=N), 7.8 (1H, d, J = 10 Hz,
aromatic H adjacent to N=N), 7.7 (1H, s, aromatic H adjacent to ArCH,), 6.9
(1H,d, J= 10 Hz, aromatic H adjacent to OH), 3.5—4.2 (19H, m, OCH,CH,),
3.1 (2H, d, J = 6 Hz, ArCH,;). Found: 58.5% C, 6.2% H, 9.1% N. Calcd. for
C23H,005N;3: 58.1% C, 6.15% H, 8.8% N.

For 9(5), yield 35 mg (14%), brown powder. 'H-n.m.r. (CDCl3) 8 = 7.9—
8.6 (10H, m, aromatic H), 3.5—3.9 (19H, m, CH,CH,), 3.0—3.2 (2H,d,J=
6 Hz, ArCH,). Found: 55.95% C, 5.2% H, 12.9% N. Calcd. for C,,H3;,N;O,,,
55.8% C, 5.15% H, 13.45% N.

[2-Hydroxy-5-(4-nitrophenylazo)phenyl] methyl-18-crown-6 [8(6)]. The
compound was synthesized similarly to 8(5). [Brown powder, yield 4.8%,
'H-n.m.r. (CDCl;) 6§ = 7.7—8.5 (4H, m, aromatic H adjacent to NO, and
N=N), 7.9 (1H, d, J = 8 Hz, aromatic H adjacent to N=N), 7.9 (1H, s, aro-
matic H adjacent to ArCH,), 7.0 (1H, d, J = 10 Hz, aromatic H adjacent to
OH), 3.5—4.2 (20H, m, OCH,CH,), 3.1 (2H, d, J = 6 Hz, ArCH,). Found:
56.2% C, 6.6% H, 7.6% N. Calcd. for C,sH3;N;0.H,: 55.8% C, 6.6% H,
7.8% N.] ‘
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SUMMARY

A simple approach based on the steady-state assumption and linear concentration
profiles in the reaction layer is proposed to simulate electrochemical systems involving
very fast homogeneous chemical reactions. The flux equations are derived in detail and
the method is shown to be suitable for catalytic e.c.e. and dimerization reaction mech-
anism. The accuracy of the proposed method is checked by comparing the results obtained
with those already available in the literature.

Digital simulation has proved to be very useful in rationalizing electro-
analytical problems involving complicated reaction mechanisms [1—3]
because very simple relationships can be used to represent electrochemical
processes characterized by different kinetic complications. However, when
very fast chemical reactions are involved, the numerical procedures des-
cribed in the literature are usually no longer effective; this happens because
the kinetic layer becomes much thinner than the diffusion layer so that an
enormous number of time steps is required by procedures even when non-
uniform space and time grids are used [4, 5].

From the mathematical point of view, this situation is characterized by
values of the kinetic constants for the homogeneous reactions much greater
than unity but also much lower than those proper for heterogeneous kinetic
constants of the associated charge transfers, so that the overall electrochem-
ical system cannot be considered at equilibrium. Despite its importance, only
two papers have dealt with this problem in detail [6, 7] ; but only the mathe-
matical procedure relative to the c.e. mechanism was described exhaustively.

The aim of the present paper is to develop a simple but accurate general
procedure, suitable for different electrochemical processes involving very fast
chemical reactions. The accuracy of the procedure was checked by reproduc-
ing, with suitable parameters in the programs, the theoretical results relative
to different mechanisms available in the literature. The relevant programs,
available on request, were written in FORTRAN IV and the calculations
were done on a MINC-11/23 minicomputer (Digital Equipment Corp.).

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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THEORY

Basic concepts

The procedure described for very fast chemical reactions [6, 7] is an
appropriate combination of an intermediate steady-state analytical solution
and the usual finite difference approach. This treatment requires that the
solution of the steady-state differential equation is used in order to build up
the so-called ‘“‘heterogeneous equivalent” [6, 7], i.e., a new formulation of
the flux at the electrode surface. The diffusion of the reacting species is
computed according to the usual ““boxes’ approach. However, as stated by
the authors themselves [6, 7], such a solution is difficult to achieve, in many
cases, particularly when other than first-order reactions have to be considered.

An easier mathematical solution to this problem should be achieved by
using the approximation of a linear concentration profile in the reaction
layer. A similar assumption was also adopted many years ago in polarographic
studies [8]. Consequently, to verify whether this assumption is suitable for
simulating correctly any kinetic complication, the data obtained by the
relevant more approximate but easier procedure were compared with those
calculated previously by more rigorous methods. The tests used were simula-
tions of chronoamperometric or linear-sweep voltammetric experiments con-
cerning some complicated electrochemical reactions. The electrochemical
models were chosen on the basis of their frequent occurrence in experimental
practice and of the difficulties found in their simulation by the usual proce-
dure.

Catalytic mechanism
The mechanism for the electrochemical catalytic process is essentially
P+e hs. Q;Q+ A2 P+B

for which Epq is the standard potential for the P/Q couple, k,, ; is the stan-
dard heterogeneous kinetic constant for the P/Q couple, and & is the second-
order homogeneous kinetic constant. If it is assumed that steady-state
conditions hold for the species P and @, then the following equations are valid:

for generation of Q, qo, 1 = kn.¢[Ply — Py o[ Q]
for kinetic balance on Q, g, = pk[A],[Q],

The flux expressed in terms of the stationary concentration of Q is

qo,t = (D/w)[Qs (1)
and the conservative mass balance is
P*=[P], + [Q], (2)

In these equations, g, ; is the flux of the depolarizer at the electrode surface,
[P)s and [Q], are steady-state concentrations, u is the thickness of the
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reaction layer (i.e., the coefficient which makes Eqns. 1 and 2 dimensionally
consistent), D is the diffusion coefficient, and [A], is the mean concentration
of the species A in the reaction layer.

Equation 1 is the core of the approximation as it means that the gradient
of Q (6Q/8x) is linear within the reaction layer. By suitable combination of
the above relationships, one obtains 4 = (D/k[A],)"?, and then

[Pl = [knn + (DE[A])2P*] /[y + knp + (DR[A]L)'"] (3)

which can be inserted into the following equation of the flux, derived by
combining the above equations for the generation of Q and the conservative
mass balance

qo,t = ku,¢ [Pls — by u(P* — [P],) (4)

The presence in Eqn. 4 of the terms k&, ; and ky, ,, allows the simulation of
heterogeneous charge-transfer steps characterized by different degrees of
reversibility, owing to the dependence of these terms on the heterogeneous
standard rate constant ky, ;.

Table 1 reports the data calculated by the approach described above for a
reversible and a totally irreversible process. The data agree with those reported
previously [9, 10] within 0.05% and 0.5%, respectively. Figure 1 shows
that the same values for the kinetic parameter, A, lead to the same limiting
currents regardless of the degree of reversibility, ¢ . However, this limiting
current is reached at different E — E° values because, for different ¢ values
[11], different overvoltage contributions are required for the regeneration
reaction to become the rate-determining step in all cases.

TABLE 1

Calculated characteristics of the response obtained by linear-sweep voltammetry for a
catalytic mechanism?

v = 6.0 X 10? (reversible system)

A 5.13 X 10! 5.13 X 10? 5.13 x 10° 5,13 X 10*
FFN* 7.16 22.65 71.63 226.5

E,n 0.0 0.0 0.0 0.0

¥ = 6.0 X 107* (totally irreversible system)

A 5.13 x 10! 5.13 x 10? 5.13 X 10° 5.13 x 10*
FFN®™ 7.16 22.64 71.52 225.4

Ewn —0.452 —0.5612 —0.571 —0.629

8) = kC,/a = kinetic parameter of the homogeneous chemical reaction. FFN™ = (kCp/a)'”
= current function for E — . E,,, = half-wave potential (V); a = Fu/RT; y = ky, (/(nDa)'”
= kinetic parameter measuring the degree of reversibility of an electrode process.
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Fig. 1. Voltammetric curves for catalytic mechanisms A = 513 with different degrees of
reversibility: (a) ¢y = 6.0 x 10%;(b)y = 6.0 X 107,

The e.c.e. mechanism
The usual digital simulation procedure reveals its limitations when it is

applied to e.c.e. processes: A + e~ = B (with EA,B) B—=C (with K, = k;/

ky, = [C]/[B]), and C + e” = D (with E’C,D) which are characterlzed by K.,
values much lower than one and E¢p > Ej 5.

Under these conditions, in fact, even a very large number of iteration steps
cannot produce the contribution of the second electrode reaction properly,
so that the fractional current increase (n,,,) never attains the limiting value
of two. This is because an insignificant value for the concentration of species
C comes from the following equations used in its calculation at every step

Keq = (IC; —1] + 2)/([B;] —A); [G] =[C;—1] + A

owing to the very low value of K.,. Such a difficulty is also reflected by the
dependence of n,,, on the square root of the time [n,,, = f(t'2k;/kL?)]
found for chronoamperometric conditions through the analytical solution
[12]. In the simulation approach, t'? is replaced by j’? (j is the number of
iteration steps), thus it is evident that when log (¢'2k¢/ki/*) > 2, an excessive
computation time is required because the k;/k, ratio is much less than one
(see above). Conversely, when large k; and k, values (always under the con-
dition k¢/ky, <€ 1) are handled by means of the steady-state approximation,
large values of the mentioned dimensionless parameter can easily be reached
in a small number of iteration steps.

The data of Amatore and Saveant [12] relative to this type of process
refer to chronoamperometric experiments done under limiting conditions;
the relevant equations are as follows: for diffusion of A at the electrode
surface, (q,)o,+ = 2D[A]}, and the kinetic balance on C is

(92)o.t = wk:[Bl, , — uku[Cl; (5)
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The flux expressed in terms of the stationary concentration of C is

(@2)o,¢ = (D/u){[C]s (6)

In these equations, [A], is the concentration of the depolarizer in the first
space interval at a distance 0.5 (similar system units) from the electrode sur-
face. Equation 6 represents again the approximation of a constant gradient
in the reaction layer. The parameters used (Ko < 1 and ES > E3) together
with the chronoamperometric conditions specified make the term uk,[C],
negligible in Eqn. 5, so that insertion of the residue of this equation yields

u = (D[Cly/ks[Bl,, +)""* ~ (D/ky)'"? -

That only a fraction of the species B changes into C while the remainder
diffuses away from the electrode is accounted for by the relationship

(@1)o,s —(@2)o,¢ = 2D([B]y: — [B]1) (8)
Finally, combination of the reduced Eqn. 5 with Eqns. 7 and 8 gives
(92)0,1 = {(RpD)'? Koo/ [2D + (RpD)*K g1} {2D[B], + (q1)o, ¢} (9)

which allows computation of the total faradaic flux through the obvious
relationship, q.; = 91 + q.-

The complete development of n,,, from 1 to 2 was calculated in three
very short simulation tests, the first using K., = 0.1/100, the second K., =
1.0/1000 and the third K., = 10.0/10% Table 2 compares the present results
with those obtained by means of the relevant analytical solution [12].

Dimerization mechanism
Asafurther test of the general applicability of the approximation suggested,
the dimerization mechanism [13] was considered

Fhs

k
A+ e B;2B—>P

for which E} 5 is the standard potential for the A/B couple, and k is the
second-order irreversible kinetic constant. This choice was made because
analytical solutions for mechanisms involving reaction orders higher than one
are generally cumbersome to achieve.

On the basis of the usual considerations, the valid equations are:

for generation of B, qo,y = ky s[Alo,s — knplBls
for kinetic balance on B, q, ; = uk[B]?

The flux expressed in terms of the stationary concentration of B is q, , =
(D/u)[B], and the diffusion of A to the electrode surface is given by q, ; =
2D([A]:,¢ — [A]o,;)- Combination of these four equations and subsequent
rearrangement give

ot [(2D + ky ¢)/2D] + qF3 [k 1/ (DR)'?] —kyt[Ali; =0 (10)

which allows the computation of g, ; by a standard iterative method.
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TABLE 2

Comparison between the fractional current increases (n,pp) calculated by two different
methods?®

log A Value of nypy, log A Value of n,p,
From [12] Present From [12] Present
work work
—0.85 1.211 1.215 0.00 1.755 1.758
—0.65 1.315 1.314 +0.32 1.912 1.913
—0.50 1.408 1.406 +0.65 1.975 1.977
—0.31 1.539 1.540

3 = (kpt)'*Keq = ket'’*[k}? = kinetic parameter of the homogeneous chemical reaction.

The accuracy of this procedure was substantiated by the results obtained
when Eqn. 10 was used to simulate linear-sweep voltammetric experiments.
The current function q, /nFCD"?a'? (a = nFv/RT; v = scan rate) calculated
at the peak potential was found to be 0.527, which exactly coincides with
that reported for such a process [13].

DISCUSSION

The results reported indicate that the proposed method can be used profit-
ably as a general means of simulating very fast chemical reactions coupled
with heterogeneous charge-transfer steps. The assumption of a linear profile
in the reaction layer introduces only small errors which are of the same
order of magnitude as those typical of more rigorous treatments. The method
produces solutions even for systems characterized by higher-order chemical
reactions. Only one caution is required; the calculations will converge only if
suitable couples of heterogeneous and homogeneous kinetic constants are
inserted in the algorithm; these couples can be changed, however, over a
large range to reflect not only different degrees of electrode reversibility (for
reversible reactions, y > 10; for quasi-reversible reactions 10 > ¢ > 1073;
and for totally irreversible reactions, y < 107%) [11] but also high rates for
the homogeneous chemical reactions.

In this connection, it is worth noting that in the c.e. mechanism considered
elsewhere [6], the steady-state assumption was used to simulate correctly a
rather slow homogeneous chemical reaction because a very compact reaction
layer is defined when the heterogeneous charge-transfer step is much faster
than the homogeneous one. However, when a high value for the homogeneous
constant is introduced in the equation of the flux derived for such a process
with this steady-state assumption, only a diffusion-limited current can be
obtained. Conversely, the correct simulation of a c.e. process in a kinetic
“intermediate state’’ can be achieved by means of the usual finite notation,
if the different kinetic characteristics of the system are taken into account
by using the dimensionless parameter [9] (Fu/RT)'?K(k; + ky) ™72
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SUMMARY

Electrode reactions followed by very fast chemical reactions are considered. A simple
approach, in which steady state and linear concentration profiles in the reaction layer are
assumed, is proposed for the simulation of these processes when the substrate is not pre-
sent in large excess. When the substrate/depolarizer mole ratio is less than one, two well-
separated peaks are detected; under such conditions, working curves that enable the
corresponding second-order homogeneous rate constant to be evaluated can be derived
by the finite-difference simulation technique. The method is applied to elucidation of
the reduction of the tetrakis(triphenylphosphine)nickel(I) complex in the presence of
hydrogen ions in acetonitrile at —30°C.

Electroanalytical techniques can be used profitably not only to investigate
electrode processes, but also to gain kinetic information on homogeneous
chemical reactions when at least one of the reagents or products is an elec-
troactive species. In particular, electrochemical processes of the type:

kEn.s ks
A+e—5B; B+S—>P )]

occur frequently in experimental practice.

Previous treatments of these irreversible mechanisms are restricted to a
particular kinetic situation corresponding to a large excess of the substrate S,
so that it can be regarded as constant throughout the diffusion layer. How-
ever, when the chemical step is very fast, study of these processes by the
most useful criterion based on the change of the quantity iy,/i,. with scan
rate can be no longer performed owing to the absence of response on the
reverse scan. Moreover, the alternative less careful approach which takes
advantage of the quantity 6E,/8log v is also unable to give the value of the
homogeneous kinetic constant if E,,, for the uncomplicated electrode reac-
tion is not available [1]. Therefore, in this kinetic situation, it is advisable to
retard the chemical reaction by using substrate/depolarizer mole ratios (y =
S/A) less than one, so that only a fraction of the species B formed in the

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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electrode step can undergo the subsequent homogeneous reaction. A further
advantage offered by the use of these experimental conditions is the possibil-
ity of investigating electrochemical processes in which solubility requirements
preclude the use of a large excess of substrate. Under such experimental con-
ditions, the homogeneous reaction becomes of second-order and no theoreti-
cal treatment of this case has been reported in the literature; only a particular
second-order e.c. mechanism (dimerization) has been described [2, 3].

In principle, digital simulation techniques make it possible to overcome
difficulties deriving from reaction orders other than first order, but represen-
tation of extremely fast chemical reactions is time-consuming in that an
enormous number of iterative steps is required in the calculations. These
mathematical problems can be avoided by using the approach based on the
assumption of a steady-state condition, as was emphasized in Part 1 of this
work [4].

The present paper describes the mathematical approach used to represent
a very fast second-order e.c. mechanism characterized by v < 1. The relevant
linear-sweep voltammetric responses are reported, together with the working
curves which allow simple evaluation of the homogeneous kinetic constant.
The calculations are utilized to rationalize the cathodic behaviour of the
tetrakis(triphenylphosphine)nickel(I) complex in acetonitrile in the presence
of protons which was encountered during an investigation of the reactivity
of nickel hydrides obtained by reacting hydrogen ions with nickel(0) species
[5].

EXPERIMENTAL

The electrochemical instrumentation, the experimental procedure em-
ployed and the purification of all the chemicals were described previously
[56]. Explicit finite-difference programs were written in FORTRAN-IV and
run on a MINC-11/23 computer (Digital Equipment Corp.) to generate
current/potential curves with different boundary conditions. The relevant
programs are available on request.

RESULTS AND DISCUSSION

Finite-difference simulation of the e.c. mechanism

Theoretical curves relative to mechanism I were calculated by digital simu-
lation following two different procedures. The first, based on the usual finite
kinetic relationships [6], was used to simulate e.c. processes involving not
too fast chemical reactions (up to k:C,/a = 5000); for faster homogeneous
steps, the steady-state assumption was utilized. In the latter case, a proce-
dure similar to that reported in Part 1 [4] was followed. On the assumption
of steady-state conditions for species B in scheme ], the following equations
are valid (symbols are the same as in Part 1). Thus for generation of B,

qo,t = kh,f [A] ot kb,h [B] s
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The flux expressed in terms of the stationary concentration of B is g, =
(D/u)[B]s. The kinetic balance on B is q, = uk:[B][S], ;. For diffusion of
A to the electrode surface, q, = 2D([A],,— [Alo ). Combination of these
four equations and rearrangement gives

Qo = kh,f(Dkf[S] u.t)l/Z[A] 11/ {kh,b + (Dkf[S]u,t)l/z
+ byt (DR¢[S],.1)""?/2D} (1)

The correctness of this equation can easily be checked by inserting a con-
stant value for [S}, ; (pseudo-first-order conditions). In such a way, it is
possible to obtain the proper values for first-order e.c. processes character-
ized by different degrees of reversibility reported by Evans [7]. In this
connection, it should be noted that the proposed method lowers consider-
ably the computation times needed for high k/a values (from 1135 s by
using a non-uniform space grid, to 113 s) while conserving the accuracy of
the results. However, two main difficulties arise in the use of Eqn. 1 for
representing second-order kinetic conditions (the aim of this work) owing to
theinconstant value of [S], ;. This is typical of the finite-difference approach
which introduces the highest error on the species at the lowest concentration
(S in this case). For this reason, an iterative method was used inside every
diffusion step to calculate the best g, ; and [S], ; values.

The inconstancy of [S], ; also underlies the second difficulty, because it
causes the reaction layer to become broader and broader as shown by the
following relationship, obtained by combining the above equations for the
flux and the kinetic balance,

u=(D/R¢[8]y )" (2)

This progressive broadening implies that, after some time, the reaction layer
is no longer negligible with respect to the first ‘“diffusion box’’; thus the
steady-state approximation becomes no longer acceptable. This means that
at this stage the algorithm must be changed to account for the fact that the
chemical reaction then occurs only at some distance from the electrode sur-
face. The discontinuity between the two algorithms reveals itself as fluctua-
tions in the calculated voltammetric curve. An interpolation procedure
based on the use of orthogonal polynomials [8] allows this difficulty to
be overcome easily.

Theoretical voltammetric curves

Figure 1A shows a typical voltammetric response calculated by the above
procedure. The distinctive characteristic of the curve is the presence of a
well separated pre-peak resembling voltammograms appropriate to strong
adsorption of the product [9]. A rather similar voltammetric profile has
been described by Andrieux et al. [10] for a catalytic mechanism charac-
terized by a very high kinetic constant and a low substrate/depolarizer mole
ratio.
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Fig. 1. Theoretical voltammetric curves for process I, calculated with different y and
ksCy/a values. (A)y = 0.5, ksCx/a =50 000. (B)y = 1, ktCp/a: (1) 2500;(2) 250; (3) 25;
(4) 2.5. (C) v = 0.75, ksCp/a: (1) 3336; (2) 333.6; (3) 33.36; (4) 3.33. (D) v = 0.5,
ksCala: (1) 5000;(2) 500;(3) 50;(4) 5. (E)y = 0.25, k¢Cy /a: (1) 1000;(2) 100;(3) 10.
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To verify the correctness of this unusual profile drawn by the proposed
approach, voltammetric curves for intermediate situations (rather fast chemi-
cal reactions) were calculated by the earlier methods [11]. Figure 1(B—E)
shows several voltammetric curves obtained in this way for different values
of the kinetic parameter (k;C,/a) and different stoichiometric ratios (y =
[S1/[A]). It is apparent that decrease of y and/or an increase of the kinetic
parameter indeed cause a progressive split of the cathodic curve into two
peaks.

The explanation for such behaviour lies in a typical property of the e.c.
process. The occurrence of a fast consecutive chemical reaction leads gener-
ally to an anodic shift of the reduction peak [1, 7], but when y< 1 only a
fraction of the species A can be reduced at the electrode surface at a thermo-
dynamic level lowered by the presence of the substrate S. Consequently, a
real e.c. mechanism is operative only in the pre-peak; in the second peak the
uncomplicated reduction of the remainder of A takes place because of the
previous depletion of S at the electrode surface.

According to these arguments, the distance between the two peaks should
be related to the homogeneous kinetic constant for any given value of ¥
(degree of reversibility) and . Figure 2 shows two working curves which
allow the kinetic parameter k;C,/a to be evaluated from the experimental
AE, values, for a reversible and a quasireversible electrode process, re-
spectively, when y = 0.5, Previous treatments of these e.c. mechanisms in
linear-sweep voltammetry were restricted to a particular kinetic situation
corresponding to a large excess of substrate. The approach suggested here,
based on a vy value less than one, offers the advantage of showing directly
the reference potential (E, for the uncomplicated process) and thus repre-
sents a useful extension to experimental conditions in which kinetic and/or
solubility requirements preclude the use of a constant substrate concentra-
tion in the reaction layer. In the working curves (Fig. 2), the useful range of
the k;C,/a parameter is limited at the left side by merging of the peaks and
at the right side by inadequate sensitivity.

As indicated above, the voltammetric response relevant to the e.c. mech-
anism treated in the present paper can be mistaken for that typical of
adsorption reactions [9] and/or catalytic processes in which a low excess
factor (y) is used [10]. However, the dependence of the height of the pre-
peak on the concentration and the potential sweep rate makes it possible to
distinguish between these mechanisms. In fact, dependence on the square
root of the substrate concentration is observed only for catalytic mechanisms
when y becomes sufficiently high (pseudo-first-order conditions) {12}. Con-
versely, adsorption and e.c. processes attain constant limiting peak heights
when the substrate concentration is increased. These two last processes can
be distinguished by means of their different behaviour with respect to a
change in the potential scan rate; the peak current is proportional to v or
v!'2, respectively.
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Fig. 2. Working curves for process I calculated with v = 0.5 and two values of the charge-
transfer kinetic parameter: y , = 6025 (totally reversible); v, = 1.3 (quasi-reversible).

Fig. 3. Voltammetric curves recorded at —30°C with a glassy-carbon microelectrode in a
0.1 M TBAP solution in acetonitrile/toluene (60/40 v/v) containing: (---) 2.5 X 10®* M
[Ni(PPh,),]*; (—) 2.5 x 10® M [Ni(PPh,),J* after addition of 1.25 x 10 M triphenyl-
phosphonium. Scan rate 0.2 V s7*.

The reaction of an electrogenerated nickel(0) complex with protons

The reversible reduction of the tetrakis(triphenylphosphine)nickel(I) com-
plex in acetonitrile containing 0.1 M tetrabutylammonium perchlorate
(TBAP) as supporting electrolyte, occurs through an e.c. reaction pathway
when triphenylphosphonium cations are present. The electrogenerated
nickel(0) complex reacts very quickly with protons to give the corresponding
nickel(II) hydride species [5]

[Ni(PPh;),]" + €™ > [Ni(PPh;),]

[Ni(PPh,),] + HPPh "L [Ni(H)(PPh,),]* + PPh,

Figure 3 shows a typical voltammetric curve, obtained at —30°C with y =
0.5, exhibiting two well-defined peaks as expected for an e.c. process charac-
terized by a fast homogeneous step. By employing the criteria reported
above, it was verified that such a process really is operative. Moreover, the
analysis of the data obtained at different scan rates (v) and at different sub-
strate/depolarizer mole ratios (y) allows the second-order homogeneous con-
stant &; to be evaluated; the result found was 3 X 10° mol™ s at —30°C.

This work was supported by the Italian National Research Council (CNR)
and by the Ministry of Public Education.
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SUMMARY

A generalized, statistical model for calculating the mass spectral fragmentation patterns
of deuterated hydrocarbons of low molecular weight is presented. Isotopic differences in
bond energies and probabilities of the bond breakage of hydrogen and deuterium are in-
cluded. Only a single fitting parameter is used. This parameter seems to be consistent for
similar species of hydrocarbons. Small statistical deviations from observed spectra for
deuterated methanes, acetylenes, ethylenes, and ethanes are obtained when this model is
used.

Insights into the understanding of reaction mechanisms and specifically
into heterogeneous reactions come from surface science, chemical adsorption,
and reaction kinetics. Isotopic studies play an important role in each of these
areas. Ozaki [1] gives numerous examples of mechanistic understandings
gained from isotopic studies involving H,/D, exchange reactions, olefin iso-
merizations, and hydrogenation/deuteration of olefins, over metal and metal
oxide catalysts. For reaction-path studies and overall reaction kinetics, the
mass spectrometer has proven to be a powerful and valuable tool when
coupled with stable isotopes. Recently, computer programs have been devel-
oped to calculate mass spectral isotopic distributions [2—4].

The major problem noted by Ozaki as well as other authors [5—9] is due
to the nature of the molecular decomposition induced by the mass spectrom-
eter. The positive ions produced by the electron bombardment of a molecule
include the parent or molecular ion as well as fragment ions. These fragment
ions often interfere with the parent ion of a different molecule, making it
difficult to quantify each isotopic molecular species. Though this interfer-
ence is reduced by using a low ionizing voltage, it is not eliminated. The
problem can be solved by calibration of the mass spectrometer with a high-
purity sample of each isotopic species involved in the study. This method,
however, can be very expensive and time-consuming to obtain all the isotopes
for each standard run. The goal of this paper is to describe a simple genera-
lized model for molecular decomposition in mass spectrometers which can
generate these fragmentation patterns for any isotopic species in an easily
usable form with a minimum amount of information.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Schissler et al. [5] were the first to attempt a quantitative explanation for
the mass spectra of deuterated methane and, to some extent, deuterated
ethane. Two empirically determined weighting factors were used. With one
weighting factor corresponding to the rupture of a C—H bond, a, and the
other to the rupture of a C—D bond, b, good agreement between the observed
and the calculated spectra was obtained. Dibeler et al. [6], in their study of
the mass spectra of deuterated ethylenes, observed that the weighting factors
derived from ¢ and b occur in a regular power series type sequence (i.e., a, =
a, a; = ad, a, =ai, b, = bi, b, = b3, b; = b%)and that a, and b, were recip-
rocals. The subscripts on a; and b; refer to the number of deuterium atoms
per ethylene molecule. A single constant, the isotopic factor K, which is
analogous to the initial C—H bond rupture, was introduced from which the
calculated mass spectra agreed nicely with the observed mass spectra.

Amenomiya and Pottie [8] described an empirical method for the calcu-
lation of mass spectra for deuterated ethane. The calculations were made on
a statistical basis, using as few empirical rules as possible in order to mini-
mize the number of parameters. Besides calculation of the isotopic factors, a;
and b;, for each isotope, the hydrogen-removal mechanism was also con-
sidered. Three possible mechanisms of decomposition were identified: (A) the
hydrogen molecule is removed from adjacent carbons, (B) the hydrogen
molecule is removed from the same carbon, or (C) the loss is a random
process involving a statistical combination of the previous two. They dete-
rmined that the probability of A occurring was 0.87% and of B occurring
was 0.13%. These factors were included for all fragment ion intensities which
incorporated the loss of two hydrogen atoms. In an earlier paper [7],
Amenomiya and Pottie had also concluded that analysis of the mass spectra
of C, fragments indicated a reshuffling of hydrogen atoms before or during
the C—C bond rupture.

Amenomiya and Pottie [8] attempted to model the degree of rearrange-
ment of the hydrogen atoms before or during C—C bond rupture. Two
models were postulated to establish whether the observed spectra for C,
species were due to mixed isomers resulting from reshuffled hydrogen or to
rearranged molecules decomposing to C; only and not giving rearranged C,
ions, Unfortunately, the calculations could not distinguish between the
models. In the same vein, results of Schissler et al. [5] are not in total agree-
ment with Amenomiya and Pottie [8] concerning the hydrogen-removal
mechanism. Schissler et al. [5], observed that the H,:HD:D, ratio for the
removal of two hydrogens from trideuteroethane was 0.06:0.71:0.23. Com-
paring this with the ratios obtained from each hydrogen-removal mechanism
(0.0:1.0:0.0 for A; 0.5:0.0:0.5 for B; and 0.2:0.6:0.2 for C) indicates that a
random process is favored over removal from the same carbon.
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STATISTICAL MODEL

General

In the derivation of the proposed model, the fragmentation patterns were
calculated for a variety of isotopic molecules by using a minimum amount of
information. An Analog Devices Macsym 350 computer was used in the
modeling and calculations, as well as the collection and analysis of all mass
spectral data. The model incorporates both the probability of a hydrogen
and/or deuterium atom removal from the molecule and the sequence or
order in which each atom is removed. The model takes into account the
isotope difference in the C—H, C—D bond breaking.

The two types of information required are the cracking patterns for the
perhydro- and perdeutero-molecules, which can be standardized to the mass
spectrometer used and then stored in the computer, and the number of
hydrogen andj/or deuterium atoms per parent molecule. The molecular ion
peaks must be normalized to a parent ion peak of 1.0 or 100.0 for the input
cracking patterns. As the mechanisms for both hydrogen removal and hydro-
gen rearrangement are ambiguous, these are not incorporated in this model.

The model creates an N + 1 by 2N matrix, where N is the number of H
and/or D atoms per molecule (e.g., N = 6 for ethane). The first row contains
the perhydro mass spectra and the last row contains the perdeutero mass
spectra. The Nth element in each row is the ratio of the (M — N) mass to the
parent peak with mass M.

Coding

In statistically modeling the decomposition of an alkane or olefin into
numerous fragment ions in a mass spectrometer, the contributions of losing
just hydrogen atoms, just deuterium atoms, and all mixed orders are in-
cluded. In each case, the preference for the carbon to retain hydrogen over
deuterium (the isotope effect) is included. The factor for the removal of the
ith hydrogen (or deuterium) is based on the cracking ratio for the removal of
the ith hydrogen (or deuterium) from the perhydro- (or perdeutero-) com-
pound. This is done in a manner similar to that of Dibeler et al. [6]. By
using FFH, which is the value of the isotopic factor for the initial C—H bond
rupture (the only input variable for our computer simulation), a matrix of
isotopic factors is created corresponding to each specific deuterated com-
pound. The creation of this matrix involves the following algorithms

HFF = FFH™ ™Y and DFF = FFH™ ~1—M

This is done in a program loop within the HFF/DFF box in Fig. 1 (M — 1
corresponds to the number of deuterium atoms in the molecule). Therefore,
HFF is the hydrogen isotopic factor and DFF is the deuterium isotopic fac-
tor. At M =1, HFF is the reciprocal of DFF at M = N + 1, as it should be (as
outlined above, a, = b3').

As a molecule decomposes, its fragment ions depend on how many
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Fig. 1. Program flowsheet.

hydrogen and/or deuterium atoms are lost. For example, dideuteroethane,
with a parent peak at 32 m/z, creates C, fragment ions at 31, 30, 29, 28, 27,
26, 25 and 24 m/z. The 31 m/z ion is due to the loss of one hydrogen atom
only, while the 30 m/z ion results from the loss of either a deuterium atom
or two hydrogen atoms. The 29 m/z fragment can come only from the com-
bined loss of a hydrogen and a deuterium atom. However, the order of the
loss is taken into account. It is impossible to establish whether the hydrogen
atom is removed first, followed by the deuterium atom or vice versa, yet
both must occur statistically and so are included. The sequencing is of
greater complexity as the molecule continues to decompose. The 28 m/z ion
fragment is due to the loss of either two deuterium atoms or one deuterium
and two hydrogen atoms. For the latter possibility, the statistical probabili-
ties of the loss sequence, H:D:H, H:H:D, D:H:H, are included. In each case,
the bond rupture is weighted by the appropriate isotopic factor.

Computer examples

Starting with the perhydromolecule of interest, the model determines all
statistically possible ways to lose hydrogen/deuterium atoms for a m/z loss
of 1 until all hydrogen/deuterium atoms are removed. This is repeated as
additional deuterium atoms replace hydrogen atoms until the perdeutero
species is finished. A model flowsheet is shown in Fig. 1. Table 1 shows the
algorithm used to determine the combination losses for each potential iso-
topic species. The rows indicate the m/z loss, while the columns indicate the
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TABLE 1

Combination loss algorithms

mfz No. of
loss HorD

2H 1D

1

2

3 8H| 1H,1D

4 4H 2H,1D 2D 2

5 5H| 3H,1D 1H,2D
6 6H 4H,1D | 2H:2D 3D

7 5H,1D 3H,2D

8 8H 6H,1D | 4H,2D 4D 4
9 O9H| 7H,1D 5H,2D | 3H,3D 1H,4D

10 10H 8H,1D | 6H,2D 4H,3D 5D

11 11H 9H,1D 7H,2D | 5H,3D 3H,4D|1H,5D

12 12H 10H,1D 8H,2D 6H,3D 2H,5D | 6
18 13H 11H,1D 9H,2D 7H,3D
14 14H 12H,1D 10H,2D 8H,3D
15 15H 13H,1D 11H,2D 9H,3D
16 16H 14H,1D 12H2D 10H,3D

7D
1H,7D
4H,6D 2H,7D| 8D 8

various combinations of hydrogen (H) and deuterium (D) atoms which would
result in this decrease in m/z. Each entry in the table is a subroutine in the
proposed model and the algorithm is executed showing all necessary combin-
ation losses for up to an octahydromolecule, such as propane (includes all
subroutines above line 8). The simple algorithm can easily be expanded to
include larger alkanes and olefins.

Some examples of the algorithms will be instructive, with back-refererice
to the flowsheet and Table 1. Defining some terms, HM(X) is the hydrogen
loss matrix; DM(X) is the deuterium loss matrix; and CM(X) is the combina-
tion loss matrix, where X refers to the m/z loss number. Continuing with the
dideuteroethane example, the calculation of the 31 m/z ion (X = 1) is accom-
plished by the following equations nested within the HM(X) loop boxed in
Fig. 1 (FH(X) is the input perhydro mass spectra, M = 1 at this point, and /
is an incremented dummy variable)

HM(X) = FH(X)
HM(X) = HM(X) X (N —M —I + 2)/(N —I + 1) X HFF

Next, the 30 m/z ion (X = 2) could be produced by the above algorithm
when M = 2 or by the following equations nested within the DM(X) loop
boxed in Fig. 1 (FD(X) is the input perdeutero mass spectra)
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DM(2X) = FD(X)
DM(2X) = DM(2X) X (M —I)/(N —I + 1) X DFF

Finally, the calculation of the 28 m/z ion fragment (X = 4) can be produced
by the HM loop when M = 4, by the DM loop when M = 2, or by the Two-
One subroutine of the CM(X) loop with the equations, where RH(J) and
RD(I) are matrices of the remaining atoms to be cracked off in Rl is simply a
constant.

RH(I) = FH(I + 1)/FH(I)

RD(I)=FD{ + 1)/FD()

RI=(M—1)YN—M+ 1)/[NN —1)]

ForH=2 D=1andJ =4 (J is a dummy variable)

CM(4)=CM X RIX(N —M)/(N —2)

FA(I)=FH({) FB(I)=FD()

RA(I)=RH() RB(l)=RD()

A and FA denote the major hydro/deutero species and B and FB denote the
minor one. If H < D, which it is not here, then FH and FD, and RH and RD

are simply switched.
For the Two-One subroutine (shown as 2H,1D and/or 1H,2D in Table 1)

CM = FA(1) X RA(2) X RB(2) (for H:H:D)
+ FB(1) X RA(1) X RA(2) (for D:H:H)
+ FA(1) X RB(1) X RA(2) (for H:D:H)
CM = CM X (HFF)H X (DFF)P

In completing calculations of the fragmentation patterns for d,-ethane, all
the subroutines listed above line 6 in Table 1 will be used. A m/z ion loss of
6 (X = 6) requires the most subroutines (4 in this case). These are the HM(6),
Four-One, Two-Two, and DM(3) subroutines.

RESULTS AND DISCUSSION

The cracking patterns for some molecules, based on the data from differ-
ent instruments, were created by using the model described herein. Table 2
shows the results for methane. Experimental spectra for comparison were
obtained from Schissler et al. [5], who used an all-metal, 60° sector Nier-
type mass spectrometer with 75-eV bombardment and from the Atlas of
Mass Spectra Data [10], for which an unspecified mass spectrometer was
used at 50 eV. Experimental spectra for ethylene and acetylene obtained
from Dibeler et al. [6] and Mohler and Dibeler [9], respectively, are com-
pared with the calculated spectra in Table 3. They used a Consolidated
21-103 mass spectrometer at 70 eV.
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Methane spectra
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Mass CH, CH,D CH,D CH,D, CH,D, CHD, CHD, CD,
Exp. Exp. Calc. Exp. Cale. Exp. Cale. Exp.

