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COMPUTER-MEDIATED REDUCTION OF SPECTRAL PROPERTIES TO
MOLECULAR STRUCTURES
General Design and Structural Building Blocks

MORTON E. MUNK#*, RANDY J. LIND and MICHAEL E. CLAY
Department of Chemistry, Arizona State University, Tempe, AZ 85287 (U.S.A.)
(Received 29th November 1985)

SUMMARY

A basic design is outlined for the conversion of the aggregate spectral properties of an
organic compound of unknown structure to a set of compatible alternative molecular
structures which is small in number and exhaustive in scope. The process is built around
a precisely defined unit of substructure. A procedure is described for the exhaustive
generation of the set of these fragments from any specified group of elements and allowed
valences. A versatile, user-friendly data-management system (FOCISS) provides a conveni-
ent means of manipulating these fragments and correlating their structure and properties.
Extensive carbon-13 n.m.r. data are in place and applications of FOCISS to fragment-
oriented searches are illustrated. The creation of a subset of chemically-stable fragments is
also described.

Over the past two decades, there have been substantial improvements in
computer-based methods for the storage, retrieval and correlation of spectral
data and structural properties. The application of these techniques to auto-
mated inference of structural features from spectral data followed naturally.
More recent work has focussed on merging the process of structural inference
with molecular structure generation. The CHEMICS [1, 2] and STREC [3]
programs are among the earliest examples of such merged programs and
accept as input, data from several spectroscopic sources; DARC-EPIOS
[4—6], the GENOA-based system [7, 8] and ACCESS [9] draw largely on
high-integrity, computerized libraries of assigned carbon-13 n.m.r. spectra
and as such are limited by the scope of the substructures in their data bases.
Our efforts in this field are centered around the group of computer programs
collectively known as CASE.

Goal of the CASE system

In developing a plan for the merger of the methods of structural inference
[10—13] and molecule assembly [14—17] that comprise the CASE system,
the first need was to define the goal explicitly. In common with other current
efforts in the application of the techniques of artificial intelligence to the
solution of complex chemical problems, the overall goal of this work is to

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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increase the productivity of the chemist. Specifically, it is desirable to reduce
the time required to elucidate the structure of an organic compound by
developing computer software that can directly reduce the molecular formula
and spectral properties of a compound of unknown structure to a set of
plausible alternative structures that is small in number but exhaustive in
scope. In the computer-assisted process envisaged, the chemist first becomes
involved in the structure elucidation at the stage of this small set of com-
patible structures. The only step remaining is the distinction between these
alternatives. Given a manageable number of alternative structures, this is a
task at which the chemist excels and can generally complete in a short time.
The chemist is spared the most time-consuming component of the process,
that of reaching the stage of a manageable number of plausible alternatives.
Thus, for the foreseeable future, the chemist is a central participant and the
system is still described as Computer-Assisted Structure Elucidation (CASE).

GENERAL ORGANIZATION OF THE CASE SYSTEM

Given the diversity of molecular architecture encountered in nature and
the imagination of the synthetic chemist in creating new molecules, the need
for computerized structure-elucidation systems with no substructural limita-
tions is clearly evident. Because all such computer programs depend on rela-
tionships between subspectra and substructure, purposefully compiled
spectral libraries can be a rich source of such information. Unfortunately,
the scope of currently available libraries falls short of the diversity of sub-
structure required, and it is probable that it will be so for some years. Thus,
library-dependent systems, which can retrieve only those substructures pres-
ent in the compounds of the library, may fail to include the correct structure
among those proposed. In the present work, exhaustiveness receives high
priority; the scheme favored, therefore, has no substructural limitations in
treating the large majority of organic compounds. This assures the presence
of the correct structure among those produced by CASE.

The general organization (Fig. 1) calls for an initial step in which the mol-
ecular formula of the compound of unknown structure and its aggregate
spectral properties are reduced to a shortlist of “basic units of structure.” In
subsequent steps, larger structural fragments are inferred from the observed
spectral properties, and structural inferences that cannot be expressed in
terms of substructure are also derived from the input. Finally, the basic units
of structure derived in the initial step are subjected to a constrained structure-
generation process to produce the set of molecular structures compatible
with the spectral data input. The larger structural fragments and the infer-
ences, all of which may be overlapping in information content, serve as the
major constraints on the process. In this paper, the initial step is considered.

The shortlist of ‘‘basic units of structure” compatible with the molecular
formula and observed spectral data could be derived in one of two ways:
(1) build these fragments directly from the spectral data; or (2) prune from a
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Fig. 1. Organization of the CASE system,

list of “‘basic units of structure’’ those that are incompatible with the observed
spectral data. The latter was selected because it is more readily amenable to
the attainment of exhaustiveness. That requisite is met in principle by pruning
from an exhaustive list of basic units of structure. Such an approach imposes
two demands on the nature of that structural unit. First, it must be large
enough to possess sufficiently distinctive spectral properties. Secondly, it
must be small enough such that the number of all possible structural units is
manageable. Clearly, these are conflicting conditions and optimizing them
necessarily requires compromise. A third condition was imposed for ease of
generating and manipulating these structural units: uniformity in structural
nature. These three requirements are most readily accommodated by an
atom-centered substructure model which is built of concentric layers of ‘“ele-
ment groups’ surrounding a central ‘“‘element group.” (An ‘‘element group”

defines a specific non-hydrogen atom, the number of attached hydrogen
~ atoms and each partial bond by which it can join to other element groups.
For example, there are three possible oxygen element groups, —OH, —O—,
and =0.) The designation n-ACF is defined here as an atom-centered frag-
ment so constituted, where n is equal to the number of concentric layers of
element groups about the central element group. In this substructural model,
only outermost-layer element groups possess residual valence. It is the
optimization of the first two requirements that establishes the boundary
of the atom-centered fragment (ACF) for the present purpose at one con-
centric layer of element groups (hereafter designated as a 1-ACF).

The 1-ACF is a precisely defined unit of substructure which can be ex-
haustively generated, conveniently canonicalized and represented internally,
readily combined into larger fragments or molecules, and correlated with its
spectral properties. .
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Generation of exhaustive 1-ACF list

An algorithm was developed for the exhaustive generation of 1-ACFs com-
patible with elemental type and valence limits set by the user. The building
blocks of 1-ACFs in this procedure are element groups. For the present initial
study, the elements found in the large majority of organic compounds were
considered: carbon, hydrogen, oxygen, nitrogen(III), sulfur(II) and each of
the halogens. Common structural units not permitted by these limits, e.g.,
nitro (monocoordinate), sulfone (dicoordinate) and phosphate (tricoordi-
nate), can be conveniently included by treating them as ‘‘super’” element
groups. Only the nitro group was included at this time, making a total of 27
element groups (Table 1). This list of 27 element groups represents the only
constraint on the scope of the molecular structures that can be treated, and
that constraint is controlled by parameters in the program; it is not intrinsic
to the method. It should be noted that although used here for 1-ACF genera-
tion, the algorithm described below is applicable to the generation of atom-
centered fragments bearing more than one concentric layer of element
groups.

The algorithm designates each of the 27 element groups in turn as a
1-ACF center and connects to it all possible combinations of element groups
such that: (1) only like partial bond types join together; (2) all bonding sites
of the central element group are satisfied; and (3) at least one bonding site of
at least one first-layer element group remains open.

Each element group (EG) is assigned an identification number (EGID) and

TABLE 1

The element groups

EGID? EGP CN¢® BTd EGID? EGP CNe© BTd

1 —CH, 1 1 15 —NO, 1 1

2 =CH, 1 2 16 —CH,— 2 1

3 =CH 1 3 17 —CH= 2 1,2

4 —NH, 1 1 18 =C= 2 2

5 =NH 1 2 19 —C= 2 1,3

6 =N 1 3 20 —NH— 2 1

7 ~OH 1 1 21 —N= 2 1,2

8 =0 1 2 22 B 2 1

9 —SH 1 1 23 —S— 2 1
10 =8 1 2 24 >CH— 3 1
11 —F 1 1 25 >C= 3 1,2
12 —Cl1 1 1 26 >N— 3 1
13 —Br 1 1 27 >C< 4 1
14 —I 1 1

aElement group identification number, ®Element group. *The number of other element
groups to which the element group may bond. 9The partial bond types (1 = single, 2 =
double, 3 = triple) that comprise the element group.
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classified according to its coordination number (CN value) and the multipli-
city of each of its bonding sites, i.e., single (BT = 1), double (BT = 2) or triple
(BT = 3). Whereas a given EG can belong to only one CN subset, it will be a
member of more than one BT subset if CN > 1 and the bonding sites are of
more than one bond type (Table 1). The final partitioning of element groups
that is used directly in 1-ACF generation is based on BT subset membership.
Bond type arrays BTARYgr-1, BTARY 7., and BTARYzr- 3 each contain
EGs bearing single, double and triple bonding sites, respectively (Table 2).
Within each array, EGs are arranged in order of ascending EGID value. Each
array is assigned an array limit (N, ) and an initialization pointer (1CN2) to
designate the first listed element group with CN > 1. Thus, N,,,, = 20, 8 and
3, and 1CN2 =10, 5 and 3 for BTARY ;. ;, BTARY -, and BTARY ;. 3,
respectively. Once an EG has been selected as a central element group, the
first-layer EGs for each possible 1-ACF are determined by stepping through
the appropriate bond-type array for each bonding site of the central EG. The
‘“appropriate” bond-type array is that which matches the bond multiplicity
of the bonding site. A stepwise summary of the process of 1-ACF generation
starting with dicoordinate central element groups (CN = 2) is illustrative of
the procedure (both —CH,— and —CH= should be considered as central
EGs).

TABLE 2

The bond-type arrays

BTARYgp- BTARYgp=9 BTARYgp-3
Array EGID CN Array EGID CN Array EGID CN
position position position
1 1 1 1 2 1 1 3 1
2 4 1 2 5 1 2 6 1
3 7 1 3 8 1 3 <= N,m) 19 2
4 9 1 4 10 1 =1CN2
5 11 1 5 (= 1CN2) 17 2
6 12 1 6 18 2
7 13 1 7 21 2
8 14 1 8 (= Npax) 25 3
9 15 1
10(= 1CN2) 16 2
11 17 2
12 19 2
13 20 2
14 21 2
15 22 2
16 23 2
17 24 3
18 25 3
19 26 3
20 (= Npax) 27 4




Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:

Set EGID, to the ID number (Table 1) of the currently selected
central EG (a dicoordinate EG in this example).

Set CN, to the coordination number of the currently selected EG
(Table 1).

Set BT, equal to the bond-type value of the bonding site of lowest
bond multiplicity and assign subsequent BT; values to remaining
bonding sites in order of ascending bond type values; for a dicoor-
dinate central EG, only BT; and BT, values are assigned.

For each BT}, create an EG array (BTARY;) containing all members
of the subset with the assigned bond type value of BTj; for a dicoor-
dinate central EG, BTARY,, and BTARY, will be created; their BT
values may or may not be equal.

Let N; be the pointer to select a first-layer EG from BTARY;. Initia-
lize N; values as follows: (a) set j = 1 and initialize N, = 1CN2, i.e.,
begin EG selection within BTARY, at the array position equal to
1CN2; (b) set j =j + 1 and initialize N, to a value of 1, i.e., to array
position 1 within BTARY,.

Let the value of EGID, define the central element group of the
newly generated 1-ACF and each N; value a first-layer element group
(each Nj; value is a position pointer in BTARY;).

Increment N; values as follows: (a) set j = 1; (b) increment the value
of N; by 1; (c) test the value of N; against N,, for BTARY; (the
maximum allowed array position; see Table 2); (d) if N; < Nyay,
then repeat step 6, else go to (e); (e) set j =j + 1; (f) increment the
value of N; by 1; (g) test the value of N; against Ny,,, for BTARY;
and reset N;_; to 1CN2 (its original initialized value, see step 5a);
(h) if N; < Np,,,, then test N; against N;—,, else go to step 8; (i) if
N; < N;—,, then to step 6, else set N; _; equal to N; and then go to
step 6.

Compare the bond-type values of BT, and BT,; if BT, # BT,, then
go to step 10, else go to step 9.

Exchange the contents of arrays BTARY, and BTARY,, and ex-
change the values of BT, and BT,: (a) initialize N, and N, as in
steps 5(a) and 5(b); (b) reset N, .x such that only monocoordinate
EGs are allowed, i.e., Nyp.. = 9 [for a dicoordinate central EG, if
BT, # BT,, BT, must originally be equal to 1 (step 3) because the
only possible bond-type combinations are 1 and 2, and 1 and 3; di-
coordinate EGs are excluded to prospectively eliminate redundancy];
(c) go to step 6.

Increment EGID, by 1: (a) test value of EGID, against EGID,,,,
(Table 1); (b) if EGID, < EGID,,,,, then go to step 2, else STOP.

In this procedure, it is the creation of element-group subsets based on
bond-type membership (BTARY;, step 3) that assures that only partial bonds
of identical bond multiplicity will be linked in joining first-layer EGs to a
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central EG. The overall generation process, which requires only a few seconds
of CPU time on a Prime 450 computer, also prospectively eliminates the for-
mation of molecules (e.g., CH;—CH,—CH;) and duplicate fragments. The
former is precluded in step 5 by initializing the first array pointer N; to
begin the selection of element groups with those having a coordination num-
ber greater than one. Thus, at least one first-layer EG will possess a partial
bonding site.

Intrinsic to the stepwise procedure that accounts for exhaustiveness in
1-ACF generation is the potential for redundancy. This can occur when the
central element group possesses more than one partial bond of the same
bond type (e.g., —CH,—). In these cases, the contents of at least two BTARY;
arrays will be identical (step 4). Unless prospectively precluded, redundancy
results because two different permutations of EGs may in fact be the same
combination of EGs, e.g., with —CH,— as the central EG, the outcome N, =
11, N, = 10, generated prior to N, = 10, N, = 11, gives the same 1-ACF. By
the simple measure of including step 7(i), i.e., by ensuring that N; never falls
below the value of N;,; when they are re-initialized (step 7f, g), this occur-
rence is prevented, i.e., the latter permutation, N, = 10, N, = 11, is bypassed.
Central EGs with no two bond types alike do not of course suffer from this
problem. With unlike bond types, N;, which is initialized to a value equal to
1CN2, can never fall below N; , ; (see Table 2, e.g., for BT = 1, N, is initialized
to a value of 10 which is greater than N,,,,, = 8 for BT = 2), and therefore in
step 7(i), the ‘“‘else” statement is never invoked.

Step 9 applies only to those cases of central EGs of CN > 1 where more
than one bond type is represented. There are four such EGs, with EGID =
17, 19, 21, and 25. With these central EGs, step 9, which calls for an ex-
change of the contents of arrays BTARY,, and BTARY, (and their BT; values
as well) after all permissible values of N, have been considered (Njpax = 8
for BTARY g4 -, and Ny, = 3 for BTARY pr-3; see step 7(h)), is required
for exhaustiveness. Consider —CH= as central EG. Before exchange, only
single-bond-containing EGs with CN > 1 are joined to the central EG, i.e.,
EGs in array BTARY r-; with N; > 10. The 1-ACFs which combine mono-
coordinate EGs from array BTARYgr-,; with di- and tri-coordinate EGs
from BTARY3;-, are not generated because of the device (step 5(a)) that
excludes molecule formation. The exchange (step 9) corrects this deficiency.
After exchange, initialization of BTARY, (which now contains members of
the BT = 2 EG subset) and resetting N, .. (BTARY, now contains members
of the BT = 1 EG subset) to exclude EGs with CN > 1, precludes any dupli-
cate 1-ACFs.

Given the elemental and valence limits described earlier, a total of 13,703
1-ACFs were generated by a computer program written to implement the
above algorithm. Support for the veracity of this number was obtained by
the application of the principles of combinatorial mathematics [18]. The
1-ACF generation may be viewed as a summation of all valid combinations
of EGs (first-layer EGs) with each of the 27 EGs (central EG). Each of the

> & A .
Wvﬂdﬂlmf‘ﬁﬂ eI LT A4
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TABLE 3

Summation formulae for 1-ACFs

EG type Number of EGs Summation equation Number of
in subset 1-ACFgP
E— 9 n(a, —ay)®=9(20—9) 99
E= 4 n(a, —a,)= 4(8 — 4) 16
E= 2 na, —ay) = 2(3—2) 2
~E— 4 n(Za, — =a}) = 4(210 — 45) 660
—E= 2 n(a, * a, — a, * a;) = 2(160 — 36) 248
—E= 1 n(a, * a, —a; * a;) = 1(60 — 18) 42
=E= 1 n(Zae, — Za;) = 1(36 — 10) 26
—E< 2 n(xze, — xa,) = 2(1540 — 165) 2750
=E< 1 n(a, * £a, —a, * Za}) = 1(1680 — 180) 1500
>E< 1 n(zxza, — LIxa;)= 1(8855 — 495) 8360
2a; = number of element groups having membership in BT;, where i = 1 (single bond),
2 (double bond), or 3 (triple bond); a; = number of element groups at the intersection of

BT;and CN = 1. PThe number of 1-ACFs derived from all EG types is 13,703.

27 EGs can be classified into one of the ten subsets of EG types shown in
Table 3 on the basis of coordination number and partial bond types. These
parameters in turn define the appropriate summation equation for each of
these EG classes. The approach taken in developing each equation is to cal-
culate for each EG class: (1) the total number of first-layer EG combinations
consistent with coordination number and bond-type requirements; and
(2) the number of complete molecules that are possible. The latter is achieved
by considering only monocoordinate EGs as eligible first-layer EGs. Subtrac-
tion of the latter number from the former gives the number of valid 1-ACFs.
Thus, in Table 3, a; and a; (where i is bond type (BT) of 1, 2, or 3) corre-
spond to the number of EGs in the subset with BT = i and the number of
monocoordinate EGs in the subset with BT = i, respectively. Table 3 lists the
number of valid 1-ACFs derived from each central EG type. Summing the
results yields a total of 13,703 unique 1-ACFs, in consonance with the num-
ber of 1-ACFs generated by the computer program.

Representation and management of 1-ACF's

Storage and manipulation of 1-ACF's are facilitated by using a canonicalized
1-ACF representation appropriate to a 32-bit word. An array of element-
group identification numbers (EGIDs, Table 1; a maximum of five is re-
quired) is packed into a 10-digit computer word such that: (1) the central
EGID occupies the first two-digit integer number field; (2) the first-layer
EGIDs fill succeeding two-digit number fields in order of increasing multi-
plicity of the bond by which the element group joins to the central element
group; and (3) EGIDs for first-layer element groups with the same bond
multiplicity are arranged in ascending order. This format also forms the basis
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of a convenient, structurally illuminating representation of 1-ACFs for the
chemist. Thus, for 1-ACF

/CH3
—CH=C
CH=

the computer representation is 25011717, and the linear representation is
C(—CH;)(—CH=)=CH— or C(CH;)(CH=)=CH. (Single bonds are implied if no
designation is provided.)

The filing structure for 1-ACFs and their properties is sketched in Fig. 2.
A direct-access file contains the 1-ACF structure words, arranged in order of
ascending identification numbers (ACFID), each of which is followed by a
set of data pointers to the properties file. This file is designed to store struc-
tural, spectral, chemical and/or physical properties of each 1-ACF. Finally,
an inverted file is included in which these properties can serve as record keys.

A user-friendly data-management system called FOCISS (fragment-oriented
chemical information search system) serves a number of functions, among
them, the correlation of information in the above-described files. In this
application, an editor, which includes a series of versatile and rapidly executed
commands for substructure searches, permits the creation of coherent subsets
of 1-ACFs. Searches based on element type, element groups, and partial or
generalized 1-ACF's are possible and, in addition, Boolean file-merging can be
done on the resulting subsets.

FILE ) FILE 2
ACFID | ACF Structure Word Pointers Record No. Dota

| Canonicatized EGIDs |Record Numbers, | Spectral, chemical, etc.

File 2 2 "

2 A - 3 1§

T 4 1l
T 7 T

"

13,703 1" [ a ] m ]

\/

|

Property ACF Bit String

Py 13,703 bits for property P,

= = =4

Pn 13,703 bits for property Pp

Fig. 2, Filing structure for 1-ACFs,
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The chemically stable 1-ACF list

The generator builds valid 1-ACFs based only on coordination number
and bond-type considerations; chemical stability is not taken into account
by that program. Thus, as expected, the exhaustive list of 1-ACFs includes a
number of 1-ACFs that would be expected to confer significant chemical
instability on molecules containing them. A plan for computer-assisted struc-
ture elucidation, which in its initial step prunes 1-ACFs that are not com-
patible with observed spectral data, would benefit from a pre-pruning of
these “chemically unstable’” 1-ACFs. The subset of such 1-ACF's had, there-
fore, to be identified. Obviously, the state of knowledge pertaining to chemi-
cal stability is dynamic in nature and, in part, the boundaries of chemical
stability depend on the user’s frame of reference and the history of the
chemical unknown in question. Thus, a ‘“‘chemically stable” 1-ACF list is an
individual statement of chemical stability that can be tailored to particular
needs.

The FOCISS editor offers a convenient and rapid procedure for pruning
the exhaustive file of 1-ACFs. Subfiles of 1-ACFs expected to lead to chemi-
cal instability were created. These subfiles are listed in Table 4 according to
the major structural class to which they belong. Column 2 (1-ACFs exclu-
ded), which describes the structural features of the ‘‘unstable’ 1-ACFs, is
followed by an example of an excluded 1-ACF. The justification for the
exclusion is also given.

The “‘generalized 1-ACF”’ for each subset of ‘‘unstable” 1-ACFs that is
shown in column 2 of Table 4 comprises an input statement to FOCISS and
is a precise statement of the boundaries of chemical stability intended by the
chemist. Thus, in the structural class designated ‘‘acetal/ketal,”” aldehyde and
ketone hydrates (—CH(OH),, >C(OH),) are not excluded because some nat-
ural products occur as such, but the mono and diamino analogs (C(OH)NH,,
C(NH;)NH,) are excluded. The same 1-ACF may confer chemical instability
on some types of compounds in which it resides, but not others. Such
1-ACFs cannot be excluded, even though at times their inclusion may result
in the generation of implausible molecular structures. Consider the 1-ACFs,
—CH=C(OH)—CH= and >C=C(OH)—CH=: each may constitute either the
enol form of a conjugated ketone, which is not considered the preferred
tautomer, or a phenol, which is the preferred tautomeric form. Thus, these
1-ACFs are not excluded; however, 1-ACFs such as CH,=C(OH)CH=,
—CH=C(OH)CH,—, —CH=CH(OH) and >C=CH(OH) (the latter two con-
stituting the enol tautomer of aldehydes), which cannot be contained as
part of a phenol moiety, are excluded. In contrast, the isoamide tautomer
(—N=C—OH) of the amide functionality (—NH—C=0) is not preferred even
as part of an aromatic system (e.g., 2-hydroxypyridine preferentially exists
as the pyridone).

The union (Boolean OR) of all of the 1-ACF subsets produced was fol-
lowed by the creation of its complement (Boolean NOT), a ‘“‘chemically
stable’’ 1-ACF file containing 5058 entries. The composition of this particular
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1-ACF file reflects the needs of chemists working on natural products who
may isolate compounds from complex mixtures of biological substances with
exposure to aqueous medium. (Substances that are sensitive to hydrolysis or
are oxidizing in nature are unlikely to survive such an environment.) How-
ever, with the editor, the user can conventiently change the composition of
this file to reflect the needs of differing problems.

A 1-ACF-ORIENTED CARBON-13 N.M.R. DATA BASE

Carbon-13 n.m.r. spectroscopy is one of the most powerful of currently
available probes of the molecular structure of organic compounds. The inclu-
sion of large libraries of assigned carbon-13 n.m.r. spectra in the Chemical
Information System (CIS) [19, 20] and the DARC-PLURIDATA system
[21], and the development of the large Bremser carbon-13 n.m.r. database
[22—24] are but one reflection of this fact. These computer-based libraries
among other applications, serve as a source of correlations between struc-
tural and spectral properties.

Because the chemical shift of a carbon atom is influenced by its surround-
ing atomic neighbors, the atom-centered fragment is an ideal substructural
model around which to build such structure/spectra correlations. The pub-
lished compilations of Bremser [25] are the most extensive available. The
most recent of these reports [26] lists the chemical-shift ranges of carbon-
centered fragments with one concentric layer of neighboring atoms that were
retrieved from a collection of 58,000 carbon-13 n.m.r. spectra. Although re-
lated, the one-sphere atom-centered fragments in this compilation do not
correspond directly to 1-ACFs as defined herein. Additional information,
beyond that expressed by the 1-ACF (e.g., the distinction between a ““double
bond” and an ‘‘aromatic bond”’) is provided, but these fragments themselves
are generally not as structurally explicit as the element-group-based 1-ACF,
in that the hydrogen multiplicity and hybridization of first-layer atoms are
not specified.

The work of Jezl and Dalrymple [27] represents an early application of
such correlations to the assignment of structure using the carbon-13 n.m.r.
spectrum of an unknown. More recent studies include the work of Dubois
et al. [4], Zippel et al. [28], Bremser and Fachinger [9] and Gray et al. [7];
the latter is the only one to include the configurational environment of the
resonating carbon atom in the encoded atom-centered fragment.

In anticipation of relating the structural environment of 1-ACFs to their
carbon-13 n.m.r. spectral characteristics, the CIS carbon-13 n.m.r. library
was meged into FOCISS. In preparation for this task, all possible 1-ACFs
were extracted from each of the approximately 7300 compound entries in
the CIS carbon-13 n.m.r. library. Associated with each of the carbon-centered
1-ACF's extracted is the following information: its ACFID; the CIS connec-
tion table number and compound identification number from which it was
derived; the literature reference from which the spectral data were acquired;



12

TABLE 4

Chemical unstable 1-ACFs

Structural class® 1-ACFs excluded? Example Basis for
exclusion®

A. Aldehyde/Ketone

1. Acetal/ketal V—C(Y)Z NH,—CH(CH,—)0— A
V =X, —NH,, —SH, —NO,
Y=C,—H

2. Thioketone S=C(Y)Z S=C(CH,)CH,— D

3. Enol =C=C—Y =C=CHOH D
CH,=C(Y)C CH,=C(OH)CH=

4. Imine HN=C(Y)Z HN=CH—CH,—
Y=C
Z=C,—H

B. Acid
. Acid halide Vv=C(Y)2Z O=C(CI)CH,— A
V=0, S, =NH
Y =X, —NO,
Z = any EG
2. Isoamide V=C(Y)Z NH=C(CH,—)OH D
V = NH=, —N=

Jury

—N=C(Y)Z —N=C(SH)CH,— D
HN=C(Y)Z HN=C(C1)CH,— A

3. Thioacid S=C(OH)Y S=C(OH)CH,— D

4. Orthoacid V =CWYZ HO—CH(0—), c

5. Orthocarbonate  Y,CZ ' —0—C(Cl),0— A C

6. Carbonic acid V=C(Y)Z 0=C(OH)NH— c

—N=C(OH)Y —N=C(OH)NH— D
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Structural class?®

1-ACFs excluded®

Example

Basis for
exclusion®

7. Enol acid

8. Ketene/carbon
dioxide

9. Ynol

—N=C(Y)Z

Y = X, —NH,, —SH, —NO,,

—H

Z = X, —SH, —NO,

HN=C(Y)Z

Y =0,—N=, 8, X, ~NO,
Z=0,N, 8, X, —NO,, —H

CH,=C(Y)Z

Y = —OH, —NH,, —SH
Z =0, N, 8, X, —NO,

V=C(Y)Z

V=>C= —HC=

=—OH

Z =0, N, X, —SH, —NO,

V=C(Y)Z

V =>C=,—CH=
Y = —NH,, —SH
Z = X, —NH,, —SH, —NO,

Y=C=Z
Y=C N
Z=0,N, 8

—C=C-7Z

Z = —OH, —NH,, —SH

C. Heteroatom-Heteroatom Bonds

1.

Y—0-Z

Y=0,8, X, —NO,

Z = any EG
Y—N=2Z

Y = X, —NH,, —SH, —NO,

Z = any EG
V—N(Y)Z

V =0, N(sp?®), S, X
Y, Z =any EG, —H

Y=N-Z

Y = =C=, =NH, =8

Z = any EG
=N—Y

Y =—0—, —NH—

Y—S-Z

Y = 0, N(sp®), X, —SH,

—NoO,
Z = any EG
S=Y
Y = =N—, =C=
Y—N(NO,),
Y = any EG

—N=C(NH,)SH

HN=C(C1)NH—

CH,=C(OH)S—

—HC=C(OH)NH,

—HC=C(NH,)SH

—CH=C=0

—C=C—SH

C—0—CH,—

Cl—N=CH—

CI—-NH—CH,—

NH=N—0O—

0=N—0—

HS—S—NH—

S§=C=

—CH,—N(NO,),

D

C

B

3Gtructural class in the broadest sense, including derivatives and heteroatom analogs.
bV, W, Y, and Z are first-layer element groups. X is a halogen, i.e., F, Cl, Br or I. Where
V, W, Y, or Z is identified as an element symbol (e.g., O), all element groups of that ele-
ment that are compatible in bond type with the central element group are implied. €A,
water instability; B, oxidizing agent; C, spontaneous decomposition; D, rearranges.
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and the chemical shift and signal multiplicity of the central carbon atom and
each first-layer carbon atom. Any additional noteworthy structural or spec-
tral features of a particular reference library compound may be added.
Approximately 56,800 carbon-centered 1-ACFs were found, representing
1158 different 1-ACFs. These were arranged in order of ascending ACFID
numbers. Within each ACFID subset, the entries were sorted according to
increasing chemical shift of the central carbon atom. From these data, four
reference files were created and merged into FOCISS.

The first, a master file, has 56,800 entries, each of which is assigned to
one random-access record and contains the appropriate ACFID number and
all of the above-described information associated with that particular 1-ACF.
A second file, a mapping file, contains the record pointers relating each
ACFID number to its subset of records in the master file. Each record in the
third file is keyed to a specific substructural feature, e.g., one first-layer
methyl group, two first-layer methyl groups, a carbonyl group. Bit maps
(with bits 1—13703) indicate the presence or absence of these structural fea-
tures in each of the 13,703 1-ACFs. The fourth file is a set of 250 records,
each of which corresponds to a 1-ppm chemical shift interval and contains a
13,703 bit string to indicate for each possible 1-ACF whether one or more of
the extracted 1-ACFs with the same ACFID number has a central carbon
atom signal within that 1-ppm interval. The chemical-shift range begins with
—10 ppm and ends at 240 ppm downfield of the reference standard tetra-
methylsilane.

These four files permit on-line queries of two types. If CSASSIGN (chemi-
cal shift assign) is called, options are provided that permit the input of either
a single 1-ACF or a group of structurally related 1-ACFs. CSASSIGN returns
the chemical-shift range for the central carbon atom of the 1-ACF or group
of 1-ACFs by surveying the chemical shifts of all 1-ACFs in the data base
that are compatible with the input. The second routine, ACFASSIGN,
accepts a chemical shift or chemical-shift range and, using the fourth file
described above, produces a list of 1-ACFs which have a central chemical
shift compatible with the input.

Two input options are most commonly used with CSASSIGN: a simple,
linear representation of a specific 1-ACF or a file of structurally-related
1-ACFs created with the editing capabilities of FOCISS described earlier. For
example, in a specific 1-ACF query about —O—CH,—CH<, the output re-
cords the minimum chemical shift (0.9 ppm) and maximum chemical shift
(55.4 ppm) of the central methylene carbon found in the data base for the
specified 1-ACF, the average chemical shift (29.3 ppm), the standard devia-
tion (6.1), the mode (29.0 ppm) and the number of hits (2773) for that
1-ACF in the data base. The user can also request a histogram displaying the
distribution of chemical shift values (Fig. 3). Generally, these plots display
Gaussian-like distribution when the number of occurrences is large. At times,
more subtle structure/spectra correlations may be discerned. In the example
shown in Fig. 3A, the histogram suggests the presence of two regions: that
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Fig. 3. Histograms displaying distribution of chemical shifts in the data base for: (A) the
1-ACF CH,(—0O—)(—CH——); (B) the hydroxyl-bearing carbon atom of tertiary non-allylic
alcohols. (No hits were observed in the region of lower field than shown here.)

from 43 to 53 ppm containing 30 occurrences and that from 56 to 81 ppm
containing 27 34. Using a structure-display routine, each of the 30 compounds
corresponding to the high-field region was examined, revealing that in each
case the central methylene-carbon atom was part of an epoxide ring. None of
the compounds in the low-field region contained the central methylene-
carbon atom in an epoxide ring.

The CSASSIGN query which produced the histogram shown in Fig. 3B,
identifies the observed chemical-shift range for the hydroxyl-bearing carbon
atom of tertiary, non-allylic alcohols. Using the editing capabilities of
FOCISS, a file containing the 19 fragments in the chemically stable 1-ACF
list that characterize this functionality is created, i.e., C(G1)}(G1)(G2)OH,
where G1 can be CH,;, CH,, CH or C, and G2 can be CH,, CH or C. The
search for all occurrences of these nineteen 1-ACFs in the data base pro-
duces a total of 147 hits, with a chemical shift range of 64.4—102.8 ppm.
The histogram shown indicates that 98% of the hits fall between 65 and
89 ppm. Examination of the structures corresponding to the two “outliers”
at about 102.5 ppm revealed a hydroxyl-bearing carbon atom in an unusually
strained environment in each case (Fig. 4).

TRUCTURE NUMBER: 1 STRUCTURE NUMBER: 2

/
\\>/\ )
N
2 N
\

o4 "OH

Fig. 4. CASE display of compounds corresponding to outlying 1-ACFs at 102.5 ppm.
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CSASSIGN also provides output options that list the actual reported
chemical shift of the central carbon for each of the 147 occurrences in
ascending order, and the literature references from which these data are
derived.

In using the second routine, ACFASSIGN, the user must specify the
source file of valid 1-ACFs to be searched for each query on chemical shift
or chemical-shift range, e.g., the chemically stable 1-ACFs or any user-
created file. Entry of a chemical shift or chemical-shift range and signal
multiplicity results in a listing of each 1-ACF (with two or more occurrences
in the data base) which has signal multiplicity and chemical-shift range for
the central carbon atom compatible with the entered data. The output con-
sits of a graphic display of each 1-ACF identified, its ACFID, the minimum
and maximum chemical shift for the central carbon atom, and the number of
occurrences of that 1-ACF in the data base. A search using the chemically-
stable 1-ACF file may, in some regions of the spectrum return a large num-
ber of 1-ACFs. Thus, a more constrained search space that better reflects the
particular problem at hand may be advantageous. In addition, ACFASSIGN
gives the user the option of entering a molecular formula if the query is re-
lated to the spectrum of a specific compound. In that case, the source file,
usually the chemically stable 1-ACF list, is automatically pruned of fragments
inconsistent with that composition prior to the search.

In a commonly used search mode, the complete carbon-13 n.m.r. spectrum
(i.e., the observed chemical shift and multiplicity of each signal) and the
molecular formula of the unknown compound are entered. ACFASSIGN
first prunes the source file of 1-ACFs based on the molecular formula and
then treats each signal as an entirely separate entry in exactly the manner
described above.

Table 5 summarizes the output of an actual ACFASSIGN search conducted
in connection with an unknown compound of natural origin containing only
carbon, hydrogen and oxygen. To assist in the identification of plausible
1-ACFs with an observed central-carbon chemical shift of 102.3 ppm (singlet),
the window of the query was widened to a range of 100.0—105.0 ppm and
the known molecular formula of the compound (C,,H,,05) was also entered.
Using the chemically stable 1-ACF file as the search space, ten 1-ACFs com-
patible with the chemical shift range, signal multiplicity and molecular for-
mula were identified. Without the entry of the molecular formula, the
number of hits was 473.

CONCLUSIONS

An element-group-based, atom-centered fragment, having as its boundary
the first concentric layer of element groups about the central element group,
is proposed as the basic unit of structure in a computer system designed to
reduce the spectral properties of a compound of unknown structure to their
structural implications. The established boundary condition is a workable
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TABLE 5

Summary of ACFASSIGN query
(Input: 100.0—105.00 ppm (singlet); molecular formula C,,H,,0,.)

1-ACF2 Chemical-shift range (ppm) No. of hits
Minimum Maximum
1. C(—0—)(=C-)(—CH,) 101.6 168.4 17
2. C(—O0—}—0—)}—CH,)(—CH,) 96.9 118.8 22
3. C(—O—)(—OH)(—C---)(—CH,) 104.4 108.4 4
4. C(—OH)(—C---)(—C---)(—CH,) 102.3 102.8 2
5, C(—O—)(—OH)(—C---)(—CH,—) 99.2 103.0 2
6. C(—O—)(—OH)(—-C---)(—CH--) 94.4 110.9 2
7. C(—O—)—OH)(—CH--)(—CH,—) 96.1 108.8 2
8. C(—O—)(—O—)(—CH--)(—CH,—) 104.0 109.7 3
9. C(—O0—)}—0—)—C---)(—CH,—) 105.1 105.1 1
10. C(—O—)—0—)(—C—=)(—CH--) 103.4 104.1 2

2Designated by linear code.

compromise between the need for a structural unit large enough to possess
a distinctive chemical environment relative to its spectral properties, and
small enough to keep the number of all possible structural units to a manage-
able level. Exhaustive generation of such 1-ACFs, followed by pruning based
on a set of rules about chemical instability led to approximately 5000
1-ACFs.

These structural units can be easily manipulated by the computer and con-
veniently assigned spectral properties by linking FOCISS to available spectral
libraries. (Structural units not present in the compounds of the library can-
not, of course, be assigned in this way.) For example, CSASSIGN is of value
in the assignment of carbon-13 chemical-shift ranges to 1-ACFs. Given
present limitations in our version of the CIS carbon-13 n.m.r. data base, only
about 1500 1-ACFs in the chemically-stable list of about 5000 can be assigned
realistic chemical-shift ranges by this method. However, these 1500 1-ACFs
are among the most prevalent occurring in organic compounds. In general, at
least 25 occurrences of a given 1-ACF in the data base are required for
chemical-shift range assignment. Prediction-based approaches to the assign-
ment of spectral properties of 1-ACFs are being explored.

Although the procedure for making structural inferences is based on
1-ACFs with assigned spectral properties, it should be noted that the overall
strategy described for automated structure elucidation is workable and
rigorous even if some 1-ACFs have no assigned properties. The only conse-
quence of such omissions may be the presence of some molecular structures
that are, in fact, incompatible with the observed spectral properties, and
should have been excluded. Thus, the structure elucidation system is designed
to take full advantage of the information contained in current data bases,
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but it is not limited by their deficiencies. The user still retains the assurance
that no plausible structure is overlooked.

ACFASSIGN is envisaged as an aid to the chemist in the interpretation of
carbon-13 n.m.r. spectra. Its value in this regard will, of course, be enhanced
as the data base is enlarged in scope. However, the data-base dependence of
ACF ASSIGN precludes its direct application to CASE because the search is
not exhaustive, i.e., it cannot report 1-ACFs that are absent from the com-
pounds of the reference library.

The authors are indebted to B. D. Christie and A. H. Lipkus for revealing
discussions in the preparation of this manuscript, and to the National Insti-
tutes of Health (NIH Grant GM 21703) and The Upjohn Company for their
financial support of this project. This paper was presented in part at the
1984 International Chemical Congress of Pacific Basin Societies, Honolulu,
Hawaii, December, 1984, Abstract 08C05.
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SUMMARY

The quality of multicomponent samples from one or several groups of samples can be
monitored by a pattern recognition method. The method is based on profiles of sample
quality, which are obtained by means of a multicomponent analytical technique (e.g.,
ultraviolet spectroscopy or chromatography), and data reduction is done with the aid of
fuzzy set theory. The advantages of the method in cases of overlapping and non-additive
signals are outlined for quality control of analgesic tablets by ultraviolet spectroscopy. Its
performance in the case of highly uncertain data patterns is demonstrated for classification
of protein samples by chromatography.

Spectroscopic and chromatographic methods are used to characterize
multicomponent samples with respect to chemical components and their
concentrations. Apart from the need to report accurate component concen-
trations, the analyses are frequently applied to ensure the quality of a final
product (e.g., by comparing the metal pattern of a steel sample with that of
a certified standard) or to classify a complex sample by means of its chro-
matographic profile used as a ‘“‘fingerprint”. The required data-processing
schemes are essentially methods of pattern recognition based on supervised
learning techniques [1]. However, the commonly used methods, such as the
k-nearest neighbour, the measurement of nearness to the centre of gravity, or
the linear learning machine, are not very suitable for solving the problem
envisaged because at best only a gross description of the class shape is poss-
ible, and the ratio between objects (samples) and features (sensors) is far
from being about 3:1.

Individual class-modelling techniques are of more use, as was shown by
Wold et al. [2] who used the SIMCA approach for fingerprinting human brain
tissues profiled by means of gas chromatography. The SIMCA method is based
on principal components analysis [3]; any known class is associated with an
individual mathematical model (e.g., a plane or cube) which is then used to
decide whether a sample pattern falls within or close to the class. Despite its
good performance in many examples [1—3], the SIMCA method has

0008-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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drawbacks, arising from the relatively simple (hard) class models that are
constructed by using confidence intervals around each model. Furthermore,
its application is restricted to cases where the number of abstract components
is less than either the number of samples or the features. For example, the
SIMCA method will fail with chromatographic profiles if the variability of
repeated signal patterns measured on the same sample type is so high that
not every peak appears for each sample.

To overcome these limitations, a new approach to the problem based on
the theory of fuzzy sets [4, 5] is considered here. Fuzzy set theory has been
successfully applied in econometrics [6] and remote sensing [7] but has
been adapted to analytical problems only by Blaffert [8] who used it for
spectral library search in the infrared range.

With this theory, class shape can be described by models that are highly
adaptable to the actual experimental class data. In this paper, the theory of
pattern recognition by fuzzy sets is outlined. The practical utility of the
method is demonstrated for quality control of pharmaceutical products
based on monitoring their ultraviolet spectra and for classifying protein
samples by means of their chromatographic patterns.

THEORY

Quality control by pattern recognition

In order to classify an unknown sample with respect to a standard com-
position or to a group of similarly composed samples, a training set of
samples must first be analyzed. After the signal profiles (spectra or chro-
matograms) have been digitized at p sensor positions (here, sensors mean
wavelength or retention data), every sample data vector is characterized by a
point in the p-dimensional space (Fig. 1). In the second phase, the grouping
of data obtained (the classes) are surrounded by individual class models,
e.g., by constructing confidence cylinders as shown in Fig. 1. Finally, the
unknown samples are classified by fitting them to the class models, e.g., by
multiple regression techniques.

For the application of fuzzy set theory, the following data-specification
scheme is the starting point. (A mathematical presentation of fuzzy set
theory can be found in the monograph by Dubois and Prade [5]; the basic
notions have been outlined by Blaffert [8].) The signal profiles of the training
set sample overlap severely as shown in Fig. 2 for the molecular spectra in
the u.v. range. Figure 2 gives some impression of the variability and uncer-
tainty of the profiles. When the number of such profiles is increased and the
figure is looked at from a distance so that the separate lines are blurred, the
spectra appear as various shades of grey; a single point becomes darker as
more lines run into one another in its neighbourhood. Hence the shade of
grey at a point can be used to represent the possibility that true profiles meet
that point. This means, however, the greyish picture can be regarded as a
fuzzy set, the membership function of which is defined by the shade of grey
assigned within the interval [0, 1]. Thus, the membership function (m.f.)



23

ABSORBANCE

0.0 T T T T T
22 230 240 250 260 270 280
WAVELENGTH, nm

Fig. 1. Sample characterization by its p-dimensional sensor pattern depicted for p = 3: (x)
class 1; (o) class 2; (o) class 3.

Fig. 2. Ultraviolet spectra for mixtures of caffeine, propyphenazone and phenacetin. The
compositions of the mixtures are given in Table 1,

can be written as m(., x):S - [0, 1], where S represents the signal set and x
is a point of the feature axis X.

The special problem in the present case is to specify m when the number
of training profiles is low; as always, expert knowledge must be used to
specify this function.

Specification of membership functions
~ Four procedures are presented to specify membership functions of fuzzy
: sets depending on the training profiles given.
The simplest method (method A) consists of the well known “hard-
' window”’ approach [4, 5, 8]. If s;(x); i = 1(1)n are the given training profiles,
. then the m.f. is specified (cf. Fig. 3a) by
1 for min; s;(x) < s < max; s;(x)
m(s; x) =
0 elsewhere
A more sensible method (method B) starts by specifying the most possible
value s(x) for every x and a parameter value b(x) of broadness. Then the m.f.
is specified symmetrically to s(x), taking into account the parameter b(x),
(ct. Fig. 3b) by
m(s; x) = exp {—[s — s(x)]?/2b*(x)} (1)

It is noted that specifying this bell-shaped curve does not mean adopting a
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Fig. 3. Specification of membership functions for modelling grey-shaded figures: (a) hard-
window approach; (b) bell-shaped curve; (c) cubic spline approximation using the points at
membership values of 0, 0.5 and 1; (d) mathematical morphological model by means of
moving a structuring element (line segment) along the intensity axis.

Gaussian model or following a statistical line. In another approach (method
C), the most possible value s(x) is specified for every x, with m(s(x); x) =1,
and cross-over points c¢,.(x) are specified with m(c,.(x); x) = 0.5 as well as
initial vanishing points v.(x) with m(v,.(x); x) = 0 defined to have non-
vanishing points in their neighbourhood, r = 1, 2. The five points v,(x),
ci(x), s(x), ca(x), v,(x) are connected by a cubic spline (Fig. 3c).

A data-orientated procedure (method D) is based on means from mathe-
matical morphology [9]. For this, a structural element (e.g., a line segment
L of appropriate length) is moved along the signal axis at sensor position x,
and the number of events involving crossing profiles of the training set are
counted; stepped membership functions are produced, as shown in Fig. 3(d).
If L(s) is defined as the line segment when its midpoint has the position s,
then

m(s; x) = (1/c) card [s;(x): s;(x) € L(s)] (2)

where ¢ is some constant to renormalize m to the interval [0, 1] and card
stands for cardinality, i.e., the number of elements in the following set. This
method is advisable if no useful prior knowledge is available or if the experi-
mental data should or must be used on their own for further treatment.

Classification of samples
Once the fuzziness of measurements has been specified, the method is
ready for use in classifying unknown samples by monitoring their signal :,
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profiles and matching the digitized signals to the membership function (m.f.)
of the sensors.

The m.f. of the unknown sample is denoted by m,(s; x) and may be crisp
with m,(sy(x); x) = 1 along the graph s,(x) and zero elsewhere. Then the
intersection of the fuzzy sets with '

Mu(s; x) = min{m(s; x), my(s; x)] (3)

gives a vector of concordant values m,,(s; x;); j = 1(1)p which can be aggre-
gated to one final value (the degree of containment) to characterize the
quality of the sample. The easiest way, considered here, is to use the arith-
metric mean

gmimy) = (L/p) § mu(s; ;) (4)

i=1

Other aggregation operators have been described [10]. Thus, finally a value
ranging between 0 and 1 is obtained which describes the quality of a sample.
From experience and test experiments, it can be decided which value must
be reached for the sample to qualify as fitting within specified tolerance
limits or as being outside these limits.

The approach is so general that it can be applied to any spectroscopic or
chromatographic or even electroanalytical method which provides signal
patterns. The method is especially useful in cases of signal overlap or when it
is impossible to reproduce the whole signal pattern accurately, e.g., with
chromatograms from samples of biological origin.

EXPERIMENTAL

Apparatus and computations

Ultraviolet spectra were recorded on a double-beam scanning Model M40
spectrophotometer (VEB Carl Zeiss Jena) and the digitized values were trans-

ferred to the computer off-line.

Chromatographic data were taken from high-performance liquid chro-
matography (h.p.l.c.) of proteins in urine, as reported elsewhere [11].

Computations were done on a SM 4/20 model digital computer (Tesla)
programmed in FORTRAN. For graphics, a Commodore 64 microcomputer
connected to a model 1541 floppy disk was used; the program was written in
BASIC and machine language. The final program is available from the authors
on request.

Procedure

Ultraviolet spectra were measured for typical compositions of analgesic
tablets consisting of caffeine, propyphenazone, phenacetin, papaverine
hydrochloride and phenobarbital. The mixtures were prepared from 0.1%
(w/v) stock solutions of the components by appropriate dilution with
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twice-distilled water in a 50-ml volumetric flask. The solution then was
placed in 0.5-cm cuvettes and the spectra were recorded between 230 and
290 nm every 5 nm.

RESULTS AND DISCUSSION

Spectroscopic quality control

As a spectroscopic application of monitoring the quality of multicompo-
nent samples, u.v.-spectroscopy was used to characterize the component
mixtures typically present in analgesic tablets. Although the components are
limited to 3—5 in such systems, their analysis is difficult because the spectra
overlap strongly so that laborious multivariate calibration techniques com-
bined with multiple regression [12] or principal components analysis [13]
become obligatory.

With the fuzzy set approach, calibration is restricted to setting up the
system by repeated measurements of a standard sample that contains the
individual components at the tolerable concentration levels. Figure 2 (solid
lines) shows the spectra of five standard samples which were used to con-
struct the membership function. These functions were first specified by the
morphological method [9];aline segment L was moved along the absorbance
axis at 13 wavelength positions x;. The graphs obtained were quite similar to
that shown in Fig. 3(d). Thus a function of the type of Eqn. 1 was chosen to
specify the m.f. The parameter of broadness, b(x), was based on the actual
standard deviation at the sensor position x calculated from the five repeated
measurements; the varying widths of the grey shades at different wavelengths
were taken into account. When the standard spectra were matched to the
m.f.’s themselves, values higher than 0.5 were obtained for the degree of
containment measured by the arithmetic mean (Eqn. 4) (Table 1, mixtures
1-5).

There is no obvious difference between the results whether the stepped
m.f. or the bell-shaped m.f. was used. This was also true when the mixtures
analyzed varied in composition within +2% (Table 1, mixtures 6—10) or
when outliers were investigated, as given in Table 1 for mixtures 11—14
(cf. Fig. 2). Mixtures 6—10, which varied in composition within the toler-
ance limits of +2%, gave similar degrees of containment as the training mix-
tures and are classified correctly as being of the expected quality. All the
outliers show clearly lower degree of containment so that in the present
example a degree of containment of 0.5 could be fixed to guarantee the
quality of a tablet.

An attempt was made to construct a grey-shaded picture by summing the
concentration-weighted spectra of the pure components according to the
Lambert-Beer law. This procedure failed, however, because the individual
spectra were not additive. The superposition of component spectra gave
experimental absorbances which were about 5% lower than expected theo-
retically.
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TABLE 1

Quality control of analgesic tablets by means of u.v. spectra and fuzzy set theory

No. Concentrations? Degree of containment
Caffeine Propyphenazone Phenacetin Method B Method D
Training mixtures
1 0.2 0.6 1.2 0.672 0.644
2 0.2 0.6 1.2 0.830 0.608
3 0.2 0.6 1.2 0.627 0.624
4 0.2 0.6 1.2 0.548 0.593
5 0.2 0.6 1.2 0.784 0.675
Mixtures with concentration deviations up to 2%
6 0.196 0.588 1.176 0.617 0.579
7 0.204 0.612 1.224 0.568 0.525
8 0.204 0.588 1.224 0.739 0.638
9 0.192 0.612 1.176 0.625 0.608
10 0.204 0.612 1.200 0.670 0.640
Outliers
11 0.2 0.45 1.0 0 0.004
12 0.3 0.6 1.0 0.147 0.149
13 0.1 0.45 1.2 0.003 0.013
14 0.2 0.45 1.4 0.133 0.159

20ne unit corresponds to 20 ug ml-.

The sensitivity of the approach was further evaluated by analyzing a five-
component system consisting of caffeine, propyphenazone, phenacetin,
papaverine and phenobarbital. The latter two components are present at
about a tenth of the concentration of the others, which renders their quality
inspection more difficult. The results for mixtures where papaverine deviated
from the true concentration by 50% (mixture 7, Table 2) and phenobarbital
by more than 100% (mixture 9) are represented in Table 2 along with predic-
tions of the standards themselves. From the values for the degree of contain-
ment, it can be concluded that these mixtures with high variations (7 and 9)
were recognized by both methods B and D as being outside the tolerance
limits, i.e., the degree of containment is less than 0.5 with method B (bell-
shaped m.f.) and less than 0.9 for method D (morphological approach). In
this example, method D seems to be more sensitive to the quality of sample
because even mixture 6, which contained 10% more papaverine, shows a
different degree of containment compared to the parallel determinations of
mixtures 1—5. Further experience with the two methods, however, is needed
to confirm this finding.

Other applications can be envisaged, e.g., in the identification of steel and
alloy samples by means of energy-dispersive x-ray fluorescence analysis [14].
In that case, several classes (samples having the same metal pattern) would be
of interest and their membership functions would have to be stored on file.
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TABLE 2

Quality control of a five-component mixture by u.v. spectroscopy

No. Concentrations? Degree of containment
Papaverine Phenobarbital Method B Method D

1 0.032 0.068 0.668 0.985
2 0.032 0.068 0.518 0.969
3 0.032 0.068 0.833 0.941
4 0.032 0.068 0.749 1.000
5 0.032 0.068 0.903 1.000
6 0.035 0.068 0.712 0.849
7 0.048 0.068 0.409 0.565
8 0.032 0.090 0.637 0.981
9 0.032 0.151 0.012 0.016

20ne unit corresponds to 20 ug ml-!. For all mixtures (1—9) the concentrations of
caffeine, propyphenazone and phenacetin were 0.2, 0.6 and 1.2, respectively.

Classification of samples analyzed by chromatography

The proposed fuzzy set approach is especially advantageous for cases in
which the repeatability of signal patterns is so poor that peaks can be missed
completely or the signal positions and intensities vary very significantly
between samples of one class. Such patterns are often encountered in the
chromatographic analysis of complex samples, e.g., tissues, micro-organisms
or proteins. The advantage of the fuzzy set approach originates from com-
paring data sets rather than data vectors (cf. [8]).

In the present work, typical liquid chromatograms taken from protein
analysis [11] were considered. If an attempt is made to arrange the retention
data as a vector for input in a SIMCA treatment, it quickly becomes clear
that there is no straight order of retention data. Visual inspection of reten-
tion patterns between the three groups shows quite different patterns
(Fig. 4a—c). These patterns were used to construct the m.f.; the retention
data were fuzzed on the basis of a bell-shaped curve as described in Eqn. 1.
In order to account for the decrease in reproducibility of retention values
with increasing retention time (¢r) in the chromatogram, the peak width (b)
of the m.f. was varied by the linear model b = 0.02t5 + 0.01. The m.f.
obtained in this way is shown for the group (c) pattern in Fig. 4(d).

To estimate the discriminating ability of the fuzzy set modelling of classes
of protein samples, patterns of the three groups of samples were matched to
each group. The data for the patterns are given in Table 3 along with the
degrees of containment which were calculated according to Eqn. 4. As can
be seen, the three sample patterns are classified within the classes from
which they originated with high (>0.9) degrees of containment. The most
difficult classification occurred with the pattern from class 3, for which the
degrees of containment were quite similar for all three classes. However, the
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Fig. 4. (a—c) Peak retention data for three groups of urine samples. (d) Class membership

function for group (c) based on bell-shaped fuzzing of retention data. In (d), the peaks
represent membership functions ranging between 0 and 1 rather than chromatograms.

TABLE 3

Classification of chromatographic patterns based on fuzzy observations

Class Retention data (min)

1 2.45 3.06 3.25 4.54 5.67 7.15 11.29 —

2 1.38 1.47 2.60 2.83 4.51 7.47 10.67 1145
3 1.47 2.45 2.60 3.14 3.30 3.74 4.54 —
Class Degree of containment obtained by matching against class number

origin 1 2 3

1 0.98 0.45 0.60

2 0.54 0.96 0.59

3 0.81 0.78 0.93

most probable class, 3, was ranked first as expected. If the ranking were
worse, the m.f. would have to be tuned further to guarantee correct sample
classification.

The classification scheme was also evaluated for data sets in which both
the training and unknown samples were fuzzed. This procedure shifts the
degrees of containment closer to unity, i.e., the results become less ambig-
uous; however, it does not improve the differentiation in ranking unknown
samples. Therefore, the data are not presented here.
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The proposed method could also be applied to data from pyrolysis gas
chromatography of tissues where the number of peaks in the chromatograms
can be quite high but very uncertain, e.g., 24 samples with 131 + 16 peaks
each [15]. The number of peaks (features) had to be reduced substantially
in order to fit within the constraints of classical pattern-recognition methods,
and a time-window peak-matching routine was developed to obtain a suitably
populated data matrix. The method [15] was based on dividing the pyro-
gram into a set of intervals and assigning a formal identity to each peak in
the intervals by using a previously updated cumulative reference file. This
method solved the problem partly. The fuzzy set approach would be simpler
because no data preprocessing would be necessary to generate the input data
vectors and the original data could be handled as sets, i.e., fuzzy sets.

Conclusions

Classification of multicomponent samples based on measurements with
multicomponent techniques and on data reduction with fuzzy set theory is
not restricted to selective analytical methods and highly precise measure-
ments. If the signal profiles are interpreted as fuzzy observations, sample
classification is possible in cases of non-additive component signals, over-
lapped signals, non-random data distribution and even when the signal order
is uncertain.

The general method has already been shown to be useful in spectral
library searches [8]. Here, it proved successful for classifying samples with
complex chromatographic patterns even without consideration of the
intensity data in the chromatogram. Extension of the method to take into
account both retention and intensity data would be straightforward and has,
in fact, been outlined by Blaffert [8] for i.r.-component identification.

The authors thank H. Schellenberg (Pharmaceutical Quality Control,
Leipzig) for helpful discussions as well as J. Wagner, U. Steinbriick (Medical
Clinic, Karl-Marx-University, Leipzig) and J. Coupek (LP, Praha) for provid-
ing chromatographic protein data.
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SUMMARY

UNEQ, a method for supervised pattern recognition based on the assumption of multi-
variate normally-distributed groups, is presented. The method belongs to the group of so-
called class-modelling techniques, i.e., classification functions are developed for each of
the training classes separately, on the basis of the similarities between the objects within
a group. New classes can therefore be entered easily into a classification problem. The
method allows also easy detection of outliers. For each individual sample, the degree of
connection with all the training classes can be defined. If for a given sample, this degree
of class membership is low for all the classes, the object is considered as an outlier. The
mathematical background of UNEQ is described. The validation of the derived classifica-
tion functions in terms of sensitivity, specificity and efficiency is discussed. The method
is illustrated and compared to SIMCA (another class-modelling technique) by means of a
data set that concerns the classification of olive oils according to their area of origin,
based on fatty acid patterns. It is concluded that the UNEQ method can be very useful
for classification purposes but requires the populations to be homogeneous as is the case
for other techniques. For the olive-oil data set, the performance of UNEQ is similar to or
even better than SIMCA.

An important aim of the collection of chemical results about sets of
objects or samples is the classification of these samples into different cate-
gories, e.g., the classification of food products according to origin or quality
or the classification of patients into categories of diseases (in which case the
classification is referred to as medical diagnosis). For this purpose, supervised
pattern recognition techniques have been introduced in analytical chemistry.
The final aim of these methods is the development of classification functions
or decision rules. According to whether the decision rules emphasize the
differences between the classes or the similarities within each class, a distinc-
tion can be made between discriminating and modelling supervised techniques.
The linear learning machine [1], for instance, is a typical discriminating
technique, while SIMCA [2] is the prototype of a class-modelling technique.
In this paper, a method called UNEQ, belonging to the second group of
methods, is presented. Recently, other new class-modelling techniques have
also been proposed [3, 4].

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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The aims of UNE®

There are many different supervised pattern-recognition techniques. For
practical applications, the question then arises which technique should be
chosen. One criterion is of a mathematical nature: when techniques make
assumptions about the training groups, e.g., normality of data, these condi-
tions should be fulfilled as far as possible in order to derive reliable classifica-
tion rules. There are also other important criteria that should be taken into
account. Coomans et al. [5] gave a summary of requirements that should be
fulfilled to obtain decision rules that can be used in medical practice. Some
of these are particular to medical diagnosis problems, others are more general
and apply to most supervised situations. The latter criteria can be summarized
as follows.

(1) The method should allow new training classes to be entered easily into
the classification problem. This means that the decision rules for the classifi-
cation in a given class should not depend on the other classes in the training
set. This avoids repeating the learning process for all the training classes each
time a new group is entered into the classification procedure.

(2) If the classification rule is used for the classification of samples for
which no learning group was analysed, or for samples with aberrant patterns
(e.g., because of measurement errors), then these samples should be detected
and classified as outliers.

(3) It is not sufficient that the output of the classification procedure con-
sists of the classification of the samples into one of the training classes; one
should also obtain some idea about the probability of the classification being
correct.

(4) It should be possible to detect redundant parameters. In many applica-
tions, it is not obvious which variables should be used to discriminate between
different groups. This often results in the characterization of the objects by a
lot of parameters. However, it may be that not all of these are necessary for
the classification problem under study. In general, the reliability of the
classification functions decreases when irrelevant parameters are introduced,
thus it is advisable to eliminate such parameters. In elimination of parameters,
however, it should be realised that the set of parameters optimal for making
a distinction between, for instance, groups A and B, can be useless for dis-
criminating between groups A and C.

Criteria 1 and 2 lead to the conclusion that disjoint modelling techniques
should be preferred, i.e., techniques that construct, on the basis of the
similarities between the objects, a separate class model for each class inde-
pendently from all the other classes in the training set. Eventually, in the
selection of a classification technique, practical considerations must also be
considered. The people applying the decision rule in practice are not neces-
sarily experts in the field of pattern recognition. This means that the decision
rules should be easy to handle, and that the methods used to derive them
should not be too sophisticated, at least in concept, so that the user under-
stands how they work. The method, or the decision rule obtained, should
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nowadays be easy to implement on a microcomputer. The program should
ask as little input and decision from the user as possible. Moreover, the out-
put results should be represented in an easily understandable way; rather
than numbers and tables, the output should consist of plots or histograms.

As will be demonstrated, the UNEQ class-modelling technique satisfies
these requirements to a great extent.

BASIC CONCEPTS

The first step in any classification procedure obviously consists of the
collection of data for a group of samples with known classification. The data
obtained for each single object % constitute a pattern and can be represented
by a pattern vector X,, with Xj, = [x,y, . . ., X,,], X;), representing the value
of the ith variable for the kth object. The pattern vectors of all the training
objects are arranged into a data matrix, the structure of which is given in
Fig. 1. On the basis of this training or learning set, a decision rule is subse-
quently formulated. Each of the objects, characterized by p variables, can be
considered as being situated in a p-dimensional space, the axes of which are
given by the p variables. The position of an object in this pattern space is
given by its pattern vector X,. The general aim of class-modelling techniques
is to define in the pattern space for each of the training classes a “class-box”
such that for instance 95% of the relevant population falls inside the appro-
priate class-box.

UNEQ assumes that the class population has a multivariate normal distri-
bution. The class box obtained with UNEQ then coincides with a multivariate
normal confidence interval around the population mean at a predefined level
of significance. If a class box is constructed at the 5% level of significance,
objects lying outside the class box have a probability less than 5% of belong-
ing to the class and will therefore be considered as not belonging to that class.

Geometrically, the classification of a new object is made by comparing the
situation of that object in the pattern space with that of the class-boxes.
Three kinds of classification decision are possible (see Fig. 2): (a) an object is
situated inside the class-box of only one class and is then unambiguously
classified as belonging to that class; (b) an object is situated in more than one
class-box, which happens when classes overlap and when the object is situated

r objects

1

variables : Xk

class 1 class q

Fig. 1. Matrix representation of a training set: p, number of variables; q, number of
classes in the training set; n,, number of objects in the training set for class q; x;;, value of
the ith variable for the kth object.
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Fig. 2. Geometric illustration of the UNEQ classification in a bivariate situation. Object X
is an outlier; object Y is uniquely assigned to class B; object Z falls inside both class models
and is therefore not uniquely classified.

Fig. 3. Multivariate and multiple-univariate confidence intervals for a bivariate population
with u (0, 0) and = = (1, p, 1): (———) 95% confidence interval on the variables in a uni-
variate approach; (—) 95% confidence interval in the multiple-univariate approach. The
circle is the 95% bivariate confidence interval (p = 0) and the ellipse is the 95% bivariate
confidence interval (p = 0.8).

in the overlap region of the concerned classes, so that object cannot be
uniquely assigned to a single class; (c) an object is situated outside all class
boxes, in which case it is considered an outlier, i.e., it belongs to a class for
which no learning group was analysed. Obviously, as the class-boxes are con-
structed for each class separately, independently of all the other classes in
the study, new classes can be introduced easily, without influencing the
decision rules (i.e., the shape of the class-boxes) obtained for the classifica-
tion towards the other classes.

On the basis of the distance of an object from the centroid of a class Q,
the probability P(X/Q) that objects belonging to the class are situated nearer
to the centroid than the classified object can be calculated; [1 — P(X/Q)] is
a measure of class membership of the object concerned. Objects lying on the
surface of a class-box developed at the 5% level of significance have a degree
of class membership of 0.05; for objects situated outside the class model, the
degree of class membership is less than 0.05 while for these situated inside
the model the degree of class membership is higher than 0.05. The higher the
degree of class membership, the more reliable the classification decision is.
UNEQ meets the criteria 1, 2 and 3 given above; criterion 4, concerning the
identification of irrelevant parameters, can be approached by combining
UNEQ with a principal components analysis as will be discussed in a subse-
quent paper.
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Multivariate versus univariate confidence intervals

One could wonder why multivariate confidence intervals should be used
instead of a combination of univariate ones. Figure 3 shows why for a bivari-
ate situation, provided that the class is bivariate normally distributed.
The dashed straight lines represent the limits of the 95% univariate reference
range for both parameters x, and x, separately. The use of the combina-
tion of both univariate ranges in order to decide whether a sample belongs
to the corresponding class would mean looking to see if the sample falls
into the rectangular part of the plot. The circle represents the bivariate
95% confidence interval when no correlation exists between the two para-
meters. It is clear that even in this simple situation the multivariate and the
univariate range do not coincide. The main reason is that when two observa-
tions are used in order to decide whether or not a sample belongs to a class
at a certain a-level (e.g., 0.05) each of the univariate ranges should be made
wider, namely corresponding to the 97.5% level of confidence. The a-risk of
the combined decision rule then indeed amounts to 0.05 (1 —0.975%).Ina
20-parameter situation, with comparisons made at the 95% level of confidence
for each separate variable, one would expect that only 36% of the samples
would fall inside the twenty 95% normal ranges while 64% (« = 1 — 0.952°),
can be expected to show abnormalities in at least one test. It is necessary to
adapt the ranges of the univariate confidence intervals to the number of ranges
that will be taken into account simultaneously in order to reach the pre-
defined level of significance. The full straight lines in Fig. 3 represent the
limits to be used in a bivariate decision problem at the 95% level of confi-
dence. It should be noted that although the a-level (i.e., the probability that
an object belonging to the class falls outside the confidence limits) is the
same for the bivariate approach (circle) as for the multiple univariate approach
(rectangle), the two confidence regions do not coincide totally. In the
bivariate approach an extreme value in one parameter, situated outside the
univariate confidence interval for that parameter, may be compensated by
an observation near the centroid in the other, whereas samples that satisfy
the conditions of both univariate reference ranges but are situated very
near to the borders of both these ranges are considered as outliners in the
bivariate approach.

When variables are correlated pairwise, the difference between the two
approaches is more pronounced. The ellipse in Fig. 3 represents the 95%
bivariate confidence interval when the correlation between x; and x, amounts
to 0.8. The multiple univariate confidence interval is still limited by the full
straight lines, i.e., the same as for the uncorrelated variables. Though the
univariate and the bivariate ranges both enclose 95% of the objects belonging
to the class, the area of the pattern space they occupy differs greatly. The
bivariate range is almost totally situated inside the univariate confidence
region. Objects situated in the small parts that are excluded by the univariate
but not by the bivariate approach, are those that lie along the edges of the
major axis of the ellipse, i.e., they are objects that follow closely the major
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trend within the class. Therefore, the probability that objects belonging to
the class are situated in these parts is relatively large. As the univariate
approach excludes some parts of the bivariate range, it has to include some
other part of the pattern space in order to reach the same confidence level.
However, as the probability density is lower in any other part of the pattern
space, the univariate range has to include a much larger area of the pattern
space than the parts of the bivariate range it excludes. The area occupied by
the univariate range is therefore always larger than the area of the correspond-
ing multivariate range. For standardized variables (e.g., 4, =u,=0;0,=0,=
1), the univariate range occupies a relative area of 20.1. When the variables
are uncorrelated, the bivariate range occupies a relative area of 18.8 whereas
for correlated variables (p = 0.8) this relative area is only 11.3. This differ-
ence between the two approaches increases with an increasing number of
variables. For three uncorrelated standardized variables, the relative volume
of the univariate confidence region is 109.2 while in the multivariate approach
it is only 91.5. The difference also increases with increasing confidence level
(e.g., a = 0.01; p = 0; area of bivariate range = 28.9; area of univariate
approach = 31.6). When the univariate and multivariate confidence regions
are both constructed at the same level of confidence, the probability of
considering objects as outliers when they are not, is the same for both and
amounts to a. However, the larger is the part of the pattern space enveloped
by the confidence limits, then the higher the probability that objects not
belonging to the class will fall inside its limits and will therefore be considered
erroneously as belonging to the class (e.g., the larger the g-error is).

MATHEMATICAL BACKGROUND

The notations used throughout this paper follow the proposals made by
Kowalski [6]. As UNEQ develops class models for each class separately, the
index referring to the class is omitted to avoid excessively complex symbols.

When a population, characterized by p variables, is normally distributed in
a multivariate way, the distribution in the p-dimensional hyperspace of the
individuals belonging to that population is described by the density function
(x4, . . o Xp):

£(x1, - %p) = (2021351217 exp (— 1/2{(X =)' (X — )P (1)

The shape of this function is defined by two parameters: u, the population
mean vector, is a parameter of location, indicating the situation of the cen-
troid of the population in the pattern space; Z,, the population variance
covariance matfrix, is a parameter of spread, indicating the dispersion of the
individuals around the centroid:
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In the simplified case of a bivariate population, the inverse of the variance
covariance matrix is given by the matrix

E§1=(1—P%2)_1 1/0% 0 —p12/0,0,

0 0
—p12/010, O 1/03 (2)

which converts, after substitution into Eqn. 1, the expression for the distri-
bution function into (3):

") e () () - (B
~zen(22H) (2221 ®

The terms within the { } brackets represent an ellipse with the center at the
points u; and u,, i.e., the centroid of the bivariate normal population. Pairs
of points for which this expression has the same value (i.e., points situated
on the contour of the same ellipse) all have the same value of the normal
density function and are isodensity contours. In the generalized situation
(i.e., when p variables are present), the same quantity represents isodensity
ellipsoids (p = 3) or hyperellipsoids (p > 3).

The square root of the expression between the braces in the exponent of
the multivariate normal distribution is called the generalized distance D (or
the Mahalanobis distance D?):

f(xs, 4) = <277 s,

D= (X — u) ZHX — uy) (4)

where D is a measure of the distance of the objects with coordinates given
by the vector X towards the centroid of the population. When the popula-
tion has a multivariate normal distribution, D? has a chi-square distribution
with p degrees of freedom. For pairwise uncorrelated variables, this can
easily be proven as the variance covariance matrix then reduces to a diagonal
matrix, the elements on the diagonal being the variances of the variables.
Consequently, D? can be written as

D= 3 (G —mi)fo?
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As the marginal distributions of a multivariate normal distribution have uni-
variate normal distributions, D? is then equal to the sum of the squares of p
standardized normally distributed variables which is indeed chi-square distri-
buted. When the variables are correlated, the same property applies. It is
possible to apply, to each set of p correlated variables, an orthogonal trans-
formation such that the derived p new variables are uncorrelated. This is the
fundamental theorem on which principal components analysis is based, in
which the new variables are called principal components. If p uncorrelated
variables y; (i = 1, .. ., p) are obtained by an orthogonal transformation of p
correlated variables x; (i = 1, . . ., p) then the relation between both groups
of variables is given by the equation Y = L'X or X = LY, in which L’ repre-
sents the transformation matrix. L'L = I, as the transformation is orthogonal.

If D, is defined as the generalized distance between an object with y coor-
dinates (y,, ¥, - . ., ¥p) and the mean vector pu,, it can be shown that D2 =
D2, If Y is defined as the mean score matrix of the y variables, consisting of
N identical columns each corresponding to u,, and X as the mean score
matrix of the x variables, then the variance covariance matrix of the x and y
variables is given, respectively, by

Zp(x) = 1/N(X - X)X — X) and Z,(y) = (IN)Y - Y)Y - ¥)

The notation used here supposes a finite population (size N). Although this
is usually not true, this option was chosen in order to avoid complicated
notations.

The two matrices are related by Z,(y) = L'Z,(x)L because

Zp(¥)= (I/N)(Y — Y)Y — ¥Y)' = (IN)L'(X — X)[L'(X — X))’
= (1/N)L'(X —X)(X—X)L=L'Z, ()L

and

Z7() = [L'Zp(x)L] 7 = L1251 (x) (L) = L' 25! (x)L

as L' = L™}, L being an orthogonal matrix.
Therefore:

D} = (Y — uy )’ L' 23 ®)L(Y — py) = [L(Y — )] 27 ()Y =~ n1,)]
= (X — pa) Zp ()X — ) = DX (5)

asl(Y —p)=LY—Ly,=X —u,
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For the uncorrelated y variables, expression D2 has a chi-square distribution
with p degrees of freedom, and so this also applies for the generalized dis-
tance, calculated on the basis of the correlated x variables. This means that,
even when the variables are correlated, the quantity D? has a chi-square
distribution, e.g., the quantity remains invariant under a principal axis rota-
tion. Equation 5 indicates that this invariance property holds for any linear
orthogonal transformation of the original variables and not only for the
principal axis rotation, because L can represent any orthogonal matrix.

Because D? has a known distribution, it is possible to calculate which value
D? can have to exclude only 5% of individuals belonging to the class. This
value is called D2,,. Objects for which D? is larger than D2 have a degree of
class membership lower than 0.05 and are therefore considered as outliers to
that class at the predefined level of significance of 5%. This also means that
the shape of the class-box is given by equation

Dig= (X — ) ;X —uy)

representing an ellipsoid in the pattern space with the population mean as
centre.

Properties of the generalized distance

A main property of the generalized distance is that the internal dispersion
within a group of data is taken into account in the computation of the dis-
tance between individuals and the population centroid. For example, with
the bivariate population,

D= (X - p)THX — p)

= [(xy — 11)/0,1% + {I(xz = u2)/02] —p12l(xy — 1)/ 111 = pT)V>?

In the computation of the generalized distance, the part of the second vari-
able which is explained by the first variable is subtracted. If the variables are
uncorrelated, the generalized distance reduces to the Euclidian distance of
the standardized variables, and therefore the generalized distance can be con-
sidered as a generalization of the Euclidian distance.

A second property of the generalized distance is its invariance with respect
to scaling of the variables. In matrix notation, scaling is a premultiplication
of the data matrix X with a p X p diagonal matrix D(1/a), the elements on the
diagonal being the reciprocals of the scale factors a;:

D(l/a)={1/a, 0 ... 0O
0 1/32
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Z=D(1/a)X or X =D(1/a)'Z = D(a)Z and (Z —Z) = D(1/a)(X — X)

where Z is the p X n matrix of the scaled x, values. The relationship between
the covariance matrices of the z and the x variables is given by

2,(2) = (1/NNZ — Z)(Z - Z)' = (1/N)D(1/a)(X — X)(D(1/a)(X — X))’

= (1/N)D(1/a)(X — X)(X — X)'D(1/a)’ = D(1/a) Z,(x)D(1/a)

because D(1/a)’ = D(1/a),
and by

25 (2) = D(1/a)" 2;}(x)D(1/a)" = D(a) 2}/ (x)D(a)
Therefore
DI =(Z — 1) 25/ @)(Z — u.)
= [D(1/a)(X — u4)]'D(a) 2! (x)D(a) [D(1/a)(X — p)]
= (X — u1,)'D(1/a)D(a) Z;'(x)D(a)D(1/a)(X — u,)

= (X~ ux) TP ()X — us) = DX

Practically, this means that the units in which the observations are expressed
do not affect the value of the generalized distance and therefore do not
influence the decision rules applied in this technique. Moreover, as a trans-
lation of the origin of the original axis does also not influence the generalized
distance, this implies that a Z-transform (or autoscaling) of the original data
will not affect the classification rules.

In some supervised techniques, the scaling of the variables, which is
needed to make the range between the different parameters comparable, has
an important effect on the classification results. In discriminating techniques,
scaling can only be done over the entire data set. Class-modelling techniques,
however, have the additional possibility of scaling each training class separ-
ately. Therefore, an additional decision must be made before a classification
rule can be deduced. As demonstrated for the class-modelling technique
SIMCA [7], classification results depend on the way scaling is done.

Population versus sample values
In practice, the population parameters u and X, are unknown and should

therefore be estimated by the mean vector X and the variance covariance
matrix S of a sample of size n. The sample value of D? is then denoted by

d? = (X — X)'S;'(X — X)
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However, as shown by Defrise-Gussenhove [8, 9], an unbiased and consistent
estimate of D? is given by the equation

d*=[(n—p— 2)/nld?—p/n (6)

where n is the sample size. As X and S are random variables, d? is also a
random variable. The exact sampling distribution of d? was also derived [8,
9]. On the basis of this sampling distribution, the variance of D? and its
estimate were calculated:

Var (d%) = [2n*(D?)* + 2(n — 2)(p + 2nD*)]/[(n —p — 2)(n —p — 4)]
Var (d?) = [2n*(D?)? + 2(n — 2)(p + 2nD?)]}/[n*(n —p — 4)] (7)

Figure 4 represents the variance on the estimate of D? as a function of D? for
several combinations of sample size and number of variables. It shows clearly
that the reliability of the estimation of the distance of an object towards a
class decreases when the sample size decreases, or when the number of vari-
ables increases or when objects are situated farther away from the popula-
tion centroid. On the basis of Eqn. 7, it is possible to calculate with UNEQ
not only the distance between objects and a class centroid but also the
confidence on this distance. Furthermore, Eqn. 7 can be used to formulate a
criterion for defining the minimum sample size, given p variables, necessary
to obtain relevant classification results.

APPLICATION OF THE METHOD

Data set

To illustrate the technique and to compare its performance with SIMCA,
UNEQ was applied to a data set provided by Forina and co-workers [10, 11]
concerned with the origin of olive oils. In this set, 572 virgin olive oil samples
originating from nine different regions in Italy, namely, three northern
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Fig. 4. Variance on the estimated value of the generalized distance d? as a function of the
real (unknown) generalized distance D? for several combinations of sample size and
number of variables.
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regions (Umbria, East Liguria, West Liguria), four southern regions (North
Apulia, South Apulia, Calabria, Sicily) and two Sardinian regions (inner and
coastal), are characterized by the percentage distribution of eight fatty acids
(palmitic, palmitoleic, stearic, oleic, linoleic, eicosanoic, linolenic and eco-
senoic acid). To compare the performance of supervised techniques for dis-
criminating the oils from different regions, classification rules were developed
for East and West Liguria, North Apulia and Calabria. The procedure used to
develop SIMCA classification rules for both of the first two of these classes
was discussed in an earlier paper [12].

Computer programs

The computer program UNEQ, written in FORTRAN 77, is designed for
use on PDP 11/70 operating under UNIX. For the comparison of UNEQ
with the SIMCA method, the SIMCA-2T package [13] running on a CDC
CYBER 170/750 was used.

Validation criteria

To evaluate the performance of decision rules and to compare different
supervised techniques, validation criteria must be defined. Most frequently,
the validity of decision rules is expressed in terms of recognition and predic-
tion rate. Therecognition rate represents the rate of correctly classified train-
ing objects, i.e., objects on which the development of the decision rules are
based; the prediction rate is the rate of correctly classified test objects, i.e.,
objects with known classification not used in the development of the deci-
sion rules. The procedure for determining both these rates depends on the
available number of samples with known origin compared to the number of
variables by which they are characterized. For large data sets, the sample can
be split randomly into a training and a test set of equal size. When the ratio
of samples to variables is less favourable, as in the oil data set, it is not advis-
able to split the sample into two equal parts because the reliability of the
derived decision rules would decrease too much. One scheme that can be
followed is to make a random selection of part of the data set for developing
the decision rule and then to use this rule for the classification of training
and test objects. This procedure should be repeated several times. If only one
object is deleted each time and the procedure is repeated until all objects are
deleted once and only once, this is called the ‘“leave one out’ or ‘“jackknife”
classification. Recognition (prediction) rate will then be the overall percen-
tage of correctly classified training (test) objects.

Prediction and recognition rate are both measures of the reliability of the
classification rules. However, as the latter is obtained on the basis of objects
used in the development of the decision rules, it is a biased criterion. The
prediction rate is a more realistic criterion of validity. A large discrepancy
from the recognition rate indicates an overfitting of the training set, because
the sample constituting the training set is not representative of the popula-
tion from which it is drawn, or because the technique used to derive the
decision rule is not suitable for the problem under study.
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Though prediction and recognition rates can be used as validation criteria
for all supervised techniques, their meaning is different for discriminating
and modelling techniques. For a 2-class problem for instance, a discriminating
technique yields four possible decision outcomes that can be represented in a
2 X 2 decision table:

Belonging to class A Belonging to class B
Classified as A true A false A
Classified as B false B true B

nl n2

where nl and n2 are the numbers of samples belonging to class A and B,
respectively. Depending on whether this table is defined on the basis of the
training or the test set, the ratios (true A)/nl and (true B)/n2 correspond to
the recognition or prediction rate of class A and B, respectively, reflecting
the separability of both classes. When the two classes are clearly separated,
these ratios closely approximate 100%.

The use of a modelling technique for the same problem yields eight poss-
ible decision outcomes which can be represented in a 4 X 2 decision table:

Belonging to class A Belonging to class B

Classified:

Uniquely A true A false A

Uniquely B false B true B

A and B (i.e., situated true A true B

in the overlap region)
Outlier false (not A) false (not B)
= false outlier = false outlier

For each class separately, a 2 X 2 decision table can be constructed:

Belonging to class A Not belonging to class A
Classified as A true A false A
Classified as (not A) false (not A) true (not A)

The ratio (true A)/nl is the prediction (or recognition) rate of the model for
class A. In analogy with medical decision-making, where this kind of decision
- table is used to evaluate the performance of diagnostic tests [14], the predic-
: tion rate can also be referred to as the sensitivity of the model.

As class models are developed at a predefined level of significance (e.g.,
. b%), this implies that one expects only 95% of the objects belonging to the
population to fall inside the class box and 5% to fall outside of it. In statistical
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terms, the percentage of objects belonging to the population that is expected
to fall outside the model is called the Type I error a, i.e., the prediction and
recognition rate are expected to approach the predefined level of confidence
(1 — a). A discrepancy between the actual prediction rate and (1 —a) is a
second indication that an unrepresentative sample was taken to construct the
class box, or that the constraints for the modelling technique concerned are
not fulfilled. The criterion that indicates the dissimilarity between a class
and all other classes of the data set is the ratio (false A)/(not belonging to A),
which is comparable to the Type II error § of statistical tests. In analogy
with statistics, (1 — ) = true (not A)/(not belonging to A) can be called
the specificity of the model. When ‘“‘not belonging to A" is replaced by
“objects belonging to B>’ in the decision table, this ratio becomes the speci-
ficity index of class A with respect to class B.

The specificity index (1 — ) depends on «, the predefined level of signifi-
cance. The smaller «, the larger the boundaries of the class model are and
therefore the larger the degree of overlap between the class boxes. Care
should therefore be taken to compare specificity indices on the same level of
significance. A possible criterion for the global performance of a model is the
efficiency. In medical decision-making, the efficiency is the ratio of all results
that are correct, i.e., the ratio [(true A) + true(not A)]/(nl1 + n2). Defined
in this way, the efficiency index depends on the number of samples in both
classes. If the sample sizes nl and n2 are proportional to the size of the
population from which they are drawn, then the efficiency index will be a
realistic reflection of the rate of correct classifications that are obtained with
the class model. If, however, nl and n2 are not proportional to the popula-
tion size, the efficiency index may be misleading. A highly sensitive but
poorly specific model can yield a high efficiency index if n1 is much larger
than n2. If, in reality, the number of objects that do not belong to popula-
tion 1 is much larger than the number of objects that do belong to it
(N1 <€ N2), the real efficiency of the class model will approximate the
specificity index instead of the sensitivity index which was calculated from
the training procedure. Therefore, it is preferable to evaluate the efficiency
as the mean of the specificity and sensitivity indices when one has no prior
information about the probability of class membership.

RESULTS AND DISCUSSION

Class models were developed for two southern (North Apulia n = 25,
Calabria n = 56) and two northern (East n = 50 and West Liguria n = 50)
regions. To evaluate the specificity of the models towards oils from other
regions, a distinction can be made between the southern and northem
Italian (including Sardinian) oils because these two categories can be dis-
tinguished on the basis of a single variable, ecosenoic acid. This acid is absent
in the latter group and always present in the former group of oils. For the
development of the SIMCA models, the separate scaling procedure was
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applied, because previous investigations indicated this to be the most appro-
priate approach for this dataset [ 7]. Validation of the UNEQ and the SIMCA
model was done by use of a procedure in which each time a fixed part of the
samples belonging to the class was used as test set. Because the variables in
this data set are expressed as a percentage of the total fatty acid content,
thus adding to 100%, the variance-covariance matrix is singular so that it
cannot be inverted. Therefore, the UNEQ models were developed on the
basis of seven variables for the southern regions and six variables for the
northern regions (as for these, ecosenoic acid was not detected). The variable
not taken into account was the one with the highest coefficient of variance
(linolenic acid for the Ligurian regions; palmitic acid for North Apulia, and
econsenoic acid for Calabria). Table 1 summarizes the behaviour of both
types of class models.

Sensitivity of the models

The sensitivity of the Calabrian UNEQ model approaches the a value at
both levels of significance, thereby indicating that the method is appropriate
for this class. The North Apulian and East Ligurian UNEQ models perform
well at the 95% confidence level but most samples falling outside the 95%
range also fall outside the 99% range, resulting in relatively poorer behaviour
of the models at this level. For East Liguria, this is due to inhomogeneities
within the data set, as was indicated by the SIMCA method which yielded a
stable class-box only on the basis of 43 out of the 50 samples belonging to
this class. For the North Apulian model, the limited sample size compared to
the number of variables, which always produces less reliable classification
results, may cause the lower sensitivity at the 99% level of confidence. The
West Ligurian UNEQ model performs very poorly, even at the 95% level of
significance. The Kolmogorov-Smirnov test, applied to each of the variables
separately, showed that two variables could not be considered to be nor-
mally distributed (¢ = 0.05). Moreover, PCA indicated this group to be
composed of two subgroups. The SIMCA models perform worse than the
corresponding UNEQ models for three of the four classes (Calabria, North
Apulia, East Liguria). For the Calabrian oils, this is due to the fact that a
stable class model was obtained only on the basis of 50 out of the 56 samples,
whereas for the East Ligurian group only 43 samples could be used. With
SIMCA, the inhomogeneity problem within the West Ligurian class was
approached by modelling both subgroups separately by one principal com-
ponent. In order to compare the UNEQ and the SIMCA model for West
Liguria, a UNEQ model was also developed for each of the subgroups of
this class separately. This approach, however, does not improve the class
sensitivity significantly, probably because of the sensitivity of the UNEQ
method to large deviations of the normality of the variables. It should,
however, be realised that it is often possible to apply, prior to the develop-
ment of class-models, transformations to the variables in order to make their
distribution normal [15]. It would be worthwhile to investigate whether the
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TABLE 1

Comparison of the sensitivity, selectivity and efficiency of the UNEQ and SIMCA models
for the oil data, at the 95% and 99% levels of confidence

Value of the index (%)

95% confidence limit 99% confidence limit
UNEQ SIMCA UNEQ SIMCA
Sensitivity
Calabria 92.9 85.7 100.0 89.3
N. Apulia 92.0 88.0 92.0 88.0
E. Liguria 91.8 70.0 923.9 84.0
W. Liguria
one model 82.0 90.0
two models 86.0 86.0 86.0 90.0
Selectivity
Calabria to
N. Apulia 100.0 88.0 100.0 84.0
S. Apulia 99.0 88.8 97.1 76.7
Sicily 86.1 75.0 69.4 63.9
Sardinia 100.0 100.0 100.0 100.0
N. Italy 100.0 100.0 100.0 100.0
North Apulia to
Calabria 100.0 98.8 96.4 87.5
S. Apulia 100.0 100.0 100.0 100.0
Sicily 86.1 97.2 83.3 88.9
Sardinia 100.0 100.0 100.0 100.0
N. Italy 100.0 97.3 100.0 90.7
East Liguria to
W. Liguria 100.0 100.0 96.0 100.0
Umbria 62.7 100.0 314 92.2
S. Italy 99.3 99.5 97.6 98.6
West Liguria (one model) to
E. Liguria 98.0 92.0
Umbria 100.0 100.0
S. Italy 100.0 100.0
West Liguria (two models) to
E. Liguria 100.0 100.0 98.0 100.0
Umbria 100.0 100.0 100.0 100.0
S. Italy 100.0 100.0 100.0 100.0
Efficiency
Calabria 95.6 87.5 98.7 82.6
N. Apulia 95.6 96.8 94.3 92.9
E. Liguria 84.8 90.0 73.8 92.1
W. Liguria
one model 93.3 94.0

two models 95.3 95.3 94.7 96.7
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low sensitivity of both the UNEQ and the SIMCA models improves after
transformation of the non-normal distributed variables.

Specificity of the models

The specificity index reflects the separability of classes on the basis of the
class-models developed. For the South Italian regions, the largest overlap of
the UNEQ models occurs with the Sicilian oils. This was to be expected from
PCA because the Sicilian region appears to be very diffuse. The separability
of the other South Italian oils is high. The specificity towards the North
Italian oils is 100%. The specificity of the SIMCA models for these regions is
lower than that of the corresponding UNEQ models, except for North Apulia
towards Sicily. The behaviour of the Calabrian model is surprising, because
this seems to include a large number of Apulian but also of South Italian oils.
As the SIMCA model was developed on the basis of the 50 most similar
samples of this class, thereby automatically yielding more compact class-
boxes, one would expect a higher specificity. Concerning North Apulia,
SIMCA does also not allow a complete separation from the North Italian oils
as could be expected from the univariate approach in which a complete
separation between northern and southern Italian oils can be made on the
basis of the absence or the presence of ecosenoic acid. Obviously, the infor-
mation provided by this parameter becomes lost in the multivariate SIMCA
approach.

The West Ligurian UNEQ and SIMCA models are very specific towards
other classes. With SIMCA, a complete separation is obtained; with UNEQ
there is only a small degree of overlap. The East Ligurian UNEQ model per-
forms well towards the West Ligurian and the southern Italian regions but
encloses a large part of the Umbrian class. The SIMCA model is much more
specific in this case; this is as expected because this model was obtained on
the basis of the 43 most similar samples belonging to this class. As this
yields more compact class-boxes, the probability of overlap with other classes
is lower, e.g., the class-boxes will probably be more specific. Neither the

- UNEQ nor the SIMCA model for East Liguria allows a complete separation
from southern Italy whereas the univariate approach does. Neither with
SIMCA (when a separate scaling procedure is used) nor with UNEQ is it poss-
ible to develop class models including a variable that has a constant value for
all the samples of the class. With both techniques, the models for northerm
Italy were therefore developed without considering the variable ecosenoic
acid; the discriminating ability of this variable was therefore lost. Obviously,
when highly discriminating discrete variables are available, a combined uni-
and multi-variate approach must be used.

Efficiency of the models

For each of the class models, the efficiency index was also calculated. As
we had no idea about the relative proportions of the olive oils produced in
the diverse regions of Italy, which would be a good indication of the a priori
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probability of class membership, the efficiency index was calculated as the
mean of the sensitivity and specificity indices. For each of the classes, the
efficiency was calculated on the basis of the sensitivity index of the con-
cerned model and its specificity for the other classes from the same region
(e.g., southern or northern Italy).

As an illustration of the method, class models were developed and com-
pared at two different levels of significance. Obviously, for practical purposes,
the significance level should be fixed on the basis of the training procedure.
This level can be chosen on the basis of the sensitivity and the specificity
indices. As already explained, these two parameters are strongly related.
Very sensitive classes are obtained when large class-boxes are used, eg.,
when a relatively high confidence level is taken. As a result of this, the
specificity may be low because the probability of overlap with other classes
will increase. The choice of the cut-off point depends on the ‘“cost” of a
misclassification. If the assighment of a sample to a class to which it does
not belong would be a more serious mistake than to consider a sample
erroneously as an outlier, the boundaries of the class-boxes should be made
narrow, i.e., at an a-level that produces high specificity. If the opposite is
true, the models should be constructed at a much higher level of confidence.
If the different types of misclassification have about the same consequences,
the a-level that yields the highest efficiency should be selected.

In general, it can be concluded that the UNEQ method can be very useful
for oil classification purposes but requires the populations to be homogeneous
(as is the case for SIMCA). Inhomogeneity within the data set is quickly
reflected in a decrease of the sensitivity index. In general, the performance
of the UNEQ model is comparable or even better than the corresponding
SIMCA model. One data set is, of course, not enough to make a reliable
judgement about a technique. In later papers, the results of a simulation
study will be presented and the effects of the number of variables and devia-
tions from normality will be discussed in more detail. Attention will also be
given to the graphical representations that can be used when modelling
techniques are applied.

Helpful discussions with E. Defrise-Gussenhove and L. Kaufman are grate-
fully acknowledged, as is the financial support of the FGWO (Fonds voor
Geneeskundig Wetenschappelijk Onderzoek).
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SUMMARY

Background signals must be removed from analyte responses before reliable qualitative
and quantitative results can be obtained. For cases in which a reliable estimate for the
background response cannot be obtained, the combination of two mathematical approaches
yields accurate quantitative results. First-derivative spectrometric methods, in conjunc-
tion with a curve-resolution approach based on the adaptive Kalman filter, are used to
compensate for difficulties caused by background responses which are not reproducible.
Derivative spegtrometric techniques reduce the relative magnitude of low-frequency
systematic deviations in the spectra. In this case, this has the effect of localizing model
errors to restricted regions of the spectra, which in turn meets the major requirement for
successful utilization of the adaptive Kalman filter. The approach is applied to fluorimetric
detection for thin-layer chromatography in the quantification of polynuclear atomatic
hydrocarbon compounds. Results are given which demonstrate that this combined
approach yields accurate estimates for concentrations of components in overlapped
chromatographic zones. A derivative spectrometric approach in conjunction with a regular
Kalman-filter fit gives less accurate results, and an adaptive Kalman filter used to fit the
raw spectral data fails to give any reliable quantitative information. The combined approach
using derivative spectrometry and the adaptive Kalman filter is shown to give 8-fold lower
detection limits for anthracene when compared to traditional background-subtraction
methods.

The removal of background signals from analyte responses is an important
step in many quantitative procedures. If the background contribution to the
analyte response is reproducible, and can be measured in the absence of the
analyte, the background contribution can be removed by simple subtraction.
In this case, the detection limit is governed by the amount of noise in the
background-subtracted response. If the background response is irreproducible
or cannot be measured reliably in the absence of the analyte, then these
simple methods yield unreliable results, and the detection limits are degraded.
In this paper, a combination of two approaches, derivative spectrometry and
the adaptive Kalman filter, is used to obtain reliable qualitative and quantita-
tive results when these problems occur.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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Methods which involve the use of first and higher derivatives can be used
to enhance signals with rapidly changing responses over signals with slower
variations in response [1, 2]. Tahboub and Pardue [2] have shown that
derivative spectrometric methods can be combined with curve-resolution
methods utilizing linear least-squares to give good quantitative results in u.v.-
visible spectrometry when the background response is a light-scattering
component with a relatively constant response in the spectral region of
interest. For the case in which the background response is not constant, such
as in-situ fluorescence detection of species on thin-layer chromatographic
plates, derivative spectrometry must be used in conjunction with back-
ground subtraction. If the variations in the background signal are limited
to variations in a d.c. offset level, the derivative of the spectrum of the back-
ground will be reproducible, and this approach should work well in correct-
ing for the variability in the background responses. If the derivative of the
background spectrum is not reproducible, a higher-order derivative must be
used, which may degrade the detection limit for the method, and may not
improve the reproducibility. Another approach for background subtraction
has been developed for situations in which a good model for the background
response is not available; however, the assumption is made that the back-
ground response is essentially featureless [3].

The Kalman filter is a recursive least-squares algorithm which has been
used for the resolution of overlapped responses from voltammetric and spec-
trometric experiments [4—7]. When an accurate model is available for the
individual components contributing to the overall response, accurate esti-
mates for the concentrations for each of the components can be obtained
from the Kalman-filter algorithm. Methods involving an adaptive Kalman
filter can be used in some instances to obtain reliable results if the model is
incomplete or inaccurate [8—10]. The main restriction for the adaptive
Kalman filter is that the model information must be accurate for some wave-
length region in the spectral response [8].

The approach for background subtraction described here is a combination
of the two methods described above. In the studies described here, derivative
spectrometry has the effect of localizing model errors to certain regions of
the spectrum, which allows the adaptive Kalman filter to be used to remove
background responses for qualitative and quantitative purposes.

Thin-layer chromatographic (t.l.c.) methods are widely used as relatively
simple methods for qualitative screening, and for quantitative purposes.
Quantitative results are usually obtained by using in-situ spectrometric
detection. Fluorescence spectrometry is widely used because of its inherently
low detection limits. The fluorescent background of silica gel t.l.c. plates is
relatively large, and this affects the detection limits of the in-situ approach.
In addition, this background fluorescence signal may vary from plate to
plate, and from location to location on a single plate. In the studies de-
scribed here, the combined derivative/adaptive-Kalman-filter approach is
investigated as a method for background subtraction and quantitation of
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polynuclear aromatic hydrocarbons (PAH) which have been separated with
the use of t.l.c. methods [11].

THEORY

Adaptive Kalman filter

The Kalman filter is a recursive, linear least-squares algorithm which
allows overlapped spectral responses to be resolved, provided that a good
model for the individual responses which contribute to the overlapped
response is available. The model used for the Kalman filter is comprised of
two equations which describe the chemical system and the measurement
process respectively:
X(k) = 1-X(k — 1) + w(k) (1)
Z(k) = H(k)* X(k) + v(k) (2)
Here, X(k) is a vector which contains elements corresponding to the current
best estimates for each of the component concentrations. The matrix, I, is
the identity, so that Eqn. 1 states that the concentrations are invariant with
the index %k, which in this case is a counter indicating the emission wave-
length for the fluorescence intensity measurement, Z(k). The row vector,
H”(k) consists of elements corresponding to each of the species contributing
to the overall spectral response of a mixture. These elements are essentially
values of the slopes for the calibration plots for each wavelength at which a
fluorescence measurement has been made. The vector, w(k), and the scalar,
v(k), are noise contributions to the system model and the measurement model,
respectively. The measurements are processed one at a time, and a concentra-
tion estimate for each component is obtained after each step, using the
algorithm given in Table 1. This algorithm is the Potter-Schmidt square-root
algorithm, which has been used successfully to alleviate difficulties caused by
computer round-off errors [9, 12, 13]}. When a good model is available for
each of the components contributing to the spectrum, reliable concentration
estimates can be obtained. In cases for which the model is incorrect or in-
complete, the regular Kalman filter algorithm fails. In this case, an adaptive
Kalman-filter algorithm can be used [8—10], provided that the model is
valid for some portion of the spectral response. Equation 5 in Table 1 is
used to recalculate R, the variance in the measurement process, for each
wavelength, k. In spectral regions where the model is invalid, the calculated
measurement variance will become large and the filter is closed to subsequent
" measurements.

EXPERIMENTAL

Fluorescence spectrometry
A Farrand MK-2 spectrofluorimeter, equipped with a t.l.c. scanning device
and computer interface, was used to collect the data. This instrument was
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TABLE 1

Algorithm equations for the square-root Kalman filter

State estimate extrapolation:

X(kik—1)=1-X(k—11k—1) (3)
Square-root covariance estimate extrapolation:

S(kk—1)=1-8k—11k—1)-1T 4)

Adaptive measurement variance:

R(k) = 1/m[.§l v(k —j)-v(k — )]— [HT(R) -S(kik — 1)]* (5)
=

where v(k) = Z(k) — HT(k)+ X(kI1k — 1) (6)
Kalman gain:

K(k) = aS(klk — 1)- G(k) (7N

where G(k) = ST(kik — 1)+ H(k) (8)

1/a = GT(k)- G(k) + R(k) (9)

d=1/{1 + [aR(k)]"*} (10)
State estimate update:

X(kik) = X(kik — 1) + K(k)[Z(k) — HT(R)- X(R 1k —1)] . : (11)

Square-root covariance update:
S(kik) = S(klk — 1) — adS(kik — 1)- G(k)- GT(k) (12)

used with slits on each monochromator which yielded a bandpass of 10 nm.
The spectrofluorimeter was interfaced to a Compupro 816-D computer
equipped with an 80286 CPU and an 80287 math co-processor, a 12-bit
A/D/A board (I/O Technology), a parallel interface board (Interfacer 2),
512 kb of static RAM memory, a 40-Mb hard disk, and 5%-in. and 8-in.
floppy disk drives. Data collection programs were written in the C program-
ming language. These programs allowed for the collection of fluorescence
excitation and emission spectra, which could be stored on disk for subsequent
display and data processing. Fluorescence intensity data (expressed as rela-
tive intensity) were obtained at 1-nm intervals. Chromatographic data were
collected with a Hewlett-Packard integrator.

Stock solutions of benzo[a]pyrene, anthracene, and perylene were prepared
from chemicals of at least 99% purity by dissolution in cyclohexane. The
spectra of these compounds in solution were obtained and stored on floppy
disk.

Thin-layer chromatography
The standard solutions of PAH compounds described above were sepa-
rated on C-18 reversed phase t.l.c. plates (Whatman). Methods for the t.l.c.
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separation of PAH compounds were adapted from procedures described by
Butler et al. [14] and Sawicki [15]. Sample aliquots of 500 nl were used,
and an 80% (v/v) methanol/water solution was used to develop the plates.
Typically, two consecutive developments of 15 min each were used. For
mixtures containing anthracene, benzo[a] pyrene and perylene, the anthracene
zone was well resolved from the other two zones. Under these chromato-
graphic conditions, however, perylene and benzo[a]pyrene were found to
coelute. Spectra of the PAH compounds after chromatographic separation
were obtained in-situ by positioning the t.l.c. scanning drive so that the
maximum emission was observed. Once the scanner had been positioned at
the elution maximum, an emission spectrum was obtained, with the excita-
tion wavelength set at 252 nm. An estimate for the background spectral
response was obtained for each spectrum by translating the t.l.c. scanning
unit in a direction perpendicular to the solvent flow to a “‘blank” location on
the t.l.c. plate. Linear calibration plots for anthracene and perylene were
obtained for the concentration ranges used (10~7—10-° M) in this study. The
benzofa] pyrene was found to be relatively photosensitive, and a calibration
graph was not obtained for this compound.

Data-processing programs

The adaptive Kalman filter and the Savitzky-Golay derivative smoothing
routines were written in PASCAL. The adaptive Kalman-filter program was
modeled after the programs described previously [8, 9], with the following
modifications. First, a check on the calculated value for the measurement
variance, R, was made for each iteration of the Kalman filter. The calculated
value was restricted to a minimum value, which was the estimated variance in
the fluorescence measurement. The measurement variance was estimated to be
1.0 X 1077 (in arbitrary units of relative intensity squared), which was obtained
by calculating the autocovariance at zero lag of a spectrum of residuals. This
appeared to yield values for the covariance matrix elements that were repre-
sentative of the precision in the concentration estimates, compared to the
values obtained in the previous studies [9]. A smoothing window (m) of 6
points was used to average the innovations sequence, v (see Eqns. 5 and 6 in
Table 1). In this study, the corrections to the measurement function, as des-
cribed previously [8], were not used. A simplex-optimized version of the
adaptive Kalman filter was also tested; it was similar to the program reported
previously [9]. Both versions were written with use of the Potter-Schmidt
square-root algorithm for better numerical stability [9, 12, 13].

The Savitzky-Golay derivative smoothing routine used a 7-point quadratic
smooth [16,17].

The approach for background removal by means of the combination of
the first-derivative smooth and the adaptive Kalman filter incorporated the
following steps. In step 1, an estimate for the background spectrum is
obtained and the first-derivative spectrum is calculated. In step 2, an “un-
known” spectrum is obtained, in which the analyte contribution is either a
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known standard to be used in the development of a subsequent Kalman filter
model, or a true unknown, for which the identity of the compound(s) is
unknown; the first-derivative spectrum is calculated. In step 3, the derivative
spectrum described in step 1 is used as the model for the adaptive Kalman-
filter measurement; the derivative spectrum described in step 2 is used as the
measured response (Z) for the adaptive Kalman filter. A single iteration of
the adaptive Kalman filter is used with an initial guess for the “concentration”
of the background set to 1.0 and an initial guess for the variance of 0.1. In
step 4, the final estimate for the “concentration” of the background obtained
in step 3 is used to subtract the appropriate fraction of the background res-
ponse from the analyte response, for both the original spectrum and the
derivative spectrum.

The method described above is essentially an approach for qualitative
purposes. Once a spectrum, with the optimum amount of background
removed, has been obtained, the compound(s) can be identified from the
shape of the spectral response. The success of this approach can be evaluated
by inspection of the resulting spectra. In addition, this approach can be used
to generate a model for subsequent quantification by using the adaptive
Kalman filter. A quantitative step can also be used to confirm the validity of
the background subtraction method described above.

The approach used here for quantification is summarized by the following
steps. In step 1, a derivative model, comprised of the individual derivative
spectra, with background responses subtracted using the approach described
above, is generated. These derivative spectra are obtained from measurements
of standard solutions which have been eluted on a t.l.c. substrate. This model
can be comprised of any number of components; currently, the adaptive
Kalman filter program can accept a model consisting of up to five compo-
nents. In step 2, an “unknown” spectrum is subjected to the background
subtraction procedure described above, and the resulting derivative spectrum
with the background response removed is used as the measured response. In
step 3, the simplex-optimized version of the filter program is used to obtain
estimates for the component concentrations. This procedure allows the back-
ground removal procedure to be evaluated.

RESULTS AND DISCUSSION

Three background spectra, obtained from a developed t.l.c. plate, were
measured and stored on floppy disk. These spectra (Fig. 1A) were obtained
from different locations on the t.l.c. substrate. These show substantial varia-
tions in both intensity and spectral distribution. The lower two spectra (a
and b) cross over, which indicates a change in the spectral distribution. The
feature at 350 nm in the spectra is due to a cut-off filter which was used to
minimize interferences from second-order scattered light. The other features
in the spectra arise from the inherent fluorescence of silica gel, from the
fluorescence of the binders used in the t.l.c. plates, and from the fact that
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Fig. 1. (A) Background fluorescence spectra of a t.l.c. plate obtained at three locations.
(B) First derivatives of these spectra.

the fluorescence spectra are not corrected for the intensity distribution of
the light source or the photomultiplier response. Because these spectra show
several relatively sharp features, and a significant degree of variability, most
approaches for background subtraction that were discussed in the introduc-
tion would probably fail.

Derivative spectrometry

The first-derivative spectra for the responses shown in Fig. 1A are shown
in Fig. 1B. Most of the variability between the spectra has been eliminated.
This suggests that the intensity variations shown in Fig. 1A are largely due
to a d.c. offset component in the spectra. The d.c. offset level might be
caused by variations in the angle of the incident exciting radiation, e.g., if
the plate was slightly tilted with respect to the excitation or collection optics.

Closer examination of Fig. 1B shows that there still is considerable syste-
matic variability between the background responses. This indicates that,
- while first-derivative spectrometry will aid in eliminating problems caused by
_ variations in the background response, it will not compensate completely for
the variability. The signal-to-noise ratios of second- and third-derivative
spectra were examined, and it was concluded that the first-derivative approach
yielded the best compromise between selectivity and sensitivity.

Quantitative evaluation

To evaluate the performance of the proposed method in the absence of
other potential errors, the solution spectra for each of the three compounds
were measured and added to the background spectrum (a) shown in Fig. 1A.
This generated spectra which could serve as models for quantitative analysis
in the presence of the variable background. Here, spectrum (c) in Fig. 1A
served as an estimate of the background response in the method for qualita-
tive background removal described in the experimental section. Next, vary-
ing amounts of the benzo[a] pyrene and perylene solution spectra were added
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to the background response (b in Fig. 1A) and the method for qualitative
background removal was used, where spectrum (c) again served as the model
for the background response. These spectra simulate the case in which benzo-
[a]pyrene and perylene coelute on a reversed-phase substrate. Finally, the
method for quantification described in the experimental section was used to
estimate the “concentration’ of each of the two contributing species. The
“concentration” estimates and standard deviations for these estimates
(obtained from the diagonal elements of the covariance matrix) are given in
the final column of Table 2. In addition, “‘concentration” estimates were
also obtained for a regular Kalman filter fit to derivative spectra after simple
background subtraction, for a regular Kalman filter fit of the derivative
spectra with a model generated from the qualitative approach described in
the experimental section, and for an adaptive Kalman filter fit of the undif-
ferentiated spectra. These results are also shown in Table 2.

The standard deviations listed in Table 2 were obtained by taking the
square root of the diagonal elements of the covariance matrices. While it has
been suggested that the Potter-Schmidt algorithm may yield erroneous values
for the covariance matrix elements [18], the results shown here seem to be
reliable. These values tend to be somewhat larger for the fits with the deriva.
tive/adaptive Kalman filter because of the increase in the measurement
variance, R, during filtering regions of the spectra which are prone to model
errors.

The results for fitting the undifferentiated spectra with the adaptive
Kalman filter were poor in all three cases. The covariance matrix calculation
(P = S8 from Eqn. 12 in Table 1) was unstable, because of the magnitude of
the model errors, and no standard deviations are reported. The poor perfor-
mance observed here is most likely due to the d.c. offset, which would cause
the model to be in error over the entire spectral range. This violates the main
assumption required for the successful use of the adaptive Kalman filter. The
results for fits with the derivative mode after simple background subtraction
and the results for derivative mode fits after qualitative background removal

TABLE 2

Comparison of concentration estimates®

Component Relative Concentration estimates
concentration Adaptive Derivative/ Derivative/ Derivative/

Kalman simple Kalman adaptive

filter subtraction filter Kalman filter
Perylene 0.5 0.3448 0.5081 (0.0041) 0.5066 (0.0040) 0.4990 (0.0045)
Benz[a]lpyrene 1.0 0.8838 1.0234 (0.0048) 1.0082 (0.0048) 1.0028 (0.0056)
Perylene 0.5 0.2938 0.5032 (0.0041) 0.5014 (0.0040) 0.5022 (0.0044)
Benz[a]lpyrene 0.2 0.8198 0.2202 (0.0048) 0.2102 (0.0048) 0.2022 (0.0066)
Perylene 0.1 0.3244 0.1155 (0.0041) 0.1231 (0.0040) 0.1006 (0.0046)
Benz(alpyrene 1.0 0.8070 1.0235 (0.0048) 1.0166 (0.0048) 0.9958 (0.0086)

2Standard deviations in parentheses.
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. are significantly improved. For the first artificial mixture, the benzo[a]pyrene
and the perylene contribute approximately equal intensities to the overlapped
. response, and the derivative/Kalman filter appear to work as well as the
derivative/adaptive Kalman filter. In the other two mixtures, the intensity
. ratio is approximately 10:1, and the non-adaptive fitting methods are not
able to estimate the ‘“‘concentration” of the minor response as accurately.
The spectrum and the estimated background response for the third mixture
are shown in Fig. 2. Neither benzo[a] pyrene nor perylene shows fluorescence
below 8380 nm, so that the differences between the two spectra in the region
below 380 nm are due solely to variations in the background response. Des-
pite the obvious systematic deviations between the background contributions
to the analyte spectrum, and to the model used for the background, the
combined derivative/adaptive Kalman filter method can be used to evaluate
accurately the contributions from the overlapped species.

In-situ t.l.c. quantification

The above results demonstrate that this combined method can be used to
obtain accurate estimates for concentrations in the presence of a poorly
modeled background. Next, standard solutions of anthracene, benzo[a]-
pyrene and perylene were applied to a t.l.c. plate, along with a solution con-
taining the three compounds at concentrations of 155, 160, and 167 ug1™,
respectively. The standard spectra were subjected to qualitative background
removal; the resulting spectra are shown in Fig. 3A—C. In each case, the
spectrum is characteristic of each of the compounds. The perylene spectrum
(Fig. 3A) shows some deviations in the region from 350 to 420 nm, where a
flat baseline should be observed. This is due to systematic variations between
the estimated background response and the actual background contribution
to the analyte spectrum. Because no assumptions are made about the spectral

48.0
40.0
32.0

Relative 24.0
Intensity
® 1075 a

320. 360. 400. 440. 480. 520. 560. 600.
Wavelength (nm)

Fig. 2. (a) Model for background fluorescence response of t.l.c. substrate; (b) background
. response with added benzo[a]pyrene and perlyene.
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Fig. 3. Responses with background removed: (A) perylene; (B) benzo[a]pyrene; (C)
anthracene.

response of the analyte spectrum, these deviations cannot be corrected.
Spectra were obtained of the two chromatographic zones observed for the
mixture, and the derivative model developed from spectra of the pure com-
ponents was used to estimate the concentrations in the mixture, using the
combined derivative/adaptive Kalman filter method. Anthracene is well
resolved from the remaining two components; the estimation error in the
concentration of this component is 0.6%. While the perylene and benzofa]-
pyrene appear as a single fluorescent zone on the t.l.c. plate, the R, values
are slightly different. The spectrum of the zone was obtained at the optimal
placement for the perylene response, so that in this case only the perylene
concentration was determined. Despite the modeling error for the perylene
contribution described above, the quantitative derivative/adaptive Kalman
filter method yielded an estimation error of only —1.8% for the perylene
concentration. No apparent difficulties were caused by the photosensitive
nature of the benzo[a]pyrene. The derivative method combined with the
regular Kalman filter yielded an estimation error of —26%, and the adaptive
Kalman filter approach applied directly to the raw spectral data gave an
estimation error of —85%.
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Comparison of linear-regression statistics

The limit of detection for anthracene on a t.l.c. substrate was estimated to
establish if the method recommended here could be used to improve detect-
ability. Calibration plots were generated by first removing the background
response, and then plotting the fluorescence intensity for the band at 402 nm
as a function of the concentration of anthracene. The proposed method and
simple background subtraction were used to remove the background res-
ponse from the anthracene spectrum. The parameters for the linear least-
squares fits for these two calibration plots are given in Table 3. The proposed
method for background subtraction yields an eight-fold reduction in the
limit of detection for anthracene over simple background subtraction. The
limit of detection observed approaches the limit expected if instrumental
noise were the only source of error. While more accurate detection limits can
be calculated from repetitive measurements at low concentrations, the esti-
mates given here demonstrate that a significant improvement in detectability
is possible. The systematic deviations which arise from the variability of the
background responses degrade the detection limit when simple background
subtraction is used.

Conclusion

The combination of the two mathematical techniques described here, first-
derivative spectrometry and adaptive Kalman filtering, allows for background
removal and accurate determination of concentrations in the presence of a
poorly modeled background response. The two methods do not compensate
for these difficulties when used independently. In the derivative spectra,
model errors are effectively localized in specific regions of the spectra, which
in turn meets the major requirement for the adaptive Kalman filter. Other
approaches, such as the use of higher derivatives, or the inclusion of a d.c.
offset component in the Kalman filter model might be used to alleviate these
difficulties; however, the combination of the methods described here yields
results which are not affected by the higher noise levels observed in higher-
derivative spectra, and obviates the need for the assumption of a d.c. offset
component in the model. The approach described here should be widely

TABLE 3

Comparison of statistical parameters for different approaches?

Method Slope Intercept LOD Standard Correlation
(1032 M) (10*) (M) error coefficient
Proposed 2.758 (0.077) 3.0(1.9) 1.0 3.0x107 0.9988
Simple 3.40(0.38) 0.5 (9.7) 8.4 1.5x 107 0.9813
subtraction

aStandard deviations in parentheses.
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applicable when subtraction of background responses with systematic devia-
tions is required.
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SUMMARY

The k-nearest neighbor (kNN) approach to pattern recognition was used to evaluate a
laser-based method of identifying pathogens based on aminopeptidase profiling. Suit-
ability of the method was tested by evaluating the recognition accuracy for differentia-
tion of four bacterial genera as well as four races within a single species. Even though
variations in profile replicates were relatively large, the RNN approach successfully differ-
entiated these pathogens. Recognition accuracies of 100% and 92% were achieved for
the differentiation of genera and races, respectively. Feature-selection algorithms were
used which allowed the rejection of features which did not add useful information
towards identification or improve recognition accuracy. Identification of races was facili-
tated by constructing a data set comprised of only races of one species, because feature
selection and weighting were strongly affected by the easily differentiated genera. Methods
used for feature selection and weighting were also evaluated.

The time required for diagnosis of many diseases can be governed by the
time needed for accurate identification of pathogens. New instrumental
approaches which address this problem have reduced the test incubation
time, but still require a long growth period to isolate a sufficient quantity of
pathogen to begin the test. To circumvent this problem, a method requiring
many fewer organisms based on aminopeptidase profiling coupled with
improved instrumentation and protocol was recently reported [1]. The
aminopeptidase profiling procedure establishes the extent of hydrolysis of a
series of amino acid naphthylamide substrates by the pathogen being tested
[2]. The bar graph of the extent of hydrolysis versus the substrate hydrolyzed

" is known as an aminopeptidase profile. The shape of the profile is indicative
of the pathogen. Because the accuracy of identification can depend on the
profile shape, evaluating the selectivity of the technique is important in
assessing its usefulness.