Schissler et al. [5] (FFH =1.22)
20 — — — — — - — 100.0
19 — - — — — 100.0 — —
18 - — - 100.0 — 36.2 36.1 72.8
17 — 100.0 — 59.0 59.2 46.3 44.8
16 100.0 73.5 72.8 27.5 27.4 3.05 4.42 4.24
15 79.6 17.3 15.9 3.53 3.96 2.10 1.42
14 7.91 3.52 3.28 3.56 2.12 1.91 1.83 1.60
13 2.84 1.65 1.49 0.94 0.67 0.44 0.22
Deviation (%) 0.31 0.26 0.31
Atlas of Mass Spectral Data [10] (FFH = 1.2)
20 - — — — — — — 100.0
19 — — — — — 100.0 - —
18 — - — 100.0 — 27.7 37.0 83.0
17 - 100.0 - 62.4 61.6 51.1 51.9 —
16 100.0 77.2 77.0 30.7 34.7 13.2 10.6 12.5
15 85.6 20.9 24.3 9.80 9.80 6.80 4.30 —
14 17.1 8.80 8.80 6.40 7.00 6.40 7.00 7.20
13 8.60 4.90 5.10 2.80 1.00 1.40 1.00 —
Deviation (%) 0.69 0.69 1.43
TABLE 3
Ethyne and ethylene spectra
Mohler and Dibeler [9] (FFH = 1.2)
Mass C,H, CHD CHD C(C,D,

Exp. Exp. Cale. Exp.
28 — — - 100.0
27 — 100.0 - -
26 1000 12,0 12.3 17.7
25 20.5 6.40 7.40 —
24 5.67 4.80 5.00 4.35
Deviation (%) 0.26
Dibeleret al. [6] (FFH = 1.09)
Mass C,H, CH,D C,H,D C,H,D, C,H,D, C,H.D, C,H,D, C,HD, C,HD, C,D,

Trans Trans

Exp. Exp Cale. Exp. Cale. Exp. Calec. Exp. Cale. Exp.
32 - — — — — — — — — 100.0
31 — — — — — — — 100.0 — —
30 — - — 100.0 — 100.0 — 22.7 220 60.8
29 — 100.0 — 419 411 40.0 40.3 40.8 41.8 —
28 100.0 556 55.5 39.9 416 416 41.5 38.2 39.1 63.7
27 67.9 50.6 51.8 42.6 439 41.5 43.9 25.8 26.8 —
26 67.5 31.0 321 15.0 14.8 15.5 14.9 9.80 9.30 104
25 13.5 7.70 8.60 4.00 4.70 4.10 4.80 1.70 2.00 —
Deviation (%) 0.37 0.40 0.43 0.27
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TABLE 4

Ethane spectra

Amenomiya and Pottie [8] FFH = 1.1

Mass C,H, C,H,D
Exp. Exp.

33

32

31 100.0

30 100.0 72.9

29 76.2 316.7

28 388.5 153.1

27 104.3 78.2

26 68.1 44.9

25 7.80 6.70

Deviation (%)

Mass C,H,D,
(CH,DCHD,)
Exp. Cale.

36

35

34

33 100.0

32 49.9 52.0

31 1723 171.8

30 229.5 271.6

29 107.3 114.3

28 57.5 60.4

27 41.5 36.9

26 12.5 13.5

25 2.80 2.80

Deviation (%) 4.76

Averaged spectra (FFH = 1.09)

Mass

34
33
32
31
30
29
28
27
26
25

C,H,D,

Ave.

100.0
64.2
2324
220.7
99.3
56.5
22.9
3.80

Deviation (%)

Cale.

60.2
236.3
228.1

87.3

57.4

19.2

4.40
1.96

C,H,D, C,H,DD,
(CH,DCH,D) (CH,CHD,)
Cale. Exp. Calc. Exp. Calc.
100.0 100.0
64.2 62.4 64.2 62.4
70.3 258.1 251.6 206.6 251.6
325.9 201.6 225.2 239.7 2252
165.6 98.5 86.5 100.1 86.5
72.5 59.7 57.8 53.3 57.8
40.8 25.9 18.0 19.8 18.0
2.60 4.90 4.20 2.60 4.20
2.42 4.01 5.25
C,H,D, C,H,D, C,HD,
(CHD,CHD,) (CH,DCD,)
Exp. Calc. Exp. Cale. Exp.
100.0
100.0 100.0 18.7
36.5 38.5 36.5 38.5 55.2
117.4 99.1 64.6 99.1 197.2
230.4 282.9 291.3 2829 220.0
156.5 162.6 1552 162.6 63.6
54.3 61.5 62.7 61.5 41.4
53.3 46.0 82.1 46.0 52.2
28.4 32.9 28.1 32.9 15.5
7.50 8.50 8.50 8.50 6.90
0.80 1.00 1.70 1.00 1.00
5,42 5.13
C,H,D, C,H,D,
Ave. Calc. Ave. Cale.
— — 100.0 —
100.0 — 36.5 35.8
49.6 49.2 91.0 92.5
122.2 158.3 260.9 2728
286.8 269.6 155.9 167.9
91.0 116.7 58.5 61.5
57.5 59.56 67.7 44.7
41.5 37.3 28.3 34.1
12,5 14.1 8.00 8.60
2.80 2.90 1.30 1.00
5.31 2.93

C,H.D,
(CH,CD,)
Exp. Cale.
100.0
49.2 52.0
716 171.8
337.4 2716
74.1 114.3
53.9 60.4
44.3 36.9
12.9 13.5
2.80 2.80
13.59
C,D,
Cale. Exp.
100.0
21.3 73.6
54.8
217.8 468.2
253.8
70.1 99.2
36.2
62.4 77.0
16.9
0.00 7.00
0.70
3.88
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The experimental spectra for ethane were obtained from three sources.
The data of Schissler et al. [5] were produced by the above-mentioned Nier
mass spectrometer. Amenomiya and Pottie [8] used an Atlas CH4, 60° mag-
netic sector mass spectrometer at 70 eV. The type of mass spectrometer used
for the data from the Eight Peak Index [11] was not given. The present re-
sults are compared to the data of Schissler et al. in Table 4. Similar statistical
deviations using the proposed model were found with the other experimental
spectra.

For every molecule and compound, except trideuteroethane, the agree-
ment between the observed and the calculated spectra was very good, con-
sidering the inherent error for mass spectra. This demonstrates the utility of
the model for any type of mass spectrometer. The statistical deviation was
obtained according to the method of Schissler et al. [5] and Amenomiya
and Pottie [8] by taking the square root of the sum of the squares of the
deviations, then dividing by the total number of C, ions produced.

Initially, the isotopic factor, FFH, was a variable. Figures 2 and 3 show
the effect of including the isotopic factor into the calculated spectra for
methane (Fig. 2) and ethylene (Fig. 3). An FFH value of 1.0 essentially
removes the isotopic factor from the model calculations. From Tables 2—4,
the observed and the calculated values can be compared for each molecule
(except the perhydro and perdeutero molecules, which were input rather
than calculated). The final value of FFH which gave the best fit to the
reported data was reached after several iterations. Interestingly, the value
of FFH which gave the best fit for all C, compounds, except acetylene,
was independent of mass spectrometer and electron voltage (calculated as
1.09—1.1). This agrees with the value obtained by trial and error by others
(Table 5). For all methanes, and also acetylene, the value of FFH which
yielded the best fit was 1.2—1.22. This value for methane is in agreement
with that determined by Schissler et al. [5]. A correlation between the
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Fig. 2. Experimental spectra for deuterated methane from data of Schissler et al. (solid
lines) compared with calculated values (dotted lines) using different isotope factors:
(A) 1.0;(B) 1.22. Lines: (d1) CH,D; (d2) CH,D,; (d3) CHD,.
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Fig, 3. Experimental spectra for deuterated ethylene from data of Dibeler et al. (solid
lines) compared with calculated values (dotted lines) using different isotope factors:
(A) 1.0;(B) 1.09. Lines: (d1) C,H,D; (d2) C,H,D,;(d3) C,HD,.

number of carbon atoms of a molecule and its isotopic factor can thus be
made, except for acetylene. Therefore, in actuality, this model does not
depend on multiple variables or sophisticated weighting factors.

Because of the statistical coding philosophy of the model, thermodynami-
cally preferred molecules (entropically favored; more random in combina-
tion bond positioning and rupture) are fitted better. This can best be seen
with the d,-, d;-, ds-ethanes in Table 4. In each case, there exist two chemi-
cally and thermodynamically stable structures. With trideuteroethane, for
example, it can be seen that thermodynamically favored CH,—DCHD,
has much less statistical deviation than CH;CD;, which has the poorest
fit. Amenomiya and Pottie [8] could not distinguish between structures
for trideuteroethane and both indeed exist at the same time. But an aver-
aged spectra for both structures gave excellent agreement with the model
(Table 4).

The motivating factor in developing this model was to be able to identify
the product distribution of a mixture of deuterated and undeuterated ethyl-
enes and ethanes formed during ethylene deuteration experiments over an

TABLE 5

Isotopic factors

This work Ref. 5 Ref. 6 Ref. 8 Ref. 9
CH, 1.2—1.22 1.22 — — _
C,H, 1.2 — — — 1.13
C,H, 1.09 - 1.1 — —

C,H, 1.09—1.1 1.09 - 1.1 -
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TABLE 6

Mixture analysis

Input mass spectra m/z Relative areas of gas-phase mass spectra
FH(X) & FD(X), FFH = 1.1
C.H, Cc,b, CH, C(C,D, Run519: CH, + D, Run416: C,H, + D, + H,
1.0 36 3.8
35 14.0
0.83 34
33 27.9 5.1
1.0 7.14 32 89.0 18.4
31 181.7 56.8
0.65 1.0 2.08 30 265.7 181.5
1.08 29 332.1 363.0
1.0 0.75 7.69 2.02 28 387.3 940.1
0.83 2.92 27 251.9 553.9
0.60 0.12 238 0.22 26 183.0 427.0
0.10 0.46 25 31.6 68.2
0.03 0.03 0.03 0.03 24 9.7 18.4
Isotopic algorithm analysis of above data
Ethylene Ethane H (%)

Run do0- dl- d2- d3- d4- d0- dl1- d2- d3- d4- db- d6-
519 044 0.55 0.0 0.0 0.0 00 0.0 0.46 0.28 0.19 0.05 0.0 60
416 0.88 0.11 0.0 0.0 0.0 0.56 0.25 0.13 0.04 0.0 0.0 0.0 65

2% conversion or hydrogenation.

oxide-type catalyst. A UTI AGA-100 MUX quadrupole gas analyzer at 70 eV
was used for these experiments. Some typical analyses of the product gas
phase reached by this model are found in Table 6. These results are of a
nature typical for oxide-type catalysts, according to Ozaki [1].

Conclusions

By using a simple, statistical model based on the probability and order of
H/D-bond rupture in deuterated alkanes and olefins, and by taking into
account the isotopic effect, the cracking patterns for all deuterated mol-
ecules for methane, ethane, ethylene, and acetylene can be created with a
minimum amount of time and information. The model is independent of
mass spectrometer, ionizing voltage, chemical species (larger alkanes and
olefins can be incorporated) and can be run dynamically as part of the
experimental determination. There appears to be some correlation between
the number of carbon atoms of a hydrocarbon molecule and the isotopic
factor for the initial C—H bond rupture.

The authors express appreciation to the donors of the Petroleum Research
Fund, Grant 13703-AC7, administered by the American Chemical Society,
for support of this research.
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SUMMARY

Information theory is applied to estimate the identification power of isotachophoresis.
Two approaches are used to estimate the information content of qualitative isotacho-
phoresis. In the first, an expression is derived for the maximum number of compounds
that can be distinguished in an isotachopherogram under realistic conditions; if equal
probabilities of the incidence of the compounds are assumed, the maximum information
content is 6.5—7 bit. In the second approach, the information content obtained by a
retrieval procedure from a library of data on 263 anionic species in eight leading elec-
frolyte systems in the pH range 3—10 is discussed; the information content is 3.5—5.7 bit
for the individual electrolyte systems. When correlation between the systems is taken into
account, the information content is reduced, e.g., to an average of 3.2 bit per system for
the four systems with lowest correlation. Based on the information content, isotacho-
phoresis is compared with mass spectrometry, infrared spectrometry, gas chromatography
and thin-layer chromatography. It is shown that the identification power of isotacho-
phoresis is in the range of that of packed-column gas chromatography.

An analytical sample can be regarded as a source of information. Analytical
measurements reduce the uncertainty about its composition. Decrease of
uncertainty is equivalent to generation of information [1}. Information
theory enables this information to be quantified and is therefore appropriate
for evaluating different methods and comparing them with respect to their
identification power. The decisive aspect in the application of information
theory for this purpose is the possibility of quantifying information by a
numerical value derived from the probability of the incidence of an event.
The information content of a method, expressed in bit, is therefore a quan-
titative measure which can be applied to compare different analytical
methods.

The goal of this study was to evaluate isotachophoresis as a method of
identification on the basis of information theory, and to compare it in terms
of information content with the methods already described in the literature.

*This work is dedicated to Prof. J. F. K. Huber on the occasion of his 60th birthday.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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The application of information theory is discussed here only for qualitative
analysis, i.e., the identification of compounds. Such applications have been
discussed in a general sense (e.g., [2—4]) as well as for particular methods
such as spectrometry [ 5—13] and chromatography [8, 14—241}.

Two approaches for the estimation of the information content are pro-
posed here. In the first approach, the conditions of discrimination of the
individual positions in an isotachopherogram are connected with information
theory, and an expression is derived for the maximum number of positions
or steps that can be distinguished between the leading and terminating ions.
In order to calculate the maximum information content by this approach,
assuming equal probabilities for the incidence of the corresponding com-
pounds, the ionic mobilities are taken as parameters of discrimination. In
the second approach, the signals relevant for identification in isotacho-
phoresis (e.g., relative step heights) are treated by information theory in the
same general manner as signals from any other information source, like mass
spectra or retention indices in chromatography. If such a source produces
continuous, variable signals, the information content of a measurement can
be calculated from the probability density function. If this function cannot
be expressed exactly, the information content can be approximated from the
frequency distribution in the corresponding histograms. For this approach, a
data library consisting of relative step heights (Ry values) of 263 anions in
various electrolyte systems in the pH range 3—10 was used and the informa-
tion content was estimated. The maximum information content as well as
the information content derived from the data file were compared with the
corresponding values of other identification methods. Isotachophoresis was
rated on this basis.

THEORY

When information theory is applied in qualitative analysis, the informa-
tion obtained by the measurement is considered equivalent to the reduction
of uncertainty about the identity of a compound. In general, the measure-
ment allows identification of one value from a set of possible values. The
values can be retention indices, R; values, capacity factors, melting points,
mass spectra, i.r. spectra, etc. If the use of selective detectors is ignored, the
quantity used for identification in isotachophoresis is the ionic mobility or
values directly connected with it, such as relative step heights. The simplest
case for evaluation of the information content is given for the selection of
one value from N possible (discrete) values and equal probability P for their
incidence. In this case, P = 1/N and the information content reaches its
maximum. The maximum information content I, is given by I, =1d (1/P) =
1d N (bit), where 1d stands for the logarithm to the base 2. In isotachophore-
sis, the derivation of N, which is the maximum number of discrete steps that
can be distinguished between the leading and terminating ions, enables I, to
be calculated by the equation given.
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If the values out of a number N of possible discrete values occur with
different probabilities P;, the maximum information content I, will be
. replaced by the information content I (bit), which is expressed by

I=— ¥ P,1dP, (1)

i=1

with £7. P, = 1. For a source producing continuous, variable signals instead
of discrete ones, the sum of the probabilities P; is replaced by the integral
over the probability density function p(x). The expression for the information
content after the measurement consists then of two terms: one expresses the
increase of information produced by the measurement, the other takes into
account the remaining uncertainty from the inevitable statistical error

I=—{pm(x) 1d prm(x)dx + [pe(x) Id p(x)dx (2)

where p,(x) and p.(x) are the probability density functions of the measured
values and of the error, respectively. The error can usually be assumed to be
normally distributed.

In isotachophoresis, identification can be done by measuring the Ry values
of the unknown compound in one or several electrolyte systems and compar-
ing them with library data (retrieval procedure). The Ry value is defined as
the ratio of the effective ionic mobilities of the leading ion and the com-
pound considered [25]. In principle, Rg can take any value within the limits
given by the electrolyte systems used. Hence the signal distribution can be
considered as a continuous one. If the probability density function of the
measured values can be described also by a Gaussian distribution, Eqn. 2 can
be converted to I‘®) = 1/21d ¢2,/02, where o2, and o2 are the variances of the
distribution of the measured values and the error, respectively; (G) indicates
the assumption of Gaussian distribution.

No theoretical prediction can be given, however, about the shape of the
distribution of the Ry values. Library data can be used to approximate the
probability density by histograms, constructed from a finite number of
values considered to be representative, Each histogram is divided into k
intervals or classes with equal class width, Ax. Then, for the information
content obtained from a histogram, Eqn. 2 can be approximated by

k
IM=—y p/ldp;+1d Ax —1d o0.(2me)"? (3)

i=1

with Z;p; = 1. Here (2me)'’? is a constant factor, because of normal distribu-
tion, and p; is the probability of finding an individual R value in class i; (H)
indicates the approximation of I from a histogram.

In the case discussed so far, all measured values originated from a single
(electrolyte) system, but often Ry values are measured in systems with dif-
ferent pH values in order to identify an unknown compound. The information
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gained will be the sum of the information contents of the single systems only
when the latter are totally uncorrelated. Usually, the different systems will
be correlated, so that the total information content will be lower.

The influence of correlation on the information content is easily calculated
if the probability density distribution functions of the Ry values are Gaussian
for all electrolyte systems. The information content I9)(1,2, . . ., r) obtained
from the measurements in r systems, can then be calculated from the deter-
minant [COV],, of the covariance matrix of the Ry values and the corre-
sponding determinant of the error [COV], and is given by I')(1, 2, .. ., r) =
1/2 1d [COV],,/[COV],. In case of the estimation of the information content
by r-dimensional histograms from a sufficiently large data library, Eqn. 3 can
be replaced by

r. k
I(H)(l, 27 c ey r) = Z pi(xh x27 LR ] xr) ld pi(xl,x% LR} ] xr)
i=1

+1d [Ax,. Ax,. . ... Ax,] —1d (2re)"? o}, (4)

where p;(x,, X,, ..., x,) is the probability of finding an Ry value in one
particular class of the r-dimensional histogram. In deriving Eqn. 4 it is
assumed that the measuring errors are independent of the systems and are
constant and equal. Depending on the value of r, very large numbers of data
must be available in the library for a sufficiently good approximation.

EXPERIMENTAL

The Ry values were used for identification with isotachophoresis by
retrieval. The information content was calculated based on the library pub-
lished by Hirokawa et al. [26], which contains Rg values of 287 anions in 31
aqueous electrolyte systems. The data in the library are not measured values,
but were calculated on the basis of measured absolute mobilities, pK, values
and the pH of the leading electrolyte. For the study presented here, 263
anions in eight electrolyte systems with different pH values of the leading
electrolyte were selected. All those substances which had Ry values larger
than 15 were eliminated from the library, because ions with such low mobil-
ities are of no practical importance in isotachophoresis. The eight electrolytes
chosen were those with integer pH values of the leading electrolyte. The
range of pH was 3.0—10.0.

In Table 1, the leading ion, the buffering counter ion and the Ry ranges
are listed for the individual electrolyte systems.

The calculations were done on a computer (Control Data Cyber 170-720)
with a main memory of 131 K words of 60 bits.
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TABLE 1

Leading electrolyte systems and corresponding characteristic Ry values®

pH of the leading electrolyte
3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Counter ion g-Al® g-Al Cr® Histd Imid® Tris Amf Eth8
Lowest R 0.96 0.94 0.89 0.88 0.88 0.88 0.88 0.88
Highest Ry 14.98 761 4.10 3.66 3.62 3.66 3.65 3.60

Mean Ry 5.21 3.30 2.48 2.30 2.24 2.24 2.23 2.20
s ) 11.91 2.23 0.50 0.40 0.39 0.40 0.40 0.40
Width! 1.403 0.666 0.321 0.277 0.274 0.278 0.277 0.272

8The leading ion is chloride in all cases. Pg-Alanine. ©Creatinine. 4Histidine. ®Imidazole.
f2-Amino-2-methyl-1,3-propandiol. €Ethanolamine. MEstimated variance. iClass width of
histogram.

RESULTS AND DISCUSSION

Maximum information content, 1,

In order to calculate the maximum information content, I,, the maximum
number of discrete steps which can be distinguished in an isotachopherogram
must be evaluated. The problem of estimating this number of positions in an
isotachopherogram is directly connected to the question whether the axis of
the qualitative parameter (ionic mobility) must be divided in equidistant
intervals or in intervals increasing by a given factor. It is well known that the
condition of separation is given by the ratio of the mobilities, but it was
shown by Reijenga et al. [27] for signhal evaluation that also the conditions
of discrimination in the steady state do not follow equidistance owing to
electro-osmotic disturbances.

For the estimation of the number of discrete positions for identification
purposes, it is assumed that the number of positions which can be distin-
guished in the isotachopherogram is equal to the number of the separated
compounds. Two ions i and j can be separated (and identified) when they
have a sufficiently different effective ionic mobility, m;, in the mixed zone.
The condition of separation is given by the ratio r;; of the effective mobilities
in the transient state. It has to obey the condition r;; = m;/m; > 1. Ratio ry;
may be termed the selectivity coefficient by analogy with chromatography.
From the considerations given above, an equal, minimum value for ry; is
assumed for the isotachophoretic separation of all pairs of compounds to be
differentiated between the leading and terminating ions. Compound 1 can be
differentiated from 0, the leading ion L, under the condition m, = myrgi. For
compound (n + 1), the terminating ion T, the following relation must be
valid in the general case, where r;; has the assumed constant value: m, . ; =
MpTrin + 1y = Mori;" T, which can be written as mp/my = r * ), where the
index n equals N, the total number of compounds that can be separated
between L and T. Then N can be derived from the preceding equation for
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my/mr
N = [log (my/mq)/logr;;] —1 (5)

As can be seen, the number of compounds depends on the mobility range of
the leading and terminating ion and on the value of the selectivity coefficient
necessary for separation. With the aid of the number of possible positions in
an isotachopherogram, the maximum information content I, can be calcu-
lated from

Iy =1d N =1d {[log (m/mg)/log r;;] — 1} (6)

The dependence of I, on r;; is presented in Fig. 1 for different mobility ranges
my/mp; I, varies from 2 to 8.5 bit within the ranges considered. It can be
seen that the values of the function change only slightly for rj; > 1.10 and
mobility ranges >5. This is caused by the logarithmic relationship of I,.

To estimate a realistic value for I, realistic assumptions must be made for
the mobility range and the minimum value of the selectivity coefficient.
Based on the electrolyte systems described in the literature, a value of about
15 for my/m« is assumed in this calculation. To estimate a minimum value
for ry;, it is necessary that all pairs of compounds be separated after a migra-
tion distance d.,;, given by the length of the separation capillary between
injector and detector. This migration distance is related to the mobility ratio
as described by Mikkers et al. [28] and can be expressed in a modified form
for very similar mobilities and equal concentrations of compounds 1 and 2 by

my/m;=1— (2ll/dmig) (7)

where [, is the zone length of compound 1 in the steady state. For realistic
values of 1 mm for the zone length and 200 mm for the migration distance, a
minimum value r;; of 1.01 can be assumed. Because of electro-osmosis, a
somewhat higher value of 1.02—1.03 can be expected. Then, according to
Eqn. 6, I, reaches 6.5—7 bit.

I §

(bit)

10~

Fig. 1. Dependence of the maximum information content I, on the selectivity coefficient
rij for different ranges of the effective ionic mobilities, my/my, of the leading ion L and
the terminating ion T.
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Information content

In Table 1, the highest and lowest values of Ry in the different pH systems
are listed. The lowest values do not vary much. The upper values, and there-
fore the range of the Ry values, varies by a factor of about 4, resulting in
different widths of the corresponding frequency distributions. From the data
library, the information content can be estimated for the one-dimensional
case (single electrolyte system) and for multidimensional data (combination
of Ry values for the unknown compound in several electrolyte systems). In
the one-dimensional case, the estimated information content can never
exceed the maximum information content of 6.5—7 bit as calculated above.

One-dimensional data. The frequency distributions of the R values in the
different pH systems are presented as histograms in Fig. 2. The number k of
classes was chosen by 2 =1d N + 1 [29], N being the number of compounds

T T3 % T .
= €

Fig. 2. Frequency distribution of the Ry values of the library for pH values of the leading
electrolyte from 3 to 10. Each histogram consists of 10 classes; F = frequency.
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in the library; N = 263 gave 10 classes. The histograms are presented with
equal scales to make clear the varying widths of the distribution as well as
those of the classes. The distribution is broadest at pH 3; the widths and the
shapes, respectively, are very similar for systems with pH 5 and higher. This
is also clear from the values in Table 1.

The different behaviour of the individual pH systems is plausible from a
chemical point of view; most of the compounds in the library are organic
acids, which usually have pK, values in the range 3—5. The degree of dissoci-
ation and therefore the Ry value will be influenced strongly only at low pH
of the leading electrolyte. At higher pH, most of the acids are totally dis-
sociated and the Ry values are insensitive to changes in pH.

From the histograms presented in Fig. 2, the information content IV
obtained from the measurement of Ry values in a single electrolyte system
can be estimated according to Eqn. 3. The results are presented in Fig. 3
for pH systems 3, 4, 5 and 10. The information content depends on the
precision of the measurement of the Ry value, expressed by the standard
deviation o, of the error distribution. According to Eqn. 3, the information
content decreases with decreasing precision. The remaining pH 6, 7, 8 and 9
systems, not shown in Fig. 3, give information contents close to those of 5
and 10.

The variation of I for all pH systems is presented in Fig. 4 for two
different values of the error of measurement. If the evaluation of the Rg
values is relatively precise with ¢, = 0.05 [25], then the information content

I(N)
j@ ?‘
i (hit)
(bit) ? ]
10+ 50
g 0, 005
5
g, 015
3
|
%
001 aos o “_I‘TT[RE] 3 4 5 B 7 8 L] || J—_
pH LE

Fig. 3. Dependence of the information content I of single electrolyte systems on the
precision of the Ry measurement, expressed by the standard deviation, o,. IW wag caleu-
lated from histograms and is shown for systems with pH 3, 4, 5 and 10.

Fig. 4. Dependence of the information content, IQ and I on the pH of the leading
electrolyte for two different levels of the precision of the measurement of the Ry value.
The precision is expressed by the standard deviation o,. The values of I were calculated in
two ways: (v) from histograms; (o) for the approximation on a Gaussian distribution.
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has the highest value of 5.7 bit for pH 3, followed by pH 4 and pH 5. The
difference is 1 bit between the subsequent pH systems. Above pH 5, the
individual systems show a constant value of 3.6 bit. In this context, differ-
ence of 1 bit in the information content means that the number of com-
pounds which can be distinguished differs on average by a factor of 2. From
the results shown in Fig. 4, it is clear that, for the anionic substances con-
sidered, the identification potential of isotachophoresis is higher at lower pH.
This result agrees with experience, but information theory enables the differ-
ences to be quantified.

In order to compare the results obtained from the histograms with those
obtained by assuming normal distribution of the Ry values, the information
content of individual systems was calculated with the aid of the equation
I® =1/2 1d 0% /02. The estimated variances s2, are given in Table 1 and are
regarded as good approximation to ¢2, used in this equation. I‘®> was calcu-
lated for the same statistical error as in the calculation from the histograms
(0. = 0.05 and 0.15 Ry units, respectively); these data are also presented in
Fig. 4. The results are in good agreement for higher pH systems: from pH 5
to pH 10 the difference from the corresponding values obtained from the
histograms is only 0.1 bit. The agreement is not good for pH 3 with a differ-
ence of 0.4 bit. The result is plausible considering the shape of the distribu-
tions as shown in Fig. 1, where the deviation from a Gaussian curve is
highest for the pH 3 system.

The values of the information content derived for the individual electrolyte
systems, ranging from 3.6 to 5.7 bit are below the theoretically predicted
limit of 6.5—7 bit calculated for I,.

Multidimensional data. The information content obtained from measure-
ments of Ry values of an unknown compound in systems with different pH
can be calculated by extension of the approximation methods discussed for
one-dimensional data. The experimental data might be represented by well
defined distribution curves, or by multidimensional histograms. For both
methods, problems can arise from the actual structure of the file. For the
histogram, the number of data in the file has to be large, especially for
calculation with higher dimensions. Otherwise the approximation to the true
distribution will be too erroneous. However, the quality of the results will
also be inadequate if the experimental data distribution does not fit well to
the model distribution.

This study was not directed towards presenting optimum selection proce-
dures for a large number of electrolyte systems, thus the discussion of multi-
dimensional data will be focused mainly on only two of the pH systems. As
an approximate method, two-dimensional histograms are used here prior to
model distribution functions. The number of compounds seems to be adequate
for the former method.

In order to demonstrate the effect of correlation of data in isotachophoresis
on the information content, two pairs of electrolyte systems were selected:
the one with the greatest and the one with the least similarity. Similarity was
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expressed by the normally used linear correlation coefficients, which are
given in Table 2 for all pairs of electrolyte systems. As can be seen, especially
pairs of electrolyte systems with a pH difference of one in the higher pH
range are highly correlated. The two pairs of different systems with the
extreme values for the correlation coefficients are systems pH 3/pH 10
(lowest value of 0.50350) and systems pH 8/pH 9 (highest value of 0.99749).

The two-dimensional histograms for the two pairs, from which the infor-
mation content I® can be approximated for r = 2 by using Eqn. 4 are
presented in Fig. 5. The two distributions are of totally different shape. For
the lower correlated system pH 3/pH 10, the (finite) values of the estimated
probabilities are spread over 53 two-dimensional classes of the histogram,
consisting of a total of 100 classes. For the highly correlated system pH 8/
pH 9, most of the (finite) probability values are concentrated in the main
diagonal, as theoretically expected. From the 15 two-dimensional classes, in
which probability values are finite, ten belong to the main diagonal.

With regard to the restrictions already mentioned with respect to the
number of data, the estimation of the information content gives very plausible
results. For an assumed constant precision of measurement, expressed by a
standard deviation equal for all pH systems with o, = 0.05 R units, the
information content estimated for systems pH 3/pH 10 is 8.60 bit. Compared
to the sum of the corresponding values of the single systems, which is 9.22
bit, 0.62 bit is lost because of correlation. In contrast, the information con-
tent for the two highly correlated systems pH 8/pH 9 is 4.17 bit when
correlation is considered. The sum for the single systems is 7.07 bit, thus
2.90 bit is lost. This means that the second system contributes only 0.63 bit.
The information content per system is reduced from about 3.6 bit per system
to 2.1 bit per system.

A similar treatment, e.g., for the data of four electrolyte systems (pH 3/
pH 4/pH 6/pH 10), shows a reduction of the sum for the single systems
(17.5 bit) to a value of 12.8 bit, when correlation is taken into account. Even
given the problem of proper approximation, this result is probably typical
for such systems.

TABLE 2

Linear correlation coefficients of the R values for different electrolyte systems with pH
values of the leading electrolyte from 3.0 to 10.0

- pH(LE) 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
3.0 1.00000 0.97945 0.73049 0.53309 0.51526 0.51783 0.51341 0.50350
4.0 1.00000 0.84668 0.67007 0.63953 0.63454 0.62889 0.61852
5.0 1.00000 0.94921 0.90749 0.88681 0.87838 0.86704
6.0 1.00000 0.98090 0.95995 0.95134 0.94043
7.0 1.00000 0.99528 0.98975 0.97952
8.0 1.00000 0.99749 0.98851
9.0 1.00000 0.99614

10.0 1.00000
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Fig. 5. Two-dimensional histograms representing the probability distribution of the Ry
values of the library for two pairs of electrolyte systems with extreme similarities. Systems
pH 3/pH 10 show the lowest correlation, whereas systems pH 8/pH 10 show the highest
correlation from all systems considered (p = probability).

Comparison of isotachophoresis with other methods

With the results obtained above for the evaluation of isotachophoresis, a
comparison with other identification methods such as mass spectrometry,
infrared spectrometry, gas chromatography and thin-layer chromatography is
possible on the basis of corresponding published data. From Table 3, it can
be seen that the identification power of the spectrometric methods is superior
to that of one-dimensional chromatographic methods and isotachophoresis,
if a large variety of compounds has to be considered. Even when the high
correlation of the spectrometric data is taken into account, the information
content reaches about 40 bit. Only in the case of very similar compounds is
the information content reduced to less than 10 bit. However, it is important
to recall that the high information content of the spectrometric methods is
attainable only for pure compounds, whereas chromatography and isotacho-
phoresis can serve not only for identification but also separation, being
applicable to complex mixtures. Isotachophoresis has an I, value of 6.5 to
7 bit and an information content I up to 5.7 bit, which lies between thin-
layer and gas chromatography. The results quantify the idea that isotacho-
phoresis is a high-performance method. From an information content of
about 5 to 6 bit, it can be concluded that a maximum of about 60 com-
pounds can be distinguished by isotachophoretic measurement under normal
conditions. Because of unfavourable compositions of samples and instru-
mental restrictions, this value often will be lower in practice. Nevertheless,
being an average value, this result of about 6 bit must be interpreted critically,
because it does not guarantee the identification of one compound from 30—
60. Under such conditions, if pairs of compounds cannot be distinguished,
increase of detector selectivity or of separation selectivity can solve the
problem.
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TABLE 3

Information content of identification methods (I, = maximum information content; I =
information content)

Method Ref. I, I[bit] I{bit] Comments
(bit) uncorr. corr.

Mass 5 90—150 Threshold 1% of base peak; spectra of
spectrometry? 3000 organic substances.
6 48 6700 spectra in library.
7 40 Threshold 1% of base peak; 10 000
spectra in library.
8 77 8.6 Threshold 1% of base peak; high corre-
lation of spectra for similar compounds
of real samples.

Infrared 10 53 21 Depending on coding error and corre-
spectrometry lation; 93 wavelengths 0.1 um wide
chosen; file of about 100 000 coded
spectra.
13 15—40 Depending strongly on type of com-
pound and on intensity threshold (5
values). Spectra coded by 140 peak
positions.

Gas 14 5.1—7.7 Depending on chosen resolution, effi-
chromatography ciency and retention time.

15 6.5—7.0 4.3 Standard deviation of error is 2 RIP
units; correlated value averaged from
10 columns.

16 6.4—6.8 4.2—5.8 Standard deviation of error is 2 RIP
units; 5 phases considered; correlated
values averaged.

8 5.1—6.0 4.1 Standard deviation of error is 5 RIP
units; 4 phases considered; correlated
values averaged.

Thin-layer 18 4.6 25 classes of Ry values with equal class
chromatography widths assumed.
0.4-3.1 Differences arising from different
20 2.0—-3.1 classes of substances and phase systems
21 2.1—4.0 Assumed class widths: 0.05 Ry units
[18, 21, 22, 24] and 0.10 Rp units
{20, 21].
22 1.5—3.6
23 0.6—3.0 loss of 0.1 20 best combinations of two systems
to 0.3 bit from 528 considered.
24 3.6—4.1
Isotacho- 6.5—7.0 Depending on the selectivity coefficient
phoresis and the mobility range of the electro-
lyte system;
3.6—5.7 3.2 Depending on the pH of the leading

electrolyte; correlated value from 4
systems with different pH, averaged.

aLow-resolution m.s. with electron-impact ionization. Y Retention index units.

The author is indebted to Dr. G. Reich for execution of the computation.
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SUMMARY

Iterative target transformation factor analysis can provide a method for resolving elu-
tion profiles consisting of any number of compounds. The results obtained for 3-com-
ponent resolution are consistent with the results obtained with conventional methods of
curve resolution. The same restrictions with regard to overlap and relative signal heights
of the compounds seem to apply to the conventional method of curve resolution and the
proposed method. The method is tested on data from high-performance liquid chroma-
tography with a diode-array detector obtained for polynuclear aromatic hydrocarbons
and for proteins.

The introduction of diode-array detectors in high-performance liquid
chromatography (h.p.l.c.) enables u.v.-visible spectra to be recorded at short
time intervals (ca. 1.5 s), during elution of the components. The result is a
data matrix of NS spectra measured over NW wavelengths. Typical values
for a separation are 800 spectra of 80 data points, i.e., 64 000 data points
per run. Many spectra are null spectra, as they have been recorded while no
compounds elute from the column.

A total-component chromatogram in which all compounds contribute to
the recorded signal is obtained by plotting the highest absorbance of each
spectrum as a function of the spectrum number [1]. Clusters of co-eluting
compounds are then easily distinguished, and their spectra can be selected
for further data treatment. The complexity of the data treatment needed to
obtain the required information depends on the amount of prior information
on the system. In the best instance, the identity and spectra of all com-
pounds in the cluster of co-eluting compounds are known. In that case, the
individual elution profiles (in concentration units) of the co-eluting com-
pounds are obtained by solving NS (number of spectra) systems of NW linear
equations with NC (number of compounds) unknowns [2], which is multi-
component analysis (m.c.a.). When the number and identity of the com-
pounds are unknown, m.c.a. should be preceded by a principal components
analysis and factor analysis for the determination of the number of co-elut-
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ing compounds and for the estimation of their spectra. The combination of
principal components analysis and factor analysis to resolve chromatographic
elution profiles mathematically is generally called self-modelling curve reso-
lution [3]. The term self-modelling emphasizes that the procedure requires
no models for the peak shape.

Curve resolution was initially applicable to resolve peak clusters consisting
of two compounds [2, 3]. The procedure consists of estimation of the pure
spectra and calculation of the individual elution profiles. Recently, curve
resolution has been extended to solve the three-component case [1]. It was
demonstrated that better estimates are obtained when the individual elution
profiles are estimated first, and thereafter the spectra of the compounds [1].
In this paper, an alternative and more general method for self-modelling
curve resolution is presented which is based on iterative target transforma-
tion factor analysis (t.t.f.a.) [4]. The merits of the method are its simplicity
compared to earlier curve-resolution methods, and its generality, because
there are no limitations in principle on the number of co-eluting compounds.

The rows of the data matrix in h.p.l.c. with a diode-array detector (DAD)
are linear combinations of the pure spectra of the compounds in the cluster
of co-eluting compounds. The columns of the data matrix represent linear
combinations of the pure elution profiles. In multivariate statistics, the pure
spectra and pure elution profiles are called the true factors, the problem
being to find them. The approach of t.t.f.a. [4] is to test whether or not a
candidate factor or target is a true factor. This test does not require any
knowledge of the other co-factors. One can test one target at a time, even
though the other co-factors are unknown.

In the most general case of h.p.l.c. with DAD, however, no prior know-
ledge is assumed on possible candidate spectra or elution profiles, and one
would exclude the use of t.t.f.a. for curve resolution. Hopke et al. [5] sug-
gested, however, that ‘“fake” targets may be improved in order to bring them
close to one of the true factors. The target is resubmitted and modified in an
iterative way until the tested target is considered to match satisfactorily one
of the true factors. This is the principle of iterative t.t.f.a. In this paper, it
will be shown that iterative t.t.f.a. is suitable for mathematical resolution of
a data matrix from h.p.l.c. with DAD into its pure elution profiles regardless
of the number of co-eluting compounds. After the pure elution profiles have
been obtained, the pure spectra of all co-eluting compounds can be esti-
mated. In this paper, attention is given to adaptaton of the targets during
iteration so as to force convergence to atrue factor and to prevent iteration
to a linear combination of the factors.

THEORY
A (NS X NW) data matrix D of NS spectra measured at NW wavelengths

is considered. The spectra are obtained during the elution of a cluster of NC
co-eluting compounds, which contribute linearly to the signal. The data
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matrix should be decomposed into its true factors: D = C S, where S is the
(NC X NW) matrix of the pure spectra of the NC compounds and C repre-
sents the (NS X NC) matrix of the elution profiles (in units of concentration)
of the NC compounds. C and S are matrices of the true factors (chromato-
grams and spectra). If S and C are unknown, D can be decomposed in NF
abstract factors by a principal components analysis (p.c.a.) which consists of
the following steps: (1) calculate the (NS X NS) dispersion matrix D DT,
(2) calculate the NS eigenvalues and eigenvectors of D DT (the eigenvectors
(V) span a space of NS or orthonormal vectors which represent abstract
chromatograms and noise, and the eigenvectors of the NW X NW dispersion
matrix DT D are abstract spectra and noise); (3) decompose the original data
matrix D into the abstract chromatograms by a least-squares method: D =
V A, where V is the (NS X NS) matrix of abstract chromatograms, and A is
the (NS X NW) matrix of abstract spectra (factor scores) A = VT D.