Computer-assisted methods of pathogen identification have been in use
for over a decade. Pattern recognition is one general approach which has

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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gained favor among clinical microbiologists. Specific variants have included
linear discriminant functions [3], quadratic discriminant functions [4] and
Bayesian probability theory [5]. With the quadratic discriminant function,
18 tests were used to construct growth inhibition profiles. Concentric
ellipses in n-dimensions were then used to assign the most probable class for
the test pattern. The data were assumed to follow a normal distribution. The
results are impressive with 3726 strains of bacteria being classified into thirty
groups with an 88.4% accuracy. With the Bayesian probability approach, 539
isolates were classified as belonging to one of ten species. Assuming a log-
normal distribution and choosing a 95% confidence level, five species gave a
>90% accuracy, three gave 83—88%, and two gave 72—75%.

The problem with choosing an optimal algorithm for identification of
bacteria at the low cell numbers (50 000 cells ml™ compared to a more
normal value of 107 cells ml™) used in this study is estimating whether
random errors in profiles follow a known probability distribution. After
several replicate data sets for one species had been examined, no specific
distribution was apparent. As a result, a modified k-nearest neighbor (kNN)
approach was utilized because the mathematical decision used to choose a
class is based on Euclidian distances alone [6—8], and no assumption of an
underlying probability distribution is necessary. Nonlinear mapping was used
to display class separations visually [9], and thus provide a confirmation of
empirically derived classifications.

The modified KNN method was applied to establish the recognition accur-
acy of the aminopeptidase profiles generated by the improved methodology
[1]. Four genera of pathogens, Pseudomonas phaseolicola, Xanthomonas
phaseoli, Agrobacterium tumefaciens, and Phytophthora megasperma var.
sojae were differentiated with 100% accuracy by using only four substrates
chosen by the kNN method. Within Agrobacterium, four races were identi-
fied with 92% accuracy with a possible set of three substrates. The importance
of substrate selection and weighting on recognition accuracy will be discussed.

EXPERIMENTAL

Instrumentation and chemicals

The laser fluorimeter was used as described in detail previously [1].

Water was purified by distillation and carbon filtration. The 0.05 M, pH
8.0 borate buffer was made by adding 6 M sodium hydroxide to reagent-grade
boric acid (Mallinckrodt). Solids of amino acid naphthylamides kept below
0°C were from Sigma Chemical Company. The f-naphthylamides used were:
L-alanyl- (ALA), L-arginyl- (ARG), L-aspartyl (ASP), L<cystinyl-di- (CYS),
L-glycyl- (GLY), L-histidyl- (HIS), L-hydroxyprolyl- (HPRO), L-isoleucyl-
(ILEU), L-leucyl- (LEU), L-lysyl- (LYS), L-methionyl- (MET), L-phenylalanyl-
(PHE), L-prolyl- (PRO), L-pyrrolidonyl- (PYR), L-seryl- (SER), L-tryptophyl-
(TRY), L-tyrosyl- (TYR), and L-valyl- (VAL). Stock solutions were 0.001 M
in methanol and were stored at 4°C. Working solutions were prepared by a
1:100 dilution in buffer.
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Biological samples

Cells of Pseudomonas phaseolicola (Burk.) Dowson and Xanthomonas
phaseoli (Smith) Dowson, obtained from D. J. Hagedorn of the University of
Wisconsin-Madison, were washed from 48 h-old beef peptone cultures. Cul-
tures of four races of Agrobacterium tumefaciens (Hild.) Starr and Weiss
grown on yeast extract peptone were obtained from Stanley Gelvin, Purdue
University. The races represented were C58 (no Ti plasmid), A6 + pTiA6
(arg 6), 15 955 + pTil5955, and LBA4404 + pAL4404. Two races of Phyto-
phthora megasperma Dresch. var sojae Hildeb., PMS 1 (strain 5-58) and PMS
3 (strains 7-76, 84-1-4B, and 84-3-7B) were obtained from David Kuhn,
Purdue University. Cell density was adjusted photometrically at 540 nm to
107 cells ml™ in 0.005 M borate buffer. An aliquot of the suspension was
diluted to the desired cell density of 50 000 cells m1™. Mycelium of P. mega-
sperma was aseptically harvested from liquid V-8 juice broth agar media,
weighed, ground in a sintered glass grinder (Tri-R Corp.), and diluted to
0.01 g ml™ in borate buffer. The inoculated substrate samples were incubated
for 4 h prior to assaying for hydrolyzed BNA.

Computer software

All of the pattern recognition programs were written for the IBM 9000 lab
computer in the IBM version CS-9000 of FORTRAN 77 and used the k-
nearest neighbor algorithm (kENN) [10]. A classifier based on this algorithm
predicts the class of an unknown to be the same as that of the majority of its
k-nearest neighbors. Because of the relatively small size of the data sets, only
the first nearest neighbor (k = 1) was used to effect classification, and the
distance measure used was the Euclidian distance in an N-dimensional feature
space. A scaling factor or weighting of the features was found to improve
clustering of the classes and in the scheme used the features were weighted
differently for each class [11]. With this approach, it is possible to assess the
importance of a given feature for each class because uniqueness can be
inversely related to the weighting factor. The leave-one-out algorithm [9, 12]
was used to generate the recognition accuracies needed by the pattern recog-
nition algorithms.

RESULTS AND DISCUSSION

Precision and accuracy of aminopeptidase profiling

The goal of the research was to establish how well small numbers of micro-
organisms could be differentiated by aminopeptidase profiling using improved
instrumentation and protocol [1]. One method [14] used for differentiation
calculated the mean and standard deviations for replicate profiles of both
Pseudomonas phaseolicola and Xanthomonas phaseoli (Fig. 1). A large range
in the standard deviations was found. For example, profiles of Pseudomonas
phaseolicola showed a relative error of 2% for PHE and 70% for TRY. The
relative error measured for the same substrate hydrolyzed by different
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Fig. 1. Average and error brackets for three replicates of amino peptidase profiles of
(o) Pseudomonas phaseolicola and (2) Xanthomonas phaseoli. All data were acquired at
50 000 cells ml and 4 h of incubation.

pathogens also showed a large variation. The LEU showed a larger relative
error for Pseudomonas phaseolicola than for Xanthomonas phaseoli.

The magnitude of the relative error was much greater than that found for
instrumental fluctuation (2%) and is probably due to uncontrolled biological
sources. There are several such sources of variation in substrate metabolism.
For example, certain external parameters may be held constant, but the
complexity of the living organism does not rule out the effect of other
difficult-to-control environmental factors which may not follow a particular
probability distribution. Thus, a different approach was required to evaluate
the ability of the profiling method to differentiate organisms,

Pattern recognition

Feature weighting can have a profound effect on recognition accuracies
obtained with the ENN classifier. The disadvantage of this classifier is its
difficulty in correctly classifying patterns at the edges of distributions in
hyperspace. In order to overcome this difficulty, it is necessary to increase
the separation of distributions of differing classes by feature weighting. A
weighting scheme which allows a single feature to be weighted differently for
each class uses weighted averages [11, 13]. The weighting factor for a given
feature for a given class is the ratio of the weighted average intensity of the
feature over all classes to the weighted average intensity of the feature within
the given class, where the weighted average intensity is the statistical average,
or mean, intensity of a feature multiplied by the number of patterns in
which this feature occurs. Because the squared distances along each feature
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axis are what are actually weighted, features important for, and unique to, a
particular class are minima. For example, the weighting factors applied for
the feature substrate phenylalanine in the differentiation of genera are

Ps X A Ph
PHE 14 41 35 28 880

This substrate is most important for Pseudomonas phaseolicola and is not
metabolized by Phytophthora megasperma. Thus, when an ‘“unknown”
which metabolizes phenylalanine is compared along this feature axis to the
pattern of the genera Phytophthoras megasperma, the distance is exaggerated
by the large weighting factor.

The accuracy of identification was improved using the above weighting
scheme and by selecting only those substrates that improved the identifica-
tion accuracy. While the only method which can assure the selection of the
optimal subset of features is an exhaustive search, this procedure is not
practical in most situations. Often, as in this case, a suboptimal approach is
used. Two heuristic methods of substrate selection were used. The first
method, successive subtraction, deleted substrates if the accuracy of identi-
fication using the leave-one-out algorithm was improved or stayed the same
without the substrate. The substrates were deleted beginning with either the
first or last substrate to establish whether the order of subtraction had an
effect on the recognition accuracy. With this algorithm, either unit weightings
or weighted averages were applied and held constant throughout the selection
process. The second selection method was forward addition. This method
searched all substrates to establish which gave the highest recognition accur-
acy. After one was selected, another search was done combining the first
with each of all other substratesto find the one which improved the accuracy
most. The process was continued until there was no longer an improvement
in recognition accuracy. With this algorithm, either unit weightings or
weighted averages served as a starting point for optimization. Optimization
of weightings was performed by using a gradient search algorithm when it
was found that a greater reduction in classification error could be obtained
by weighting optimization versus addition of a new feature. Two approaches
can be used by this algorithm: either a separate space (weight vector) for
each class or one space (weight vector) for all classes is optimized.

After the optimal subset of features has been found for a data set, another
program was used to give both the recognition accuracies (using the leave-
one-out algorithm), and the identities of the nearest neighbors for the data
set. The program also has the capability to classify true unknowns against
the data set by using its optimal subset of features.

Nonlinear mapping [9] and graphical display of the patterns was used to
confirm that the genera and races do indeed cluster, and that the feature
selection and weighting algorithms have not produced an artifical fit. The
nonlinear mapping algorithm used projects the patterns of a data set from
N-dimensional space into a given plane while attempting to preserve the
N-space interpattern distances.
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The data set

The ability of the aminopeptidase profiling method to differentiate
organisms at very low cell numbers was evaluated by obtaining replicate pro-
files for a series of pathogens. A training set for pattern recognition was
formed by using a total of 25 aminopeptidase profiles obtained from Pseudo-
monas phaseolicola, Xanthomonas phaseoli, Agrobacterium tumefaciens,
and Phytophthora megasperma. A second, more challenging test was used to
evaluate the method. Within the Agrobacterium species, three replicates of
profiles for four races were measured. The races were C58, A6, 15955, and
LBA4404. A critical ratio of greater than three patterns for every feature
selected by the kNN method [7] was exceeded for both the data set made
up of all genera and the subset of profiles from races of Agrobacterium
tumefaciens with values of six and four, respectively.

Recognition accuracy for genera

An accuracy of 100% was achieved using pattern recognition with sub-
strate selection by the successive subtraction method and substrate weight-
ing (Table 1). It is interesting to note that the profiles of Agrobacterium and
Phytophthora were correctly identified even though the data set contained
different races and strains. Substrate weighting and the selection method
chosen were both important in improving recognition accuracy. When all
substrates were used with no weighting, an accuracy of 80% was obtained.
The number of substrates required for differentiation of these genera was
drastically reduced by applying the recognition technique. Only four sub-
strates were chosen out of the eighteen available. As often occurs in pattern

. recognition, an improvement in recognition accuracy was achieved by
deleting features in the data set, because they only add ‘“noise’’ during the
identification step.

The weighting scheme used had an effect on recognition accuracy. When
the successive subtraction method was used with unit weighting, a different
set of substrates was chosen and the recognition accuracy decreased to 84%.
By using the same substrates selected by the successive subtraction method
with weighting, but employing unit weights, the accuracy degraded to 88%.
Likewise, substituting unit weights for the substrates chosen by the forward
addition method with weighting degraded the accuracy of the procedure to
80%. Not examining each genera in its unique space also had a deleterious
effect on the system. Using one space gave a recognition accuracy of 88%.

The choice of the substrate selection method also affected the recognition
accuracy. When the direction of the successive subtraction search was
reversed, accuracy was reduced to 88% using six substrates. An accuracy of
88% was also obtained with the forward addition selection method; how-
ever, only two substrates were required in this case.

The nonlinear mapping of the genera from the space of all substrates is
shown in Fig. 2. It is noted that a fairly good clustering of the genera occurs.
Class separation and clustering is improved by selecting four of the 18
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TABLE 1

Recognition accuracy for the differentiation of genera

Selection Weighting Substrates Pathogen?® Accuracy Overall
method (%) accuracy
(%)
Successive Yes ASP, PHE, Ps 100 100
subtraction PYR, VAL X 100
A 100
Ph 100
Successive No ARG, LEU, Ps 80 84
subtraction PHE, PRO, X 75
TRY, TYR A 83
Ph 100
Forward Yes PHE, PYR Ps 80 88
addition X 50
A 100
Ph 100
Forward No LEU, PHE, Ps 100 88
addition PRO X 75
A 83
Ph 100
Successive No LEU, PHE, Ps 100 88
subtraction? PRO X 75
A 83
Ph 100
None No All Ps 80 80
X 75
A 83
Ph 75
Successive Yes ALA, ARG, Ps 80 88
subtraction® LEU, LYS, X 75
PHE, PRO A 100
Ph 75

8Pseudomonas phaseolicola (Ps), Xanthomonas phaseoli (X), Agrobacterium tumefaciens
(A), and Phytophthora megasperma (Ph). POne set of weights. *Reverse search direction.

substrates using successive subtraction with weighted average weightings
(100% recognition accuracy). Figure 3 displays an actual 3-dimensional plot
of the data using three of the four selected substrates. A good separation of
the genera is evidenced; the Phytophthora megasperma cluster is at the origin.

Recognition accuracy for races

As mentioned above, three replicates of four races of Agrobacterium
tumefaciens were entered in the data set. Differentiation of these races was
much more difficult than differentiation of the genera (Table 2). When the
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PYR

Fig. 2. Nonlinear map of genera from the space of all substrates. Class: (1) Pseudomonas
phaseolicola; (2) Xanthomonas phaseoli; (3) Agrobacterium tumefaciens; (4) Phytoph-
thora megasperma.

Fig. 3. Plot of genera in the space of three selected substrates: () Pseudomonas phaseo-
licola; (a) Xanthomonas phaseoli; (») Agrobacterium tumefaciens; (o) Phytophthora
megasperma.

optimum weightings and substrates selected for the differentiation of genera
were used, a recognition accuracy of only 25% was obtained. Because such
an accuracy would be expected for random race assignment, an alternative
method was needed to obtain the race differentiation. Because the substrate
selection algorithms optimized the accuracy of genera recognition, a data set
of only races of Agrobacterium tumefaciens was constructed and new sets of
feature weightings and selections were found. The result was an accuracy of
92% for the identification of races with the forward addition method using
substrate weighting. The ability to weight and select substrates was especially
important in race differentiation. An accuracy of only 8% was obtained with-
out feature weighting and substrate selection.

Weighting factors were smaller for differentiation of races than for genera.
A small weighting factor indicated that the substrate was important in the
identification of a particular pathogen; and that profiles for the races were
much more similar than those of the races. As expected, race differentiation
was much more difficult than genera identification. The forward addition
method without weighting gave an accuracy of only 75%. Use of only one
substrate space gave an accuracy of 83%.

The method chosen for substrate selection also had a large effect on recog-
nition accuracy. The forward addition method gave an accuracy of 92%,
while the successive subtraction method had an accuracy of 58%. A reverse
successive subtraction run gave an accuracy of only 50%. Note that a differ-
ent set of substrates was chosen for race differentiation compared to that
used for genera differentiation.
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Recognition accuracy for the differentiation of races of A. tumefaciens
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Selection Weighting Substrates Pathogen Accuracy Overall
method (%) accuracy
(%)
Successive Yes LYS, PRO C58 100 58
subtraction PYR, TYR A6 33
15955 67
LBA4404 33
Successive No ARG, LEU C58 67 58
subtraction MET, PRO A6 67
15955 0
LBA4404 100
Forward Yes ARG, PRO C58 100 92
addition TYR A6 67
15955 100
LBA4404 100
Forward No ARG, LYS, C58 67 75
addition PRO A6 67
15955 67
LBA4404 100
Successive No ARG, LYS, C58 67 83
subtraction PRO A6 100
(one set of 15955 67
weights) LBA4404 100
None No All C58 0 8
A6 33
15955 0
LBA4404 0
Successive Yes ARG, LYS C58 67 50
subtraction A6 67
(reverse search 15955 67
direction) LBA4404 0
Use of optimum Yes ASP, PHE, C58 0 25
substrates found PYR, VAL A6 67
for recognition 15955 33
of species LBA4404 0
Successive No LYS, PRO, C58 67 42
subtraction PYR, TYR A6 33
(unit weights) 15955 33
LBA4404 33
Forward No ARG, PRO, C58 67 58
addition TYR A6 33
(unit weights) 15955 33
LBA4404 100
Forward Yes ARG, PRO, C58 100 83
addition without TYR A6 67
gradient search 15955 67
optimization LBA4404 100
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Figure 4 shows the nonlinear mapping of the races from the space of all
substrates. Although it appears that some clustering occurs, there is also
heavy class overlap because of the similar metabolism of many of the sub-
strates by the differing races. A more distinctive clustering is observed when
only those substrates which contribute to the class separation are selected.
Figure 5 shows the nonlinear mapping from the three-substrate space chosen
by forward addition (yielding 92% accuracy), and a three-dimensional plot
of the races in this space is shown in Fig. 6. Except for the distant pattern of
C58, the races tend to cluster fairly well.

Because the clustering of the races in the space of all substrates was fairly
poor, the possibility exists that an artificial class separation was produced by
feature selection, based on accidental correlations in the data set. To test this
possibility, class assignments were scrambled such that no two patterns of
the same race were assigned to the same class. The feature selection algorithms
were applied to this test data set in the same manner as to the true data set.
Even when weighted averages were used, the maximum recognition accuracy
found for the test data set was 50%, only slightly better than the 33%
expected for a random classification.

Recognition strategy

No a priori method was used to choose the optimum selection method. All
approaches were investigated to find the method which yielded the highest
accuracy. In most cases, weighting the substrates significantly improved
recognition accuracy. The greatest improvement in accuracy was obtained by
rejection of substrates which did not improve recognition accuracy. All races
and strains of A. tumefaciens and P. megasperma were identified as belonging
to the parent genera.

3 i

Fig. 4. Nonlinear map of races of Agrobacterium tumefaciens from the space of all sub-
strates. Class: (1) C58; (2) A6;(3) 156955; (4) LBA4404.

Fig. 5. Nonlinear map of races of Agrobacterium tumefaciens from the space of three
selected substrates. Classes as for Fig. 4.
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PRO

TYR
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Fig. 6. Three-dimensional plot of races of Agrobacterium tumefaciens in the space of
selected substrates: (o) C58; (a) AB; (w) 15955; (0) LBA4404.

An alternative choice of substrates and weightings was required to improve
recognition accuracy forraces. Accordingly, PYR was chosen as an important
substrate for the differentiation of genera. Examination of substrate weight-
ings showed that PYR was needed for the identification of A. tumefaciens.
But the substrate was not chosen for race differentiation, because more than
one race hydrolyzed PYR.

Conclusion

Pattern recognition techniques can be useful tools for the differentiation
of pathogens by aminopeptidase profiling. Because the kNN approach does
not depend on a known probability distribution, it has an advantage over
many statistical methods based on hypothesis testing. Even though the data
vary widely for profiles taken on successive days, the modified kNN method
was able to recognize consistencies and eliminate substrates which added
little information or degraded the recognition. A very practical implication
of pattern recognition would be to reduce the number of substrates mea-
sured, which would make the aminopeptidase technique less cumbersome.
Both the successive subtraction and forward addition methods should be
considered to obtain the optimum substrate selection and weightings,
because there is no intrinsic reason to choose one over the other. Nonlinear
mapping serves as a good check on the validity of the recognition accuracies
obtained. Other methods, such as SIMCA and principal components analysis,
might also be applied to ensure that there is true class separation. Future
applications could inolve a computer-aided, optimized identification of
pathogens which are difficult to differentiate. The first step would involve a
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survey of all substrates until the species of a pathogen is known and then
selection of a subset of substrates to identify the race of the pathogen with
new weighting factors.

This work was supported by the National Science Foundation Grant
CHE-8320158. R.A.F. and B.S.F. acknowledge support from Lawrence
Livermore Laboratory and the Office of Naval Research.
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SUMMARY

A least-squares program in BASIC is presented for the rigorous calculation of the equi-
librium parameters in the dissociation of a polyprotic acid HgA and of the spectra of all
the individual species at equilibrium. The behaviour of the program is discussed for a
simulated case involving n.m.r. and for a spectrophotometric study of eriochrome black T.

Potentiometry is the usual method of obtaining the acidity constants of a
polyprotic acid [1—5]. However, resort to spectrophotometric or n.m.r.
measurements can be useful when it is necessary to obtain not only the
acidity constants but also the spectral parameters in studies of the chemical
characteristics of the acid, under experimental conditions far removed from
those of potentiometric measurements. Furthermore, n.m.r. measurements
offer an excellent means of evaluating schemes of microdissociation and of
estimating the relative constants [6, 7]. In the evaluation of equilibrium con-
stants from spectrophotometric data, approximate and graphical methods
[8, 9] are widely used. In order to simplify the calculations, the data are col-
lected at only one or a few selected wavelengths (or nuclei); in this way,
most of the information contained in the system is left unused.

The BASIC program presented here, based on a least-squares procedure,
makes it possible to utilize data at several wavelengths (or on several nuclei),
so that all the information contained in the system can be exploited. At the
same time, both the equilibrium parameters and the spectra of all the indi-
vidual species at equilibrium can be obtained in a rigorous way. Matrix algebra
is used because it is very suitable for the treatment of spectrophotometric
data and least-squares problems, and because the matrix notations of BASIC
enable the program to be written in a very compact form.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V,
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PRINCIPLE AND CALCULATIONS
For a polyprotic acid H, A, the dissociation equilibrium is
K, _ .
H,A=H, A +H
- KZ 2— +
Hq—lA :Hq—2A +H

HAG@— V- 59 pa- | g+ (1)

~—

At agiven concentration of acid A,, the equilibrium concentrations of various
forms can be obtained from the equations

[HoAl = A /(1 + 8:/[H'] + ...+ B4/[H']?)

[A7] = (A8 /THT]N)/(1 + B, /[H™] + ...+ 8,/[H']?) (2)

where 3;= K, K, ... K; is the cumulative acidity constant.

At each pH; value, the measured absorbance D; ; at each wavelength }; is
assumed to be the sum of the absorbances of the individual contributing
species:

Di,j= EO,j[HqA] + 61‘j[Hq_1A—] + ...+ Gq‘j[Aq_] (3)

where ¢, ; is the molar absorptivity of the gth component at the wavelength
j; when n.m.r. is used, the measured chemical shift is the weighted mean of
the shifts of all the species at equilibrium:

D; j=380;[HaAY /Ay + 81 j[Hq— 1A /A + ...+ 84 ;[AT]/A, (4)

where 8, ; is the chemical shift of the jth nucleus in the gth component. If
the absorbances (or chemical shifts), D, are measured at n different pH values
and at m wavelengths (or nuclei), they can be arranged in a n X m matrix
D = C X E, where C is then X (¢ + 1) matrix of equilibrium concentrations
(or saturation fractions in the n.m.r. case) of the (¢ + 1) species at equilibrium,
and E is the (g + 1) X m matrix of molar absorptivities (or chemical shifts of
the pure forms).

The matrix of observations D, joined to the 1 X n vector H of the pH
values, contains all the information on the equilibrium and spectral param-
eters of the acid H,A. In order to obtain these parameters, a least-squares
procedure is used; the function

2

X" = i[Dij— D j(Ky, Ky, ... K, 60,1,---,€q,m)]2 (5)

=M=
=13

where D, ; is the calculated value of absorbance at the ith pH value and the
jth wavelength, has to be minimized with respect to each parameter.

The least-squares Gauss-Newton method could be applied to all the param-
eters (i.e., ¢ equilibrium constants and (g + 1) X m spectral parameters) in a
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[g + (g + 1)m + 1] dimensional space. However, the high correlation between
equilibrium and spectral parameters {10, 11] can cause serious convergence
problems, especially with poor initial parameter estimates; furthermore, the
Gauss-Newton approach needs prior estimates of all parameters. Therefore, a
different least-squares approach was preferred here. This approach was pro-
posed by Feldberg et al. [12] and used earlier in a program for 1:1 adducts
[13]. It is based on the mathematical properties of the matrix D = C X E,
where the absorbances (or chemical shifts) are linear functions of the spectral
parameters, but depend in a non-linear way on equilibrium constants. There-
fore, from initial guesses of K values, matrix C can be calculated. Then, by a
linear least-squares procedure, matrix E is easily computed as

EK)=(CTXC)' XCTX D (6)

where C7T is the transpose matrix of C and (CT X C)™ is the inverse matrix of
CT X C. Finally, the corresponding D, matrix of calculated absorbances (or
chemical shifts) is computed together with the associated x2(K), i.e., the
minimum value of x? for the set of constants used.

At this point the Gauss-Newton method is applied to calculate the 1 X ¢
vector K of the corrections to be applied to the K values:

KE=(Z" xZ)* X ZT X (D —D,) (7

where Z is the matrix of derivatives of D with respect to the acidity con-
stants, with the apexes having the usual meaning. The derivatives are calcu-
lated by taking into account that E is a function of the acidity constants.
To do this, once each constant has been incremented, the new values of E
are calculated, and from these the absorbances (or chemical shifts) are calcu-
lated.

After the corrections K have been applied to the acidity constants, the
new value of x? is evaluated and the calculation of the parameters is iterated
until the percentage difference of x*> between two consecutive cycles is less
than a fixed value, up to a maximum fixed number of cycles.

EXPERIMENTAL

Apparatus and reagents

The Cary 219 spectrophotometer used was equipped with a thermostatted
cell compartment. The Hewlett-Packard HP-85 personal computer used had
32K memory and was equipped with a ROM MATRIX which allowed the
use of the BASIC matrix instructions.

Eriochrome Black T (Erio-T; Merck) was the test substance. Buffer solu-
tions at pH 3, 4, 5, 6, 7, 7.5, 8, 9, 10, 11, 12 and 13, obtained with Carlo
Erba Normex buffer solutions, were prepared with Erio-T (2.65 X 10~ mol
dm™) at a fixed ionic strength of 1 mol dm™ (KCl); all solutions were
2 X 10™®* M in EDTA in order to prevent complexation of Erio-T by traces of
metals. The spectra of the solutions were recorded at 25°C in 1-cm quartz
cells over the range 350—650 nm; the absorbances were read every 20 nm.
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Input/output of the program KACID

The program requires the following features as input: (1) a title for which
a file is created containing the input variables, which can then be read as
required; (2) an alphanumeric variable, N or U which controls the use of
n.m.r. or u.v.-visible data; (3) the number n of experimental points (i.e., the
number of pH values examined); (4) the number ¢ of acidic protons in the
examined acid; (5) the number m of examined wavelengths (or nuclei);
(6) the total molar concentration of the acid; (7) the n values of pH exam-
ined; (8) the matrix of absorbances or chemical shifts Y, in which each row
contains the data at the same wavelength (or nucleus), and each column the
data relative to the same pH; and (9) the vector of the pK estimates.

The program gives all the input data as initial output. At each cycle it
prints the x? value, the actual values of the optimized constants, the matrix
of the spectral parameters E(K) and the calculation time from the start to
that actual moment. At the end of the optimization, the final calculation
time is printed together with the following seven features. First is the vector
of the equilibrium pK values (partial acidity constants). The second is the
variance—covariance matrix Vi, relative to the determination of the equili-
brium constants obtained as the scalar product of matrix (Z¥ X Z)* by o? =
x*/[nm — q — (q + 1)m], where nm — q — (g + 1)m is the number of indi-
vidual measurements minus the number of estimated parameters. The square
root of the diagonal element v;; of this matrix gives the errors associated at
the Ith acidity constant (not at the pK value), while the ratios [v; , /(v;,,1, X
v1,,1,)"/*]"? are the correlation coefficients between the estimates of the /,th
and [,th dissociation constants, respectively [14, 15]. Other features printed
out are the final x? value, the x? value for each individual wavelength (or
nucleus), the final matrix E of spectral parameters, the variance—covariance
matrix relative to the spectral parameters V,, obtained as the scalar product
of matrix (DT X D)™ by ¢?, and the final matrix D,.

Simulation of n.m.r. data

The case taken is an acid H;A with acidity constants pK,, = 4.18, pK,, =
6.01, pK,; = 8.97, having four different protons on A. The chemical shifts
(in Hz) with respect to an arbitrary reference are as follows:

Hl H2 H3 H4
H;A 128 150 123 115
H A" 195 164 168 116
HA* 196 184 174 173
A 196 203 191 220

here, H, is concerned only with the first deprotonation, H, and H; are con-
nected with all three deprotonations, and H, is connected with the second
and third deprotonations. From these values, the chemical shifts of the four
protons are calculated over the pH range 2.5—11.5, at 0.5 pH intervals. The
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values were rounded to the second decimal place, i.e., an experimental error
of about 0.02 was introduced. The calculated values are reported in Fig. 1.

RESULTS AND DISCUSSIONS

The program was tested on the set of simulated n.m.r. data, reported in
Fig. 1. First of all, a check was made to see if there was any difference in its
convergence capacity when the derivatives were made with respect to the
partial or to the cumulative acidity constants. For this purpose, two versions
of the program (version I for derivatives with respect to the K, values and
version II for derivatives with respect to the § values) were tested on the same
set of data, starting from 27 different initial estimates of the parameters (i.e.,
all combinations of correct values, values decreased by 10%, and values in-
creased by 10%), for the three partial acidity constants. Such errors were
very large on the initial estimates, and so a multiplicative damping factor of
0.5 was introduced in the correction terms.

The difference between differentiation with respect to the K, values and
differentiation with respect to the g values is shown in Fig. 2. The distribution

g (Hz)
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Fig. 1. (A) The distribution functions of an acid, H,A with pK,, = 4.18, pK,, = 6.01 and
pK,, = 8.97: (a) H,A; (b) H,A™; (¢) HA?*"; (d) A* . (B) Simulated chemical shifts as a func-
tion of pH for the various protons: (a) H4; (b) H2; (¢) H1; (d) H3.

Fig. 2. The distribution functions of the acid H,A are shown as solid lines. The points
indicate where the distribution functions, calculated for an increment of 0.1 unit of each
PK in turn (B) or pg (A) deviate from the solid lines: (w) pK,, or pg,; (2) pK,, or pg,;
(°) pK,, or ps,.
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functions calculated with one of the sets of starting parameters, and for
an increment of 0.1 units of each constant in turn, are reported. It can be
seen that the effect of an increment of pK,; changes the distribution funec-
tions of the (i — 1)th and ith species around pK,;, while the same increment
of pB; changes the distribution functions of the (i — 1)th, ith and (i + 1)th
species in the range beyond pK,.i,. Therefore, in the former case, the
studied pH range can be divided into different ranges, in each of which only
the derivatives with respect to only one K; are clearly different from zero; in
the latter case, the range which depends on pK,; is also dependent on pK,;—,)
in the left half, and on pK,(; ) in the right half. Therefore, only when the
derivatives with respect to K, values are used is a “nearly orthogonal” least.
squares design [14] achieved, and this should lead to lower correlation coef:
ficients between parameters and to a better convergence of the iterative
procedure.

The results of the calculations with both programs are reported in Table 1
and in Fig. 3. They show that version I always ensures convergence to the
correct values, while version II fails to converge in three cases. However,
when only one of the initial estimates is wrong, both programs operate in the
same way. The correlation coefficients obtained with version I are not sig
nificant, whereas very high values are obtained with version II; yet the stan-
dard deviations are of the same order of magnitude with both programs. In
an orthogonal design, each parameter should converge to the true value by
steps which do not depend on the actual values of the other parameters. This
is only partly verified when program I is used, the optimization of the one
parameter being sometimes greatly affected by the values of the other con
stants. In fact, when K,, is underestimated, the actual values of K,; and K,;
can lead to remarkable overshoots of K,,, whereas when K,; is underesti-
mated, it converged well if K,, is also underestimated; in contrast, when K,,
is overestimated, the K,; corrections are too large and also depend on K,;.

TABLE 1

Results of the calculations with programs I and 11

Constant Value found o? o on log Correlatior
value coefficient

Results with program I

K,, 6.6069 x 10°® 0.0095 x 10°® 0.0014 ry, = 0.088
K,, 97723 x 10 0.0191 x 10~ 0.0019 7,5 = 0.002
K, 1.0715 x 107 0.0020 x 10°° 0.0019 r,, =0.360
Results with program I

B8, 6.6069 x 107° 0.0095 x 10°° 0.0014 r, =0.642
B8, 6.4565 x 10™! 0.0160 x 10™! 0.0025 ry, =0.456
B, 6.9183 x 10°?° 0.0246 x 10?° 0.0035 r,, = 0.859

2For x? =3 X 1072,
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Fig. 3. The pathways of convergence with program I (lower part) and program II (upper

part) starting from different estimates of pK,,, pK,,, pKa,. Initial estimates: (4) equal to

the true value of the missing constant; (m) greater than the true value; (o) less than the
" true value,

Such faults in the K, and K,; optimizations can be understood when the
very high errors introduced in the initial estimates are considered; according
to their sign, the difference between two consecutive pK, values can be as
much as an order of magnitude; this fact completely ruins the orthogonal
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design because of severe overlapping of distribution functions, and therefore
the optimization of some parameters becomes difficult.

As far as the use of program II is concerned, a generally slower convergence
is found. Three cases of non-convergence are noted, i.e., when (K,;, K,,, K,3),
(K,2, K,3) and (K,q, K,3) are underestimated (the estimates of K,, and K,,
being equal to the true values in the second and third cases, respectively).
The direction of the correction vectors calculated for 8, 8,, 83 is correct, but
the size of §; (the correction vector of $,) reverses the sign of K,, and K, 3,
leading to non-convergence of the optimization procedure. A similar explana-
tion is valid for the observed overshoots of K,,. As a general rule, it can be
said that the interaction between parameters has deleterious effects on con-
vergence when the errors on the initial estimates have the same sign; with
program II, errors of opposite sign, however, can given reciprocal compensa-
tions which sometimes lead to a convergence better than with program I
(some overshoot obtained with program I is completely damped).

On the basis of these findings, and considering that in real cases the errors
on the initial estimates are far lower than those introduced in the above
study, program I is believed to be more reliable in most real situations. In its
final version, a damping factor of 0.25 was introduced in the first four cycles,
and of 1 in the following cycles; this ensures a correct mode of convergence
even in difficult cases, but there is an increase in computing time.

Finally, the program was tested on a set of spectrophotometric data rela-
tive to Erio-T. Some input data are reported in Fig. 4; in Table 2, the calcu-

Absorbance
L
7

5 10 400 500 600
pH Wavelength (nm)

Fig. 4. The absorbances of Erio-T in the twelve test solutions, as a function of pH at dif-
ferent wavelengths: (0) 470 nm; (=) 530 nm; (2) 610 nm. The calculated trends with the

optimized parameters are shown as solid lines.

Fig. 5. Calculated spectra of the different forms of Erio-T: (a) H,A™; (b) HA?* ; (¢) A%,
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TABLE 2

Acidity constants for Erio-T

PKy, PK,,
Present values 7.57 £0.03 11.86 = 0.04
Earlier values [16,17] 6.30 11.55

lated acidity constants are reported, and Fig. 5 shows the calculated spectra
for the three forms. The acidity constants obtained, as well as the absorptivity
values, disagree with those reported in the literature. The spectrum of the
H, A" species does not show a peak at 520 nm. It seems possible that the older
measurements may have been affected by metal impurities which could
falsify the final results or that the purities of the Erio-T used were different.
Discussion on this point is outside the scope of this paper.

In conclusion, the least-squares program involves separation of the optimi-
zation of equilibrium constants from that of spectral parameters and also
takes into account the variability of spectral parameters with the acidity con-
stants in the calculation of the derivatives. This approach removes the main
divergence factor and generally ensures rapid convergence, thus avoiding the
need for more sophisticated approaches, such as the Marquard or Fletcher-
Powell algorithms. In this study, the difference between the use of derivatives
with respect to K, or 8 values has been indicated. This subject requires more
careful discussion of its general implication in least-squares programs for the
evaluation of stability constants.

The program listing is available from the authors.
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SUMMARY

Optimization of the optical alignment of a tunable diode-laser spectrometer can be
automated by using a commercially available Simplex optimization program. This align-
ment is achieved by displacing a collimation lens placed in front of the laser in three
mutually perpendicular directions by motorized positioning equipment. The detector
signal, after lock-in amplification, is taken as the optimization criterion. Best parameter
settings of the program are discussed on the basis of experimental results. It is demon-
strated that the program gives very reliable results in terms of reproducibility of the
optimal alignment.

In recent years, many applications of infrared diode lasers in trace gas
analysis have been reported {1, 2]. The main advantages of those lasers are
“high spectral resolution, tunability, high sensitivity, and fast modulation
capability. The wavelength of the lasers can be tuned quasi-continuously
over a range of 10—100 em™ by changing the laser temperature and/or
current. With these features, diode-laser spectrometry has proved to be
valuable for measuring low concentrations (typically at <ppb level [3])
of different molecular species without affecting the sample. A problem
associated with these lasers, however, is the optical alignment, which is of
-great importance for the limits of detection [4]. Although the optical
system, once aligned, can remain stable for a long period of time, re-align-
ment is usually necessary when a sample cell is placed in the optical path or
“the laser wavelength is changed significantly or another laser is selected. Fine
alignment is usually accomplished by adjusting the (XYZ)position of a colli-
-mation lens placed in front of the laser. Sometimes other optical components
are also involved in the alignhment procedure. Even in the relatively simple
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case of adjusting only one lens, the alighment can be time-consuming, for the
required displacements are typically of the order of several micrometres and
are also mutually interdependent. Because of the difficult alignment proce-
dure, diode-laser spectrometers are not very suitable for routine applications
and require highly-trained personnel.

In the present paper, it is shown that this problem can be solved by com-
puterizing the system and using a formal simplex optimization procedure for
the alignment. The simplex (or polytope [5]) method is frequently used in
experimental designs for optimizing N parameters simultaneously [6, 7].
The method has not been applied to laser alignment previously.

THEORY

The optimization procedure described here uses the CHEOPS program
(8, 9], which offers many options. The most important of these options are
discussed here briefly. The basic principles of the simplex method and its
commonest modifications (e.g., Modified Simplex and Super-modified Simp-
lex) have been described fully elsewhere [5—8] and an extensive bibliography
is available [7].

Compared to the basic simplex method, in which the worst vertex is
reflected in the (hyper)plane formed by the remaining (N — 1) vertices,
CHEOPS offers the following options which can be selected indepently of
each other [8]. Application of the (N + 1) rule provides for remeasurement
of the response if a vertex remains optimal after (N + 1) successive measure-
ments. Weighted centroids can be used for reflection; responses are used as
weighting factors for calculation of the centroid so that the simplex will
bend towards the direction of the vertices with the highest responses. From
the three responses at the original vertex, the reflected vertex and the
centroid, the position of an optimal vertex on the line connecting these
points can be estimated by using an appropriate fitting function (Fig. 1). The
line connecting the vertices can be described mathematically by X = X, +
Y(X. — X)), where X, is the worst vertex and X, the centroid. For Y = 2,

Y-FACTOR
-0.50  0.00 0.50 1.00 1.0 2.00
[ L 1 1 S B . .\ d

Fig. 1. An example of simplex expansion. Special situations arise for Y = 0 (no progress)
and Y = 1 (degeneracy).
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this equation defines the position of the reflected vertex. In the program, the
user can select whether the response at X is measured or estimated as a
weighted average of the (N — 1) remaining responses and whether the fitting
function should be Gaussian or a second-order polynomial. From the maxi-
mum of the fitting function (at Y = Y,,;), the position of the “‘optimal ver-
tex” X, is calculated. If X, > X, then X, is taken as the new vertex; otherwise
X, is rejected and X, is used. A common problem associated with modified
simplex methods is the danger of degeneracy (i.e., loss of one or more
dimensions), which can happen quite rapidly when Y ~ 1. When Y ~ 0, the
simplex will make little progress. The problem can be overcome by defining
safety intervals around ¥ = 0 and Y = 1, e.g., +0.25 around 0 and 1 and
outer intervals Y < —2 and Y > 4. The magnitude of the intervals can be de-
fined by the user. When a calculated Y value lies inside a safety interval, the
value is reset to the closest boundary value. Despite the use of safety correc-
tions, the simplex can still degenerate during the optimization. In order to
estimate the degree of degeneracy, the ‘“symmetry” of the simplex can be
defined as the ratio between the radius of a (hyper)sphere that has the same
volume as the simplex and the radius of a (hyper)sphere that passes through
all vertices of the simplex. The symmetry is scaled between 0 and 1 by taking
appropriate multiplication factors (depending on the number of parameters).
The symmetry of a perfectly regular simplex is 1, the symmetry of a com-
pletely degenerated simplex is 0. Further details on this aspect are easily
available [8]. The symmetry can be used as an alternative to the safety mar-
gins. After each calculation of Y, the symmetry of the new simplex is cal-
culated. When the symmetry threatens to drop below some (user-defined)
value, Y, is adjusted to a value that meets the symmetry condition. In this
case, the simplex method is referred to as a “symmetry-controlled simplex”.

EXPERIMENTAL

Optics

A complete diode-laser spectrometric system (Spectra-Physics LS-3) is
used at ECN (see Fig. 1 of an earlier paper [10}). The aim of the present
experiments was to establish the best parameter settings with the simplex
program; thus to simplify matters, neither the White cell nor the mono-
chromator was used. All the optimal parameters, with the exception of the
initial step sizes, were expected to remain valid when the simplified system,
shown in Fig. 2, was extended with other optical components. The initial
step sizes would always need re-establishment after any major change in the
optical system.

All experiments were done with a narrow-band lead-salt laser (Laser Ana-
lytics) which emits in the region 800—910 cm™, the power being several
microwatts. The laser was operated in a single mode, just above threshold.
The signal was modulated by chopping the laser current. A low-noise, fast
HgCdTe detector (Santa Barbara Research) was used to detect the modulated
infrared radiation.
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Fig. 2. Simplified optical set-up used for the optimization experiments. Because the laser
was mounted on the LS-3 spectrometer, three mirrors (A, B and D) were required to
project the laser beam on the detector. Mirrors A and B were retained as in the original
equipment at the collimating lens. One mirror in the sample compartment was removed
and placed outside the LS-3 assembly (mirror D). The detector was removed and placed
in front of mirror D, outside the LS-3.

Electronics

A schematic diagram of the computerized equipment is shown in Fig. 3.
Current control and temperature control were done with a laser control
module (LCM) and a cryogenic temperature stabilizer (CTS; both from
Spectra-Physics). The detector signal was amplified first with a low-noise a.c.
preamplifier and then with a lock-in amplifier (Spectra-Physics). The LCM,
CTS and lock-in amplifier were modified to permit external computer control
of most functions. To control the temperature, current and sweep rate, three
stable 16-bit digital/analog converters (DAC; Analogic MP-1916-TC) were
used in custom-built interfaces. To set the current modulation amplitude and
frequency, 12-bit and 8-bit DAC’s, respectively, were used. The interface
units can be addressed by a computer via a RS232 serial line. The d.c. signal
from the lock-in amplifier was digitized with a standard 12-bit ADC. The
maximum sampling rate is 50 Hz. This slow A/D converter will later be
replaced by one that allows sampling rates up to 100 kHz. To control the
lens position, the three standard micrometer screws of the XYZ table were
replaced by d.c.-motor actuators (Ardel Motor Mike types 10A-3X for the
focus adjustment and 5A-3X for the two other directions). The lens position
was read with an accuracy of 1 um by three Sony Magnescales (type SR-721).
A special motor drive unit used a feedback control loop to position the
motors at a required value within the accuracy of the Sony Magnescales. The
unit was controlled by a computer via a RS232 serial line.

The adjustment screw of the D mirror in the White cell and the steering
mechanism of the monochromator were motorized with the aid of stepper
motors (Neckar SMG-314 with reduction gearboxes giving 3000 and 750
steps/revolution, respectively). An intelligent interface (Robotic Synergy)
was used to control both motors. However, these motors are not included in
the alignment procedure described below for two reasons. First, the control
of the D mirror was unsatisfactory; because of tolerances and friction forces,
the reproducibility at high pathlengths was poor in relation to the sensitivity
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Fig. 3. Schematic diagram of the computerized LS-3 spectrometer.

of the signal to small displacements. Secondly, although the monochromator
grating was successfully included in the alignment procedure for some time,
it was found recently [11] that it is better to operate the laser in a single
mode and eliminate a monochromator from the optical system; accordingly,
the monochromator was omitted from the optimization procedure. The
computer used was a LSI 11/23 with a floating point processor.

Software

The operating system of the computer is RSX11M, which allows multi-
user and multitask operation. The main program developed takes care of all
communication between the operator and the laser system. The alignment
procedure is also started by this program. The optimization program is largely
based on the symmetry-controlled simplex program [8, 9]; the version used
is written in FORTRAN-IV. Some modifications were made to adapt it to
the experimental environment.

RESULTS AND DISCUSSION

In any optimization problem, the criterion to be used is vital. In the case
of diode-laser spectrometry, an obvious criterion would be the signal-to-noise
ratio. Direct determination of the S/N ratio, however, is impractical in the
present set-up, because measurement of the most important noise sources,
optical fringing and optical feedback [4], takes too much time. To do this,
the laser wavelength must be swept through a sufficiently wide spectral
region (compared to the width of an absorption line). The sweep rate is
limited by the slow A/D converter; when sampling at 50 Hz the highest
frequency occurring in the signal may not exceed 25 Hz (Shannon’s theorem)
and so the laser wavelength can be swept only slowly. This problem will be
solved by using a faster ADC (see above) but here the magnitude of the d.c.



92

signal from the lock-in amplifier was chosen as the criterion. Fortunately,
during many experiments, the maximum d.c. signal appeared to coincide
with a minimum fringe amplitude. The coincidence may be explained by
noting that fringes and feedback are usually caused by light scattering on
optical components; the less scattering (and thus fringes and feedback), the
more light will reach the detector.

The initial step size of each parameter must also be defined because this
aspect can affect the speed of convergence of the optimization. Appropriate
values for the step sizes were chosen as follows: after the optical system had
been optimized, a cross-section of the response surface in each direction was
made. From these figures, the step sizes were measured as the values for which
the response drops to about 90% of the maximum value. Results for the sim-
plified optical set-up (Fig. 2) are shown in Fig. 4; the cross-sections have
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approximately Gaussian shapes near the optimum. The step sizes thus found
for the focal, horizontal and vertical adjustment were 80, 7 and 4 um, res-
pectively. Obviously, the values will depend on the optical system, and
measurements must be repeated if the system is modified significantly
(e.g., inclusion of a White cell).

The program package includes many options for modifying the procedure.
The effects of such modifications were studied by changing them one at a
time in a sample optimization situation, i.e., the simplex was started from
the same position relative to the optimum every time. The starting point was
selected as follows: after the position of the optimum had been located by
repeating the simplex program (with default parameters) until the result
became stable, the lens was displaced over a distance of 100 ym in the focal
direction, —10 um in the horizontal direction and 10 um in the vertical
direction. This point was taken as the starting point for every run of the
program. In later measurements, however, the position of the optimum rela-
tive to the starting point became unstable (see Tables 1 and 2). Therefore, in
an alternative approach, the lens was displaced over a constant distance rela-
tive to the optimum found in the previous optimization cycle.

The progress of the simplex was followed by recording the response, the
displacement of the motors and the symmetry after each measurement.
Examples aré shown in Fig. 5. The results are summarized in Tables 1—3.
Responses are scaled between 0 and 1. When an experiment took more than
100 measurements, it was terminated manually; this is indicated by oo in the

TABLE 1

Effects of different parameter settings in the simplex program?

No. Stop s v Refl. Final Vopt®!  Niot® Ngoot
crit.? type® positionf
1 0.003 0.4 E w —115,5, —9 0.821 34 -
2 0.002 0.4 E w —129,9,—10 0.884 69 28
3 0.002 0.1 E w —122,9,—10  0.884 55 20
4 0.002 0.1 E w —115,8,—10 0.882 56 18
5 0.002 01 M \ —117,7,—10 0.882 57 36
6 0.002 01 E \ —-121,7,—10  0.878 39 14
7 0.002 0.1 E N —116,7,—11 0.877 = -
8 0.002 0.1 E w —140, 4, —10 0.877 26 15

2The parameter changed with respect to the previous measurement is underlined. The
step sizes in the three directions (focus, horizontal, vertical) were 100,10 and 5 um, res-
pectively. PStop criterion; responses are scaled to values between 0 and 1. ¢Safety interval
(see text). 9Response at centroid; E(stimated) or M(easured). ®Type of reflection:
W(eighted) or N(ormal). fPosition of the optimum in pm; initially the optimum was
situated at (focus, horizontal, vertical) = (—100, 10, —10). 8(Normalized) response at
optimum; initially, a value of 0.882 was found. PTotal number of measurements. INum-
ber of measurements required to reach 97% of the optimal response; if this value was
reached after a restart, the number is placed in parentheses.
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TABLE 2

Effect of safety interval on speed of optimization?

No. Safety Final position Vopt Niot Ny,
1 0.05 —104, 5,-10 0.800 83 18
2 0.1 —100, 4,—10 0.796 59 22
3 0.2 —110, 4,—12 0.798 44 (35)
4 0.3 —94, 4,—11 0.796 60 14
5 0.4 —103, 3,-—13 0.797 62 15
6 0.15 —100, 4,13 0.801 53 (37)
7 0.2 —118, 4,—13 0.796 75 (41)
8 0.1 —115, 38,—12 0.799 43 (31)
9 0.1 —101, 10, —11 0.800 74 (25)

10 0.25 —124,10, —9 0.795 57 (33)

11 0.4 —61,10, —9 0.802 27 6

2In these measurements, step sizes were 80, 7 and 4 um. Meanings are as given in Table 1.
Two series can be distinguished: 1—8 and 9—11. During the first series, the lens was posi-
tioned at (0, 0, 0) as governed by the motor controller at the beginning of each measure-
ment; because of errors in the positioning equipment, the position of the optimum could
gradually deviate from (—100, 10, —10). In the second series, the lens was displaced to a
position (100, —10, 10) relative to the optimum that was found during the previous run
of the program; this point was taken as the new origin. Therefore deviations in the latter
case are smaller.

tables. As seen in Fig. 5, the optimization process can be divided in two
stages: an initial stage where the response increases rapidly and a further
stage where the simplex is near the optimum and the response becomes
nearly constant. To express the efficiency of a simplex in both stages, two
numbers are given in Tables 1—3: the number of measurements (Nggq)
required to reach a point where the response is at least 97% of the optimal
response, and the total number of measurements (N,;).

With regard to the stop criterion, the simplex is terminated if the devia-
tion of the responses from the average response is less than a certain user-
defined value. If this value is too large, the simplex could stop at any point
where the slope of the response surface is small; if it is too small, the simplex
will never stop because of noise. A suitable value for the stop criterion was
0.002, which was of the same order as the standard deviation of the noise.

The type of reflection was important. In the case of normal reflection, the
simplex approached the optimum too slowly, and weighted reflection is pre-
ferred. When the response at the point of reflection (centroid) was measured,
fewer calculations were required to reach the optimum. However, the total
number of measurements remained approximately the same and, because
this mainly determines the optimization time, the response can equally well
be estimated.

As discussed in the above theoretical part, some safety intervals around
Y = 0 and Y = 1 must be defined in order to prevent the simplex from
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TABLE 3

Effect of symmetry control on simplex performance

No. Series? Final position Voot Niot Ny,
1 I8 —131, 5,-11 0.882 60 19
2 I8 —122, 6,—10 0.882 72 (42)
3 IL, 8 —96, 3,—13 0.800 27 16
4 IL, 8 —97,11, —9 0.800 49 13
5 I, 11 o —

2The measurements for studying the effect of symmetry control were part of the measure-
ments given in Tables 1 and 2. The first number refers to the table, the second to the
measurement that preceded the symmetry control measurement. Measurement 4 of this
table was part of the second series in Table 2. In all cases, the minimum symmetry was set
at 0.1.
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becoming immobile or degenerating. The safety correction is used to define
both intervals. When the safety correction has a value S, the intervals are
defined by [—S, S] and [1 — 8, 1 + S], respectively. If the calculated value
of Y, lies within a safety interval, Y, is reset to the closest boundary value.
Table 2 shows the effect of the safety value on the efficiency of the simplex.
For safety values of <0.2, the simplex tends to contract too rapidly. In this
case, step sizes drop to levels of the order of or below the minimum step size
of the motors (1 um) and the lens no longer moves. This is shown in Fig. 5(b).
Because the program considers the lens position as a continuous variable, a
strong discrepancy arises between the mathematical model and the physical
reality. This produces one of the following situations: (1) if the noise is of
the order of the stop criterion, the simplex proceeds indefinitely (it will
eventually be stopped by repetitive application of the N + 1 rule); (2) if the
noise is less than the stop criterion the simplex will stop eventually, though
this may not be at the optimum. Obviously both situations are undesirable.
Rapid contraction can be counteracted by increasing the value of S. Good
results are found for a value of approximately 0.3. Figure 5(¢) shows the
progress of an optimization with S = 0.4.

The use of symmetry control instead of safety correction did not give
any improvement. Measurements with a symmetry-controlled simplex gave
rather different results for different runs (Table 3). The cause of this irregular
behaviour is quite similar to the case of safety corrections with S < 0.2: the
simplex may contract too rapidly. This is demonstrated in Fig. 5(a). In
principle, the symmetry is unrelated to the actual size of the simplex, though
it imposes a limit on the speed of contraction (or expansion), but this is
merely a side-effect. The safety interval, however, is directly related to the
degree of contraction of the simplex. Further, safety correction is less com-
plicated than symmetry correction and is therefore preferred.

Despite all precautions, the symmetry has generally dropped to a low
value when the simplex arrives at a point near the optimum (see Fig. 5), so
that it no longer searches very efficiently and many measurements may be
needed before the simplex finds the optimum. A good solution to this prob-
lem is to introduce restart conditions; when the symmetry or the volume of
the simplex drops below a certain level, the simplex is restarted from the
vertex with the best response. Some of the results presented in Tables 1 and
2 could be obtained only after such a restart. In these cases the Ny o, value is
placed between brackets.

As can be seen from Tables 1—3, the position found for the optimum is
quite reproducible, so that one can be confident that this really is the opti-
mum. This is one of the advantages of automatic alighment; with manual
alignment, there is often doubt about the quality of the alighment, for it is
difficult to visualize the response surface, which in the present case is defined
in 4-dimensional space. The problem worsens as when the number of param-
eters increases.

In these experiments, the optimization procedure was always started from
approximately the same position relative to the optimum. However, when
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the automated laser system was actually used for measurements, the method
seemed to work equally well for different initial positions.

The total time required for an optimization sequence depends on the speed
of the motors and thus on the number of measurements. A sequence of 50
measurements typically takes about 10 min. In daily practice, when the mis-
alignment is less severe than in the situations discussed above, the optimiza-
tion time is generally less than 5 min. The procedure could be made faster in
two ways. In the present system, the d.c. motors can be positioned only
sequentially, and simultaneous positioning would be faster. Furthermore, the
simplex spends a relatively long time on finding the optimum after it has
reached 97% of its final value (which typically takes 15—20 measurements).
One reason is that the stop criterion is comparable to the noise amplitude, so
that the simplex is deceived by noise. However, the obvious solution to this
problem, increasing the stop criterion, increases the chance that the simplex
will stop too early (at a point where the slope of the response surface is small)
to an unacceptable level. An example is shown in Table 1 for a stop criterion
of 0.003. The second reason is that, to find the optimum, step sizes are con-
tracted to a level where they are comparable to the minimum possible step
sizes and round-off errors become very large. This quantization of noise pro-
duces increasing mismatch between the mathematical model and the physical
reality.

In principle, the same technique could be applied to alignment problems
with other types of lasers.

The authors are much indebted to Mr. P. J. Kaandorp who carefully
developed all interface units. The authors also thank Mr. P. C. C. de Boer for
his assistance in the development of the computer system, Mr. C. Lautenbag
for developing a stepper motor drive and Mr. P. F. A. van der Wiel for supply-
ing the Simplex program. Mr. R. P. Otjes is acknowledged for testing the
automated system in real measurement situations.

REFERENCES

1D. R. Hastie, G. I. Mackay, T. Iguchi, B. A. Ridley and H. 1. Schiff, Environ. Sci.
Technol., 17 (1983) 352A.
2D. T. Cassidy and J. Reid, Appl. Opt., 21 (1982) 2527.
3D. T. Cassidy and J. Reid, Appl. Opt., 21 (1982) 1185.
4 J. Reid, M. El-Sherbiny, B. K. Garside and E. A. Ballik, Appl. Opt., 19 (1982) 3349.
5P. E. Gill, W. Murray and M. H. Wright, Practical Optimization, Academic Press,
London, 1981.
6 D. L. Massart, A. Dijkstra and L. Kaufman, Evaluation and Optimization of Laboratory
Methods and Analytical Procedures, Elsevier, Amsterdam, 1979.
7 S. N. Deming and 8. L. Morgan, Anal. Chim. Acta, 150 (1983) 183.
8P. F. A. van der Wiel, R. Maassen and G. Kateman, Anal. Chim. Acta, 153 (1983) 83.
9P. F. A. van der Wiel, G. Kateman and B. G. M. Vandeginste, CHEOPS, Elsevier
Scientific Software, Amsterdam, 1984.
10 H. Abbink Spaink, T. T. Lub, R. P. Otjes and H. C. Smit, Anal. Chim. Acta, 183
(1986) 000.
11J. Reid, D. R. Hastie and G. I. Mackay, personal communication.



Analytica Chimica Acta, 184 (1986) 99—106
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

DETERMINATION OF VOLATILE POLYNUCLEAR AROMATIC
HYDROCARBONS IN AIR FROM PARTICULATE PROFILES BY MEANS
OF PARTIAL LEAST-SQUARES REGRESSION

J. J. GETHER

Norsoft, Gjerdrumsvei 10b, 0486 Oslo 4 (Norway)

K. E. THRANE*

Norwegian Institute for Air Research, P,O. Box 130 N-2001 Lillestr¢m (Norway)
(Received 9th December 1985)

SUMMARY

The possibility of estimating the total (particulate and gaseous) concentrations of vola-
tile polynuclear aromatic hydrocarbons (PAH’s) in air on the basis of measured concentra-
tions of PAH’s in particles by means of partial least-squares regression (PLS), is discussed.
The results show that the estimation can be good for samples exposed to the same source
and collected under similar weather conditions.

Ambient air concentrations of polynuclear aromatic hydrocarbons (PAH’s)
have been reported for many years. In most studies, the pollutants have
been collected as particulate matter on glass-fibre filters by high-volume
samplers, Significant losses have been shown to occur by this sampling tech-
nique, especially for compounds with less than five rings in the molecule [1].
These compounds have high vapor pressures and will be present in both the
particulate and gaseous phases at ambient temperatures, but it is thought
that most of the losses are due to evaporation from the glass-fibre filter dur-
ing sampling. The variation in vapor pressure of the different compounds
causes selective losses. The degree of loss depends on sampling conditions
such as ambient temperature and flow rate, as well as on sample composition,
concentrations and properties of the air pollutants. As an example, the rela-
tionship between ambient temperature and collection efficiency of a glass
fibre filter is illustrated in Fig. 1, which shows that the concentration of
volatile PAH’s collected on a filter is not representative of the total amount
in the ambient air, as has already been pointed out by several authors [1—4].
The evaporation from the filter is influenced by the nature and the amount
of the particulate material present. Of course, the PAH compounds may also
be lost by reaction with other constituents in the atmosphere and on the
filter, in the subsequent isolation and work-up, or in the measurement pro-
cedure itself [5].

There are two main reasons for seeking better estimates of the volatile

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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Fig. 1. Relationship between the ambient average temperature during sampling and the
amount of particulate fluoranthene as a percentage of the total ambient air concentra-
tions. All samples were collected at the same station by high-volume samplers as described
by Thrane et al. [5].

PAH’s in air. First, these compounds carry information about the processes
leading to their formation and distribution in the atmosphere. Information
about their presence enables sources to be better characterized and dis
tinguished [6]. Secondly, some of these compounds or their reaction pro-
ducts or metabolites may be harmful [7], and therefore knowledge of their
occurrence is important in assessing possible environmental impact.

Many approaches have been examined in order to estimate the concentra-
tions of the volatile PAH’s on the basis of the amount in the particulate phase
collected on the filter. Yamasaki et al. [2] indicated that the ratio between
the vapor-phase PAH’s and the PAH’s in the particles, could be described by
means of a Langmuir equation. Keller and Bidleman [3] suggested that the
vapor pressure of the compounds for the subcooled liquid at 25°C could be
used to determine this ratio accurately. This paper presents some results
from a study in which partial least-squares regression was applied to a set of
PAH data in order to predict the concentrations of the volatile compounds
from the profiles in the particulate phase,

MULTIVARIATE DATA ANALYSIS AND PREDICTION

Multicomponent chemical analysis is valuable because one gets to know
how each component varies with respect to all others through sets of samples.
The interpretation of all this information has only started to become practi-
cal with the introduction of computerized data processing. The partial least-
squares (PLS) linear regression technique was developed by H. Wold [8]. In
multivariate calibration, it can be used to predict one set of properties from
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another measured set, by using a learning set of samples for calibration. From
the monitoring results for both particulate and volatile PAH’s in samples of
air, it becomes possible to estimate how accurately the total concentrations
of the volatile PAH components can be predicted from measurements of par-
ticulate PAH’s only. The accuracy of prediction indicates to what extent the
two sets of analytical results carry the same information.

A basic notion is that of classes, or groups of samples that are similar in
some sense. In supervised learning, a particular set of samples constituting a
class may be made up of samples from a particular site, taken under particular
conditions of wind and temperature, etc. A class may be thought of as a
cloud of points in a g-dimensional space. With ¢ equal to the number of
components (variables) measured in each sample, the sample may be repre-
sented as a point. A class (cloud) is extended in various directions in this
g-space, corresponding to variation in the measured components. Chemo-
metric programs essentially evaluate the directions and extent of variation
along each direction for each class, and assignh new samples to different
classes. Samples that do not fit in any existing class are designated as out-
liers. The directions of extension are regarded as factors, and together with
the extent of variation along each axis, describe a class quite simply and give
essential information on class properties.

In 1976 S. Wold [9] introduced the concept of disjoint classes, which
means that in a large collection of samples which belong to several classes,
each class is treated separately. This is a great advantage because the proce-
dures for data processing become much more robust. The same concept was
introduced independently by Bezdek et al. [10] in the Fuzzy c-Varieties
clustering algorithms.

Given the concept of a class as a set of points (samples) in a g-dimensional
space, the same class can be expressed in another p-dimensional space based
on some p other variables measured in the same samples. The first group
could be the particulate and the second the total (particulate and gaseous)
concentrations of volatile PAH’s. If both sets fully describe the class, then
rotating and scaling one set of variables would make the two representations
of the class coincide. The relationship would then express one set of variables
in terms of the other. If the class and this relationship are established by
means of a learning set, then it is possible to calculate (or predict) the p
values of another set of samples for which the g variables are known. The
p values can be the total concentrations of volatile PAH’s and the g values
the particulate measurements. This means that the amount of total PAH’s
can be predicted, provided that the learning set and the particulate measure-
ments are available. In real measurements, the two sets of variables only partly
measure the same properties, and accentuate particular features of the class.
Moreover, the errors present will contribute noise. The overall effect is that a
perfect overlap of the two representations of the class is not attainable; there
is a residual variance present. This residual variance is a measure of how well
one set of variables can be predicted by the other, i.e., the extent to which
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they carry the same information. The PLS method was developed so that the
variables which most efficiently characterize both representations of the
class are emphasized. A full description of the mathematical and computa-
tional details is available [11].

In the present work, the program used was the UNSCRAMBLER package
developed by Martens and his colleagues at the Norwegian Food Research
Institute [12]. This general package is still under development; at present,
it can be used to assess the magnitude of the residual variances. In the
UNSCRAMBLER program, two subsets of data are used. The learning set
consists of the measured concentrations of particulate PAH’s (with concen-
trations of 1—q) and volatile PAH’s (with concentrations of 1—p) in selected
air samples (samples 1,i,... n). Another selection of air samples (1,j,...,m)
is then used for testing the prediction of the amount of total PAH’s on
the basis of the amount in the particles. In the present version of the
UNSCRAMBLER program, the residual variance remaining after the predic-
tion is reported.

As more factors are introduced in the model of the underlying physical
system, the remaining residuals may be indicated as in Table 1. This example
shows the results from a run with 30 samples, with 17 predicting variables
(the particulate PAH’s) and six variables to be predicted (the volatile PAH’s)
(see Table 2). Cross-validation is used. The model obtained from the learning
set is used to predict the total concentrations of the same volatile PAH in
another six samples. The samples were all from the same sampling station
and were collected during spring, summer and fall without regard to the vari-
ation of the main wind direction. Further description of samples and variables
is given below.

The second column in Table 1 shows how the residual variance in the par-
ticulate PAH’s is reduced as new factors are introduced. The residuals re-
maining after 4—7 factors are typically about 5% of the initial values, and
probably represent random errors in the sampling and chromatographic pro-
cedures. The third column shows the corresponding residual variance in the
volatile PAH’s. In the present case, about 25% of the original residuals re-

TABLE 1

Residual variance of the particulate PAH (RV1), the volatile PAH (RV2) and the residuals
(R) when volatile PAH are expressed in terms of the model (F is the factor number)

F RV1 RV2 R

1 1.504 1.204 23.07
2 0.661 0.761 23.95
3 0.514 0.630 20.38
4 0.350 0.586 20.15
5 0.189 0.546 24.37
6 0.138 0.414 33.78
7 0.086 0.339 34.24
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TABLE 2

PAH compounds included in the PLS linear regression

Particulate Particulate Volatile

Index Compound Index Compound Index Compound
1050 Acenaphthene 1160 Benz(b)fluorene 1010 Naphthalene
1060 Fluorene 1170 Benz(a)anthracene 1040 Biphenyl

1080 Phenanthrene 1210 Benz(e)pyrene 1050 Acenaphthene
1090 Anthracene 1220 Benz(a)pyrene 1060 Fluorene
1110 2-Methylanthracene 1230 Perylene 1080 Phenanthrene
1120 1-Methylphenanthrene 1240 Indeno(1,2,3-cd)pyrene 1090 Anthracene
1130 Fluoranthene 1260 Benz(ghi)perylene

1140 Pyrene 1280 Coronene

1150 Benz(a)fluorene

mains, but 10—15% is more typical. The fourth column gives the residuals
when the program attempts to express the volatile PAH’s in terms of the
model for the particulate PAH’s. The prediction accounts for about 16% of
the initial variation, and is concerned with factor 3 mostly. As further factors
are introduced, the residuals start to increase, showing that these factors have
no predictive value, i.e., they express information that is not common to the
two sets of measurements.

AIR POLLUTION DATA

The original data, on which this work is based, were collected over a period
of 15 months in 1980—1981 in Sundsvall, Sweden, in order to assess the
influence of a nearby aluminum plant on the PAH contamination of the
ambient air [13]. The PAH’s were collected by high-volume sampling. Glass
fibre filters were used to collect the particles while the gaseous portions of
the volatile compounds were trapped by plugs of polyurethane foam. Indi-
vidual PAH components were subsequently quantified by means of high-
resolution glass-capillary gas chromatography, integration of chromatographic
peaks, and conversion to chemical concentrations by means of standard cali-
bration techniques [5]. Ambient temperature, wind direction and air stability
were recorded with each sample, as well as the air concentrations of fluoride
which is emitted from aluminum plants. During spring, summer and fall,
separate day and night samples were collected, while 24-h sampling was done
during the winter months.

Data from the study in Sundsvall were entered in a program called
ANALYSEDATA [14]. This is a data-base system for measurement data
which allows free selection of samples according to both qualitative and
quantitative information, as well as graphic displays and preprocessing of
data. All data employed in the present work were from a single sampling site.
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Seventeen PAH’s in the particles were selected for testing the prediction of
the total concentrations of six compounds that usually are present in both
the particulate and the gaseous phases in an air sample (Table 2). Figure 2
shows an overview of these data in the form of Complot displays from
ANALYSEDATA. Each row represents a sample, and each column a partic-
ular PAH component. Altogether 49 samples were used for the tests.

LEARNING SETS AND RESULTS

The PLS modelling was tested in five different ways. (1) When all samples
were included in the learning set and cross-validation used to assess predic-
tion, poor or no prediction was achieved. (2) Spring/summer/fall samples were
used as in (1) and also to predict winter samples; the prediction accounted
for 10—25% of the total variance and there was no success for winter samples.
(3) Winter samples were used to predict winter and summer samples; the pre-
diction accounted for 10—20% of the total variance in winter samples and
summer samples could not be predicted. (4) Selected samples (temperature/
wind direction) were used to predict similar samples; prediction accounted
for 67% of total variance. (5) As a test against spurious recognition, a learning
set was made from particulate PAH and volatile PAH that did not belong to
the same air samples; in this case, prediction of all samples was unsuccessful.

DISCUSSION

Air pollution is usually emitted from many sources. It would be expected
that the nature of particles and their surface properties, as well as the PAH
composition, would depend on their origin, and that the different sources
would influence the ratio between volatile and particulate PAH’s. Also, if
samples reflect a predominating source, this would govern the composition

Sample
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Fig. 2. ANALYSEDATA Complot displays of the PAH data used: (A) particulate PAH;
(B) total volatile PAH. The components are arranged along the horizontal axis, identified
by the index number in Table 2. The lengths of the vertical lines indicate the concentra-
tions of each PAH in the range 0.01—10 ng m™ for the particulate PAH and 0.01—
100 ng m ™2 for the volatile PAH (larger peaks dipped).
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of both the particles and the PAH’s in air. Thus one would expect a fair
amount of prediction in samples which reflect a common source, and less
prediction in samples which are not related. The results seem to support this
expectation. This conclusion has two aspects.

In part, it is an indication that the PLS method gives a true and reasonable
model of the physical world that underlies the analytical results. This is very
encouraging in that no assumption was made about linearity, statistical dis-
tribution, etc. of the data. The only factor with influence on the data is the
selection of samples to reflect various physical conditions of wind and tem-
perature, followed by normalization by dividing each variable by the mean
concentration, so that all variables contribute equally to the total picture.
The other aspect is that the volatile PAH’s carry their own information about
air pollution. Volatile PAH’s cannot generally be inferred from knowledge of
particulate PAH, temperature, humidity and similar factors unless the nature
of the air pollution in the samples is well characterized. In all the tests, most
of the prediction is associated with one or two factors (see Table 1). In order
to assess the physical reality behind the factors, more detailed studies are re-
quired. The dependence of recognition on the selection and weighting of
variables, will indicate the physical reality of the factors. It is important that
PLS delineates factors, and indicates their importance once their physical
nature is known.

At the time of this investigation, the UNSCRAMBLER program was under
active development, and was too unwieldy to allow easy interactive opera-
tions in combination with selection of different learning sets. As it is further
developed, it should prove valuable for interpretation of complex data sets,
particularly in combination with a suitable data-base tool for handling such
data.

The authors thank H. Martens and C. Irgens for their assistance in using
the UNSCRAMBLER program, and the Norwegian Food Research Institute
(NINF) for making the program available. The Royal Norwegian Council for
Scientific and Industrial Research (NTNF) kindly provided the funding of
the study.
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SUMMARY

Euclidean geometry and information and fuzzy-set theory are used to develop general
criteria for the evaluation of clustering methods. A separation function, describing the
geometric clustering in a feature space for a given separation state, is introduced. Suitable
clustering algorithms for given data can be selected by using the measure derived. The cri-
teria developed are used in studies of the homogeneity of solids.

Classification and cluster analysis can be dealt with by a large number of
possible algorithms. Programs such as ARTHUR [1] contain various methods
of pattern recognition, and simple algorithms for microcomputers have been
proposed [2]. Preprocessing procedures allow the number of possibilities of
studying a data set to be increased. Accordingly, it should be practicable to
provide parameters for selecting the most suitable methods of investigating a
given data set. Commonly, publications dealing with pattern recognition con-
tain comparisons of several algorithms applied to a set of data; comparison is
made qualitatively or by means of method-inherent parameters. However, no
scientist can be completely objective with regard to his data.

There are some other unresolved problems such as determination of the
significant separation step in the hierarchal cluster analysis, design of valid
training sets for classification, and construction of an optimal plan for pattern
recognition for a given data set. An optimal plan for pattern recognition
involves, first, the best choice of the features pertaining to the problem.
Then, preprocessing (scaling, weighting, generation of orthonormalized fea-
tures) is the second step. After that, clustering enables the data to be exam-
ined for any substructures. If some groups which have only numerical
character are so found, an attempt can be made to give them chemical mean-
ing. Any such meanings are strongly governed by the features chosen. After
this operation, training sets for classification problems can be constructed.

Some authors have suggested the use of information theory [2, 3] or
Euclidean geometry [4]. The estimation of probabilities and singularities of
the geometrical measurements in the case of clusters with single objects de-
creases the possibility of application. In this paper, novel criteria are intro-
duced in an attempt to overcome these problems.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V,
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THEORY

The most frequent situation in pattern recognition is that a data set is pre-
sented without any information about the inherent structure. Obviously,
there is then a large number (Z) of possible ways of separating the objects
into groups. These possibilities often have the same probability, ®,, or the
possibilities can be defined as distributed uniformly because they cannot be
evaluated precisely.

After hierarchal clustering, some structure in the data with respect to the
algorithm used (e.g., a dendrogram) should be observed. The preliminary un-
certainty represented by the information entropy, H,, decreases then to the
uncertainty, represented by entropy H. The information content in such
cases is given by Shannon’s model:

I=H,—H
with

Y4
HO =— Z qJO‘s Id (I)O,s
s=1

and

H=— f b, 1d P,

s=1
in which the sums run through all Z possibilities of separation s (states of
separation); ‘‘1d”” means the binary logarithm.

If there is no prior knowledge of the system, all sizes of clusters are pos-
sible. Moreover, the n objects may permute between all groups. The total
number of Z for all possible separations can be calculated from Stirling’s
second-order recursive formula [5] :

S ZG,i)= 3 Z0—1j—1)+26,j—1)

i,j=1 i,j=1

Then, H, can be expressed as

n
Ho=1d ¥ Z(,J)
i,j=1

If there is any prior knowledge, e.g., about the number of clusters, the Z
number decreases. For instance, the formula of the binomial coefficient
yields the same results as Stirling’s formula for the case of two groups.

The theory of fuzzy sets [6] can be applied to evaluate the probabilities
®, ; and $, as normalized functions applied to the equation

4
cbs =gsfs/ g,lgsfs
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where g, are arbitrarily chosen weights; in this investigation, g, was set equal
to one. The f, term is specially defined as the separation function at the sth
state of separation. The basic idea is then to interpret @, , and &, as normal-
ized distances describing one possible state of separation. Clearly, a state of
separation of groups is more probable the longer the distances between the
groups in the m-dimensional feature space and the closer the objects are
placed in relation to their group centroids ¢y - Thus the f term is defined as
the difference of the average distance D, between each of the groups and the
average diameter d, of all the groups at the sth state of separation: f, =
D, — d,. All distances are of the Euclidean type and are related to the cen-
troids for the computation of d, and D,. Figure 1 shows the geometrical
model for a two-dimensional feature space. The separation state s is repre-
sented by three clusters. The D, value is calculated from

CS
D,= (ZkZ Di s)/1(Cs — 1)C;]
1
and for d,
CS —
ds = (Z ds,k)/Cs
k

In these equations, Dy, , is the distance between the centroids of the kth and
Ith clusters; Z is the total number of separation steps s; d, » is the average
diameter of the kth cluster with the centroid Cs 1> and C, is the number of
clusters.

The separation function f, is a measure describing the geometric assemblage
(clustering) in an m-dimensional feature space for a given separation state s,
This function is discrete. It attains a maximum if the objects lie near their
group centroids and if there are large distances between the groups. Figure 2
indicates the general behavior of f,. In this example, data sets with four
clusters were chosen (Table 1) and were clustered by using the algorithm
given by Kaufman et al. [7]. When the diameters of the clusters decrease but
centroids remain at the same position in space (constant D,), then f, indicates
agrowing maximum for s = 3 (Fig. 2A). With constant diameters (constant d)
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Fig. 1. Geometrical model for the derivation of separation function f; for the case of two
features and three clusters.
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Fig. 2. Separation functions f; ,—, for the data sets given in Table 1: (A) sets 1—4;
(B) sets 5—8. For better visualization, the discrete values of function f; and f; ,,—, are
connected by dotted lines.

7.8
Separation States s

but increasing distances between the groups, the maximum also grows
(Fig. 2B). The hierarchal cluster analysis yields (n — 1) separation states for
a given set of n objects and therefore contains a residue of uncertainty. When
the maximum of f, is used, it is possible to decide which separation state is
inherent to the data set. In practice, the objective section through the den-
drogram or tree can be calculated in this way.

By means of the information content, I, or the entropy estimated a pos-
teriori, the whole data structure can be characterized quantitatively. Table 2
includes the four possible cases which exist theoretically for comparison of
two results or algorithms A and B for cluster analysis when H and f, ,,, are
applied. Cases 1—3 are quite clear; the decision is obviously for A. In the
fourth case, algorithm B is chosen for further evaluation of the given data be-
cause the entropy H characterizes the whole data structure. The following
two points are practically important. Clustering of scaled data causes the
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TABLE 1

Numerical values of eight synthetic data sets containing two features and twelve (sets 1—4)
or thirteen (sets 5—8) objects

SET 1 SET 2 SET 3 SET 4
0.5 3.0 1.0 3.5 2.5 5.0 4.0 6.5
0.5 4.0 1.0 4.5 2.5 6.0 4.0 7.5
1.5 3.0 2.0 3.5 3.5 5.0 5.0 6.5
1.5 4.0 2.0 4.5 3.5 6.0 5.0 7.5
2.0 11.5 3.5 10.5 4.0 9.5 5.0 8.5
11.0 11.0 9.5 9.6 8.0 8.0 6.5 6.5
11.0 12.0 9.5 10.5 8.0 9.0 6.5 7.5
12.0 11.0 10.5 9.5 9.0 8.0 7.5 6.5
12.0 12.0 10.5 10.5 9.0 9.0 7.5 7.5
8.5 1.0 7.0 2.5 5.5 4.0 4.5 5.0
9.5 1.0 8.0 2.5 6.5 4.0 5.5 5.0
9.5 2.0 8.0 3.5 6.5 5.0 5.5 6.0
SET 5 SET 6 SET 7 SET 8
2.0 10.0 2.0 10.0 2.0 10.0 2.0 10.0
1.9 59 1.5 6.5 1.0 7.0 0.5 4.5
1.9 6.1 1.5 5.5 1.0 5.0 0.5 7.5
2.1 5.9 2.5 6.5 3.0 5.0 3.5 4.5
21 6.1 2.5 5.5 .0 7.0 3.5 7.5
8.9 2.9 8.2 2.5 8.0 2.0 7.5 1.5
8.9 3.1 8.5 3.5 8.0 4.0 7.5 4.5
9.1 2.9 9.5 2.5 10.0 2.0 10.5 1.5
9.1 3.1 9.5 3.6 10.0 4.0 10.5 4.5
9.9 8.9 9.5 8.5 9.0 8.0 8.5 7.5
9.9 9.1 9.5 9.5 9.0 10.0 8.5 10.5
10.1 8.9 10.5 8.5 11.0 8.0 11.5 7.5
10.1 9.1 10.5 9.5 11.0 10.0 11.5 10.5

function f, to lose its absolute character. Therefore, it is necessary to work
with f, ,—,, according to the equation f; ,—; = f,/f,—;. The normalization
factor f,,—, is the value of f, if the data set is separated into single objects,
i.e., it is the average distance between all single objects such that their diam-
' eters are infinitesimal. For the comparison of clustering results obtained for
- data sets with different numbers of objects, it is necessary to normalize H to
" the n number of objects because H is sensitive to n.

RESULTS AND DISCUSSION

The following examples were computed with MICLU (microcomputer
. program for cluster analysis) [8] . The program runs on a 64K microcomputer
. MC-80 (VEB Kombinat Mikroelektronik Gera, G.D.R.) in BASIC. The clus-
tering algorithm is the one proposed by Kaufman et al. [7]. All published
. data sets were preprocessed by autoscaling before clustering.
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Example I

The three data sets A, B and C consist of twelve objects and two features,
These sets are represented by their positions in the feature space position
(Fig. 3) and by their separation function (Fig. 4). Set A contains twelve
clusters (the single objects) and the separation function f, ,—, (A) attainsa
maximum for the last state s of separation. The separation function f; , —;
(B) shows a sharp maximum for s = 1, because set B contains two groups.
Set C contains four clusters. The maximum of f, , -, (C) is attained for
s = 3. Thus the separation function indicates the number of groups inherent
to the data.

Example II
The data set C from example I was clustered by two different algorithms.
The first one was that of Kaufman et al. [7], which divides one cluster into
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Fig. 3. Representation of three different data sets (A—C) containing twelve objects and
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two subclusters by minimizing the average distance from one object to all
other objects in the first and in the second subcluster. This algorithm was
modified to give a second algorithm, which divides one cluster into two
subclusters by minimizing the average distance over all objects in the two
subclusters 1 and 2. This was done by using the formulae

n

;=23 A/l — Lny)

i,J
dy =25 Ay /l(n2 — ina]
k,1

where A means the Euclidean distance, n the number of objects in the cluster
and d the average distance between all objects in the cluster.

The first algorithm yielded the hierarchal pattern 1 (Fig. 5). The separa-
tion function attains a maximum for s = 3 having a value f; p., = 0.6442 and
an entropy H = 3.37 bit. The second algorithm produced the hierarchal pat-
tern 2 (Fig. 5) with H = 3.43 bit. It is interesting that the second algorithm
runs over the same inherent state of separation (Fig. 5, dashed lines) with
four clusters; therefore the f; ,,,, value is also 0.6442. But the residual data
structure is different. According to Table 2, algorithm 1 will be chosen for
the separation of the given set C and also for further evaluation of similarities
inherent to the set.

Example IIT

An interesting application of clustering occurs in investigation of the
homogeneity of solids. The field of sophisticated analytical characterization
of purified and composite materials has expanded rapidly in recent years,
given the increasing demands of the microelectronic and optics industries.
One kind of investigation is the test of homogeneity by several types of
analysis of variance (ANOVA) [9, 10]. The schemes described above can be
used for homogeneity studies. The objects of the data set are measurement

Fig. 5. Data structures of set C obtained by two different algorithms.
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TABLE 2

The possible theoretical cases for the evaluation of clustering methods by entropy H and
the maximum of separation function f; may

Result Separation

Process A Process B Wider? SurerP
gr:\ax.A > ;jr;;ax B A A=B
;y:*x’A - ;;;;mB A=B A=B

aWider separation by distance. P Surer separation based on information theory.

points at the surface or in the bulk of a solid. The feature vectors are then
constructed from the measured situation at those points. The selection of
features is based on the question of homogeneity that is to be answered; the
features could be the chemical composition, the structure or certain proper-
ties at the sample points, or any combination of these. The result of the
cluster analysis can be transformed to a favorable representation without dis-
tortion of feature space, because the positions of the measurement points on
or in the sample are not related to the position of the points in the feature
space. However, the separation function derived yields clusters inherent to
the data which can be bordered by lines of similarity.

As an example, a rectangular copper sample doped with cobalt and nickel
was chosen. At fifteen surface points of the sample, the impurities of nickel
and cobalt were determined simultaneously by optical emission spark spec-
trography. Figure 6 shows all the pairs of concentration as well as the cluster-
ing results obtained by MICLU. The separation function indicates three
clusters from its maximum for step s = 2. The copper sample surface in-
cludes inhomogeneities at two corners. This conclusion can be drawn from
those few features by a survey of the data. By generalizing the behavior of
separation function f,, it is possible to derive a new idea of homogeneity on
the basis of vectors obtained by measurements at different points of the
sample.

Ideal homogeneity. The data vectors obtained at the sample points are
identical. They lie in the m-dimensional feature space at one point, so that
there is only one cluster and the distances to other clusters are zero. The
one cluster contains only a single object. The separation function f; is there-
fore constant at zero (Fig. 7, line 1): f, n.x =fs=D,—d,;for 1<s<(n—1).

Partial homogeneity/inhomogeneity. The data vectors obtained at sample
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Fig. 6. Surface of a copper sample (original 20 mm X 30 mm) with the nickel and cobalt
contents measured at fifteen points. In each pair, the upper number is for nickel and the
lower for cobalt, all in % (w/w).

Fig. 7. Qualitative behavior of the separation function f; for three cases of homogeneity/
inhomogeneity. For explanation, see text.

points form significant clusters in the feature space. All points found in the
same cluster can be bordered by similarity lines either on the surface or in
the bulk sample. The function £, shows a maximum between the first and the
(n — 2)th state s of separation (Fig. 7, curve 3): f, max > 0 and f; max = f; for
1<s<(n—2).

Ideal inhomogeneity. The data vectors scatter uniformly in the feature
space and do not form significant clusters. All n objects are single clusters
and can be bordered by n different lines of similarity. The separation func-
tion f, has its maximum at the last possible state of separation for s = (n — 1)
(Fig. 7, curve 2): fsmax = fn—1 #fs fors<n—1.

Conclusions

The measures described are suitable for indicating the quality of a chosen
_scheme of pattern recognition for a given data set. The separation function
f; has three advantages. The first is the absence of singularities in the case
of single object clusters, and the second is the possibility of using geometry
for the calculation of probabilities. The third is that the use of the function
is not limited by the number of objects in the data set. The algorithms
can be added to every existing computer program for pattern recognition
and are also useful for microcomputers. The separation function provides
a novel view of overall homogeneity. The values for homogeneity obtained
could be displayed by using a small graphics program.

The results of classifications can be evaluated by direct comparisons of the
values of the separation function f,, where s indicates the sth algorithm of
classification. The separation function can thus be used as an optimization
function for the design of training sets.
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SUMMARY

The implementation of an expert system for the automated qualitative interpretation
of energy-dispersive x-ray spectra is discussed. The first step in the interpretation process
is the extraction of the relevant data from the spectrum, which is done by a preprocessor
program, written in FORTRAN. The expert system itself consists of three parts. The
knowledge base contains specific information on energy-dispersive x-ray fluorescence
spectrometry presented in the form of IF/THEN rules. The data base contains the reduced
spectral data and an array of certainty factors associated with each element; the certainty
factor for an element represents the probability of its being present in the sample from
which the spectrum was taken. Finally, the inference engine performs manipulation of
the knowledge. For a particular state of the data base, the certainty factors for all the ele-
ments are iteratively modified until convergence is reached by using the rules from the
knowledge base. During each cycle, the inference engine selects one rule from the know-
ledge base and executes it. Rules are selected on the basis of the chemical elements con-
tained in their IF part and according to their previously assigned focus levels. Execution
of the THEN part of the selected rule modifies the certainty factors of a number of ele-
ments. At the end of the interpretation session, the system lists the elements which have
a high probability of being present in the sample. Optionally, the user can be provided
with explanations of the reasoning steps taken during the interpretation. Application of
the expert system to a particular spectrum shows that it is useful for the reliable inter-
pretation of spectral data obtained from electron microprobe analysis of industrial aero-
sol particles,

The use of computers for instrument control, data acquisition and data
evaluation is now widespread. Chemometrics has played an important role
in providing the theoretical background and the necessary software. Opti-
mization by Simplex methods [1] and multivariate data treatment and cali-
_bration [2] have proved to be very valuable. Although large parts of the data
-acquisition and interpretation processes have been automated, there are still
.vital steps in most analytical procedures which have to be done manually in
‘order to obtain reliable results. These steps typically involve decision-making
to optimize a certain procedure or to meet certain demands on precision and
accuracy. A purely statistical approach does not always yield satisfactory
results. In order to make such decisions, one often has to rely heavily on

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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experience. This process can be improved substantially by the use of expert
systems [3]. An expert system is a computer program which can incorporate
considerable amounts of area-specific information and can use this knowledge,
similarly to a human expert, to solve problems which cannot be handled by
traditional computer algorithms.

An example of partly automated data processing is the characterization by
electron-probe microanalysis (EPMA) of particulate material of environmen-
tal and/or industrial origin [4]. The chemical characterization involves the
evaluation of x-ray spectra measured with a Si(Li)-detector as a result of the
bombardment of the individual particles with electrons of keV energy. During
the analysis of one sample, typically 1000 or more spectra are generated. This
data acquisition can be fully automated [56]. In view of the large number of
x-ray spectra obtained, accurate techniques for spectrum evaluation, based
on least-squares fitting, require too much operator- and computer-time to be
useful [6]. In contrast, simple techniques for spectrum evaluation relying on
counts accumulated in predefined energy windows are fast but produce un-
reliable results because of the often high degree of peak overlap in the spec-
trum., Nevertheless, an experienced x-ray spectroscopist finds it easy to
interpret such x-ray spectra and identify the elements that are present in the
sample.

As a solution to this problem, an expert system was developed to assist in
the automated interpretation of EPMA spectra. The system consists of two
parts: a preprocessor program, written in FORTR AN, and the actual expert
system, written in Pascal. No specific ‘“‘symbolic logic’’ languages, such as
LISP, PROLOG, OPS5 or POP-11, were used. Both programs are implemented
on a VAX 11/780, with the VMS operating system. The system typically re-
quires 5 seconds of CPU-time to make an interpretation of an x-ray spectrum.,

SPECTRUM PREPROCESSING

The first step in the spectrum interpretation is the extraction of relevant
information. This is done by the preprocessor program, written in FORTRAN.
The program suppresses noise by using a procedure based on a variable width -
Savitsky-Golay filter [7] and locates peaks by square-wave convolution of
the smoothed data. Peak boundaries and peak widths are determined by using -
the smoothed first and second derivatives of the spectrum while net peak:
intensities are calculated by means of a background-correction method based -
on an algorithm suggested by Clayton [8]. Finally, a list of all possible .
chemical elements which correspond to the peaks within an energy uncer- ;
tainty of about 100 eV, is made by comparing the energy of the detected
peaks with entries in a library of x-ray lines. These elements are con51dered
as suggestions to the solution by the expert system. ‘

The table generated by the preprocessor corresponding, for example, to -
the spectrum of Fig. 1 is given in Table 1. Because the information in this :
table is processed further by the expert system, only crude estimates of the "

i
M
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Fig. 1. X-ray spectrum of an industrial aerosol particle obtained by EPMA. The elements
Mg, Si, Ca, Cr and Pb are present in detectable concentrations.

actual values are required. The entire preprocessing operation takes about 2 s
of CPU-time.

THE EXPERT SYSTEM

The aim of the expert system is to interpret the data in the table produced
by the preprocessor and to return the elemental composition of the sample
(or particle) associated with that spectrum.

Structure

The expert system can be considered as a conventional production system.
It can logically be divided into three distinct subsystems. The first and most
important part is the knowledge base, holding (at present) about 200 rules
which enable the expert system to perform symbolic reasoning in the field of
x-ray spectra interpretation. An example of such a rule is given in Table 2.

The second subsystem is a data base containing information on the spec-
trum to be interpreted. It also reflects the current state of reasoning by the
system. The data base consists of a static and a dynamic part. The static part
contains the reduced spectral data. Each spectrum is described by a series of
peaks while the relevant characteristics of a peak are stored in a peak frame
as shown in Fig. 2. Thus, a whole spectrum is represented in the system data
base by means of the spectrum frame of Fig. 3. The dynamic part (its con-
tent changes during the reasoning process of the system) consists of a list of
all chemical elements. Each element is characterized by a certainty factor. At
present, this factor can only have four values: 0.0 (the element is absent),
0.50 (the element may be present), 0.75 (the presence of the element is
plausible), 1.0 (the element is present).
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TABLE 1

Preprocessor output corresponding to the spectrum in Fig. 1

Spectrum: 001129
Total spectrum intensity (T'SI): 54052

Sum of peak intensities: 33273

Total background intensity: 20779
Calibration: 0.00000E + 00 4.00000E — 02
Percentage of intensity from peaks: 61.56%

Percentage of intensity from background: 38.44%

No. Energy Boundary FWHM Intensity (% of TSI) Height (counts)

(keV) (channel) (keV) Background Net Background Net
Left Right

1 1.2864 23 35 0.106 4.160 1.709 87.387 124.613
Eu M-«
Gd M-o
Mg K«
As Lo
Ho M-

2 1.7738 41 51 0.112 8.346 9.320 152.841 565.159
Hf M-«
Si K-«
Re M-«

3 2.4012 53 66 0.190 10.999 16.924 165.469 684.531
] Ko
Pb Mo

4 3.7252 89 96 0113 4.618 9.160 121.168 583.832
Ca K-
Te La

5 4.0600 99 105 0.080 3.845 1012 116.671 69.329 -
Ca K-g
Te L-g

6 49080 121 127 0.280 2.378 0.336 73.300 13.700
5.4493 128 141 0.169 4.364 6.811 65.575 327.425
Cr Ko !
Pm L«

8 59666 146 155 0.187 2.637 1.290 55.522 47.478
Eu Lo
Cr K-
Pm L-g
Gd Lo

9 7.9996 195 208 0.327 2,485 0.437 37.416 5.584

10 8.7100 210 223 0.199 2,159 0.729 31.601 28.39%
Re Lo :
Ho L~
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TABLE 1 (continued)

No. Energy Boundary FWHM Intensity (% of TSI) Height (counts)
(keV) (channel) (keV)

- Background Net Background Net
Left Right
11 10.0075 242 254 0.445 1.462 0.465 22.839 3.161
12 10.5626 255 270 0.225 1508 3.984 19.186 132.814
Hf L~y
As K«
Pb L-o
13 11.1696 275 280 0.240 0472 0.264 16.303 4.697
14 12.6674 308 322 0.229 1.098 2.422 15.137 80.863
Pb L-g
Ac La
16 14.8547 366 376 0.203 0.634 0.210 11.978 1.022

The third subsystem, the inference engine, performs the knowledge
manipulation. The certainty factors associated with each element in the
dynamic part of the data base are modified by means of the rules from the
knowledge base, depending on the current state of the data base. As in con-
ventional production systems this is done by executing the following three
steps. First, it is necessary to establish which rules are applicable. This is
done by a pattern matcher which selects rules having an IF-part which is
fully consistent with the facts in the data base. A rule is said to be applicable
when its IF part evaluates to TRUE with respect to the current state of the
data base. The execution of the THEN part of a rule is here referred to as
“applying the rule”. The set of applicable rules found by the pattern matcher

TABLE 2

An example of a rule in the knowledge base (Rule 45: check-Fel)?

If: No Fe was previously found [P(Fe) < 1.0];
a peak at (6.40 + 0.08) keV is present;
a peak at (7.05 £ 0.08) keV is present;
Int(7.05)/Int(6.04) is approximately equal to 0.12.
No Mn is present [P(Mn) < 0,5];
no Ni is present [P(Ni) < 0.5];
no Sm is present [P(Sm) < 05];
no Eu is present [P(Eu) < 0.5];
no Th is present [P(Tb) < 0.5];
no Er is present [P(Er) < 0.6];
no Tm is present [P(Tm) < 0.5];
Then: there is evidence (1.0) that the sample contains Fe,

2Int(7.05) represents the number of counts in the peak at 7.05 keV; P(Mn) symbolizes
the probability that manganese is present in the sample.
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Fig. 2. The relevant characteristics of a peak are represented in a peak frame,

Fig. 3. An entire spectrum can be described by using a spectrum frame consisting of
numerous peak frames.

is called the conflict set. If the conflict set contains more than one rule, the
inference engine has to decide which of these rules it is actually going to
apply. It should be noted that during one cycle, only one rule can be exe-
cuted, because in doing so, the state of the data base changes, which will pro-
duce a different conflict set. This process is termed conflict resolution. In
order to do this, a suitable scheme for conflict resolution is needed. In the
present case, an hierarchically-structured combination of several distinct
procedures was used: (a) the set of rules which have the highest focus level
associated with them (see below) is established (the remaining rules are
ignored in the later steps); (b) if the reduced conflict set still contains more
than one rule, rules are selected on the basis of the use of the most recently
changed item(s) in the data base in their conditional part; (c) if more than

KNOWLEDGE
BASE

INFERENCE

ENGINE

DATA BASE

Fig. 4. A production system consists of three parts: a data base containing information
about the specific problem, a knowledge base containing more general information, and a
control unit (the inference engine) which enables the expert system to infer new data.
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one rule is still present in the conflict set after these two reduction steps, one
of the rules is selected at random. The system does not use meta-rules to
decide which rules have precedence over others; however, a focus level can
be associated with each rule. The default value of the focus level is 1. Some
rules (those that represent more basic steps in the symbolic reasoning process)
have higher focus levels than others. During the selection of one rule from a
list of applicable rules, the attention of the system is focused on the rules
with the highest focus level. Finally, the THEN part of the selected rule is
executed, producing a change in the data base.

This match/select/execute cycle is continued until the data base reaches a
state where no more applicable rules are found. After the interpreting session,
the system reports the elements having a certainty factor >0.75 as being
present in the sample. Thus, the expert system essentially works by decreasing
the certainty factors of improbable elements, while increasing the certainty
factors for more plausible species. The general structure of the expert system
and the relation between the different parts is depicted in Fig. 4.

PASCAL implementation

In order to obtain a clear understanding of the functioning of an expert
system, it was decided to implement the system in an all-purpose program-
ming language such as PASCAL, instead of one of the highly specialized
symbolic-processing languages like PROLOG or OPS5, which have built-in
and thus less comprehensible inference engines.

The data base. Implementation of the static part of the data base in
PASCAL was fairly easy using the built-in RECORD declarations. The peak
frame of Fig. 2 can be represented by the PASCAL record declarations shown
in Table 3.

The dynamic part of the data base is merely an array of certainty factors
CF|[Z], with Z ranging from 11 to 92, corresponding to the elements sodium
up to uranium, respectively. At present, only four discrete values of the CF’s
(0.0,0.5,0.75 and 1.0) are permitted. Information contained in the data base
can be retrieved and/or updated by the rules in the knowledge base through
a limited number of functions and procedures for interrogating and modify-
ing the data base.

An example of a data base-interrogating function is PRESENT(e, de) which
returns TRUE if it can find a peak with energy between (e — de) and (e + de)
in the static part of the data base. Another such function is INTENSITY (e, de)
which returns the net intensity of the corresponding peak. ELEMENT(z) is a
function which returns TRUE if CF[z] = 0.5. Several data base-modifying
procedures such as ADD(z), STORE(2) and REMOVE(z) can be implemen-
ted. For example, REMOVE(z), STORE(z) and ADD(z) set CF[z] to 0.0,
0.75 and 1.0, respectively. These functions also put their argument (i.e., the
atomic number z) at the end of an array “CHANGES” which permits the
expert system to keep track of the subsequent data-base modifications. This
information is necessary during conflict resultion.

The knowledge base. Each production rule is represented by two PASCAL
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TABLE 3

PASCAL record declarations for the peak frame in Fig. 2

Type peak descriptor =
record
energy: real;
left boundary: integer;
right boundary: integer;
fwhm: real;
intensity: real;
background intensity: real;
height: real;
background height: real;
importance: integer;
possibilities: integer
end;
Type spectrum descriptor =
record
number of peaks: interger;
peak: array[1l.. no of peaks] of
peak descriptor
end;
Var spectrum: spectrum descriptor;

subprograms: the conditional part of the rule (or pattern to be matched with
the current state of the data base) is implemented as a boolean function which
can take the value TRUE or FALSE, according to whether the pattern
matches or not. The action part of a rule is represented by a procedure. For
example, the rule concerning iron mentioned above is represented as shown
in Table 4, The IF part of a rule is invariably built from calls to the relatively
small number of data base-interrogating functions. Similarly, the THEN part
of a rule consists of calls to one of the limited number of data base-modifying
procedures. Such an implementation of the knowledge base permits a fairly
simple pattern matcher. Only a procedure that sequentially evaluates all the
PASCAL functions corresponding to the IF part of the rules and that keeps
track of the obtained boolean value (TRUE or FALSE) is required.

In the main program, each rule is referenced by assigning a unique number
to the corresponding function and procedure. This assignment takes place
during the compilation by a separate program called MODULAN (see Ap-
pendix), which generates part of the source code of the inference engine.
In general, MODULAN gathers the information needed during the interpreta-
tion session which is not explicitly present in the compiled code.

The inference engine

Main routine. The inference engine is the main part of the expert system
and coordinates its operation. In the first place, the data base is initialized
by reading in a table of spectral data (cf. Table 1). The procedure READ
SPECTRAL DATA is called for this purpose. Secondly, the procedure
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TABLE 4

Procedure for the rule concerning iron?

Function check Fel: boolean;
- begin
if (

not new el(26)
and present(6.40, 0.08)
and present(7.06, 0.08)
and not element(25) and not element(27)
and not element(62) and not element(63)
and not element(65) and not element(68)
and not element(69)
and correct ratio(7.06, 0.08, 6.40, 0.08, FeKb/Ka — FeD, FeKb/Ka + FeD)

then check_Fel: = true
else check Fel: = false
end;
Procedure act Fel;
begin
add(26);
comment(26, “K, and Kg lines present with correct intensity.”);
comment(26, ‘‘--> Fe added.””)
end;

2FeKb/Ka represents the characteristic Ke/Kb intensity for Fe while FeD stands for the
uncertainty on this number.

READ SYSTEM DATA obtains information needed by the inference engine
from background memory during conflict resolution. The actual interpreting
session is started by putting the various elements suggested by the preproces-
sor {(cf. Table 1) on the CHANGES array. This is done by the procedure
INSTALL POTENTIAL ELEMENTS which also sets the CF of these ele-
ments to 0.5. Subsequent match/select/execute cycles are handled by the
procedure ITERATE. After the iterative interpretation phase, the procedure
INFORM is called; this enables the user to obtain information about the rea-
soning processes performed. The basic skeleton of the inference engine can
be represented as outlined in Table 5. (The PASCAL code cited is merely
illustrative and for reasons of clarity a number of less relevant statements
concerning declaration of variables and subprograms have been omitted.)

The ITERATE procedure. This procedure can be considered as the control
part of the expert system. First, it selects applicable rules, then it resolves
the resulting conflict set and finally executes the selected rule (see Table 5).
The procedure for selecting applicable rules searches the knowledge base by
evaluating the boolean functions corresponding to the IF part of the rules. In
order to do this, each rule is associated with a unique number. The number
corresponding to a rule of which the IF part is TRUE is put on an array of
applicable rules; N APPLICABLE denotes the number of applicable rules.

The function EXECUTABLE(RULE NUMBER ) returns the value found for
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TABLE 5

Basic skeleton of the inference engine with outlines of the important procedures?®

Procedure INFER;
begin
read spectral data;

Procedure ITERATE;
begin
select applicable rules;

read system data;
install potential elements;
repeat
iterate
until no applicable rules;

select highest focus;
reduce rules (applicable rules, n applicable,
last change,
selected rule, n selected);
execute rule(selected rule);

inform end;
end;
Procedure SELECT APPLICABLE RULES; Function EXECUTABLE(RULE NUMBER
begin INTEGER)P: BOOLEAN;
for rule no.: =1 to no of rules do begin
if executable(rule no.) then case rule number of
begin 1: executable: = check Na;
n applicable: = n applicable + 1; 2: ...
applicable rules[n applicable] : = rule no e
end; 45: executable: = check Fel;
no applicable rules: = (n applicable = 0) 46: executable: = check Fe Ni;
end;

end;

2NO APPLICABLE RULES is a boolean variable, the value of which is determined by the
procedure SELECT APPLICABLE RULES. PThe source code for EXECUTABLE (and
for EXECUTE RULE, see below) is generated by MODULAN. Check Na, check Fel, etc,
are the names of functions in the data base. The function is boolean.

the IF part of the corresponding rule. It is impossible in PASCAL to declare
arrays of functions or procedures, thus the number RULE NUMBER has to
be associated with the appropriate function in the explicit (though inelegant)
way outlined in Table 5, by means of the function “EXECUTABLE”.

If the boolean variable NO APPLICABLE RULES is evaluated as FALSE,
the procedures SELECT HIGHEST FOCUS and REDUCE RULES are called,
to perform the conflict-set resolution. The SELECT HIGHEST FOCUS pro-
cedure determines the maximum of the focus levels of the rules on the
APPLICABLE RULES array; it deletes all rules having a focus level less than
this number and decrements N APPLICABLE accordingly. The REDUCE
RULES procedure is recursive and takes three arguments: an array Al of
integers representing the conflict set at a given stage of the resolution process,
an integer N A1 representing the number of rules in this set,and CRITERION
which is the atomic number of the element to be used as reducing criterion.
This returns another array A2 and corresponding integer NA2, containing
the remaining rules after execution of one step in the resolution process.

At the initial call to REDUCE RULES from within ITERATE, the array Al
is equal to APPLICABLE RULES, while A2 corresponds to the SELECTED
RULE array. CRITERION is equal to the last item on the CHANGES array.
The REDUCE RULES procedure attempts to reduce the list of rules it re-
ceives from ITERATE on the basis of the most-recently-changed item in the
data base. It does this by determining which and how many rules use the ele-
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ment with z equal to CRITERION in their IF part. As a result, three distinct
cases may occur. In the first, no rules in the conflict set use this element; in
this case REDUCE RULES calls itself recursively with the initial conflict set
as argument; CRITERION is set to the last-but-one item on the CHANGES
array. In the second case, more than one rule uses this element; again
REDUCE RULES calls itself, but this time with the partly-reduced conflict
set as first argument, with the same value for CRITERION as in the first
case. In the third case, only one rule uses the element; if this occurs, this rule
is immediately returned to the procedure ITERATE (through the array
SELECTED RULE) to be used as an argument to the function EXECUTE
RULE.

Thus, REDUCE RULES gradually reduces the conflict set by using the
entries on the CHANGES array in inverse chronological order. Elements
which would cause the conflict set to be deleted completely are disregarded.
In doing so, the procedure can exhaust the CHANGES array. When this
happens, the inference engine has no criteria left to select one of the rules
from the conflict set. It then calls an emergency procedure called SELECT
RANDOM, which uses a pseudo-random generator to pick one of the rules
from the remaining conflict set. The probability that SELECT RANDOM is
called during aloop diminishes as the interpretation session proceeds, because
the number of items on the CHANGES array becomes larger. In PASCAL,
the REDUCE RULES procedure takes the form shown in Table 6. The
SELECT RECENT procedure establishes for each of the rules on the input-

TABLE 6

The REDUCE RULES procedure in PASCAL form

Procedure reduce rules(A1l: rule array; NA1l: integer;
criterion: integer;
var A2: rule array; var NA2: integer);
begin
if not changes exhausted then
begin
select recent(Al, NA1, criterion, A2, NA2);
if (NA2 <> 1) then
begin
new criterion: = previous(criterion);
if NA2 <> 0 then reduce rules (A2, NA2, A2, NA2, new criterion)
else reduce rules (A1, NAl, A2, NA2, new criterion)
end
end
else
begin
NA2:=1,;
A2[NA2]: = select random(Al, NAl)
end
end;
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TABLE 7

The SELECT RECENT procedure

Procedure select recent(Al: rule array; NAl: integer;
criterion: integer;
var A2: rule array; var NA2: integer);
var rule pointer: integer;
begin
NA2: = 0;
for rule pointer: = 1 to NA1 do
if A1l[rule pointer] in occurrence set[criterion] then
begin {add rule number to output array}
NA2:=NA2 +1;
A2[NA2]: = Al[rule pointer]
end
end;

array Al whether or not it uses the element with z equal to CRITERION in
its IF part. In order to do so, SELECT RECENT has to know which elements
are used for each rule, or conversely in which IF part of the rules each ele-
ment of the periodic table will appear. The set of rules that use a particular
element in their conditional part is called the ‘‘occurrence set’ of that ele-
ment. These sets are generated by the MODULAN program. The SELECT
RECENT procedure (Table 7) simply determines the intersection of the set
of rules on the array Al with the occurrence set of the element used as a
criterion. The rules in this intersection are returned in the array A2. When
the intersection is empty, obviously, the related criterion was not good.

The user interface

Most expert systems are backtracking or goal-directed consultation pro-
grams (e.g., MYCIN [9]), where communication between user and system is
available and necessary during and after the consultation. As this expert system
is intended to interpret x-ray spectra unsupervised, and thus unassisted, the
user is never prompted for additional information. However, each time an
action part of a rule is executed during this process, an explanatory message
is sent to a temporary message board and stored there until the interpretation
has finished. Afterwards, these messages can be displayed on a video screen
or stored in a file, simply by typing the atomic number or the name of an
element. For instance, by typing the message ‘“‘Fe” or ‘26, all messages re-
ceived on the message board concerning iron can be displayed or retrieved
for later use.

During the interpretation of a spectrum, the current state of the reasoning
process is reflected by the certainty factors associated with each element.
Optionally, a periodic table can be displayed on the video screen at the be-
ginning of the session, with all elements and their corresponding certainty
factors marked. During the reasoning process, which involves execution of
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several rules, and consequent modification of certainty factors, these changes
are also reflected in the table displayed; this enables the user to monitor the
subsequent changes for each element.

APPLICATION

As an illustration, the line of reasoning followed by the expert system
while interpreting the spectrum of Fig. 1 will be discussed. Although this
spectrum is relatively simple, in the sense that few peaks overlap, there are
some fundamental difficulties in interpreting it by means of traditional win-
. dow algorithms. This technique can produce a number of erroneous assign-
ments: (a) the Mg-K peak at channel 32, together with the Pb-L, peak at
channel 234 can be assigned to L, and K, of arsenic, respectively; (b) the
Cr-Kg line at channel 49 can be interpreted as Mn-K,; (¢) the peak at channel
60 can be attributed to S (K-line) and/or to Pb (M, line); (d) many peaks
can be considered as L-lines of elements such as Ho, Eu, Re, Gd, Pm, etc.
The expert system, however, uses these partly erroneous suggestions only as
initial data and gradually discards implausible candidates. The major deduc-
tion steps of the expert system are summarized in Table 8.

During the first cycle of the interpreting session, only two rules (138 and
145) constitute the conflict set, because the attention of the system is focused
initially on rules with high focus levels. The use of chromium as reducing cri-
terion selects rule 138 (check Cr0) for application. This rule changes the CF
of chromium to 0.75 because both characteristic peaks for Cr are present
with a correct K,/K; intensity ratio; check CrO does not check for the
presence of possible interferences on chromium, such as check Fel does
for iron. The next evaluation cycle results in a conflict set containing only
one rule (145, check Ca0) which sets CF[Ca] to 0.75 for similar reasons as
does check Cr0. Both check Ca0 and check Cr0 have focus levels of 10,
because they represent elementary and rather unconstrained deduction
steps.

After the first two cycles, however, no rules with high focus levels are
applicable, and the conflict set becomes more extended. In the third cycle,
seven rules are applicable, After calcium has been used as reducing criterion
(because it is the element with the most recently changed CF), a set consist-
ing of two rules is obtained. From this set, check Ca Tel is chosen at ran-
dom; on the basis of CF[Ca] = 0.75 (implying a correct K,/Kg ratio) and the
absence of interferences on calcium other than tellurium, it decides that cal-
cium is certainly present, while tellurium is absent. Accordingly, CF[Ca] is
set to 1.0, while CF[Te] becomes 0.0. The next cycle is characterized by a
conflict set of six rules, from which check PbO is selected. This rule sets
CF[Pb] to 0.75 because the M,,, L, and Lg lines of lead are present with cor-
rect relative intensities. The fact that CF{Pb] = 0.75 implies that there are
no interfering elements for lead in the sample. During the next two cycles,
this conclusion is made explicit by applying the rules check S Pb Ac and
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check As Pb. In both cases CF[Pb] is set to 1.0; check S Pb Ac removes
S and Ac (CF[S] = CF[{Ac] = 0) while check As Pbl sets CF[As] to 0.0.

During the next five cycles, the system removes the improbable elements
Re, Hf, Ho, Gd and Eu, using the five corresponding rules which check for
the absence of the M, and/or L, lines of these elements, After these elements
have been removed, the rule check Si, which sets CF [Si] to 1.0 is applied.
This rule can only become applicable after Hf and Re have been removed,
because the M-line of these elements interferes with the Si-K peak. Similarly,
check Mg is applied after it has been ensured that no interferences such as
As, Gd, Eu or Ho are present. In the final cycle, only one rule is applicable,
i.e., ‘““check Cr Pm” which works similarly to “check Ca Tel”’; Pm is re-
moved, while CF[Cr] becomes equal to 1.0. After this has been done, the
expert system displays the results of the interpretation for the spectrum in
(Fig. 1) showing that the sample contains Si, Mg, Ca, Cr and Pb.

CONCLUSION

The implementation of an expert system for the interpretation of energy-
dispersive x-ray spectra has been demonstrated. The proposed method seems
fast enough to be useful in the interpretation of large sets of spectral data.
The program can be used for the reliable interpretation of spectral data ob-
tained from the electron microprobe analysis of industrial aerosol particles.
It should also be useful in the analysis of complex x-ray spectra by non-linear
least-squares fitting. In this case, the expert system can provide the fitting
procedure with the necessary information about the elements to be used in
the fitting model.

A major drawback of the system lies in the large number of rules that are
required. Currently, about 200 rules are implemented but for a fully opera-
tional system which is capable of dealing with all situations up to 2000 rules
may be required. It may be possible to reduce the number of rules by using a
more systematic representation of the x-ray spectral information in the
knowledge base. Another problem arises from the fact that information
about peak ratios is used in the conditional parts of the rules. Although con-
siderable uncertainty is allowed for these ratios, cases of severe absorption
may cause the expert system to produce an erronous interpretation. How-
ever, in such a situation similar misinterpretations are likely to be made by
human experts.

The planning of the inference engine is quite similar to the interpretative
reasoning used by an expert x-ray spectroscopist. The automated process
could be improved by implementing a scheme that also selects rules based on
the number of conditions present in their IF parts. Clearly, rules with a large
number of conditions should acquire a higher priority of execution than
rules characterized by a small number of constraints. As this expert system is
currently in full development, this general plan was not integrated in the
control part of the inference engine. Sometimes, certain conditions in the
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IF part of a rule appear to be redundant after a time; however, these super
fluous conditions would cause the rules in which they appear to obtain ¢
higher priority than rules without them, thus distorting the selection of rule;
during an interpreting session. At a later stage, this general scheme wil
certainly be used in conflict resolution.

APPENDIX

The MODULAN program

If the inference engine is to be successful in conflict resolution, it needs additiona
information about the rules in the data base which is not present in the compiled code ot
the rules. Basically, the inference engine needs to know the number and names (entry
points) of all the functions and procedures present in the knowledge base. To permit effi
cient manipulation of the rules during the match/select/execute cycle, each rule has to be
associated with an integer number.

The MODULAN program acquires this information by analyzing the source code o}
the knowledge base. It makes a list of all functions and procedures present in the know
ledge base and assigns numbers to them. On the basis of this list, it produces the necessary
declarations for these routines in the main program and also writes the lengthy case-state
ments appearing in the EXECUTABLE and EXECUTE RULE routines. For each chemi
cal element, ranging from Na (Z = 11) to U (Z = 92), a list is made of rules which refer tc
the CF of this element in their conditional part. These lists are called ‘“‘occurrence sets”
MODULAN also evaluates the focus level associated with each rule. Finally, it stores the
information concerning the occurrence sets, together with the focus data in backgrounc
memory, which can be read by the inference engine via the READ SYSTEM DATA pro
cedure. The application of MODULAN enables the inference engine to be updated auto
matically each time changes are made in the knowledge base (e.g., addition of new rules),
Furthermore, the user who wants to update or change the knowledge base need only em.
ploy the correct syntax and semantics in writing/updating the rules without requiring
knowledge about the internal functioning of the inference engine.

K. J. and P. V. E. are research fellows of the Belgian National Science
Foundation (N.F.W.0.).
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SUMMARY

A method forsemi-automatic background estimation in energy-dispersive x-ray fluores-
cence spectra is outlined. Two cubic splines were investigated and the spline called the
Butland interpolant was chosen for further investigation. Prior to the calculation of the
spline, peak regions are set up, and suitable knots are defined outside the peak regions. To
set up the peak regions, an automatic peak-search routine and a calibration equation are
used. For a given peak, the latter relates the full width at half maximum (FWHM) to the
peak centre. In turn, the size of the peak regions are defined by the FWHM multiplied by
a constant given by the user. The method was tested on several types of spectra. It was
found that the optimal size of the peak region decreased with increasing peak density.
Reproducibility tests showed that the standard deviation of the summation of counts
within a peak region and after background subtraction was less than would be expected
from the counting statistics.

Energy-dispersive x-ray fluorescence spectrometry is well suited for quan-
titative elemental analysis. The peak areas of the characteristic lines are used
for quantitative work. The peak area calculation involves two problems:
(1) estimation of background; (2) deconvolution of overlapping peaks. The
present paper deals with the background estimation only. A procedure is
outlined for the estimation and subtraction of the background prior to peak
evaluation. The proposed procedure is reproducible and the simple formulae
used make it suitable for small computers.

Several algorithms have been proposed for the estimation of the back-
ground in y- and x-ray spectrometry [1—5]. Bank et al. [1] use a cubic spline
interpolation in the program QUEST. The spline connects knots chosen by a
combination of a minimum search and manual selection of channels. The
background thus obtained is subtracted from the spectrum prior to decon-
volution of peaks. A parabolic background was used by Koskelo et al. [2] in
the SAMPOS80 program; each peak was described by five parameters, of
which three were known in advance from a calibration procedure. For each
peak, the remaining two parameters and the three parabolic parameters were
calculated simultaneously by a x? minimization procedure. Marageter et al.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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[3] described the peak structure as a sum of four terms, including asym-
metry of the Gaussian peaks. The background is parabolic and it also includes
contributions from the absorption edges of the major elements. All param-
eters are determined simultaneously by an iterative least-squares procedure.
Burgess and Tervo [4] used a filter fit procedure and subtracted the back-
ground prior to spectrum deconvolution. Tervo et al. [5] made use of the
local minima in the large background regions between peaks in y-ray spectra.
The background was constructed by correcting the counts in the minimum
channels and connecting knots so obtained by a cubic spline.