The true dimensionality of the data matrix, however, equals the number
of true factors (NC) [6]. Consequently, D can be reconstructed within the
noise by including the first NC eigenvectors in V (the eigenvectors are ranked
in the sequence of the magnitude of their eigenvalue which equals the
explained variance). Thus

D=Vc-Ac 1)
where V¢ is the (NS X NC) matrix of abstract chromatograms, A¢ is the
(NC X NW) matrix of abstract spectra (factor scores), and NC is the number
of components necessary to reconstruct D within the noise. The problem of
estimating NC has been discussed by Malinowski and Howery [6].

The next problem is to transform the NC abstract chromatograms into
true elution profiles of the NC components. It is readily seen that the cross-
product of the true elution profiles will usually not be equal to zero. This
means that the true elution profiles do not span an orthogonal space. The
NC eigenvectors in V¢ are, however, orthogonal. Therefore the true elution
profiles cannot be found by orthogonal rotation of the eigenvector space.
It has been shown [1] that the true elution profiles can be estimated by
extrapolation of the factor scores (A) to the two or three simplest elution
profiles. Such an extrapolation proved useful for estimating the elution pro-
files for peak clusters consisting of less than four compounds.

An alternative method is to test whether a given pure elution profile, T,
the target, is a basic vector which is present in all measured chromatograms.
Target testing consists of the calculation of a (NC X 1) rotation vector (R),
which rotates the (NS X 1) target T in the space V¢, spanned by the first NC
eigenvectors of D, in such a way that the sum of squares of the residuals be-
tween the rotated target and input target is minimal. Thus the equations
V:R =T have to be solved for R, giving

R=[VEV.]'VET = VET (2)
Thus
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T=V:R (3)

Usually the predicted target (T) will differ from the input target (T). The
correlation coefficient between T and T is a measure of the similarity of the
target with the closest linear combination of the eigenvectors. However,
every target which is a linear combination of the eigenvectors will be found
to be valid, and the major problem is to formulate good targets. Focussing
on the case of h.p.l.c. with DAD, this means that one should know the pure
elution profiles in advance, which is, of course, the purpose of the analysis.
Target transformation factor analysis would thus be applicable only if one
is able to adapt any non-valid target to a better target, until a valid target
has been obtained. This is the principle of iterative t.t.fa.

The proposed method is schematically shown in Table 1. The analysis is
started by a principal components analysis (Eqn. 1). Then the NC abstract
factors (elution profiles) are rotated by a Varimax rotation [7], which aligns
as well as possible the abstract factors along NC true but unknown factors.
This procedure gives NC targets fo be tested. Each of the targets is submitted
to t.t.f.a. If the target fails to pass the correlation test, it is adapted accord-
ing to the rules described below. Any adapted target is resubmitted to t.t.f.a.

Because all NC targets (elution profiles) are tested sequentially, no mathe-
matical limitations are imposed on the number of compounds which are
present in the peak cluster. Consequently, iterative t.t.f.a. solves the general
case of curve resolution. The main part of the algorithm is the adaptation of
the target from an inspection of T. Obviously any resubmission of T to
ttfa will return T For that reason T has to be slightly modified in order
to force the t.t.f.a. to converge to a better solution (if any). At the same
time, it is necessary to avoid convergence of the target to alinear combina-
tion of the elution profiles.

Useful adaptations found so far for obtaining a convergence to pure elu-
tion profiles are: (1) any element of T which is smaller than a given threshold
(e.g., 0.005) is set to zero; (2) any doublet which is separated by one or
more zeros is cleaned up in such a way that the main peak in the target is
retained and any value of the minor peak is set to zero.

TABLE 1

Scheme of the proposed method

Calculate the

start-targets Calcu'late Re-estimate the
by a Varimax T rotation target 'i‘,-
rotation i vector R !

Test aiid adapt

Criteria not target

Take next fulfilled ‘
component
i=i+1 Criteria

fulfilled
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The process of iteration is ended on the first occurrence of any of the
following: (1) adaptation of the target is no longer possible; (2) the correla-
tion coefficient between the rotated and adapted target is more than 0.999;
(3) the allowed maximum number of iterations has been reached (e.g., 15).

The NC elution profiles obtained at the end of the iterative t.t.f.a. are
normalized on a norm = 1, as are the measured chromatograms before
mathematical analysis. The elution profiles are denormalized by calculating
the pure spectra of NC compounds. The norms of these spectra give the rela-
tive contributions of the compounds to the signal. When E is the (NS X NC)
matrix of the NC factors (elution profiles) found in t.t.f.a., then D = E S,
The matrix of the NC pure spectra is

S=[ETE]'ETD (4)
EXPERIMENTAL

Experimental data

Protein mixtures were separated by molecular-exclusion h.p.l.c. The
equipment consisted of a Waters M6000-A solvent delivery system and a
Serva Si-200-polyol column (9.5 X 500 mm). The eluent was 0.1 M sodium
phosphate (pH 6.5) at a flow rate of 0.5 ml min™. A photodiode array detec-
tor (HP-1040) was coupled to a HP-85 microcomputer for data acquisition.

Mixtures of polynuclear aromatic hydrocarbons were separated on the
system equipped with a ODS-Hypersil 5.um (Shandon) column. Modifier
concentrations of 65% acetonitrile, 80% methanol and 40% (v/v) tetrahydro-
furan were used. The codes in the text refer to the peak clusters observed in
the chromatogram (e.g., M80OP13P2 means cluster 2 of a 13-component mix-
ture separated with an 80% (v/v) methanol modifier).

Spectra were recorded over 80 wavelengths with an interval of 1 spectrum
per second. After data collection and temporary storage on an 8-in. floppy
disk by using the HP-01040-10301 software package, all data were trans-
ferred to a NAS-9040 mainframe computer for further processing.

Synthetic and semi-synthetic data
A semi-synthetic peak cluster was generated by artificially mixing four

spectra of polynuclear aromatic hydrocarbons (Table 2; Fig. 1) and using the

TABLE 2

Semi-synthetic 4-component peak cluster (59 spectra, 87 wavelengths)

Peak Component Rel. height Resolution
1 Phenanthrene 0.52 R, 0.933
2 Pyrene 1 R,, 0.433
3 Fluoranthrene 0.51 R,, 0.702
4 Anthracene 0.86




258

elution profiles of the 3-component M80P13P6 cluster (see Fig. 6), where
the profile of peak 2 was used to generate the fourth compound which is
peak 3 in the total profile (Fig. 5A). The data on resolution and relative sig-
nals are listed in Table 2. The noise level in the data corresponds to an absor-
bance of 0.12 X 107,

A fully synthetic 6-component peak cluster was generated consisting of
six overlapping Gaussian elution profiles from separated polynuclear aro-
matic hydrocarbons (Fig. 2). The data on resolution and relative signal are
listed in Table 3.

RESULTS AND DISCUSSION

Curve resolution on synthetic and semi-synthetic data (4- and 6-components)

Curve resolution of a 2-dimensional data matrix from h.p.l.c. with DAD,
without the inclusion of prior knowledge on the number and shape of elu-
tion profiles or pure spectra, was limited to two-component [2, 3] and three-
component [1] systems. The main reason is that these methods are based on
extrapolation of the purest spectra (or chromatograms), which gives a set of
solutions that increases very rapidly with the number of factors: the solution
of a 2-component system is a set of 2 points, the solution of a 3-component

Spectrum NR

Fig. 1. Data matrix of a 4-component peak cluster of polynuclear aromatic hydrocarbons;
59 spectra measured at 87 wavelengths,

Fig. 2. Synthetic data matrix of a 6-component peak cluster of polynuclear aromatic
hydrocarbons; 75 spectra measured at 87 wavelengths.

TABLE 3

Synthetic 6-component peak cluster (75 spectra, 87 wavelengths)

Peak Component Rel. height Resolution
1 Benzo(k )fluoranthene 1 R,, 0.35
2 Chrysene 0.7 R,, 06

3 3,4-Benz(a)pyrene 0.8 R,, 0.32
4 Benzo(b)fluoranthene 1 R, 0.4

5 Pyrene 0.5 R, 1.01
6 1,2-Benzanthracene 0.9
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system is a line, of a 4-component system a plane, etc. The selection of the
pure spectra (or elution profiles) from the large set of possible solutions re-
quires the application of a number of constraints. No successful examples
have been reported on >4-component systems. As outlined in the theoretical
part, iterative t.t.f.a. imposes no limitations on the number of components
present in the data matrix or peak cluster.

Six-component synthetic data. Figure 3 shows the course of a synthetic
6-component curve resolution by iterative t.t.f.a. Figure 3A gives the six first
eigenvectors of the D DT matrix, which represent the six abstract elution
profiles. These abstract elution profiles, which are orthogonal have to be
transformed to non-orthogonal true elution profiles. A first step is to rotate
the 6 axes in such a way that they correspond with some set of 6 axes of the
original NS-dimensional space, i.e., Varimax rotation. The result of this rota-
tion is shown in Fig. 3B. The absolute values of the 6 rotated eigenvectors
correspond quite nicely with the 6 basic elution profiles with which the mea-
sured data matrix D can be reconstructed. However, the 6 vectors are still
orthonormal and have to be transformed further. In order to retain a maxi-
mal number of degrees of freedom to let the targets converge to the pure
elution profiles, the target transformation is started with a vector filled with
zeros and one 1 at the position of one of the maxima found after the Vari-
max rotation. Figure 3C shows how the iterative target transformation of the
third compound converges to a stable solution in a few steps. The target

Fig. 3. (A) First 6 eigenvectors of the 6-component peak cluster of polynuclear aromatic
hydrocarbons. (B) Varimax-rotated 6 first eigenvectors. (C) Iteration sequence of the
target transformation factor analysis of peak 3. (D) Resolved 6-component elution profile
(normalized).
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TABLE 4

Successive adaptation of target 1 and correlation coefficients r (6-component system;
Fig. 3)

r.=0.123 r,,=0982 r,, =0.981 r, =00994

Iteration O 1 2 3 4 5

0 0 0 0 0 0

0 0 0 0 0 0.002
0 0 0 0 0.004 0.007
0 0 0 0.007 0.011 0.015
0 0 0 0.002 0.023 0.027
0 0 0 0.036 0.040 0.044
0 0 0.024 0.058 0.062 0.065
0 0.003 0.057 0.086 0.089 0.092
0 0.020 0.100 0.119 0.121 0.122
0 0.039 0.141 0.155 0.156 0.156
0 0.060 0.187 0.193 0.192 0.191
0 0.080 0.232 0.230 0.228 0.226
0 0.097 0.273 0.264 0.261 0.256
0 0.111 0.305 0.292 0.289 0.286
0 0.120 0.327 0.313 0.309 0.306
0.349 0.123 0.337 0.324 0.320 0.317
0 0.121 0.333 0.324 0.321 0.319
0 0.112 0.317 0314 0.312 0.311
0 0.099 0.289 0.293 0.293 0.293
0 0.082 0.251 0.265 0.267 0.268
0 0.063 0.208 0.231 0.234 0.236
0 0.043 0.161 0.193 0.198 0.201
0 0.024 0.115 0.154 0.160 0.165
0 0.007 0.072 0.117 0.124 0.130
0 0 0.036 0.084 0.091 0.098
0 0 0.006 0.055 0.063 0.070
0 0 0 0.032 0.039 0.046
0 0 0 0.014 0.021 0.028
0 0 0 0.002 0.008 0.014
0 0 0 0 0.001 0.005

(00...1...0)is transformed to a triangle, which after resubmission becomes
a Gaussian-like profile. In Table 4, successive targets are given with their
corresonding correlation coefficient between successively predicted targets.
Figure 3D shows the overall result found after the iteration of all 6 targets,
which is the completely resolved 6-component mixture. It should be empha-
sized that no information was included on the shapes of the elution profiles.
The proposed resolution method is thus fully self-modelling. A comparison
between the obtained elution profiles and the true elution profiles is given in
Fig. 4A. The corresponding spectra calculated by solving eqn. 4 are given in
Fig. 4B and are in good agreement with the true spectra. The chromato-
graphic resolution between the compounds was between 0.93 and 0.43.
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Fig. 4. Synthetic 6-component peak cluster: (A) comparison between “estimated” (a) and
“true” (b) elution profiles (normalized); (B) comparison between “estimated’’ and “true”
spectra. (For clarity the elution profiles are given in two separate figures, but are in

reality superimposed.)

Four-component semi-synthetic data. The results (Fig. 5) obtained for the
4-component semi-synthetic data described in the experimental part show
that self-modelling curve resolution by iterative t.t.f.a. applied on realistic
systems can provide spectra of good quality. Moreover, elution profiles are



Fig. 5. Four-component curve resolution by iterative t.t.f.a.: (A) ‘“‘estimated” (a) and
“true” (b) elution profiles (normalized); (B) “estimated and ‘“‘true” spectra.

obtained with a reasonable accuracy. From the overall-resolved elution
profile (Fig. 5A), one could expect that problems would arise with com-
pounds 2 and 3. The compounds are very poorly separated, so that their
spectra are always mixed up with one or more of the other compounds.
Consequently, none of the measured mixture spectra will be closely simi-
lar to the pure spectra of 2 and 3. Spectrum 3, however, is perfectly

recovered, and a chemically meaningful spectrum of compound 2 is ob-
tained.

Curve resolution on experimental data

The performance of curve resolution by iterative t.t.f.a. can be compared
with the results obtained by the curve resolution based on extrapolation
of the purest measured elution profiles (CR-3) [1]. Identical elution pro-
files and spectra were obtained by CR-3 and iterative t.t.f.a. curve resolution
for the M80P13P6 3-compound cluster (see Experimental) as shown in
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Fig. 6. Three-component curve resolution of polynuclear aromatic hydrocarbons ob-
tained by CR-3 and iterative t.t.f.a. (A) Comparison of the “estimated’ elution profiles.
(B1—3) Comparison of the *“estimated” spectra for the 3 components.

Fig. 7. Three-component curve resolution of proteins obtained by CR-3 and iterative
t.t.f.a. (A) Comparison of the “estimated” elution profiles. (B1—3) Comparison of the

“estimated” spectra. Compounds: (1) carbonic acid anhydrase; (2) a-chymotrypsin;
(3) myoglobin.,
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TABLE 5

Four-component peak cluster A65P13P3

Peak number Relative contribution of spectra to Resolution
total signal (normalized spectra)

1 25 R,:0.99
2 1 R,,:0.77
3 1 R,,:1.37
4 1

Fig. 6, and for the protein separation (Fig. 7). In the latter case, the spectra
of the compounds were quite similar, which demonstrates the ability of iter-
ative t.t.f.a. to retrieve the pure elution profiles even when the spectra are
quite similar. However, this method failed for a 4-component cluster with
the parameters given in Table 5; it returned only two spectra of which one
was allocated to three profiles. The reason is that the absorbances in the
latter spectrum were much higher (25:1) than those of the other compounds.
This indicates that the curve resolution of minor components (minor in the
sense of having a weak signal) in the presence of a major component remains
difficult, and requires further research. Equally, curve resolution becomes
more difficult when the resolution of the compounds falls below 0.3. In this
case, stricter rules are necessary in order to prevent the targets from converg-
ing to a linear combination of the true elution profiles.

The authors thank Hugo Billiet and Anton Drouen, Laboratory for Instru-
mental Analysis, Technical University of Delft, for their technical assistance
in measuring the data, and Hans Frank, Department of Biochemistry, Tech-
nical University of Delft, for providing the protein data. This research was
supported in part by the provision of equipment by Hewlett-Packard,
The Netherlands.
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SUMMARY

The performance of fixed-interval smoothing is investigated for a linear calibration
graph with drifting parameters. When all the calibration measurements are processed on-
line by the Kalman filter, the quality of the evaluated results may be improved by later
off-line smoothing. It is shown that a considerable reduction in variance can be obtained.

In routine analytical laboratories, the effect of time on the quality of
results can be significant. An important aim of chemometrics is to improve
the accuracy and the precision of methods [1, 2]. Analytical processes have
been described by a first-order autoregressive model for quality control [3,
4]. In routine practice, samples are commonly processed in batches and the
well-established concepts of between-batch variance and within-batch variance
are important. Within-batch effects can be controlled by placing calibration
standards at fixed intervals in the sample sequence; between-batch effects
can be controlled by restart of a weighted digital filter [5, 6].

A drift model can be used for processing slowly varying parameters of a
linear calibration graph. After calibration, a Kalman filter estimates and
predicts the parameters that change with time and are used for the evaluation
of unknown samples. Given a preset precision of the final results, a control
procedure recalibrates the system and assesses the next unknown [7].
On-line optimal selection from the available concentrations occurs if neces-
sary [8]. This paper is devoted to fixed interval smoothing, an off-line
estimation technique which is done after all the measurements have been
collected and processed on-line [9]. The variance reduction of the analytical
results in comparison with that of the Kalman filter is given particular
attention.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.



266
THEORY

State estimation

The problem of how to obtain an approximation for a state intermediate
or prior to a span of imperfect measurements is handled by state estimation.
In principle, no particular structure has to be attributed to the model descrip-
tion of the system. The state-space model investigated here is the linear
discrete one. Extensions to a continuous description or a non-linear model
are possible but are not discussed here.

A linear discrete system is described by

x(k) = F(k, k — 1)x(k — 1) + w(k — 1)
z(k) = hi(k)x(k) + v(k)

where z(k), h(k), x(k), v(k), F(k, k — 1), and w(k) are the measurement,
measurement vector, state vector, measurement noise, transition matrix and
system noise, respectively; & = 1, 2, 3, ... is the index denoting a sequence
of fixed points, of which the time is the most commonly used variable. The
system noise and measurement noise are assumed to have zero means and
covariances Q(k — 1) and R(k), respectively.

The state-space model distinguishes between two sets of equations, a state
equation that models the dynamics of the state, and a measurement equation
that relates the observed output to the state. A state may refer to concentra-
tions, sensitivities or even to a curve and its derivatives. By using the state-
space model in combination with available measurements, it is possible to
estimate the state of the system. Any estimate of x(k); k =1, 2, . .., which is
based on the measurements z(1), 2(2), .. ., 2({) is denoted as x(%/I). Corre-
sponding to the estimate, there is a covariance matrix denoted P(k/1), repre-
senting the estimation errors of the difference between the state and its
estimate x(k) — x(k/I). Depending on the value of k related to 1, the estima-
tion algorithms can be classified: (a) prediction (2 > [) which involves extra-
polation towards future states, the estimate %(k/l) occurring after the last
measurement; (b) filtering (& = /), in which only the current state is of interest
and the estimate x(k/I) coincides with the last measurement; and (c) smooth-
ing (B < l), which involves reconstruction of past states, i.e., the estimate
X(k/1) falls within the span of measurements.

Any estimate whether predicted, filtered or smoothed is defined as opti-
mal with respect to a properly chosen criterion. For a least-squares estimate,
a quadratic type of function is minimized. Based on past information and
the currently available measurement, the Kalman filter combines prediction
and filtering for on-line improvement of the estimate. The predicted estimate
X(k/k — 1) and filtered estimate X(k/k) are calculated [11] from

%(k/k—1)=F(k, k — 1)&(k —1/k — 1) (1)
P(k/k —1)=F(k, kb —1)P(k — 1/k — 1)Fi(k, k — 1) + Q(k — 1) (2)
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&(k/k) = %(k/k — 1) + k(k)[2(k) — hi(k) - %(k/k — 1)]
P(k/k) = P(k/k — 1) — k(k)h'(R)P(k/k — 1)
k(k) = P(k/k — 1)h(k)[ht(k)P(k/k — 1)h(k) + R(k)]™

where K(k) represents the Kalman gain vector. The Kalman filter predicts the
state one step ahead. In order to predict more steps forward, Egns. 1 and 2
extended by x(k/k) = x(k/k — 1) and P(k/k) = P(k/k — 1) can be used for
each desired step. In order to start the estimation algorithm at k& = 0, it is
necessary to set the initial values of %(0/0) at O and to initialize P(0/0) as a
diagonal matrix with large elements in comparison to the measurement noise
covariance, about 100 R(0).

Fixed interval smoothing

State estimation has so far been directed towards prediction and filtering,
the state space model and available measurements are used to estimate
the current and future state of the system. The use of a span of measurements
to estimate the history of the state is provided by smoothing. For smoothing,
a further classification has been shown to be useful [10—12]: (a) fixed-
interval smoothing is a data-processing scheme that uses all measurements
between 1 and N to obtain an estimate X(%2/N) with k < N; (b) fixed-point
smoothing yields an estimate X(k/j) at a single point 2 < j, .. ., which is use-
ful when a previous state of a system is of particular interest; (c) fixed-lag
smoothing gives an estimate X(k/k + N)fork =1, 2, ... with a fixed period
N in the past, and the incorporated delay between the current state and the
available estimate is inherent to this scheme.

From an algorithmic point of view the various types of smoothers are
quite similar and may easily be transformed into each other. The smoother
presented here is referred to as the fixed-interval smoother. It can only be
used off-line, because it must be done after all the measurements have been
collected. This type of smoothing can be considered as a combination of two
Kalman filters. First, a forward Kalman filter operates on the measurements,
for which the filtered state and its covariance matrix [i.e., X(k/k) and
P(k/k)] are stored at each step. In a similar way, a second Kalman filter
operates backwards in the sequence with the prediction X, (k/k + 1) and
P,(k/k + 1), respectively. Subsequently, the smoothed estimate follows from
the statistical weighting of the stored estimates by means of their stored
covariance matrices. The smoothed estimates X(%/N) and covariance matrices
P(k/N) can be calculated {11} fork =1,2,...,N by

X(k/N) = P(k/N)[P(k/R) ™ &(k/k) + Py(k/k + 1) &y(k/k + 1)] (3)
P(k/N) = [P(k/k)™ + Py(k/k + 1)1 (4)

For the smoothed state, all measurements between 1 and N are used,
because the estimate based on measurements up to a given point k is com-
bined with the estimate based on measurements from the final N back to
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point & + 1 and successively retrodicted to point 2. Equations 3 and 4 indicate
considerable additional requirements of computer storage and time beyond
that required for the Kalman filter. The algorithm can be shown to be equi-
valent to alternative formulations that reduce the computational effort of
the matrix inversions and the storage requirements. The simplest and most
elegant form of the fixed-interval smoother is the Rauch, Tung and Striebel
smoother [12]. The forward runis produced by a conventional Kalman filter
processing the measurements on-line. Hereafter, the backward Kalman fiiter
and fixed-interval smoother are modified to process the stored quantities in a
reversed sweep fork=N—1,N—2,...,1:

%(k/N) = k(k/R) + A(R)[X(E + 1/N) — %(k + 1/k)] (5)
P(k/N) =P(k/k) + A(R)[P(k + 1/N)—P(k + 1/k)] AY(k) (6)
A(k) =P(k/R)F'(k + 1,k)P(k + 1/k)™ (7)

where for & = N %X(k/N) = X(k/k) and P(k/N) = P(k/k); A(k) refers to the
smoother gain matrix. The stored estimates are processed by these equations
in the same fashion as the measurements and weighted by their corresponding
covariance matrices. The smoother is initialized by means of the last filtered
state X(k/k) and covariance P(k/k) of the Kalman filter. The computational
effort is limited to one matrix inversion at each step; the need for storage is
limited to X(k/k) and P(k/k), because X(k + 1/k) and P(k + 1/k) can be com-
puted by prediction (Eqns. 1 and 2). By using the symmetry of the off-
diagonal elements in the covariance matrix P(k/k), the storage requirements
can be reduced further. A disadvantage here lies in the inversion at each step
and numerical problems may arise when P(k + 1/k) becomes ill-conditioned.
This might happen when the smoother returns to an unobservable phase, i.e.,
when the measurement number % is less than the dimension of the state-space
model. An alternative equation similar to Eqn. 5 for the smoothed state
avoids the inversion problem although some extended storage is required
[10]. In the following sections, the implemented fixed-interval smoother
pertains to Eqns. 5—17. .

A state is said to be smoothable if the smoother provides a covariance
matrix superior to that produced by a backward-operating Kalman filter.
Equation 4 indicates the restriction P(k/N) < P(k/k). Only states that
are driven by the system noise w(k — 1) are smoothable. When the system
noise covariance @(k — 1) equals the zero matrix, the results of the smoother
and the Kalman filter are equivalent.

The calibration system
For a linear calibration graph with parameters drifting at random, the
state-space model derived 7] is
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a(k) 1 01 0\ fa(k—1)
b(k) 010 1}fb(k—1)
= + wk—1) (8)
a(k) 0 01 0J{ak—1)
B(k) 0 001 Bk —1)
z(k) = (C, 1, 0, 0)/ a(k)\ + v(k)
b(k)
a(k)
B(k)

The state refers to the parameters of a linear calibration graph z = aC + b,
where 2 is the signal and C the concentration. In order to model drift with
time, the slope a and intercept b are extended by « and g, respectively. The
state is estimated by measuring standards with known concentrations or
reference values, that are processed by the Kalman filter. For the evaluation
of unknown samples, the associated signal and the predicted state are used in
the formulation C = (z — b)/a. After each measurement, a quality-control
algorithm decides whether to calibrate again or to process the next unknown.
For evaluation, the preselected criterion N, is compared with the maximal
relative imprecision N,,,, of the expected results. The decision to re-calibrate
is followed by selecting which of the available concentration standards gives
the optimal performance of the Kalman filter [8].

The calibration system with algorithms for prediction, filtering, evaluation,
control and optimization operates in on-line and the results can be used
directly for analytical purposes. After an entire batch of samples has been
processed, and if a time delay is not detrimental, the pre-set quality of the
results can be improved by smoothing. Thus smoothing provides a proper
extension within the described set of algorithms.

The information I(k) = H(k — 1) — H(k) furnished by state estimation is
given by a decrease in entropy, where the entropy H follows from the
Shannon equation H = —[ 2’ p(x) 1d [p(x)]dx. If the probability density p(x)
is represented by a normal distribution with mean X(k/l) and covariance
matrix P(k/l) then H(k) = 1/21d{(2nre)"|P(k/l)|}. The total information I, (k)
follows from the additive relation I, (k) = ¥. I(k). The entire data-process-
ing scheme for state estimation gives the information yield I(k):

I(R) = Iye(R) + (k) + Iimo(R)

Ine(R) =1/21d {|P(k — 1/k — 1)|/IP(k/k — 1]}
I(R) = 1/21d {h¥k)P(k/k — 1)h(k)/R (k) + 1}
Iimo(R) = 1/21d {[P(k + 1/N)/P(k/N)i}

The information I(k) is given in two parts: on-line for the I,.(k) and I (k)
terms used by the Kalman filter, and off-line I, (k) for fixed-interval
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smoothing. Results have been described for on-line optimization of the
experimental design [8].

The term I, (k) depends exclusively on the system noise covariance
Q(k — 1). If Q(k — 1) approaches the zero matrix, the information I, (k)
diminishes because P(k/N) becomes equal to P(k + 1/N). However, the net
effect for the information yield I(k) is balanced with respect to the mini-
mization of the system noise covariance @(k — 1). Additionally, off-line
smoothing improves the information gained on-line by the Kalman filter.

The variance reduction (VR) of the evaluated results for the smoother
with respect to the Kalman filter is defined by VR = [1 — s2,,,/$%] 100%. The
experimental variances s2,, and sZ; follow from a comparison of the evaluated
results with known concentration standards and with reference values that
are not involved in the calibration procedure, respectively. Alternatively, the
computed variance may be based on simulated concentration values.

RESULTS

The theory presented above is first illustrated with the same simulated
example as given in the preceding parts of this series [7, 8] . The situation
where standards are used either for the evaluation of unknowns or for cali-
bration of the system with use of quality control and optimization is shown
in Figs. 1 and 2. Figure 1(a) illustrates a drifting linear calibration graph with
a slowly changing slope a (x1) and intercept b (x2); the rapidly varying drift
parameters are denoted by « (x3) and 8 (x4), respectively. Figure 1(b)
depicts the measurements including measurement noise and random drift.
Figure 1(c, d) show the estimated state as produced by the Kalman filter and
the fixed-interval smoother, respectively. This demonstrates the effect of
smoothing on the characteristic calibration jumps of the Kalman filter. The
state-space model assumes linearity between two consecutive points in the
sequence. Therefore, the prediction with the Kalman filter shows linear
extrapolations of the states. However, the smoother produces a non-linear
interpolation between two calibrations. This behaviour provides a strong
argument for the application of smoothing in practice, especially because
non-equidistant measurements may be involved.

Figure 2(a, b) shows the corresponding histograms of the relative errors of
the evaluated results compared with their actual values. A variance reduction
of 93.5% is obtained. This implies that for the system under consideration,
smoothing improves the accuracy by a factor of 4. The performance of the
quality control algorithm is indicated in Fig. 2(c). Whenever the computed
imprecision N, exceeds the preset limit N, recalibration is initiated. The
smoother upgrades the zigzagging imprecision exploited by the Kalman
filter to a constant and lower level. When a batch of samples is processed, it
is advisable to terminate the run with another two calibrations. The effect on
the smoothed imprecision when the last standard was omitted may be noted.
This confirms the common practice with automated analyzers of recalibrating
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Fig. 1. The calibration system with prediction, filtering, evaluation, control, optimization
and smoothing. A critical imprecision N3 = 5% and calibration standards 1, 2, 3, 4, 5 are
used. (a) Example of a simulated drifting state (@,, = @,, = 10 and R = 107%). (b) Mea-
surements corrupted by noise and random drift: ( ) used for calibration; (———) used
for evaluation. (c¢) Kalman filter estimates of the state: points 1—4 are based on calibra-
tion; (- - *) used for evaluation. (d) Fixed-interval smoothed estimates of the state: points
1—4 are based on calibration; (- * *) used for evaluation.
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Fig. 2. Additional results of the calibration system (cf. Fig. 1). (a) Histogram of the rela-
tive errors of the evaluated results by the Kalman filter compared with their actual values:
78 entries with a mean of —0.39 and a standard deviation of 1.33. (b) Histogram of the
relative errors of the evaluated results by the fixed-interval smoother compared with their
actual values: 78 entries with a mean of —0.05 and a standard deviation of 0.34. (c¢) The
resulting critical imprecisions Ny ,4: (——) Kalman filter; (———) smoother. (d) The re-
sulting information yields I(k) and I; 4 (k): ( ) Kalman filter; (———) smoother.
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at the end of a sample run to check for disturbances. Figure 2(d) shows the
information yield of combined prediction, filtering and smoothing. Each
time the system calibrates on-line, a positive information yield is found. This
is negative when the system evaluates unknown samples. Hereafter, the
smoother yields little improvement in information around the calibration
points. The total information yield, that is forced to remain above a fixed
level by the applied monitoring procedure, is enhanced by the smoother.

Applicability in practice was examined for a computer-controlled flow-
injection determination of chloride in aqueous samples [13]. The results
obtained will be reported in the immediate future [14] .

Conclusions

The application of fixed-interval smoothing for quality improvement of
analytical datais demonstrated. Based on a linear calibration graph with drift-
ing parameters, unknown samples are evaluated on-line with use of a quality
control procedure. The Kalman filter produces a linear extrapolation of the
predicted state, while the smoother interpolates non-linearly between two
calibrations. A considerable variance reduction can be obtained by smoothing
off-line, depending only on the system noise covariances encountered. This
favors the practical application of smoothing, especially when non-equidistant
measurements are involved. To improve the precision for batch processing of
samples, each run should be terminated by a re-calibration. The entire system
combines algorithms for prediction, filtering, evaluation, control, optimiza-
tion and smoothing based on state estimation.

The authors thank Mr. L. T. M. Prop for making the experimental data
available and Dr. F. W. Pijpers for evaluating the manuscript. This work was
supported by the Netherlands Research Organisation Z.W.O.
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SUMMARY

A chelate-forming ion exchanger, iminodiacetic acid/ethylcellulose, is used for the
separation of trace metals from waters and different organic solvents. Added uranium was
collected from sea waters with recoveries of about 97%. Graphite-furnace atomic absorp-
tion spectrometry and solution spectrophotometry were used to quantify the metals. For
the direct determination of trace metals in waters by the graphite-furnace method, a
simple matrix-matching method is described. The detection limit for cadmium was 0.1 ug
I* and for lead 1 ug 1 in drinking water.

Chelating ion-exchange celluloses have recently become popular for the
separation and preconcentration of trace metals. The chelating ion exchanger,
iminodiacetic acid/ethylcellulose (IDAEC) has been prepared and character-
ized [2]. It is a dibasic acid with iminodiacetic functional groups (pK,, =
2.65 £ 0.08, pK,, = 9.1 + 0.2) which readily forms chelates mostly with
heavy metals. Chelation of the metals depends on the pH of the solution;
pH 5—8 is appropriate for most of the metals. The capacity of IDAEC is in
the range 1.2—1.7 meq g, determined by potentiometric titration. The
stability of the chelates approximates that of the EDTA chelates. The rela-
tive stability order is: Pb, Hg > Cu > Ni > Cd > Co > Zn > Mn > Fe(Il) > Ca,
Ba, Mg. Alkali metal and ammonium ions form salts with the exchanger.

For the separation of trace metals from different matrices, IDAEC is
advantageous, because of the high exchange rate of the iminodiacetic groups
on the cellulose skeleton and of the easy dissolution of trace metals (with
1 M acid) from the exchanger after collection. The elimination of matrix
effects in flame atomic absorption spectrometry (a.a.s.) by enrichment and
separation of trace metals from matrix elements in water samples and in soil
extracts on this exchanger was reported earlier [3, 4].

In this paper, the use of IDAEC for the collection of trace metals from

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V,
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water and solvent samples and their determination is discussed. A special
matrix-matching method was developed for the preparation of standards used
in the direct determination of trace metals in water samples by graphite-
furnace.

EXPERIMENTAL

Apparatus and reagents

A Perkin-Elmer Model 303 atomic absorption spectrometer with an
HGA-74 graphite-furnace atomizer, deuterium background corrector, and a
Hitachi-Perkin-Elmer recorder was used with Perkin-Elmer hollow-cathode
lamps or electrodeless discharge lamps (for cadmium and lead). For absorp-
tion spectrophotometric measurement, a MOM model 202 spectrophotom-
eter (MOM, Hungary) was used.

The polyethylene funnels required had 30-mm stems (10 mm i.d.) with
cotton wool at the end of the stems.

High-purity water, i.e. distilled water purified with ion-exchange celluloses
[6] was used. The IDAEC was prepared as described [2]. The nitric acid was
double-distilled. Synthetic sea water [6] and 0.1% (w/v) arsenazo-III solu-
tion were prepared. The ammonium citrate/citric acid buffer was prepared
by 500 ml of 1% (w/v) citric acid and 10 ml of (1 + 1) ammonia solution
(pH 5—6) and passing the solution through an IDAEC column to remove
trace metal impurities. The organic solvents used were of Reanal (analytical
reagent) grade.

Procedures

Matrix-matching method. From the water samples to be analyzed, an ali-
quot was purified on the IDAEC column. Instead of using the standard addi-
tion method for the determination of trace metals by graphite-furnace a.a.s.,
standard solutions were made up to volume with the purified water aliquots.
Water samples from Lake Balaton (Hungary) were filtered through a phos-
phate-cellulose column to eliminate the bulk of the iron(III) before the
purification on IDAEC. The samples and standards were acidified with nitric
acid (0.3 ml of (1 + 1) nitric acid per 100 ml).

Preconcentration of cadmium, lead and copper from drinking water. The
water sample (50 ml) was buffered with ammonium acetate/acetic acid buffer
to pH 5—6 and passed through 0.2 g of ammonium-form IDAEC placed in a
polyethylene funnel; the flow rate was 7—8 ml min™. The exchanger was
washed with 50 ml of high-purity water and then with two 10-ml portions of
ammonium citrate/citric acid buffer and three 10-ml portions of high-purity
water for removing alkaline and alkaline earth metal ions. The trace metals
retained by the cellulose were eluted with two 2.5-ml portions of 1 M nitric
acid and 5 ml of high-purity water and diluted to 10 ml. The metals were
determined by graphite-furnace a.a.s. A blank solution was prepared simi-
larly. In the model experiments, the purified water samples were spiked with
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10—100 ugl? zinc, iron(III) and manganese. Lead, cadmium and copper were
added to the purified water in different quantities.

Graphite-furnace a.a.s. measurements. The operation of the lamps, and the
drying (rate program 7)/decomposition/atomization cycles were as recom-
mended by the manufacturer. The volume of the injected sample was 20 ul.

Determination of heavy metal impurities in organic solvents. The organic
solvent (100 ml) was diluted to 200 ml with high-purity water and passed
through 0.3 g of ammonium-form IDAEC in a polyethylene funnel at a flow
rate of 4—5 ml min™. The metal ions retained on the IDAEC were eluted
into a 25-ml volumetric flask with two 5-ml portions of 1 M nitric acid and
10 ml of high-purity water, and diluted to volume with the high-purity water.
The metal ions were determined by graphite-furnace a.a.s. The organic sol-
vents investigated were methanol, ethanol, n-propanol and acetone. The
metal impurities measured included Cd, Cu, Fe and Pb.

Concentration of uranium from different waters. The water samples used
were high-purity water, tap water, synthetic sea water [6] and sea water
from Yugoslavia (Pored, Kortula).

In the column experiments, 100 ml of water sample, pH 8.5—9, was spiked
with 20 ug of uranium and passed through 0.3 g of the ammonium-form
IDAEC in a polyethylene funnel. The flow rate was 7—8 mlmin™. The IDAEC
was washed with two 10-ml portions of high-purity water. The uranium was
eluted with two 5-ml portions of 6 M hydrochioric acid into a 50-ml beaker
and the eluate was used for the spectrophotometric determination of uranium.

Spectrophotometric determination of uranium. To the eluate were added
1—2 granules of zinc and 0.1 g of ascorbic acid. After 10 min, the solution
was filtered into a 25-ml volumetric flask, 1 m! of the arsenazo-III solution
was added, and the solution was diluted to volume with 6 M hydrochloric
acid. The absorbance was measured at 665 nm. The blank solution was pre-
pared similarly.

Study of pH dependence. The pH-dependence of the uptake of uranium
was measured by a batch method. Synthetic sea water or other water samples
(100 ml) adjusted to different pH (2, 4, 6, 8 and 9) containing 20 ug of
uranium were shaken for 30 min with 0.3 g of ammonium-form IDAEC or
allowed to stand for 24 h. After filtration, the uranium was eluted as de-
scribed above for column experiments, and determined spectrophotometri-
cally.

RESULTS AND DISCUSSION

Direct determination of iron and manganese in different waters by graphite-
furnace a.a.s.

For this determination of the metals, a matrix-matching method was
developed as described under Experimental. Passing the water samples for
diluting the standards through an IDAEC column reduced the concentration
of the heavy metals in the filtrate below the detection limit whereas the
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concentrations of alkali metal and alkaline earth ions remained practically
unchanged. Thus the matrix was essentially the same as in the original
sample. When this matrix-matching method is used, standard addition can be
avoided, and the time needed is shorter in the routine analysis of water
samples of approximately the same hardness.

The method was used for the determination of heavy metal ions in drink-
ing waters, and in Danube River and Lake Balaton waters. The results for
Balaton water are shown in Table 1; the metal contents were measured by
graphite-furnace a.a.s. in filtered and unfiltered samples, which were acidi-
fied with nitric acid. There are great differences in the iron and manganese
concentrations in the filtered and unfiltered samples; the acid dissolved some
metal from the suspended matter of the unfiltered sample. The concentra-
tions of copper, chromium and lead were below the detection limit of the
method in the Lake Balaton samples. Table 1 also lists the cadmium contents
of the samples. Cadmium could be measured in the samples collected in

TABLE 1

Metal concentrations in Lake Balaton water on the same day (except for cadmium) in
19812 by direct application of graphite-furnace a.a.s.

Samplintg) Concentration found (ug 17?)
location Iron Manganese Cadmium®
Labile® Solubled Labile® October
Keszthely/Mouth of Zala River 70 3.9 13 0.26
80 2.2 17 0.14
30 3.0 14 0.10
Szigliget/Balatonm ariafiirdo 230 3.4 17 0.05
110 3.6 15 0.18
125 3.0 13 0.12
Zanka/Balatonszemes 70 5.4 7.2 0.10
30 11.0 7.8 0.28
70 1.8 7.8 0.48
Balatonfiired/Zamardi 70 9.0 6.8 0.12
70 7.5 6.8 0.05
80 6.8 5.6 0.05
Balatonalmadi/Balatonvilagos 80 3.4 4.0 0.05
70 3.0 6.3 0.05
90 3.4 4.4 0.05

3In the filtered and unfiltered water samples, the concentrations of other metals were as
follows: Cu < 3 ug1?, Pb < 5 ug1?, Cr < 2 ug I''. ®For each set, sampling was done at
points offshore from the places mentioned, with a third sample taken in the middle of the
lake between the two places. *Unfiltered sample: “labile” refers to the soluble fraction
plus the fraction of particulate metal extracted when the sample was acidified. 9The
“soluble” fraction refers to the fraction remaining after the water had been filtered
through a 0.45-um membrane filter. The soluble manganese fraction was <0.5 ug 1* inall
these samples.
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October but its concentration did not even reach the limit permissible in
drinking water, 1 ug 1. Cadmium could not be detected (i.e., <0.05 ug1™)
in the samples collected in other seasons.

Separation and preconcentration on IDAEC

Determination of heavy metals in water samples. In hard waters with high
salt content (Ca, Mg content >8 meq 1), the direct determination of trace
metals cannot be achieved by graphite-furnace a.a.s. because of matrix inter-
ference. In such cases, separation of the trace metals is recommended. It was
shown earlier [3, 4] that chelating with IDAEC enabled many elements to
be separated from alkali metal and alkaline earth metal ions and preconcen-
trated in the same step. By this technique, trace metals in drinking, surface,
and mineral waters could be determined by flame a.a.s. [3]. This concentra-
tion method was modified for graphite-furnace a.a.s. To decrease the concen-
tration of the alkali and alkaline earth metals in the eluate, the IDAEC
column was washed with ammonium citrate/citric acid buffer before the
elution of the trace elements with nitric acid. In Table 2, the accuracy and
reproducibility of this method are shown for the determination of cadmium,
lead and copper added to drinking water. The results were in good agreement
with those from a TMDTC/MIBK extraction method but the recovery of
cadmium was better by the IDAEC procedure. The detection limits, calcu-
lated as the concentration equivalent to three times the standard deviation of
the background noise, were 0.1 yg 1™ for cadmium and 1 ug 1 for lead and
copper. The characteristic concentration and the detection limit of this
method are high enough for the determination of cadmium and lead in
drinking water; 10% of the permissible maximum contamination level could
be detected easily. The method was used for the analysis of different drink-
ing waters; the results are shown in Table 3.

TABLE 2

Preconcentration of metals from drinking water on IDAEC (5-fold concentration)

Metal Conc. (ugl?) Recovery Detection limit
3 -1
lon Added Found?® (%) (g ™)
Ca* 2.5 2.4(2.1) 96
5.0 4.8 (1.8) 96 0.1
10.0 9.7 (1.7) 97
Pb* 25 21 (7.0) 87
50 43 (6.0) 86 1.0
100 87 (5.0) 87
Cu? 25 22 (4.0) 89
50 45 (3.0) 90 1.0
100 92 (3.0) 92

2Mean of 6 determinations with relative standard deviation (%) in parentheses.
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TABLE 3

Results obtained for Budapest drinking waters (from the Danube) after preconcentration
of the metals on IDAEC

Sample Conc. found (ug 1)
Cd Pb Cu
Intake 0.6 7.0 3.7
Clean water 0.5 <1.0 2.4
Tap water 1 0.1 1.0 2.9
2 0.3 <1.0 2.5
3 0.4 32.0 25.0
4 0.4 6.6 2.4
5 0.5 <1.0 2.5

Determination of heavy metal contaminants in organic solvents. Cellulose
ion-exchangers were used previously for the purification and the determina-
tion of metal impurities in organic solvents. The method could be improved
by using IDAEC. The sorption of metal ions was better in water/organic sol-
vent mixtures than in an organic solvent alone [7]. Forster and Lieser [8],
using chelating ion-exchange cellulose for the determination of the metal
contaminants in solvents, had problems in the sorption of iron from acetone.
When IDAEC and acetone/water mixtures were used, sorption of the metals
was quantitative. The metals were determined by the graphite-furnace a.a.s.
method; this had the advantage that aqueous standards could be used.
Table 4 lists the metal contents found in analytical-grade organic solvents
and the recoveries of added metals. Jacobs et al. [9] measured trace element
concentrations in 13 organic solvents, including acetone, methanol and
ethanol. The blank values for iron are in the same concentration range as
the present values. The values can vary for different bottles of a given solvent.

TABLE 4

Preconcentration of metals by IDAEC from organic solvents (4-fold concentration)?

Solvent Concentration found (ug 1)
Cd : Cu Pb Fe
- 0.50 added — 5.0 added — 5.0 added — 50 added

Methanol 002 0.49:0.02 02 5.0+0.15 0.1 5.0=:0.16 2.0 51+1.0
Ethanol 0.04 0.53+0.03 1.0 58019 0.1 5.1:0.15 1.5 49+14
n-Propanol 0.02 0.48+0.02 0.2 5.1:0.20 0.2 4.8:0.20 0.5 48 +1.6
Acetone 002 0.48:0.083 0.2 4.7:0.19 0.2 46021 0.5 4920

2The organic solvents were first diluted (1 + 1) with high-purity water. The data are the
mean and standard deviation of six determinations.
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TABLE 5

pH dependence of the collection of uranium on IDAEC in the ammonium form from
synthetic sea water

pH 2 3 4 6 8 9

% Sorption (%)? 36 70 87 92 88 70

3Mean of six determinations.

TABLE 6

Percentage recovery of uranium (20 pg (100 ml) from different waters)

Water sample Recovery (%)

Batch Column?
High-purity 98 100 (2.1)
Drinking 98 99 (2.5)
Synthetic sea 92b 97 (2.8)°
Sea 90P 97 (2.8)°

2Mean of six determinations with relative standard deviation in parentheses. pr 6.
[
pH 8.2.

Checking the purity of the organic solvents is especially important in the
semiconductor industry.

Collection of uranium from different waters. The pH dependence of the
uptake of uranium by IDAEC from synthetic sea water was measured by
the batch method (see Experimental). The results (Table 5) show that the
uptake of uranium is highest at pH 6; at higher pH values the uptake de-
creased because of the formation of uranium carbonate complexes [10}. The
collection of added uranium by IDAEC was measured in various water
samples by batch and column methods, with the results listed in Table 6. For
the collection of uranium, the IDAEC should be in the ammonium form.
The flow rate should be 5—6 ml min™ for >90% uptake. The results show
that IDAEC can be used for the collection of uranium from different water
samples. The IDAEC was not soluble in sea water. When 0.5 g of IDAEC was
left for 12 days in 200 ml of sea water, the weight loss was about 2%.

In conclusion, it can be said that the IDAEC chelate-forming ion exchanger
is a good collector of trace metals from waters and solvents.

The authors thank Dr. J. Salanki, Balaton Research Institute for Lim-
nology, Tihany, for providing Lake Balaton water samples and for his keen
interest. We are grateful for the collaboration provided by Dr. K. Vo6ros, of
the same Institute. The assistance of Mrs K. Toth in the practical work is
gratefully acknowledged.
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SUMMARY

The practical pH values for solutions in ternary water/methanol/dioxane solvents mea-
sured by a pH meter standardized with aqueous buffer solutions do not lie on the conven-
tional scale of hydrogen ion activity referred to the standard state in the corresponding
medium (pay;). These values can be converted to pajj by the introduction of a correction
term 6 = E; — log(;yu) (Where E; is a term incorporating the liquid junction potential,
which depends on the solvent composition and vy is the medium effect on hydrogen
ion). Values of 5 were determined for various ternary solvents at 25°C and were found to
be constant in each medium independent of the solute composition.

From a systematic study of the ionization of a number of weak acids in
various water/methanol and water/dioxane solvents done in this laboratory
[1—3], it was concluded that the ionic behaviour of a single acid was mark-
edly different in those two mixed solvent systems. Generally, these differ-
ences can be attributed to the medium effect produced by replacement of
one organic compound (say methanol) by the other (dioxane). The differ-
ences indicated that extension of the studies to the case of ternary water/
dioxane/methanol systems would be useful. Therefore, the ionic behaviour
of some weak acids in ternary solvent mixtures was examined and compared
to their behaviour in the corresponding binary systems, in an attempt to
identify the contribution of each separate organic solvent to the medium
effect.

To determine the thermodynamic acidity constants, potentiometric titra-
tions were applied, similarly to the previous work [1—3]. However, for the
ternary solvent systems used, there are no literature data on buffer solutions
with definite pej; values (where o is the hydrogen ion activity referred to
the standard state in the corresponding medium), thus these titrations were
done by using a pH meter calibrated with standard aqueous buffer solutions.
In such a case, the practical pH values read from the instrument do not
necessarily coincide with the corresponding pa;; values.

However, as was first shown by Bates et al. [4], the pH readings, for the
case of aqueous alcohol solutions, can be converted to pa;; values by the

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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introduction of a correction term 6. Bates et al. found that the correction
term § is, to a first approximation, a function only of the composition of the
mixed solvent and remains constant over a wide range of pH in these media.
Therefore in the present work the possibility of determining a similar param-
eter § was examined for the various ternary systems used. Such a possibility
enables g in these complex solvent systems to be determined from pH mea-
surements taken from a pH meter calibrated against common aqueous buffer
solutions.

EXPERIMENTAL

Reagents and measurements

Conductivity water (conductance = 1.0 X 107 Q™! cm™) was used through-
out. 1,4-Dioxane was purified by refluxing with sodium for several days and
re-distilling; the whole procedure was repeated until the sodium remained
bright after several hours. Absolute methanol was distilled once and the first
and last 10% fractions were rejected. All the hydrochloric acid solutions
were prepared from stock solutions of known concentration (Merck, Titrisol)
which were checked by potentiometric titration against silver nitrate. Sol-
vents were mixed immediately before use.

All measurements were made by using the following cell (I):

Glass Soln. of X in ||concentrated ||concentrated
electrode | partially aq. |{KCl or NaCl ||KCl or NaCl [Hg,Cl,, Hg
solvent (aq.) (aq.)

]
The electrode couple (glass electrode/calomel electrode) was connected to a
Beckman Research pH meter with an accuracy of 0.002 pH on the scale of
the instrument.

Temperature was controlled at 25.00 + 0.01°C by means of a Haake Ultra-
thermostat NBS. A nitrogen atmosphere was maintained above the working
solution to avoid any contact of the solution with atmospheric carbon di-
oxide. A Beckman (No. 39004) glass electrode was used. The reference elec-
trode was a saturated calomel electrode (Ingold type 303-NS-EK).

Method for determination of the correction term &
It is known that the e.m.f. (E,) of cell I yields a measure of the opera-
tional pH value of a partially aqueous solution X, for by definition

pH(X) = pH(S) + (Ex —E,)/[(RT In 10)/F] (1)

where E, represents the e.m.f. of cell I containing an aqueous buffer solution
(S). In Eqgn. 1, pH(S) is the assigned pH, on a conventional activity scale in
water, of the aqueous pH standard (S).

It is widely accepted that the liquid-junction potential E; in cell I is ade-
quately constant for aqueous solutions over a wide range of pH values [4—T7].
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Thus, if cell I contains an aqueous solution of X, the pH(X) value calculated
by Eqn. 1 can be identified very closely with the conventional value —logay
of the solution. However, if cell I contains a partially aqueous solution, the
operational pH is still defined but it can no longer necessarily be identified
with paff. In such cases, the pH numbers read from an instrument previously
calibrated with an aqueous buffer solution, can be written [5] as follows

pH = E; — log(,, ya my ) (2)

where Ej is the residual liquid-junction potential in cell I written as a pH
(namely E;/0.05916 at 25°C) and vy is the activity coefficient of hydro-
gen jon in the mixed solvent used, relative to unity in the standard state in
water.

Consequently, the pH readings on a meter calibrated with a standard,
aqueous buffer solution will differ from paf = —logaf = —log(;yumu),
where ,yy is the hydrogen ion activity coefficient referred to the standard
state in the partially aqueous medium concerned, by

8 =pH —pa = E; —10g(wYu/s7u) (3)

However the ratio of these two hydrogen ion activity coefficients is vy,
which represents the medium effect [8, 9] when hydrogen ion is transferred
from the standard state in water to the standard state in the mixed solvent
concerned. This medium effect depends on the solvent composition but it
is independent of the solute composition. Hence

§=pH —paj = E; — 1og(m7u) (4)

This equation shows that it is possible to convert the operational pH values
to the corresponding paj values when the values of 6§ are known in the
medium concerned. Such a conversion retains its practical significance only
in solutions where § is independent of the solute composition. It can be
assumed that this condition is fulfilled in solutions where the total ionic
strength (/) is not greater than 0.1 and the pH is neither very high nor very
low, i.e., under conditions where Ej is independent of the solute composi-
tion [4, 5, 10].

In order to determine the values of § in the various mixed systems and
also to check the constancy of § over a wide pH range, the following method
was used. In each mixed solvent system, a series of solutions of a strong acid
with an accurately known stoichiometric concentration was prepared.
Hydrochloric as well as perchloric acid solutions were prepared. For these
solutions, pH values were measured by using cell I, standardized against the
aqueous buffer solutions recommended by the National Bureau of Standards
[11]. For most of the measurements of hydrochloric acid solutions, the
bridge was a saturated aqueous potassium chloride solution. A saturated
bridge solution of sodium chloride was also used for certain hydrochloric
acid solutions. The use of sodium chloride instead of potassium chloride gave
identical results for the pH. However, when perchloric acid solutions were
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used, the bridge solution was always a saturated aqueous sodium chloride
solution to avoid precipitation. From the comparison of the results in each
mixed solvent system, it was found that the experimental pH values (mea-
sured to a precision of 0.002 pH) of the hydrochloric and perchloric acid
solutions, with equal stoichiometric concentration, were the same. For the
same solutions, the corresponding pa;'; were also calculated by means of the
equation paj; = —log(syy my).

In these calculations, the activity coefficients vy were estimated by the
Giintelberg equation [12]: log(,vyg) = —AIY?*/(1 + I'?). The Giintelberg
equation provides sufficient accuracy only for I < 0.01 [13], thus care was
taken to keep the concentration of the strong acid solutions used below
0.01 m.

The correction term § was finally calculated from the corresponding pa;f
(calculated) and pH (observed) values. This method is analogous to that used
by Van Uitert and Haas [6] for the conversion of the pH meter readings to
hydrogen concentration in water/dioxane mixtures at 30°C. The same method
as that used here was also employed by Dunsmore and Speakman [14] for
the determination of § in certain water/dioxane mixtures from measurements
made for a single 0.01 m hydrochloric acid solution.

RESULTS AND DISCUSSION

The correction term & was determined for the following categories of ter-
nary water/methanol/dioxane systems: (A) ternary mixtures with a volume
ratio of dioxane/methanol of 7/3; (B) ternary mixtures with a volume ratio
of dioxane/methanol of 3/7; (C) ternary mixtures with a constant content of
10% dioxane (by volume); (D) ternary mixtures with a constant content of
10% methanol (by volume); (E) ternary mixtures with a constant total
content of 30% (by volume) of the two organic solvents; in these mixtures
the composition of water can be considered, to a first approximation, as
constant.

Table 1 summarizes the wt.% and vol.% compositions of all the ternary
systems studied. A statement that the vol.% composition of a ternary solvent
is, for example, 7% dioxane and 3% methanol, simply means that this system
was prepared by mixing 7 ml of dioxane, 3 ml of methanol and adding water
up to a final volume of 100 ml. Table 1 also contains the corresponding
values of the correction term §, evaluated by means of the method presented
above. The correction factor § was also evaluated for simple aqueous solu-
tions; the mean value of §, within the precision of these experimental mea-
surements (i.e., 3 decimal places) was found to be zero with a standard
deviation s < 0.001. This finding allowed the conclusion that in the acid
concentration range under examination (<0.01 m), the Giintelberg equation
is valid with satisfactory accuracy. For the application of this equation in
the various ternary solvent systems, the values of the Debye-Hiickel constant,
A, were calculated by using dielectric constant data derived from a previous
investigation [15, 16].
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TABLE 1

Values of parameter 6 = Ej — log(myn) and of the dielectric constant D corresponding to
various ternary water/dioxane/methanol solvent systems at 25°C

Vol.% Vol% Wt.% Wt.% D 3
dioxane methanol dioxane methanol
Category A
7 3 7.20 2.36 71.58 —0.004
14 6 14.36 4.72 64.56 —0.009
21 9 21.51 7.06 57.42 —0.014
28 12 28.68 9.42 50.08 —0.017
35 15 35.89 11.79 42.81 —0.022
Category B
3 7 3.11 5.56 73.64 0.003
6 14 6.27 11.20 68.65 0.011
9 21 9.46 16.92 63.55 0.019
12 28 12.72 22,75 57.86 0.026
15 35 16.07 28.73 52.26 0.037
Category C
10 10.35 7.93 66.63 0.001
10 20 10.49 16.08 62.82 0.013
30 10.65 24.48 58.94 0.026
40 10.84 33.21 54.69 0.033
Category D
20 20.53 7.87 57.96 —0.011
30 10 30.79 7.86 49.18 —0.023
40 40.59 7.78 40.43 —0.050
Category E
5 25 5.30 20.32 65.40 +0.022
15 15 15.57 11,93 60.32 —0.002
25 5 25.40 3.89 55.60 —0.020

The examination of the § parameter for the various ternary solvent sys-
tems studies showed that it is independent of the solute composition. For
example, Table 2 provides the values of § corresponding to solutions of vari-
ous hydrochloric acid concentrations in the ternary system water/dioxane/
methane containing 28 vol.% dioxane and 12 vol.% methanol. However, it
must be said that according to literature data [6, 8, 14], hydrochloric acid
can be considered as completely dissociated in dilute solutions in water/
dioxane containing up to 50% dioxane (D ~ 40). Given that the dielectric
constant of all the ternary solvents used is greater than 40, it was therefore
assumed that in these media hydrochloric acid is completely dissociated. In
order to justify this assumption, perchloric acid was also used for the evalua-
tion of § in mixtures with a high content of organic solvent; no differences
were obtained.

The values in Table 1 show that the correction term § is sometimes posi-
tive (B, C) and sometimes negative (A, D), and for category E can assume
positive or negative values. In order to attempt to explain this interesting



286

TABLE 2

Values of pH (meter readings), pafj and & = E_j — log(;nyy) for various hydrochloric acid
solutions in 28/12/60 (vol.%) dioxane/methanol/water at 25°C

[H*] pH pafi 6 [H*] pH paf 5
(10" m) (102 m)

1.00 3.015  3.031 —0.016 4.37 2.405 2422  —0.017
1.49 2.846  2.863 —0.016 4.81 2.367 2.383  —0.016
2.14 2.695  2.715 —0.020 5.23 2.331 2.349  —0.018
2.46 2.639  2.656 —0.017 5.71 2.296 2.313  —0.017
2.94 2566  2.583 —0.017 6.09 2.272 2.288  —0.016
3.32 2516  2.533 —0.017 7.13 2.207 2.225  —0.018
3.96 2.443 2462 —0.019

behaviour, the behaviour of the § parameter was examined with the same
method, in the corresponding binary solvents, water/methanol and water/
dioxane. The values derived are listed in Table 3. These values show that, for
water/methanol mixtures, 6 increases with increase in the methanol content,
reaching significant values for high methanol contents. However, if, as de-
scribed by Harned and Owen [8], an increase in the methanol content leads
to an increase in the term log(,vy) (the medium effect), then a study of
Eqn. 4 leads to the conclusion that the increase of § (at least up to 50%in
methanol) must be accompanied by an increase in the liquid-junction poten-
tial, ;.

Similar calculations of the 6§ parameter were made by Ong et al. [5] in
water/methanol mixtures with different compositions from those examined
here. Although the methods used by Ong et al. were different from those
followed here, their values are quite close to the present results (Fig. 1).

In contrast to the water/methanol mixtures, the correction term § in all
the water/dioxane solvents tested assumed negative values (Table 3). It was
found that increase in the dioxane content produced a significant increase in
the negative deviations of § from the ‘‘ideal” value 8 = 0 which corresponds

TABLE 3

Values of 6 = Ej — log(;nyn) for various water/methanol and water/dioxane systems at
25°C

H,0O/methanol H,0/dioxane

Vol.% Wt.% 5 Vol% Wt.% 5

10 8.01 0.011 10 10.21 —0.011
20 16.23 0.021 20 20.24 —0.019
30 24.67 0.030 30 30.15 —0.029
40 33.39 0.039 40 39.93 —0.060

50 42.50 0.081 50 49.68 —0.123
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Fig. 1.6 = E'j — log(;y vy ) in methanol/water solvents: (2) data from Ong et al. [5]; (o) this
investigation.

to simple aqueous solutions. However, this behaviour of § in the water/
dioxane mixtures did not allow any conclusion with regard to the direction
of the Ej variation, because in these mixtures, the log(,,vy) term (the medium
effect) increases together with the dioxane content [8]. Similar evaluations
of the § parameter were made by Dunsmore and Speakman [14] for certain
water/dioxane mixtures (20—50% dioxane). However, from their values,
which are quite close to the present results, it was not possible to decide
whether the § parameter remains constant in each medium independently
of the solute composition, because their values were derived by measure-
ments in a single 0.01 m hydrochloric acid solution. For this reason, the
work was repeated; it was found that § was independent of the solute com-
position in all the water/dioxane solutions studied.

Dioxane and methanol are seen to have opposite contributions to § values
and this effect is still detected even when they coexist in ternary water/
methanol/dioxane systems. For these systems, it can be said that the pre-
sence of each organic solvent compensates the influence of the other on
the value of 8. Indeed, comparison of the values in Tables 1 and 3 indicates
that the absolute values of the deviations of § (from the value § = 0) are
markedly smaller in the systems studied, these deviations were not greater
than 0.05 whereas in the corresponding binary systems they reached 0.12
(in 50% dioxane). Actually, all these findings can be interpreted only on
the assumption of some sort of competition between the contributions of
the two organic solvents to the value of §.

Examination of the § behaviour in the various categories of ternary mix-
tures indicates that the § values result from superposition of their behaviour
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in the corresponding binary mixtures. Therefore When Vo /Vmeon > 1, 8
behaves similarly to the case of water/dioxane mixtures where § < 0. In con-
trast, when Vgox/Vmeon < 1, § behaves similarly to the case of water/meth-
anol mixtures where § > 0. In certain mixtures, the contributions of dioxane
and methanol on § are mutually compensated and the system appears to be
“ideal” with & ~ 0. In such mixtures, the operational pH values obtained by
the pH meter standardized against standard aqueous buffers, can be expressed
by a conventional scale of hydrogen ion activity (pa;;) referred to the stan-
dard state in the corresponding medium. Further, mixtures having 6 = 0 are
suitable for the indirect determination of E; from experimental values of the
medium effect, log(,, vy ), because in these mixtures the relationship Ej =
log(,, vx ) is valid. An investigation in this direction is currently in progress.

This study provides the conclusion that for the accurate determination of
a;{" , the operational pH values must be corrected by means of 5, especially for
high contents of the organic solvents. If this is not done, then for the compo-
sitions studied, the relative error introduced in the value of afi [|Aafi/af§|10?
= 2.303 X 1072 |Apaffl = 2.303 X 10? |5]] can go up to 11.5% in ternary
mixtures, 18.7% in water/methanol and 28.3% in water/dioxane.
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SUMMARY

In flow injection analysis, several plugs can be injected simultaneously into the same
carrier stream, in order to achieve overlapped zones. The potentialities of such sequential
injections are studied in mode! systems with spectrophotometric detection; the procedure
is shown to give better precision than the use of concentration gradients. The method is
used with atomic absorption spectrometry to allow the determination of a wide range of
manganese contents in rocks, and to facilitate the use of standard additions for the deter-
mination of copper in ethanol.

In flow injection analysis (f.i.a.) [1], the passage of the dispersed zone
through the detection unit produces a transient signal proportional to the
analyte concentration in the sample, which is usually recorded as a peak. For
most applications, peak heights or peak areas associated with the most con-
centrated portion of the dispersed zone are measured. However, as the unique-
ness of a dispersion pattern under fixed flow conditions is a characteristic
feature of f.i.a., measurements related to other portions of the dispersed
zone, where the concentration gradients are more pronounced, can also be
utilized. Exploitation of gradients has expanded the range of applications of
fi.a., allowing simultaneous determinations [2], calibrations based on a
single standard solution [3], reaction-rate measurements [3], gradient
scanning [3], f.i.a. titrations [4], selectivity evaluations [5], and automation
of the standard addition method [6—8}. In addition, with the zone-sampling
approach, not only measurements related to any portion of the dispersed
zone can be considered, but also that this portion can be selected, removed
from the whole dispersed zone and processed further [8, 9].

The precision of measurement may deteriorate with fluctuations in flow
parameters, especially in poorly designed systems with insufficient mixing.
This drop in reproducibility is more severe when the measurements refer to a
region of the dispersed zone with pronounced concentration gradients [8].
The difficulty of rigid control of flow parameters could be a limiting factor
for precision in techniques based on gradient exploitation. This drawback

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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can be overcome if all the required measurements are made in portions of
the dispersed zone in which the concentration gradients are minimized. This
can be achieved in a system with sequential injection [5] : several plugs of a
solution are simultaneously intercalated into the same carrier stream, and
then overlap strongly as a consequence of dispersion (Fig. 1). Provided that
the plugs of the same solution are used, their asynchronous merging [5]
results in a final dispersed zone characterized by several sites without apprec-
ciable concentration gradients, corresponding to the maximum and minimum
values of the concentration/time profile (Fig. 1). Only the measurements
related to these sites should be considered because the reproducibility would
be less affected by fluctuations in the flow parameters. Such a system,
manual or microprocessor-controlled, is of a very simple design.

This paper introduces this expansion of f.i.a.; potentialities and limitations
of the approach, and the influence of the more important variables involved
are discussed for model systems. Applications in atomic absorption spec-
trometry include the determination of manganese over a wide range in rocks
and the determination of copper in ethanol by the standard addition method.

EXPERIMENTAL

Apparatus

All components of the flow-injection model system, including the spectro-
photometer and accessories, the electronically operated injector-commutator
and the microprocessor have already been described [8]. For analyses of real
samples, a simple manually-operated injector-commutator {10] was used.
Silicone-rubber pumping tubes, nylon connectors and a nylon injector-
commutator were used for ethanol analyses.

The Perkin-Elmer model 306 atomic absorption spectrometer was operated
as recommended by the manufacturer for maximum sensitivity with an air/
acetylene flame and a damping factor of 1.3 s (TC2 setting). The flow-
injection manifold was connected to the nebulizer as described earlier [10].
For ethanol analysis, the air and acetylene flow rates were 15.8 and 2.3 1
min™, respectively [11].

Fig. 1. Schematic representation of the sequential injection process. Symbols are explained
in the text.
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Reagents, standards and samples

The solutions were prepared from distilled-deionized water and analytical-
grade chemicals. For the model systems, the dye solutions (0.1 and 0.01% w/v
eriochrome cyanine R, pH 2.9) and the phthalate buffer solution (pH 2.9)
were prepared as reported earlier [8].

For the manganese and copper stock standard solutions (1000 mg 1),
0.769 g of manganese (II) sulfate monohydrate or 0.982 g of copper(1I) sul-
fate pentahydrate was dissolved in water, 3.5 ml of concentrated nitric acid
was added and the solution was diluted to 250 ml with water. The manganese
working standards (0.10—20.0 mg 17') were also 1% (v/v) in nitric acid.

The rock samples (certified reference materials, South African Bureau of
Standards), were decomposed in 40-ml teflon bombs; the procedure was
similar to that of Langmyhr and Paus [12]. The sample {200 mg) was mixed
with 1 ml of aqua regia and left at room temperature for >1 h. Then 4 ml of
hydrofluoric acid was added, the bomb was closed and heated in a digestor
block at 130°C for 2 h. After the bomb had been cooled and opened, 1 ml of
perchloric acid was added, and the bomb was replaced again in the block at
210°C. After about 2 h (evolution of white fumes), the bomb was cooled.
The sample was then diluted to 20.0 ml with 1% (v/v) nitric acid solution.

Ethanol samples, from several distillation plants, were collected in 500-ml
polyethylene bottles and analyzed as received.

Procedures

Sequential injection. Sequential injection is achieved simply by using
several sampling loops (L,, L,...Ly) in the proportional injector (Figs. 2
and 3). Only one aspiration line is required. When the injector is placed in
the sampling position, as specified in the figures, the solution to be injected
sequentially fills the sampling loops, its excess being discarded. Movement of
the central sliding portion of the injector (I) to the alternative position
causes all the selected plugs to be intercalated into the same carrier stream.

Model testing. Initially, the system shown in Fig. 2B was used to estimate
the reproducibilities of measurements related to different portions of the
dispersed zone. Eriochrome cyanine R solution (0.1%) simulating the sample,
was injected into the Cg buffered sample carrier stream. After the sequential
injection, the established zones were allowed to overlap before reaching the
L' resampling loop, which selected different fractions of the overlapped
zone, in accordance with predefined At values [9], the time intervals
corresponding to the time of the injector-commutator in the alternative
position. These aliquots were then introduced into the Cg carrier stream and
further processed. When this zone sampling was used, the system required
electronic operation. The resampling loop was kept as small as possible (3 cm)
to improve the spatial resolution of the zone sampling and to emphasize any
variations in the reproducibility. The other parameters were: C,, C,, C; and
C; coil lengths, 20, 30, 40 and 100 cm; L,, L, and L; loop lengths, 12, 20 and
20 cm; flow rates of the first and second carrier streams (phthalate buffer
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Fig. 2. Flow diagrams of the model flow-injection systems utilized for: (A) studying the
main variables involved; (B) estimating the reproducibilities associated with different
portions of the dispersed zone. I, Sliding portion of the injector-commutator in the
sampling position; L,, L,, L,, sampling loops; L', resampling loop; C,, C,, C;, C,, coils;
S, sample solution; R, reagent; Cg and Cg, first and second sample carrier streams;
D, spectrophotometric detector; W, waste; x, confluence point. For dimensions, see text.

Fig. 3. Flow diagrams of the flow-injection systems utilized for: (A) manganese in rocks;
(B) copper in ethanol. A, standard solution to be added; C,, standard solution carrier
stream; Cg, intermittent sample carrier stream; D, atomic absorption spectrometer. Other
symbols are explained in the legend of Fig. 2. For dimensions, see text.

1 1

solution), 1.2 and 4.3 ml min™; sample aspiration rate, 2.9 ml min™; wave-
length setting, 535 nm. The At value was varied by 0.5 s in the range 1—40 s,
the total sampling period being maintained at 50 s. Within this range, the At
scan was enough for stepwise transference of the entire overlapped zone to
the second carrier stream, so that an image of the sample zone concentration/
time profile near L' could be obtained (Fig. 4A). For the At values corre-
sponding to maximum, minimum and inflexion points of this profile, repro-
ducibilities were evaluated from seven replicates (Fig. 4B).

The system outlined in Fig. 2A was used to investigate the effect of varia-
tions in coil and loop lengths in the sequential injection. Any required
reagent could be added via point x which was located 10 cm after the L,
loop. A more dilute dye solution (0.01% eriochrome cyanine R), pumped at
2.9 ml min~!, simulated the sample. The other parameters initially were: C,,
C,, Cs, 50 cm; L;, L,, L3, 10 cm; flow rates of Cg and R (both phthalate
buffer solutions), 2.5 ml min™. To study the effect of injected volumes,
either L, or L, was replaced by a 20-cm loop. After the model system had
been restored to the initial conditions, the effect of C; length was studied by
using a 100-cm coil, or an 80-cm coil was used as C, or C;. For each situation,
triplicate measurements were made (Fig. 5).

Determinations of manganese in rocks and copper in ethanol. The mani-
fold outlined in Fig. 3A was used for manganese. The dimensions were as
follows: C;, = 100 cm, C, = 200 cm, L; = 100 cm, L, = 40 cm, Cg (0.1% v/v
nitric acid solution), flow rate 6.0 ml min™, sample aspiration rate 5.0 ml

min~!.



293

The manifold shown in Fig. 3B was used for the copper determination
with standard additions. This system is based on alternating streams [13] of
sample and carrier solutions. Dimensions were as follows: C; = 75 cm, C, =
50 ¢cm, L, = 20 cm, L, = 15 cm; pumping rate of the A (2.00 mg Cu 17! in
96% ethanol solution) 2.5 ml min™; C, flow rate 1.2 ml min™; pumping rate
of the sample and intermittent carrier solutions 5.8 ml min~. Both C, and
Cs were 96% (v/v) ethanol.

When the injector-commutator is placed in the position specified Fig. 3B,
the A standard solution is pumped to fill the L, and the L, loops, while the
intermittent Cg stream is directed to the detector via point x. Manual dis-
placement of the central sliding portion (I) to the alternative position causes
solution A to be sequentially injected into C,, and the sample solution to be
directed towards the atomic absorption spectrometer. The overlapped
standard zone is added to the sample at point X, mixing being improved
inside coil C,. The measurements related to the maximum and minimum
values of the concentration/time profile correspond to the additions of
reproducible known amounts of standard to the sample, and the measure-
ment of the sample without addition is done after establishment of the
steady state in the sample infinite-volume situation. Standard additions are
thus achieved without sample dispersion and the matrix effect is constant.

The added amounts of standard were evaluated by placing a 0.2 mg Cu 1™
standard solution as S, and the blank solution (96% v/v ethanol) as A. If
linear response is assumed, the readout may be considered in concentration
units. Thereafter, Cg was placed as S, and the A solution was restored, allow-
ing measurements of the added concentrations related to the maximum and
minimum values of the recorded profile. The data were treated by linear
regression, as in earlier work [8]. It should be emphasized that if the system
does not provide linear response, the proposed procedure is applicable only
after suitable calibration.

RESULTS AND DISCUSSION

Studies with model systems

In the zone-sampling process involving a At scan, the L' resampling loop
can be regarded as an intermittent pseudo-sensor. Because of this intermittent
action, the At value may assume only discrete variations, so that the recorded
profile (Fig. 4A) is chopped; in this sense, Fig. 4A is analogous to the profile
shown in Fig. 1. Zone sampling, therefore, is a powerful tool for studying
dead-volume effects associated with flow-through sensors, variations in the
volume of the L' pseudo-sensor being easily achieved by changing this loop
length. When this loop is increased, the L’ pseudo-sensor tends to act as an
integrator, and the recorded profile loses resolution. Here, a very small L’
loop (ca. 15 ul) was used to minimize averaging effects, so that any drop in
the reproducibility of the measurements could be related better to particular
regions of the dispersed zone. As can be seen in Fig. 4B, the reproducibility
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Fig. 4. Recorder output of the measurementsrelated to different regions of the overlapped
zone. (A) Image of the concentration/time profile near L' obtained by using A ¢ values of
1.0, 1.5, ... 39.5, 40.0 s. (B). Replicate measurements related to maximum, minimum
and inflexion points of the concentration/time profile, obtained by preselecting the
corresponding Af values.

deteriorates for regions other than the maxima and minima of the concentra-
tion/time profile. This deterioration becomes less evident as the At value
increases, because At defines the mean available time for mixing before the
zone sampling. Accordingly, mixing conditions and detector dead volume
may become limiting factors in flow-injection procedures based on gradient
exploitation, if a high degree of precision is required. In such situations,
measurements related to maximum and minimum sites of the concentration/
time profile typical of sequential injection should be preferred. However,
selecting predefined regions implies some loss in the inherent versatility of
gradient exploitation, for which infinite sites are available.

Of the various factors related to the sequential injection process, only the
lengths of L,, L,, C,, C, and C; were investigated, because the other param-
eters of the system havethe same influence as in conventional systems. These
loops and coil lengths govern the different path lengths associated with the
several injected plugs, and the lengths of the sampling loops define the plug
volumes to be intercalated into the same carrier stream. In the initial situa-
tion, with L, = L, = L3 = 10 cm, the three originally identical plugs under-
went different dispersions, leading to the appearance of three overlapping
peaks with marked differences in heights and widths (Fig. 5a). These reflect
the characteristic paths travelled by each plug. When L,; was changed to
20 cm, the related peak increased (Fig. 5b) and the carryover effect between
first and second plugs became more pronounced, thus increasing the first
minimum. The other peaks were not significantly affected because the
increase in L, provoked only a small percentage variation in their analytical
paths. For the increase in L,, similar effects were observed (compare Fig. 5a
and c). Variations in the path lengths travelled caused by the sequential
injection may be important when larger plugs are intercalated. Preliminary
tests involving a tenfold increase in L, indicated that the related peak tended
to reach saturation, but this marked increase in the path length increased the
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dispersions of the other plugs. Consequently, the entire overlapped zone lost
resolution.

Resolution also diminished when the C, coil was changed from 50 to
100 cm (Fig. 5d). This path increase caused a greater overlap between the
injected plugs, as expected; thus sequential injection seems more applicable
to systems with short analytical paths. The main effect of the intermediate
coils is to enlarge the original distances between the injected plugs, thus
improving the resolution of the entire overlapped zone near the detector
(Fig. 5e, f). Increase in the length of the intermediate coil greatly modifies
the dispersions of the plugs established after it. This is the reason why
broadening can be seen in the lower peaks of Fig. 5(e, f) and in the central
peak of Fig. 5(e). It is clear from Fig. 5 that the effect is more pronounced
when the C; coil is involved. Lowering the mean concentration related to the
minimum value of the concentration/time profile is, then, easily achieved by
increasing the C, rather than the C; coil length.

Sequential injection is particularly attractive if its implementation does
not limit the sampling rate, but this was not possible here. Study of Fig. 5
shows that under all conditions investigated, the sampling rate depended on
the wash times of all peaks, not only on that of the peak related to L,. For-
tunately, parallel tests with different concentrations at the L;, L, and L;
loops indicated that it is possible for the second and third peaks to appear
and disappear during the wash period related to the L, peak.

%C, o “H [

>

201

e
T

0 J L ool

Fig. 5. Effects of coil and loop lengths. Triplicate measurements recorded with the model
system of Fig. 2A: (a) initial conditions; (b) L, = 20 cm; (¢) L, = 20 cm; (d) C, = 100 cm;
(e) C, = 80 cm; (f) C, = 80 em. For details, see text.