The program for peak-area calculations, FWHMCAL [6], used in this
laboratory, is based on a stepwise procedure. The first step is to estimate and
subtract the background, the second to find peak centres, the third to calcu-
late the FWHMs and the fourth to calculate the amplitudes and then the
peak areas. The stepwise peak-area calculation simplifies the calculations and
makes the program construction very suitable for small computers. In order
to improve the first step of the procedure, it was found convenient to imple-
ment an automatic procedure for the background subtraction. Further, it
was found that a procedure based on a cubic spline would fit the requirement
of simple calculations. Hence, for background estimation, the two procedures
described by Tervo et al. [5] and Bank et al. [1] were implemented in the
FWHMCAL program. The peak density in x-ray spectra is often greater than
in y-ray spectra, and the peak width measured in channels of peaks in x-ray
spectra is also larger than in y-ray spectra. Hence, the original procedure for
detection of knots proposed by Tervo et al. [56] did not work properly and
had to be modified. Further, for the procedure in QUEST [1], the need for
the user to intervene in the selection of knots was inappropriate for an auto-
" matic procedure. Hence, only the minimum search routine used in QUEST
[1] was implemented. Both procedures were tested on spectra of varying
peak densities. The procedure based on the work of Tervo et al. [5] was
found to be the most suitable.

METHOD OF BACKGROUND ESTIMATION

Localization of peak regions

An automatic peak-search routine [7] localizes the peaks. The routine
demands two parameters given by the operator. The first parameter gives an
approximate value of the full width at half maximum (FWHM) of the peaks
in the spectrum, while the second parameter indicates the noise level in the
spectrum. Small peaks caused by noise fluctuations are thus omitted from
the peak list. Peaks are detected only if the centre channel is alocal maximum.

The FWHM for each peak is calculated from a previously established cali-
bration equation relating FWHM and peak centre [6], log (F) = aC + b,
where F and C are the FWHM and centre, respectively, for a given peak. This
relation is purely empirical. The theoretical relation requires that log (F) be
replaced by F? [8]. Because of its better linearity, the above equation was
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chosen for the FWHM calibration. The deviation from theory is caused by
the increasing separation of lines, e.g., K, and K, lines [6], which for
fluorescence energies less than 25 keV are treated as a single line.

Finally, a third parameter (hereafter called the FWHM factor) is given.
The FWHM factor and the calculated FWHM value for each peak are multi-
plied, and a region of this size is placed symmetrically around the peak
centre. When two of these peak regions overlap, they are combined to one
larger region.

Selection of channels used for background estimates

Once the peak regions have been found, useful channels in the remaining
background regions have to be selected as knots for a cubic spline. Two auto-
matic algorithms were investigated. The first algorithm (the LM algorithm) is
a modification of the procedure proposed by Tervo et al. [5]. It finds a few
local minima on each side of a peak region. The minimum search is initialized
at the limit of the peak region, and a local minimum is detected if the counts
Y; in channel X; obey the relationship Y;_, > Y, < Y, ,,, where X; and
X; ., are adjacent channels. The search for minima on one side of a peak
region is terminated after the detection of three minima or when the limit
for an adjacent peak region is exceeded. This procedure is applied to both
sides of all peak regions. As a result, an array indicating minima channels is
obtained. Finally, the peak region boundaries are moved to the closest local
minima.

The minima thus found are extremes of a stochastic process, and the
counting values are adjusted to give a more reliable value in the following
way. A region of eleven channels is placed symmetrically around each
minimum channel. When this small region overlaps a peak region, the boun-
dary of the small region is moved to the boundary of the peak region. The
average count in the channels within the small region is calculated and
assigned to the minimum channel. In turn, the set of channels and the
assigned values in these are used as the knots for the background estimate.

The other algorithm (the GM algorithm) is taken from the procedure of
Bank et al. [1]. The global minima between two peak regions are used as
knots. A global minimum is detected if the counts Y; in channel X; obey the
rule Y; < Y;, where Y; represents the counts in all the remaining channels
(X;) in the background region defined by two adjacent peak regions. Finally,
the channels with the global minima and the counts in these channels are
used for the background estimate.

Background estimates

For the background estimates, the Butland interpolant was implemented
as given by Tervo et al. [5]. The Butland interpolant is a cubic spline, which
passes through the knots, and the slope (first derivative) is a continuous
function. For each polynomial interpolation between two knots, the coeffi-
cients are determined from the values and slopes in the knots. The slope in a
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knot is evaluated as a weighted mean of two adjacent simple slopes. It is a
condition that the resulting slope be zero if the two adjacent slopes have
different signs.

The spline (hereafter called spline 2) used by Bank et al. [1, 9] was also
implemented. For this spline, it is a condition that the curvature (second
derivative) also be a continuous function. The coefficients for the spline
between two knots are here evaluated simultaneously from a set of linear
equations set up from the conditions of continuity. Formulae for the calcu-
lation of the two types of cubic splines are given in the Appendix. Finally, in
the peak regions, the splines produce a background which is subtracted from
the measured spectrum data. Outside the peak regions, the spectrum is nulli-
fied. f

EXPERIMENTAL

Apparatus and samples

The energy-dispersive x-ray spectrometer is based on secondary target
excitation. The spectrometer and the software used for data acquisition have
been described recently [6, 10, 11].

A sample containing Ti, Zn, Sr and Mo was used for the FWHM calibra-
tion. The background procedures were tested on a variety of samples. Simple
single-element samples of lead, tantalum or tungsten (Goodfellow Metals), as
well as a pellet of a mixture of selenium (Merck 99.5%) and x-ray mix powder
(Chemplex) with a selenium content of 1.5% (w/w) were analyzed. The
complex spectra obtained from multi-element samples (e.g., SRM 1201,
Hastelloy, U.S. National Bureau of Standards) and a coal fly ash were also
investigated.

Measurements

All measurements were made with a silver secondary target. The x-ray
generator setting was 45 kV for all samples except for the SRM 1201, where
a setting of 40 kV was used. The cwrrent setting was adjusted to give equal
dead time for the FWHM calibration spectra and the spectra to be investigated.
A FWHM calibration spectrum was acquired prior to the acquisition of a
sample spectrum. The counting time was chosen to give suitable counting
statistics; typical counting times were 500 s for the FWHM calibration
sample, 300 s for lead, tantalum and tungsten and 2000 s for the multi-
element samples. In the case of selenium, four spectra were obtained for

acquisition times of 100 s, 1000 s, 10 000 s and 100 000 s, respectively.

Programs

The routines for background estimates were implemented in the program
FWHMCAL [6], which contains routines for plotting, peak searching [7],
FWHM calibration, peak-area calculation, etc. The peak list given by the
peak search can be inspected, and the operator may add peaks to the list or
delete peaks from the list. Finally, the operator has to choose which algo-
rithm is to be used for the selection of knots, and which cubic spline is to
be used.
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First, FWHMCAL is initiated by the FWHM calibration spectrum, from
which an energy calibration and a FWHM calibration are obtained. Next, the
unknown spectrum is processed stepwise by FWHMCAL: (1) a peak list is
obtained by the automatic search routine; (2) the peak list may be revised by
the operator; (3) FWHM values are calculated from the equation log (F) =
aC + b; (4) peak regions are defined; (5) the background in the peak regions
are estimated and subtracted from the spectrum, and the spectrum is nulli-
fied outside the peak regions; (6) the peaks are described as pure Gaussians
for which the centre and FWHMs for each peak are known, hence the ampli-
tudes can be calculated by a simple least-squares procedure; (7) peak areas
are obtained; (8) results are printed.

The program VAP [10] was used in the analysis of SRM 1201; VAP is
based on the fundamental parameter technique in the case of a mono-energetic
excitation source [12]. Further, in the cases where all elements are deter-
mined by one target, no previous calibration of the spectrometer is necessary.
This is feasible, because the spectrometer calibration constant is treated as a
scaling factor, the sum of all weight fractions for the elements in the sample
being equal to one. Hence, the calculation of the calibration constant is
included in the iterative procedure [10].

RESULTS AND DISCUSSION
The cubic spline and algorithm for knot selection

The backgrounds estimated by the Butland interpolant and the LM
algorithm are shown in Figs. 1—3; backgrounds obtained by the cubic spline
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Fig. 1. Estimated backgrounds in the spectrum of tungsten. A, B and C are based on the
Butland interpolant and the LM algorithm with FWHM factors of 3.0, 3.5 and 4.0, res-
pectively. D is based on spline 2 and the GM algorithm with a FWHM factor of 4.0. The
knots used by the splines are indicated.
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Fig. 2. Estimated backgrounds in the spectrum of the NBS SRM 1201 steel alloy. A, B
and C are based on the Butland interpolant and the LM algorithm with FWHM factors of
2.5, 3.0 and 3.5, respectively. D is based on spline 2 and the GM algorithm with a FWHM
factor of 3.0. The knots used by the splines are indicated.

2 and based on the GM algorithm are also shown. A close examination of the
cubic spline 2 reveals that this method produces a curve which displays
excursions in amplitude that markedly exceed the boundaries established by
the knots. It was found that these excursions were considerably reduced if
the calculations were based on the LM algorithm rather than the GM algo-
rithm. This shortcoming is believed to be a result of the condition that the
second derivative be a continuous function. In the case of the Butland inter-
polant, no excursions were observed. In fact, it can be shown that between
two knots, the Butland interpolant is monotonic. Backgrounds estimated by
the Butland interpolant and the GM algorithm were useless and will there-
fore not be discussed. For a more detailed investigation of different splines
suitable for an empirical calculation of background curves, the work of
Tervo et al. [5] should be consulted. It was found that the Butland inter-
polant together with the LM algorithm produced useful background estimates
in peak regions. For all samples, it was found that the reproducibility of the
background obtained was satisfactory when this procedure was used, i.e., the
standard deviation for the summation of counts in a peak region after back-
ground subtraction was found to be less than what would be expected from
the counting statistics.
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Fig. 3. Estimated backgrounds in the spectrum of coal fly ash. A, B, C and D are based on
the Butland interpolant and the LM algorithm with FWHM factors of 1.5, 2.0, 2.5 and 3.0,

respectively. E, F, G and H are based on spline 2 and the GM algorithm with FWHM
factors of 1.5, 2.0, 2.5 and 3.0, respectively. The knots used by the splines are indicated.
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The FWHM factor

The value of the FWHM factor was found to be critical for the background
estimates. Its value was found to depend on the peak density in the spectra.
No automatic way of selecting the FWHM factor was found, but some
general lines for choosing suitable factors are outlined below.

Figures 1—3 show spectra with different peak densities as well as back-
grounds obtained by the use of different values for the FWHM factor. The
spectrum of tungsten in Fig. 1 shows a number of peaks of varying intensity,
and also well-defined background regions. The peak density is low in this
spectrum. The spectrum in Fig. 2 has a higher peak density; there is a group
of intense peaks and the remaining peaks are closer to each other than in the
tungsten spectrum. Visually, the background in Fig. 2 seems well-defined.
The spectrum of coal fly ash in Fig. 3 has the highest peak density, and the
background level is less clear. In case of extreme peak overlap, the peak search
may detect a group of peaks as one peak, e.g., the W-L; lines in Fig. 1. In
the latter case, additional information about a few more Lg lines was added
to the peak list by the operator. If the peaks to be added to the peak list are
listed in the program, then the peak list can be extended automatically (after
a qualitative analysis). With increasing peak density, the best value of the
FWHM factor decreases. The effect of decreasing the FWHM factor is to de-
crease the peak area. For the tungsten lines in Fig. 1, a change of the factor
value from 4 to 3 reduced the peak areas by 1—2%. The lines in the tungsten
spectrum are intense; in contrast, some of the lines in Figs. 2 and 3 are small.
For these small lines, the peak areas were reduced as much as 30% by decreas-
ing the FWHM factor from 2.5 to 1.5 (Fig. 3). However, such extreme reduc-
tions were observed only in cases where one peak region was sliced into two
peak regions as a consequence of the decrease in the FWHM factor. For
example, in Fig. 3, the Se-K, and As-K; lines are handled in one peak region
fora FWHM factor of 2.5 and in individual regions for a FWHM-factor of 1.5,
When the peak regions were not sliced, the reduction in peak areas was less
than 5%.

The peak areas of the lines in the SRM 1201 spectrum were used for quan-
titative evaluation by means of the VAP program [10]; in the mode used,
the calculation of the calibration constant was included in the iterative proce-
dure. When the peak areas were obtained after background subtraction with
different FWHM factors, the concentrations found were alike within an
absolute deviation of 0.1% (w/w). The absence of the normal effect of
decreasing peak areas on the quantitative results is a consequence of treating
the calibration constant as a scaling factor. In the case of the fly ash spec-
trum, the qualitative analysis is incomplete, and consequently, a previously
established absolute calibration has to be used in the quantitative calculation.
In this case, the resulting concentrations are affected in the usual way.

Effect of acquisition time
Figure 4 shows the calculated backgrounds obtained by the LM algorithm
and the Butland interpolant in four selenium spectra with acquisition times :
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Fig. 4. Estimated backgrounds in spectra of selenium from 1.5% (w/w) Se/98.5% (w/w)
binder. The backgrounds are based on the Butland interpolant and the LM algorithm
with a FWHM factor of 3.0. The acquisition times for the spectra are indicated as are the
knots used by the spline.

of 100 s, 1000 s, 10 000 s and 100 000 s, respectively. The counts in the Se-
K, peaks are are about ten times the counts in the background. For the 100-s
spectra, large statistical fluctuations produce local minima on the low energy
tail and not on the true background. This drawback is eliminated if the
counting time is increased to give suitable counting statistics in the channels
at the foot of the peak. For the present case, the counts per unit time
increased 2% from the 100-s spectrum to any of the other spectra. The
increase from the 1000-s spectrum to the 100 000-s spectrum was less than
0.05%.

APPENDIX. CALCULATION OF THE CUBIC SPLINES

The cubic spline connects a set of N + 1 knots using N cubic polynomials, Pr(x), of
the form:

Pk(x)= Ap + Bk(x — Xp) + Ck(x _Xk)2 + Dk(x _Xk)3 (for Xk < x< Xk+l)

where k refers to the interval number, given by the adjacent two knots (X, Y3) and
(Xg+1, Yr+1); X is the channel number and Y is the count value assigned to the channel.
Here, AX), = X}, 41 — X, is defined as the difference between channel numbers and AY}, =
Y, +1 — Y}, as the difference between counts; Sy and Sy, 4 are the slopes in the two knots
defining the interval. Thus the coefficients on Py, are calculated from:

Ap =Y,

Bj, = Sk

Cr=(30YR/aXp —Sp41—2Sp) 0 Xy,
Dy = (Sp+1+ Sp— 28Y,/8 Xp) /(8 Xy)

Case 1. For the Butland interpolant, the slopes [5] are determined locally:
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1/8p =a/(AYp—1/aXp—1) + (1 —a)/(aYE/a Xp) if (AYp—1/aX,  yAY,/aXp)> 0
Sp=0if (AY— 1/AX,—1)(AYR/AXE) < 0

with

a=1/3(1 + (Xp41— XpH (X1 — Xp—1))

Sj +1 is found analogously to Sj. In the first and last knots, the slopes are given by S, =
AYI/A}(l and SN+1 = AYN/AXN

Case 2. The cubic spline 2 is determined from the conditions that the spline itself, the
slope (first derivative) and the curvature (second derivative) are continuous functions.
The slopes in all knots are found simultaneously by solving N — 1 equations of the form

[(91:
A)(msm—-l + 2(A)(m—l + A*Xm)'sm + A)(m“lsm-kl = 3(AXmAYm—l/AXm—l
+ AX,,—1aY,/aX,,)

wherem=2,3,...... , N. For the first and last knots, the slopes are given as in case 1.
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SUMMARY

Structure/taste relationships for fifty carbosulfamates were investigated by means of
pattern recognition. The SIMCA method was used to classify the compounds into sweet
or unsweet categories. As a result of feature selection, four descriptors were shown to be
significant in modelling the sweet compounds. A compound predicted to be sweet by the
model equation was synthesized and found to be three times sweeter than sucrose.

In order to develop satisfactory new synthetic sweeteners, it is desirable to
investigate the structure/taste relationships of sweeteners. Cyclohexylsulfa-
mate (cyclamate) was widely used as an artificial sweetener. The structure/
taste relationships of sulfamates (R—NHSO;Na) were studied by Pautet and
Nofre [1] and by Spillane and co-workers [2, 3}. Pautet and Nofre reported
that if sulfamates were to be sweet, then certain steric conditions of R were
required.

The structure/taste relationships of perillartines [4, 5] and aspartyl dipep-
tides [6] have been investigated by means of pattern-recognition methods.
In this paper, structure/taste relationships of fifty carbosulfamates were
investigated by using the pattern-recognition method, SIMCA.

CHEMICAL STRUCTURE AND PATTERN REPRESENTATION

Fifty compounds (14 sweet, 36 not sweet) were used to analyze the
structure/taste relationships. The chemical structures of the compounds,
with the references from which the data were taken, are shown in Table 1.
The sweet compounds are assigned to class 1 and the unsweet compounds to
class 2.

In order to apply pattern-recognition techniques, chemical structures can
be represented by several descriptors. It is known that the taste response is a

#Present address: Research Center for Chemometrics, Toyohashi Unjversity of Technology,
Tempaku-cho, Toyohashi 440, Japan.
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function of the size, shape and functional groups of a molecule. Therefore,
molar refractivity (MR) was used to represent the size, the STERIMOL par-
ameters (L, B,, By, B, and B;) were used to represent the shape, and Taft’s
o* was used to represent the functionality of the R group of the carbosulfa-
mate molecule. The pattern vector is thus seven-dimensional:

X = (MR,L,BlaBm Br,Bh U*)

Here, the naming of some of the STERIMOL parameters has been changed,
because the STERIMOL B parameters contain no information about direc-
tion; L is the length of substituent R; the B parameters are the widths in the
direction perpendicular to the L axis, B; being the minimum width of a
substituent, B, being the parameter in the opposite direction to B,, and B,
and B; the right- and left-hand widths, respectively. In the case of the cyclo-
hexyl group, these parameters are illustrated in Fig. 1.

The SIMCA method

The class-modelling technique SIMCA [20] describes the similarities
between the objects of a class by a principal component model based onr,
components for class q:

-
= ) g )
x@=a®+ 3 ZPHP+ e )

where x{® is the measurement of variable & for object i in class g, a\? is the
mean value of a descriptor k in class q, t("’ is the loading giving the correla-
tion of variable k with the principal component B, 29 is a factor depending
only on the object i, and @ is the residual describing that part of the data
which cannot be explained by the class model g; r, is the number of compo-
nents in class g and is estimated by the cross-validation technique. The con-
fidence interval of class q is given by RSD?, which is defined by

ng d

RSD@ = [ €@ /(ng—ry— 1)(d — rg)]'? (2)

where n, is the number of compounds in class g, and d is the number of °
descriptors. ;

Each data vector x;, can be fitted to the class parameters by multiple
regression:

.
A A

How well the data vector fits the model is expressed by its residual standard
deviation, D{?:

D@ = [ @’ /(d —ry)]*? (3)
k
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TABLE 1

Descriptor values for R group of carbosulfamates

No. NH—R Taste2 MR L B, B, By B o*  Ref.
1 n-Propyl S 150 4.92 1.52 3.49 191 191 —0.12 79
2 n-Butyl S 196 6.17 1.52 4.43 1.92 1.90 -0.13 7-—11
3  2-Methylbutyl S 24.2 6.17 1.52 4.43 3.16 1.90 -—0.16 12
4 Isopentyl S 24.3 6.17 1.52 4.43 3.15 1.92 —0.16 12
5 Isobutyl S 19.6 492 1.52 4.21 3.16 1.90 —0.13 7,8,11,12
6 Neopentyl S 24.3 492 1.52 4.22 3.16 3.15 -0.17 8
7 Cyclohexyl S 26.7 6.06 191 3.24 3.59 2.81 -—0.15 13
8 2-Methylcyclohexyl S 31.3 6.06 1.91 3.24 3.77 3.59 -—0.15 13
9 3-Methylcyclohexyl S 31.3 6.15 1.91 447 3.59 3.35 —0.15 12

10 Cyclopentyl S 21.5 4.90 1.90 4.06 342 2.58 —0.20 14

11 2-Methyleyclopentyl S 26.1 4.90 1.90 4.06 3.62 3.42 —0.20 12

12  3-Methylcyclopentyl S 26.1 5.91 190 4.06 3.42 2,58 —0.20 11,15

13 Cyclopentylmethyl S 26.1 6.05 1.52 4.11 2.86 2.86 —0.13 16,17

14  Pheny! S 254 6.28 1.71 1.71 3.11 3.11 0.60 13

15 Ethyl NS 10.3 4.11 1.562 298 1.91 190 —0.10 8—10

16 n-Pentyl NS 24.3 6.97 1.52 4.94 1.92 190 —0.16 8,9

17  Isohexyl NS 289 6.97 1.52 566 3.17 1.90 —0.16 18

18 2,3-Dimethylcycdohexyl NS 3569 6.15 1.91 4.47 3.77 3.59 —0.15 2

19 2,5-Dimethylcyclohexyl NS 359 6.06 2.14 3.56 4.42 4.29 —0.15 14

20 2,6-Dimethyleyclohexyl NS 35.9 6.06 191 3.24 4.50 3.77 —0.15 12

21 3,3,5-Trimethylcyclohexyl NS 40.6 6.26 1.91 4.47 4.50 344 —0.15 19

22 2-Ethylcyclohexyl NS 40.6 6.06 1.91 4.29 4.66 3.59 —0.15 14

23  4-tert-Butylcyclohexyl NS 40.6 8.20 1.91 4.69 3.52 2.72 —0.15 2

24  4-tert-Pentylcyclohexyl NS 49.9 8.98 1.91 4.59 3.52 2.72 —0.15 2

26 Cyclobutyl NS 179 477 1.77 3.18 3.20 2.04 —0.15 7,9

26 Cyclohexylmethyl NS 31.3 6.12 1.52 5.30 3.26 3.14 —0.13 12

27 4-Ethenyleyclohexyl NS 354 8.28 1.91 4.01 3.59 2.81 —0.15 2

28 Benzyl NS 30.0 4.62 1.52 6.02 3.13 3.10 0.22 10,11

29 1-Adamantyl NS 40.6 6.17 3.16 3.16 3.49 349 —026 7

30 Methyl NS 5.7 2.87 1.52 2.04 1.90 1.90 0.00 8

31 n-Hexyl NS 289 8.22 1.52 5.88 1.92 190 —0.17 7,13

32 n-Heptyl NS 33.6 9.03 1.52 6.39 192 190 —-0.17 7

33 n-Octyl NS 38.2 10.27 1.52 7.33 1.93 1.90 -0.15 8

34 Isopropyl NS 150 4.11 191 3.16 2.98 2.76 —0.12 8

35 1-Methylpropyl NS 19.6 4.92 191 3.16 349 2.76 —0.21 8

36 1-Methylbutyl NS 24.3 6.17 191 4.39 3.54 299 —0.23 8

37 1-Methylpentyl NS 289 6.97 1.90 4.94 3.16 2.76 —0.26 8

38 1-Methylhexyl NS 33.6 8.22 191 5.63 4.30 2.99 —0.27 8

39 1,2-Dimethylhexyl NS 289 6.17 1.91 4.39 3.74 299 —0.23 8

40 1,3-Dimethylhexyl NS 289 6.17 1.91 442 349 298 —0.26 8

41 1.4-Dimethylhexyl NS 28,9 6.97 191 4.39 4.50 299 —0.26 8

42 1,2,2-Trimethylpropyl NS 33.5 4.92 191 4.40 3.74 299 —-0.29 8

43 t-Butyl NS 19.6 4.11 2.77 298 3.16 3.15 —0.30 8

44 1,1-Dimethylpropyl NS 24.2 4.92 2.77 349 3.16 3.15 —0.31 B8

45 1,1,3,3-Tetramethylbutyl NS 38.2 6.17 2.60 4.22 3.16 3.15 —0.36 8

46 Cyclopropyl NS 13.5 4.14 1.55 3.08 3.24 1.81 —0.15 14

47 1-Methylcyclopentyl NS 26.1 4.90 2.66 3.24 4.09 3.17 —0.30 12

48 1-Methylcyclohexyl NS 31.3 6.06 2.73 3.48 3.30 3.16 —0.44 12

49 Phenylethyl NS 34.6 8.33 1.62 3.16 3.12 3.11 0.08 13

50 Phenylpropyl NS 39.3 6.67 1.52 747 3.14 3.10 0.02 13

a8, sweet; NS, not sweet.

If an object is part of the class training set, object i is classified by means
of an approximate F-test with (d — ry)(n, —r, — 1)/n, and (n, — r, — 1)
(d —r,) degrees of freedom:

F={(n,—r,—1)/n) D\’ /RSD®’ . (4)
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Fig. 1. Modified STERIMOL parameters for the cyclohexyl group.

If an object is not in the class training set, object i is classified by means of
an approximate F-test with (d — r,) and (n, —r, — 1)(d — r,) degrees of
freedom:

F = D RSD®’ (5)
RESULTS

Fifty carbosulfamates were represented by 7-dimensional vectors. The
descriptor values are shown in Table 1. These data were autoscaled. The
dimensionality was estimated by the cross-validation method. Only the sweet
class model was constructed. For the sweet class the dimensionality is 0.
Feature selection was done according to the modelling power wff):

YO = 1 - SIS0 ©

where S{? is the residual standard deviation of descriptor k for the training
set in class ¢ and S};’i is the corresponding standard deviation of the training
set x in class q. The modelling power is shown in Table 2. These values
indicate that only the MR, L, B, and B, parameters are significant. Therefore
the vector becomes 4-dimensional.

The F statistics were calculated for classification as a sweet sulfamate or
unsweet sulfamate. Comparison of the F statistics for each sulfamate in
Table 3 shows that 13/14 or 93% of the sweet compounds and 24/36 or 67%
of the unsweet compounds were correctly classified by the model. The
average recognition rate is 80%.

The distances from each sulfamate to the two class models (r; = 0,r, = 0)
are shown in Fig. 2. This Coomans plot shows that some of the sulfamates
are outside the residual standard deviation, but all sweet sulfamates are with-
in 2RSD. This indicates the existence of a well-defined cluster of sweet
compounds. In order to visualize the four-dimensional descriptor space, the
space was transformed to two dimensions by the Karhunen-Loéve method.
The plot is shown in Fig. 3. Two principal components describe 86% of the
variance of the data. The sweet sulfamates cluster in a restricted area, as was
suggested by the Coomans plot. The unsweet sulfamates are located around
the sweet sulfamates. The structure of the data is asymmetric. Therefore, a
classification method such as the linear learning machine cannot discriminate
between sweet and unsweet sulfamates.
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TABLE 2

Modelling power

Descriptor MR L B, B, B, B o*
Modelling power 0.496 0.585 0.513 0.349 0.219 —0.014 —0.354
TABLE 3

F statistics and residual standard deviation (D) for classification

No. Class D? F-value® No. Class D F-value
1 1 0.66 1.72 26 2 0.78 2.27
2 1 0.46 0.85 27 2 1.12 4.66
3 1 0.37 0.55 28 2 1.08 4.27
4 1 0.37 0.565 29 2 2.10 16.23
5 1 0.47 0.86 30 2 1.66 10.14
6 1 0.38 0.57 31 2 1.28 6.04
7 1 0.42 0.72 32 2 1.69 10.49
8 1 0.56 1.26 33 2 2.33 19.95
9 1 0.57 1.27 34 2 0.86 2.75

10 1 0.41 0.68 35 2 0.56 1.14

11 1 0.39 0.61 36 2 0.39 0.56

12 1 0.30 0.35 37 2 0.74 2.00

13 1 0.30 0.35 38 2 1.30 4.79

14 1 0.96 3.67 39 2 0.47 0.80

15 2 1.07 4.19 40 2 0.47 0.82

16 2 0.68 1.71 41 2 0.62 142

17 "2 0.96 3.39 42 2 0.68 1.71

18 2 0.77 2.20 43 2 1.54 8.69

19 2 0.88 2.87 44 2 1.39 7.15

20 2 0.77 2.19 45 2 1.41 7.28

21 2 1.02 3.81 46 2 0.91 3.02

22 2 0.99 3.59 47 2 1.28 6.05

23 2 1.33 6.53 48 2 1.38 7.03

24 2 1.89 13.14 49 2 1.15 4.83

25 2 0.568 1.23 50 2 1.83 12.28

aClass 1 RSD = 0.52. PFor assignment to class 1, F < F(4, 52)q,4; = 2.55 for class 1, class
2, and test set.

Prediction of sweet taste
The structure requirement for substituents R of the sulfamates to produce
a sweet taste is given by the inequality

F < F(4, 52)q0.05 (7)
where F is given by Eqn. 5 for the test set and D is given by the equation
D= {1/4[(MR — 24.4/8.77)* + (L — 5.68/1.46)* + (B, — 1.69/0.395)?

+ (B, — 3.89/1.15)%]}'2 (8)
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Fig. 2. Coomans plot: (e) sweet; (o) unsweet.

Fig. 3. Karhunen-Loéve plot: () sweet; (0) unsweet.
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Fig. 4. All possible alkyl groups with n = 4, 5 or 6 for C,H,,, ;,—NHSO,Na.

The alkyl groups can be considered as candidate substituents. First, the
molar refractivities for C,Hy, CsH;, and C,H,; are calculated by using the
additive rule. The MR values (C,H,, ; ;) are 19.6, 24.3, and 28.9 for n = 4, 5,
and 6, respectively. It is desirable that the MR value should be close to 24 4.
Therefore, these alkyl groups seem to be proper substituents for producing a
sweet taste.

All possible alkyl groups with carbon numbers of 4—6 were enumerated
by CHEMICS [21]. The chemical structures are shown in Fig. 4; the taste
quality observed is shown under the chemical structures. The sulfamates
which have substituents at the a-position are not sweet and can therefore be
eliminated from the list of candidate compounds. The six alkylsulfamates
(nos. 51—56) remained.

The descriptor values and F statistics for these six test sulfamates are
shown in Table 4. The six sulfamates satisfied inequality 7 and were therefore
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TABLE 4

Prediction of taste quality

No. MR L B, B, D F-value
51 28.9 6.17 1.52 4.43 0.45 0.75
52 28.9 6.17 1.52 4.43 0.45 0.75
53 28.9 6.17 1.52 443 0.45 0.75
54 28.9 6.17 1.52 5.15 0.67 1.68
55 28.9 6.97 1.562 4.94 0.72 1.95
56 28.9 6.97 1.562 4.94 0.72 1.95

predicted to have sweet taste. Compound 51 was synthesized by the method
of Audrieth and Sveda [13]. The sweetness of this compound is three times
greater than that of sucrose.

It is concluded that the SIMCA method is powerful for predicting the taste
qualities of sulfamates. The class models developed by SIMCA give the
required information about the design of sweet sulfamates.

The authors thank the Computer Center, Institute for Molecular Science,
for affording facilities for computation.
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SUMMARY

A computer model is described to aid decision-making in a routine laboratory for
liquid chromatography. The managerial demand was to reduce the delay times of the
samples in the laboratory despite an increasing sample input. Knowledge derived from
records on the laboratory and from the experience of the laboratory staff is used to
develop a simulation model of the laboratory. The model is applied to study the effects
of several factors on the performance of the laboratory in order to trace the bottlenecks.

The value of analytical information depends on four factors: precision,
accuracy, result delay and sampling planning [1]. The chemical or instru-
mental procedure remains vital, as precision and accuracy largely depend on
it. However, because chemical analysis is essentially part of a decision-making
process with regard to products or processes, it becomes important to evaluate
what information is needed for a given purpose and at what cost. The
analytical chemist is an expert who translates the client’s problem into
analytical constraints (the four factors mentioned above), gathers the optimal
amount of information, converts it into common language and finally helps
the client to solve the problem.

The result delay is the time lag between the sample entering the laboratory
and the result becoming available and is usually governed by the organization
of the laboratory. In studies of the operation of routine laboratories, it was
found that it is not exceptional that samples requiring only a few hours of
working time can remain in the laboratory for weeks [2—4]. Too large a
delay time will decrease the value of the result, or even render it worthless.

For instance, if it is considered that, in order to control a chemical process,
it has to be monitored more accurately, one would be inclined to increase
the sampling frequency. However, the input to the laboratory will then
increase and so will the delay times for results. If the laboratory already has
ahigh workload, the increase in delay will be dramatic. The later the analytical

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.,
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result becomes available, the less valuable it will be for process control. In
order to improve the monitoring of the process, the bottlenecks in the labor-
atory organization must be traced and removed.

Description of the problem

A routine laboratory can be a rather complex structure governed by
implicit and explicit rules. The laboratory to be considered here is an inde-
pendent section of a quality control laboratory for a producer of pharma-
ceuticals; liquid chromatography is done by four technical staff. The input
of the section is rather complicated because there are four sources of sample,
each of which has its own priorities: (1) from production, samples are taken
from a batch of products which can only be released after a pharmacist has
approved on the basis of the analytical results; (2) samples from a research
department; (3) samples from a microbiology department; (4) samples for
testing the shelf-life of pharmaceutical products. Most samples originate
from production (Table 1). Every morning, the head of the laboratory decides"
on the samples that are to be analyzed that day, i.e., the workload. A tech-
nician takes a sample from the workload and runs the analysis. All four
technicians are able to process all types of samples, and, as a consequence, to
operate all h.p.l.c. instruments. In the laboratory, a priority rule is applied
which is based on the delay times of the samples. In addition, production
samples have priority because of their direct commercial consequences;
batches of products must be stored until the analytical results become avail-
able.

Although the laboratory was facing an increasing sample input, a reduction
in delay time (especially of production samples) was desired. Several solu-
tions were possible: more equipment, increase of manpower, change in
priority rules, and prior warning of the expected arrival times of the samples
which would improve the planning within the laboratory. Because of lack of
knowledge about the factors that govern the operation of the laboratory,
these alternatives could not be evaluated. However, some knowledge was avail-
able: historical data on the laboratory and the experience of the laboratory

TABLE 1

Annual sample input (in sample units; total input of the real laboratory is 100); real
laboratory (June 1982—May 1983) and five simulation runs with different random
numbers

Stability Microbiol. Research Production Total lab,
Real 7.8 4.2 26.1 61.9 100.0
Run 1 6.3 3.9 24.7 61.5 96.4
Run 2 4.6 4.3 30.7 62.1 101.8
Run 3 7.1 3.2 29.7 67.7 107.7
Run 4 4.9 4.3 30.1 65.9 105.2

Run 5 6.4 4.4 29.0 68.8 1085 .
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staff and personnel. From these sources, a decision support system based on
digital simulation was designed. The former type of knowledge must be
viewed in relation to commercially available laboratory information manage-
ment systems (LIMS) [5] which will make the historical data more easily
accessible.

CONSTRUCTION OF THE SIMULATION MODEL OF THE LABORATORY

A vast literature on simulation and many textbooks [e.g., 6, 7] are now
available. However, only a few applications to clinical laboratories [8, 9] and
analytical laboratories [2—4, 10] have been reported. These reports mainly
investigate the suitability of digital simulation to describe an analytical
laboratory {2] and the impact of various factors on the performance of the
laboratory [3, 4, 10]. In the research reported here, the managerial objec-
tives are easily discerned. Because of lack of well structured knowledge, it
was decided to design a simulation model of the laboratory.

In the application of digital simulation to problem solving, three phases
can be discerned: (1) the modeling phase in which a computer model of the
laboratory is constructed; (2) model verification and validation; (3) the
experimental phase in which simulation experiments are conducted to
support decision making.

The modeling phase: description of the simulation model

An analytical laboratory can be defined as a network of service stations
with an input of samples. During the modeling phase, both the network
(structure) and the input are translated into a simulation model that approxi-
mates reality in its stochastic properties.

In general, a model consists of classes of objects and queues. A class con-
tains rules and attributes and a specific object of this class is created by
assigning values to these attributes. For instance, an object of the class
“sample” can be specified by its origin, arrival time, due time, working time,
etc. Objects can be stored in queues from which they are retrieved when
some operation is about to be done, e.g., processing of a sample. To some
extent, both translation processes can be considered separately.

In this study, the input generating part of the model was defined as a class
of generators, consisting of four objects: the sample sources as previously
mentioned. In order to specify the four generators, the real input of the
laboratory was analyzed from filed historical data. From these files, approxi-
mately 100 different types of sample, characterized by the chromatographic
procedure, were discernible. This number is too large to handle efficiently in
the model and the low frequencies of many types make it rather unstable.
Therefore a cluster analysis [2] was done in close cooperation with the
laboratory personnel. This produced a reduction to 18 types, e.g., by com-
bination into one new type of several types that required similar sample
preparation and apparatus.
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In order to quantify the generators, the main statistical characteristics of
the real input were determined, i.e., distributions of input samples according
to origin and type, and their mean values and standard deviations. In the
model, each generator has a typical distribution of entries per day from which
a random value is taken for each morning. Then, the type of every entry is
established, also randomly according to a distribution that is specific with
respect to the generator. It appeared that some types may enter the system in
batches. So, for every entry the batch-size is evaluated according to a distri-
bution that is specific with respect to generator and type. An entry may
consist of one sample or of a batch of samples. Table 2 contains the relative
input frequencies of the sample types of the production generator. The
structure of the generating part of the model is depicted in Fig. 1.

The next step is the translation of the structure of the laboratory. The
main building blocksare: a class of samples, a class of liquid chromatographs,
a class of technicians and a planner. The planner contains the rules that
control the sample throughput; to some extent it is the base of rules for the
system. Many of its parameters cannot be reconstructed from the record
files and must be estimated in close cooperation with the laboratory person-
nel. This also applies to many parameters of the other objects in the model.
For instance, the preparation times of all sample types and their standard
deviations were estimated in a session with the laboratory personnel. From
these estimates, uniform distributions of preparation times were created,
from which a random value was taken for every sample. Other parameters
are well defined, e.g., chromatographic times and injection times.

Several queues are used in the model to store the samples before the
different processes (Fig. 2). After generation, the samples are stored in a
queue called shelf. Every morning, the planner takes the newly entered
samples from the shelf and tries to combine samples of the same type into
batches for which the total batch preparation time does not exceed 7 h.
Treatment in batches reduces the total processing time in routine work.
These combinations concern samples that enter the system simultaneously;
they can always be combined if they have the same type; only the total
preparation time serves as a restriction. Next, the planner tries to combine

TABLE 2

Production generator (model): types of generated samples and their relative frequencies

Type Relative Type Relative Type Relative Type Relative
frequency frequency frequency frequency -

1 0.10 6 0.09 11 0.04 15 0.03

2 0.08 7 0.07 12 0.05 16 0.09

3 0.09 8 0.07 13 0.03 17 0.03

4 0.11 9 0.03 14 0.06 18 0.01

5 — 10 0.03
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the newly entered samples with samples in the work queue that entered the
system earlier. Combination of samples of the same type is not always poss-
ible at this stage. This was approximated in the model by the introduction of
a so-called combination chance. The samples (or batches of combined samples
which will also be referred to as samples) are placed in the work queue and
ordered according to due time. The planner looks at all samples in the work
queue to see if they should be in the urgency queue. Samples to be moved
to the urgency queue are mainly production samples whose due time will
elapse within a certain period (“‘urgency factor” days). Apart from these,
there are urgent samples which enter the laboratory having short due times,
and which may originate from all four generators. They must always be :
placed in the urgency queue. This reflects the real situation in which informa-
tion is quickly needed, e.g., to anticipate a halt in a production line.

The planner’s next job is to fill the scheduling queue which contains the
samples that are to be processed, i.e., the workload of that day. Samples are
assigned to all chromatographs that are available or will become available
during the day. As many urgent samples as possible must be assigned and the
samples will not be suitable for all instruments (varying from 1 to 5), thus
establishing the workload is a rather complicated procedure. The technicians
take the samples from the scheduling queue as required.

Compared to the planner where many implicit rules had to be stated
explicitly, the other objects in the laboratory are relatively simple. A class of
six h.p.l.c. instruments was defined. The objects of this class have rules only
with respect to three states (active, passive and busy). The class covering
technicians contains more activities. There are four technicians, one of
whom is working in the model only when the workload is high. In reality,
this fourth technician is called from elsewhere at need. The model has an
advanced time handling mechanism and the simulation covers all day: the
technicians start at 8.00 a.m. and work for eight hours a day. For simplicity, -
weekends are discarded. The job of the technicians consists of sample prep--.
aration and tuning of the chromatographs which actually run overnight.
Then, the results must be calculated out and checked, a report is written. If
the workload is high, these jobs accumulate until a work-out time limit has-
been exceeded. Figure 3 contains a flowsheet of the activities. '

The model is completed with two disturbance processes in order to simu-
late the breakdown of an instrument. In case of the first kind of disturbance,
immediate correction by the technician is possible after which the running
job will be started from the beginning. It models the technician’s decision
from a first examination that the chromatography must be repeated because:
of some failure although the instrument did not break down. In the second:
case (breakdown of an instrument), immediate correction is not possible; the.
running job is rescheduled and the instrument becomes available again aftera’
randomly distributed disturbance time. ,

Only a rough description of the simulation model has been given. Many
details of the model are not mentioned because they are not essential for
understanding the model.
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Model verification and validation

A simulation model must gain credibility before it can be used to support
decisions, i.e., it must be subjected to a test procedure which involves several
steps [11]. Before the construction of the computer model is started, the
plausibility of the model must be checked by the laboratory staff who know
the organization. Other verification steps involve checking of historical data
and checking whether the program runs as planned.

The next stage concerns validation of the model, i.e., its ability to predict
the laboratory output if it is fed with input that shows the same statistical
characteristics as the real input. Therefore the input generating part of the
model must be tested first. Although there is some disagreement about the
method to be used, the method of hypothesis testing is commonly adopted,
i.e., the null hypothesis H, that there is no significant difference between
model and reality. Five different simulation runs with different random
numbers were used. The total sample input from the four generators is listed
in Table 1. Figure 4 shows the real and one of the simulated input distribu-
tions of the total laboratory. The x? test (@ = 0.05) indicated that none of
the simulated distributions differed significantly from the real distribution.
Autocorrelation functions of the real and simulated input showed that they
are not significantly correlated in time.

After the input has been tested, the laboratory performance can be tested
by comparing the real and simulated output. Usually, a model contains several
parameters that are difficult to estimate beforehand. For instance, in the
case of a high workload, a fourth technician is added to the laboratory; it is
very difficult to express precisely the criterion to be used. Initially, there will
be no agreement between simulated and real output because of these vague
parameters, which must be tuned gradually until both outputs match. This
process is called model calibration. Only the end results of the calibration are
shown below. The simulation was run five times with different random
numbers, so as to obtain statistical information about the behaviour of the
model. Figure 5 shows the distributions of the delay times of the samples in

20 20
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Fig. 4. Input distributions (% frequency vs. sample units) for the total laboratory: (a) real;
(b) simulated.
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Fig. 5. Distributions (% frequency vs. time units) of the delay times for the total labor-
atory: (a) real; (b) simulated.

the real and the simulated laboratory; they resemble each other fairly well.
The mean values of the delay times and the standard deviations are shown in
Table 3; the delay times are correlated in time which may reduce the stan-
dard deviation. Therefore, the standard deviation was also calculated from
the five simulation runs. Normal distribution of mean delay times was
assumed. Because the real mean delay time belongs to the interval x, + ts
(xm and s are the mean value and standard deviation of the simulation runs,
respectively, and t is Student’s t for a = 0.05 and d.f. = 4), there is no signifi-
cant difference between simulated and real delay times, except for micro-
biology. The real value for microbiology is affected by some processing errors
in the laboratory. As shown in Table 1, microbiology constitutes only a small
part of the input and the difference will hardly affect the total performance.
Some other factors were used to test the model, i.e., percentage of samples
overdue, availability of instruments, mean number of combined samples, and
the daily working times of the staff (Table 4). :

From these results, reality and model coincide fairly well. Further refine-
ment would be possible but the loss in clarity of the model and the exira -
cost would probably not compensate for the gain in reliability. The extent of
refinement is not governed by what is possible but by what is optimal for :
managerial purposes. Even before any experiments were done, the simulation
approach provided useful information on which parameters were important
with regard to laboratory performance. However, better insight was gained
from experiments. :

EXPERIMENTAL

The model of the laboratory was written in PROSIM [12] which is a
special simulation language based on PL/I. The program was run on an IBM
3081 mainframe computer. Simulation of the annual operation of the labor-
atory took about 30 cpu seconds.
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TABLE 3

Mean delay times during the period 1982—1983 (in time units; the mean real delay time
is 100) for real laboratory and five simulations. Standard deviations are given in paren-
theses

Stability Microbiol. Research Production Total lab.
Real 258 (183) 20 (43) 147 (145) 66 (45) 100 (114)
Run1 144 (150) 15 (6) 148 (116) 62 (31) 86 (82)
Run 2 278 (270) 16 (9) 184 (177) 68 (35) 107 (129)
Run 3 297 (232) 14 (6) 188 (142) 62(33) 108 (121)
Run 4 282 (239) 16 (8) 160 (153) 62 (33) 94 (110)
Run 5 97 (115) 15 (8) 190 (219) 68 (40) 97 (128)
Mean runs 219 (92) 15.3 (1.0) 174 (19) 67 (3) 103 (9)

TABLE 4

Comparison of the performance of real laboratory and five simulations during 1982—1983

Overdue? Machine Comb.¢ Daily working hours?
b

(%) av. 1 2 3 4
Real 28.5 60—70 2.4 — — — —
Run 1 21.4 61 2.1 6.39 6.58 6.34 2.78
Run 2 13.7 68 2.2 6.45 6.28 6.30 4.58
Run 3 25.8 66 2.4 6.37 6.45 6.35 4.31
Run 4 22.5 63 2.2 6.53 6.52 6.31 3.23
Run 5 24.1 66 2.3 6.24 6.20 6.31 3.26

2Percentage of samples with delay times that exceed the planned due time. PMean avail-
ability of the instruments (%). “Mean number of samples combined into batches. 4For
technicians 1—4.

Historical data were used from the period June 1982—May 1983. A file of
magnetic tape contained the arrival times and report times of all samples.
A file of sample documents contained the characteristics for the samples:
(a) number of independent determinations; (2) preparation time (e.g. an
extraction, if needed, takes about 1.5 h); (3) type of chromatograph with its
particular mobile phase; (4) number of injections per sample; (5) run time
per injection. In addition to these data, many important characteristics of
the laboratory were estimated in sessions with the laboratory staff.

. APPLICATION OF THE SIMULATION MODEL
. Conducting experiments

Experiments with a simulation model must be conducted very carefully.
Essentially, the model can be no more than an approximation of the real
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laboratory with regard to sample throughput. Because the validation was
restricted to a limited time period and no generality in input was pursued,
the model has only a limited reliability. Consequently, exploratory experi-
ments can be trusted only if the effect of slight changes in the parameters is
measured. These changes should not lead to a situation that is too far removed
from the validated structure. However, careful experimentation within these
limits will reveal the importance of the variables of interest.

The influence of some variables often depends on the level of the other
variables. For instance, the effect of adding a new instrument will be negli-
gible if the number of technicians is the real limiting factor, whereas it can
be important if the system retains some flexibility with respect to manpower.
With a minimal number of experiments, the interactions between variables
can best be measured by means of experimental (or factorial) design. Exten-
sive discussions of experimental designs, along with methods for constructing
and evaluating the designs, were given by Davies [13] and Kleijnen [14].

Results of the experiments

In addition to the number of technicians and chromatographs, some other
factors that give a better insight into the performance of the system were
evaluated: (1) the due time of production samples (i.e., the major part of the
input); (2) the fraction of urgent samples, i.e., generated with smaller due
times (uniformly distributed from 2 to 10 days); (3) the workload factor
(the workload for the next seven days is calculated every day, and if it
exceeds the workload factor the fourth technician is called in and stability
samples are no longer analysed); (4) the time needed to work out the results
of a chromatographic run and to write the report; (5) repetition factor,
i.e., the fraction (%) of repetitions of chromatographic jobs, which controls
the first of the above-mentioned disturbance processes; (6) the mean inter-
disturbance time, i.e., the mean value of the negative exponentially distri-
buted time between two instrument breakdowns; and (7) the urgency factor
for which the samples are moved from the work queue to the urgency queue
if the due time will elapse within a period of ‘‘urgency factor” days.

The main effects of these seven factors and some of their interactions can
be measured by using a factorial design of 16 experiments. In order to obtain
statistical information, each experiment was repeated. The high and low levels
of all factors are listed in Table 5. The performance of the system was mea-
sured by means of the following entities: the delay times of research and
production samples and of the total laboratory, and the total busy time of
all technicians per day. The significant effects are listed in Table 6; none of
the interactions appeared to be significant. The most important effect is
clearly the work-out time. This is as expected; longer work-out times per
sample will result in longer busy times. There is also an effect on the delay
times which is larger for research samples because production samples have
priority. The data indicate that the system is sensitive to changes that con-
cern the workload of the technicians. A change in the urgency factor does
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TABLE 5

Levels of the factors in the factorial design as compared to the normal values

Level High Low Normal
Due time production (t.u.) 80 40 60
Urgent sample fraction (%) 20 3 10
Workload factor (h) 180 80 130
Work-out time (units) 1.5 0.5 1
Repetition factor (%) 25.5 4.5 15
Mean int. dist. time (t.u.) 20 10 15
Urgency factor (t.u.) 15 5 10
TABLE 6

Results of the factorial design

Level Delay times (t.u.) Busy times?
Research Production Lab. (h)

Due time rel. - 190 — —

Urgent sample fraction —66°¢ — —18d —
Workload factor 484 — 184 —0.7¢
Work-out time 98P 15°¢ 31b 3.8
Repetition factor - — — —

Mean int. dist. time — —9¢ — 0.5d
Urgency factor - - — -

St. dev. effects 22 5 14 0.46

8Mean working time per analyst. Student’s ¢ test (d.f. = 16); bgignificant ¢ < 0.005; ®signi-
ficant 0.005 < o < 0.01; 9significant 0.01 < « < 0.05; ®significant 0.05 < o < 0.1.

not cause a change in the workload; it appears to have no effect. Increased
frequency of repetition obviously increases the workload somewhat, although
no effect was measured. A higher frequency of machine breakdowns increases
the workload more because the sample preparation has to be repeated. Indeed,
some effect was measurable. The effects of the urgent sample fraction can be
understood, because research samples normally have low priority but an
increase of urgent samples with high priority reduces the mean delay time.
Finally, the workload factor controls the activity of the fourth technician
and therefore an increase of this factor causes a decrease of the total busy
time of the technicians and an increase in the delay times. This factor, how-
ever, will strongly affect the delay times of stability samples; the effect was
not measured.

All effects support the conclusion that the system is sensitive to changes
in workload or, correspondingly, working capacity, and that other factors
are less important. To confirm this conclusion, a new factorial design was
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tested, a 22 design with two factors (number of technicians and number of
instruments). The low levels of both factors are equal to the laboratory
situation during 1982—1983. The high levels are an extra allround technician
and an extra chromatograph. The measurements were made in duplicate.
The significant effects are listed in Table 7. This design strongly indicates
that a lack of manpower is the real bottleneck in the system.

The same experiments were conducted using the validated model for the
period June 1983—May 1984. For this validation, only the input generation
had to be adapted to alarger workload. The old and new inputs are compared
in Table 8. In spite of the larger input, almost the same factors showed
significant effects. For instance, in the 22 design with the factors technicians
and instruments, only the effect of the number of technicians was significant,
this time even more so because of the increased workload.

Conclusion

The most important conclusion to be drawn from the simulation experi-
ments is that the managerial aim to reduce the delay times can best be met
by increasing the working capacity of the laboratory. This conclusion was
handed over to the laboratory management. The impact of adding extra
personnel to a small laboratory is very large, and one must be careful not to

TABLE 7

Significant effects of the 22 factorial design (1982—~1983); Student’s ¢ test (d.f. = 4)

Delay times (t.u.)

Research Production Lab.
Technicians (a) --922 —22b —42P
Instruments (b) — — -
Interaction (a—b) — — -
St. dev. effects 19 6 11

aSignificant 0.005 < o < 0.01; Psignificant 0.01 < a < 0.05.
TABLE 8

Comparison of the performance of the real laboratory during 1982/1983 and 1983/1984

Factor Difference (%) Factor Difference (%)
Total input (samples) 6.9 Overdue? 154
Delay times research 15.5 Samples in lab. 17.0
production 3.8 Technician hours per dayP 6.9
lab. 7.4

aThe percentage of samples with delay times that exceed the planned due time. PResults
obtained from simulations.
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depart too far from the validated model. This would decrease the reliability
of the conclusions. Moreover, a very extensive reorganization would not gain
the support of the laboratory personnel, which is essential for success.

The best plan is to weigh the cost of extra staff against the profit resulting
from the calculated reduction of due times of production samples, and to
determine the optimum. In this case, it was optimal to add an extra tech-
nician, which could be on a temporary basis. After a while, the new situation
can be evaluated to check whether the forecast improvement is real and a
permanent settlement may then be established.

The construction of a simulation model is a time- and money-consuming
activity. It took about six months to model the laboratory and conduct the
experiments. In some applications, the investment would not be profitable if
the simulation model were used only once. Mostly, however, the model is
easily kept up to date and can be used for decision support over a long time.

Two recent developments may be important with respect to computer-
aided decision-making based on digital simulation. First, application of arti-
ficial intelligence technigues [15, 16] can facilitate the construction of the
model. The second important development is the introduction of a LIMS,
which would make historical data more easily accessible and would facilitate
the input and analysis. A LIMS offers only poor facilities with regard to
decision-making as it cannot evaluate managerial proposals. Implementation
of modules for expert modeling and simulation into a LIMS context will
offer these facilities.

The authors are grateful to Mr. Rob Sierenberg (Sierenberg & de Gans B.V.)
for his professional expertise in the use of PROSIM and his suggestions dur-
ing the design and construction of the model. We are indebted to Mr. Chris
Jansen (Organon International B.V.) for his valuable assistance and helpful
comments throughout the project, and also to Mr. Henk van Zwam (Organon
International B.V.) for the computer calculations and data reductions.
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SUMMARY

A flow-injection system is described for on-line conversion of a soluble species to an
insoluble compound by means of a tag-material which subsequently can be determined.
This approach is used for the determination of sulphide by flame atomic absorption
spectrometry, cadmium(Il) ions being used as the precipitating tag-reagent. Excess of
cadmium(II) is collected on a chelating ion-exchanger and later eluted. The detection
limit for sulphide was 10 ug 1! and the sampling rate was 100 h', Typical relative stan-
dard deviation was 1.2%. Of the potential interferences tested, only phosphate had any
effect.

Determination of sulphide by flow injection analysis (f.i.a.) has been
achieved with several detection techniques, such as chemiluminescence
(0.4 ug 1'') {1], amperometry (0.5 ug 17') [2], molecular emission cavity
analysis (20 ug17!) [3], potentiometry with ion-selective electrodes (10 M)
[4, 5], and spectrophotometry (10 ug 17') [6, 7]; the values in parentheses
are the limits of detection. Good sensitivity, high sampling rate (>100 h™!)
and relatively cheap instrumentation are the main advantages for most of
these techniques. The relative standard deviations are in all cases better than
4%.

The on-line use of ion-exchange columns in f.i.a. combined with atomic
absorption spectrometry (a.a.s.) was first described by Olsen et al. in 1983
[8]. Since then, this versatile technique for preconcentration, matrix isola-
tion and subsequent determination of heavy metals has undergone rapid
expansion {9—14].

Very recently, a flow-injection conversion method for the determination
of cyanide was reported [15]. This novel approach for anion determination
is based on an on-line heterogeneous chemical reaction utilizing a flow-
injection system comprising a column containing copper(II) sulphide by

2Present address: Institute of Forestry and Soil Science, Academia Sinica, Box 417,
Shenyang, China.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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means of which the analyte is converted to a copper(I) cyanide complex
which is then measured by a.a.s. (Fig. 1A). In the present work, a flow-
injection system aimed at assay of anions and including a packed column and
detection by a.a.s. is similarly applied. Here, however, the anion is converted
to an insoluble compound by means of a cationic tag-material. The method
was tested on the determination of sulphide via precipitation by cadmium(II)
ions. Sample and reagent are injected simultaneously using the merging zones
principle [16]. The excess of cadmium(Il) is retained on a miniature ion-
exchange column packed with a chelating resin which, after the detection of
the cadmium sulphide precipitate, is eluted with nitric acid (Fig. 1B).

EXPERIMENTAL

Apparatus

The atomic absorption spectrometer was a Varian AA-1275 model con-
nected to a Radiometer REC-80 recorder with a REA-112 high-sensitivity
module. The sample uptake rate of the nebulizer was adjusted to 4 ml min™.
A Varian cadmium hollow-cathode lamp was used as the light source and the
signals at 228.8 nm were recorded.

Two Ismatec Model Mini-S-840 peristaltic pumps with tygon pump tubes
were used in the system. The stop-go intervals of the pumps were controlled
synchronously by a timer which was actuated by means of a microswitch at
each turn of the valve.

The flow injection system (Fig. 2) comprised a rotary valve with 8 ports
and furnished with two external loops for metering of the injected volumes
of sample and cadmium tag-solution. The sample volume was 200 u1 and that
of the precipitating reagent (cadmium nitrate) was 250 ul. The ion-exchange
column, made as described earlier {12], consisted of a suitable length of
2.5 mm i.d. tygon tube. The section filled with resin was 26 mm long. All
connections were made with Microline tubing (0.5 mm i.d.).

B 52"
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Fig. 1. Principles of conversion methods in fi.a. (A) A manifold in which the analyte
(cyanide) is converted in a packed column of copper(II) sulphide to tetracyanocuprate(I)
which is detected by a.a.s. (B) The system in which the analyte (sulphide) is precipitated
by cadmium(II) ions; the precipitate passes unhindered through the system and is detected
by a.a.s. Excess of cadmium(Il) is removed by the ion-exchange column (IEC) and later
eluted.
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Fig. 2. (A) Flow-injection manifold for the determination of sulphide with detection by
a.a.s., comprising two peristaltic pumps (P1 and P2), a timer (T), an injection valve (V)
and an ion-exchange column (HQ): S, sample; C, carrier stream; R, reagent; E, eluent;
and W, waste. (B) Time-sequencing program for valve operation; the points marked T
indicate turn of the valve. For details, see text.