Fig. 6. Recorder output for the determination of manganese in rocks. From right to left:
eleven standards (0.10, 0.20, 0.50, 1.00, 2.00, 4.00, 6.00, 8.00, 10.0, 15.0 and 20.0 mg
Mn 1) followed by seven samples, all measurements being done in triplicate. The upper
threshold (u) corresponds to the paper boundary in the recorder, above which there
occurred a pronounced loss in the linearity of the response curve of the f.i.a./a.a.s. system.
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Applications

The flow-injection system used for the determination of manganese in
rocks is remarkably stable; even after an 8-h working period, there were only
slight variations (<5%) in the coefficients of the calibration equations. The
typical reproducibility of f.i.a./a.a.s. systems is maintained; for some results,
calculations based on two calibration equations are feasible, so that precision
can be improved. Figure 6 illustrates how a wide range of concentrations can
be accommodated in useful form in one output. Similarities between results
based on different calibration equations can give information on the accuracy
of the procedure. The accuracy obtained was confirmed by the results for
rocks (Table 1) which indicate good agreement with certified values. The
suggested procedure has a sampling rate of about 100 h™! at the 0.1% carry-
over level. The possible concentration range may be expanded for methods
with broader linear dynamic ranges and/or by using more injection loops.

For the determination of copper in ethanol, a procedure based on standard
additions is easily done on a routine basis, without gradient exploitation.
The proposed system is simple, manually operated and does not require a
microprocessor. The sample (ca. 500 ul) is injected once, which suffices for
the infinite-volume situation. The sampling rate can be improved by using
different concentrations for the L; and L, plugs, as discussed above. Table 2
indicates the statistical data related to the analyses of some ethanol samples
which were selected because of their high copper contents. The procedure is
applicable to copper determinations for screening purposes. The copper
content in most samples is not measurable by normal a.a.s.; this procedure
can provide useful information about matrix effects and ethanol contents {7].

Partial support by CNPqg (Conselho Nacional de Desenvolvimento Cien-
tifico e Tecnologico), FINEP (Financiadora de Estudos e Projetos) and

TABLE 1

Manganese concentrations in standard reference rock materials, as determined with the
f.i.a, system of Fig. 3A, (the results were based on the arithmetic mean of three repeated
measurements of the same digest (Fig. 6))

Sample Code Manganese (mg kg™)
Certified Found

Pyroxenite SARM?2-5 1703 1588
Iron ore SARM-11 110—115 111
Dunite SARM-6 1704 1686
Syenite SARM-2 80 72
Norite SARM-4 1394 1467
Granite SARM-1 160 164
Lujavrite® SARM-3 5960 6110

aSouth African Reference Material. ? Analyzed after a 1 + 3 manual dilution with the 1%
(v/v) nitric acid solution.
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TABLE 2

Statistical data related to the copper determination in ethanol with standard additions

Sample rt Slope? Cu found RecoveryP
(ugl™) (%)
1 0.99948 114.7 267 105.0
2 0.99997 110.9 209 101.2
3 0.99999 103.5 139 100.4
4 0.99923 110.2 270 96.7
5 0.98280 128.7 463 103.3
6 0.99799 109.1 23 92,1
7 0.99896 110.9 282 101.5

8The slope related to an anhydrous standard solution is equal to 100.0. P After adding
500 ul of the 2.00 mg Cu 1™ standard solution to 5.00 ml of sample.

CNEN (Comissdo Nacional de Energia Nuclear) is greatly appreciated. The
authors express their gratitude to Dr. R. E. Bruns and Dr. H. Bergamin F® for
critical comments.

REFERENCES

1J. Ri%i¢ka and E. H. Hansen, Flow Injection Analysis, Wiley, New York, 1981.
2 D. Betteridge and B. Fields, Anal. Chem., 50 (1978) 654.
3J. Ri%i¢ka and E. H. Hansen, Anal. Chem., 55 (1983) 1040A.
4J. RiZi€ka, E. H. Hansen and H. Mosbhak, Anal. Chim. Acta, 92 (1977) 235.
5E. H. Hansen, J, Rd%ika, F. J. Krug and E. A. G. Zagatto, Anal. Chim. Acta, 148
(1983) 111.
6d. F. Tyson and A. B. Idris, Analyst (London), 106 (1981) 1125,
7M. C. U. Aratjo, C. Pasquini, R. E. Bruns and E. A. G. Zagatto, Anal. Chim. Acta,
(1985) in press.
8M. F. Giné, B. F. Reis, E. A. G. Zagatto, F. J, Krug and A. O. Jacintho, Anal. Chim.
Acta, 155 (1983) 131.
9B. F. Reis, A. O. Jacintho, J. Mortatti, F. J. Krug, E. A, G. Zagatto, H. Bergamin F°
and L. C. R. Pessenda, Anal. Chim. Acta, 123 (1981) 221.
10 A. O. Jacintho, E. A. G. Zagatto, H. Bergamin F?, F. J. Krug, B. F. Reis, R. E. Bruns
and B. R. Kowalski, Anal. Chim. Acta, 130 (1981) 243.
11 E. A. N. Fernandes, M.Sc. Thesis, Piracicaba, Universidade de S. Paulo, 1981.
12F. J. Langmyhr and P. E. Paus, Anal. Chim. Acta, 43 (1968) 397.
13F. J. Krug, E. A. G. Zagatto, B. F. Reis, O. Bahia F?, A. O. Jacintho and S. S. J¢rgensen,
Anal. Chim. Acta, 145 (1983) 179.



Analytica Chimica Acta, 173 (1985) 299—303
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

Short Communication

PRECONCENTRATION OF SOME PHOSPHORUS-CONTAINING ANIONS
BY ADSORPTION ON HYDRATED IRON(IIT) OXIDE

T. HORI*

Department of Chemistry, College of Liberal Arts and Sciences, Kyoto University,
Kyoto 606 (Japan)

M. MORIGUCHI, M. SASAKI, S. KITAGAWA and M. MUNAKATA

Department of Chemistry, Faculty of Science and Technology, Kinki University,
Osaka 577 (Japan)

(Received 6th December 1984)

Summary. The adsorption behaviour of orthophosphate, triphosphate, pyrophosphate,
monomethylphosphate, phosphite, a- and g-glycerophosphates, dimethylphosphate, and
hypophosphite on hydrated iron(IIl) oxide precipitate is studied as a function of pH.
Orthophosphate is adsorbed quantitatively at pH 4.0—8.0, triphosphate and pyrophos-
phate at pH 4—9.3 and the next three compounds at pH 4—6.8. The last two ions were
only slightly adsorbed at any pH examined.

Hydrated iron(III) oxide is known to adsorb orthophosphate from solu-
tions in the range pH 4—8. This adsorption has long been appreciated as a
convenient method for preconcentration of orthophosphate and has been
utilized variously in sensitive determinations of orthophosphate in water
samples. The efficiency of adsorption is little affected by the presence of
moderate amounts of neutral electrolytes such as sodium chloride and the
preconcentration has also been successfully applied to sea waters [1]. During
studies of the preconcentration of orthophosphate on magnesium hydroxide,
Ishibashi and Tabushi [2] noted that glycerophosphate was partly adsorbed
on the hydroxide along with orthophosphate. This indicated the feasibility
of concentrating certain other phosphorus compounds by means of the
hydrated precipitates.

In the work described here, the adsorption behaviour of triphosphate,
pyrophosphate, monomethylphosphate, a- and g-glycerophosphates, phos-
phite, dimethylphosphate, and hypophosphite on hydrated iron(III) oxide
was examined as a function of pH of the solutions. It was found that all
these ions except the last two were effectively adsorbed and could later be
released into a small volume of alkaline solution. Suitable conditions and
procedures for the preconcentration method are presented below.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Experimental

Reagents. Standard 0.001 M orthophosphate was prepared by dissolving
potassium dihydrogenphosphate in pure water and stored in a polyethylene
bottle. Similar 0.001 M solutions of triphosphate, pyrophosphate, phosphite,
a-glycerophosphate, g-glycerophosphate, and hypophosphite were prepared
by dissolving in water the following salts of NasP3;0, (1.4%), Na,P,O,-
10H,0 (0.5%), Na,HPO, - 5H,0 (<0.1%), HOCH,CH(OH)CH,OPO;Na, - 6H,0
(3.6%), CH,(OH)CH(OPO;Na,)CH,OH - xH,0 (<0.1%), and Na,H,PO, - H,0
(<0.1%). The values in brackets are the contents of orthophosphate impurity
in the respective salts, which were determined by a flow-coulometric method
[3] and, when necessary, were corrected for in the percent adsorption curves
described later. Each phosphorus solution, after being converted to ortho-
phosphate by using perchloric acid, was standardized spectrophotometrically
against the orthophosphate standard.

The 0.001 M solutions of monomethylphosphate and dimethylphosphate
were obtained by purifying their commercially available 1:1 mixture [4].

To adjust the pH for studies of adsorption equilibria, the following 0.5 M
buffer solutions were prepared: acetic acid/sodium acetate (pH 4.0—5.9),
2-(N-morpholino)ethanesulphonic acid (MES)/sodium hydroxide [5] (pH
6.0—7.0), N-2-hydroxyethylpiperazine-N -2-ethane sulphonic acid (HEPES)/
sodium hydroxide [5] (pH 7.1—8.2), and ammonia/ammonium chloride
(pH 8.3—10.2). Sodium hydroxide solutions were added to obtain pH 10.5—
13.0.

The hydrated iron(IIl) oxide precipitate was freshly prepared for each
sample by mixing in a centrifuge tube 2 ml of iron(III) chloride solution
(1 mg Fe ml™ in 1 M hydrochloric acid) with 2 ml of aqueous 2 M ammonia,
followed by washing twice with pure water. The precipitate was then shaken
vigorously with 2 ml of pure water and the resulted dispersion was used for
the adsorption experiment.

General procedures for measuring per cent adsorption curves versus pH. In
a 100-ml vial (40 mm i.d. X 120 mm) with a plastic screw-cap, 2 ml of 0.5 M
buffer solution and 60 ul of a 0.001 M solution of the phosphorus compound
to be tested (except for triphosphate and pyrophosphate), were diluted to
ca. 80 ml with water. For triphosphate and pyrophosphate, 20 1 and 30 ul
of the respective 0.001 M solutions were diluted similarly. With magnetic
stirring, the pH of the solution was adjusted to the required value and then
the hydrated iron(III) oxide dispersion was added, followed by dilution to
100 ml with water. To attain equilibrium, the solution was stirred continu-
ously for a few more minutes and then left still for 30 min; the screw-cap
prevented entry of atmospheric carbon dioxide which may disturb the pH.
After pH measurement at equilibrium, the precipitate was separated by
filtration on a Nuclepore membrane filter (0.4-um pore size) and then the
phosphorus compounds adsorbed were determined spectrophotometrically
by a molybdenum blue method [1]. The percent adsorption for the ion was
calculated from the adsorbed and initial amounts and plotted against the pH
of the solution.
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Results and discussion

Amounts of hydrated iron(Ill) oxide, concentrations of buffer, and stand-
ing times needed for adsorption equilibrium. The percent adsorption curve
for orthophosphate is shown by curve 1 in Fig. 1, which was measured by
using the above-recommended conditions (6 X 10”7 M) orthophosphate with
0.01 M buffer in the final solution. The curve agrees well with that reported
by Ishibashi and Tabushi [1], quantitative adsorption occurring from pH 4
to pH 8. The effects of the amounts of hydrated iron(IIl) oxide, concentra-
tions of buffer reagents, and standing times on the adsorption equilibrium
were then examined.

At both pH 7.0 and pH 8.0, the amount of hydrated iron(III) oxide was
varied from 0.2 to 5.0 mg (weight as iron), the other conditions being kept
unchanged. Quantitative adsorption was achieved with more than 1 mg of
iron; for safety, 2 mg of iron was used commonly in all further experiments
unless specified otherwise.

Buffer concentrations of MES and HEPES were changed at the respective
pH values of 7.0 and 8.0. Although these buffers are so-called ‘‘good buffers’
[5] and are expected to be mostly inert to iron(III) ions, a slight decrease in
the percent adsorption was observed at concentrations higher than 0.2 M.
The effects, however, were not very serious and could practically be elimina-
ted by lowering the concentrations. Here, in fact, the 0.01 M concentration
was accepted throughout.

Standing times needed for adsorption equilibrium were examined at a
constant pH of 7.0; it was shown that equilibrium was attained within
10 min and was little affected by further standing. As described under
Experimental, subsequently, every solution was left for 30 min before
filtration.

Lol
o

Per cent adsorption
o~
o

~
(=)

Fig. 1. Adsorption curves onto hydrated iron(III) oxide: (o) orthophosphate; (¢) mono-
methylphosphate; (a) dimethylphosphate; (2) dimethylphosphate or hypophosphite;
() pyrophosphate or triphosphate. The adsorption curves for a- and g-glycerophosphate
and phosphite are represented well by curve 2. In each case, 2 mg of iron was used with
100 ml of sample solution.
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Adsorption of monomethylphosphate, «- and B-glycerophosphates, and
phosphite. According to the formal conditions chosen above, the percentage
adsorption of monomethylphosphate was measured against pH; the result is
shown by curve 2 in Fig. 1. As can be seen, this ion is adsorbed quantitatively
in a range pH 4—6.8, the upper limit being shifted towards the acidic region
by 1.5 pH compared to orthophosphate (curve 1). This would be useful for
the differentiation of monomethylphosphate from orthophosphate.

Quite similar adsorption curves were attained for both «- and g-glycero-
phosphates. No practical differences between the two glycerophosphates and
monomethylphosphate were observed; curve 2 in Fig. 1 represents well the
adsorption behaviour of all three phosphorus compounds. This similarity
seems to accord with the structures around the central phosphorus atoms of
the ions: a couple of ionizable P-O corners are commonly involved in each
tetrahedral structure. If the phosphorus-containing ions coordinate the
iron(I1I) ions mainly through these P-O corners, as has been suggested [6],
it would be expected that their adsorption behaviour would depend far more
on the arrangement of the P-O corners than on the substituting group in each
ion. Moreover, the monosubstituted phosphates have one less P-O corner
than orthophosphate because of the substituent and, therefore, their ten-
dency to coordinate with iron(III) would be weakened (cf. curves 1 and 2,
Fig. 1). This view remains unproven, but such structural considerations could
provide a primary indication as to whether or not a given phosphorus-con-
taining ion could adsorb on hydrated iron(III) oxide.

The adsorption of phosphite also agreed well with that of the monosubsti-
tuted phosphates; again, the adsorption curve was essentially the same as
curve 2 in Fig. 1.

Adsorption of dimethylphosphate and hypophosphite. These ions were
found to be little adsorbed at any pH in the range examined here (curve 3).
This precludes their concentration from water samples, but could be useful
for their differentiation from the phosphorus-containing ions mentioned
above, because they will remain entirely in the mother liquor above pH 5.

Adsorption of triphosphate and pyrophosphate. The adsorption curves for
these condensed phosphates are represented by curve 4 (Fig. 1), which ex-
tends to more alkaline regions compared with the curve for orthophosphate
(curve 1). Thus, these ions are effectively concentrated by the use of hydra-
ted iron(III) oxide, though they could not be differentiated from each other
or from orthophosphate.

Desorption of phosphorus-containing ions from hydrated iron(III) oxide.
These ions, once adsorbed, could be desorbed readily into a small volume of
alkaline solution either by vigorous shaking for 2 min or by applying ultra-
sonic agitation for 1 min, the hydrated oxide being left as a precipitate. As
would be expected from curve 2, for instance, monosubstituted phosphates
and phosphite can be collected (by adsorption) at pH 6 and concentrated
(by desorption}) into a 2-ml portion of 0.01 M ammonia buffer at pH 10. For
the desorption of the condensed phosphates and orthophosphate, use of
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0.01 M sodium hydroxide is recommended. The recoveries of the phos-
phorus-containing ions were found to be better than 90% in these pro-
cedures,

One of the authors (T. H.) thanks Dr. T. Fujinaga, Nara University of
Education, for his continuous encouragement and helpful suggestions on
this work.
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Summary. A chelate-forming cellulose, iminodiacetic acid/ethylcellulose (IDAEC), is
applied to the collection of metals from ammonium citrate and acetate solutions. A
method is devised for the i.c.p./a.e.s. determination of metal contaminants in magnesium
by separation and preconcentration of the metals with IDAEC.

The collection and separation of trace metals by iminodiacetic acid/ethyl-
cellulose (IDAEC) from water, solvent samples, and soil extracts was des-
cribed earlier {1]. This exchanger proved to be a good collector of trace
metals from matrices containing alkaline and alkaline earth metals. The metal
uptake is pH-dependent, but citrate or acetate buffer provides adequate pH
adjustment.

In the preparation of nuclear-grade uranium for the reduction of uranium
tetrafluoride, calcium or magnesium metal is needed [2—4]. These metals
should be very pure in order to prevent trace element contamination of the
uranium metal during the reduction process. Jackwerth et al. {5] collected
trace metals from pure magnesium and magnesium salts with activated carbon
in the presence of dithizone. Of the nine elements investigated by atomic
absorption spectrometry, only silver and cadmium could be enriched by
more than 95%. The IDAEC does not form a chelate with magnesium while
it forms chelates with many elements, mostly heavy metals [6] .

Chelate-forming resins like chelate-forming celluloses can be applied to
trace metal determinations and for reagent purification. Recently, Mahanti
and Barnes [7] purified reagent-grade calcium carbonate solution with a
poly(dithiocarbamate) resin. Barnes et al. [8] also applied a poly(acryl-
amidoxime) resin in the preconcentration of trace metals in high-purity

38Permanent Address: L. Eotvos University, Institute of Inorganic and Analytical Chem-
istry, P.O. Box 123, H-1443 Budapest, Hungary.

bPresent Address: Spectroscopy Division, Babha Atomic Research Center, Trombay,
Bombay 400085, India.
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aluminum. In both examples, the sample was shaken with the resin for
10—24 h. Although either of these resins can be applied for the determination
of trace metals in magnesium nitrate, the rate of chelation on chelate-forming
celluloses is higher. Therefore, in this paper, separation and preconcentration
of metals by IDAEC from ammonium citrate and acetate and from magnesium
nitrate solution is evaluated as a precursor to the determination of the trace
metals in high-purity magnesium metal by inductively-coupled plasma atomic
emission spectrometry (i.c.p./a.e.s.).

Experimental

Instrumentation and chemicals. The inductively-coupled plasma instru-
mentation and operating conditions are given in Table 1. The elements, their
wavelengths, and figures of merit are summarized in Table 2. Some samples
were prepared with a cool plasma asher (Anton Paar, Graz, Austria) [9].
Polyethylene chromatograph columns (0.7 mm i.d., 350 mm long; BB9194,
Bolab, Lake Havasu City, AZ) with cotton wool in the end of the stem were
used for the collection of metals.

Stock solutions were prepared from high-purity metals or A.C.S. reagent-
grade chemicals. Distilled, deionized water and subboiling distilled nitric acid
were used throughout. The 10% (w/v) magnesium nitrate solution and 2 M
ammonium citrate and acetate solutions were pre-purified on an IDAEC
column. The IDAEC capacity as determined by potentiometric titration was
1.3 meq g™ [6].

Metal ion collection from citrate and acetate solution. Fifteen metals
(10 ug of each) were dissolved in 0.1 M ammonium citrate (pH 4.9) or 0.1 M
ammonium acetate (pH 5.8). The solution was passed through 0.2 g of
ammonium-form IDAEC in a polyethylene column at a flow rate of 1—1.5 ml
min~. The metals were eluted from each column separately with 5 ml of

TABLE 1

Instrumentation and operating conditions for i.c.p./a.e.s.

R.f. generator Plasma Therm, Model HFS-5000D, 40.68 MHz
Load coil 3-turn copper tubing, 18 in. o.d.
Operating power 0.65 kW
Torch and nebulizer Quartz torch with 1.5-mm i.d. orifice. Babington

nebulizer with Scott-type double-barrel spray chamber
(volume 200 ml). Injection method (100-u] sample)

Argon flow rates Outer 16.0 1 min, aerosol 0.6 1 min!

Spectrometer and detection 1-m Czerny-Turner monochromator (Minutemen
Model 310-SMP), grating 1200 lines/mm, RCA 4832
photomultiplier tube (—1100 V), picoammeter
(Keithley 414S), computer (PDP 11/23). Slit width
50 um. Image 1:1 magnification with 2-in. diameter
quartz lens, 200-mm focal length (Oriel No. A-11-
661-37)

Observation zone 15 mm above induction coil and 5 mm high
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TABLE 2

Wavelengths for i.c.p./a.e.s. and figures of merit

Element Wavelength Detection BECC® Element Wavelength Detection BECC

(nm) limit2® (g ml™) (nm) limit®®  (ug ml™)
(ng ml?) (ng ml™)

Al 396.1 30 1.1 La 379.5 14 0.36

Bi- 223.0 34 1.8 Mn 257.6 4 0.13

cd 226.5 2 0.10 Ni 221.6 15 0.44

Co 238.9 10 0.35 Pb 220.3 100 4.0

Cr 267.7 25 0.48 Ti 334.9 3 0.22

Cu 324.7 6 0.26 \% 292.4 12 0.40

Fe 238.2 20 0.46 Zn 213.8 10 0.42

Ca 294.3 12 0.35

aCalculated from three times the standard deviation of the background. PInjection
method, 100-ul sample introduction. ®The background equivalent concentration (BEC) is
the analyte concentration equivalent to the background level at the analyte wavelength.

1.6 M nitric acid, and the solution was diluted in a 10-ml volumetric flask
with distilled water.

Ashing of IDAEC on the cool plasma asher. The decomposition parameters
were established for the ashing of 0.2 g of IDAEC. After collecting the metals
from acetate solution, the IDAEC was dried at 70°C and transferred to the
ashing chamber. The ashing without stirring was achieved in 6 h at a high-
frequency power of 48 W, 4 mbar vacuum, and 3 1 h™ oxygen flow. The ash
was dissolved in 0.5 ml of concentrated nitric acid by using a reflux heater
(RFH-5). The final solution was made up to 10 ml.

Metal ions collected from magnesium nitrate. The purified magnesium
nitrate was spiked with 15 test metals. The concentrations of magnesium and
trace elements were chosen so that 1 g of magnesium and 10 ug of trace
elements were present in 90 ml of solution. The solution contained 3.5 ml of

.2 M ammonium acetate, and the solution pH was 5.80. A blank was also
made. Two portions of 0.2 g of IDAEC were used in two polyethylene
columns. The columns were placed one above the other. The test solution
was poured on the upper column and passed through both columns. The
metals were eluted from each column separately with 5 ml of 1.6 M nitric
acid. The eluates were made up to 10 ml.

Results and discussion

The metal uptakes of IDAEC from citrate or acetate solutions with a ratio
of citrate or acetate in iminodiacetic acid (IDA) group of 10%:1 are listed in
Table 3. In spite of the high concentration of citrate in the solution, the
recovery of five elements (Cd, Co, Cu, Pb, Zn) was quantitative, because
IDAEC forms highly stable chelates. Thus, IDAEC can be used for the
separation of these five metals in a citrate solution. In contrast, the recovery
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TABLE 3

Recovery of metals by IDAEC from citrate or acetate solutions®

Element Citrate (pH 4.90) Acetate (pH 5.80) Element Citrate (pH 4.90) Acetate (pH 5.80)
Recovery sP Recovery sP Recovery sb Recovery sb
(%) (%) (%) (%)

Al < 80 7 La < 97 2

Bi 103 3 Mn < 97 1

Cd 99 4 98 6 Ni 50 2 96 5

Co 93 7 99 5 Pb 100 2 101 6(4)

Cr(III) < 52 +47=99¢ 2 Ti < 94 3

Cu 97 2 98 3 V(V) 37 2 85 7

Fe(Ill) 20 1(3) 85 4 Zn 99 6 29 3

Ga < 95 0.5(4)

2The ratio of citrate or acetate to IDA group was 10%:1, and to the metals 10%:1. The <
sign means less than or equal to five times the limit of detection in Table 2. ?Standard
deviation of five determinations; if not five, the number of the determinations is in
brackets. ©562% Cr could be eluted from the IDAEC column with nitric acid; after ashing
of the IDAEC, 47% more could be measured.

of 11 of the 15 metals investigated was >95% in acetate solution. Acetate
should be used as a buffer if preconcentration of many metals from a solu-
tion is needed.

After elution of the metals collected from acetate solution, the IDAEC
column was dried and ashed in an oxygen plasma with a cool plasma asher
[9]. The aim of this test was to establish if any of the fifteen metals remained
on the IDAEC after nitric acid elution. After dissolution of the IDAEC ash
in nitric acid, only chromium could be measured in the solution (Table 3).
The quantity of chromium eluted plus the amount found in the ash gave 99%
uptake of chromium.

The IDAEC was applied to the separation of trace metals from magnesium
nitrate solution from pH 5.80 acetate solution when the ratio of magnesium
to metals was ca. 10*:1. Two IDAEC columns were used, and the magnesium
nitrate solution was spiked with Bi, Cd, Co, Cu, Fe(III), Mn(II), Ni, Ti and
V(V). The metals were determined after separate elution from the two
columns. Only bismuth was found in the eluate of the second column, which
indicates that the capacity of 0.2 g of IDAEC was sufficient to retain all
other elements on the first column. The recovery of the elements investigated
is given in Table 4. Thus IDAEC preconcentration with i.c.p./a.e.s. can be
used for the determination of the trace contaminants in magnesium nitrate.
The lowest determinable concentration (LQD) values for each of these
elements for 1 g of magnesium are also given in Table 4. This approach can
be extended to the determination of the trace contaminants in pure mag-
nesium. Operational convenience and sample flow rate through IDAEC
columns provides an overall faster procedure for collection of appropriate
trace metals from salt solutions than the poly(acrylamidoxime) [8] or
poly(dithiocarbamate) | 7] resins.
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TABLE 4

Recovery of the metals by IDAEC from magnesium nitrate solution

Element Recovery LQD? Element Recovery LQD?
{%) (ugg™) (%) (ugg™)

Bi 100 1.7 Mn 100 0.2

Cu 98 0.3 Ni 98 0.75

Co 100 0.5 Ti 95 0.15

cd 97 0.1 V(V) 84 0.6

Fe(Ill) 92 1.0

2LQD is the lowest concentration that can be determined, calculated from five times the
limit of detection for 1 g of magnesium in a final volume of 10 ml after IDAEC precon-
centration.

This research was supported by Department of Energy Contract DE-AC02-
77EV-0432 and the ICP Information Newsletter.
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Summary. Sulphide (1—10 ug ml™') is determined by mixing the sample with an excess of
orthophosphoric acid in a segmented continuous-flow system. The hydrogen sulphide
evolved is swept into the cavity for generation of S, emission. The analysis is completely
automated, requires no sample pretreatment and samples can be analyzed at 24 h-*,

Sulphide can be determined by conventional molecular emission cavity
analysis (m.e.c.a.) in aqueous solution [1] or in binary and some ternary
mixtures [2]. Sulphide has also been determined in mixtures with sulphate,
thiocyanate and thiosulphate after sequential selective removal of ions and
oxidation of the remainder by hydrogen peroxide to sulphate [3]. The
m.e.c.a. technique also allows the determination of sulphide in the presence
of other sulphur compounds in solids [4, 5]. Alternatively, sulphide can be
determined in a vaporization system in which the sample solution is acidi-
fied and the hydrogen sulphide evolved is continuously purged by nitrogen
to the m.e.c.a. cavity for generation of S, emission [6]. Furthermore, the
anion can be determined by flow injection introduction of the solution into
the cavity [7].

Recently, a continuous-flow molecular emission cavity analyzer was des-
cribed [8]. The sample solution is mixed with aqueous orthophosphoric acid
solution and is carried by a segmented continuous-flow stream through a
heated reaction coil into a debubbler where the gas evolved is swept by
nitrogen into the cavity. This system was successfully used for the determina-
tion of sulphite in various samples and of sulphur dioxide in atmospheric air
after fixation as disulphitomercurate(II) [8]. This communication describes
the advantages of the system for determining 1—10 ug ml~! sulphide.

Experimental

Apparatus. The photometer, m.e.c.a. cavity and continuous-flow system
were as described previously [8].

Reagents. All reagents were of analytical grade, and deionized-distilled
water was used throughout. A sulphide stock solution (500 ug ml™) was

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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prepared by dissolving 1.87 g of Na,S - 9H,0 (Ferak Berlin, p.a.) in 500 ml
of 0.1 M sodium hydroxide/0.01 M EDTA. The exact sulphide concentration
was established iodimetrically. More dilute solutions were prepared in 0.02 M
sodium hydroxide/2 X 10> M EDTA by the fewest dilution steps possible.
All sulphide solutions were prepared daily.

Procedure. All experimental parameters were used as optimized for sul-
phite [8]. The cavity was conditioned by allowing 0.5—1.0 ml of stock
sulphide solution to enter into the continuous flow system and generate
intense S, emission within the cavity. After re-establishment of the baseline,
the determination was done as for sulphite [8].

Results and discussion

Analytical parameters. Figure 1 shows a typical recording for a series of
sulphide standards by the proposed procedure. The calibration graph, emis-
sion intensity (I, mV) vs. ug ml™? sulphide (C), was sigmoidal [9] and the
log I vs. log C calibration graph was linear over the range 1—10 ug ml?
sulphide (log I = —0.420 + 1.72 log C, r = 0.9996). The relative standard
deviation for the slope of the log—log graph for six working days was 2.2%.
The limit of detection (signhal/noise = 2) was 0.5 ug ml™ sulphide and the
relative standard deviations for 2 and 4 ug ml™ sulphide were 2% and 0.6%
(n = 8), respectively. When aqueous solutions of sulphide (1—10 ug ml™)
were processed, the average error was £1.5%. Under the same experimental
conditions, determination of sulphite (log I = —1.10 + 1.31 log C) [8] was
less sensitive than that of sulphide.

Interferences. Interferences from anions were investigated by determining
10 ug ml™7? sulphide in the presence of equal and fivefold (by wt.) amounts
of other anion. The responses were compared with those obtained from an
uncontaminated sulphide solution. No effect was observed from thiosulphate,

pgmi’

5,ng|" Spg it

apgmi’ apami’

Emission Intensity

apgmi’ 3pgml’

2pgmi’

tpami’!

20min

Time

Fig. 1. Typical recording for a series of sulphide standards.
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thiocyanate, cyanide, iodide, bromide or carbonate. Nitrite seriously de-
creased the intensity (Table 1). Reduction of nitrite to nitrogen by sulphamic
acid was investigated for eliminating the interference. Aqueous solutions of
sulphamic acid introduced into the analyzer did not produce any molecular
emission within the cavity and left the emission intensity from pure sulphide
solutions unaffected. A 0.02% (w/v) solution of sulphamic acid completely
eliminated the interference from equal concentrations of nitrite on 1.0 and
5.0 ug ml™ sulphide. The effect of an equal concentration of nitrite on 10 ug
ml? of sulphide was eliminated by 0.04% (w/v) sulphamic acid. The inter-
ference of a fivefold concentration of nitrite on sulphide was only partially
eliminated by sulphamic acid. These results are shown in Table 1.

Sulphite interferes severely with the determination of sulphide. The
emission intensities from 5.0 ug ml™ sulphide and 10 pg ml™ sulphite were
6.0 mV and 1.6 mV, respectively, while the emission intensity from the
mixture was 9.2 mV, as would be expected from the sigmoidal nature of the
calibration graph. Various attempts were made to eliminate the interference
of sulphite on the measurement of sulphide. Tannic acid completely removes
the emission of sulphite [8] but 2 X 10 and 5 X 10°% (w/v) tannic acid
also decreased the intensity from 8 ug ml™! sulphide by 43% and 86%, res-
pectively. Likewise, 0.01% and 0.02% (w/v) glyoxal decreased the intensity
from 8 ug ml™? sulphite by 80% and 100%, respectively, because of the
formation of the addition compound. The same concentrations of glyoxal
had no effect on the intensity from aqueous sulphide solutions. Nevertheless,
when 0.02% (w/v) glyoxal was added to a mixture of sulphide and sulphite, the
emission intensity was unaffected. This is probably due to disproportionation
of glyoxal in the alkaline solution required for stabilization of suiphide.

TABLE 1

Effect of nitrite on the emission intensity from sulphide, and elimination of the inter-
ference by addition of sulphamic acid

Concentration (ug ml™) Emission intensity?
Sulphide Nitrite Sulphamic added acid (%) (w/v)
0.00 0.02 0.04

10.0 0 100
10.0 10 35.3 88.2 100
10.0 50 2.9 73.5 88.2b

5.0 0 100

5.0 5.0 35.0 100

5.0 25 0 80.0P

1.0 0 100

1.0 1.0 66.7 100

1.0 5.0 80.0°

8Intensities from pure sulphide solutions arbitrarily taken as 100. PNo further decrease of
interference was observed at higher sulphamic acid concentrations.
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TABLE 2

Alkaline degradation of organic sulphur compounds to sulphide in 1 M sodium hydroxide

Compound Conc. Sulphide sulphur (ug ml™*)
(mg ml) Th - a3 ..
eoretical Found after hydrolysis? at:
30°C 100°C
Cysteamine - HCI 1.86 524.5 0(75) 1.51(75)
N-Acetyl-L-cysteine 2.55 500.4 0(60) 0.96(60)
Thiodiacetic acid 0.64 137.0 4.32(45) 5.72(60)
4.91(95) 6.21(100)
Thioglycollic acid 13.3 4620 3.58(60) 14.88(60)
Cephalexin 0.10 9.21 0(30) 5.99(30)
0.25 23.02 0(30) 14.93(30)

3The times of hydrolysis (min) are given in parentheses.

Alkaline degradation of organic sulphur compounds. The simplicity and
sensitivity of the method are useful for the determination of sulphide pro-
duced by alkaline degradation of various organic sulphur-containing com-
pounds in 1 M sodium hydroxide (Table 2). Cephalexin was found to degrade
completely after 30 min at 100°C and the sulphide yields for 0.10 and
0.25 mg ml™ were 65.0% and 64.9%, respectively, which are in good agree-
ment with results obtained by Fogg et al. [10, 11]. The method was also
used to determine the relatively small amounts of sulphide produced by
decomposition of the other compounds.
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Summary. The mechanism of palladium matrix modification is studied for the determina-
tion of lead and bismuth by graphite-furnace atomic absorption spectromety. The binding
energies of the charring products for lead and bismuth in the presence or absence of pal-
ladium obtained at the initial stage of atomization were measured. The binding energies
indicated the formation of Pb—Pd and Bi—Pd bonds, thus explaining the increase in ap-
pearance temperatures of lead and bismuth in the presence of palladium.

The introduction of matrix modification by Ediger et al. [1] was a major
advance in decreasing chemical interferences in graphite-furnace atomic
absorption spectrometry (a.a.s.). Chemical reagents are added to sample ali-
quots to alter the charring and atomization process of sample components in
one of two basic ways: first, compounds such as ammonium nitrate can form
more volatile species with matrix constituents to decrease or eliminate matrix
interferences; second, specific modifiers allow the use ot ‘higher charring
temperature by decreasing analyte volatility through the formation of more
thermally stable analyte species. In addition, chemically active gases such as
oxygen can be introduced into the purge gas to delay the atomization of the
analyte, because of chemisorbed oxygen on the active carbon sites of the
graphite furnace. Palladium matrix modification has been used for the deter-
mination of lead [2], bismuth [3], arsenic [4], selenium [5] and other
elements in a variety of environmental samples. However, there is no report
dealing in detail with the mechanism of matrix modification. The aim of this
communication is to present the results of a preliminary study on the mech-
anism of palladium matrix modification for the determination of lead and
bismuth by graphite-furnace a.a.s., by using x-ray photoelectron spectros-
copy (X.p.s.).

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Experimental

Apparatus. A Perkin-Elmer model 4000 atomic absorption spectrometer
equipped with a model HGA-400 graphite furnace and a home-made photo-
conductive device was used to measure the appearance temperature and to
prepare the charring products of lead or bismuth in the absence or presence
of palladium for the x.p.s. study. Signals for lead and bismuth absorbance
obtained at 217.0 and 223.1 nm, respectively, were recorded on a Perkin-
Elmer model 056 double-pen chart recorder. Hollow-cathode lamps of lead
and bismuth were operated at 20 and 15 mA, respectively. The spectral
bandwidth was set at 0.7 nm. A deuterium background corrector was used.
A 20- or 50-ul Eppendorf pipette fitted with disposable polypropylene tips
was used to introduce sample solution into the furnace.

A Kratos AEI-ES model 300 x-ray photoelectron spectrometer with a
magnesium (E, = 1253.6 eV) anode was used to measure the x.p. spectra.
The power was 6 X 15 W; the widths of the entrance and exit slits were both
set at 0.07 inch.

Reagents. Stock solutions of lead and bismuth (2000 ug ml™?) were pre-
pared by dissolving 0.6624 g of lead nitrate (analytical-reagent grade, Beijing
Chemical Co., China) or 0.2000 g of bismuth metal (99.999% purity,
Koch-Light Laboratories, England) in an adequate amount of nitric acid and
diluting to 100 m! with deionized water. A palladium solution (30 mg ml™)
was prepared from palladium chloride (analytical-reagent grade). All solu-,
tions for determining appearance temperatures were prepared by serial dilu-
tion with deionized water from the stock solutions.

Measurement of appearance temperatures. A laboratory-made photocon-
ductive device and the double-pen chart recorder were used to measure the
absorbance/time profiles of lead and bismuth and the temperature/time
profile of the graphite furnace. The temperature scale was established by
using the temperature program of the HGA-400 power supply. The heating
rate setting of the atomizer was 0.1 K ms™. Samples containing 10 ng of
lead, 10 ng of lead plus 2 ug of palladium, 50 ng of bismuth, or 50 ng. of
bismuth plus 2 ug of palladium were introduced into the atomizer, to give a
maximum absorbance of 1. The temperature at which a small absorbance
(0.01) appeared was defined as the appearance temperature, T,,.

Preparation of charring product sample. A 10-ml portion of 30 mg ml?
palladium solution, 1.5 ml of 2 mg ml™? lead or bismuth solution, or 12 m}
of 25 mg ml™ palladium and 0.33 mg ml™ lead solution, or 12 ml of 25 mg
ml™? palladium and 0.33 mg ml™ bismuth solution, were separately injected
into the graphite tube with a 50-ul pipette. After drying, the residue was
charred for 30 s at a temperature which was 20°C higher than the appear-
ance temperature for lead or bismuth in the absence or presence of palla-
dium. The atomizer was cooled to room temperature before the next sample.
The injection and charring procedure was repeated many times in the same
tube until each solution above had been completely introduced. The graphite
tube was then removed from its holder. The interior surface graphite of the
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tube where the analyte had been deposited and charred was scraped off care-
fully with a sharp quartz rod and collected for x.p.s.

X-ray photoelectron spectroscopy measurements. The narrow scan spectra
of the components in the samples, prepared as above, were measured at
3 X 1077 torr in the fixed retarding ratio mode. The C,, signal of carbon
contamination fixed at 285.0 eV was taken as a reference for the binding
energy.