Reagents

A 25 mM ammonium acetate buffer was prepared by aqueous dilution of
a 2 M ammonium acetate solution adjusted to pH 9.5 with 25% ammonia
solution. An approximately 100 mg 17 sulphide solution was prepared fresh
daily by dissolving 0.75 g of sodium sulphide nonahydrate (Merck) in 1 1 of
the ammonium acetate buffer. The exact sulphide content was determined
iodimetrically by titration [17]. Standard solutions of sulphide in the range
0.4—2.4 mg 1! were made from the 100 mg 1! standard solution by serial
dilution with the ammonium acetate buffer (added in order to avoid any
formation of H,S). All samples were adjusted to contain 200 mg 1~! phosphate
(added as disodium hydrogenphosphate).

A 10 mg 17! cadmium solution was prepared by dilution of an aqueous
1000 mg 1-! standard solution of cadmium nitrate (BDH Chemicals) with the
ammonium acetate buffer.

The 8-quinolinol chelating ion-exchanger was from Pierce Chemicals Co.;
the 8-quinolinol is azo-immobilized to controlled-pore glass (CPG, 125—
177-um particle size and 50-nm pore size).

Procedure

The manifold was assembled as shown in Fig. 2, both pumps (P1 and P2)
being connected to a timer (T) which controls their sequential operation
(Fig. 2B). The lengths of the individual operational steps were as follows:
injection 10 s, elution/sampling 15 s, and wash 10 s.

The analysis cycle is initiated by injecting 200 ul of sample solution and
250 ul of cadmium tag-reagent into two separate lines of carrier stream C
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(25 mM ammonium acetate buffer of pH 9.5) propelled forward by pump P2.
The cadmium nitrate and the sample are mixed when the injected zones
merge at point F. If the sample contains sulphide, insoluble cadmium sulphide
is formed. The mixture of cadmium sulphide and excess of cadmium(II) ions
then flows through the ion-exchange column (HQ). All free cadmium ion is
retained on the column while the cadmium sulphide passes through the
column and into the a.a.s. instrument where cadmium is detected by measur-
ing the absorption at 228.8 nm. When the recorded signal has reverted almost
to the baseline level (after 10 s), the valve (V) is turned manually to the
elution position which prompts the timer to trigger the operation of pump
P1 and the stop of P2. During this sequence, all the cadmium(II) retained on
the ion-exchange column is redissolved by the eluant (E, 1 M nitric acid) and
transported to the nebulizer yielding a second peak (cf. Fig. 3). Simultane-
ously with the elution procedure, the next sample (S) and a fresh portion of
cadmium(II) reagent solution (R) are aspirated into the loops of the valve.
The elution/sampling period is completed after 15 s, whereupon pump P2
resumes action and P1 is stopped, allowing the system to be thoroughly
washed by the slightly alkaline carrier solution. After 10 s, when the system
is completely restored, the next sampling sequence can be initiated. The
flow rates actually used are shown in Fig. 2.

Before closing down, the entire system is washed by pumping distilled
water through all lines.
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Fig. 3. Rapid-scan response curves obtained by injecting a sample containing 2 mg 1! sul-
phide: (a) with 8-quinolinol (immobilized on controlled-pore glass) as the ion-exchanger;
(b) with a column packed with 122 ion-exchange resin. In both cases, the first peak is due
to cadmium sulphide, while the second peak is the signal produced on elution of excess of
cadmium(II).

Fig. 4. Calibration graphs for sulphide, obtained by using the manifold depicted in Fig. 2:
(1) sulphide standards which all contain 200 mg 1-! phosphate; (2) sulphide standard solu-
tions containing no phosphate. All samples were prepared in 25 mM ammonium acetate
buffer (pH 9.5).
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RESULTS AND DISCUSSION

The metal ion selected for the conversion of free sulphide to an insoluble
species for f.i.a./a.a.s. determination must fulfil several requirements. First,
the solubility product of the metal sulphide formed must be low. Secondly,
the sensitivity of the measurement of the selected cation must be high. Addi-
tionally, interferences caused by precipitation, possible coprecipitation, and
complex formation with other ions must be considered.

Originally, silver was selected as the precipitating reagent because the
measurement of silver by a.a.s. is very sensitive, yet this turned out to be of
limited potential because of the strong interferences encountered from
halides. Especially chloride, which is ubiquitous in most practical samples,
caused interference by formation of silver chloride resulting in an increase of
response. Consequently, cadmium(II) was chosen as the precipitating reagent,
because the solubility product of cadmium sulphide is low (2 X 107%%), the
sensitivity of measurement of cadmium by a.a.s. is good, and, besides sul-
phide, very few anions form insoluble cadmium(II) compounds.

The manifold for the detection of free sulphide is shown in Fig. 2; a total
flow rate of 5 ml min~ was chosen because of the requirements of the
nebulizing system of the spectrometer. Sample and precipitating reagent are
injected as individual zones which downstream merge synchronously. It is
important to note that the volume of the precipitating reagent is larger than
that of the injected sample so that the sample zone is completely surrounded
by the zone of cadmium solution, thereby ensuring that all the sulphide is
converted to insoluble cadmium sulphide before passing through the ion-
exchange column. If free sulphide were to be allowed to enter the column,
the sulphide would react with the cadmium(II} withheld on it, leading to in
situ formation of cadmium sulphide which then tends to be retained within
the structure of the complexing material; this lowers the ion-exchange
capacity, increases the flow resistance of the column and causes poor repro-
ducibility of results. When the cadmium sulphide is formed before entering
the column, this problem does not arise, very likely because the precipitate
generated is primarily in a colloidal form.

The performance of various ion-exchange resins was investigated with
respect to their ability to retain cadmium(lI) and their ease of elution. The
Dowex-50 and the Chelex-100 resins turned out to require long elution
periods because of their strongly acidic characteristics. The weakly acidic
122 resin, which has a phenol-formaldehyde base with salicylate functional
groups [13], showed excellent complexing ability for cadmium(II) ions and
the elution was very fast. The 8-quinolinol chelating exchanger, which is
immobilized on controlled-pore glass, turned out to be an even better choice
than the 122 resin because of the pellicular character of the ion-exchange
layer. The behaviour of the 122 and the 8-quinolinol resins is illustrated in
Fig. 3.
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Potential interferences to the proposed determination of sulphide can be
divided into two groups: (a) anions which form insoluble or stable complex
species with cadmium(1I); and (b) cations which interfere through competi-
tion with the cadmium(II) retained on the column. Fourteen different ionic
species were tested (Table 1), amongst which phosphate was found to consti-
tute the only source of interference. The reason for the interference from
phosphate may be ascribed to the low solubility product of tricadmium
diphosphate (K, = 1072-%). Because phosphate is a commonly encountered
species, its interference was investigated in greater detail. Surprisingly, it was
found that phosphate alone did not yield any response when injected in a
“blank” sample, i.e., in the absence of sulphide. A possible explanation of
this phenomenon is that only in the presence of sulphide and ensuing preci-
pitation of cadmium sulphide does cadmium orthophosphate coprecipitate,
thereby giving rise to a positive error. This theory is confirmed by compari-
son of the respective peak heights for the elution peak in the presence and in
the absence of phosphate. Further, it was found that it was possible to over-
come the phosphate interference provided that the phosphate concentration
in all samples was increased by addition of 200 mg 1™ orthophosphate.
Raising the phosphate level by adding another 50 mg 17! orthophosphate
increased the response by only 5%. Generally, addition of phosphate results
in a slight increase in sensitivity (Table 2) but also in a narrower linear range
of measurement (Fig. 4), yet it has no influence on the limit of detection. A
typical run for calibration is shown in Fig. 5.

Conclusion

A new conversion technique based on f.i.a. is described for the determina-
tion of anions by a.a.s. The novelty of the present approach is that it is based
not on a heterogeneous exchange reaction (such as the previously described
conversion of insoluble copper sulphide to the soluble detectable tetracyano-

TABLE 1

Determination of sulphide in the presence of potential interfering species
(All samples contained 2 mg 17 sulphide in 25 mM ammonium acetate buffer.)

Ion? Conc. added Interference (%)
(mg1™) Ab B¢

Cl-, NH;, CO?-, SCN-, Ca?", Mg, 100 0 0

NO;, SO?, SO7, 8,0%

PO~ 100 +84 +54

CN- 2 0 0

I-, Br- 10 0 0

aJons tested individually. ®*No phosphate originally present in samples. ©200 mg 1-! phos-
phate added to all samples. Only a further 50 mg 1-! phosphate added.
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TABLE 2

Evaluation of the performance of the flow-injection system comprising a column contain-
ing different chelating resins, as used for the determination of sulphide in samples with
and without addition of phosphate

Resin Addition of 200 mg1-'  Characteristic Detection R.s.d. Sampling
phosphate to sample conc. limit (%) frequency
(mg1™) (mg1-) (h~")
8-Quinolinol — 0.040 0.007 1.3 100
+ 0.025 0.010 1.2 100
122 — 0.037 0.015 0.9 75
+ 0.030 0.013 1.2 75
o3r 2.0ugml
L
A 18
o2l 12

08

| MM L

L I

blank

Scan —»

Fig. 5. Calibration run for sulphide in the concentration range 0—2 mg 1-! with the mani-
fold depicted in Fig. 2. The elution peaks were all out of range of the recorder and so they
appear to be of equal heights.

cuprate(I) ion [15]), but on a precipitation reaction with subsequent separa-
tion of unreacted excess of reactant by means of an ion-exchange column.
The column material is not consumed (i.e., it does not become exhausted)
because it is renewed during each cycle. In addition to the precipitate formed,
only negatively charged complexes can pass through the cation-exchange
column.

Atomic absorption spectrometers are available in most analytical labor-
atories. These new conversion techniques make it possible to increase the
range of species accessible with such spectrometers. Apart from the deter-
mination of sulphide, the approach described in this paper could be applied
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for the determination of other anions, such as fluoride or sulphate via preci-
pitation of calcium fluoride or barium sulphate which are notorious in gravi-
metric analysis for initial precipitation in a colloidal form. Particular advan-
tages of the proposed method are that it is based on simple chemical mani-
pulations and requires limited ancillary apparatus.

The properties of the ion-exchanger are of great importance. Strongly
acidic resins require longer elution periods than the weakly acidic chelating
resins. Immobilisation of the chelating reagents on porous glass beads results
in a faster ion-exchange process because of the pellicular character of the
ion-exchanging layer. This type of preparation is therefore to be preferred
to the conventional resin products.

The authors wish to express their appreciation to Inge Marie Johansen
for conscientious technical assistance and to the Danish Council for Industrial
and Scientific Research for partial financial support.
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AXIAL DISPERSION IN COILED TUBULAR REACTORS
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SUMMARY

A theoretical and experimental treatment of axial dispersion in coiled tubes is pre-
sented. The dispersion, &, is related to the theoretical plate height divided by four times
the radius of the tube (H/4r). This parameter, when plotted against the product of the
Reynolds number and the Schmidt number (ReSc), accurately predicts maxima in disper-
sion curves. Variations in the boundary layer thickness and the velocity profile cause the
dispersion to pass through a maximum at a constant value of log (DeSc'*'*) equal to 6.13
for unretained solutes (De is the Dean number). A new measure of dispersion is proposed;
the reduced dispersion, e = 256/(Re°:%¢7Sc), is derived from the experimental behavior of
dispersion at values of log (De*Sc!"!*4) smaller than 6.13. The logarithm of ¢ is found to
be approximately zero for 2.2 < log (De?Sc!'!'*4) < 6.1 and to decrease linearly with
log (De’Sc' '*) at higher values. Experiments with four solutes that have a wide range of
molecular diffusivities are reported. Results agree with theory.

Secondary flow occurs when fluid passes through a curved tube. In con-
formity with Poiseuille flow, the greatest fluid velocity is found at the center
of the channel; therefore, centrifugal forces will act there with maximum
effect. The parabolic flow pattern is deflected toward the outer wall of the
channel by radial or secondary flow, This creates a recirculating pattern in
which fluid flows back inwardly along the walls. The recirculation generates
two strong symmetrical patterns that effectively divide the tube into two
cells. There is little exchange of liquid between the two halves. This results in
markedly reduced axial dispersion [1] because diffusion occurs over smaller
distances. Secondary flow also stabilizes laminar flow. Turbulent flow deve-
lops at much higher Reynolds numbers than that for straight tubes [2]. This
lowering of axial dispersion is of considerable interest in chromatography,
flow-injection systems and post-column reactor design.

Over the last ten years, many workers have studied dispersion phenomena
in straight as well as coiled tubes. Dispersion in straight tubes is better char-
acterized than for coiled tubes, because the theory for secondary flow is
more difficult. The early phases of Poiseuille flow (viscosity-controlled) were

8Present address: Agricultural Chemicals Dept., E. I. du Pont de Nemours, Co., La Porte
Plant, P.O. Box 347, La Porte, TX 77571, U.S.A.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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studied in straight tubes by Golay and Atwood [3]. The dispersion of a
sample plug was simulated under varying conditions of flow rates. Elution
profiles were found to approach a Gaussian distribution when more than
thirty theoretical plates were generated. A sizable deviation from a Gaussian
profile was observed with less than ten theoretical plates; indeed, doubly-
peaked profiles were seen. Hoffman and Halasz [4, 5] studied mass transfer
in straight and coiled open tubes. Plate heights at higher fluid velocities were
much lower for coils than for similar straight tubes. It is well known that the
velocity profile assumes a trapezoidal shape under the influence of secondary
flow [6], and lies at a constant inclination from the general direction of flow.
Truesdell and Adler [7] have numerically simulated the stream function that
arises from this flow pattern; they used loose and tight coils, as well as
solutes with various diffusivities. Austin and Seader [8] extended this work
to higher Dean numbers. Trivedi and Vasudeva [9] have shown that coiling
can reduce axial dispersion by as much as 500 times, under laminar flow con-
ditions. Their data were obtained by changing the aspect ratio, A, the ratio
of the tube radius to that of the coil. Although the scatter of the points was
quite high as the fluid velocity increased, a maximum in the dispersion curve
was clearly visible. This had not been predicted by earlier theoretical treat-
ments. Mass transfer in coiled tubes is usually evaluated by comparing the
observed plate height, H, with the theoretical plate height, H,, that would be
obtained under similar conditions in a straight tube. (Notations and defini-
tions are summarized in Table 1.) This is done by calculating a ratio, H/H,,
and plotting it against De’Sc, where De represents the Dean number and Sc
the Schmidt number of the solute. This ratio is assumed to be identical to a
parameter, «x, that depends on the velocity profile. Jannsen [10] was the
first to link (H/H,) to De®Sc. Other workers [11—13] have also calculated
this ratio to characterize dispersion in coiled tubes, but no maximum could
be predicted. Experimental data, when plotted in terms of (H/H,) against
De’Sc, are widely scattered at intermediate and high values of De?Sc, instead
of falling on a common curve. However, this situation does not apply to
lower velocities. For example, in the region where 210 < De?Sc < 2300,
experimental data can be made to fit a common curve which is a function of
(De?Sc)™? [11—13]. Also, theory [14, 15] and experiment [16] show that
Taylor dispersion behavior [17] occurs only for very low fluid velocities,
i.e., for De’Sc < (2072/n%) [16].

Tijssen [18] developed corrections for coiling effects on dispersion at
intermediate and high fluid velocities. A correlation based on Sherwood
numbers was used over a wide range of velocities to account for the behavior
of k. The behavior of the diffusion coefficient ratio is also related to the
change in boundary layer thickness with increasing fluid velocity; however,
predictions for plate heights drawn from the resulting equations were found
to disagree by as much as a factor of ten too low [18]. Dispersion maxima
are also predicted for velocities three times lower than those experimentally
observed. The dispersion curve unexpectedly undergoes a change of slope at
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TABLE 1

Notations and definitions

C(e) C-curve profile function

d Column diameter (cm)

D Hypothetical axial diffusivity (em? s)

D, Effective radial mass transfer number (cm? s™)

Dy Secondary flow component of D (cm? s™)

Dy, Molecular diffusion coefficient (ecm? s')

De Dean number (dimensionless) (Re A*'?)

f(k) Retention function (dimensionless) (= [1 + 6k + 11k*]/[1 + k])
H Plate height (coiled tubes) (cm)

H, Plate height (straight tubes) (cm)

k Column efficiency (dimensionless)

L Column length (em)

Pe(r) Peclet number (dimensionless) (= ad D)

r Column radius (cm)

R Coil radius (cm)

Re Reynolds number (dimensionless) (= 2ri[p/n])

Se Schmidt number (dimensionless) (= n/[pDy,])

Sh Sherwood number (dimensionless)

t Time (s)

u Mean fluid velocity (em s™)

u, Component of fluid velocity in the axial direction
u, Component of fluid velocity in the radial direction
ug Component of fluid velocity in the angular direction

x Axial direction coordinate
5 Intensity of dispersion (dimensionless) (= D/ad)

€ Reduced dispersion (dimensionless) (= 256DD,/[(ad)*'® (n/p)*'®])
n Viscosity (poise)

<] Reduced time (dimensionless) (t/u,)

K Velocity profile parameter (dimensionless)

A Aspect ratio (dimensionless) (= r/R)

B, First moment of elution profile (s)

K, Second moment of elution profile (s?)
o Density (g em™)

a? Axial variance of a sample peak

¢ Angular cylindrical coordinate

velocities well below the maximum. That is, the experimental slope of the
dispersion versus ReSc on the ascending part was found to be 2/3 while the
decreasing part of the curve has a slope of —4/3. Tijssen’s theoretical devel-
opment predicts the slope to be 1 and —1, respectively.

Tijssen’s development warrants further research, because the equations he
used were suitable only for an infinite retention situation. Some of the
numerical constants used in the equations are inappropriate because the
experiments were done without a stationary phase. In this paper, it is shown
that, if the equations are modified to account for an unretained solute, theo-
retical predictions agree much more closely with experiments. Results were
obtained over a wide range of flow rates and for four different solutes.
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Results were also obtained from a novel dual-detector system that increases
the precision and accuracy of plate-height measurements.

THEORY

According to Golay [19], the plate height, H, for straight, open columns
is described by

H = (2Dy, [2) + (207?) (£[k])o &/Dy, (1)

where D,, is the molecular diffusion coefficient, & the mean fluid velocity,
the velocity profile factor, r the column radius and f[k] the retention func-
tion. In straight tubes, the velocity profile is parabolic and « becomes a con-
stant, ko. The first term generally vanishes, because it is very small compared
to the others. The retention function for straight tubes, (f[k]),, becomes
unity when there is no retention in the stationary phase. Hence

Hy = (2k, rzﬁ)/Dm (2)

where k, = 1/48. In coiled tubes, the contribution from radial convection re-
sults in an additional term in the denominator of Eqn. 2. As diffusion pro-
cesses are modified by radial flow, the molecular diffusion coefficient, D,
becomes

D,=D,, + D, (3)

where D, is an effective mass transfer number having the units of diffusivity
and D, is the additional contribution of convection generated by secondary
flow.

Following Tijssen [18], this concept can be used to modify the formal
mass balance equation. For cylindrical coordinates [20] with x as the direc-
tion of flow,

oC/ot = D, V?C — [u,(3C/ax)] + [u.(3C/or)] + [ug(aC/rog)] 4)
to form
aC/at = DV3‘¢C — u,(aC/ox) (5)

where D is a hypothetical axial diffusivity which in a plug-flow model [21]
gives the same value of axial variance, o2, as in the real, three-dimensional
case. The first term in D, has been omitted, because D, < D, The solution
of Eqn. 5 is in a form similar to Eqn. 2:

H ~ (2¢r*a@)/D, (6)

where the value of k depends on the velocity profile. The function that de-
scribes D assumes different forms over several ranges of velocity. According
to Tijssen [18], both sides of Eqn. 6 are divided by 4r and its right-hand side
is multiplied by (p/n)(n/p). Then, both the numerator and the denominator
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are divided by D,, to obtain

H/4r = [2kri(p/m)(n/pD)] /4D, /D) (7)

where p is the fluid density and 7 its viscosity. With the usual definitions of
the dimensionless Reynolds and Schmidt numbers, the equation can be
written as

8 = k(ReSc)/4(D,/D,,) (8)

The dimensionless group, §, is equal to H/4r and is identical to the reciprocal
of the radius-based Peclet number, Pe(r), which is equal to ud/D. The param-
eter 6 can be expressed as D/iid, where d is the tube diameter. This parameter
is also related to the vessel dispersion number, D/iL, by the geometric factor,
(d/L), where L is the length of the tube [21].

Tijssen [22] found that the definition of the Sherwood number, Sh, for
heat transfer also applies to mass transfer. Thus, « can be expressed as

k= [Shi(k)]™ (9)
In an unretained situation (k = 0), the retention function is unity and
k =Sh™ (10)

whereas in Tijssen’s derivation a situation of infinite retention is assumed,
with f(k = «) = 11, and the velocity profile parameter becomes

k=[11Sh]™ (11)

This equation is suitable only for infinite retention and has been erron-
eously used to discuss results obtained with no retentive stationary phase.
Still following Tijssen [22] and the work by Kalb and Seader [23] and
Dravid et al. [24], Eqn. 10 becomes

k = 2.666 De 1/28c™0-14 (12)

Because there is an uncertainty of at least a factor of two in the evaluation
of a Sherwood number [18] (the exponent 0.14 is an average), the original
equation was modified accordingly by multiplying the original constant
1.333 by 2. Equation 12 predicts a square-root decrease in « with increasing
velocity. Although k can be different from «,, it is nonetheless considered a
constant at velocities below the dispersion maximum. Likewise, the param-
eter (D,/D,,) is constant at lower velocities. Diffusion distances are lower by
a factor of two because the tube is divided into two parallel halves by the
circulation pattern. Therefore, D,/D,, = 4. At higher flow rates, the boun-
dary layer thickness varies with fluid velocity [18] so that

D,/D,, = (De'$Sc)/8000 (13)

Finally, Eqn. 8 can be modified on the basis of the experimental data pre-
sented by Tijssen [18] to account for the actual dispersion observed

8 = k(Re®%%"Sc)/4(D, /D) (14)
This relationship seems to apply when De2Sc > 2300.
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Axial dispersion in coiled tubes with increasing fluid velocity will therefore
be controlled by the behavior of the parameters « and (D,/D,,). Dispersion
behavior can be predicted over a wider range of experimental conditions,
based on the above. In liquids, the mass-transfer term is much more impor-
tant than the molecular-diffusion term; therefore, two types of behavior are
expected, given the experimental conditions encountered in this work.

At high flow rates, inertial forces distort the velocity profile. The com-
bination of velocity profile modification and radial mixing causes a nonlinear
increase in axial dispersion. Therefore, Eqn. 14 gives a more accurate descrip-
tion and

§ = (Re%%67Sc)/256 when (ReSc > 10%) (15)

where k = 1/16 and D,/D,, = 4. This is in agreement with an estimate of « =
1/20 by Tijssen and Wittebrood [25]. At yet higher flow rates, x and D, /D,,
change with fluid velocity. Replacing ¥ and D,/D,, in Eqn. 14 by the corre-
sponding expressions in Eqns. 12 and 13 results in

8 = (16000/3)/(Re'3338c14)) (16)

Consequently, a maximum in the dispersion curve can be predicted at the
intersection of Eqns. 15 and 16. This occurs at a value of

log De?Sc'-* = 6.13 (17)

whereas Tijssen [18] obtained 5.4733, using a value of (D,/D,,) equal to
6.39 and the factor of 11 given in Eqn. 11.

Here a new parameter, ¢, is introduced, for which any dispersion maximum
corresponds to the same value of that parameter versus De?Sc!!®. Because
the intensity of dispersion, 8, is described by Eqn. 15 at lower velocities, it
can be shown that for any solute

loge~ 0 (forlog De?Sc''* < 6.13) (18)
and from Eqn. 16

log € = 6.13 — log De?Sc!**  (for log De?Sc!-!* > 6.13) (19)
The reduced dispersion is

¢ = 2565/(Re®5%5Sc) = (256 DD )/ [(i1d)¥5%¢ (n/p)°333] (20)

Trivedi and Vasudeva [9] used a similar parameter, K, = (DD,,)/(dd)* and
obtained a curve whereas a plot of log € against log De?Sc!-!* should show
that all data points lie on a straight line, It is now clear that the excess curva-
ture shown in their work is due to the extraneous factor (i2d)™"'® present in
K..
The vessel dispersion number, D/iL, can be expressed as

DJiL = H/2L = 5(d/L) (21)

A very accurate estimate of D/uL can be obtained by convolving an upstream
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detector response into a simulated downstream detector response. The simu-
lated response is compared with the actual elution profile. The vessel disper-
sion number is changed iteratively until a good fit is obtained. Because a
flow-through cell is used in ultraviolet detection, only the component of
concentration that is parallel to the direction of flow is detectable; therefore,
the form of Eqn. 5 changes to

aC/ot = D(3*C/ox?) — u, (3C/dx) (22)

Substitution of the dimensionless parameters, z = x/L and 8 = tu/L, gives the
analytically solvable equation

3C/00 = ([D/aL][0*C/d2%]) — (3C/dz) (23)

This is an equation analogous to Fick’s Second Law and has the exponen-
tially-modified Gaussian (EMG) solution [21]

C(9) = [4n6(D/aL)]™V* exp [— (1 — 8)48(D/iL)] (24)

The parameter 6 is also expressed as t/u;, where u, is the first moment of the
sample profile C(8). Plate heights obtained from the simulation can be used
to validate results obtained from the moments measured at each detector.

Dispersion data obtained from solutes that have widely different Schmidt
numbers should exhibit a dispersion maximum at approximately the same
value of the parameter De?Sc!-'*. Many authors [11—13, 18] have stated that
the plate-height ratio (H/H,), calculated from Egns. 2 and 6, is a function of
De’Sc. Because of the Sherwood correlation dependence on Sc®!4, (H/H,) is
better expressed as depending on De2Sc!-'®, The (H/H,) curves obtained
from different solutes would be expected to fall on the same curve.

EXPERIMENTAL

Apparatus

An illustration of the apparatus is available in the paper by Fulton et al.
[26]. A Varian Model 8500 HPLC gradient system (Varian Instrument
Division, Palo Alto, CA, U.S.A.) was used as the carrier delivery unit. This
system can supply continuous, pulseless flow throughout the system, under
controlled flow conditions. Injections of 20-ul samples were made with a
Rheodyne 7010 injector valve. A dual-detector system similar to the one
shown earlier [26] was used. A pre-delay coil, 1790-cm long, was installed
between the first detector and the injector. The main reactor coil, 2955-cm
long, was installed between the first and second detectors. Both coils were
508-um (i.d.) 316 stainless steel (Alltech Associates, Deerfield, IL). The coils
were fabricated by winding the tubing around PVC pipes having an o.d. of
4.76 cm. The coils were maintained at a constant temperature (20 * 1°C) by
a Forma Scientific Model 2095 thermostated bath (Marietta, Ohio). The
absorbance was measured at two different locations with two Micromeritics
Model 787 variable-wavelength detectors with optically matched 12-ul flow



180

cells (Micromeritics Instruments Co., Norcross, GA). The output from each
detector was monitored by a Kipp & Zonen BD41 dual-channel recorder
(Kipp Analytica, Emmen, Holland).

Reagents

Protein solutions (1.2—1.6 g I'!) were prepared as described by Walters et
al. [27] in a 0.08 M sodium sulfate/0.02 M sodium acetate buffer, pH 7.0.
The buffer was also used as the carrier for protein experiments. It was filtered
through a 0.5-um filter before use. Bovine serum albumin (A-5003, Sigma
Chemical Co.), thyroglobulin (T1126, Sigma), and horse heart cytochrome C
(no. 2666, Mol-Ranger, Pierce Chemical Co.) were used as macromolecular
samples. An aqueous 4.31 mM phenol solution was prepared from phenol
(Gold Label Grade 99.9%; Aldrich Chemicals).

Methods

All samples were passed through the coils at flow rates ranging from 0.05
to 24 ml min™!. Most of the runs were made in triplicate, except for the very
long experiments, in which case a single well-controlled run was made. Data
acquisition was begun within 0.2 s of injection. The detection wavelengths
were 214 nm for the proteins and 270 nm for phenol.

Data acquisition and software. The data-acquisition rate was constrained
by the duration of the experiment and a maximum capacity of 5000 points
per detector; thus, rates ranged from 0.05 to 20 Hz for all experiments. The
signal from each detector was stored separately, using the program described
below. The output from the detector was set to the integrator mode that
gave a maximum signal of 5.12 V at full scale. A DECLAB 11/V03 with a
12-bit analog-to-digital converter (Digital Equipment Corp.) used a modified
version of the acquisition program described earlier [26] . Data were reduced
and displayed with a Digital Equipment Corporation GT-46 system that used
a VT-11 graphic terminal system for display [26]. Parts of both software
systems were substantially modified to accommodate greater storage capacity
and to improve calculations. The algorithms pertaining to these calculations
are discussed below.

Calculations. The plate height, H, can be calculated from the ratio of the
first and second moments, u;, and u,, of the sample profile, H = (u,/u3)L, in
which u, and u, are calculated according to Grushka’s exponentially modified
Gaussian model [28] which accounts for both peak asymmetry and tailing.
The algorithm for this calculation was presented by Yau [29]. The influence
of noise in the calculations is diminished by a threshold criterion that limits
integration to peak regions in which the signal is higher than a preset value.
The data were displayed and the baseline was established by the light pen on
the VT-11 graphics monitor. Approximate peak boundaries were also given.
Actual peak-profile boundaries were then obtained by software with baseline
and threshold criteria. Plate heights were calculated in three different ways.
Moments were first evaluated for each detector. The difference in variance
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between the two detectors was also used. This was possible because of the
additivity of variance. Finally, plate-height values were obtained from the
vessel dispersion number calculated by numerically convolving and curve-
fitting the simulated response of detector 1 with the actual profile from
detector 2.

Theoretical calculations were made for each solute, using values of diffu-
sion coefficients given by Walters et al. [27] for the protein solutes and by
Bacon and Adams [30] for phenol. The Schmidt numbers were corrected to
account for the slightly different density and viscosity of the buffer solution
compared to pure water at 20°C. These data are presented in Table 2.

RESULTS AND DISCUSSION

The vessel dispersion numbers, D/iL, were experimentally calculated for
phenol and are shown in Fig. 1. They were obtained from plate-height mea-
surements using peak moments. The results were compared with values ob-
tained from the simulation method. The validation was performed for the
phenol dispersion curve. These values for phenol were plotted against the
estimates obtained by moments as shown in Fig. 1. Some scattering is visible
although a linear fit gives a slope close to unity. Values of the intercept and
of the slope for the eight lowest flow rates are 3.3 X 10 and 0.97, respec-
tively. Plotting the difference between the two sets of values against the flow
rate reveals (Fig. 2) that most of the scatter occurs at high flow rates, because
of greater errors in measuring the moments as a peak becomes narrower. It is
difficult to evaluate moments correctly with very narrow peaks because the
acquisition rate is limited to 20 Hz which results in fewer points per peak. In
this case, the convolution method is very successful in evaluating plate
heights. For example, even when the number of plates drops below 30 and
the profile becomes distinctly non-Gaussian, the simulation successfully con-
volves a doubly-peaked profile into a simulated curve that agrees very well
with the experimental curve observed at the downstream detector. Figure 3
illustrates this point for thyroglobulin near its dispersion maximum. The
relative discrepancy in variance between the actual and simulated profiles
was 3.25% for the EMG function, 13.65% for the symmetrical Gaussian model
proposed by Levenspiel [21] and 6.25% for the N-tanks-in-series model for

TABLE 2

Molecular weights, diffusion coefficients and Schmidt numbers of solutes

Compound Molecular Dy, Schmidt number
weight (107 cm? s')

Phenol 94 84—77 1200—1300

Cytochrome C (horse heart) 13,500 11.6 8500

Albumin (bovine serum) 66,500 6.29 15,700

Thyroglobulin 650,000 3.45—2.65 28,600—37,300
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moment method. Eight-point least-squares fits for lowest flow rates: slope, 0.97; inter-
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Fig. 2. Change in (D/aL) for phenol, obtained from Fig. 1, as a function of fluid velocity.
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Fig. 3. Convolution simulation for thyroglobulin near its dispersion maximum. Curves:
(A) detector 1 profile; (B) actual detector 2 profile; (C) simulated detector 2 profile
with D/GL = 0.0165. Ordinate is expressed in arbitrary units such that the areas under

the peaks are equal. Flow rate is 0.83 ml min™,
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N = 30. Therefore, the EMG model seems to correspond very well to experi-
ment, as it gives the smallest discrepancy between the two profiles.

Plate-height ratios (H/H,) for all four solutes as a function of De2Sc!-!* are
shown in Fig. 4. Agreement is good at low and high flow rates, but not for
intermediate values. This was also observed by Tijssen [11, 18] even though
the discrepancy was then attributed to the measurement technique. Peak
widths and retention times were used; it was assumed that the scatter would
disappear if moments were used instead. This is now shown not to be the
case. The greatest spread is obtained at a value of log De?Sc'-!* equal to 6,
which is quite close to the value predicted by Eqn. 17; therefore, plotting
log (H/H,) against log De%Sc'-'* is not the most appropriate way to charac-
terize axial dispersion in coiled tubes. No maximum in the curve can be pre-
dicted with this method.

Conversely, a much more coherent picture is obtained by plotting the log-
arithm of the intensity of dispersion, § (D/id), against the logarithm of the
parameter ReSc as shown in Fig. 5. Equations 15 and 16 were used because
ReSc was greater than 10* for all of the data. It is readily seen that agreement
between theory and experiment is close, especially for the three globular
proteins.

The plateau seen at higher flow rates (210—360 ml h™) seems to occur for
a plate height approximately equal to 27 R, where R is the radius of the coil.
Increasing the flow rate beyond 30 ml h™ again decreases the plate height.
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Fig. 4. Plate-height ratios (H/H,) as a function of De*Se¢'''*: (+) phenol (Sc
(*) cytochrome C; (X) albumin; (o) thyroglobulin (S¢ = 37300).

1200);

Fig. 5. Intensity of dispersion, D/id, as a function of ReSc: (+) phenol (Sc = 1300);
(*) cytochrome C; (X) albumin; (o) thyroglobulin (S¢ = 28600). Theoretical curves were
calculated from Eqns. 15 and 16,
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Dispersion maxima are thus accurately predicted by Eqn. 17. Plate heights
are also well characterized. Figure 6 shows even more clearly that dispersion
maxima occur at a constant value of De?Sc!-'%, This is the natural outcome
of D,/D,, increasing linearly with (z)!* and of the square root decrease of «
with velocity. Thus there is a need to verify the behavior of the reduced dis-
persion, 256 DD, /[(ad)’’? (n/p)'/?] which, as shown earlier, should decrease
linearly as a function of De?Sc''%, This is seen in Fig. 7. A 14-point linear
regression fit of the parameters predicted for Eqn. 19 gives an intercept of
6.13 £ 0.39 and a slope of —0.99 * 0.06. The agreement with theory is excel-
lent and thus confirms that the form of Eqn. 15 is correct. A second fit done
for the data beyond the plateau yielded a similar slope. Notwithstanding the
theoretical uncertainty about the factor Sc®!4, the spread is much smaller
than for the parameter (H/H,). The latter ratio is in fact proportional to
Re™®333 for log De*Sc''* <6.13 and inversely proportional to De?Re®3338c!-14
for higher values. It must be remembered that previous measurements of
(H/H,) did not take into account the additional factor, Sc®'?. Ignoring this
factor leads to a discrepancy of 60% in the respective abscissa values of the
phenol and thyroglobulin curves. Data obtained from molecules with low
Schmidt numbers (higher D) are indeed spread out in the original data
[11—-13, 18].

It is therefore possible to describe axial dispersion adequately in coiled
tubes. Equations 18 and 19 appear to be quite successful in the progress
toward a more definitive theoretical treatment.
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Fig. 6. Intensity of dispersion, D/ad, as a function of De’Sc'''%, Symbols as for Fig. 4.

Fig. 7. Reduced dispersion, ¢, as a function of De?Sc!*!%. Symbols as for Fig. 5.
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Dispersion maxima in coiled post-column reactors can thus be accurately
predicted. The flow rate in a post-column reactor can be increased beyond a
certain critical velocity in order to reduce the additional dispersion contri-
buted by the presence of a reactor. The coiling radius can also be adjusted to
accommodate a given range of molecular weights of solutes. In general, a
very tight coil will contribute little additional dispersion for macromolecules
when moderately high flow rates (ca. 3 ml min™) are used.

We are indebted to Dorothy N. Vacik and Joe Ann Thomas for their tech-
hical assistance. This work was supported by Grant no. CHE-81101123 of
the National Science Foundation.
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SUMMARY

N,N-Dihexylacetamide in toluene was used to extract uranium selectively from an
aqueous phase containing 30 elements at 10 or 100 ug 1-! concentrations. After three
extractions, the uranium level fell from 119 000 mg 1! (0.5 M) to less than 3 mg 1.
An inductively-coupled plasma/mass spectrometer (i.c.p./m.s.) was used to determine
recoveries of the trace elements in the aqueous phase, which, in most cases, were in the
range 90—110%. This combination of liquid-liquid extraction with i.c.p./m.s. offers
determinations at the 10 ng g! level in uranium for most of the elements studied.

Uranium purity is of extreme importance in the nuclear industry. Trace
impurities, especially those with high neutron-capture cross-sections, can
hinder a fission chain reaction in addition to altering the metallurgical charac-
teristics of the uranium metal.

Several methods have been developed which are still used to determine
trace metals in uranium. The classical method, carrier distillation, has been
used extensively but suffers from lack of sensitivity for those elements which
form involatile or refractory oxide species [1]. The direct excitation and
detection of impurities in uranium samples has been tried [2], but interfer-
ence from uranium spectral lines severely restricts the number of elements
which can be determined with reasonable detection limits.

Recently, several methods of determining trace elements in uranium have
been developed by using chemical separation and detection by inductively-
coupled plasma/atomic emission spectrometry (i.c.p./a.e.s.). The commonest
separation method is liquid-liquid extraction. Separation schemes followed
by i.c.p./a.e.s. have been developed with such complexing agents as tributyl-
phosphate (TBP) [3], tri-n-octylphosphine oxide (TOPO) [4], tri-(2-ethyl-
hexyl)phosphate (TEHP) [5—8], and tri(iso-octyl)amine [9].

One class of uranium extractants which has not been widely used is the
N,N-dialkyl-substituted alkylamides. Gasparini and Grossi [10] have noted
that these compounds are easy to synthesize, extract as well as TBP, are

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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more resistant to radiolytic degradation, and the degradation products do not
interfere with the extraction. One such extractant developed is N,N-dihexyl-
acetamide (DHA) [11]. It displays all the advantages of the N,N-dialkyl-
substituted alkylamides, and its starting materials are relatively inexpensive
and readily available.

Inductively-coupled plasma/mass spectrometry (i.c.p./m.s.) is a new tech-
nique for multielement determinations in solution [12—15]. Now that com-
mercial instrumentation is available, i.c.p./m.s. is being evaluated for its
ability to solve difficult analytical problems. Both i.c.p./m.s. and i.c.p./a.e.s.
are capable of multielement quantitation, but in the present application,
i.c.p./m.s. has two main advantages over i.c.p./a.e.s. Spectral interferences
from uranium are not a problem in i.c.p./m.s., in that U*" (m/z = 117,117.5
and 119) is the only uranium species observed in the m/z range corresponding
to analyte elements. In contrast, excitation of uranium in the i.c.p. produces
thousands of emission lines [16] that obstruct analyte lines even at moderate
uranium concentrations. A second advantage of i.c.p./m.s. is its very low
detection limits (10—100 ng 17'), which are an order of magnitude better
than i.c.p./a.e.s. for most elements [15]. At present, however, i.c.p./m.s.
exhibits greater ionization suppression effects than does i.c.p./a.e.s. [15].
Uranium has been found to be one of the worst elements at suppressing the
ionization of analytes [17]. Thus, the combination of efficient liquid-liquid
extraction with i.c.p./m.s. greatly improves the value of this technique for
quantitation of elements in uranium. This paper reports the determination of
very low levels of impurities in uranium by extraction with DHA and i.c.p./
m.s. detection.

EXPERIMENTAL

Equipment

The Sciex ELAN commercial i.c.p./m.s. (Model 250) was used with the
operating parameters listed in Table 1. Figure 1 illustrates the location of the
lens elements named in Table 1. The quantitative characteristics of this parti-
cular device have recently been described in detail {18]. The mass analyzer
was operated in a ‘“peak-hopping’> mode. In this mode, the mass analyzer
made a 0.1-s measurement at each of three m/z positions spaced 0.1 dalton
apart on the top of a chosen peak. The mass analyzer then jumped to the
next chosen peak, on top of which another three measurements were made
at 0.1-dalton intervals. This sequence was repeated until the dwell time accu-
mulated for each channel was 0.5 s. The three count rates for each peak were
then averaged and divided by the average count rate for the internal standard
to yield one “‘determination”. Typically, six such determinations were made
for each of ten elements. Therefore, the total time for each sample was
approximately 90 s, i.e., the mass spectrometer acquired data for a total of
9 s for each element. The standard deviations for individual sample concen-
trations were based on the average of the six determinations.
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Sciex i.c.p./m.s. operating parameters

I.c.p. torch

Outer argon flow rate

Auxiliary flow rate

Ic.p. forward power

Aerosol flow rate

Solution uptake rate

Sampling position

Sampler orifice

Skimmer orifice

Pressure, quadrupole
chamber, i.c.p. on

Ring lens (1 in Fig. 1)

A.c.rods (2)

Ton shield (3)

Lens 4

Lens 5

Lens 6

Entrance AC rods (7)

Mass filter (8)

Exit AC rods (9)

Exit shield lens (10)

Exit lens (11)

Deflector

Electron multiplier

Ames Laboratory design [19], torch extended 1% in.
from aerosol injector

121 min™!

0.8 1 min!

1.30 kW

1.2l min™!

2.5 ml min—*

20 mm above load coil, centered on axial channel
1.2-mm diameter

0.90-mm diameter

4 X 1078 torr

Setting: 07 (—4.38 V at TP?)
Grounded

Grounded

Setting: 20 (—4.00 V at TP)
Setting: 65 (+6.19 V at TP)
Setting: 79 (—15.78 V at TP)
—5.10-V bias (at TP)

Zero DC bias

—5.10-V bias (at TP)

—5.00 V (at TP)

—130 V (at TP)

+3370 V (at TP)

—2790 V (—4.18 V at TP)

ATP = test point. Test point voltages are not necessarily identical to the voltages actually
supplied to the device.

AC noos@

Fig. 1. Sciex ion lens and mass analysis system; see Table 1 for appropriate voltages.
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Two modifications were made to the instrumentation before it was used
in these experiments. The i.c.p. torch was replaced with one of Ames Labor-
atory design [19], with the torch extending 1.5 inches from the tip of the
aerosol injector tip. The Ames Laboratory torch contained a jet-type orifice
in the central injection tube in contrast to the capillary-type injector supplied
by Sciex. The standard concentric pneumatic nebulizer was replaced with a
continuous-flow ultrasonic one (with aerosol desolvation) [20, 21]. These
additions made it easier to control matrix interference and drifting effects,
which are discussed below in the interference section.

Reagents and standards

N,N-Dihexylacetamide was synthesized by the method outlined by Fritz
and Orf [11]. Reagent-grade or better chemicals were used. Reagent-grade
uranyl nitrate was obtained from Mallinkrodt and Fisher.

Multielement standards were prepared by combining and diluting single-
element reference stock solutions. The rare earths were obtained at Ames
Laboratory, dried, weighed (as oxides) and dissolved in dilute nitric acid (in
deionized water). The purity of these standards was verified by i.c.p./m.s. by
scanning the entire mass spectrum of a 1000 mg 1™ solution. No impurities
were found in the concentrated standards above a 10 ug 1™ level. Other stock
solutions came from Fisher Scientific. The 1% (v/v) nitric acid used to dilute
all samples and standards was made from the reagent-grade acid (Fisher
Scientific), except for the experiments in which the low mass blanks became
substantial at the 10 ug 17 level. For those experiments, sub-boiling distilled
nitric acid, made in an all-quartz apparatus, was required. Deionized water
came from either a Millipore Milli-Q water purifier or from a Barnstead
Nanopure-II system. The digital pipettes (Rainin) used in dilution and in the
addition of the internal standard were calibrated gravimetrically and found
to be within the manufacturer’s specifications for precision and accuracy
(better than 2% at all the volumes used).

Quantitative procedures

In the determination of the distribution coefficients, 500 mg 17! solutions
were prepared in 2 M nitric acid and were extracted with an equal volume of
2 M DHA in toluene. The mixture was placed on a Burrel Wrist Action shaker
and equilibrated for 1 h. The aqueous phase was removed, diluted and tested
for metal ion content. Atomic absorption spectrometry was used to deter-
mine the concentrations of Cs, Ag, Sr, Ba, and Cr. The metals, Cu, Hg, Ni,
Zn, Mn, Co, Pb, and Cd, were determined spectrophotometrically at pH 9.2
with 4-(pyridylazo)resorcinol (Aldrich Chemical) {22]. Uranium was deter-
mined by the method of Fritz and Johnson-Richard [23]. An ASTM method
was used in the determination of iron [24]. The remaining metals were
determined by the methods outlined by Phillips [25]. :

For the separation and quantitation of trace metals in a uranium matrix, a
119 000 mg 17! (0.5 M) solution of uranium in 2 M nitric acid was prepared
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from uranyl nitrate. Various trace metals were added to the uranium solution
so that their final concentrations were either 100 or 10 ug 1™ (0.84 or 0.084
ug g of uranium). An aliquot of the spiked uranium solution was then
extracted three times with an equal volume of 2 M DHA in toluene. An
aliquot of the aqueous phase was taken, evaporated almost to dryness, dis-
solved in 1% nitric acid spiked with the internal standard, and examined by
i.c.p./m.s. Lutetium was the internal standard for the rare earths and rubidium
and holmium were used as internal standards for other metals.

The instrument was adjusted to give optimal performance as follows.
Approximate settings of the aerosol flow rate and forward power were made,
such as those that had worked on the previous day. A solution containing
10 ug 1™ of both Ho and Lu in 1% nitric acid was introduced and the ratio
Ho/Lu was measured several times. This ratio was then compared to that
from a 10 ug 17 solution made up in 50 mg 17! uranium. If the ratios were
significantly different, the forward power was slowly changed until the ratios
coincided. Then the Ho/Lu ratio was monitored for about 10 min to see if it
would drift. If it did, by more than 5%, a slightly different aerosol flow rate
was chosen, and the procedure was repeated.

The standards used were not run through the extractions with the samples.
Instead, a single blank was taken through the procedure along with 3—4
samples. This ensured that trace impurities in the 0.5 M uranium, which might
be substantial at the 10 ug I level, would be detected. Standards contained
either 10 or 100 ug 1! of the internal standard, and were matrix-matched to
contain the same amount of uranium as the samples. Calibration curves were
prepared by using 2, 5, 10, and 30 ug 1™ standards (or ten times higher for
the high blank metals). During the procedure, the 10 ug 17 standard was
reintroduced after each sample to verify that the calibration curve had not
shifted. If there had been a small drift, the data could be used to normalize
subsequent sample concentrations.

The reported detection limits were calculated as the analyte concentration
necessary to yield a net (blank-subtracted) signal equal to three times the
standard deviation of the blank count rate.

RESULTS AND DISCUSSION

Distribution coefficients

Table 2 lists the distribution coefficients (D,) for various metal ions in
2 M nitric acid with 2 M DHA in toluene as the extractant. The extraction
conditions were chosen on the basis of the work by Fritz and Orf [11] so
that extraction of uranium was efficient while good separation of the phases
was retained. Nitric acid was used instead of sodium nitrate so that it could
be evaporated after extraction, thereby eliminating interference effects caused
by high salt concentrations. However, the D_ value for uranium is much
higher (624) in sodium nitrate than in nitric acid, probably because of a
salting-out effect. For most of the elements listed, D, is either very small or
zero, which indicates the wide applicability of DHA in separating trace metal
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TABLE 2

Distribution coefficients for elements in 2 M HNO, with 2 M DHA in toluene as the
extractant?

Metal ion D, Metal ion D, Metal ion D,
Ag* 0.054 Hg* 0.44 Th** 5.25
Bi** 2.65 Ni# <0.01 uoZr 57.8
Cu* <0.01 Pb* 0.043 Zr* 0.24

aThe following ions had zero D, values: Zn?**, Mn**, Co*, Cd**, La**, Tm?**, Gd*, Pr¥*,
Cs*, Sl‘“, Ba“, Y3+’ F93+, Ti4+’ Cr3+’ A13¢’ Vs,

ions from uranium. Of the metals listed, only uranium, thorium, and bismuth
were extracted significantly under the chosen conditions, with uranium being
extracted much more efficiently (98.3%) than the other elements. With the
exception of thorium and bismuth, quantitative data for other metals which
have non-zero D, values can be corrected for extraction in the recovery
studies.

After extraction experiments with uranium, the DHA was recycled by
back-extracting the uranium in the organic phase with several portions of a
saturated sodium hydrogencarbonate solution, and then washing the organic
phase with 2 M nitric acid before use in further extractions. The DHA solu-
tion was used several times with little loss in efficiency of uranium extraction.

Interferences and stability

Two initial problems with the Sciex instrument were drift of calibration
curves and severe matrix effects from uranium even at concentrations as low
as 100 mg 17 (0.01%). Internal standardization, by itself, did not correct
these problems. However, replacing the pneumatic nebulizer with the ultra-
sonic one facilitated selection of forward power and aerosol flow rate such
that internal standardization would compensate for these effects. Aerosol
flow rate is a critical parameter in i.c.p./m.s. [18, 26]. It was much easier to
optimize performance by adjusting the aerosol flow rate with the ultrasonic
nebulizer than to change the relatively fixed flow rate from the pneumatic.
Furthermore, this optimization could be done without affecting the nebuliza-
tion efficiency, thereby preserving detection limits to some extent. As noted
above, these conditions enabled 10 ug 1™ rare earth ratios to be kept constant
(within 3%) for concomitant uranium concentrations up to 50 mg 1™ overa
2-h period. In other words, the same set of conditions alleviated both the
drifting and interference problems at once, the only drawback being a 3- to
4-fold increase in detection limits.

After two extractions with DHA, the uranium concentration was found
to be about 150 mg1~!. With the Sciex instrument set at the conditions noted
above, it was difficult to quantify trace elements in this matrix; 10 ug 17! was
very close to the detection limit with these conditions. However, after three
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extractions, the uranium concentration was below 3 mg 17!, Long-term drift
of the analyte signal and ratios was then the main problem, along with con-
tamination of the samples by the organic phase. Spectral interference by
metal oxide ions (MO*) was not a problem at the 10 ug 17! level because the
ratio MO*/M™ was less than 1% under the conditions used. The background
mass spectrum obtained was similar to that reported previously [15].

Recovery of trace elements

Table 3 lists the relative amounts of metals in the deionized water, distilled
nitric acid, and evaporated 2 M nitric acid compared to a 2 ug 1™ Co signal.
Values in this table are only semiquantitative in nature, because they are not
corrected for the different isotopic abundances of the elements and other
sensitivity factors. The blank-corrected recoveries of the trace elements added
to the uranium solution are listed in Tables 4 and 5. The amount of spiked
material originally added was varied according to the level of trace impurities
present in the blank in order to avoid the imprecision of subtracting two
numbers of nearly equal magnitude. The high blanks for Al, Ba, and Pb are
likely due to impurities in the nitric acid which have been concentrated in
the evaporation step (see Table 3). The uranium used in the recovery studies
was identical to the ‘““‘unknown’ in Table 6. Therefore, the metals which
exhibit high blanks could either be native impurities in the uranium or traces
which may not have been fully back-extracted from the organic phase before
the extractant was used again. Thorium was extracted too efficiently to

TABLE 3

Background signal from various elements relative to 2 ug1-! cobalt?

Element m/z Deionized Distilled Evaporated
H,0 1% HNO, distilled
2 M HNO,
Al 27 0.1 0.3 6.5
Ba 138 0.1 0.1 9.4
Cd 114 0.3 0.3 0.1
Cr 52 0.2 0.4 0.4
Cs 133 0.05 0.09 0.1
Cu 63 0.4 0.4 0.5
Mn 55 0.07 0.1 0.3
Pb 208 1.5 5 6
Sr - 88 0.1 0.1 1.5
Ti 48 0.06 0.1 0.2
Th 232 0.3 0.3 04
Y 89 0.05 0.1 0.1
Zn 66 0.05 0.1 2.5
Zr 90 0.06 0.2 1.7

2Values are not corrected for isotopic abundances or other sensitivity factors but merely
reflect approximate levels of trace impurities in the reagents used for comparison purposes.
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TABLE 4

Recoveries of rare earth elements? from a 119 000 mg 1-* U solution

Metal m/z Average Metal m/z Average
recovery (%)P recovery (%)P
Ce 140 90 (12) La 139 92 (13)
Dy 163 93 (5) Nd 146 90 (13)
Er 166 97 (4) Sm 152 95 (16)
Eu 153 95 (16) Tb 159 95 (9)
Gd 157 92 (11) Tm 169 99 (5)
Ho 165 97 (5) Yb 174 100 (3)

aAll the rare earths were recovered at the 0.084 ug g-! of uranium (10 ug 1) level. PBased
on 10 trials conducted on three different days; relative standard deviations are given in
parentheses.

TABLE 5

Recoveries of other metals from 119 000 mg 1-* U solution

Metal m/z Recovery Number Average Relative
levels of trials? recovery (%) standard
(uggt U) deviation (%)

Al 27 0.84 8 112 21

Ba 138 0.84 8 104 7

Cd 114 0.084 13 105 16

Cs 133 0.084 14 97 10

Co 59 0.084 14 98 20

Cr 52 0.84 11 107 10

Mn 55 0.084 14 95 16

Pb 208 0.84 11 112 24

Sr 88 0.084 14 99 16

Ti 48 0.084 14 87 13

A% 51 0.84 8 95 15

Y 89 0.084 14 98 8

Zn 66 0.84 8 99 24

Zr 90 0.84 14 106 33

20btained on 3 or 4 different days.

permit reliable evaluation of its recovery. Attempts to find recoveries for
iron and copper at 100 ug 17! were precluded by significant background in
the i.c.p./m.s. itself at these masses. Boron could not be determined with the
ultrasonic nebulizer used, probably because of loss of boron in the desolva-
tion system.

The relative standard deviation (r.s.d.) for individual samples was usually
less than 3%, which reflects the short-term stability of the instrument. The
r.s.d. within a run of 3—4 samples (separately extracted) was between 3 and
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TABLE 6

Concentration of trace elements in a uranyl nitrate sample

Metal Average Detection Metal Average Detection
concn.? limit® concn.? limitP
(ngg™ U) (ng g™ U) (ng g U) (ngg” U)

Al 360 (190) 9 Nd <24 0.8

Ba 940 (37) 0.5 Pb 400 (87) 0.8

Cd 31(11) 2 Pr <0.7 0.3

Ce 2.8 (0.6) 0.3 Sm <1.3 0.8

Co 55 (6) 2 Sr 86 (10) 0.2

Cr 620 (68) 7 Tb <0.2 0.2

Cs <0.3 0.3 Tj 120 (35) 5

Dy <1.3 0.8 Tm <0.5 0.2

Er <0.9 0.4 A" 110(8) 4

Eu <0.4 0.4 Y 120 (13) 0.2

Gd <0.8 0.8 Yb <0.3 0.3

Ho <0.1 0.1 Zn 560 (280) 8

La <1.0 0.4 Zr 67 (35) 0.8

Mn 130 (13) 3

@ Average of 4 trials with standard deviation (ng g-! of uranium) in parentheses. ?Detection
limits in ug 1~ are 0.088 X ng g™ U.

10%. However, the day-to-day variation was larger, as is reflected by the
r.s.d. values in Tables 4 and 5. In general, those elements with lower blanks,
or with one major isotope, had better r.s.d.’s in their recoveries. Lead and
zirconium had higher relative standard deviations probably because of differ-
ences in their extraction efficiencies from sample to sample. The large
amount of uranium present, especially in the initial extraction, could affect
the extractability of lead and zirconium into the organic phase.

Once the recoveries had been demonstrated, the method was used to deter-
mine the level of impurities in reagent-grade Fisher uranyl nitrate. The
results in ng g™ of uranium are given in Table 6. The standard deviations are
rather high because of the low levels of the elements present as well as the
high blanks (from the nitric acid) and drift of the analyte signal. The detec-
tion limits for elements in a 2-mg 17! uranium solution (i.e., the same uranium
concentration as the samples) are also given in Table 6. The uranium in the
standards and blanks used to evaluate these detection limits was not extracted.
Therefore, the native impurities in the uranyl nitrate were still present, but
at levels below detectability. These detection limits are 10- to 100-fold better
than those for similar extraction/detection experiments reported in the
literature [3, 5, 9]. Thus, the utility of the present method is clear, especially
if modest increases in precision could be made.

This paper was presented in part at the Winter Conference on Plasma
Spectrochemistry, Kona, Hawaii, 1986. The research was supported in part
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Office of Basic Energy Sciences. The Ames Laboratory is operated by lowa
State University for the U.S. Department of Energy under contract No. W-
7405-Eng-82. We wish to thank the following people who have contributed
to this project in one way or another: Jose Olivares, Edward DeKalb, Robert
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SUMMARY

A method is described for the speciation of n-butyltin compounds. The compounds
are volatilized from aqueous solution, trapped on a chromatographic packing material
contained in a teflon column, and separated on the basis of differing boiling points. The
column is attached directly to an electrothermal quartz furnace of an atomic absorption
spectrometer for detection at 224.61 nm. Absolute detection limits (3¢) are 11—45 pg as
tin, calibration curves are linear to 13 ng, and reproducibility at the 2-ng level ranges from
5% for mono-n-butyltin to 18% for tri(n-butyl)tin.

The extensive use of n-butyltin compounds [1] allows the ready introduc-
tion of these compounds into the environment [2]. Extremely low levels of
alkylated tin compounds are acutely toxic to non-target organisms [3]. In
France, for example, leaching of tri(n-butyl)tin compounds from marine anti-
fouling paints is considered to affect oyster larvae adversely [4].

Thompson et al. [1] reviewed techniques for the determination of low
concentrations of n-butyltin compounds. Atomic absorption (or emission)
spectrometry (a.a.s.) without prior separation has detection limits of 0.3 ng
ml™! tin [5] but does not speciate n-butyltin compounds [1]. Gas chromato-
graphy of aquated n-butyltin compounds with a modified flame photometer
[6—8], mass spectrometer [9], or flame ionization-quenching [10] as detec-
tor, involves derivatization prior to detection [1]. Ebdon et al. [11] speciated
tin compounds by coupled high-performance liquid chromatography/flame
a.a.s. Hodge et al. [12] used hydride derivatization and separation on a glass
wool column, followed by a.a.s. detection. Donard et al. [13] reported the
speciation of methyltin and n-butyltin compounds by hydride generation,
cryogenic trapping, separation on chromatographic packing material, and
detection by a.a.s. with a quartz furnace.

8Present address: Laboratoire de Chimie Physique A, Université de Bordeaux I, 33405
Talence Cedex, France.