Results and discussion

Conditions for preparation of charring products. It has been observed that
higher charring temperatures for lead, bismuth and other elements could be
tolerated when microgram-amounts of palladium were added to the analyte
in the graphite furnace [2—5]. This was usually ascribed to the formation of
more thermally stable analyte species, but without any experimental evi-
dence. In order to understand the mechanism of palladium matrix modifica-
tion, a study of analyte species present at the initial stage of the atomization
process is of importance. Therefore the appearance temperatures, T,,,, for
lead and bismuth in the absence and presence of palladium were determined.
The temperature/time and absorbance/time profiles are shown schematically
in Figs. 1 and 2. The average values of three replicate measurements of T,
are summarized in Table 1.

The temperature 20°C higher than T,,, was arbitrarily defined as the tem-
perature for preparation of the charring product sample, T, the values of
which are also listed in Table 1. In order to meet the sensitivity requirement .
of x.p.s., a large amount of lead, bismuth or palladium was introduced into
the tube atomizer, as described in the experimental section. The ratio of
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Fig. 1. (a) Temperature/time profile of graphite tube surface heated at 0.1 K ms™.
(b, ¢} Absorbance/time profiles: (b) 10 ng Pb; (c) 10 ng Pb + 2 ug Pd.

Fig. 2. (a) As Fig. 1. (b, ¢) Absorbance/time profiles: (b) 50 ng Bi; (c) 50 ng Bi + 2 ug Pd.
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TABLE 1

Conditions for preparation of charring products

Metal Lead : Bismuth
sample?
P Tappb Tep & Topp Teps
3 mg Pb or Bi 830 850 830 850
3 mg Pb or Bi 1180 1200 1160 1180
+ 300 mg Pd

2300 mg of palladium alone was also charred at 1200°C. bTapp = appearance temperature;
Teps = temperature for preparation of charting product samples for x.p.s. (both in °C).

palladium to lead or bismuth was 100:1, which is an order of magnitude
lower than that used in real sample analysis [2, 3]. This was done because
the deposition of increasing amounts of charring products will influence the
nature of the tube surface, and thus the efficiency of matrix modification. In
order to decrease the effect of charring product deposition on the properties
of the tube surface and to obtain charring products representative of those
present in the initial stage of atomization, several graphite tubes were used
for the preparation of one sample, and no effort was made to expand the
ratio of matrix modifier to analyte. Therefore, the charring product samples
which contained 3 mg of lead or bismuth, 300 mg of palladium, 3 mg of lead
plus 300 mg of palladium, or 3 mg of bismuth plus 300 mg of palladium
were prepared by the procedure described above.

Mechanism of palladium matrix modification. There are several major
pathways leading to the formation of gaseous atoms in graphite-furnace a.a.s.
[6]. These include vaporization of metals, thermal dissociation of metal
oxides and thermal dissociation of metal carbides. Atomization of lead and
bismuth should occur by thermal dissociation of their oxides with subse-
quent vaporization of the metals [7]. As can be seen from Figs. 1 and 2, the
appearance temperatures for lead and bismuth were shifted to higher values
in the presence of palladium.

The x.p.s. spectra of the various charring products are shown in Fig. 3,
and the corresponding values of the binding energies are given in Table 2.
The binding energy of Pd(3d;,,) was increased by 0.8 or 1.0 eV in the char-
ring products of a mixture of lead or bismuth plus palladium compared to
that of pure palladium. It was decreased by 1.4 and 2.0 eV for Pb(4f,,,) and
Bi(4f,,,), respectively, when analyte and palladium were charred together in
the graphite tube. This indicates charge transfer from palladium to lead and
bismuth, and, therefore, that Pb—Pd or Bi—Pd bonds may be formed. Such
bonds must be broken before lead or bismuth atoms can vaporize, resulting
in the increase in appearance temperatures in the presence of palladium.
Although further work is required to verify the composition of the charring
products and to study the atomization process of the analyte in more detail,
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Fig. 3. Spectra for charring products. (A) Palladium 3d spectra in the absence and pre-
sence of analyte. (B) Lead 4f spectra with and without palladium. (C) Bismuth 4f spectra
with and without palladium.

TABLE 2

X.p.s. data for charring products

Charring product Pd Pd + Pb Pd + Bi Pb Pb + Pd Bi Bi + Pd
X.p.s. peak Pd(3d, ) Pb(4f, ) Bi(4f,,,) Pd(5d,,)
Ey, (V)2 335.1 335.9 336.1 138.9 137.5 159.5 157.5
2Binding energy.

the present qualitative study is a step forward in understanding the mech-
anism of palladium matrix modification.
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Summary. The mechanism of interference elimination by thiourea in electrothermal
atomization is discussed. Activation energies of atomization were measured. The experi-
mental values for bismuth, lead, copper and cadmium were not altered in the presence of
concomitants, provided that thiourea was added before atomization. These elements form
complexes with thiourea which are converted to sulphides during the charring stage.
Atom formation occurs from the sulphides without compound formation between analyte
and concomitants.

Matrix interference effects are well known in electrothermal atomic
absorption spectrometry (a.a.s.). Matousek [1] has reviewed such inter-
ferences and their elimination. For the purpose of overcoming matrix inter-
ferences, a variety of chemicals, including ascorbic acid, has been applied.
Most partially overcame the interference effects. No clear account, however,
has been given of the mechanism of such elimination of interferences.

Suzuki and Ohta [2] showed that thiourea improved the atomization
profiles and removed the effects of different species in electrothermal a.a.s.
of bismuth, antimony, copper, cadmium and lead. This reagent also proved
to be effective for eliminating matrix interferences. Thiourea appears to have
a different mechanism for the elimination of matrix interferences than other
substances. This investigation provides some evidence about this mechanism.

Experimental

Apparatus. Atomic absorption measurements were made as described
previously [3]. The output signal from the amplifier was fed to a micro-
computer (Sord M223) through an AD converter (Datel ADC-HX-12BGC)
and multiplexer (Datel MX-808) [3]. The signals were also monitored on a
Memoriscope (Iwatsu MS5021). Light sources were hollow-cathode lamps
(Hamamatsu Photonics K.K.). The wavelengths used were 233.06, 228.80,
324.75, 217.00, 328.07 and 217.59 nm for bismuth, cadmium, copper, lead,
silver and antimony, respectively.

A molybdenum microtube (20 mm long, 1.5 mm i.d.) was used as the
atomizer. This was machined from molybdenum sheet (0.05 mm thick;

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Rembar Co.). The microtube atomizer was enclosed in a pyrex chamber
(300 ml) which had two silica end-windows to allow transmission of the light
beam. The chamber was purged with argon (480 ml min™) and hydrogen
(20 ml min™).

The atomizer temperature was measured with a photodiode (Hamamatsu
Photonics K.K., S641) [3]. The temperature measured was corrected for
non-black body emissivity by use of Planck’s radiation formula. The signal
from the photodiode was calibrated with an optical pyrometer and was
recorded simultaneously with the absorbance signal. Samples were injected
into the microtube from a 1-ul glass micropipet.

A Rigaku X-ray diffractometer was used for identification of the residues
formed when metal solutions were heated with and without thiourea at
570 K before atomization.

Reagents. All reagents used were of the highest available purity. The
stock solutions (nitrates) were prepared from pure metals with the exception
of antimony, which was prepared from antimony(III) potassium tartrate. All
working solutions were prepared just before use by dilution with deionized
water.

Procedures. Atomization was achieved by heating a 1-ul sample to a final
temperature of 2000—2260 K for 2 s after drying at 370 K for 10 s and
charring at 570 K for 10 s. The heating rate was 1.8~3.4 K ms™. All the
absorbance signals during atomization were stored in the microcomputer.
Signals were smoothed after subtraction of background (noise) [3]. To
determine activation energies, the slope of a logarithmic plot of the mea-
sured absorbance vs. the reciprocal absolute temperature was evaluated by
least-squares analysis [4]. The precision of the measurements was <11%.

Results and discussion

Information can be obtained from atomization energies which may help
to elucidate the atomization process. Atomization energies, therefore, were
measured in order to clarify the mechanism of the interferences and their
removal with thiourea. The activation energies were determined by the
method proposed by Sturgeon et al. [4]. This approach assumes that there
is an analyte surface/gas phase equilibrium within the atomizer and that the
rate of production of observable atoms is characterized by a unimolecular
rate constant. The difference between the temperature of the gas phase in
the microtube and that of the tube itself is negligible at the heating rate used
[2]. Therefore, it seems reasonable to expect that the physical and chemical
processes in the microtube attain equilibrium before the atoms are lost.

Silver, cadmium, copper, lead and antimony interfere in bismuth atomiza-
tion [2]. Figure 1 depicts the interference of cadmium on bismuth atomiza-
tion and its elimination with thiourea. The signals did not return to the
baseline without thiourea. Although this tailing is characteristic of bismuth,
its cause is uncertain. Thiourea greatly improved this tailing. Table 1 presents
the activation energies, E,, obtained by atomizing bismuth and concomitant
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Absorption

Fig. 1. Cathode-ray tube display showing the interference of cadmium on bismuth absorb-
ance, and its elimination with thiourea: (A) no thiourea added; (B) thiourea (5 ug) added.
Traces: (a) 0.25 ng Bi; (b) 0.25 ng Bi and 0.25 ug Cd; (c) temperature.

Fig. 2. Cathode-ray tube display showing the interference of magnesium on bismuth

absorbance, and its elimination with thiourea: (A) no thiourea added; (B) thiourea (5 ug)
added. Traces: (a) 0.25 ng Bi; (b) 0.25 ng Bi and 0.25 ug Mg; (c) temperature.

TABLE 1

Appearance temperatures and activation energies for bismuth, lead, copper and cadmium

Concomitant Without thiourea With thiourea

added® Toop (K) E, (kd mol ) Toop (K) E, (kJ mol )
Bismuth

- 910 322 950 209

Cd 925 182 920 208

Cu 910 95.7 930 206

Pb 900 141 925 205

Ag 915 196 925 209

Shb 920 248 930 204
Lead

— 1280 401 1060 185

Bi 1200 140 1060 187

Cd 1150 200 1055 191
Copper

— 1180 196 1325 326, 163
Cd 1325 142 1350 326, 200
Sb 1300 216 1325 323, 200
Bi 1270 101 1340 330, 191
Cadmium

— 680 275 710 209

Pb 690 210 685 199

Cu 710 128 690 192

Bi 702 182 685 194

21000-fold wt. amount with respect to the amount of the element measured (250 pg Bi,
25 pg Pb, 50 pg Cu, or 10 pg Cd).
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elements in the absence and presence of thiourea. The values of E, represent
the energy required in the rate-determining step to produce metal atoms. As
can be seen from Table 1, the activation energy of bismuth in the presence
of concomitant elements differs from that of bismuth alone. The experi-
mental activation energies of bismuth in the presence of lead, silver and
antimony are close to the bond energies of Bi-Pb (134 kJ mol™), Bi-Ag
(192 kJ mol™) and Bi-Sb (251 kdJ mol™) {5]. The lack of literature values
does not allow the assignment for activation energies for bismuth in the
presence of copper and cadmium. The interferences from concomitant
elements appear to result from the slow vaporization of compounds formed
between bismuth and concomitant elements. When thiourea was present, the
experimental activation energies of bismuth in the presence of concomitant
elements were identical with the value for bismuth alone, which corresponded
to the heat of vaporization of bismuth, Bi(l) > Bi(g) (210 kJ mol™). The
atomization process for bismuth in the presence of thiourea is hydrogen
reduction of bismuth sulphide followed by vaporization of the free metal
[6]. The X-ray diffraction pattern showed the formation of sulphide on
heating of the bismuth/thiourea complex at 570 K.

Table 1 also shows the activation energies for lead, copper and cadmium
in the presence of concomitant elements. Various values were obtained,
depending on the concomitant elements. But, provided that thiourea was
used during atomization, the values were identical with those for the elements
alone, irrespective of the concomitant elements. The E, value of 185 kJ mol™*
for lead correlates well with the heat of vaporization of the element (183 kJ
mol™?). For copper, the two values 326 and 163 kJ mol™ correspond to the
heat of vaporization of Cu(s), 337 kJ mol™, and the Cu—Cu bond energy,
195 kJ mol™, respectively. This results from vaporization of copper formed
by hydrogen reduction of copper sulphide [6]. The formation of the sulphide
in the charring stage was identified by the X-ray diffraction pattern. An E,
value of 184 kJ mol™ for cadmium correlates well with the CdS bond energy,
201 kJ mol™?. The atomization process of cadmium in the presence of
thiourea is thermal dissociation of cadmium sulphide [6]. The activation
energies of lead, copper and cadmium in the presence of concomitants with-
out thiourea were difficult to relate to the thermodynamic data except for
Pb-Bi because of the lack of literature values.

The interference mechanism of concomitant elements may be considered
as follows. The analyte and concomitant elements form compounds such as
intermetallic compounds, which delay analyte vaporization. As noted above,
the formation of the sulphides of analyte and concomitant elements proved
to be effective for modification of interferences from concomitants. This
may be due to the ready release of analyte elements from their sulphides.

In these experiments, both the analyte and concomitant elements formed
thiourea complexes. The elimination of an interference from a concomitant,
however, occurs if either analyte or concomitant forms a complex with
thiourea. For example, a severe interference was encountered from magnesium
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on the atomization of bismuth, but this interference was eliminated by
thiourea, as shown in Fig. 2. Magnesium does not form a thiourea complex.
The similarity of the atomization profiles in the presence of thiourea indi-
cates that the rate of formation of analyte atoms in the microtube is not
changed by the presence of concomitants. The activation energy was the same
both in the absence and presence of the concomitant element.

To confirm the process of interference elimination with thiourea, atomiza-
tion was tested with a microtube atomizer with double indentations [7].
First the analyte and concomitant elements were placed in one indentation
and thiourea in the other. In this case, thiourea had no effect. But when
analyte, concomitant and thiourea were mixed in one of the indentations,
the interference was eliminated. These results suggest that the formation of a
thiourea complex of the analyte has a fundamental significance for inter-
ference removal. The favorable effect of thiourea on the analyte alone was
also observed when mixing was done before atomization, but not in atomiza-
tion from separate indentations.

Other compounds, e.g., ascorbic acid and EDTA, have been used for
elimination of matrix interferences. For ascorbic acid, Regan and Warren
[8] proposed a mechanism involving the accelerated reduction of metal
oxides by carbon generated in the pyrolysis of ascorbic acid. In contrast, the
effect of thiourea is attributed to formation of the sulphide of the analyte
or concomitant, or both, during the charring stage. This is supported by the
similar effect of thioacetamide. The effect of thiourea was also observed for
atomization of cadmium from a carbon surface. For this experiment, carbon
was deposited on the molybdenum atomizer as a hard coating, by the thermal
decomposition of acetylene added to the argon purge gas, at high temperature.
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Summary. Direct determination of the alkali metal output of glass ampoules by atomic
emission and absorption spectrometry is described. The methods provide suitable alterna-
tives to acidimetric titration for characterizing the hydrolytic resistance of container
glasses for pharmaceutical use.

Chemical attack on glass can ideally be described by two mechanisms,
etching and leaching [1]. The etching process characteristic of alkaline
attack is represented in Fig. 1A. It is a reaction that can be considered as
2NaOH + SiO, — Na,SiO; + H,0. The tetrahedra of the [SiO,] network
with Y = 4 and three-dimensional connections is destroyed and very long
chains of R,0+S8i0, with Y = 2 and two-dimensional connections are formed
[2]. This etching will leave a smooth surface if complete dissolution occurs
without deposition of reaction products; otherwise, etching produces a
coated or roughened surface. The leaching process characteristic of acid
attack is represented in Fig. 1B. Essentially, it is a diffusion-controlled ex-
change of hydrogen ions for the alkali metal ions present in the glass. The
network remains intact during leaching. As the leached silica layer thickens,
the reaction rate decreases. Leaching will be insignificant if the thickness of
the leached silica layer approaches 0.1 um.

Glass ampoules are widely used for pharmaceutical products, especially
injection fluids. The chemical constituents of brown borosilicate glass, a
typical container material for parenteral drugs, are: 68% (w/w) SiO,, 9%
B,0;, 6.5% Na,0, 5.5% Al,0;, 4% BaO, 1.5% K,0, 0.5% CaO, 4% Fe,0; and
1% MnO, as colouring matter. All the glass components are potentially ex-
tractable; the alkali metals are most easily extracted into acidic or nearly
neutral solution [3]. The extracted element may interact with the parenteral
drug in several ways. Precipitation of the free bases from an alkaloid salt
solution (e.g., morphine, strychnine) is possible, as is flocculation of colloid-
ally dissolved substances when the pH changes. Other possibilities are fission
of esters and glycosides (e.g., atropine, cocaine, arecoline), rearrangement of
optically active isomers, and oxidation accelerated by alkali (e.g., morphine
to oxydimorphine).

0003-2670/85/$03.30 ©® 1985 Elsevier Science Publishers B.V.
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Fig. 1. Mechanisms of the etching (A) and leaching (B) of glass.

Pharmaceutical standards for testing the hydrolytic resistance of the
interior surfaces of glass containers for pharmaceutical application [4, 5]
depend on titration with 0.01 M hydrochloric acid, of the hydroxide leached
from the glass on autoclaving (121°C) for 60 min with 100 ml of solution
[4] or for 30 min with 25 ml of solution [5]. Glasses are classified as types
I—IIT [4] or resistance classes 1—3 [5]. These titrimetric procedures can be
modified by determining the alkali metal output of glasses directly. The aim
of this study was to prove the validity of direct determinations of alkali
metals as an alternative to titrimetry. Atomic emission spectrometry (a.e.s.)
was used for the determination of the sodium and potassium contents of the
autoclaved solutions; atomic absorption spectrometry (a.a.s.) was also used
for determinations of sodium.

Experimental

Determination of sodium. The atomic absorption spectrometer used was
a model AAS1 (VEB Carl Zeiss, Jena, D.D.R.) with an air/acetylene flame
(90 1 h™' acetylene, 500 1 h™ air). For a.a.s., a three-slit burner (slit length
50 mm, slit width 0.45 mm, triple optical path) was used. The instrument
settings were: lamp current 4.5 mA, slit width 0.06 mm, photomultiplier 2,
intensifier 2, time constant 1 s. For a.e.s., a Mekér burner with 58 holes
(1 mm diameter) was used. The instrument settings were: slit width 0.07 mm,
photomultiplier 4, intensifier 3, time constant 1 s. Both absorption and
emission were measured at 589.0 nm.

The calibration graphs found for both a.a.s. and a.e.s. were linear over the
range 0.1—1.0 ug ml? sodium. The limits of detection (S/N = 3) were
0.03 ugmi™ by a.a.s., and 0.02 ug ml™* by a.e.s.

Determination of potassium. A Flapho-40 (VEB Carl Zeiss, Jena) flame
photometer was used with an air/acetylene flame (40 1 h™ acetylene, 400 1
h™ air). Emission was measured at 769.9 nm (intensifier setting 10, time
constant 10 s). The calibration graph was linear over the range 0.01—0.10 ug
ml? potassium; the limit of detection of 0.001 ug ml™.
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TABLE 1

Determination of sodium and potassium in leach water from ampoules by atomic spec-
trometry

Metal Method Type of Conc. of Na or K found (ug ml™)?
glass EP DAB 7
Na A.a.s. Brown 0.5649 + 0.01 0.543 + 0.01
Clear 0.5632+0.01 0.527+0.01
Na A.e.s. Brown 0.548 + 0.009 0.545 + 0.009
Clear 0.531 + 0.009 0.528 + 0.009
K A.e.s. Brown 0.087 £ 0.0004 —
Clear 0.016 = 0.0004 —

8Mean and standard deviation of 5 measurements of leach water obtained by the EP
method [4] or DAB-7 method [5].

TABLE 2

Comparison of results by titration and by a.e.s.

Glass Volume of Na + K found (ug ml™?)
0.01 M HCL By conversion By a.e.s
needed* of titrimetric
(ml) results
Brown 0.28 0.644 0.635
Clear 0.24 0.552 0.547

aFor titration of 100 ml of solution.

Results and conclusions

The results of the determinations of sodium and potassium in the leach
waters from ampoules are listed in Table 1. The average contents are 0.546 ug
ml™ sodium and 0.087 ug ml™ potassium for brown glass, and 0.529 ug ml™
sodium and 0.016 pg ml? potassium for clear glass. Table 2 shows a com-
parison of the results obtained by titration and by a.e.s. and a.a.s. In the
conversion of the titrimetric results to ug ml™? sodium, the potassium con-
tent could not be taken into account; this was acceptable because of the low
potassium content. The values for the sodium and potassium contents by
a.a.s. and a.e.s. agree well with the results of titration. Therefore the direct
determination of sodium and potassium contents is a real alternative to titra-
tion of the hydroxide content for classifying the quality of glasses for phar-
maceutical use.
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Summary. Lipid membranes composed of phosphatidyl choline and cholesterol were
interfaced to polyacrylamide hydrogel by Langmuir—Blodgett thin-film deposition. The
extent of lipid adsorption to the gel surface was critically dependent on the hydration of
the polymer as determined by contact angle measurements. Some electrochemical trans-
ducers incorporating the deposited membrane/gel structure responded positively to
phloretin and valinomycin. Limitations to the construction of this device are discussed.

In recent years, increasing attention has been paid to the development of
new selective chemical sensors, biosensors and bioprobes [1, 2] . One approach
examined involves electrochemical changes across lipid membrane structures
induced by the selective binding of a membrane-bound receptor with a com-
plementary liquid analyte [3-—6]. Although these specialized membranes
have substantial possibilities in terms of selectivity and sensitivity, their
practical use has been handicapped by the fragile nature of the structure
which consists of lipid molecules bound and ordered almost exclusively by
hydrogen bonding and Van der Waals forces. Attempts to overcome the
mechanical fragility of bilayer lipid membranes (BLM) have met with limited
success. Membrane miniaturization to maximize surface effects [7, 8], and
incorporation of stabilizing agents such as surfactants and polymers [9, 10]
improve the strength of membranes but the structural integrity and repro-
ducibility required of a practical device have still not been achieved.

Since the pioneering work of Langmuir and Blodgett in the 1920, a
simple method for preparing mono- and multi-layers of organized lipid films
has been available [11]. A renaissance in this technology has occurred with
emphasis on thin-film applications in drug encapsulation, surface coating,
molecular electronics [12] and in semiconductor sensor design [12, 13].
Films can now be polymerized to yield stable structures both in situ on the
trough, or on a supporting substrate. This method is tested here to prepare
stable BLM, though the desirable electrochemical properties may be com-
promised because of alterations of lipid fluidity and receptor incorporation.

The electrochemical operation of the BLM is based on variation of the
inorganic ion current through the structure as a function of membrane

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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perturbation caused by receptor complexation. For this process, a reservoir
of ions with the appropriate indicator electrodes must exist on either face of
the membrane. Given this essential geometric configuration, and the problem
of BLM stability, a first step towards preparation of practical devices consists
of supporting a functional BLM on a rigid ion-conductive hydrated polymeric
substrate which can act as one of the ion reservoirs. The present communica-
tion describes progress made in interfacing ordered lipid membranes to stable
hydrogel substrates by film deposition techniques.

Experimental

Reagents. Acrylamide, N,N'-methylene-bis-acrylamide, N,N,N',N'-tetra-
methylethylenediamine (TMED) and riboflavin-5'-phosphate (Bio-Rad
Laboratories) were used to prepare polyacrylamide gel. The lipids were egg-
derived phosphatidyl choline (Avanti Biochemical, Birmingham, AlL) and
cholesterol (Sigma Chemical Co.). Epoxy resin was prepared from Epon 825
(Shell), Jeffamine D-230 (Texaco) and Silanox (Cabot Corp., Boston, MA).
The electrochemical probes were phloretin [3-(4-hydroxyphenyl)-1-(2,4,6-
trihydroxyphenyl)-1-propanone] and valinomycin (Sigma), prepared as
methanolic solutions.

Apparatus. Langmuir—Blodgett films were prepared on a 4-cm deep teflon
trough using a Wilhelmy plate pressure transducer. The electrochemical
device was prepared by successive vacuum deposition of a Ti/W base and
20 nm of silver on a clean glass wafer (1 X 4 X 0.1 cm). A reference electrode
surface was then prepared by either standing in aqueous 1 M iron(I1I) chloride
or by electrolytic deposition through chloridation in 0.1 M hydrochloric acid.
Partial encapsulation of the glass wafer with a hydrophobic non-conductive
epoxy resin followed, so that a circular reservoir to hold the hydrogel could
be formed (Fig. 1). The circuitry for electrochemical measurements con-
sisted of an electrometer (Model 616B, Keithley Instruments), a d.c. power
supply and a single-junction Ag/AgCl reference electrode (Orion Research).

Procedures. Polyacrylamide gel was prepared in the usual manner from
equal volumes of a 20% (w/v) solution of total monomer containing 19:1
(w/w) acrylamide/bis-acrylamide and a 0.01% (w/v) riboflavin-5'-phosphate
solution in 0.1 M phosphate buffer (pH 7). The TMED was added to a final
concentration of 1% (v/v). A portion (100—200 ul) of the reaction mixture
was transferred to the reservoir on the wafer (stored under nitrogen) and
polymerization was induced by irradiation for 1 h at 254 nm. The wafer was
then stored in 0.1 M potassium chloride for =1 h.

A 1:1 mixture (by weight) of phosphatidyl choline and cholesterol [3—6]
was prepared in n-hexane, and a small volume was slowly spread ona 0.1 M
potassium chloride subphase in the Langmuir—Blodgett trough at 20 + 1°C.
The surface film was compressed by a moving sweep boom until a pressure
of at least 30 mN m™ was attained. The water was then dipped at a rate of
0.5 cm min™ at a fixed pressure (+0.1 mN m™) through the compressed
lipid film, first being immersed into the subphase, then withdrawn and
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Fig. 1. Design of the substrate for support of ordered lipid films.

Fig. 2. Circuitry used to measure cation current through deposited BLM on polyacryl-
amide hydrogel.

finally re-immersed. A small portion of the unprocessed silver initially
deposited on the wafer was used as one point of electrical connection to
prepare an electrochemical circuit (Fig. 2). The phloretin and valinomycin
probes were introduced to the trough subphase as concentrated methanolic
solutions in the vicinity of the wafer to evaluate transducer operation.

Results and discussion

Lipid deposition. The signal obtained from a BLM transducer is the varia-
tion of transmembrane ion current as the membrane interacts with organic
species. Accordingly, for film casting by the Langmuir—Blodgett process, the
ordered lipid structure must be sandwiched between one electrolyte compart-
ment and a substrate capable of ion conduction. In this work, the polyacryl-
amide hydrogel chosen was interfaced directly to an underlying Ag/AgCl
electrode surface.

Lipid coating onto thin slabs of gel was studied in order to establish the
probable orientation of successive lipid films. Surface pressure changes of the
compressed monolayer as film casting proceeded were indicative of successful
transfer to the gel substrate. Variation of the casting speed indicated an
optimum rate of 2 mm min™. Upon removal of the gel from the trough,
water droplets were placed near each end of the slab, and in the center, for
contact angle measurements. When the surface pressure of the lipid mono-
layer in the trough was not maintained at a fixed value (always >30 mN m™)
but was allowed to vary as gel dipping proceeded, contact angles were found
to be of greater magnitude at the end of the gel closer to the jaws of the
dipping device. Uncoated gels when hydrated produced contact angle values
which were not measurable and were assigned zero values because of the flat
profile of the water droplets. These results are consistent, and indicate that
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the gel initially has hydrophilic character. Deposition on the gel always
resulted in the outermost lipid layer having an orientation with acyl chains at
the air interface on withdrawal from the trough, thus contact angles should
indicate hydrophobic surface character. Deposition experiments with con-
trolled surface pressure produced contact angles which were much more
uniform over the gel surface. Unfortunately no general correlation could be
established between the compressed film surface pressure and the magnitude
of the contact angle, because gel surface polarity was critically controlied by
the degree of hydration. As the gel dried, it became more hydrophobic, and
in this condition could provide contact angles of identical magnitude to
those observed for lipid-coated gels. The lack of control of hydration, and
therefore the absence of an appropriate reference for comparison purposes,
precluded proper correlation between individual experiments.

Electrochemical device. Surface wettability and monolayer compression
characteristics, coupled with the expected hydrophilic character of the gel
[14], imply that the Langmuir-Blodgett deposition routine used here created
stabilized BLM. The artificial BLM used previously [3—6] have an inherent
internal pressure of ca. 30 mN m™ [15]. All lipid casting was therefore done
at pressures of at least this value, ranging up to the monolayer collapse pres-
sure (Fig. 3). Cast films remained stable for many hours but did not survive
subphase withdrawal and re-immersion once the monolayer on the trough
surface was removed.

Successful BLM casting was readily observed as a roughly 10 000-fold
reduction in ion current (Fig. 4). Final current values were of the order of
10°—107'° A cm™, and special electrical shielding with a Faraday cage
assembly was necessary. Only a fraction of all attempts to coat electro-
chemically-useful BLM onto gels were successful. Once a stabilized BLM had
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cholesterol monolayers used in deposition experiments. Pressure range suitable for forma-
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Fig. 4. Representative electrochemical responses of successful Langmuir—Blodgett films
to phloretin and valinomycin.
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been deposited on a gel surface, probing of the membrane was done with
two membrane-active organic agents. Valinomycin (GMW-1111) is capable of
complexing a cation into a central polar cavity surrounded by a hydrophobic
peptide sheath; thus it readily dissolves into non-polar media, carrying the
ion into a hydrophobic zone such as found in the interior of a BLM. This
capability has been exploited widely in neutral carrier electrodes for potas-
sium, and results in substantial increases in ion current through a BLM by
reducing the Born energy requirements of ion transport. The transient ion-
current increase observed in Fig. 4 on addition of a local concentrated
volume of valinomycin, which rapidly dissipates into the large volume of the
trough subphase, is consistent with the presence of a lipid membrane of
undefined structure. A second probe of interest is the dipolar species phlore-
tin. This small organic species (GMW-274) has a large (5.6 D) dipole moment
which can align against the inherent dipolar field of a BLM {16]. This dipolar
field is of an orientation which limits transmembrane cation current, so that
phloretin acts to increase current (Fig. 4). The electrical activity of phloretin
is important because the dipolar effect is a surface phenomenon and should
be significant for only monolayer or bilayer lipid structure.

Limitations to device fabrication. Only some experiments produced
successful electrochemical devices. In most cases, even repeated attempts at
film deposition could not eliminate the large (10 A cm™) current character-
istic of the uncoated gel device. The failures can be ascribed to the following
features: (1) gel adhesion to the Ag/AgCl electrode surface or to the epoxy
insulator was poor; (2) the surface morphology of the gel coated onto the
electrical substrate cannot be controlled in the procedures described; (3) gel
hydration is not readily controlled, and the hydrophilic or hydrophobic
character will also be a function of the polymer composition and degree of
cross-linking; (4) lipid adhesion to the gel, as well as the density of lipid
packing on the gel surface, depends on the variable gel chemistry as well as
the casting techniques; incomplete lipid coating, particularly at imperfections
in boundary locations (e.g., gel contact to epoxy resin) would result in sub-
stantial leakage currents.

Conclusions

The electrical activity observed with the probes described demonstrate
that it is possible, though with some difficulty, to deposit lipid monolayers
successively onto an ion-conductive substrate, creating an organized structure
capable of electrochemical response. This could be important in the evolution
of apractical biosensor, though it is obvious that much further work is needed
to improve the techniques used, particularly with respect to permanent
attachment of lipid structures to optimized substrates.

We are grateful to the Natural Sciences and Engineering Research Council
of Canada for support. Also, we are indebted to J. Janata and M. Levy,
University of Utah, for helpful discussion and the preparation of metal-
coated glass wafers, respectively.
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(Great Britain)

(Received 20th November 1984)

Summary. Preliminary results are given for the monitoring of proteins by indirect poten-
tiometry with the Cu®/Cu couple in a flow system. Electrochemical cleaning of the
electrode, before measurement of the potential in the presence of proteins, allows repro-
ducible determinations of proteins at the micromolar level. The effects of pH and chloride
on the measured potentials are investigated.

Potentiometric electrodes are known to show signs of poisoning in the
presence of proteins [1]. One method of alleviating this problem is to use an
excess of reagent such that potentials before and after addition of protein
are always measured in the presence of the reagent. Alexander and Rechnitz
[2] reported such an indirect potentiometric method. Proteins were dissolved
in a buffer solution, pH 8.4, which was then added to buffer solution with
an excess of silver(I) ions. The Ag* reacted with the thiol groups and the
excess was measured with a silver sulphide electrode. The difference between
the measured potential and the potential obtained for a blank buffer solution
(AE) showed a linear relationship with protein concentration up to about
1.2 mg ml™. Ovalbumin has been determined similarly {3]. The indirect
procedure has been extended to a continuous flow system [4]; urea de-
naturation of the disulphide linkages to form thiol groups, made it possible
to determine proteins (e.g., albumins and globulins) down to 5—10 ug ml™.
A continuous flow system was also reported by Diamandis et al. [5] ; human
serum albumin was treated with excess of picrate, the excess being measured
with a picrate-selective electrode.

However, even in indirect potentiometry, problems of electrode poisoning
by protein remain [1, 2]. In this communication, an indirect potentiometric
method of determining proteins in a flow-injection system is outlined; an
excess of copper(Il) ions and a copper metal electrode are used. The proce-
dure is adapted from the direct potentiometric determination of proteins
[6] in order to improve response times and electrode behaviour.

*Present address: Department of Pure and Applied Chemistry, University of Strathclyde,
Thomas Graham Building, 295 Cathedral Street, Glasgow G1 1XL, Great Britain.
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Experimental

A diagram of the system used is shown in Fig. 1(a). The apparatus was
mounted on an aluminium plate that was grounded to reduce background
noise. The pump was a model P3 (Pharmacia Fine Chemicals). The pulse-
damping system consisted of a half-filled 10-ml bottle followed by a coil of
tubing (1 m long, 0.5 mm i.d.); potentials are known to depend on flow
fluctuations. All the connecting silicone-rubber tubing was 0.5-mm internal
diameter and all connections were made with T2 and T3 Pharmacia connec-
tors. A Pharmacia V7 injection valve was used to inject 200-ul volumes; the
injector-to-detector distance was 30 cm. Figure 1(b) shows the design of the
cell used; the electrodes were a double-junction Ag/AgCl reference electrode
(Corning 00311615N) and a copper wire (99.99% purity ; Goodfellow Metals)
indicator electrode. A platinum wire was coiled as shown for the cleaning
circuit. The pH and potential were measured with a PTI-6 Universal pH
meter, to which a recorder (Pharmacia Fine Chemicals) was attached. The
copper electrode was made by painting the 0.25 mm diameter wire with
lacquer, inserting it through 0.5 mm id. tubing with only the copper tip
exposed, and encasing it in a plastic holder with a silicone rubber seal.

The carrier solution consisted of a 0.05 M phosphate buffer solution
(pH 7) containing a fixed level of copper(II) ions. The following amino acids
and proteins (all from Sigma Chemical Co.) were used: ribonuclease A (from
bovine pancreas), lysozyme (from egg white), phosvitin (from egg yolk),
ovalbumin (Grade V), bovine albumin (fraction V), human albumin (fraction
V), y-globulin (human Cohn fraction II), and catalase (from bovine liver).

The effect of pH on potential response was studied in a batch system;
protein solutions were prepared with an excess of 10 M copper nitrate and

(a) (b) M
| ———cc
FT

tm T

B L

.

T Bottle

I

Fig. 1. (a) Diagram of the flow-injection system: P, pump; S, sample injection valve;
D, detector; W, waste; M, pH meter; R, recorder. (b) Diagram of the potentiometric
detector cell: MC, measuring circuit; CC, cleaning circuit; W, waste.
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with 2 M sodium nitrate, to keep the ionic strength constant. The pH was
then adjusted to the required value by addition of concentrated sodium
hydroxide or nitric acid. Before each measurement, whether batch or flow,
the electrode was usually cleaned by cathodic pretreatment for 5 s with
simple d.c. circuitry (1.5 V, 250 ohm in series) and with a platinum wire as
the auxiliary electrode [6].

Results and discussion

Figure 2 shows a plot of the responses obtained for the determination of
phosvitin, ovalbumin and y-globulin (human) with 10° M Cu?* at a flow rate
of 1 ml min™. These conditions would seem to be well suited for determina-
tions of proteins in the 10”7—107° M range. The responses are linear, follow-
ing the equation AE = k[protein] /[Cu®*], for [Cu®*] > [protein] and where
k is a constant for each protein under fixed conditions. This equation will be
discussed in detail in a later paper.

Table 1 gives the response indices, obtained from the least mean-square
slopes, for various proteins. The detection limits obtained with the conditions
indicated are also listed in Table 1; these are lower than those obtained with
direct potentiometry. The above equation for AE shows that when deter-
minations of lower levels of protein are required, the Cu®* concentration in
the carrier solution should be decreased. In these studies, the lowest level of
Cu* that could be used successfully was 4 X 10 M, below which the copper
electrode did not respond to changes in Cu?* concentrations. With 4 X 10° M
Cu*", determinations of proteins in the range 10®—10-7 M were possible and
the response indices were 2.5 times those shown in Table 1, as predicted by
the above equation. The precision attainable with the indirect potentiometric
technique for human albumin and phosvitin was checked by making five
potential measurements for each protein concentration; measurements were

12
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Fig. 2. Responses with proteins: (m) phosvitin; (o) ovalbumin; (e) y-globulin. Carrier
stream, 10-* M Cu?* in 0.05 M phosphate buffer at pH 7; flow rate, 1 ml min™.

Fig. 3. The effect of pH on potentials of Cu**/protein solutions: (e) catalase, 0.1 mg ml~;
(¢) human albumin, 1 mg ml~. Batch system used (see text).
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TABLE 1

Summary of potentiometric determinations®

Protein Response index Detection limit
-1
(mV (mg ml™)) (mg ml™) (M)b

Human albumin 13.50 + 0.31 0.04 5.7 x 1077
Bovine albumin 6.51 + 0.20 0.09 1.2x 107
Ovalbumin 4.80+ 0.25 0.10 2.2x 10
Phosvitin 15.89 + 0.25 0.03 8.8 x 1077
v-Globulin (human) 2.78 + 0.18 0.20 1.7 x 1077
Catalase Non-linear 0.004 1.6 x 1078

aCarrier stream, 10-° M Cu?* in phosphate buffer (pH 7) at a flow rate of 1 ml min™,
b Approximate.

TABLE 2

Values of AE .., for human albumin (HA) and phosvitin (Ph)

Conc. (mg ml™) 0.1 0.2 0.3 0.4 0.5 0.6
AEmean (mV)?
HA 1.5 2.9 4.2 5.6 7.0 8.2
Ph 2.0 3.7 5.2 6.8 8.4 10.0

aTn each case, the error of measurement was + 0.1 mV at the 95% confidence level (n = 5).

made randomly both with respect to the actual protein being measured and
to its concentration. Theresults in Table 2 clearly show that a sufficient level
of precision exists for quantitative purposes.

Figure 3 shows the effect of pH on the potential measured. Clearly, the
optimum pH for the determinations is about 7. The decline in the responses
at pH > 7 is not due to the reduced complexing ability of Cu?* for the pro-
teins; it is known (e.g., from the biuret method for protein) that the higher
the pH, the greater is the complexing ability. The decline is caused by preci-
pitation of the copper(Il) ions to form a colloidal solution [7] and by the
response of the electrode to hydroxide ions. In the flow system, the phos-
phate buffer sufficed to keep the pH constant at 7.

A prominent interferent in potentiometric determinations based on the
Cu?*/Cu system is chloride [8]. Figure 4 shows the effect of varying the level
of chloride in a 0.5 mg ml™ sample of human albumin injected into the flow-
injection system. The experimental conditions used were the same as those
in Fig. 2. From Fig. 4, chloride interference only begins to show at concen-
trations >1072 M; this is much higher than in steady-state measurements in
which interference was observed at about 10 M chloride. The improved
selectivity in the flow-injection system may be due to the reduced contact
time between the sample and the electrode. Similar improvements in selec-
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Fig. 4. The effect of chloride ion concentration on the potentials of a 0.5 mg ml~* human

albumin sample; (o) potential without chloride. Conditions as for Fig. 2.

tivity with other potentiometric detectors have been reported [9]. The
indirect potentiometric detection reported here is currently being used in the
determination of proteins eluting from a molecular exclusion chromatographic
column where the Cu®* is added in a post-column system.

We acknowledge a British Council training award for F.W.M.N. and
Pharmacia Fine Chemicals AB, Uppsala, for the provision of materials and
equipment.
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Summary. Sulphur(II) compounds that rapidly induce the iodine/azide reaction are deter-
mined by injection of 10-ul samples into an iodine/azide solution at a flow rate of 1.4 ml
min. Iodine consumption in the induced reaction is detected by biamperometry with
platinum electrodes. The linear calibration ranges depend on the concentration of iodine
in the jodine/azide solution pumped. The detection limit for thiosulphate, 2-mercapto-
pyrimidine, 2-thiouracil, 2-thiobarbituric acid or 6-mercaptopurine is 0.1 mg 1" and for
sulphide, cysteine, thiourea or glutathione is 0.2 mg 17 in the injected sample.

The well-known iodine/azide reaction induced by sulphur(II) compounds
has found wide application in the determination of such compounds [1—8],
as well as elemental sulphur [9], and traces of metals that give complexes
with sulphur compounds stable enough to prevent their catalytic action
[10]. Kiba and Furusawa [11] developed a flow-injection method for the
determination of hydrogen sulphide by means of the iodine/azide reaction,
1sing a continuous flow of nitrogen as carrier gas.

Sulphur compounds that induce the iodine/azide reaction differ in their
induction times. Thiol compounds usually act immediately and reaction is
complete in 30 s or less. In the case of disulphides and compounds possessing
divalent sulphur in a heterocyclic ring (e.g., cystine, vitamin B,, sulphathi-
1zole), the induced reaction starts only after heterogeneous cleavage of the
5—S or C—S bond by azide in the presence of triiodide and the reaction is
>ften completed only after several hours, depending on the rate of cleavage.
Only compounds causing rapid induction can be determined by a simple
flow-injection method. In this study, conditions for the determination of
such inductors at the nanogram level were developed.

Experimental

Reagents. A stock 0.01 M solution of iodine containing 4 g 1™ potassium
iodide was standardized by titration with 0.01 M sodium arsenite. The stock
solution of sodium azide contained 200 g 1. Iodine/azide solutions in 0.15 M
potassium iodide were prepared by mixing the appropriate amounts of iodine

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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and azide solutions and adding water and potassium iodide (to prevent vola-
tilization of iodine). The required pH value of this solution was obtained by
adding a suitable amount of 0.1 M hydrochloric acid; the HN;/NaN; buffer
system is formed and no additional buffer is needed.

The compounds examined were sodium sulphide, sodium thiosulphate,
potassium thiocyanate (all from POCH, Poland), cysteine, glutathione, thio-
urea, 2-mercaptopyrimidine, 2-thiouracil, 2-thiobarbituric acid (all from
Aldrich), and 6-mercaptopurine (Koch-Light).

Apparatus. The equipment is outlined in Fig. 1. The iodine consumed in
the induced reaction was monitored by a biamperometric electrode system
made in the laboratory. The injection port was made from a screw cap
(Quickfit) fitted with a septum as used in gas chromatography. The detector
was made from glass tubing (3 mm i.d.) into which two platinum wires
(0.3 mm diameter) were sealed and bent along the tube walls to a length of
10 mm as shown in Fig. 1. These parts were consolidated by transparent
resin. The distance between the injection port and the detector was varied
as required. The platinum electrodes were connected to a polarograph working
as a potentiostat and a recorder. A potential difference of 25 mV was applied
to the platinum electrodes.

General procedure. The iodine/azide solution was pumped by peristaltic
pump at a known flow rate. A suitable current sensitivity was chosen and
when a steady baseline was obtained, the sample was injected with a Hamilton
syringe. In all experiments, the chart speed was 400 mm h™, Wastes were
collected in 2 M sodium hydroxide to avoid the liberation of toxic hydrogen
azide. All experiments were done at room temperature.

Results and discussion

Flow rate of the iodine/azide solution. Flow rates were optimized with an
iodine/azide solution at pH 5.9 containing 4 g of sodium azide in 100 ml of
2 X 10™* M iodine in 0.15 M potassium iodide for 10-ul injections containing
100 ng of thiosulphate. The distance between the injection port (end of
syringe needle) and the detector was 20 cm. The flow rates investigated were
0.35, 0.7, 1.4, 2.8, 5.6 and 11.2 ml min™. The highest signals were obtained
at 1.4 ml min™. At higher flow rates, the signals were lower because the
induced reaction did not proceed to completion (which also caused irrepro-
ducibility) and because of detector inertia; at 5.6 and 11.2 ml min™, no signal
was obtained. Lengthening the path between the injection port and the de-
tector did not improve the results for high flow rates. The signal obtained at
1.4 ml min™ was not significantly affected when this distance was changed
between 10 ecm and 30 cm, but greater lengths caused peak broadening
because of sample dispersion. Peak broadening was also noticed at flow rates
<1.4 ml min™. Changes in sample volume between 2 ul and 20 ul did not
affect the signals; a sample volume of 10 ul was chosen for convenience.

Determination of thiosulphate. The concentration of sodium azide and
the pH of the solution are known to have a great influence on the iodine
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Fig. 1. Diagram of equipment: (S) Hamilton syringe; (R) pumped reagent solution;
(Pt) platinum wire electrodes; (W) waste. The parts enclosed in transparent resin for sta-
bility are indicated by dashed lines.

Fig. 2. Calibration plots for thiosulphate with different concentrations of iodine: (1) 5 X
10 M iodine, current sensitivity 8 X 10® A/2.5 mm, compensation 20 pA; (2) 10° M
iodine, 2 x 10® A/2.5 mm, 5 pA;(3) 2 X 10* M iodine, 1.2 X 10® A/2.5 mm, 2 uA;
(4) 5 X 10° M iodine, 2 x 10”® A/2.5 mm, 0.5 uA. Flow rate 1.4 ml min™; 10-ul injec-
tions,

consumption in the induced reaction. It was shown that increasing the sodium
azide concentration in the solution above 2 g/100 ml and decreasing the pH
below 5.9 improved the sensitivity of the thiosulphate determination only
slightly (peak height). To check the calibrations, thiosulphate in the range
0.1—2000 ng/10 ul was determined with a reagent solution at pH 5.9 con-
taining 2 g NaN;/100 ml which was 5 X 1073,1073,2 X 10™*,0r 5 X 10° M in
iodine and 0.15 M in iodide. Table 1 presents the ranges of thiosulphate con-
centrations for which linear relationships were found; Fig. 2 shows the cali-
bration plots for these ranges. The lower the iodine concentration in the
reagent solution, the lower the amount of thiosulphate that can be quanti-
fied. When the amount of inductor in the sample exceeded the upper limits
(Table 1), negative deviations from linearity were observed (for each iodine
concentration).

TABLE 1

Linear ranges for the flow-injection determination of thiosulphate

Iodine in reagent (M) 5x 1072 1073 2x 107 5x 10°°
Linear range (ng/10 n1) 200—1000 50—500 10—110 1—10
Reproducibility? 500+ 9 2007 50«3 3+0.4

2Mean (ng) and standard deviation of 7 injections for mid-range concentrations.
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Figure 3 shows typical signals for 0—10 ng of thiosulphate. The limit of
determination was 1 ng in 10 ul; below 0.8 ng no signals were obtained and
for pure water, an increased iodine concentration was observed. Less than
1 ng of thiosulphate could be quantified in smaller samples; the lowest detec-
table concentration was 0.1 ng of thiosulphate in 1 ul.

Determination of other inductors. Studies similar to those described above
were conducted with other rapid inductors: sodium sulphide, potassium thio-
cyanate, cysteine, glutathione, thiourea, 2-mercaptopyrimidine, 2-thiouracil,
2-thiobarbituric acid, and 6-mercaptopurine. Each of these has a different
activity, so that the optimum conditions for their determination were estab-
lished separately. In f.i.a., the various inducing activities were reflected by
the different peak heights obtained for the same amount of sulphur(Il) in
the different compounds. It was found that all these compounds could be
determined under the same conditions as thiosulphate, the differences in
activity being compensated by changing the recorder settings.

2-Mercaptopyrimidine, 2-thiouracil, 2-thiobarbituric acid, and 6-mercapto-
purine could be determined at concentrations of >1 ng/10 ul (6-mercapto-
purine is shown in Fig. 4) and sulphide, cysteine, glutathione, and thiourea
at >2 ng/10 pl. When the compound possessed very high inducing activity,
the accurate determination of subnanogram amounts was possible (Fig. 4,
plot 3).

Thiocyanate cannot be determined under these conditions because the
induced reaction is inhibited by the iodide present [12] and there is no
signal. Application of the reaction without iodide makes it possible to detect
1 ng/10 ul but the baseline is unstable, increasing with time, because the
iodine concentration is decreased by hydrolysis.

Accuracy of the determinations. The results obtained for known amounts
of the inductors were evaluated statistically. Calibration plots were prepared
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Fig. 3. Recorded peaks for thiosulphate. For reaction conditions, see Fig. 2, plot 4.
Fig. 4. Calibration plots for 6-mercaptopurine with 2 x 10™* M iodine in the reagents.

Current sensitivity: (1) 6 x 10® A/2.5 mm; (2) 12 x 10 A/2.5 mm; (3) 6 X 107° A/
2.5 mm. Flow rate 1.4 ml min™; 10-x1 injections.
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TABLE 2

Determination of thiosulphate in presence of sulphite (Conditions: 2 x 10®* M 1, in
0.15 M KI, pH 5.9, with and without 2 g NaN,/100 ml; flow rate 1.4 ml min™; current
sensitivity 4 X 10°® A/2.5 mm)

Reduction reaction Induced reaction

Sulphite Thiosulphate Thiosulphate + sulphite
Taken (ng) Peak height (mm) Taken (ng) Peak height (mm) Peak height (mm)

1000 13+1 22,5 22+1 36 +2
2000 31+2 22.5 22+1 54+ 3
1000 1321 45 432 57+3
2000 312 45 43+ 2 76 x4

on the basis of triple measurements on at least eight concentrations of the
test compound. The linear ranges were similar to those shown in Table 1 for
thiosulphate; the correlation coefficients for the linear ranges were >0.99.
Relative standard deviations were 20% for 1 ng of 6-mercaptopurine or 2-
thiobarbituric acid, 15% for 2 ng of 2-thiouracil or 2-mercaptopyrimidine,
and 13% for 3 ng of sulphide, cysteine, glutathione, or thiourea (n = 5) when
the concentrations were read from these plots.

Selectivity. Inductors with long induction times do not interfere with the
determination of the above-mentioned compounds. The influence of com-
pounds that reduce iodine but do not induce the iodine/azide reaction, can
be eliminated by evaluating the difference of the peak heights obtained in
the induced and reduction reactions. The reduction reaction is evaluated
under the same conditions as the induced reaction except that azide is
omitted from the pumped solution. An example is the determination of thio-
sulphate in the presence of sulphite (Table 2). When the amount of sulphite
in the sample is >100 times the amount of thiosulphate, a separate standard
plot is needed. The presence of a large amount of sulphite in the sample con-
siderably decreases the iodine concentration in the reaction zone so that the
induced reaction conditions become significantly different from those per-
taining to the absence of sulphite; a positive deviation from linearity was
observed.

The author thanks Prof. Z. Kurzawa for his encouragement and helpful
discussions. This work was done within the MR.I-32 project coordinated by
the Institute of Chemistry, Warsaw University.
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Summary. An accurate method is described for the coulometric titration of low sulphide
concentrations (8 X 107—8 X 107° M) with mercury(II) in a pH 9 ammoniacal buffer at
room temperature., The electrochemical reactions involved are explained. Cyanide does
not interfere at cyanide/sulphide ratios below 3. Accurate precise results were obtained
for a lithopone sample,

Many methods, often indirect, are available for the determination of sul-
phide in small concentrations {1]. Edwin et al. [2] developed a coulometric
titration of sulphide with electrochemically generated mercury(II) in potas-
sium hydroxide medium using a mercury pool working electrode. However,
a temperature of 80°C was necessary in order to minimize adsorption phe-
nomena and to attain suitable rates for the chemical reactions involved; the
mechanisms of the reactions were not very clear.

In the present communication, an accurate selective method is proposed
for the coulometric titration of sulphide with electrogenerated mercury(1I),
in an ammonium nitrate/ammonia buffer solution at room temperature.
Results are fully explained on the basis of the electrode reactions involved.

Experimental

Apparatus. An Amel-831 coulometer was used for the constant-current
coulometric titrations. Current/potential curves were recorded by using an
Amel-551 potentiostat with an Amel-560 interface, an Amel function gener-
ator and a Hewlett-Packard 7035B x/y recorder. A Metrohm E-516 pH meter/
millivoltmeter was used, to measure the pH and to follow the potential of an
amalgamated gold indicator electrode during the titration. A thermostatted
Metrohm EA-875-20 electrolytic cell was used.

Electrodes. The working electrode (anode) for the coulometric titration
was a pool of 25 ml of twice-distilled mercury in the electrolytic cell; its sur-
face area was 10.7 cm?. A dropping mercury electrode (DME) with a drop
time of 3 s was used to obtain the polarograms of solutions containing sul-
phide in order to study the electrochemical reactions involved. The amal-
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gamated gold indicating electrode (surface area 25 mm?) for the coulometric
titration was obtained by dipping a cylindrical gold electrode into twice-
distilled mercury for 15 min.

An auxiliary electrode consisting of a platinum microelectrode dipped in a
small tube with a porous fritted bottom containing a saturated sodium nitrate
solution was used as the counter electrode (cathode) in the coulometric
circuit and as a third electrode in the potentiostatic circuit. A conventional
saturated calomel electrode (SCE) served as reference electrode. All experi-
mental potential are referred to this electrode.

Reagents. The 0.198 M sodium sulphide stock solution was standardized
by potentiometric titration, in a 1 M ammonia/ammonium nitrate buffer at
pH 10, against: (a) a standard silver nitrate solution with a silver indicator
electrode, and (b) a standard mercury(II) nitrate solution with the amalga-
mated gold electrode. The above-mentioned ammoniacal buffers were pre-
pared at pH 9 and 10. A 0.5 M potassium cyanide solution was used to study
the cyanide interference. All the chemicals used were of analytical grade.

Lithopone standard sample. The lithopone sample had the following certi-
fied composition: 29.5 £ 0.16% ZnS (9.71% in sulphide), 69.8 + 0.30% BaSO,
and 0.66 * 0.18% ZnO.

Coulometric titration of sulphide. Pure nitrogen was bubbled for 15 min
in the usual way through 25 ml of the ammoniacal buffer solution at pH 9 in
the electrolytic cell. Then, 25 ml of twice-distilled mercury and an aliquot
of the sulphide sample solution (a few ul to obtain sulphide concentrations
in the range 7.9 X 107°—7.9 X 1073 M) were added. The solution was stirred
by using a helix stirrer and the potential of the amalgamated gold electrode
was measured. For the coulometric titration, a constant current (in the
5—100 mA range) was applied to the mercury pool anode and the potential
of the indicator electrode was measured every 1—20 s. The end-point of the
titration was evaluated from the sigmoidal potential/time curve. Titrations
were also done in the ammoniacal buffer solution at pH 10, but at 80°C.

Determination of sulphide in the lithopone sample. A suitable amount of
the lithopone sample, accurately weighed, was heated in 9 M sulphuric acid
and the hydrogen sulphide evolved was collected in the ammoniacal buffer
(pH 9). The concentration of sulphide was determined as indicated above.

Results and discussion

Current/potential curves during the coulometric titration. Sulphide in the
ammoniacal buffer at pH 9 shows two oxidation waves at the dropping mer-
cury electrode (curves 1 and 2, Fig. 1). The first wave, having E,,, ~ —0.75V,
not referred to previously [2], does not conform with Fick’s law. The wave
involves an exchange of one electron per sulphide ion and, according to the
results shown below, the electrode reaction seems to be

Hg® + 2 HS™ + 2 NH, — 2e~ - HgS? + 2 NH: (1)

The height of the combined waves increases linearly with sulphide concentra-
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Hg(NH3)

Fig. 1. Current/voltage curves during the coulometric titration. Conditions: 1 M NH,NO,/
NH, buffer, pH 9, 25°C; total sulphide concentration 7.92 X 10™* M; electrolysis current
40 mA. Titration time (s): (1) initial; (2) 25; (3) 50—100; (4) no; (5) 120.

tion and involves two electrons per sulphide ion corresponding to the reac-
tion

Hg’ + HS™+ NH; — 2e” > HgS + NH; (2)

Results obtained in 0.2 M phenol at pH 11 and in potassium hydroxide at
pH 13 showed somewhat similar trends, but neither the reduction of the
dithiomercurate(II) ion, HgS3", nor the oxidation of the mercury electrode
in the presence of this species was observed. Probably, at such pH, the HgS3~
species is unstable at low concentrations, decomposing by dilution as it dif-
fuses from the electrode. These two waves were observed only when rela-
tively high sulphide concentrations were present, e.g., a solution obtained by
adding sodium sulphide to mercury(II) sulphide until total solubilization was
obtained at about 2 X 1072 M.

The reduction of the ammine-mercury(II) complex did not appear until
electrolysis times twice those needed to attain the equivalence point corre-
sponding to the formation of the dithiomercurate(Il) ion (curve 2). This is
probably due to reactions between this complex and either the dithiomer-
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curate(Il) ion or the sulphide ions coming from its decomposition, which
produce a mercury sulphide precipitate, experimentally observed, according
to reactions such as

Hg(NH,)?* + HgS?™ - 2 HgS + 4 NH, (3)
Hg(NH,)2* + HS™ — HgS + 3 NH, + NH; (4)

Reproducible potential jumps (of about 550 mV, from 600 to 50 mV in
10™ M sulphide) were obtained at the end-point of the coulometric titration.
As can be deduced from Fig. 1, any mercury electrode may be used as indi-
cator electrode to detect the end-point of the coulometric titration; an amal-
gamated gold electrode was used here because of its well known advantages
over a mercury ring electrode.

Determination of sulphide in prepared sample solutions. The procedure
specified under Experimental was applied to several samples prepared from
the stock sulphide solution under different experimental conditions, as
shown in Table 1. Results obtained at pH 9 and room temperature for sul-
phide concentrations above about 10® M show very good agreement be-
tween the sulphide concentrations added and found. This accuracy indicates
that current efficiency is close to 100% under these working conditions. It
also confirms that the reaction (1) proposed for the oxidation of the mer-
cury electrode involves one electron per sulphide ion, according to the
Faraday law.

At higher pH values and room temperature, negative errors are caused by
the slowness of the chemical reactions involved in the titration. Significant
amounts of the ammine-mercury(Il) complex remain at the theoretical

TABLE 1

Coulometric titration of sulphide in ammoniacal buffers under different conditions

Constant t® Sulphide (10™° mol/25 ml) t,©
current (s) b (s)
(mA) Added Found
pH 9 at 25°C
100 20 19.8 19.79(0.10) 191.0
40 5 1.98 1.973(0.006) 47.6
20 10 1.98 1.980(0.002) 95.5
5 5 0.198 0.222(0.004) 42.9
pH 10 at 80°C
100 20 19.8 19.82(0.13) 191.3
20 10 1.98 1.972(0.006) 95.1
5 5 0.198 0.197(0.0003) 38.1
1 15 0.158 0.155(0.0009) 150.0

2Time between successive potential measurements. *Mean of five determinations with
standard deviation in parentheses. ®Time at the equivalence point.
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equivalence point, as indicated by the reduction wave of this complex, which
disappeared after the system had been left for about two hours. At higher
temperatures, around 80°C, this problem was minimized (Table 1) although
it remained at pH values higher than 10; e.g., in a phenol/phenolate buffer at
pH 11, the coulometric titration was not viable.

Effect of dissolved oxygen. The presence of dissolved oxygen in the test
solution leads to oxidation of the mercury pool anode:

2 Hg + O, + 2 H,0 + 8 NH, ~ 2 Hg(NH,)¥" + 4 OH"

causing negative errors in the titration. It was observed experimentally that
a wave corresponding to the reduction of this mercury complex at the DME
appeared when a non-deaerated ammoniacal buffer solution (pH 9) was kept
in contact with the working electrode. It is thus necessary to remove the
dissolved oxygen by bubbling with nitrogen in the usual way, before the
mercury pool is placed in the cell. Similar results were obtained in ammoni-
acal buffer of pH 10.

Effect of the cyanide concentration. According to the literature, the most
important interference on sulphide determinations comes from cyanide.
Current/voltage curves of 7.92 X 10™ M sulphide solutions with increasing
concentrations of cyanide showed that the oxidation wave of mercury in
the presence of cyanide occurs at more positive potentials than in the pre-
sence of sulphide. From a qualitative point of view, cyanide seems to inter-
fere only for cyanide/sulphide ratios above 3, which produce significant
distortions on the oxidation wave of mercury to form the mercury(Il) com-
plex. Quantitatively, for the above concentration of sulphide, significant
errors were not observed for cyanide concentrations in the range 9.0 X 107—
9.0 X 10™* M, which corresponds to cyanide/sulphide ratios below about 1.
A relative error of +1.5% was observed for 5.0 X 10 M cyanide, i.e., a
cyanide/sulphide ratio of about 6, which means that sulphide can be deter-
mined in the presence of relatively large amounts of cyanide without large
errors.

Determination of sulphide in the lithopone sample. The content of sul-
phide in the lithopone sample was determined by applying the procedure
detailed under Experimental. The sulphide concentration in the tested solu-
tion was 1.01 X 1073 M. The mean value of five determinations was 9.71% of
sulphide with a standard deviation of 0.056%. The agreement of this value
with the certified value shows the validity of the proposed method.
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Summary. Computer graphics-assisted applications of first-order chemical kinetics are
applied to absorbance data from spectrophotometric measurements of the decomposition
of di-u-hydroxobisf{dioxalatocobaltate(III)] (at pH 4.0) and trioxalatocobaltate(III) (in
1.0 M perchloric acid) in order to estimate the purity of the complexes. A program called
KINFIR is used.

In recent years work has continued in applying chemical kinetics to
analyses of various materials [1—4]. In one type of application, advantage is
taken of the relationship between rate of reaction (or differential rate) and
concentration of reactants; in the other, catalysis by trace amounts of certain
species gives perceptible differences in reaction rates. In most of these ana-
lytical applications, absorbances of reactants are measured at fixed times.
However, the reaction order with respect to the reactant concerned must be
found before the rate constant and the initial concentration of the reactant
can be computed. Based on the initial concentration found, the purity of
material can be determined. Kinetic plotting by hand in order to find the
reaction order is lengthy and tedious, but these disadvantages can be removed
by using a microcomputer. Computers have been used generally in chemical
kinetics but they have not been applied in chemical analysis of the kind
presented here [5—8]. The present communication describes the application
of a program written in BASIC for use in making such plots. The determina-
tion of two inorganic complexes by means of their thermal decomposition
kinetics is used to demonstrate the application.

Experimental

Reagents and apparatus. All chemicals were of analytical grade, and the
solutions for kinetic analysis were kept in a thermostat. The pH of the solu-
tions was measured with an Orion research digital pH/mV meter (type 611) at
the end of the reaction. All absorbances were measured with a Shimadzu
UV-240 recording spectrophotometer. The temperature of the cell holder

0003-2670/85/$03.30 ©® 1985 Elsevier Science Publishers B.V.
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was maintained constant with a Haake FE circulating thermostat. A NEC PC
8801B microcomputer system was used for the graphics and computation; it
consists of a central processor unit with 64 kbyte of memory, floppy disk
drive unit, printer and monitor.

Potassium trioxalatocobaltate(III) and di-u-hydroxo-bis[dioxalatocobal-
tate(III)] were prepared and analysed as described by Palmer [9]. The results
obtained confirmed their formulae to be K;Co(C,0,); - 3¥2H,0 (found: Co =
11.6 + 0.2%; oxalate = 52.5 = 0.2%) and K,CO,(C,0,),(0H), - 3H,0 (found:
Co = 16.4 + 0.1%; oxalate = 49.1 + 0.2%). The former exhibits absorbance
maxima at 425nm (e = 219 1 mol™ cm™) and 601 nm (¢ = 169 1 mol™ cm™),
while the latter shows only one maximum at 608 nm (e = 260 I mol™ cm™).
These results are in close agreement with earlier data [10]. An aqueous 4.0 M
sodium perchlorate solution was used; its concentration was determined by
ion exchange (Amberlite IR-120) and titration of the alkali produced.
Perchloric acid (4.0 M) was prepared from the concentrated acid and stan-
dardized with 0.1 M sodium hydroxide. Acetate buffer was prepared by
mixing 100 ml of 2.0 M sodium acetate and 100 ml of 6.0 M acetic acid and
dilutingto 1 L.

Purity of di-u-hydroxo-bis[dioxalatocobaltate(IlI)] . An accurately weighed
sample of the complex was dissolved in 15 ml of water in a 50-ml volumetric
flask, 12.0 ml of 4.0 M sodium perchlorate and 10 ml of acetate buffer were
added with shaking, and the mixture was diluted to 50 ml. The reaction was
followed to completion spectrophotometrically at 608 nm, with absorbances
measured every 4 min.

Purity of trioxalatocobaltate(IIlI). An accurately weighed sample of the
complex was dissolved in 15 ml of water in a 50-ml volumetric flask, 12.5 ml
of 4.0 M perchloric acid was added, and the mixture was diluted to 50 ml.
The reaction was followed spectrophotometrically at 425 nm, with absorb-
ances measured every 4 min until the end of the reaction.

Results and discussion

Kinetic principle. Complexes of cobalt(IIl), rhodium(III) etc. are chemi-
cally inert [11]. The decomposition of di-u-hydroxo-bis{oxalatocobaltate-
(IlI)] giving cobalt(1l) has been found to be first order in the complex. The
following mechanism has been suggested [12]

H
' OH, OH,
+ /O\ . k, l | _
H* + (C204)2CO\O/CO(0204)2 ‘Z. (CZO‘)QCO\O/CO(C’)OAL
| |
H H
(G) (Intermediate)
2+ ) o
Vs - )
+ L~ rapid Co(C,0,),L(H,0)* I:
c
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where L represents the base form of the buffer used, i.e., the acetate ion. By
applying a steady-state approximation to the intermediate indicated above
and integrating, In[G] = —k, ¢ + D is obtained, where k., = (k.ky, +
kR JALY)/ (R, + By + RJIL]), and D is the integration constant. From this
equation, it can be seen that a plot of In[G] vs. ¢ should be linear; %, is the
gradient and the integration constant D is the intercept.

The Co(C,0,)}" complex ion has been found to decompose in accordance
with the following mechanism [12]

Co(C,04)* === Co(C,04)F*(C,0,)*(H,0)*

—1

(A) (B)

k
Co(C,0,)¥™ + Co(C,0,)¥*(C,0,)*(H,0)*" —= 2Co?*aq + 5C,0% + 2CO,

where superscripts ** and * represent bidentate and monodentate oxalate
binding, respectively. By applying a steady-state approximation to inter-
mediate B and integrating, the result is In[A] — k_,/k,/[A] = —R,¢ + inte-
gration constant, where k_, represents 2k,. Experiments showed that plots
of In[A] vs. t were linear up to 80% reaction; thus the reaction is first order
in the complex.

During these reactions, the total absorbance A; = ecoam[Co(Ill)], +
ecoqn[Co(I1)],. Also [Co(IIl)], = [Co(III)], + [Co(II)], and A. = ecoary
[Co(D)]w = ecoanlCo(lll)]o or Aw = ecoanlCo(llD)]; + ecoanlCo(ID)];.
Therefore, (A, — Aw) = [ecoqrn — €coan] [Co(11I)];, where ecoqy and €coqr)
are the molar absorptivities for the complex and for the product of decom-
position, respectively, [Co(Ill)], and {Co(11})], are the concentrations of the
complex and product of decomposition at time ¢, [ Co(1I)].. is the concentra-
tion of the decomposition product at the end of the reaction, and [Co(III)],
is the initial concentration of the complex. The last equation gives:

In(A, —Ax) =Inlecoqm) — €coan] + In[Co(III)],
or the initial concentration [Co(III)], of the complex can be calculated from:

[Co(Ill)]o = exp {InfA;-o —A.] — 1“[500(111) - eCO(H)]}

and the % purity of the complex is therefore {Co(IlI)], X relative molecular
mass of complex X 100/sample weight.

Computer program for kinetic plotting and computing. The program called
KINFIR written in BASIC contains approximately 120 statements. Details
are available from the authors. The general flow of this program is illustrated
in Fig. 1. The numbers in the Figure are the block numbers. The blocks are
self-explanatory except for the following [13] : (2) input data which means
time - A(array), log(A.. — A,;) ~ B(array); (4) sort out minimum and maxi-
mum values in x and y scales; (5 and 6) set up the decision to explore
whether automatic range or manual input minimum and maximum range is
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Fig. 1. Flowchart for KINFIR program.
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adopted; (7) calculate the scale range from the maximum values of x and y
minus the minimum values of x and y, then divide by 10 in order to have 10
scales in the plot later; (12) establish the scales and adjustment scale factors
so that the experiment points can be located properly inside the frame on
the screen; (14) plot the actual experiment points; (15) use least-squares fit
technique.

This program was used to treat all data obtained from kinetic determina-
tion of the two complexes. The results are given in Table 1. Use of this
program on the 8801B system for the decomposition of di-u-hydroxo-bis-
[dioxalatocobaltate(III)] at pH 4.06 generated Fig. 2 as part of the output.
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TABLE 1

Kinetic determination of inorganic complexes (35°C, 1.00 M NaClO,)

pH Taken (g) Rate constant Found (g) Purity (%)
kopg (X 1072 min~!)

K,Co,(C,0,),(OH), - 3H,0

4.05 0.1108 5.99 0.1096 98.9
4.02 0.1271 6.08 0.1257 98.9
4.06 0.1275 6.12 0.1274 99.9
4.02 0.1343 6.09 0.1331 99.1
K,Co(C,0,), - 3%H,0%
0.0788 2.13 0.0780 99.0
0.0791 2.15 0.0788 99.6
0.0782 2.11 0.0774 99.0
0.0613 2.19 0.0606 98.9

21.0 M HCIO, solution; in this case kqypg (= 2k, ) is used.

tog (Absorb) (x 100)

Time {min} (x 1)

Fig. 2. Complete plot of In(A; — Ax) vs. time for the decomposition of di-u-hydroxo-
bis[dioxalatocobaltate(III)] at pH 4.06 (acetate buffer), 35°C and ionic strength 1,00 M
(perchlorate). The initial concentration of the complex was 3.566 x 107> M, The equation
of the line is y = —0.0266x — 0.0891; k is thus 0.0612 min™ and the purity of the sample
is 99.92%.
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Summary. Arsenic is precipitated as magnesium ammonium arsenate with magnesium
ammonium phosphate as carrier. The precipitate is collected on a glass-fibre filter and
arsenic is measured by energy-dispersive x-ray fluorescence spectrometry with a silver
secondary target. With 200-ml water samples and 100-s counting times, the limit of
detection is 0.7 ug As1™. The method is applicable to all types of natural water including
sea waters.

Gravimetric methods are of no value for the determination of traces of
elements but the classical methods still find use in this field for preconcen-
tration and for avoidance of interferences. The problems of interference are
usually not serious in x-ray fluorescence spectrometry (x.r.f.) whereas pre-
concentration is often important, The classical gravimetric determination of
arsenic by precipitation as magnesium ammonium arsenate [1] can be
adapted to provide preconcentration. The arsenic compound is precipitated
in the presence of a magnesium salt by addition of ammonia; phosphate
forms the related magnesium ammonium phosphate. If excess of phosphate
is added to solutions containing microgram amounts of arsenic, the mag-
nesium ammonium phosphate precipitated acts as carrier. The method is
attractive in that x-ray fluorescence spectrometry is very selective for arsenic,
and provides a simple alternative to the various methods dependent on atomic
absorption spectrometry. The standards are stable, are easily stored and can
be repeatedly used. The procedure can be used for determination of arsenic
in a wide range of natural waters.

Experimental

Reagents and filtration equipment. Distilled-deionized water was used in
preparation of solutions. Analytical-grade concentrated ammonia, concen-
trated hydrochloric acid and ammonium chloride were used. Arsenic(III)

2Present address: Department of Physical Chemistry, University of Melbourne.
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chloride standard solution for atomic absorption spectroscopy (BDH Chem-
icals) was used as the arsenic standard solution (1000 mg 17).

For the magnesium chloride solution (10 g Mg 1™), dissolve 42 g of mag-
nesium chloride hexahydrate in water and dilute to 500 ml. For the phosphate
solution (1 g P 17), dissolve 2.2 g of potassium dihydrogen phosphate in
water and dilute to 500 ml.

Precipitates were collected on 2.5-cm diameter Gelman Type A-E glass-
fibre filters, using a glass vacuum filtration unit exposing a filter area of
3.14 cm?. The polyester film was Spectro-film (<4 um thick; Somar Labor-
atories, New York).

Precipitation procedure. Transfer 200 ml of filtered acidified water sample
to a 400-mi beaker. With continuous stirring add 1 ml of hydrogen peroxide
solution (30% w/v), 20 ml of the magnesium chloride solution and enough
ammonia to make the solution alkaline (about pH 10). Add 3.5 g of
ammonium chloride, continue stirring until it dissolves, and allow the solu-
tion to stand for at least 5 h, preferably overnight. Acidify the solution
with 5 ml of concentrated hydrochloric acid, and add 5 ml of aqueous 7%
(w/v) EDTA (disodium salt) solution and 3 ml of the phosphate solution.
Slowly add concentrated ammonia solution until the pH is about 11 (this
requires about 10 ml). After an hour, collect the precipitate by filtration on
a glass-fiber filter. Dry the filter and precipitate at 110° C for 2 h. Mount the
filter between two layers of polyester film stretched flat in a 35-mm slide
mount and store in a desiccator.

Preparation of standards. Prepare calibration solutions by adding aliquots
of the arsenic(I1I) standard solution to 200-ml volumes of water, and include
duplicate blanks. Treat these solutions as described above. The precipitates
on these filters are stable and may be used repeatedly with no deterioration
in the x-ray beam.

X-ray fluorescence spectrometry. Mount the filter holders in the sample
changer of the x-ray spectrometer with the precipitate facing the x-ray
source and detector. Measure the integrated fluorescence intensity in the
arsenic K, peak and subtract the intensity of the blank in the same region.
Calculate the amount of arsenic in each sample by comparison with the
standards.

In this work, a Kevex 0700 series energy-dispersive x-ray spectrometer was
used with a rhodium primary target operated at 60 kV and 2 mA and a silver
secondary target. The samples were counted for 100 s live time and the
arsenic K, peak was integrated over the range 10.38—10.70 keV.

Results and discussion

There are various methods for precipitating arsenic from solution including
the use of hydrated iron(I1I) oxide and dithiocarbamates. The method des-
cribed here has the advantages of being highly selective for arsenic, and giving
a stable precipitate that is easily collected and adheres well to the filter.

The silver secondary target gives efficient excitation of arsenic, and
background intensities much lower than those resulting from use of direct
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excitation. The low background aids in achieving the low limit of detection
[2]. The x-ray spectrum is remarkably simple with the arsenic K, peak at
10.543 keV. No interference was observed, and the only possible overlap is
from the lead L, peak at 10.549 keV. The presence of lead would be recog-
nised by the simultaneous presence of its L peak clearly separated at
12.620 keV.

The precipitation of magnesium ammonium arsenate and magnesium
ammonium phosphate has been used analytically for over a century [3]. The
stoichiometric precipitates form only if there is an excess of ammonium
chloride over magnesium ion {magnesia mixture) and in a limited pH range
{ca. 9.5—10.6) [4]. Optimum arsenic recovery was obtained with 3.5 g of
ammonium chloride and 0.2 g of magnesium, giving a mole ratio of 8:1. For
sea water (1.3 g Mg 1), no magnesium need be added. For highly saline
waters containing more than 300 mg of magnesium in the 200-ml aliquot,
the amount of ammonium chloride should be increased to keep the mole
ratio at 8:1. A large excess of ammonium chloride did not affect arsenic
recovery. During the precipitation, the pH must be controlled as the mag-
nesium ammonium arsenate and phosphate are significantly soluble at pH
less than 9.4, whereas at pH values above 10.6 there can be formation of
basic magnesium arsenate and magnesium hydroxide. After standing over-
night the solution is acidified to dissolve any metal hydroxides that might
have precipitated, and EDTA is added to keep these metals in solution when
the pH is raised after addition of the phosphate. The solubilities of the mag-
nesium ammonium arsenate and phosphate decrease with increasing pH, and
a pH of about 11 is needed to maximize arsenic recovery. The precipitate
forms rapidly and may be collected after about an hour. It is not necessary
to wash the precipitate on the filter; this eliminates a major source of loss in
the gravimetric procedure.

Optimum phosphate concentration. The amount of phosphate added as
carrier was varied and the effect on arsenic recovery noted. Six 200-ml solu-
tions, each contaming 10 ug of arsenic but different amounts of phosphate,
were treated as described in the precipitation procedure. The recovery did
not increase when the volume of phosphate solution added was greater than
3 ml (Table 1); the slight decrease in arsenic fluorescence intensity with
greater amounts of phosphate is probably due to increasing deviation from
thin-film behaviour.

Effect of sample volume. The amounts of reagents used were optimized
for 200-ml sample volumes. Volumes of 100 and 200 ml containing 25 ug of
arsenic gave identical (100%) arsenic recoveries; when the sample volume was

TABLE 1

Effect of added phosphate solution (1 mg ml-') on recovery of 10 ug of arsenic

Phosphate added (ml) 0.5 1.0 3.0 5.0 8.0 10.0
Arsenic peak (counts s™) 6.0 44.2 63.8 58.6 57.7 57.5
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increased to 400, 600 or 1000 ml, the recovery fell to 95, 84 or 64% respec-
tively. Loss of arsenic from the higher volumes probably results from the
solubility of the product, and might be overcome by increasing the amounts
of reagents.

Calibration and limit of detection. A calibration prepared using 2—300 ug
of arsenic (200-ml volume) was linear over the whole range (9.9—1670 counts
s7!). The apparent recovery of arsenic, estimated by comparison of the
fluorescence intensities of arsenic in films of the precipitates and the inten-
sities of arsenic in accurately known thin-film standards prepared as methyl
cellulose films, was about 85%. This decrease in fluorescence intensity is
probably due to solubility losses and to the precipitates not behaving strictly
as thin films.