0003-2670/86/$03.50 ©® 1986 Elsevier Science Publishers B.V.
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The chromatographic/a.a.s. technique for aqueous solution is further
developed here by using a column attached directly to the quartz furnace to
obtain simultaneous detection limits (3¢) of 11—45 pg for n-butyltin com-
pounds with linear calibration from sub-nanogram to nanogram quantities.
The detection limit of 45 pg for tri(n-butyl)tin is a factor of 4 lower than
previously reported [13] and the technique requires a minimum of sample
manipulation. Determination of tetra(n-butyl)tin as well as direct and simul-
taneous determination of methyl- and n-butyltin compounds are possible.

EXPERIMENTAL

Apparatus

Butyltin hydrides were detected with a Perkin-Elmer Model 503 atomic
absorption spectrometer fitted with a Westinghouse electrodeless discharge
lamp (EDL) for tin, operated on continuous mode by a Westinghouse EDL
power supply. The hydride generator (5 X 7 cm, 100-ml sample size), hydride
trap (35 cm, 0.4-cm i.d.), and quartz furnace (10.5 cm, 1.1-cm i.d.) are illus-
trated in Fig. 1. Butyltin hydrides were trapped at —196°C (liquid nitrogen)
on 2.5 g of Chromosorb G AW-DMCS (45—60 mesh) coated with 3% SP-2100
packed in the U-shaped teflon trap. The trap was prepared from Cole-Parmer
Type T-6407-44 teflon TFE tubing, and was wrapped with nichrome wire
(26 gauge, 0.088 ohm cm™ resistance). The major inlet of the previously de-
scribed furnace [13] was wrapped with the same type of nichrome wire. Two
heated flexible transfer lines were prepared from teflon PTFE tubing. The
inner tube (0.3-cm o.d.,, 0.l-cm wall) was inserted into the outer tube
(0.5-cm o.d., 0.05-cm wall), which was wrapped with nichrome wire (28

A
S,
-
H2 A
He

Fig. 1. (a) Apparatus for the speciation of n-butyltin compounds: A, four-way valve; B,
hydride generator; C, heated transfer lines; D, separation trap in liquid nitrogen; E, quartz
furnace. (b) Dimensions of optimum quartz furnace: W, 10.5 em; X, 1.2 cm; Y, 1.5 cm;
Z,0.5 cm.
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gauge, 0.85 ohm cm™ resistance) and insulated with teflon tape. A Hamilton
four-way valve allows the helium carrier gas to by-pass the hydride generator.
Teflon-to-teflon and teflon-to-quartz connections were made with Omnifit
teflon variable-bore connectors. Power to the transfer lines, trap, furnace
inlet, and furnace was individually supplied by Variacs. The output signal
(1 V full deflection) was amplified 10-fold, filtered by a low-pass filter, and
integrated by a Hewlett-Packard Model 3392 A integrator. The hydrogen and
helium flow rates were controlled by Cole Parmer flow meters and the oxygen
flow rate by a precise Brooks flow meter.

Operating parameters determined by Simplex optimization were gas flow
rates of helium = 400, oxygen = 21, and hydrogen = 833 ml min~!. The tin
EDL was used at 10 W in continuous mode. The spectrometer was operated
at 224.61 nm with a 1-mm slit and an 0.3-s integration repeat mode. The
output signal was amplified 10-fold and filtered at 1.3 Hz. The Variac outputs
were set at 50 V for transfer lines, 5—30 V for the trap, 8 V for the furnace
inlet and 19 V for the furnace. Temperatures were 150°C in the transfer
lines, 20—300°C in the trap, and 750°C in the furnace. Temperatures were
measured with a chromel/alumel thermocouple. Integrator parameter settings
were 8 for attenuation and threshold, 0.16 for peak width, and a chart speed

of 1.5 cm min™.

Reagents and standards

The water used in all experiments was deionized three times and then dis-
tilled through a Corning Megapure still. All glassware was soaked in 7% (v/v)
nitric for at least 12 h and rinsed with water. Nitric acid solutions (5 M) were
prepared from Fisher 70% nitric acid. Aqueous 6% (w/v) sodium tetrahydro-
borate was prepared from the Aldrich (99+%) reagent. The solution was
filtered through a 0.2-um Nuclepore filter, and allowed to stand for at least
12 h in a glass flask to reduce the tin blank. Methanol was Fisher certified
A.C.S. Spectroanalyzed grade.

Mono- and di(n-butyl)tin chlorides, tetra(n-butyl)tin, and triethyltin
bromide were from Alfa Ventron, and tri(n-butyl)tin hydride and tri(n-butyl)-
tin chloride from Aldrich. Standards (total concentration 50 ug ml™ as tin)
were prepared (without purification) by dissolving the required compounds
in 10 ml of methanol and storing them in 10-ml Hypovials sealed with crimp-
on teflon-lined septa. All solutions stored in the dark at 4°C were stable over
several months. The standards were injected through the septum of the
hydride generator by a Hamilton 0.5-ul syringe.

Operating procedure

Water (100 ml) and nitric acid (2 ml, 5 M) were introduced into the
hydride generator. The magnetic stirrer was started at a medium speed, the
trap (heating coil set at 5 V) was lowered into the liquid nitrogen, and helium
was bubbled through the solution for 2 min. The n-butyltin standards and
the triethyltin internal standard, followed by 2.5 ml of the tetrahydroborate
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solution, were added via the septum. The stirrer was turned to high for 2 min, -
the stirrer speed was reduced, and then a further 2.5 ml of the tetrahydro-
borate solution was added. After the bubbling had decreased, the stirrer
speed was increased and the solution was purged for 4 min. The hydride
generator was then by-passed via the four-way valve, the trap was removed
from the liquid nitrogen, and after 2 min, 30 V was applied with the Variac.

RESULTS AND DISCUSSION

Hydride generation, optimization of atomization and furnace design

The reaction of tetrahydroborate and alkyltin compounds was described
earlier [13], but additional information is noted here. The solution pH was
initially 1.6, rising to 2.2 after addition of the tetrahydroborate. Additional
injections of tetrahydroborate solution did not generate more n-butyltin
hydrides at the concentrations studied. A comparison of peak area of
(n-Bu);SnH formed from (n-Bu);SnCl and of (n-Bu);SnH indicated a 100 + -
5% recovery from (n-Bu);SnCl

Removal of the trap and connection of the hydride generator directly to
the furnace allowed optimization of atomization conditions. The (n-Bu);Sn*
peak area and peak height were observed for changing values of helium,
oxygen and hydrogen. (For brevity, the cationic form (n-Bu);Sn” is used
here for all tri(n-butyl)tin species detected as the hydride.) The gas flow rates
were initially checked by trial and error, and then fixed by using Simplex
optimization [14]. Peak areas yielded slightly better reproducibility than
peak heights. The reproducibility of the three highest peak areas was checked.
The helium flow rate was critical for (n-Bu);Sn™, but a high flow rate resulted
in excessive back-pressure. A flow of 400 ml min~ was most suitable. Opti-
mum oxygen and hydrogen flow rates were 21 and 833 ml min™, respec-
tively.

The furnace design yielding the highest atomization efficiency is illustrated
in Fig. 1. The low volatility of (n-Bu);Sn* (b.p. 80°C at 0.4 mm Hg) required
minimization of ‘“cold spots”. A white deposit on the furnace inlet and a
smaller (n-Bu);Sn* peak were noted for furnaces having the oxygen inlet ata
distance of more than 2 em from the atomizing region. Heating the inlet also
increased the (n-Bu);Sn* peak. In the previous experiments [13]}, a stream of
inert gas was used to blanket the furnace to extend the furnace lifetime. A
stream of inert gas was not used here because the furnace temperature was
200°C lower.

Development of the method

Several systems based on glass rather than teflon were investigated. The
technique previously described [13] had a detection limit of 200 pg for
(n-Bu);Sn* based on 30 of background and 100-ml samples. In an attempt to
reduce this limit, Chromosorb T 45—60 mesh was used to replace the Chromo-
sorb G packing, but the column was easily blocked under the conditions



201

used. Silanized glass wool gave a separation of the n-butyltin compounds,
but after three experiments, sensitivity decreased rapidly. Similarly, glass
beads did not give a reproducible separation. An empty g.c.-type column
(1-mm id., 150-cm length) coated with 3% SP-2100 gave an excellent
separation with high sensitivity, but was again irreproducible. Silanizing the
column prior to coating did not improve reproducibility. Use of a two-
column system incorporating a U-tube containing glass wool or 5A molecular
sieve and a g.c.-type column also suffered problems. The U-tube and g.c.-type
column did not give reproducible results and the molecular sieves resulted in
no detection of n-butyltin compounds. Activation of the wet (and heated)
glass surface by the alkaline sodium tetrahydroborate and subsequent loss of
n-butyltin compounds is a possible reason for the lack of reproducibility.
The teflon columns used gave a reproducibility of 18% for 2 ng of (n-Bu);Sn*
and detection limit of 45 pg as Sn (30). However, the sensitivity decreased
after 15 experiments because of deterioration of the SP-2100-coated Chromo-
sorb G.

Separation conditions

The Chromosorb G with a mesh size of 45—60 was the most suitable for
the helium flow rate used, and a coating of 3% provided a good separation of
the n-butyltin compounds (Fig. 2). Separation of stannane (1.2 ng), tri-
methyltin (0.2 ng), mono-n-butyltin (2 ng), triethyltin (2.2 ng), di(n-butyl)-
tin (2.6 ng), tri(n-butyl)tin (1.8 ng), and tetra(n-butyl)tin (2.2 ng) occurs
within 4 min (Fig. 2). Teflon transfer lines allowed a high temperature to be
maintained through the lines. Typical retention times of the hydrides (3%
reproducibility) for 2-min heating at a rate of 0.8°C s™! followed by heating
at 2.4°C s were: stannane (0.50 min), mono-n-butyltin (2.08 min), triethyl-
tin (2.63 min), di(n-butyl)tin (2.85 min), tri(n-butyl)tin (3.35 min) and
tetra(n-butyl)tin (3.43 min). Redistribution of the compounds did not occur.
The stannane results mainly from contamination of the sodium tetrahydro-
borate by inorganic tin. The tin blank of 1.2 ng can be further reduced by
purging the tetrahydroborate solution with nitrogen [13]. Splitting of the
inorganic tin peak occurred occasionally as before [13]. Splitting of the
tri(n-butyl)tin hydride peak, noted when a 2% coating of SP-2100 was used,
probably indicates desorption from different sites on the packing material.

Sensitivity and selectivity

Table 1 illustrates calibration data for triethyltin and n-butyltin com-
pounds at 224.61 nm in water. The sensitivity to the n-butyltin compounds
decreases with increasing numbers of n-butyl groups. The linear calibration
range extends from subnanogram quantities to ca. 12 ng. The range can be
extended by using a less sensitive wavelength such as 235.48 nm [13]. The
detection limit of 45 pg for (n-Bu);Sn” is among the lowest reported, and a
minimum of sample manipulation is needed. Triethyltin was chosen as an
internal standard because it undergoes the same reduction process as mono-,
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Fig. 2. Chromatogram of inorganic tin, trimethyl-, triethyl- and n-butyl-tin compounds.
Peaks (and amounts as ng Sn): (1) inorganic tin (1.2); (2) trimethyltin (0.2); (3) mono-n-
butyltin (2); (4) triethyltin (2.2); (5) di(n-butyl)tin (2.6); (6) tri(n-butyl)tin (1.8); (7)
tetra(n-butyl)tin (2.2).

TABLE 1

Data for linear range, detection limits, and reproducibility for triethyltin and n-butyltin
compounds

Compound Linear SlopeP Intercept® Sest(y)d Detection
range? X 107 x 1077 limit®
(ng) (pg)
(n-Bu)Sn** 0.03—12 0.747 (5) —0.107 (6) 0.005 11
Et,Sn* 0.06—5 0.321 (7) —0.305 (1) 0.003 22
(n-Bu),Sn?* 0.04—13 0.558 (12) —0.056 (14) 0.009 14
(n-Bu),Sn* 0.10—8 0.159 (18) —0.096 (21) 0.004 45

2From 100 of blank to limit of linearity. ®Correlation coefficients are greater than 0.99.
Slope values are ng Sn (arbitrary relative units)™!. RSD (%), given in parentheses, is for
2 ng, as tin (n = 5). ©Arbitrary relative units. Standard error of estimate. ®Based on 3¢ of
background and 100-ml samples.

di-, and tri-(n-butyl)tin, hasa retention time between mono- and di-(n-butyl)-
tin, and is not known to occur in the environment. By using a slower rate of
heating, determination of methyltin compounds is possible, but with a slight
loss of sensitivity for n-butyltin compounds.
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Conclusion

The method allows the simultaneous speciation of n-butyltin compounds
with little sample manipulation at detection limits of 11 pg for mono-, 14 pg
for di-, and 45 pg for tri-(n-butyl)tin. The detection of methyltin compounds
is also possible. The technique incorporates the flexibility and selectivity of
a.a.s. as the detector, with detection.limits lower than those reported previ-
ously [8, 12, 13]. The internal standard for the proposed method confirms
proper operation and allows direct calibration for each individual compound.
Speciation of n-butyltin compounds from complex matrices is under study.

This research was funded in part by the Office of Sea Grant, National
Oceanic and Atmospheric Administration, and in part by EPA grant R 809416.
It is contribution UNHMP-JR-SG-85-18 from the University of New
Hampshire Sea Grant Program.
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SUMMARY

The determination of low concentrations of arsenic in glycerine is investigated with
flow injection for the introduction of analyte and tetrahydroborate reagent for arsine
generation, separation in a vapor-liquid flow cell, and inductively-coupled plasma/atomic
emission spectrometry (i.c.p./a.e.s.). Peak areas are used to quantify arsenic in the con-
centration range 0.12—3.0 ug ml™. Peak areas for prepared standards exhibited average
deviations of about 1.4% for this concentration range. The slope and intercept for a least-
squares fit of area (nanocoulombs) vs. concentration (ug mil™?) were 10.9 + 0.17 and
0.46 = 0.3, respectively.

Hydride generation with inductively-coupled plasma/atomic emission
spectrometry (i.c.p./a.e.s.) is advantageous for the determination of hydride-
forming volatile elements, owing to the reduced detection limits [1, 2]. This
is attributed to the separation of the volatile hydride from the analyte matrix,
thus increasing the concentration of hydride in the gas reaching the plasma.
The detection limit for arsenic is improved 100-fold compared to nebuliza-
tion of arsenic from aqueous solution [1, 2]. However, manually controlled
hydride generation with i.c.p./a.e.s., although accurate, demands close
operator attention and proficiency to obtain consistent results. Moreover,
the evolution of hydrogen into the i.c.p. requires that appropriate back-
ground changes be evaluated [3].

The introduction of sample solutions by flow injection with various detec-
tors is a valuable approach and is utilized extensively for rapid routine
quantitation [4, 5]. Thompson et al. [1, 6, 7] described a continuous-flow
hydride-generation technique with a flow cell for separation of arsenic and
other volatile hydrides. Pruszkowska et al. [8] evaluated the performance of
a similar flow cell with a commercial flow-injection processor interfaced to a
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sequential i.c.p. for the quantitation of arsenic and selenium in a water stan-
dard and samples. Liversage et al. [9] described a flow-injection/hydride-
generation system fori.c.p./a.e.s. which produced minimal hydrogen evolution
by injecting both the tetrahydroborate reagent and the sample into a distilled-
water carrier.

Glycerine is a water-soluble compound that has wide applications in the
pharmaceutical industry [10]. Determination of the arsenic content in this
compound is of interest for quality control on the maximum permissible
concentration, 1.5 ug g™ [10]. Preliminary studies were conducted in this
laboratory to determine arsenic in industrial glycerine by batch hydride
generation with i.c.p./a.e.s., and it was demonstrated that no significant
difference was obtained in the results for arsenic in glycerine whether or not
the procedure included acid digestion. These results served as the basis for
the present approach incorporating flow injection with hydride generation
and i.c.p./a.e.s. However, the conditions associated with the use of the flow-
injection procedure required that all chemical and instrumental operating
parameters be evaluated. These parameters included initial dilution of the
glycerine sample, tetrahydroborate and acid reagent concentrations, and their
volume ratio. Results for the determination of arsenic in industrial glycerine
are presented.

EXPERIMENTAL

Apparatus

The commercial flow-injection instrument used (Fiatron Systems, Model
SHS-200) includes an all-teflon, dual-channel sample injector consisting of
electronically driven, microminiature solenoid valves. A multiroller, variable-
speed pump is situated before the valves and can be operated in continuous-
flow or in stopped-flow modes. The continuous-flow mode was used. A
diagram of the arrangement is given in Fig. 1. Four of the multiroller pump
streams (P) were used. Usually two of the multiroller streams were used for
pumping the acid reagent, which was subsequently merged at Y, a Y-shaped
connector. Both of these streams by-passed the instrument valve system (V).
The two remaining streams were applied in the normal flow-injection mode
through the valve system (V) to pass the tetrahydroborate carrier (C) and
the analyte (S) either through the first loop (L,, Fig. 1A) or through the
second loop (L,, Fig. 1B) and subsequently to merge at Y,, the second
Y-shaped connector, with the acid streams of Y,. In some preliminary
experiments, only one acid stream was used, and only three streams of the
multiroller pump and one Y-connector were required.

Two sizes of manifold tubing (Fisherbrand Accu-Rated PVC) were used
for the pump with flow rates of 2.24 ml min™ and 8.75 ml min™ at 100%
motor speed. The latter served as one of the acid streams. With these condi-
tions, the volume ratio of acid to tetrahydroborate was 4.9:1 when two
channels were used for the acid. Various injection volumes for the analyte
were examined, but usually 10-s injection was chosen, corresponding to 374 ul.
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Fig. 1. Diagram of flow-injection apparatus. (A) Flow of sample and carrier through
sampling loop L,. (B) Flow of sample and carrier through sampling loop L,.

Fig. 2. Hydride/liquid phase separator cell.

The glass flow cell for vapor-liquid separation, patterned after the one des-
cribed by Thompson et al. [1], is depicted in Fig. 2. The inlet of the mixed
sample plus reagents is connected directly to Y, in Fig. 1. Vapor-liquid
separation is initiated in Y, and continued in the flow cell. The argon carrier
gas flushed the vapors through the upper outlet side tube directly into the
base of the plasma torch. The U-shaped tube at the bottom of the flow cell
was filled by the liquid (Fig. 2) and its excess drained to waste.

Instrumentation for i.c.p./a.e.s. was as described previously [11, 12],
although a nebulizer was not needed. BASIC software was developed for
data acquisition, for digital smoothing, and for calculating mean values from
sets of consecutive measurements. Intensity/time curves were plotted
(Hewlett-Packard 7221 B), with or without digital smoothing. Peak heights
or peak areas (in nanocoulombs (nC)) (for a specified time span of 105-s)
were calculated along with the relative standard deviation (s,) of the back-
ground current.

Flow-injection operating conditions for the determination of arsenic in
glycerine are listed in Table 1. They result from the adaptation of previously
determined operating conditions for hydride generation using Simplex opti-
mization [11, 13].
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TABLE 1

Operating conditions for quantitation of arsenic in glycerine

Flow system Spectrometer

Flow rate, carrier 2.24 ml min™ Wavelength 193.70 nm
acid (stream 1) 8.75 ml min ™' Power 0.65 kW
acid (stream 2) 2.24 ml min~! Argon flow rate

Gly cerine in injected solution 200¢g1™? outer 15.30 1 min~*

Injected volume 374 1 central 0.39 1 min !

NaBH, carrier 1.1% (w/v) intermediate 0.10 1 min™!

Acid/BH, 4.9:1 (v/v) Mean observation height 16 mm

Peak area computation time 105s Slit height 5mm

Data collection time for duplicates 270 s Image magnification 1

Monochromator slit widths 50 um

Reagents and solutions

Analytical grade hydrochloric acid, sodium hydroxide, and deionized
distilled water were used. Hydrochloric acid was distilled isothermally.

Various solutions of sodium tetrahydroborate (0.4—2.0%) (MCB reagents)
were prepared in either 0.2 M, or in 0.5 M sodium hydroxide. The cloudy
solutions were pressure-filtered through 0.45-um membrane filters. Sodium
hydroxide stabilized the sodium tetrahydrohydrate solution [14].

Purified arsenic trioxide (Mallinckrodt) was dissolved in hydrochloric acid
and was then diluted (1 + 99) with deionized distilled water.

Arsenic-free glycerine, as well asindustrial glycerine samples, were supplied
by Procter and Gamble (Cincinnati, OH) [15]. Glycerine samples had to be
diluted with deionized distilled water before injection. Various dilutions
were made to select an appropriate viscosity which can be handled by the
flow-injection instrument. Concentration of glycerine greater than 200 g1
seemed too viscous, therefore two dilutions of 200 g 1™! and 100 g 1™! were
prepared and examined. A series of standard solutions of glycerine was
prepared from the arsenic-free reagent for each one of the above dilutions by
adding the calculated volume of the acidic arsenic trichloride solution to give
final solutions containing 0.12—3.0 ug As g! of glycerine (either in 200 g 1"
or in 100 g 17! glycerine solutions).

RESULTS AND DISCUSSION

Operating conditions

A 2% (w/v) solution of sodium tetrahydroborate, previously found to be
most suitable for hydride generation [11], was too concentrated for the pro-
posed system because the discharge was unstable. Therefore, lower concen-
trations were examined with aqueous standard solutions of arsenic (0.7 ug
ml™?). The results are listed in Table 2. With 0.4% sodium tetrahydroborate
solutions, the peak-area measurements were low, and no significant change in
the signals was observed when the concentration of sodium tetrahydroborate
exceeded 1.2%. For glycerine solutions, a suitable concentration range for
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TABLE 2

Dependence of arsenic peak-area measurements on the concentration of sodium tetra-
hydroborate and sodium hydroxide in the carrier

NaBH, NaOH Peak area? spP NaBH, NaOH Peak area® sp?

(%) M) (nC) (%) (%) (M) (nC) (%)
0.4 0.5 0.866 3.3 1.2 0.5 2.024 2.2
0.4 0.5 0.792 3.0 1.2 0.5 2.060 2.9
0.8 0.2 1.683 1.8 15 0.5 2.070 2.4
0.8 0.2 1.568 2.1 1.5 0.5 2.095 2.4
1.0 0.5 1.870 2.5

aAverage of two determinations. PRelative standard deviation of background (Fig. 4);
0.7 ug As ml™ in aqueous 4 M HC1.

sodium tetrahydroborate was 1.0—1.2%, and a 1.1% solution was adopted.
While a hydrochloric acid dilution of 1 + 2 was adequate both for hydride
generation and for flow-injection/hydride generation with aqueous arsenic
solutions, when glycerine solutions were used, a 1 + 1 dilution of 6 M hydro-
chloric acid was preferred. A volume ratio of HCI to tetrahydroborate of
4.9:1 was used for best results. No significant difference existed between the
results obtained when the tetrahydroborate solutions were prepared in 0.2 M
and 0.5 M sodium hydroxide, provided that this reagent was used within a
few days after preparation.

There were no advantages in using a 100 g 1™! solution of glycerine com-
pared to 200 g 17!, Similar blanks were observed for both solutions, and the
more dilute solution promoted more bacterial growth when left standing at
room temperature for a few days. Accordingly, subsequent work was done
with 200 g 1! glycerine solutions.

Injecting an arsenic-free glycerine blank produced a small signal, the area
of which averaged 0.33 nC for a time span of 105 s (Fig. 3, curve a) while
the average area of a peak for a glycerine solution containing 0.4 ug As g~
was 5.03 nC after blank correction (Fig. 3, curve b). However, superimposing
the well-defined transient signal (curve b) on the blank reveals a negative
signal for the blank, which coincides with the peak of curve (b), and the
origin of which is unknown. In contrast to the well-defined transient of
curve (b), the transient signals observed for higher concentrations of arsenic,
for both the standard solutions and the samples, exhibited signal pulsations
and broadening at half-peak heights, accompanied by some degree of flicker-
ing of the plasma (Fig. 4). In addition, the reproducibility of the peak heights
for the same analyte was poor. Linearity of peak heights with arsenic concen-
tration in glycerine was observed to 2.0 ug As g'. Variation of the shapes
and time dispersions of the peaks along with the deviation of peak heights
from linearity with arsenic concentration is inconsistent with conventional
flow-injection behavior. The reason for this deviation from conventional
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Fig. 8. Response for glycerine sample with 1.1% NaBH, and 1 + 1 HCI in duplicate:
(a) arsenic free; (b) containing 0.4 ug As g! glycerine.
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Fig. 4. Duplicate arsenic signals for a glycerine sample containing 3.0 ug As g! glycerine.
The arrows indicate the start and end of the integration period. Peak areas are 34.5 nC
and 36.5 nC, s}, for the two injections was 1.4% and 5.6%, and the calculated limits of
detection were 0.03 and 0.1 ng ml-!, respectively.

behavior stems from the added complexity of the hydride generation and
separator which involves a three-stage process. The time-dependent transient
shape is most likely influenced by the effects of vapor (arsine and H,) forma-
tion on the flow patterns in both the liquid stream and the argon carrier gas
to the i.c.p. Although it might be possible to modify the flow-injection system
to permit peak heights to be used for higher arsenic concentrations [16] this
possibility was not examined here and peak areas were used.

Glycerine samples

Glycerine solutions containing known amounts of arsenic were processed
as described above. The reproducibility of peak areas for concentrations
between 0.7 and 3.0 ug As g™! glycerine exhibited an average difference of
+1.4% for duplicate samples. A least-squares fit of the peak areas (nC) vs.
concentration (0.12—3.0 ug As g™, see Fig. 5) gave a slope of 10.96 nCg ug™,
with a standard deviation of +0.17, and an intercept of 0.46 + 0.30 nC.

Industrial glycerine samples were processed in a similar manner, and results
are listed in Table 3. The results obtained for samples 1 and 3 are in excellent
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Fig. 5. Calibration graph of arsenic emission peak area (nC) for concentration of arsenic
in glycerine standard solutions (e). Confidence bands at the 95% level are indicated with
intersection of curves at peak area values corresponding to samples 1—3 in Table 3 (o).

TABLE 3

Arsenic in industrial glycerine

Sample Peak area® Glycerine conen.? (ug g™)
(nC) Added Found Difference Literature [15]
1 1.31 0.1 0.08 + 0.08 0.02 0.08
2 3.06 0.6 0.26 + 0.08 —0.24 0.46
3 11.71 1.0 1.03 + 0.05 0.03 1.1
4 63.22¢ 7.0 5.73 + 0.27 —1.27 7.4

aBlank area corrected. PConcentration range based on 95% confidence band limits of
calibration function (Fig. 5). “Beyond the range of the calibration.

agreement. The large deviation for sample 4 probably results from the peak
area exceeding the maximum linear range of the calibration curve. The result
for sample 2 is anomalously low. However, if peak height instead of peak
area were used, the concentration of sample 2 would be 0.47 ug As g™, In
view of the results for sample 2, further investigation of the flow cell design
to reduce signal variations (Fig. 4) is warranted.

We thank Baird Corporation for the loan of the Fiatron instrument.
Research was supported by the ICP Information Newsletter, and Department
of Energy Contract DE-AC02-77EV-0432. Paper presented at the 1984
Winter Conference on Plasma Spectrochemistry, January 1984, San Diego, CA.
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SUMMARY

A method is described for the determination of arsenic involving hydride generation
and atomic absorption spectrometry with an improved long graphite-tube furnace capable
of considerably higher temperatures than the conventional quartz-tube heaters. Arsine is
generated with sodium tetrahydroborate, held in a nitrogen-cooled trap and then swept
with helium into an alumina tube (19 cm long) placed within the graphite furnace, The
optimum conditions for determination of arsenic are given. The detection limit is 0.2 ng
ml™? with RSD of 2—3%. Results for various NBS Standard Reference Materials agreed
well with expected values and were as follows: orchard-leaves, 10 = 1 ug g™'; tomato leaves,
0.28 + 0.03 ug g™*; bovine liver, 0.046 + 0.005 ug g*.

Graphite electrothermal atomizers are commonly used as absorption cells
in atomic absorption spectrometry. Most graphite furnaces are designed to
vaporize and atomize the sample into a relatively small volume so as to im-
prove sensitivity. L’vov [1] and Woodriff and co-workers [2, 3] have given
quantitative relationships for absorption with respect to length, temperature,
and pressure. These workers as well as others have shown that the overall
sensitivity is proportional to the 3rd power of the length and that analyte
loss by diffusion is less serious with long closed tubes than it is for tubes
with openings near the center.

Ng and Caruso [4] recently reviewed electrothermal vaporization for
sample introduction in atomic spectrometry and stressed the importance of
independent control of vaporization and atomization which results in higher
sensitivity and more efficient atomization of analyte in different sample types
introduced into the atom reservoir. Hydride generation is one means of inde-
pendent introduction of suitable analytes into furnaces, flames, and plasmas.
Nakahara [5] has reviewed the principles and applications of hydride-genera-
tion techniques in atomic absorption spectrometry. Improvements in detect-
ability of hydride generation over direct introduction of sample solutions
were obtained in most cases [6, 7]. In this paper, a hydride-generation system
coupled with a long-tube graphite furnace is used to quantify arsenic and is
evaluated with respect to optimum conditions and quantitative applications.

0003-2670/86/$03.50 ©-1986 Elsevier Science Publishers B.V.
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The long-tube furnace achieves a much higher temperature (>1200°C) than
is possible with conventional quartz vessels. Thus atomization is much more
efficient for many elements.

EXPERIMENTAL

Apparatus )

A Hitachi Model 180-80 atomic absorption spectrometer equipped with a
tube graphite furnace (14 cm long), hollow-cathode lamp (Hamamatsu), and
a Hitachi Model 056 strip-chart recorder were used. General aspects of the
absorption cell are shown in Fig. 1.

The apparatus used for the generation of arsine is similar to the one de-
scribed by Uthus et al. [9]. Helium is used as the arsine carrier because it has
a lower boiling point than liquid nitrogen, which avoids clogging that would
take place with argon. The line from the gas cylinder is split with a glass
Y-joint into two lines provided with separate flowmeters. One line is con-
nected to the left side inlet of the graphite tube to sweep the helium/arsine
mixture into the furnace; the other line is connected to the quartz tube as a
sheath gas to minimize degradation of the graphite heater tube. Because of
the outer diameter of the long tube furnace, the magnet of the Zeeman spec-
trometer could not be used and so background correction was made sepa-
rately from sample measurements. A new long tube furnace is now being
designed for use with the Zeeman magnet to allow background correction.

Reagents
A standard stock solution of arsenic was prepared by dissolving arsenic tri-
oxide (SRM 83b, National Bureau of Standards). High-purity hydrochloric

/I5 12 16 £ 12
9 4 7

fio
[ , i

Fig. 1. Cross-sectional view of long absorption cell: (1) inner tube (i.d. 2.4 mm, o.d.
6.5 mm, length 19 e¢m, alumina); (2) quartz tube (o0.d. 27 mm, length 14 em); (3) heater
tube (i.d. 6.5 mm, o.d. 9.5 mm, length 14 c¢m, graphite); (4) sample gas inlet tube (alu-
mina); (5) argon carrier gas inlet tube (brass); (6) sample gas inlet tube holder (graphite);
(7, 8) graphite electrodes; (9, 10) terminals; (11) quartz window; (12) insulator; (13) elec-
trode cooling water tube; (14) sheath gas inlet; (15) electrode assembly holder (brass);
(16) electrode assembly holder binding bar (brass).
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and nitric acids were prepared by using the sub-boiling method [10]. The
aqueous 10% (w/v) sodium tetrahydroborate solution was prepared by dis-
solving the sodium salt (A.C.S. grade, Fisher Scientific) in agqueous 0.5%
(w/v) potassium hydroxide (86%, Mallinckrodt). This solution was filtered
through No. 41 filter paper (Whatman) before use. An aqueous 20% (w/v)
potassium iodide (A.C.S. grade, Fisher Scientific) solution was used. De-
ionized water was used throughout.

Preparation of NBS Standard Reference Materials (SRM)

Standard reference materials (NBS) were dried in a desiccator for 2 days
over phosphorus pentoxide. Approximately 250 mg of sample (orchard
leaves, SRM 1571; tomato leaves, SRM 1573; bovine liver, SRM 1577) was
weighed into a 300-ml round-bottom flask, and then 10 ml of high-purity
nitric acid and 1 ml of sulfuric acid were added. The sample/acid mixture
was digested with a condenser and a laboratory-constructed nitric acid reser-
voir. The side-arm reservoir was used to collect the condensed nitric acid
after the production of sulfur trioxide fumes; the flask was then cooled and
the condensed nitric acid solution was returned to the sample mixture. The
digesting procedure was repeated until the residual solution became clear.
The solution was transferred to a teflon beaker and evaporated to white
fumes. Finally, the digested solution was transferred to a 50-ml volumetric
flask and diluted with deionized water to the mark. This sample was then
used directly for arsenic measurements. Standard calibration solutions were
prepared in 100-ml flasks from a 1000-mg 17 stock solution of arsenic con-
taining 4% (v/v) hydrochloric acid.

Arsenic generation

Figure 2 shows the block diagram of the arsine generation system. The
1-ml sample was placed in the 100-ml round bottom flask with 1 ml of the
iodide solution, 2 ml of water, and 1 ml of 6 M hydrochloric acid. The solu-
tion was stirred, 1 ml of the tetrahydroborate solution was added, and the
arsine was collected by the liquid nitrogen trap; this process required about
6 min. Power was applied to the graphite furnace, which was adjusted to a
constant temperature before the liquid nitrogen dewar flask was replaced by
a beaker which was filled with water at room temperature.

RESULTS AND DISCUSSION

The optimum amounts and concentrations of hydrochloric acid, iodide
and tetrahydroborate were selected from previous studies [9, 11, 12]. The
effects of the flow rates of argon and helium carrier gas on peak height are
shown in Fig. 3. An argon flow rate of 120 ml min™ and a helium flow rate
of 55 ml min™ gave maximum absorption for the samples used.

The arsine signal for 1 ng of arsenic was shown to reach a plateau over the
range 6—10 min trapping time, indicating complete generation, trapping, and
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Fig. 2. Block diagram of arsine generation system: (A) helium; (B) generating flask;
(C, D) dry ice/acetone cold traps to collect water; (E) CaCl, drying tube; (F) liquid nitro-
gen cold trap; (G) argon.
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Fig. 3. Absorbance vs. flow rate: (A) argon for 10 ng As; (B) helium for 1 ng As.

release of the arsine. This result agreed with the results of Shaikh and Tallman
[13]. The trapping time limited the sampling rate of the method; in the
present system, it is about 6 samples per hour.

With the long absorption cell, the limit of detection was 0.2 ng ml™ (S/N
= 3). The arsenic content of various NBS standards was also determined
(Table 1). The values obtained for six determinations agreed well with the
certified values. According to Kang and Valentine [14], residual sulfuric
acid below 5% in the final biological sample solution did not interfere with
the determination of arsenic as long as the arsine was collected in a suitable
trap and released rapidly for measurement.
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TABLE 1

Arsenic content of NBS Standard Reference Materials

SRM Arsenic content (ug g™)

Present study? Certified value
1571: orchard leaves 101 10+ 2
1573: tomato leaves 0.28 + 0.03 0.27 + 0.05
1577 : bovine liver 0.046 + 0.005 0.055 + 0.005

2Mean and standard deviation for 6 determinations on dried samples.

Sturgeon and Berman [15] found that an increase of the partial pressure
of oxygen in the graphite furnace suppressed the rate of condensed-phase
thermal dissociation of analyte oxides, resulting in thermal shifting of the
absorption pulses by the reaction M,0O,(s, 1) > xM(g) + y/20,. The avail-
ability of carbon atoms on graphite to adsorb oxygen resulted in an increase
in the number of gas-phase analyte atoms. It was not sufficient to consider
only the interaction between oxygen and the graphite surface, because
graphite formed intercalation or lamellar compounds. Koreckova et al. [16]
showed that 45% of 7*As was left after pretreatment of the regular graphite
tube at 1400°C for 90 s. Figures 4 and 5 show the effect of using the regular
graphite tube alone and using an inner alumina tube with the graphite outer
tube. It is clear that the inner alumina tube can prevent any interaction be-
tween graphite and arsenic, so that the sensitivity is increased.

Figure 6 shows a plot of the absorption signal vs. furnace temperature; the
furnace temperatures were measured with an optical pyrometer. It is apparent
that the arsine dissociates as the temperature increases above 1150—1200°C.

a_b e f
< d
I-——eoo—-l———sao———-l——noso‘-{——tzoo
B a b —
w
d € f
Fm+c 930——|——losoﬁ>-|zoo
Temp. (°C)
Fig. 4. Effect of inner tube material on absorbance for cylinder arsine at a flow rate of
10 ml min™*: (a) AsH, turned on;(b) AsH, turned off; (c, d) temperature increased from

800 to 930°C; (e, f) temperature increased from 930 to 1050°C. (A) Graphite inner sur-
face; (B) graphite outer tube with alumina inner surface.

Absorbance

Absorbance

Fig. 5. Effect of inner tube material on absorbance from 10 ng As (1330°C, liquid nitro-
gen trapping time 6 min). A and B as in Fig, 4.
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Fig. 6. Absorbance vs. furnace temperature for 10 ng of arsenic.

Two atomization mechanisms have been proposed [8, 17] for arsine; for
both mechanisms, the appearance temperature was around 900°C. When
tank arsine was used, a plot similar to that in Fig. 6 was obtained. This
implies that the atomization mechanism based on reduction of arsine with
hydrogen to arsenic [17] is not likely, but the mechanism involving thermal
dissociation of the As, and As, species [8] is a possibility.

This research was supported by EPA-R-810387-01-1.
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SUMMARY

The introduction of various new radiofrequency electrical discharges has placed
increased emphasis on circuit design which provides optimal energy transfer between a
generator and its corresponding spectroscopic ‘‘load”. This technology is well developed
for high-frequency (ca. 27 MHz) inductively-coupled plasma discharges and for cavity
discharges which operate in the microwave region (e.g., 2450 MHz). The 200-MHz very
high frequency (VHF) region has received less attention. New circuitry is described which
allows effective transfer of high power (5-kW), pulsed (2.5-us), VHF (200-MHz) energy
into a plasma suitable for analytical purposes. A triple-stub tuner is used in this circuitry.
Comparison with other approaches and applicability to a variety of discharge systems are
discussed.

Recent experiments which segregate the “sampling”’ step from the ‘‘excita-
tion” step in a spark discharge have resulted in spectral simplification, mini-
mization of background continuum, and narrow line emission [1]. This
system involved a unidirectional spark which ablated a metal surface followed
by inductively-coupled re-excitation of the resultant toroidal port-discharge
environment {2]. A 2.5-us burst of 200-MHz radiofrequency energy was
used. Although emission intensities corresponding to re-excitation of the
post-discharge torus are weak, compared to direct spark emission, signal-to-
background ratios are often improved by several orders of magnitude. Photo-
graphic integrations exceeding 1-h duration were typical. [The time/space/
wavelength-resolved spectrometer system used to collect such data operates
with an optical time resolution of ca. 80 ns at a discharge repetition rate of
360 Hz. Thus, a “1-h exposure” corresponds to an integrated exposure of
events totaling approximately 100 ms. The system will be described at a later
date.] This research indicated the need for more efficient transfer of power
for re-excitation purposes. Discharge luminosity was used to indicate opti-
mum performance.

Instrumentation reported here dramatically improves such energy transfer.

2Present address: Allied Analytical, 590 Lincoln St., Waltham, MA 02154, U.S.A.
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Instrumentation

Effective energy transfer requires that the impedance of the energy source
be equal to the impedance of the load. In addition to limiting effective energy -
transfer to the load coil and plasma, the presence of load mismatch also
results in reflected power transferred back to the generator, causing compo-
nent failure.

A variety of impedance-matching networks to transform the source impe-
dance into that of the load have been described for 27-MHz inductively-
coupled plasma (i.c.p.) discharges (see, e.g. [3, 4]). Operation with these
same devices at 200 MHz presents complications. In particular, the inductive
and capacitive reactance of each element, resulting in parasitic oscillatory
tank circuits, component placement relative to each other and to ground
planes, and circuit losses, become very critical and difficult to predict at
higher frequencies.

The voltage standing wave ratio (VSWR) is a direct measure of the ratio of
forward (E;) to reflected (E,) voltage [5]:

VSWR =Emax/Emin= (Ex + Er)/(Ex _Er) (1)
The total power actually delivered to the load is given by
P/P; = (P, — P,)/P; = (E? — E?)/E? =4(VSWR)/(VSWR + 1)? (2)

where P is the power delivered to the load and P; and P, are the incident and
reflected powers, respectively. Figure 1 illustrates P calculated as a function
of VSWR values assuming that P, = 5 kW (this latter power level is typical for
operation in this laboratory). Thus, a VSWR of 8 implies a badly mismatched
circuit with less than 40% of generator forward output power delivered to
the load. This level of reflected power can result in catastrophic damage to
the output device.

Accurate measurement of VSWR at 200 MHz is also difficult. The envelope
of generator output (terminated in a 50-£2 resistive dummy load) is shown in
Fig. 2. The transient, non-ideal nature of this waveform contributes to mea-
surement difficulties. It was noted in earlier work [1] that instrumentation
was ngt available to measure the effectiveness of forward power transfer. As
a result, it was possible only to correlate “optimum” power transfer with re-
excitation emission intensities. This approach can be misleading as indicated
by data presented here. Efforts to design a pulsed-radiofrequency (r.f.)
monitoring facility were abandoned when a preproduction model of a Bird
(Bird Electronic Corporation, 30303 Aurora Road, Cleveland, OH 44139)
Model 4391 Power Analyst, was acquired. This instrument is designed for
pulsed radar and similar applications and is an insertion-type digital r.f. bi-
directional wattmeter designed to measure peak or average power, load
mismatch (VSWR), and modulation properties in 50-Q coaxial transmission
lines. Directional plug-in units are available for a variety of frequency ranges
and power levels. This instrument was used in acquiring all data reported
here.
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Fig. 1. Power delivered as a function of VSWR.

Fig. 2. Envelope of the 200-MHz radiofrequency pulse used for the inductive-coupling
spectroscopic experiments described earlier [1]. The ordinate is relative power. The zero-
offset after pulse turn-off is a characteristic property of the power-sensing circuit in the
Heath (Benton Harbor, MI Model HN-31) 50-Q resistive dummy load.

EXPERIMENTAL

The earlier experiments [1] used standard i.c.p.-type L-network impedance
matching circuitry consisting of a micrometer-driven adjustable 1000-pF air
dielectric-load capacitor to ground and a three-quarter-turn air-core indicator
in series with the plasma load coil. This capacitor was fabricated from two
ground and polished aluminum plates (5-cm diameter) supported on teflon
standoffs and adjusted to be parallel to within £0.0025 cm. This first-genera-
tion device sustained high losses. Further, this apparatus was temporally
unstable, susceptible to temperature and humidity changes, and sensitive to
static electricity effects. Based on an assumption that the air dielectric capa-
citor resulted in significant losses, this prototype unit was reconfigured with
a low-loss, variable-drive, vacuum capacitor (Jennings Radio UCS300;
0—300 pF; glass-housing vacuum bellows-driven capacitor). As will be noted,
this approach improved energy transfer, but acceptable VSWR levels were
not possible.

The application of coaxial line tuners [6] was investigated as a new
approach to improved performance. Components such as stub tuners, stub
stretchers, and phase shifters are linear passive devices intended to introduce
variable impedance and/or phase into a transmission line. These units are
used in the range 0.1—10 GHz. A triple-stub tuner is outlined in Fig. 3. This
device is theoretically capable of matching all impedances. Operation of the
triple-stub tuner is based on the principle that mismatch in a coaxial trans-
mission system can be cancelled by the introduction of another mismatch,
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Fig. 3. Schematic representation of a triple-stub tuner. The input impedance is 50 Q. Ry,
represents the load to be matched. The distance between stubs is approximately 3/8 .

the reflection coefficient of which is in antiphase with the load mismatch,
thereby cancelling the reflected wave. Thus a stub tuner produces both a
variable mismatch and a variable phase. The triple-stub tuner consists of three
variable-position short circuits positioned along the central transmission line.
Depending on the position of each stub along the line, the resultant reactance
can be either capacitive or inductive, with total stub impedance adjustable
from zero to infinity in an ideal lossless system. An exact mathematical des-
cription of the triple-stub tuner operation is complicated [7] and is beyond
the scope of this paper. Lance [7] gives an approximate sequential description
of single- and double-stub tuner operation based on Smith charts. Circuit
properties are calculated in terms of normalized load admittances.

A Microlab/FXR (Livingston, NJ 07039) model S3-02N triple-stub tuner
was manufactured for these experiments. Specifications are detailed in
Table 1. Each stub allows 75 cm of travel. To facilitate adjustment without
increasing the overall dimensions of the tuner, the outer conductor of each
stub is slotted to permit adjustment of stub position. The entire unit is silver-
plated and beryllium/copper contacts assure good electrical contact and long
mechanical life.

RESULTS AND DISCUSSION

Results of several approaches to impedance matching at 200 MHz are
summarized in Table 2. Measurements of VSWR were made with P; set to
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Summary of electronic components (cf. Fig. 3)

High-frequency pulsed power generator

Model

Mainframe power capability
Mainframe frequency range

Plug-in r.f. oscillator

Plug-in oscillator r.f.
Plug-in oscillator peak power
Output impedance
Load VSWR
Maximum duty cycle
Frequency stability
Power stability

Pulse duration
Repetition rate

Rise time

Full time

Droop

Isolator

Model

Peak power capacity

Isolation

Insertion loss

Frequency of optimum isolation

Triple-stub tuner
Model

Power rating, average
Power rating, peak
Frequency range
Impedance

Maximum insertion loss
Finish

Coupling inductor L

Specification

Series resistor R
Value
Power rating, average composition

Miscellaneous
Connectors

Cable

Model PH40K, Applied Microwave Division,
EPSCO, Westwood, MA 01810

40 kW, peak

150 to 6100 MHz (with 20 optional r.f. oscillator
plug-in units)

EPSCO Model 1701H4, traveling wave tube oscil-
lator. (Custom engineered for enhanced output
at 200 MHz)

150—300 MHz

15 kW (variable)

50

1.5:1 max.

0.001

0.5% h-!

+0.5 dB

0.4—25 us

10 to 10 000 Hz (externally triggered at 360 Hz)

100 ns max.

200 ns max.

0.5% us™!

PAMTECH Model VTC2047, Canoga Park, CA
15 kW

20 dB

(—0.3 dB)

200 + 10 MHz

Microlab/FXR Model S83-02N, Livingston, NJ
07039

100 W

5 kW

0.2—1.0 GHz

50 @

0.2dB

Silver QQ-S-365

ca. 1l-cm diameter. Turns (1—10) and turn spacing
depend on experiment specifications

20—45
2 W carbon, noninductive

All r.f. connections made with type N, or equiva-
lent
RG-214/M
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TABLE 2

Results of impedance-matching study

Mode VSWR
Simple L-network 8.2
Simple L-network with vacuum capacitor 3.8
Triple-stub tuner 2.1
Triple-stub tuner with quarter-wave termination 1.05

4.0 kW peak envelope power (PEP) as measured with the Bird Model 4391
reflectometer. Measurements reported were made on the 2-turn coupling
load coil shown in Fig. 2 of the earlier paper [1]. Standard deviations of
+(0.2 VSWR are normal.

Improved circuit design and enhanced component quality markedly
improve the observed VSWR. Equivalent matching performance, in terms of
VSWR, was also obtained for matching coupling coils with up to 10 turns. It
is evident that simple LC networks do not provide adequate impedance-
matching performance.

The triple-stub tuner, placed between the generator and the load coil,
provides improved impedance matching. Although adjustments are inter-
active, the tuner is simple to operate. When the Bird digital reflectometer is
used to optimize power transfer, an infinite number of combinations of stub
positions will result in an acceptable match. Under these operational condi-
tions, the VSWR was reduced to ca. 2.0. This circuit also eliminates the
instability and static electricity effects which characterized the previous LC
networks. Preliminary VSWR adjustments are made at reduced power levels
(ca. 0.5 kW) to avoid internal arcing within the triple-stub tuner under high
mismatch conditions. '

The operational configuration used here is shown in Fig. 4. Components
are identified in Table 1. For optimum performance, proper termination of
the stub tuner into the load is important. Theoretically, the load can be posi-
tioned at any reasonable distance from the tuner. However, if the generator
exhibits a small degree of frequency instability, and the length of the coaxial
termination is many wavelengths long, small changes in frequency can result
in large changes in impedance. The resultant instability is termed the long-line
effect. This effect is minimized by terminating the stub tuner into the load
through a coaxial cable section cut to be one quarter-wavelength long [5]. A
2-W, carbon-composition resistor is included in series with the load coil.
Values between 20 and 45 Q are selected experimentally depending on the
configuration of the coupling coil.

As shown in Fig. 4, an isolator is normally placed between the pulsed r.f.
generator and the impedance-matching circuitry. The isolator is a protective
device with a directional port which channels reflected power into an internal



225

Stub Tuner
1solator

o]

Power Generstor

Fig. 4. Final impedance-matching circuitry to allow optimum power transfer of the
inductive-coupling load coil at 200 MHz. Components are identified in Table 1.

resistive dummy load. This protection avoids catastrophic damage to the
traveling-wave-tube output of the generator under conditions of high VSWR
(including open or short circuits at the load). An insertion loss of 0.3 dB was
experimentally verified. A limitation of the isolator is that effective isolation
is only provided over a narrow frequency range (+10 MHz), limiting the flexi-
bility to investigate r.f. coupling over wide frequency ranges. As a result of
improved VSWR performance, experiments were often run with the isolator
removed from the circuit.

The procedure now used for impedance matching is to optimize generator
output directly into a calibrated 50-Q resistive ‘“‘dummy load”’; to connect
the stub tuner with quarter-wave coaxial termination to the load coil, to
minimize VSWR with interactive stub-tuner adjustments using a bidirectional
reflectometer, to readjust the generator frequency to minimize VSWR
(¥2 MHz), and to recheck forward power and return to the step for minimiz-
ing VSWR. If these conditions are met, VSWR values of 1.05:1 (x0.01) are
routinely achieved.

It should be noted that the estimated generator peak power reported
earlier [1] was based on the plate voltage, and the instrumentation described
here indicates that these earlier data were actually taken with a peak forward
power of about 2.5 kW and a VSWR of about 8. An exposure time of 60 min
was required to produce the re-excitation data shown in Figs. 7 and 8 of the
earlier paper [1]. Current experiments were typically run with 5-kW peak
forward power and a VSWR of 1.05. Spectroscopically, this reduces expo-
sure times to 15 s with re-excitation intensities equivalent to those reported
earlier [1]. This performance has had a major impact on current research
efforts by increasing available coupling energy and by reducing experiment
times. Higher available energies can also be used to enhance upper electronic
state populations of species contained in the torus. These studies are in
progress.

The instrument has been run for several hundred hours using the triple-stub
tuner matching a 200-MHz generator output of 5 kW. No degradation in
performance has been observed. Although the triple-stub-tuner ratings have
been exceeded, recent operations have included a 10-kW peak forward
power, with a VSWR of 1.06, for continuous periods of up to 10 h, without
deleterious effect on generator or tuner.
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Results of these investigations may prove useful in other experiments in
which pulsed high-frequency energy is advantageously coupled into atomic
plasmas.

We are indebted to Lee Peterson, Milt Shopnick, Albert Wilson, and Eugene
Snowden of the Wayne State University, Liberal Arts and Sciences Machine
Shops, for their continuing efforts in the fabrication of specialized instru-
mentation. Discussions with Mark E. Grandy are acknowledged. Gifts in the
form of electronic and optical instrumentation and components from Allied
Analytical (formerly Jarrell-Ash), Waltham, MA and from Baird Corporation
(Bedford, MA) are appreciated. Part of this work was funded by the National
Science Foundation under Grant CHE-80-16148.
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SUMMARY

A procedure is reported for the kinetic determination of iodate/periodate mixtures
based on the reduction of these anions by the iron(Il)/dipyridylglyoxal dithiosemicarba-
zone complex in an acidic medium. The reaction is monitored spectrophotometrically at
410 nm (absorption maximum of the iron(III) complex formed). Mixtures of these anions
at ug ml~' levels for iodate/periodate ratios from 5:1 to 1:4 can be determined with a
r.s.d. of ca. 3%. Molybdate is used to mask periodate to allow iodate to be determined
alone. The sum of both anions is obtained in the absence of molybdate. Chromate, hypo-
chlorite and hexacyanoferrate(III) interfere seriously.

Iodate and periodate have been extensively used as ingredients for indica-
tor reactions in catalytic-kinetic analysis involving redox processes. However,
there are few methods for their kinetic determination. The kinetic methods
reported so far for determination of iodate are mainly based on two catalytic
reactions. The first of these relies on the catalytic action of iodate on the
reduction of the monothiocyanate complex of iron(IIl) in the presence of
sodium nitrite and nitric acid [1, 2]. Because this reaction is also catalyzed
by iodide, several procedures have been suggested for the resolution of
iodide/iodate mixtures [3—5]. The second type is based on the well-known
iodide-catalyzed reaction between cerium(IV) and arsenic(IIl). Although
iodate is inactive as a catalyst, both iodide and iodate can be determined by
reducing iodate to the catalytically active form with arsenic(II) [6]. This
determination has been automated by Truesdale and co-workers and applied
to the determination of these species in water samples [7, 8]. The only
report on the kinetic determination of periodate involves a fixed-time proce-
dure based on the uncatalyzed redox reaction between dimedone bisthio-
semicarbazone monohydrochloride and periodate [9]; it was suggested that
iodate and periodate might be distinguished by the different pH dependences
of their reactions.

This paper describes a kinetic/spectrophotometric method for the deter-
mination of iodate/periodate mixtures. It is based on the oxidation of the
iron(1I)/dipyridylglyoxal dithiosemicarbazone (DGT)complex to the iron(III)

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V,
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complex. No synergic effects were apparent when both anions were present,
so the resolution of these mixtures was accomplished by using two sets of
experimental conditions (in the presence and absence of molybdate, which
masks the action of periodate [10]). No reference has been found to the
kinetic determination of iodate/periodate mixtures, and only one reference
to the determination of mixtures of species with redox properties involved in
the reversible transformation of ferroin/ferriin-type complexes [11]. That
method was based on the simultaneous kinetic analysis of uric acid/ascorbic
acid mixtures by means of a stopped-flow technique, with tris(2,2'-bipyridyl)-
iron(III).

EXPERIMENTAL

Reagents and equipment

The reagents were of analytical-reagent grade and distilled water was used
in the preparation of solutions. Standard solutions (1000 ug ml™!) of iodate
or periodate were prepared by dissolving pure potassium iodate or sodium
metaperiodate in water. A solution of iron(II) (2000 ug ml™) was prepared
by dissolving ammonium iron(II) sulphate in dilute sulphuric acid (pH 2.0).
This solution was standardized by photometric titration with potassium
dichromate, using diphenylaminosulphonic acid as indicator, and stored in
an argon atmosphere to avoid atmospheric oxidation. Solutions (0.05 and
0.0375% w/v) of dipyridylglyoxal dithiosemicarbazone (DGT) were prepared
by dissolving the appropriate amount of recrystallized reagent in 100 ml of
ethanol. This reagent was synthesized from dipyridylglyoxal and thiosemi-
carbazide {12]. A stock buffer solution of pH 2.3 was prepared from mono-
chloroacetic acid and sodium monochloroacetate.

Kinetic runs were examined and spectra were measured with a Perkin-
Elmer 575 u.v.-visible spectrophotometer equipped with 10-mm glass or
silica cells and with Peltier thermostat attachment. A Mettler Memotitrator
DL-40 photometric titrator and a Radiometer PHM62 pH meter with a com-
bined glass/calomel electrode were also used.

Procedure

To a 10-ml volumetric flask, add 4.0 ml of 0.05% DGT solution, 1.0 m! of
the buffer solution and 0.5 ml of 250 ug ml™ iron(II) solution, and then
start the stopwatch. Dilute to the mark with distilled water and after 1 min
transfer two 2.5-ml portions of this solution to the spectrophotometer cells,
maintained at 25 + 0.1°C. Wait for 1 min and add 40 ul of a solution con-
taining 2.5—12.5 ug of iodate and 2.5—10 ug of periodate to the sample cell.
Stir this solution magnetically and wait for 1 min before starting to record
the absorbance (at A, =410 nm) as a function of time. Calculate the slope
of the linear plot, which is proportional to the iodate plus periodate concen-
tration in the sample. In another experiment, add 2.0 ml of 0.02 M sodium
molybdate after the iron(II) solution in order to mask the periodate, and
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proceed as above. The difference between the two rates represents the perio-
date content.

For the determination of periodate alone, follow the procedure as above
without molybdate addition; for iodate alone, add 4.0 ml of 0.0375% (w/v)
DGT solution and 0.4 ml of 250 ug ml™ iron(Il) solution instead of the
amounts used above.

RESULTS AND DISCUSSION

Formation and spectrophotometric characteristics of the iron complexes

The DGT forms strongly coloured complexes with iron(II) in a process
which is strongly pH-dependent. In acidic medium (pH 2.5), iron(II) forms a
red-violet complex (Aga = 550 nm) in which DGT behaves like a ferroin-
type reagent, whereas in an ammonia/ammonium chloride buffer (pH 10) it
forms a green-blue complex (A, = 610 nm) in which the sulphur atoms
take part in the co-ordination. The reagent also forms a yellow chelate with
iron(III) which has an absorption maximum at 410 nm. The iron(II) com-
plexes have been used previously for the spectrophotometric determination
of iron [13].

The spectrophotometric characteristics of the iron(IIl) complex were
studied here. At any pH, this chelate has a 1:1 iron(III)/DGT ratio, the
sulphur atoms binding as in the green-blue iron(II) complex. The iron(III)
complex is very stable, more so than the iron(II) complex. The lesser stability
of the iron(II) complex can be used in kinetic analysis as the basis of an
indicator reaction. Thus, this complex can readily be oxidized to the yellow
chelate by several oxidants. In addition, its atmospheric oxidation is fast
at pH 3.0 (Fig. 1). Its reduction is only feasible in the presence of high
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Fig. 1. Spectra showing the air-oxidation of the iron(I1)/DGT complex. Curves recorded
at 5-min intervals. Conditions: 2.2 x 10* M Fe?*, 5.6 x 10* M DGT, pH 3.1, 25°C.

Fig. 2. Absorption spectra of the iron(II)/DGT complex in the presence of: (I) ascorbic
acid; (II) 4.0 ug ml~* periodate; (III) 4.0 ug ml-! iodate. Curves recorded after reaction for
5 min under the recommended conditions.
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concentrations of reductants such as ascorbic acid. Consequently, only the
determination of oxidants is of analytical interest.