The limit of detection was calculated from the integrated fluorescence
intensity of the background of five replicate blanks taken through the
recommended procedure. Using the average background (b), and the sensi-
tivity (m) calculated from the slope of the regression line fitted to the
calibration results, the limit of detection for counting time ¢ is (3/m)(b/t)°*
[5]. Sensitivity, limit of detection, and estimates of precision at three levels
of arsenic are summarized in Table 2. The limit of detection would be
improved by increasing the counting time; with 1000 s, the calculated limit
of detection becomes 0.045 ug arsenic in 200-ml sample aliquots, or 0.2 ug 17,

Arsenic(IIl) and arsenic(V). The gravimetric method depends on forma-
tion of magnesium ammonium arsenate and is selective for arsenic(V). In the
presence of the large amount of magnesium ammonium phosphate used as
carrier in the x-ray method, some precipitation of arsenic(IIl) is expected.
To examine this, two 100-ml solutions each containing 25 ug of arsenic(III)
were prepared. One solution was analysed after the arsenic(Ill) had been
oxidised to arsenic(V) with hydrogen peroxide; the other was analysed with-
out this treatment. Recovery of arsenic(IIl) was 95% of the recovery of
arsenic(V). At microgram levels, the method does not distinguish between
arsenic(III) and arsenic(V), but it is recommended that hydrogen peroxide
be added to sample solutions to ensure that all the arsenic is present as
arsenic(V).

TABLE 2

Sensitivity, background, limit of detection, and precision for 100-s acquire times

Background 6.54 ¢ s™!
Sensitivity 5,36 cs~! ug™
Limit of detection 0.7 ug 1™
Precision®
5ugAs 7%
10 ug As 6%
25 ug As 3%

2Relative standard deviation for five replicate determinations at each arsenic level.



365

TABLE 3

Recovery of arsenic from sea water of salinity 35

As added (ug) 0 5 10 25
As found (ug) <0.1 4.7 9.7 25.5
Recovery (%) - 94 97 102

Interferences. Some elements, including copper, iron, manganese and zinc,
could form insoluble hydroxides under the experimental conditions, and be
included in the final precipitate. Whilst these elements do not cause spectral
interference, they could lead to low results for arsenic by increasing the mass
of precipitate thus causing deviation from thin-film conditions. Addition of
EDTA to the sample solution before precipitation prevented the precipitation
of hydroxides of these elements. Up to 5 mg of iron in a 200-m! water sample
caused no problems with collection of the precipitate or with x-ray counting
efficiency.

The effect of salinity on arsenic determination was examined by compar-
ing recoveries of arsenic added to sea water with the calibration obtained
with distilled water. Standard additions of arsenic(III) were made to sea
water (salinity 35, from Bass Strait, Victoria) that had been stored for several
weeks in a polyethylene bottle to remove the naturally occurring arsenic.
The added arsenic(III) was oxidised to arsenic(V) and determined as in the
recommended procedure. Results of duplicate determinations (Table 3)
showed recoveries of 94—-102% indicating that the method is well suited to
the analysis of natural waters up to the salinity of sea water.
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LASER FLUORIMETRY OF POLYNUCLEAR AROMATIC
HYDROCARBONS BASED ON TIME-RESOLVED
FLUORESCENCE DETECTION

YUJI KAWABATA, TOTARO IMASAKA and NOBUHIKO ISHIBASHI*
Faculty of Engineering, Kyushu University, Hakozaki, Fukuoka 812 (Japan)
(Received 22nd February 1985)

Summary. Three polynuclear aromatic hydrocarbons are quantified from the pre-expon-
ential factor of the fluorescence decay curve, instead of the integrated fluorescence
intensity. The slopes of the calibration plots are independent of the oxygen concentration
in the solvent as predicted. Deaeration of sample solutions gives lower detection limits
(around 107'® M); the extent of improvement depends on the fluorescence lifetime.

Airborne particulates produced in combustion processes are emitted into
the atmosphere from various industrial plants. They may contain various
polynuclear aromatic hydrocarbons (PAHs), which are known to be strongly
carcinogenic. Fluorimetry is an attractive method for quantifying traces of
PAHs, most of which are fluorescent. The PAHs often have long fluorescence
lifetimes, so that fluorescence is readily quenched by oxygen dissolved in the
solution [1—3]. The fluorescence intensity measured under air-saturated
conditions can be much smaller than that measured under deaerated condi-
tions. Thus, accurate and sensitive determinations can be achieved only by
complete deaeration of sample solutions. Freeze/pump/thaw cycles remove
oxygen completely, but they are tedious and sometimes change the concen-
tration of the sample by vaporization of the solvent. Removal of oxygen is
easily achieved by bubbling nitrogen, but complete removal of dissolved
oxygen can be time-consuming and the degree of deaeration may not be
identical in each run. Incomplete removal of oxygen can cause quite serious
errors in the determination of PAHs, so that new approaches are necessary.

The integrated fluorescence intensity (¥) can be expressed by the product
of the concentration (c) and the fluorescence quantum yield (¢) of a sample:
F = K¢c, where K is a constant. If the fluorescence decay curve can be
expressed by a single exponential function, then the quantum yield can be
represented by the observed lifetime (r,,) and the intrinsic lifetime (7,):
¢ = 7m/To. Thus F = Kr,_c/7o. The fluorescence intensity I, at time ¢t is
expressed by I, = I, exp (—t/r,,), where I, is the pre-exponential factor of
the decay curve, and ¢ the time after excitation. From this equation, the
integrated fluorescence intensity is calculated from I, and 7,,: F = [5’I,dt =
Iyrp,. Thus

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Flry = (K[to)c =1, (1)

Hieftje and Haugen [4] proposed the idea of using the value obtained by
dividing the integrated fluorescence intensity by the fluorescence lifetime,
because the value obtained is not affected by the quenching caused by colli-
sion of the sample molecules with dissolved oxygen. Equation 1 indicates
that the pre-exponential factor of the decay curve is independent of dynamic
fluorescence quenching and that a calibration plot can be constructed directly
from the pre-exponential factor. Furthermore, measurement of the decay
curve allows multicomponent determinations, and components with short-
lived emissions such as Raman scattering and impurity fluorescence can
readily be removed by suitable processing of the decay curves.

In this communication, ultratrace determinations of some PAHs by using
a laser fluorimetric system are demonstrated and the advantages of time-
resolved fluorimetry for sensitive and accurate determinations are discussed.

Experimental

Apparatus. A block diagram of the equipment is shown in Fig. 1. A trans-
versely-excited atmospheric-pressure (TEA) nitrogen laser (Nippon Dynamic
Distribution Company, JH-500A) was operated at 20 Hz, and used as a
pumping source for a dye laser. The dye used, 4,4"-bis(butyloctyloxy)-p-
quaterphenyl, was dissolved in toluene/ethanol (1:1). The wavelength and
the linewidth of the dye laser were 386 nm and 5 nm, respectively. The out-
put power of the dye laser was 40 ud/pulse.

The dye laser beam is split by a quartz plate. The reflected laser beam is
detected with a photodiode (NEC, LSD-39A) to trigger a sampling oscillo-
scope (Iwatsu, SS601B), and the transmitted beam is introduced into a non-
fluorescent sample cuvette (10 mm X 10 mm, height 45 mm) from the
bottom window. Fluorescence of the sample is focused onto the entrance slit
of a monochromator (Jasco, CT-10) and is detected by a microchannel plate
photomultiplier (Hamamatsu, R-1294U). The wavelength of the monochro-
mator was adjusted to the emission maximum of the sample [benzo(ghi)-
perylene 420 nm, benzo(a)pyrene 406 nm, benzo(k)fluoranthene 408 nm].

(i Vot Power S ]
Pulse Generator Sampling oscilloscope

Cylindrical
7. Lens Dye Cell Cell
T Monochromator
Nz Laser Pinhole i Photo I
Lenst diode

U U Mirror3 HV.
Beam Spiitter Lens2

Fig. 1. Schematic diagram of the equipment.
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The horizontal output of the sampling oscilloscope is introduced into a
home-made comparator circuit and its output triggers the analog-to-digital
converter of a microcomputer (SORD M223III). The vertical output is
amplified and digitized by the microcomputer.

The fluorescence intensities were digitized at one hundred points in the
decay curve and fifty decay curves were accumulated by the microcomputer
to improve the signal-to-noise (S/N) ratio. It took five minutes to measure a
decay curve. Least-squares fits are commonly used for calculation of the
fluorescence lifetime [5, 6]. The fluorescence lifetimes and the pre-exponen-
tial factors were obtained from the slope and the intercept of the semilog
plot of the decay curve, respectively. The time resolution of the instrument
was 1 ns. All experiments were done at room temperature,

Procedure. Benzo(ghi)perylene (Aldrich Chemical Company), benzo(a)-
pyrene (Wako Pure Chemical Industries), and benzo(k)fluoranthene (RK
Chemical Co.) were used as received. These standards were dissolved in
benzene (fluorescence-spectroscopy grade; Merck). For deaeration, nitrogen
was bubbled through the sample solutions for 2 min before the measurement,
and the sample solution was isolated from the atmosphere with a glass cap.
Leakage of oxygen into sample solutions was confirmed to be negligible.

Results and discussion

Deaeration. Calibration plots for deaerated and air-saturated PAH samples
were constructed by using conventional fluorimetry. The fluorescence of
benzo(ghi)perylene is strongly quenched by oxygen dissolved in the solution;
the intensity for deaerated samples was about five times larger than that for
air-saturated samples. Thus it is clear that deaeration will greatly improve the
limit of detection, and that incomplete deaeration can cause serious errors in
quantifying PAHs. Fluorescence decay curves were measured for the air-
saturated and deaerated PAH samples by using time-resolved fluorimetry.
The observed fluorescence lifetimes are listed in Table 1. The increased total
signals (fluorescence enhancement) obtained by deaeration of the sample
solutions are also indicated in Table 1. The values of F/r,, are identical for

TABLE 1

Fluorescence lifetimes of polynuclear aromatic hydrocarbons

Compound Fluorescence lifetimes (ns) Fluorescence
Deaerated Air-saturated enhancement?
Benzo(ghi)perylene 100 20 5.0
Benzo(a)pyrene 36 13 2.6
Benzo(k)fluoranthene 9 8 1.3

2Fluorescence enhancement is the ratio of the fluorescence intensities for the deaerated
and air-saturated samples; it was measured with a conventional fluorimeter.
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the deaerated and air-saturated samples and the left-hand side of Eqgn. 1 is
verified. These results are consistent with previously reported data [4, 7].

The decay curves for benzo(ghi)perylene measured at different concentra-
tions are shown in Fig. 2. Deaeration of the sample solution increases the
fluorescence lifetime, but the pre-exponential factor, i.e., the fluorescence
intensity immediately after excitation, remains unchanged on deaeration.
The pre-exponential factor is proportional to the sample concentration, and
the slopes of the calibration plots measured under deaerated and air-saturated
conditions are identical within an experimental error of 6%. These results
verify the right-hand side of Eqn. 1. Similar results were obtained for benzo-
(a)pyrene and benzo(k)fluoranthene. It should be emphasized that the
sample concentration can be determined accurately from the pre-exponential
factor without being affected by dissolved oxygen.

Background correction. At concentrations below 1 X 10° M PAH solutions,
background emission mainly originated from Raman scattering of benzene
and from short-lived fluorescence of impurities in the solvent. The peak
height of Raman scattering in the decay curve was 20—40 times larger than
the pre-exponential factors of the fluorescence decay curves for 1 X 10° M
PAH solutions. Figure 3 shows the decay curves for benzo(ghi)perylene
obtained by subtracting the background emission data with the microcom-
puter. The signal intensities of the decay curves for both the sample solution
and the blank solution exceeded the dynamic range of the analog-to-digital
converter in the time region from 6 to 9 ns, and then the subtracted data
showed zero signal intensity. The pre-exponential factor was calculated by
extrapolating the data from 13 to 158 ns, and a calibration plot was con-
structed.

Detection limits. The detection limits for the PAHs in this study were
evaluated from the precision of the observed pre-exponential factor. The
fluorescence signal from the photomultiplier was large enough, and precision
in the measurements was limited by the drift noise from the oscilloscope.
The input voltage was usually adjusted to 1.4 V so as not to exceed the
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Fig. 2. Fluorescence decay curves for benzo(ghi)perylene in benzene: (A) air-saturated;
(B) deaerated by bubbling nitrogen. Concentrations (from the top curve down): 5, 4, 3,
2,1,and 0 X 107" M.
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Fig. 3. Fluorescence decay curves for nitrogen-bubbled benzo(ghi)perylene solutions
obtained by subtracting background emission. Concentrations (from the top curve down):
10, 7.5, 5.0, and 2.5 X 107'° M.

Fig. 4. Fluorescence decay curve of a sample extracted from airborne particulates. See
text for explanation.

maximum rating (4.5 V), and the inherent noise was +3 mV for the present
equipment. Thus, the dynamic range was about 1500. The S/N ratio could
be improved sevenfold by accumulation of signals over 50 measurements.
The theoretical detection limits calculated from this evaluation and the
observed pre-exponential factors for the sample are shown in Table 2. Short
fluorescence lifetimes produce less accurate pre-exponential factors because
the S/N ratio decreases after excitation; thus the actual detection limit can
become high for species with short fluorescence lifetimes. The observed
detection limits for the deaerated and air-saturated samples are also shown in
Table 2. Deaeration of the sample solution improves the detection limits for
benzo(ghi)perylene and benzo(a)pyrene, but scarcely affects the limit for
benzo(k)fluoranthene. The improvement apparently comes from lengthening
of the fluorescence lifetime (see Table 1) as predicted. These results are con-
sistent with the observed error of +39% in the pre-exponential factor for the
air-saturated solution and of +3% for the deaerated benzo(ghi)perylene solu-
tion at 2.5 X 10 M. The determination of benzo(k)fluoranthene is little
affected by deaeration, because the fluorescence quenching effect is so small.

Application to airborne particulates. Samples obtained from the airborne
particulates can include various PAHs [8—12] ; their determination is difficult
by conventional fluorimetry. The fluorescence decay curve for a deaerated
solution extracted from airborne particulates sample is shown in Fig. 4.
The solid line represents the best-fit curve obtained by assuming the presence
of three components with lifetimes of 100, 40 and 10 ns. This implies that
benzo(ghi)perylene, benzo(a)pyrene, and benzo(k)fluoranthene are present,
but this is not conclusive because the observed fluorescence lifetimes are not
very accurate (+20 ns for the latter two components). For more reliable
assignment, separation by high-performance liquid chromatography would
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TABLE 2

Detection limits® for some polynuclear aromatic hydrocarbons

Compound DL, (M) DL, (M) DL, (M)
Benzo(ghi)perylene 6 x 107! 9x 10" 6 x 10°1°
Benzo(a)pyrene 4 x 107 1x 10" 4% 107°
Benzo(k)fluoranthene 3x 1o 5% 10-° 4Xx 107

apDL, : theoretical detection limit calculated from the noise level of the sampling oscillo-
scope on the assumption of infinite fluorescence lifetimes. DL,: observed detection limit
for the deaerated sample. DL, : observed detection limit for the air-saturated sample.

be necessary. Time-resolved fluorimetry is useful even in the chromatographic
system not only for the temporal removal of unwanted emissions, but also
for sensitive and precise determinations of the components from the observed
pre-exponential factor of the decay curve.

The authors thank Kazumi Fukamachi for his gift of the real PAH sample
extracted from airborne particulates in Omuta City. This research was sup-
ported by Grant-in-Aid for Environmental Science from the Ministry of
Education of Japan.
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ANOMALOUS INFRARED SPECTRA OF CODEINE FREE BASE IN
POTASSIUM BROMIDE PELLET

HIROMITSU KANAI*, VERONICA INOUYE and REGINALD GOO2
Chemistry Section, Laboratories Branch, Hawaii State Department of Health, Honolulu,
HI 96813 (U.S.A.)

(Received 27th February 1985)

Summary. When codeine free base is incorporated into a potassium bromide pellet, its
infrared spectrum can show anomalous phenomena between approximately 1100 em™
and 750 em™. Investigation of the problem indicated that the anomalies are related to
rapid formation of the codeine free base monohydrate during sample preparation.

Depending on the type of forensic infrared (i.r.) analysis required, the
sample may need to be processed as a salt or as the free acid or base [1, 2].
Most basic drugs are first dissolved in 0.1 M sodium hydroxide or 5% (w/v)
sodium hydrogencarbonate solution and are later extracted into chloroform
as part of sample preparation [3]. During routine drug analysis, it was some-
times observed that codeine free base when extracted as above and incor-
porated into potassium bromide pellets produced anomalous phenomena
from about 1100 em™ to 750 cm™. The bands at 1105, 1087, 1012, 955,
806, and 769 cm™ changed to shoulder-like shapes, and the ratio of the
955 cm™ to 968 cm™ bands changed from 1.6 to 0.14.

The effect of moisture on the i.r. spectra from KBr pellets has been de-
scribed [4—6]. The codeine free base is known to form a monohydrate [7].
This study showed that the anomalous behavior of codeine free base incor-
porated into KBr pellets is probably related to its monohydrate formation.

Experimental

The rapid KBr pellet method [8] was used. All the pellets were pressed at
15000 psi and scanned from 4000 cm™ to 400 cm™ on a Perkin-Elmer
model 467 ir. spectrometer with a 4X beam condenser attachment. The
concentration of codeine free base in KBr was 1%. A codeine free base
monohydrate was prepared as described in the Merck Index [7].

8Present address: Dept. of Public Works, City and County of Honolulu, Honolulu, HI,
96813.
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Results and discussion

Figure 1 shows the relevant portions of the i.r. spectra of codeine as free
base, free base monohydrate, and as a mixture of these substances. Although
most routine i.r. spectra of codeine free base in KBr pellets were identical to
the spectrum as shown in Fig. 1C, some samples which were similarly pre-
pared produced the spectra shown in either Fig. 1A or 1B.

To study this problem, a few microliters of distilled water were added to
the 1% (w/w) codeine free base in KBr which had previously shown the i.r.
spectral characteristic of the free base. This sample was air-dried, and re-
crystallized from chloroform; the KBr pellet of this sample showed an i.r.
spectrum identical to that in Fig. 1A. Other portions of the sample were
heated at 100°C for 5 min and 15 min, respectively. After the samples had
cooled in a desiccator, the KBr pellets gave spectra similar to those shown in
Fig. 1B and 1C, respectively. In further tests, codeine free base monohydrate
was prepared in a KBr pellet. The spectrum was identical to that shown in
Fig. 1A. The spectrum of another portion of codeine free base monohydrate
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Fig., 1. The ir. spectra of different codeine compounds incorporated in KBr pellets:
(A) codeine free base monohydrate; (B) mixture of codeine free base and its monohy-
drate; (C) codeine free base. Bands: (p) polystyrene film calibration at 906.5 cm™;
(h) 1105 cm™; (a) 1087 ¢cm™; (b) 1012 cm™; (c) 968 em™; (d) 955 em™; (e) 925 em;
(f) 806 ecm™; (g) 769 cm™.
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which had previously been heated for 15 min at 100°C and pelleted (KBr)
was identical to the spectrum shown in Fig. 1C.

On the basis of these data, the anomalous ir. spectral phenomenon of
codeine free base is related to the formation of its monohydrate. dust as
the monohydrate is rapidly formed, it can be removed by briefly heating
the sample.
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COMPARISON OF SECONDARY-ION MASS SPECTROMETRY AND
COMPLEXIMETRIC TITRATION FOR THE DETERMINATION OF
LEACHING OF MAGNESIUM FROM CHRYSOTILE ASBESTOS

I. M. SWENTERS, J. K. DE WAELE, J. A. VERLINDEN and F. C. ADAMS*
Department of Chemistry, University of Antwerp (U.LA.), B-2610 Wilrijk (Belgium)
(Received 11th December 1984)

Summary. The dissolution of chrysotile asbestos in 0.05 M oxalic acid is evaluated by
secondary-ion mass spectrometry and by titration of magnesium with EDTA. The results
of the two methods agree closely; thus matrix effects in the utilization of sputtering depth
profiles of the mass spectrometric determination do not influence the final results.

Chrysotile asbestos belongs to the serpentine group and has a hollow
cylindrical structure caused by the disproportionately large brucite layers on
a silicate framework [1, 2]. Most of its surface properties are similar to those
of brucite (natural magnesium hydroxide). There is relatively little substitu-
tion of Mg? ions by Fe¥*, Fe? and Al®* ions [3]. In recent years, much
work has been devoted to understanding the relation between asbestos
minerals and the diseases asbestosis and mesothelioma in the lungs [4, 5].
Leaching and partial dissolution by body fluids, with their many organic and
inorganic components, is considered to be a complication in the understand-
ing of the surface-related phenomena. It is assumed that the structural and
compositional modifications are dominated by the release of magnesium ions
from the chrysotile surface, which modifies the crystalline structure with the
production of an ordered fibrous silica-gel layer as was indicated by infrared
and nuclear magnetic resonance spectroscopy [6].

Recently, measurements of the dissolution kinetics of chrysotile asbestos
in 0.05 M oxalic acid over the temperature range 0—80° C have been reported
[7]. After treatment, the fractional release of magnesium from the fibres
was determined from depth-profile measurements by secondary-ion mass
spectrometry (s.i.m.s.). Diffusion coefficients were calculated by assuming a
plane sheet model. The activation energy of 72.1 kd mol™ found is in agree-
ment with earlier, less precise, data (60—80 kJ mol™) which relied on x-ray
photoelectron spectroscopy [8, 9], although in both studies the instrumental
techniques were not used quantitatively. In this communication, verification
of the s.i.m.s. results by results obtained by compleximetric titration of the
leached magnesium ions in solution is reported.

0003-2670/85/$03.30 ©® 1985 Elsevier Science Publishers B.V.
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Experimental

Materials and reagents. The asbestos mineral studied was Zimbabwean
chrysotile A, supplied by the UICC (International Union Against Cancer)
[10]. The oxalic acid was pro Analysi grade (Merck). Titriplex-IIT solution
(0.1 M Titrisol from disodium-EDTA; Merck) was used with an aqueous
0.1% (w/v) solution of calmagite (3-hydroxy-4-(2-hydroxy-5-methylphenyl-
azo)-1-naphthalene sulphonic acid; Janssen Chimica, Belgium) as indicator.
The buffer solution (pH 10.00 = 0.05, 20°C) was prepared by diluting 570 ml
of ammonia liquor (d = 0.90) and 70 g of ammonium chloride (both pro
Analysi, Merck) to 1 1 with water.

Fibre treatment. About 60 mg of the chrysotile fibres was suspended in
30 ml of 0.05 M oxalic acid. Treatment times were between 5 min and 312 h
while treatment temperatures ranged from 0 to 80°C. At the end of each
experiment, the suspensions were filtered on Schleicher & Schiill filters
(no. 589, 110-mm diameter, Schwarzband) and washed with 45 ml of twice-
distilled water.

Titrimetric procedure. Aliquots (1 ml) of the filtrate were diluted to
25 ml, buffered with 10 ml of the buffer solution and titrated with a 103> M
EDTA solution to the colour change from red to pale blue in the presence of
2—4 drops of the calmagite solution [11].

Secondary-ion mass spectrometry. Depth profiles were obtained with a
Cameca IMS-300 ion microscope equipped with an electrostatic sector and
an on-line microcomputer [12]. Asbestos fibres were suspended in twice-
distilled water and deposited onto a gold-coated glass substrate. After drying,
the samples were mounted into the sample chamber where they were bom-
barded with a 5.5-keV Oj primary ion beam, which was rastered over an area
of 500 X 500 um?. A mechanical aperture placed in the image plane of the
secondary ion extraction lens restricted the sampled area to a diameter of
200 um. The primary ion density was 10°—10° A cm which provided an
erosion rate of ca. 0.5 nm min™. The >*Mg* ion was measured at a residual
oxygen pressure of ca. 2 X 107 Pa. The 2%Si* signal was used for normaliza-
tion of the data.

Results and discussion

The diffusion coefficients were determined with s.i.m.s. by measurement
of the fractional release of magnesium from the fibre through depth profiling.
Figure 1 gives an example showing the relative intensity ratio as a function
of sputtering time. Measured profiles are shown for treatments with 0.05 M
oxalate for 1, 2 and 5 h, respectively, all at room temperature. The intensity
ratio for untreated fibres was 3.4 + 0.2. From such depth profiles, the frac-
tional release of magnesium from the fibres can be precisely determined and
from these the diffusion coefficients can be calculated. Their accuracy
depends on the assumption that the intensity ratios used are linearly propor-
tional to the concentration ratios, i.e., that matrix effects are the same for
raw and leached fibres and are not a function of depth in the fibres after
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Fig. 1. Concentration/depth profiles of magnesium in chrysotile, measured after treatment
in 0.05 M oxalate at room temperature for 1, 2 and 5 h. I (= Imgt/Ig+) is plotted as a
function of sputtering time.

Fig. 2. Arrhenius plot of the logarithmic diffusion coefficient of magnesium in chrysotile
determined by (e) s.i.m.s.; (4 ) compleximetric titration.

leaching. The existence of a matrix-dependent sensitivity, however, is com-
mon in s.i.m.s. An independent analytical method was therefore used to
verify this assumption.

The relative fractional release of magnesium (% F) obtained by complexi-
metric titration as a function of the treatment time in seconds (¢) was found
to correspond to the relationship % F = a + bt'’?, with a regression coeffi-
cient r = 0.995 and witha = 6.94 £ 0.084 and b = 0.0703 * 0.0002 when the
bulk magnesium concentration was 27.4%, derived from bulk analysis by
energy-dispersive x-ray spectrometry [13]. The slight deviation from the
origin is due to an overestimation of this bulk concentration by ca. 1.9%
magnesium. This relationship was followed up to a time of ca. 300 h.

The diffusion coefficients obtained by compleximetric titration are com-
pared with those obtained by s.i.m.s. in Fig. 2 as a plot of log D versus the
inverse absolute temperature. The results obtained by both methods agree
remarkably well with an activation energy of 70.1 kJ mol™ by the titrimetric
method compared with 72.1 kdJ mol™ by s.i.m.s. Other published data are
75.6 kJ mol™ obtained by Bleiman and Mercier [14], 63.0 kJ mol™ obtained
by Papirer et al. [15], both using wet chemical methods, and the range of
60—80 kJ mol™ given by Thomassin et al. [9].

The data obtained prove that s.i.m.s., despite its strong matrix-dependent
sengsitivity can provide accurate results for relative depth profiling based on
signal intensities. It has the advantage that only small amounts of material
are required.

This research was funded by the EEC (through research grant ENV-620-
B(RS)) and by the Interministerial Commission for Science Policy, Belgium,
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Summary. The reaction between D-cycloserine (DCS) and aromatic N-haloamines proceeds
quantitatively over a wide range of experimental conditions. Simple titrimetric procedures
for the assay of DCS are described. Oxidation of DCS involves an eight-electron change
and the oxidation products are identified. The methods can be used for the assay of the
antibiotic in medicinal preparations as well as for calculating the number of ligand mol-
ecules present in metal complexes of DCS.

Aromatic sulfonyl haloamines are useful as redox titrants [1, 2]. D-Cyclo-
serine (DCS; 4-amino-3-isoxazolinone) is one of the simplest structures to
possess antibiotic activity. The reported methods for the assay of DCS in-
volve colorimetric, potentiometric, and chromatographic techniques [3—6].
The mechanism of oxidation of DCS at a glassy carbon electrode has been
reported [7]. There are no simple titrimetric methods for DCS. The present
communication reports on titrations of DCS with chloramine-B (CAB),
bromamine-B (BAB) and bromamine-T (BAT). The methods described are
simple and reasonably rapid. They are suitable for the assay of DCS in phar-
maceutical preparations and for estimating the number of DCS ligands in
metal complexes.

Experimental

D-cycloserine (Sigma Chemicals) was used as received. Colorimetric assay
[5] showed the purity to be 99.9%. Aqueous solutions (1 mg ml™) were pre-
pared by dissolving the required amount of DCS in triple-distilled water or
standard buffer solution [8].

Chloramine-B (C4HsSO,NCINa 1.5 H,0) was prepared [9] by chlorination
of benzenesulfonamide dissolved in 4 M sodium hydroxide at 70°C. The
compound was recrystallized from water; its purity was checked by iodi-
metric titration of the active chlorine (theor. 14.7%; found 14.2%) present,
and by recording its Fourier-transform 'H- and BC-n.m.r. spectra (obtained

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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on a Varian 60-MHz and a Brucker WH 270-MHz nuclear magnetic resonance
spectrometer, respectively) in CDCl; solvent with tetramethylsilane (TMS)
as the internal standard. ['H-spectrum (6 relative to TMS): 7.86 (doublet
corresponding to H ortho to hetero atom), 7.72 (multiplet corresponding to
H meta to hetero atom); the latter integrates to three protons; the coupling
constant J, ,, is 8.0 Hz. '*C-spectrum (ppm relative to TMS): 142.48 (C-1
attached to S atom), 134.37 (C-4, para to the hetero atom); 131.26 (C-2,6)
and 129.37 (C-3,5).]

Bromamine-T (p-CH;C¢H,SO,NBrNa 3H,0) was obtained [10] by dissolv-
ing 20 g of dibromamine-T (prepared by brominating chloramine-T [11] with
stirring in 30 ml of 4 M sodium hydroxide at 25 + 2°C and cooling the solu-
tion in ice. Pale yellow crystals of BAT that formed were filtered under
suction, washed quickly with a minimum quantity of cold water and dried
over phosphorus pentoxide. Their purity was checked by iodimetric deter-
mination of the active bromine content (theor. 24.5% Br; found 24.4% Br)
and by recording its 'H- and !'*C-n.m.r. spectra in CDCl; solvent. ['H-
spectrum (8 relative to TMS): 2.4 (singlet corresponding to —CH3); 7.8
(doublet for ortho H); 7.4 (doublet for meta H); the coupling constant
Jo.m is 8.0 Hz. *C-spectrum (ppm relative to TMS): 145.39 (C-1, carbon
attached to S atom); 140.50 (C-4); 131.75 (C-2,6); 129.40 (C-3,5); 23.0
(methyl carbon).]

Bromamine-B (C;H;SO,NBrNa 1.5H,0) was prepared [12] by dissolving
about 32 g of dibromamine-B in about 50 ml of 4 M sodium hydroxide, as
above, and cooling in ice. Pale yellow crystals were filtered, washed with a
little cold water, dried over anhydrous calcium chloride, and recrystallized
from hot water at 50°C. Their purity was checked as for bromamine-T
(theor. 28.0% Br; found 27.9% Br) and by recording the F.t. n.m.r. spectra
in D,0. [®C-spectrum: (ppm relative to TMS) 143.38 (C-1, carbon attached
to S atom), 134.30 (C-4, para to hetero atom), 131.26 (C-2,6) and 129.31
(C-3,5).1

Approximately 0.025 M solutions of the oxidants were prepared in dis-
tilled water and standardized by the iodimetric methods. Compounds of
acceptable grades of purity were used in preparing other solutions.

Preparation of the complexes. The palladium(II) and platinum(II) com-
plexes (Pd(DCS),Cl, 2H,0, Pd(DCS);Br, H,0, Pt(DCS),Cl,, and Pt(DCS);Br,
3H,0) were obtained [13] by reaction of MX, (M =Pt or Pd; X = Cl or Br)
with the ligand (DCS) in molar ratios of 1:2 and 1:3. The complexes were
precipitated by addition of ethanol and diethyl ether. The compounds
were purified by repeated washing with water, ethanol and diethyl ether and
were dried over phosphorus pentoxide. Results for carbon, hydrogen and
nitrogen agreed with the above formulae; melting points agreed with liter-
ature data [13]. A known amount of the sample was dissolved in anhydrous
acetic acid.

Preliminary studies. Portions (5 ml) of DCS solution were added to known
volumes (40—60% in excess) of the oxidant solution containing enough acid,



383

base or buffer (Table 1) in glass-stoppered Erlenmeyer flasks. The reaction
mixtures were shaken and set aside for different intervals of time. Then 10 m1
of 1 M sulfuric acid and 10 ml of 10% (w/v) potassium iodide solution were
added and the liberated iodine was titrated with standard sodium thiosulfate
solution to a starch end-point. A blank titration was done with the oxidant
under identical conditions. Based on the reproducible stoichiometry of eight-
electron change per mole (Table 1) observed in these experiments for the
oxidation of DCS by each of the three haloamines, the following methods
are recommended.

Assay of DCS with CAB. Add 25 ml of 0.025 M CAB solution to an ali-
quot of DCS solution containing enough hydrochloric acid to give an overall
concentration of 0.001—0.01 M. After 30 min, titrate the unreacted CAB
iodimetrically, as above.

Assay with BAT. Add aliquots of the DCS solution to 25 ml of 0.025 M
BAT solution containing 0.5—1.0 M sodium hydroxide. After 30 min,
titrate the unconsumed BAT iodimetrically.

Assay with BAB. Add 25 ml of 0.025 M BAB solution to aliquots of DCS
solution containing sodium hydroxide (final concentration of 0.1—0.5 M).
After 20 min, titrate the unreacted BAB iodimetrically,

Assay of DCS in pharmaceutical samples and in metal complexes. For
tablets, grind about 20 tablets to a fine powder. Dissolve about 100 mg of
the powder in 150 ml of water in a beaker with sitrring [6]. Filter. Dilute
the filtrate and washings to 250 ml in a volumetric flask. Take 10 ml of the
solution for the assay as described above. For capsules, remove the shell
from about 20 capsules and grind the contents to a fine powder. Shake
100 mg of the powder with 150 ml of water for about 30 min [6]. Filter.
Dilute the filtrate and washings to 250 ml, and proceed as above. For metal
complexes of DCS, use an aliquot of the solution of the metal complex in
the above general procedures.

The numbers of electrons exchanged per mole are 8 for DCS, 16 for

TABLE 1

Extent of oxidation of D-cycloserine with N-haloamines in various media?®

Medium Mol oxidant/ Medium Mol oxidant/ Medium Mol oxidant/

mol DCS mol DCS mol DCS

CAB BAT BAB CAB BAT BAB CAB BAT BAB
0.1 M HC1 3.65 2.21 294 pH1 3.71 2.22 295 pHS8 0.65 2,25 2.92
0.1M H,SO, 3.43 2.15 2.68 pH2 3.48 281 225 pH?Y 0.38 2.31 3.32
0.1 M HCI1O, 3.32 2,10 248 pH3 3.36 2,76 1.25 pH 10 0.12 2.42 3.68
0.001 M HC1 4.00 — — rH 4 3.30 3.12 343 0.1MNaOH 0.00 — 4.00
0.005 M HC1 4.00 — — pPH 5 3.20 3.25 3.20 0.25MNaOH 0.00 — 4.00
0.01 M HC1 4.00 — — pH 6 2.81 2.83 3.14 0.5MNaOCH 0.00 4.00 4.00
0.01 M H,SO, 3.14 — — pH 7 2,20 2.29 287 1.0MNaOH 0.00 4.00 —

8Reaction for 30 min at 25°C of 5 ml of (1 mg m1™) DCS solution with 25 ml of 0.025 M
oxidant.
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Pd(DCS),Cl, 2H,0 and Pt(DCS),Cl,, and 24 for Pd(DCS);Br, H,0 and Pt-
(DCS);Br, 3H,0.

Results and discussion

Table 1 shows the extent of oxidation of DCS with the N-haloamines in
various media in 30 min at 25 + 2°C. The oxidation of DCS by CAB is stoi-
chiometric only in the presence of hydrochloric acid (0.001—0.01 M); the
extent of oxidation decreases with increase in pH and is very slow in alkaline
solutions. Oxidation by BAT or BAB is slow and incomplete in mineral acids
and in buffers, but the required stoichiometry is obtained in 0.5—1.0 M
sodium hydroxide with BAT. However, a reproducible stoichiometry is
observed in 0.1—0.5 M sodium hydroxide with BAB. The time-dependence
of the oxidation with different haloamines is shown in Fig. 1; 100% comple-
tion of the reaction occurs in about 30 min.

The results of DCS determinations are given in Table 2. A comparison of
the standard deviations shows that the precision of the results is in the order:

100

80

60

40

Oxidation (%)

20

| | I

L
5 10 15 20 25 30 35
Time (min)
Fig. 1. Variation of % oxidation of D-cycloserine by N-haloamines with time. Curves:
(1) CAB, 0.01 M HCI; (2) BAB, 0.1 M NaOH; (3) BAT 0.5 M NaOH. (1 x 10® M DCS,
1 X 10 M Oxidant.)
TABLE 2

Performance data for determination of D-cycloserine with N-haloamines

DCS DCS found (mg)?
taken CAB BAB BAT
(mg)
2.10 2.10 £ 0.01 2.11+0.015 2.10 « 0.015
7.28 7.28 + 0.025 7.28 + 0.02 7.28 + 0.02
12.51 12.50  0.04 12.55 + 0.01 12.51 + 0.03
22.25 22.26 + 0.045 22.26 + 0.04 22.25  0.04

3 Average of five trials for each sample size with standard deviation.
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TABLE 3

Assay of the antibiotic in formulations and in metal complexes

Sample Antibiotic Antibiotic found (mg)?
present CAB BAB BAT
(mg)
Tablet? 10.26 10.27 10.23 10.24
CapsuleP 10.54 10.52 10.56 10.53
Pt(DCS),Cl, 5.15 5.14 5.12 5.16
Pd(DCS),Cl, - 2H,0 5.23 5.26 5.21 5.22

#Samples from Acichem Labs, Bombay, India, with nominal contents. b Average of five
trials for each oxidant.

BAB > BAT > CAB. Table 3 shows the recoveries of DCS obtained with
tablets, capsules and the metal complexes. The results are accurate within
about 1%.

With the proposed procedures, DCS undergoes an eight-electron oxidation
(Table 1). It is known that DCS, in aqueous hydrochloric acid, undergoes
hydrolysis [14] giving hydroxylamine and serine. Therefore, one could ex-
pect subsequent oxidation of these hydrolyzed products. In these reactions,
the oxidants, CAB, BAB, and BAT, undergo two-electron reductions form-
ing the corresponding sulfonamides. The stoichiometry of oxidation of DCS
by the N-haloamines can be represented by

2C;H¢N,0, + 8RNXNa + 3H,0 - 2HCOCN + N,O + 2CO, + 8RNH,
+ 8Na* + 8X~

where R = C4H;SO; and X = Cl or Br for CAB and BAB; and R = p-CH3;C,H4SO;
and X = Br for BAT. The presence of p-toluenesulfonamide, the reduction
product of BAT, was identified by paper chromatography [15] . Benzenesul-
fonamide formed in the reaction with CAB and BAB was detected [16] by
thin-layer chromatography. The nitrile formed in the reaction was detected
by the Werner’s test [17].

The stoichiometry of oxidation was unaffected by the reversal of the
order of addition of the reagents. The presence of foreign ions such as Na*,
K*, Zn*, Ba?", sulfate, perchlorate and phosphate (up to 0.2 M) had no influ-
ence on the rate of oxidation. Addition of chloride ions slightly accelerated
the rate of oxidation. Because with CAB (Table 1) the stoichiometric oxida-
tion takes place in 0.001—0.010 M hydrochloric acid but not in buffers at
pH 2—3 (84—87% reaction) or in 0.01 M sulfuric acid (79% reaction), the
chloride ion effect seems to be responsible for the completion of the reac-
tion in hydrochloric acid.

The authors are grateful to the authorities of India Institute of Science,
Bangalore, India, for the 'H- and !3C-F.t. n.m.r. spectra.
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