Kinetic study of the oxidation reactions

As stated above, the iron(1I)/DGT complex can be oxidized to the iron(III)/
DGT complex in an acidic medium by the action of one of several oxidants.
When iodate or periodate is used, this reaction takes place sufficiently
rapidly for application in kinetic analysis. Thus, the oxidizing action of
iodate and periodate on the red-violet iron(II) complex is used here for the
kinetic determination of both anions individually and in mixtures.

Figure 2 shows the effect of both anions (each at 4.0 ug ml™) on the
spectrum after a reaction time of 5 min. It shows that the oxidation is much
faster with iodate than periodate. For kinetic measurements, the absorbance/
time curves were monitored at the absorption maximum of the iron(IIl)
complex (410 nm) because the molar absorptivity of the iron(III) complex
was higher than that of the iron(II) complex. A kinetic study of the influence
of variables on the oxidation rate was made in order to develop Kkinetic
methods for the determination of iodate and periodate.

Effect of reaction variables

The determination of iodate/periodate mixtures is influenced by several
variables which were studied for each ion separately by means of initial rate/
concentration plots.

The influence of temperature was examined in the range 10—40°C. The
plots of initial rate vs. temperature were similar in both cases, with maxima

“at 25 and 30°C for periodate and iodate, respectively. The decrease in reac-

tion rate at higher temperatures can be ascribed to the air-oxidation of the
iron(II) complex used as reference solution. These temperatures were chosen
for the recommended procedure. By plotting log (initial rate) against the
inverse absolute temperature, activation energies of 26.6 and 24.6 kJ mol™
were obtained for periodate and iodate, respectively.

A decrease in the initial rate with increasing pH was observed for both
reactions. However, the change was less above pH 3.0, so that a working pH
of 3.1 was chosen (Fig. 3a). The use of a buffer solution of pH 2.3 (2.0 ml)
gave this final pH in the reaction vessel in the presence of 40% (v/v) ethanol.
Under these conditions, the partial order in hydrogen ion concentration was
0.5 for both reactions.

The DGT concentrations that gave the greatest initial rate for each system
were 5.6 X 10 M (4.0 ml of 0.05% solution) for periodate and 4.8 X 10* M
(4.0 ml of 0.0375% solution) for iodate (Fig. 3b). For iodate, the reaction
order with respect to DGT was 1 below 4.8 X 10 M and —0.5 above this
concentration. Under the experimental conditions set for periodate, the reac-
tion orders were 0.5 and —0.5 at DGT concentrations below and above 5.6 X
10 M, respectively.

The iron concentration was varied from 0.5 to 3.5 X 10 M while the
other variables were maintained constant. A plot of initial rate vs. iron
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concentration is shown in Fig. 3(c). In both cases, a zero-order dependence
region is obtained for iron concentrations around the DGT:iron(II) stoichio-
metric ratio; this can be attributed to the greater lability of the iron(II)
complex under the conditions fixed for its oxidation with iodate or periodate.
This is also in agreement with the decrease in the analytical signal at iron
concentrations outside the plateau (Fig. 3c), representative of an excess of
DGT (left portion) or iron(II) (right portion). Consequently, because of the
more powerful oxidation action of iodate, the zero-order region is wider and
is attained at higher DGT:iron(II) ratios than for periodate. This suggests
that the dissociation of the iron(II) complex takes place prior to oxidation
by iodate or periodate. In order to keep precision as high as possible, an iron
concentration of 1.8 X 10 M for iodate and 2.2 X 10* M for periodate is
recommended. Regarding the kinetic dependence on the iron concentration
at values outside the plateau, partial orders of 0.5 and —1 for iodate and 1
and —1 for periodate were found (left and right portions, respectively).

Adjustment of the ion strength to 0.3 M with potassium chloride or potas-
sium nitrate did not affect either method. The effect of ethanol on the rate
was studied in the range 25—60% (v/v). The rate of both reactions increased
with increasing ethanol content up to 40% and remained virtually constant
at higher values. Therefore, 40% is recommended; this is achieved by the
amount of ethanol added as the DGT solution.

Absorbance/time curves were recorded for solutions containing different
amounts of iodate and periodate, under the recommended experimental
conditions. The reaction was found to be first-order with respect to iodate
and periodate. The following kinetic equations are suggested for the proce-
dure recommended for the determination of iodate and periodate:

d[Fe**—DGT]/dt = k,[DGT]"*[H"]'?[105]
d[Fe**—DGT]/dt = k,[DGT] [H*]**[10;]

where [Fe**—DGT] is the concentration of the product and k, and k, are
the conditional rate constants for the oxidation reactions.
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Individual kinetic determination of iodate and periodate

Three methods were applied under the recommended experimental condi-
tions for the determination of low levels of iodate and periodate (Table 1),
the initial-rate method, the fixed-time method (1.5 min for both anions) and
a fixed-absorbance approach (0.200 for iodate and 0.250 for periodate). For
both anions, the initial-rate method was selected for further experiments
because it had the highest precision. The sensitivities were (calibration slope)
7.64 X 1072 and 4.85 X 107 min~! M~ for iodate and periodate, respectively.

Determination of iodate/periodate mixtures

The determination of iodate/periodate mixtures is based on two facts: no
synergic effects were found when an iodate/periodate mixture was treated
with the iron(II)/DGT complex, and the effect of periodate can be masked
with molybdate [14]. Thus, two sets of ‘Yeaction conditions allowed both
iodate and periodate to be determined: in the absence of molybdate both
anions were determined; after molybdate had been added, iodate only was
determined. The recommended conditions for the determination of periodate
alone were used for the analysis of the mixtures. The amount of sodium
molybdate required to achieve the complete masking of periodate was
studied on samples containing 4.0 ug ml™ each of iodate and periodate. The
results showed that 2.0 ml of 0.02 M sodium molybdate was enough to
ensure the desired effect.

The results obtained for several synthetic mixtures of iodate and periodate
are summarized in Table 2. As can be observed, the determination of iodate/
periodate mixtures is feasible in the weight ratio range 1:4 to 5:1 (with a
maximum relative error of 5%). When the recommended procedure was
applied to eleven samples containing 2.0 ug ml~ each of iodate and periodate,
the r.s.d. was 2.9% for iodate and 3.5% for periodate.

The effects of other ions are shown in Table 3. Iodate/periodate mixtures
can be determined in the presence of 100-fold amounts of several related
anions such as bromate, chlorate and perchlorate. The most serious inter-
ferences were those of chromate, hypochlorite and hexacyanoferrate(IlI),

TABLE 1

Kinetic determination of iodate and periodate

Ion Method Range (ug ml?) R.s.d. (%)

Iodate Initial rate 2—14 1.32
Fixed time 3—9 3.14
Fixed absorbance 7—16 5.68

Periodate Initial rate 2—8 0.84
Fixed time 2—12 1.19
Fixed absorbance 4—16 5.19

aFor 11 samples containing 6.0 ug 10; ml~* and 4.0 ug I0; mi~.
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TABLE 2

Analysis of mixtures of iodate and periodate

Concentrations (ug ml)

Taken Found

Iodate Periodate Iodate Periodate
1.00 1.00 1.02 1.00
1.00 2.00 1.05 1.95
1.00 4.00 1.01 4.07
3.00 1.00 2.97 1.00
5.00 1.00 4,97 1.03
TABLE 3

Tolerance limits for foreign anions in the kinetic determination of 2.0 ug ml-! each of
iodate and periodate

Tolerance limit Foreign anion
(ug mt)
200 Cl-, Br-, NO;, BrO;, ClO;, SO, PO, ClO,, acetate, citrate, tartrate
100 S0?-, CO?-
50 F-, SCN-
10 §,0%, I, Fe(CN)}-
2 CrO}-, Cl10-, Fe(CN)?-

which interfere at a concentration similar to that of iodate and periodate
through oxidation of the iron(Il1)/DGT complex, thus causing a positive inter-
ference.

Recoveries of iodate and periodate added to sea water, river water and
drinking water, previously filtered and acidified with nitric acid were mea-
sured. Concentrations of 1.0—4.0 ug ml™ gave recoveries from 96 to 103.3%,
with an average of 100.1% for iodate and 99.8% for periodate. The standard
deviations of the recoveries were 2.2% and 3.0% for iodate and periodate,
respectively, for nine determinations of each.

Conclusions

Iodate/periodate mixtures can be determined in the ug ml™ range by
initial-rate measurements on an uncatalyzed redox reaction. Methods for the
determination of iodate reported in the literature are more sensitive because
they use catalytic reactions; however, these sometimes require the prior con-
version of iodate to an active catalytic species such as iodide. Regarding the
kinetic determination of periodate alone, the method proposed herein shows
advantages of sensitivity and selectivity over the previous method [9].
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SUMMARY

A sensitive kinetic fluorimetric system is proposed for the determination of hydrogen
peroxide produced by enzymatic oxidation of cholesterol, L-amino acids and linoleic acid.
2-Hydroxynaphthaldehyde thiosemicarbazone (HNTS) is oxidized by hydrogen peroxide
or hydroperoxides in an ammoniacal medium in a Mn(II)-catalyzed reaction to give a
fluorescent product (Ao = 390 nm, Agy = 450 nm). The lowest concentration of hydro-
gen peroxide determined is 50 pmol. Cholesterol was determined in egg yolk, cod liver oil
and horse serum. The ranges of concentration for substrates were 0.33—3.74 uM choles-
terol; 0.3—10 uM, 0.6—15 uM and 0.75—10 uM, for L-leucine, L-phenyalanine and L-
serine, respectively; and 15—150 uM linoleic acid.

The determination of substances of clinical interest such as glucose, chole-
sterol or uric acid in serum is now usually based on enzymatic reactions. In
many such reactions, enzymatically generated hydrogen peroxide is deter-
mined spectrofluorimetrically, or less often fluorimetrically, after the oxida-
tion of an indicator reagent or reaction between a chromogenic hydrogen
donor and a coupling agent, both in the presence of peroxidase. In a recent
paper, a very sensitive spectrofluorimetric determination of hydrogen
peroxide was described, based on the oxidation of 2-hydroxynaphthaldehyde
thiosemicarbazone (HNTS) by hydrogen peroxide or other hydroperoxides
in an ammoniacal medium, catalyzed by manganese(II) [1]. This system is
applied here to the determination of cholesterol, L-amino acids and linoleic
acid by use of the corresponding cholesterol and L-amino acid oxidases,
which generate hydrogen peroxide, and soybean lipoxidase (L-1 isoenzyme),
which forms 13-hydroperoxolinoleate. The procedure can determine as little
as 50 pmol of hydrogen peroxide, takes only 5 min and does not require
peroxidase.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Reagents and apparatus

All common reagents used were of analytical grade, and all water was
twice-distilled. Ethanolic 0.01% (w/v) HNTS, 0.5 mM hydrogen peroxide
and (1 + 5) ammonia solutions were prepared daily. The peroxide solution
was standardized by permanganate titration in acidic solution. A standard
manganese(II) solution (1.0 g 1) was prepared by dissolving a suitable
amount of the metal in the minimum volume of (1 + 1) hydrochloric acid
and diluting with (1 + 9) hydrochloric acid. All the enzymes, cholesterol,
cholesterol oleate and sodium taurocholate, were from Sigma Chemical Co.
The cholesterol oxidase solution was prepared by dissolving 1.2 mg of enzyme
in 1.2 m! of 0.2 M sodium chloride/0.8 ml of 1 M ammonium sulphate (the
stock solution contained 17.4 U ml™). Cholesterol esterase (3.5 U ml™) was
dissolved in 0.1 M potassium phosphate, pH 7.0. L-Amino acid oxidase (2 U
ml™') was stored as an aqueous solution. Soybean lipoxidase (1620 U ml™)
was dissolved in 0.168 M sodium borate buffer, pH 9.0. All the enzyme solu-
tions were stored in a refrigerator. A 20 mM solution of sodium linoleate was
prepared as described by Axelrod et al. [2]; 1 and 4 mM L-phenylalanine
(Phe), L-leucine (Leu), L-serine (Ser) and L-glycine (Gly) solutions were
prepared in a 0.4 M Tris-HCI buffer, pH 7.8.

All spectrofluorimetric measurements (Ao, = 390 nm, A, = 450 nm) were
made in an Aminco-Bowman spectrofluorimeter, with 16.5-nm excitation
and emission slits and a 11.0-nm photomultiplier slit. Under these conditions,
a 0.1 pug I'! solution of quinine sulphate in 0.05 M sulphuric acid gave an
intensity of 8 mV.

Procedures

Cholesterol determination. Cholesterol oleate (ca. 10 mg) was hydrolyzed
by dissolution in 10 ml of a 0.5 M potassium hydroxide solution in methanol
in a 50-ml round-bottomed flask. After heating under reflux for 25 min, the
contents of the flask were cooled and transferred to a 25-ml volumetric flask
by pipette. The former flask was washed several times with isopropanol, the
washing solution being transferred to the volumetric flask, which was made
up to volume with isopropanol and cooled for 20 min in a refrigerator. The
solution was filtered and 10 ul of this were assayed. This procedure was also
applied to egg yolk and cod liver oil.

A reaction mixture consisting of 0.46 ml of 0.5 M 3-(N-morpholino)-
propane-sulfonic acid (MOPS) buffer, pH 7.0, 10 ul of cholesterol sample,
and 20 ul of cholesterol oxidase was prepared. For horse serum samples,
20 ul of cholesterol esterase and 20 ul of 50 mM sodium taurocholate were
also added. The mixture was incubated at 30°C for 4 min. The mixture was
transferred to a 10-ml flask containing 1.5 ml of ethanolic HNTS solution;
5 ml of ethanol and 0.5 ml of (1 + 5) ammonia were added, the solution was
made up to the mark with water and a solution containing 2.5 ug of
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manganese(II) added. A portion of the solution was transferred to a 10-mm
quartz cell, and the fluorescence intensity was recorded as a function of time
15 s after initiation. The blank reaction was monitored under similar condi-
tions (no cholesterol present). The reaction rate was calculated from the
difference between the slopes of the fluorescence vs. time plots for the
sample and blank experiments. A calibration graph of rate vs. cholesterol
concentration was prepared.

L-Amino acid determination. For calibration, a mixture of 125 — x ul of
0.4 M Tris-HCI buffer, 25 ul of L-amino acid oxidase and x ul (3—25 ul) of 1
or 4 mM L-amino acid solution was incubated, with shaking, at 37°C for 15
min. The mixture was transferred to a 10-ml flask containing 1.5 ml of HNTS
solution and monitored as above. A blank solution containing no L-amino
acid was also monitored in the same way, and calibration graphs of net rate
vs. amino acid concentration were prepared.

Linoleic acid determination. A mixture of 0.47 ml of 0.2 M borate buffer,
15 ul of sodium linoleate solution and 15 ul of lipoxidase was incubated at
30°C for 1 min. The mixture was transferred to a 10-ml flask containing
1.5 ml of HNTS solution, 1 ml of ethanol and 0.5 ml of (1 + 5) ammonia
solution were added, and the solution was diluted to the mark with redistilled
water, after which 2.5 ug of manganese(II) was added (the ethanol and water
were preheated to 30°C in a thermostatted bath). The fluorescence intensity
was recorded as a function of time after 15 s. Because the linoleic acid is
auto-oxidized in this medium, the rate of the enzyme-catalyzed reaction was
calculated from the difference between the slopes of the fluorescence vs.
time plots of the reaction rate of the sample with enzyme and the reaction
rate of the sample without enzyme added.

RESULTS AND DISCUSSION

Assay for cholesterol

The enzymatic reaction is temperature-dependent. The limiting rate is
attained in 6 min at 20°C and in only 4 min at 25 or 30°C. Thus, a tempera-
ture of 30°C was chosen for the coupled reaction (Table 1). Under the
recommended conditions, the calibration graph for cholesterol was linear,
with an equation y = 3.02[cholesterol] + 0.36, where y is the initial rate
expressed as mV min™, and the cholesterol concentration is in uM. The slope
obtained for hydrogen peroxide under similar conditions was: y = 3.30[H,0,]
+ 0.31, which indicates ca. 90% recovery of hydrogen peroxide from choles-
terol. When five samples of 1.5 X 10° M cholesterol were processed, the
relative standard deviation was 1.3%.

The cholesterol content of egg yolk, cod liver oil and horse serum was
determined. As cholesterol is mostly present as an ester, prior alkaline
hydrolysis for egg yolk and cod liver oil was needed. Initially, cholesterol
oleate was examined by this method. The results in Table 2 show good
recoveries. The results obtained for egg and cod liver oil, also shown in
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TABLE 1

Effect of temperature on the activity of cholesterol oxidase (1.5 X 10-¢ M cholesterol)

Temp. Initial rate H,O0, generated (x 10 M)?2
(°C) (mV min-*)

20 4.1 1.24

25 4.8 1.45

30 4.9 1.49

35 4.0 1.19

40 2.9 0.85

aAfter 4 min.

TABLE 2

Determination of cholesterol in foodstuffs and serum

Sample Cholesterol present Cholesterol found?
Cholesterol oleate 10.0 mg 9.8 + 0.54 mg

Egg yolk 13.4mgg'? 13.8:0.82mgg"
Cod liver oil 878.0 mg/100 g 850.0 + 7.51 mg/100¢
Horse serum 179.0 mg d1°¢ 187.0 + 9.20 mg d1*?

2Mean of four separate determinations with standard deviation. P Average values in Geigy
Scientific Tables. “Determined by the Seralyzer automatic method of Ames Division,
Miles Laboratories.

Table 2, are within the expected range. A prior enzymatic hydrolysis was
required for horse serum samples. So, the reaction mixture contained choles-
terol esterase and cholesterol oxidase. The sera were diluted 12-fold to lighten
the colour of the sample and to obtain a cholesterol concentration within
the calibration range. The concentration in serum was checked by an auto-
matic method involving reaction of hydrogen peroxide, MBTH and prim-
aquine phosphate in the presence of peroxidase, to obtain a pink colour
which is monitored at 560 nm [3]. This process involves narrow plastic
strips.

Assay for L-amino acids

This is derived from the method described by Lichtenberg and Wellner
[4], based on the measurement of the decrease in fluorescence intensity of
scopoletin, which is oxidized to an unfluorescent product in the presence of
peroxidase. Figure 1 shows the calibration graphs obtained for the different
L-amino acids assayed. L-Leucine is oxidized fastest; this result was not
expected because L-phenylalanine is the best substrate for L-amino acid
oxidase in snake venom [5]. In the present conditions, 0.3—10 X 10 M
L-leucine in the final solution could be determined, with a mean r.s.d. of °
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Fig. 1. Calibration plots by the initial-rate method: (o) L-leucine; (¢) L-phenylalanine;
(2) L-serine; (a) glycine.

1.5%. At higher concentrations of substrate, the calibration graph was not
linear. The method proposed herein allows the determination of amounts of
L-leucine as low as 0.3 nmol, a lower concentration than obtained with two
other methods [4, 5].

The ratios of the turnover rates for the various L-amino acids can be esti-
mated by comparing the slopes of their calibration graphs (Fig. 1), i.e., Leu =
100, Phe = 67, Ser = 43, Gly = 7. Linear calibration ranges were 0.6—15 uM
Phe and 0.75—10 uM Ser.

Assay for linoleic acid

The enzymatic activity of soybean lipoxidase was that of the L-1 iso-
enzyme, which converts linoleic acid to 13-hydroperoxolinoleate [6]. The
activity of the L-1 isoenzyme can be distinguished from that of other soy-
bean lipoxidase isoenzymes (L-2, 1.-3a and L-3b) on the basis of the optimum
pH of the L-1 isoenzyme, which is 9.0—9.5.

A study of the influence of temperature on enzymatic activity (Fig. 2)
showed that the maximum rate is attained between 25 and 30°C. Because
the latter coincides with that of the coupled reaction, it was used in all
further studies.

The assay time of the enzymatic activity was studied under the experi-
mental conditions described in the procedure. The maximum rate of the
coupled reaction is attained after 1 min and then diminishes; 1 min was
chosen as the reaction time. This indicates that the concentration of
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Fig. 2. Effect of the temperature on the activity of soybean lipoxidase.

Fig. 3. Calibration graphs for the determination of linoleic acid (LA) and hydrogen
peroxide.

13-hydroperoxolinoleate is greatest at 1 min, after which it decreases owing
to secondary reactions catalyzed by the isoenzymes of soybean lipoxidase.
For example, the L-1 isoenzyme catalyzes the reaction between linoleic acid
and 13-hydroperoxolinoleate [7] yielding keto-dienes. These byproducts are
not peroxo compounds and cannot oxidize HNTS. Table 3 shows the
dependence of the initial rate on the time allowed for the enzymatic reaction.

The experimental conditions for HNTS oxidation by hydroperoxolinoleate
(indicator-coupled reaction) are different from those used in the determina-
tion of hydrogen peroxide. The difference arises because the linoleic acid is
auto-oxidized in the ammoniacal ethanolic medium. When the ethanol
content is 65%, the rate of the reaction without enzyme proceeds at the
same rate as the reaction with enzyme. By decreasing the ethanol content to
<25%, the difference between the sample and the blank rates becomes
appreciable. Table 4 shows the effect of different ethanol concentrations.
Under these conditions, the linear calibration range for linoleic acid is 0.15—
1.5 X 105 M (mean r.s.d. = 1.4%) (Fig. 3).

To check whether hydroperoxolinoleate was as reactive an oxidant of
HNTS as hydrogen peroxide, this last compound was assayed under the
conditions used for linoleic acid (with an ethanol content of 25%). Figure 3
shows very similar slopes of the calibration graphs for hydrogen peroxide
and linoleic acid. This indicates that both are equally reactive. :

Tests were made to establish whether linoleic acid formed the peroxide in
the absence of lipoxidase. Unsaturated fatty acids are particularly prone to
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TABLE 3

Effect of assay time for soybean lipoxidase on the rate

Assay time (s) 10 30 60 90 150
Rate (mV min™") 0.8 5.6 6.0 5.9 4.7
TABLE 4

Effect of ethanol content on the rate for hydroperoxolinoleate

Ethanol Ethanol Initial rate (mV min-')

?:::;d f;,r)xtent Sample Blank Difference
5.0 65 6.0 5.7 0.3

4.0 55 5.7 4.0 1.7

3.0 45 5.5 2.9 2.6

2.0 35 5.3 2.4 2.9

1.5 30 5.1 1.8 3.3

1.0 25 5.0 1.2 3.8

0.5 20 4.4 0.8 3.6

oxidation. Their auto-oxidation can be catalyzed by metals such as copper,
iron, manganese and nickel [8]. As manganese is present in the reaction
medium, it may be assumed that it will accelerate the oxidation of linoleic
acid to hydroperoxolinoleate. In order to check this, a series of samples of
grape oil (rich in linoleic acid) was prepared, and the hydroperoxolinoleate
content was assayed [9]. In the presence of manganese, the content in lipid
hydroperoxides was found to be increased threefold. However, ethanol inter-
acts with manganese(III) to form acetaldehyde and hydrogen peroxide, as
described by Denisov et al. [10]. This was confirmed by determination of
the acetaldehyde [11]. Thus, the hydrogen peroxide formed could interact
with the linoleic acid [12], giving rise to the effect exerted by ethanol on
linoleic acid auto-oxidation.
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SUMMARY

A method is proposed for the flow-injection determination of ascorbic acid (0.1—40 ug
ml™). Iodine is generated in the flow system as triiodide ion or the triiodide/starch com-
plex giving a steady spectrophotometric signal at 350 or 580 nm, respectively; inverse
peaks caused by ascorbic acid samples are measured. The method is applied to the deter-
mination of ascorbic acid in a fruit juice, jam and vitamin C preparation.

Many procedures are used for the selective determination of ascorbic acid
or of total reductant concentration, of which it is a major component, as in
fruit juices, foods and wines. Titration with oxidants such as 2,6-dichloro-
phenolindophenol, iodine or chloramine-T [1—3] and direct [4—6] or
indirect [7—14] spectrophotometric methods based on the reduction of
compounds such as molybdate, 1,2-phenylenediamine and ferroin are most
commonly used. Recently, Fogg et al. [15] proposed a method for its deter-
mination by flow injection with amperometric detection.

In the present paper, ascorbic acid is determined spectrophotometrically
by using a stream of triiodide generated in a flow system as the reagent.
Apart from the advantages inherent in the flow-injection technique, the
method proposed is more readily applied than the flow method based on
electrochemical detection, although the sensitivity is similar.

The redox potential of the I3/I" system, its independence of the pH of
the medium used below 8, and the kinetics of most of the reactions in which
it is involved confer on it interesting characteristics regarding its selectivity,
rapidity and field of application. Nevertheless, conventional determinations
with this system have certain drawbacks stemming from the indicator systems
and because of the instability of iodine (volatility, low solubility in aqueous
media, photosensitivity, etc.) and iodide solutions (atmospheric oxidation).
This paper proposes a procedure for the generation of a steady stream of
iodine in a flow system which can be applied, for example, to the determina-
tion of ascorbic acid.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Reagents and apparatus

Solutions of potassium iodate (1.000 g 17'), 0.20 M potassium iodide,
0.20 M sulphuric acid, 2.00 g1 starch and 8.06 X 10* M 2,6-dichlorophenol-
indophenol were prepared from analytical- or spectrophotometric-grade
products. A 100.0 ug ml! ascorbic dcid solution was stabilized with 0.1 g1
EDTA and 4.0 g 1! formic acid. These reagents were prepared in and diluted,
when necessary, with deionized water.

Eyela MP-3 peristaltic pumps (Tokyo Rikakikai Co.) were fitted with
Isoversinic 1 X 3 pump tubes. Injection was via a PTFE L-100-1 rotary valve
(Tecator; injection volume 126 ul). The detector was a Pye Unicam SP1800
u.v./visible spectrophotometer equipped with an AR-25 linear recorder, and
a 30-ul Suprasil 1 flow cell of 10-mm optical path (Hellma). All other tubing
and coils were of PTFE (0.5 mm i.d.) with the exception of coil R; which
had an inner diameter of 0.7 mm. PVC-flanged tube fittings (Rheodyne) and -
home-made plexiglas T-connectors were used.

Flow system

For the study of the variables affecting the generation and stability of tri-
iodide, the system shown in Fig. 1 was used. Generation of triiodide was
based on the oxidation of iodide by iodate:

105+ 81"+ 6H" = 3I; + 3H,0

Triiodide was measured spectrophotometrically at 350 nm. Alternatively,
the triiodide/starch complex was formed by adding starch to channel C;. In
this case, the absorbance was measured at 580 nm.

For determination of ascorbic acid (0.5—20 ug ml™), the manifold des-
cribed in Fig. 1 was used, with the injection valve inserted in C; after the
pump. The recommended conditions are as follows: channel C,, 0.08 M
potassium iodide (and 1.20 g 17 starch), flow rate 1.5 ml min™; channel C,,
10.0 mg 1! (4.6 X 10~ M) potassium iodate in 1 X 107* M sulphuric acid,
flow rate 1.5 ml min'; channel Cs, carrier solution at pH 1.5—11.0, flow

P

]
c K1 FC
' “(starcm Ry Ry w
K10, ( )
C, 3 :
H, SO,
t/oH"
cy H*/
—_—

Fig. 1. Flow system for generation of triiodide. P, Peristaltic pump; FC, flow cell; R,, R,,
reactors; W, waste.



245

rate 3.0 ml min*; R,, 0.7 mm i.d., 300 cm long coiled around a 9 mm o.d.
glass tube; R,, a knotted PTFE tube, 0.5 mm i.d. and 130 cm long. Slight
modifications to the procedure allowed other ranges of ascorbic acid to be
determined. Hence if the concentration of potassium iodate was 4.0 mg
177, 0.1—7.0 ug ml ™! ascorbic acid could be determined.

RESULTS AND DISCUSSION

Generation and stability of triiodide

In all experiments, fixed flow rates of 1.5 ml min~ were used for C, and
C; and 3.0 ml min™! of deionized water for C;. The influence of acidity was
investigated in experiments with 0.08 M potassium iodide in C; and 5.0, 10.0
or 20.0 mg 1! potassium iodate in 1.5 X 10%—1.6 X 102 M sulphuric acid
pumped in C,. The concentration of triiodide generated was found to increase
with increase in acidity up to 1 X 103 M acid (pH 2.7) because of increased
reaction rate; above this acidity it remained constant at all concentrations of
iodate employed (Fig. 2). Below this acidity, the triiodide absorbance also
depended on the length of R, and R,; the longer R, or R,, the greater the tri-
iodide absorbance. Further, the greater the length of R, or R,, the smaller
the fluctuations of the triiodide absorbance signal because of the improved
mixing of the different streams. Therefore, in all further experiments, R, =
300 cm, R, = 130 cm (knotted PTFE tube) and 1 X 10 M sulphuric acid
were used. These conditions ensured maximum triiodide generation and
minimum fluctuations of the absorbance signal.

1

Absorbance
>
Absorbance

'
o 20 30 40 50 20 10.0 18.0 26.0
pH of streom C:» K103 (mg ™'}

Fig. 2. Effect of the pH of stream C, at 0.08 M KI with different concentrations of KIO,:
(a) 5.0; (b) 10.0; {c) 20.0 mg 1 (350 nm).

Fig. 3. Effect of KIO, concentration on triiodide absorbance (0.08 M KI, 1 X 10* M
H,SO0, in C,; 350 nm).
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The effect of potassium iodate concentration was investigated by passing
0.08 M potassium iodide through C; and 1 X 10~ M sulphuric acid contain:
ing 1.0—25.0 mg 1! potassium iodate through C,. Figure 3 shows the triiodide
absorbances obtained; the reaction used leads to a mixture of triiodide,
which absorbs at 350 nm, and molecular iodine, which does not absorb at
this wavelength (I, + I- = I3; K = 708 1 mol™). The concentration of mole-
cular iodine increases with iodate concentration and for <15 mg 1! potassium
iodate the absorbance varies linearly with iodate concentration; at concentra-
tions >15 mg 17, the linearity disappears because of an appreciable level of
molecular iodine in the triiodide stream. In no case was there an increase in
absorbance on increasing the acidity or the residence time (by stopping the
flow), indicating that the absorbance was not limited by kinetic factors but
only by the iodate concentration.

The effect of iodide concentration (0.01—0.10 M) was studied with 10 mg
1! potassium iodate solutions in 1 X 10 M sulphuric medium. The results
showed that the concentration of triiodide generated increases swiftly with
iodide concentration up to 0.03 M iodide and then gradually up to 0.06 M
iodide, above which it remained constant. An increase in residence time or
acidity for <0.06 M iodide increased the triiodide concentration generated.
At higher iodide concentrations the effect did not occur, for the reasons
mentioned above.

The effect of pH in stream C; on the triiodide generated was investigated.
This was done under the following conditions: a 0.08 M solution of potassium
iodide was introduced through C; and a 10.0 mg 1! solution of potassium
iodate in 1 X 1073 M sulphuric acid through C,; solutions of sulphuric acid or
sodium hydroxide over the pH range 1.5—12.5 were added through C;. It
was found that the pH of the C; stream could be varied between 1.5 and
11.0 without modifying the absorbance signal obtained. At pH >11 the
absorbance decreased rapidly to zero because of the formation of hypoiodite,
which is practically complete at pH >12.2.

Generation of triiodide in the presence of starch

Applications based on the detection of triiodide at 350 nm are not possible
in the presence of substances which also absorb at this wavelength. In such
cases, it is feasible to use the triiodide/starch complex which has an absorb-
ance maximum at 580 nm and has a redox behaviour similar to that of the
trilodide ion. To study the influence of starch concentration, a solution con-
taining 10.0 mg 17! potassium iodate in 1 X 10 M sulphuric acid was passed
through C,, and solutions of 0.08 M potassium iodide with a starch content
ranging from 0.02 to 1.50 g 17! were pumped through C,. Only deionized
water was pumped through C;. The results (Fig. 4) show that formation of
the triiodide/starch complex increased with starch concentration up to a
starch content in C, of 1.20 g 17!, above which the absorbance signal was
constant.
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Fig. 4. Effect of starch concentration on absorbance (conditions as in text).

Fig. 5. Effect of pH of carrier stream C, on the response to ascorbic acid: (a) 1.0; (b) 5.0;
(c) 15.0 g ml~' (conditions as in text).

Application to the determination of ascorbic acid

Ascorbic acid, when injected into stream Cj, gave a negative peak after
merging with the generated triiodide stream. Such peaks were used to deter-
mine ascorbic acid. The influence of experimental variables on this procedure
was also studied. Those variables related to the generation of triiodide, already
optimized above, were maintained at 0.08 M potassium iodide in C,;, 1 X
102 M sulphuric acid in C,, and R, = 300 ¢m (0.7 mm i.d.). Flow rates were
kept at 1.5 ml min™ for C, and C, and 3.0 ml min™! for Cs.

To study the influence of carrier stream (C;) acidity, 10 mg 1! potassium
iodate was used with R, = 130 cm. Standard samples of 1.0, 5.0 and 15.0 ug
ml™! ascorbic acid were introduced into C;. The results are shown in Fig. 5.
For all samples of ascorbic acid, the decrease in absorbance remained con-
stant up to pH 10. Stopped flow measurements below pH 10 did not lead to
a further decrease in absorbance.

The effect of 4.0, 7.0, 10.0, 15.0 and 20.0 mg 17" potassium iodate on
samples of ascorbic acid (1.0, 5.0, 10.0 and 15.0 ug ml™!) was studied. The
peaks obtained (Fig. 6) and the plots obtained therefrom (Fig. 7) revealed
that the greatest decrease in absorbance occurred when the iodate concentra-
tion was close to 10 mg 1. For concentrations >10 mg 17!, the negative
peaks were smaller because of the presence of molecular iodine in the tri-
iodide stream; molecular iodine reacts with ascorbic acid in a similar way to
triiodide, but its disappearance does not contribute to negative peaks at
350 nm. The precision of the measurements decreased on increasing the
potassium iodate concentration (Table 1).

The effect of reaction time was measured under the conditions described
above for 10 mg 1™ potassium iodate. The reaction time (the residence time
of the samples in R,) was modified either by varying the length of R, or by
stopping the flow. Samples of ascorbic acid (1.0, 5.0 or 15.0 ug ml™) were
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Fig. 6. Effect on peaks at 350 nm of different KIO, concentrations: (a) 4.0; (b) 7.0;(¢)
10.0; (d) 15.0; (e) 20.0 mg 1-'. The number on each peak indicates the ascorbic acid con-
centration (ug ml*).

Fig. 7. Effect of KIO, concentration on inverse peak heights at different ascorbic acid
concentrations: (a) 1.0; (b) 5.0; (¢) 10.0; (d) 15.0 ug ml*,

TABLE 1

Precision of ten\determinations of 5.0 ug ml-! ascorbic acid, for different concentrations
of potassium jodate (R, = 130 cm; 350 nm)

KIO, (mg1-') 4 7 10 15 20
R.s.d. (%) 1.5 1.8 2.0 5.0 8.0

injected, the length of R, being varied between 30 and 170 cm in each case.
It was found that the extent of the redox reaction did not increase when the
length of R, was increased; there was only a slight decrease in peak height
resulting from increased dispersion. This indicated that the redox reaction
was rapid and was practically complete for the smallest R, reactor used.
However, the precision of the measurements increased with the length of R,
(Table 2). In later studies, a knotted tube, 130 cm long, was used as R,.
Stopping the flow for 3—60 s did not affect the absorbance signal.

Five series of experiments were conducted with 4.0, 7.0, 10.0, 15.0 and
20.0 mg 1! potassium iodate, respectively. For each series, standard samples
of ascorbic acid (0.05—40 ug ml™) were injected and the absorbances were
recorded at 350 nm. Figure 8 shows the calibration curves obtained. There
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TABLE 2

Precision of ten determinations of 5.0 ug ml-! ascorbic acid, for different lengths of R,
(KIO, =10 mg1*; 350 nm)

Length of R, (cm) 30 70 130 170
R.s.d. (%) 6.0 4.0 2.0 1.5

o o =
@ © »

Decrease of absorbance

©
w

+ +
10 20 30 40

Ascorbic acid (pg mi”')

Fig. 8. Calibration graphs for ascorbic acid at different KIO, concentrations: (a) 4.0;
(b) 7.0; (c) 10.0; (d) 15.0; (e) 20.0 mg 1.

are different linear ranges, limited by the triiodide concentration. For >10 mg
17! potassium iodate, the sensitivity of the method decreased because of the
presence of molecular iodine in the stream of triiodide, as mentioned above.

Because the method is indirect, the maximum concentration of analyte
that can be determined is governed by the concentration of iodate employed.
For samples with small concentrations of ascorbic acid, it is advisable to use
low concentrations of iodate. In this way, there are fewer fluctuations in the
continuous triiodide signal and a lower concentration of molecular iodine.
The limits of determination corresponding to each series are shown in Table 3.

If there are interferences at 350 nm, the method can be modified by add-
ing starch and measuring at 580 nm. Starch (1.20 g 17!) was introduced into
the system through channel C; with the potassium iodide. The method thus
modified had detection limits and sensitivity similar to those obtained in the
absence of starch.

The proposed method was applied to the determination of the ascorbic
acid content of a vitamin C preparation, a canned jam and pineapple juice.
The results were compared with those obtained by direct titrimetry with
2,6-dichlorophenolindophenol, the method recommended for these kinds of
samples. The samples were suitably diluted and stabilized with EDTA and
formic acid (0.1 and 4 g 17 respectively, after dilution), filtered when
necessary and injected into the flow system. Their concentration was deter-
mined by previous calibration in the presence and absence of starch. In a
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TABLE 3

Determination limits for ascorbic acid at different concentrations of potassium iodate
(350 nm)

KIO, (mgl™) 4.0 7.0 10.0 15.0 20.0
Ascorbic acid (ug ml™)  0.1—7 0.2—12 0.5—20 1—30 2—40
TABLE 4

Determination of ascorbic acid in various samples

Sample Flow injection®® Titrimetry?
350 nm 580 nm

Vial vitamin C (mg/vial) 1070 + 14 1070 + 14 1074

Pineapple juice (mg1-!) 136+ 4 137 + 4 136

Jam (mg kg') 671 + 14 675+ 14 670

aMean of 3 determinations. PWith 95% confidence limits.

parallel series of experiments, aliquots of the samples were titrated with 8.06
X 10# M 2,6-dichlorophenolindophenol in acetic acid. The results obtained
by the different methods are shown in Table 4. The flow methods gave satis-
factory results for all the samples, and significant advantages over conven-
tional methods: the reagents are stable, they do not need to be standardized
or deoxygenated and their concentration can range considerably without
affecting the results. Furthermore, up to 300 samples per hour can be injected,
which is very suitable for routine analysis.
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SUMMARY

A reagent phase that responds to sodium ion is used in a sodium-selective fiber-optic
sensor. The components of the reagent phase are the ammonium salt of 8-anilino-1-
naphthalenesulfonic acid (ANS), copper(I)—polyethyleneimine, and a commercial
sodium-selective ionophore [N,N’ N"-triheptyl-N,N’, N"-trimethyl-4,4',4"-propylidyne-
tris(3-oxabutyramide)] immobilized on silica. In the absence of sodium, the ANS binds
to the copper(Il) polyelectrolyte and fluorescence is quenched. When sodium (20—
200 mM) is added, it forms a cationic complex which forms ion-pairs with some of the
ANS, causing it to fluoresce. Response is linear at the lower sodium concentrations but
tends to curve toward the concentration axis at higher concentrations. The sensitivity and
the range of linear response depend on ANS concentration. Typically, it takes 1—3 min to
reach 90% of steady-state response. The response time increases with decreasing tempera-
ture, increasing amounts of immobilized ionophore, and higher sodium concentrations.
The selectivity of the sensor is established by the selectivity of the ionophore.

There is considerable interest in the development of chemical sensors con-
sisting of an immobilized reversible indicator on the end of optical fiber(s).
They offer advantages relative to electrical sensors in that they are free from
electrical interference, do not require a reference electrode, and are poten-
tially more stable with respect to calibration. Recent reviews summarize pro-
gress in this field [1—4].

For the advantages of optical sensors to be achieved in practice, it is neces-
sary to develop immobilized indicator phases that are selective and respond
reversibly to analyte over the concentration range of interest. This paper re-
ports the development of a sensor that responds selectively to sodium ion.
The components of the indicator phase are an anionic fluorophor, a copper-
(Il)—polyethyleneimine complex and a neutral sodium-selective ionophore
immobilized on a solid substrate. These reagents are confined by a dialysis
membrane that is permeable to alkali metal ions but not to copper(I1l)y—poly-
ethyleneimine. In the absence of sodium ion, the anionic fluorophore binds

aPresent address: Department of Chemistry, Shaansi Normal University, Xian, Shaansi,
People’s Republic of China. PPresent address: Department of Chemistry, University of
Wisconsin, Eau Claire, WI 54701, U.S.A.
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to the cationic copper(Il)—polyethyleneimine polyelectrolyte. On the poly-
electrolyte, the paramagnetic copper(Il}) ion causes fluorescence to be
quenched. When sodium ion is added, some of the sodium combines with the
neutral ionophore causing it to become cationic. The cationic surface forms
an ion-pair with some of the anionic fluorophor, pulling it away from the
quenching polyelectrolyte and rendering it fluorescent. Fluorescence intensity
serves as a measure of alkali metal-ion concentration. The approach is a varia-
tion of ion-pair extraction for alkali metal ions, which has been reported for
both nonaqueous solvents [5—7] and solid-phase reagents [8]. However, the
present system is designed so that ion-pair formation occurs reversibly as the
alkali metal concentration varies.

The ion-pairing approach offers several attractive features. It has the selec-
tivity of the ionophore and the sensitivity of fluorescence. By varying
the concentrations of anionic fluorophor and copper(II)—polyethyleneimine,
it is possible to vary the effective equilibrium constant for ion-pair formation
and thus alter the working range of the sensor. The approach can be applied
with other ionophores.

THEORY

The three reactions occurring in the immobilized reagent phase and their
associated equilibrium constants are represented as

Na+ 1= Nal; K, = [Nal]/[Na][I} (1)
P+ F=PF; K, =[PF]/[P][F] (2)
Nal + F = NaIF; K, = [NalF]/[Nal] [F] (3)

where Na is the sodium ion, I is the ionophore, P is the cationic polyelectro-
lyte, and F is the anionic fluorophor. The concentrations, {P] and [PF],
refer to the concentrations of cationic binding sites on the polyelectrolyte
that are free and associated with anionic fluorophor, respectively. It is
assumed that the binding of fluorophor to cationic sites on the polyelectro-
lyte can be characterized by a single equilibrium constant.

The mass balances for the system are:

C; = [1] + [Nal] + [NalF] (4)
Cp = [P] + [PF] ()
Cr = [PF] + [F] + [NalF] (6)

where C;, Cp and Cp are the total concentrations of ionophore, polyelectro-
lyte binding sites, and fluorophor, respectively.

The species monitored is NalF because the polyelectrolyte-associated
fluorophor is quenched. In deriving an expression for the relationship between
the concentration of NalIF and the sodium ion concentration, it is assumed
that [PF] > [F], [NalF]. Because cationic polyelectrolytes strongly bind
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organic counterions, [F] is small. In the experiments reported here, the
amounts of ionophore, fluorophor and polyelectrolyte were chosen so that
[NalF] < [PF] even in the presence of high sodium concentrations. It is also
assumed that the concentration of sodium in the sample is not affected by
the amount of sodium that is extracted by the ionophore and thus can be
considered a constant. Under the conditions of these experiments this is a
valid assumption.

With the first assumption, the mass balances on polyelectrolyte and
fluorophor become Cp = [P] + [Cr] and Cg = [PF]. These equations com-
bined with Egn. 2 yield

[F] = [PF]/[P]K; = C¢/(Cp — Cr)K, (7)
Substituting for [F] in Eqn. 3

K; = [NaIF](Cp — Cp)K,/[Nal] Cy (8)
Substituting for [Nal] using Egn. 1 and rearranging yields

[Na] = [NalF](Cp — Cr)K,/[1] Cr K, K; (9)

Rearranging Eqn. 4, the mass balance on ionophore, and substituting for
[NalI] using Eqn. 1 yields

(1] = C;— K, [Na][I] — [NalIF]

which can be rearranged to

(1] = (C,— [NalF])/(1 + K,[Na]) (10)
Substituting for [I] in Eqn. 9 and rearranging yields
[NalF] = [Na}]C;C'K'/(1 + K,[Na] + C'K'[Na]) (11)

where C' = CF/(CP - CF) and K' = K1K3/K2.

Equation 11 provides the desired relationship between the measured
parameter and analyte concentration. Several features of this equation are
noteworthy. First, for low sodium concentrations, K;[Na] + C'’K'[Na] < 1
and the response is expected to be linearly proportional to sodium concen-
tration. As the magnitude of K;[Na] + C'K'[Na] approaches and exceeds
unity, response becomes curved and ultimately flat when K;[Na] + C'K'[Na]
> 1. This corresponds to saturation of the ionophore with alkali metal ion.
Secondly, the C' term can be varied at will, proving a means of adjusting the
reagent phase composition to achieve response over a particular concentra-
tion range. This is possible only if C'K’' > K. Otherwise the K,[Na] term in
the denominator dominates response. This corresponds to the situation in
which the anionic fluorophor is more strongly attracted to the polyelectro-
lyte than it is to the cationic complex so that it remains on the polyelectro-
lyte even when the cationic complex is formed. Finally, the K’ term includes
the three equilibrium constants. The first, K,, reflects the affinity of the
ionophore for sodium ion. The larger K,, the more sensitive the response, as



254

would be expected. The ratio K;/K, reflects the relative affinities of the
ionophore complex and the cationic polyelectrolyte for the anionic fluoro-
phor. This will depend on the structures of the polyelectrolyte, ionophore
and fluorophor.

EXPERIMENTAL

Apparatus

The fiber-optic fluorimeter is similar in design to the instrument used in
earlier work [9]. It includes a tungsten-halogen source, interference filters
for wavelength selection and a photomultiplier detector. In all experiments,
the excitation and emission wavelengths were 380 and 460 nm, respectively.

The configuration of the reagent phase at the common end of the fiber
optic is shown in Fig. 1. A thin layer of approximately 0.1 mg of solid sub-
strate on cellophane tape is held on the fiber optic by an O-ring. A distance
of 0.5 mm between the tape and the end of the fiber bundle was found to
give the greatest sensitivity. A piece of dialysis membrane (Spectrapor 2,
molecular weight cutoff 12—14 X 10%) is positioned below the cellophane
tape and held in place by a piece of Tygon tubing. There is a 1.0-mm gap be-
tween the dialysis membrane and the immobilized reagent on the cellophane
tape. This gap is filled with 1.0 ml of a solution of anionic fluorophor and
copper(II)—polyethyleneimine complex.

An Orion 501 digital pH meter was used to measure pH.
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Fig. 1. Reagent phase for the sodium detector: A, common end of the birfurcated fiber
optic; B, cellophane tape that holds silica used as immobilization substrate; C, glass
tubing; D, internal filling solution; E, dialysis membrane.

Fig. 2. Relative fluorescence intensity as a function of sodium concentration. Concentra-
tion of ANS in the internal filling solution: (a) 0.0056 mM; (o) 0.01 mM; (X) 0.05 mM;
(2) 0.1 mM; (o) 0.5 mM,
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Reagents

Sodium ionophore I (N,N',N"-triheptyl-N,N',N "-trimethyl-4,4',4"-propyli-
dynetris(3-oxabutyramide)) and sodium ionophore II (N,N'-dibenzyl-N,N -
diphenyl-1,2-phenylenedioxydiacetamide) were purchased from Fluka. These
are neutral sodium-selective ionophores developed for use in liquid-membrane
electrodes [10, 11]. Silica-gel powder (60—200 mesh; Baker) was ground to
400-mesh size before use. Polyethyleneimine, 50% solution in water, and the
ammonium salt of 8-anilino-1-naphthalenesulfonic acid (ANS) were from
Aldrich.

Standard 2.000 M and 0.500 M sodium solutions were prepared by weigh-
ing reagent-grade sodium chloride.

The internal filling solution of the reagent phase was prepared by pipetting
50.0 ml each of 1.0 mM ANS, 1.0 mM copper(Il) sulfate, 0.010 M tris-
(hydroxymethyl)aminomethane buffer and 0.50 g 1! polyethyleneimine into
a 500-ml volumetric flask. After adjustment of the pH by addition of either
2.0 M hydrochloric acid or 2.0 M lithium hydroxide, the solution was diluted
to the mark with water. In some experiments, the volume of ANS was varied
as indicated later. ‘

Immobilization of ionophores. Sodium ionophores were immobilized by
dissolving weighed amounts in 5.0 ml of tetrahydrofuran and adding 1.0 g of
400-mesh silica. After being stirred for 2 h, the silica was put into a vacuum
desiccator and evaporated to dryness under reduced pressure at room tem-
perature. Unless otherwise indicated, the immobilized phase contained
0.10 mmol sodium ionophore II per gram of silica.

RESULTS AND DISCUSSION

Choice of system

Various possibilities were investigated before deciding on the final compo-
sition of the internal filling solution of the sodium sensor. Copper(II)—
polyethyleneimine was chosen as the cationic quenching polymer because
copper(Il) is an efficient quencher., Also, because copper(Il) forms strong
complexes with polyamines, there will be very little free copper(II) in solution
and a slow rate of loss of copper(1I) through the dialysis membrane. The com-
position of the filling solution corresponds to one copper(II) per 11.6 mono-
mer units. This is about half the total binding capacity of polyethyleneimine
for copper(ll). A study of polyethyleneimine interactions with copper(1l)
and other metal ions is reported elsewhere [12].

In addition to ANS, the other compounds evaluated as the anionic fluoro-
phor in the internal filling solution were the sodium salts of 1-pyrenebutyric
acid, 1-pyrenesulfonic acid, eosin, and 1,4-dihydroxy-3-amino-2-anthraquin-
onesulfonic acid (Nuclear Fast Red). While response was observed for all
fluorophors, ANS gave the smallest signal in the absence of immobilized
ionophore and the presence of salt. At high ionic strength, the other fluoro-
phors either did not completely associate with the quenching polymer or
they were not completely quenched when associated with polymer.
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Alkyl-bonded silica was evaluated as a substrate for ionophore immobiliza-
tion. However, it was observed that the response time was shorter when the
ionophore was immobilized on unmodified silica.

Effect of ionophore structure. Under otherwise equivalent conditions, re-
sponse was 5-fold more sensitive for sodium ionophore II than for sodium
ionophore 1. This is attributed to #—n interactions between ANS and the aro-
matic groups of sodium ionophore II which enhance the tendency for the
fluorophor to form an ion-pair with the immobilized complex. The value of
K, is larger for sodium ionophore II. This observation illustrates the impor-
tance of ionophore structure in designing a system that will show maximum
sensitivity. Because the sensitivity proved greater for sodium ionophore II,
this ligand was used in developing a sensor even though it is significantly less
selective for sodium than sodium ionophore I [10].

Response to sodium concentration and response time

Figure 2 shows the intensity of ANS fluorescence at 460 nm as a function
of sodium ion concentration for five different ANS levels. As predicted by
Eqgn. 11, response is linear at low concentrations but the slope decreases at
higher concentrations. Changing the level of ANS changes the C’ term of
Egn. 11. As predicted, an increase in C’ increases the sensitivity and satura-
tion occurs at a lower sodium concentration. This illustrates how the useful
range of the sensor can be changed by appropriate choice of the composition
of the internal filling solution. For measurements of sodium in serum, 0.1 mM
ANS yields linear response over the concentration range of interest.

The time required to reach 90% of steady-state response varies with sodium
concentration, temperature, and the amount of immobilized ionophore.
Typically the response time is in the range 1—3 min. It is shorter for lower
amounts of added sodium. Figure 3 shows response as a function of time
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Fig. 3. Raw data showing change in intensity with time after the concentration was
changed from 0 to 20 mM sodium ion and then back to 0.

Fig. 4. Effect of the amount of immobilized ionophore on relative fluorescence intensity
{2) and response time (o) for 20.0 mM sodium ion.
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after an injection of 5.0 ul of 2.000 M standard sodium chloride into 5.0 ml
of Tris buffer. The restoration time is also shown.

If the dialysis membrane is removed and the entire sample chamber is filled
with the internal filling solution, then the response time decreases from 2.5
to 1 min when sodium is added to a stirred solution under otherwise equiva-
lent conditions.

Figure 4 shows that both intensity and response time increase with the
amount of immobilized ionophore. The increase in intensity is predicted by
Egn. 11. The strong dependence of response time on amount was not ex-
pected. It suggests that the process that governs the response time is the rate
at which ANS leaves the polymer. If the rate at which ANS leaves the copper-
(II)—polyethyleneimine associate is constant, the response time will depend
on how much ANS has to leave. This is also consistent with the observation
that the response time is longer for larger changes in sodium concentration.
The time required for mass transfer of ANS in the internal filling solution to
the immobilized ionophore on the silica surface will also contribute to the
observed response time.

Effects of pH and temperature

Figure 5 shows that sensitivity increases as pH is varied from 3 to 11. This
implies that at higher pH, ANS either has a stronger tendency to form an
ion-pair or is less strongly bound to the copper(1I)—polyethyleneimine. Be-
cause the ion-pairing chemistry does not involve hydrogen ion, this suggests
that protonation of the cationic polyelectrolyte is responsible for the varia-
tion in intensity with pH. As pH is decreased, some of the free amino groups
on copper(Il)—polyethyleneimine may be protonated, creating new positive
sites on the polyelectrolyte which can bind ANS. If this explanation is cor-
rect, it means that ANS bound to protonated sites is still close enough to
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Fig. 5. Effect of pH on relative fluorescence intensity for 20.0 mM sodium ion.

Fig. 6. Effect of temperature on relative fluorescence intensity (2) and response time (o)
for 20.0 mM sodium ion.
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copper(II) sites so that its fluorescence is quenched. Other factors may con-
tribute to the variation in response with pH. The surface charge on the silica
will change with pH, which could influence response. Changes in ionic
strength might also influence response; however, the experimental results
shown in Fig. 5 were performed at essentially constant ionic strength.

Figure 6 shows that both the sensitivity and response time depend strongly
on temperature. As expected, increasing temperature accelerates the rates of
the processes required for response, thereby reducing the time required to
reach a steady-state signal. The decrease in sensitivity with temperature is
also expected because fluorescence quantum efficiencies normally decrease
with increasing temperature. In addition, there must also be significant
changes in the equilibrium constants of the reactions required for response
which also would affect sensitivity.

Stability and interferences

The usable lifetime of an immobilized reagent phase was established by
the rate of swelling of the glue on the cellophane tape holding the silica. The
swollen glue tended to cover the surface of the silica, resulting in slower re-
sponse and reduced sensitivity. The longest a particular reagent phase was
used was three days. Over this period, there was no evidence that significant
amounts of either ANS or Cu(II) diffused out of the dialysis membrane.

The sensor responds also to potassium and calcium. The selectivities for
sodium are 1.2 and 1.7 relative to potassium and calcium, respectively. This
is consistent with literature selectivity values [10] and is adequate for appli-
cations in which sodium is present in large excess. Magnesium (5 mM),
chloride (200 mM), hydrogencarbonate (120 mM), phosphate (100 mM), sul-
fate (100 mM) and bovine serum albumin (2%) did not measurably affect the
response observed for 20 mM sodium ion at pH 7.30. The anions were all
tested as the lithium salts.

This work was supported by Instrumentation Laboratory, Inc., Lexington,
MA.
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ABSTRACT

A flow-injection system based on microconduits is used to investigate electrode charac-
teristics such as selectivity, detection limit, and response and equilibrium times of the
new ionophore, N,N,N', N'-tetraisobutyl-5,5-dimethyl-3,7-dioxanonane diamide, in lithium
ion-selective electrodes. These characteristics were compared with those of the ionophore
N, N'-diheptyl-N,N',5,5-tetramethyl-3,7-dioxanone diamide. The new ionophore has supe-
rior detection limits and shorter response and equilibrium time, but the other exhibits
better selectivity for lithium with respect to sodium. Values of Kﬂ."g‘la for the new iono-
phore vary from 0.0450 to 0.566, depending on the methods of measurement and solution
conditions. This phenomenon is discussed. Stop-flow experiments effectively demonstrated
the response and equilibrium time differences between these two ionophore membranes.

Flow-injection techniques have found wide application in several areas of
analytical chemistry. In the area of ion-selective electrodes, they offer ad-
vantages of increased sensitivity, decreased chemical and mechanical inter-
ferences, fast response time and very good reproducibility of results [1].
Flow-injection techniques with potentiometric detection have been applied
to the determination of ions in blood serum [2—4]. Few studies have used
this technique to characterize electrode behavior. This paper describes an
investigation of the characteristic behavior of a new compound, N,N,N',N -
tetraisobutyl-5,5-dimethyl-3,7-dioxanonane diamide (ionophore 1), as the
ionophore in a lithium ion-selective electrode. Its behavior is compared to
that of the previously reported N,N'-diheptyl-N,N',-5,5-tetramethyl-3,7-
dioxanonane diamide (ionophore 2) by using flow-injection measurements.

Zhukov et al. [5] prepared several lipophilic diamides and investigated
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their characteristic behavior as neutral carriers in lithium ion-selective elec-
trodes. The compounds included ionophore 2 and ionophore 3 and it was
reported that ionophore 3 showed an improved selectivity for lithium ions
[5] compared to ionophore 2 [6]. It was of interest to prepare ionophore 1
which resembles ionophores 2 and 3, combining features of both (backbone
or side chains).

Ionophores 1 and 2 were synthesized and their characteristics compared in
lithium ion-selective electrodes using a flow-injection system with microcon-
duits. These characteristics include slope, linear range, detection limit, re-
sponse and equilibrium times, and selectivity coefficients for lithium with
respect to sodium, K‘I’l‘i’lfla, under different measurement and solution condi-
tions.

EXPERIMENTAL

Reagents and syntheses

All solutions were prepared from salts of reagent grade, with deionized
water. The chlorides of the metals were used.

Synthesis of ionophores. For the synthesis of ionophore 1, a solution of
the acid chloride [7] (1.0 g, 0.0039 mol) in benzene (10 ml) was added
dropwise with stirring and cooling (ice bath) to a solution of diisobutylamine
(1.10 g, 0.0085 mol) in dichloromethane (15 ml) and triethylamine (3 ml).
After addition was complete, the reaction mixture was left at room tempera-
ture overnight and then dichloromethane (50 ml) was added. The solution
was washed twice with water, twice with distilled water, twice with hydro-
chloric acid (20 ml, 5 M), once with saturated sodium hydrogen carbonate
solution, and finally with water. The organic layer was dried over anhydrous
sodium sulfate and concentrated under vacuum to give the product as a yel-
low oil (1.8 g; yield ca. 82%). This was purified by column chromatography
on silica gel, eluting first with petroleum ether (30—60 fraction; 100 ml),
followed by a 2:1 mixture of petroleum ether (30—60) and chloroform to
collect the product. The yield was 1.4 g (64%). Elemental content of the
product (vs. theoretical) was as follows: 67.5% C (67.8%); 11.5% H (11.4%).
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Ionophore 2 was synthesized and characterized as described by Zhukov et
al. [5].

Plasticizer/PVC stock solution. Poly(vinyl chloride) (0.6 g) was mixed
with 1.36 g of tris(2-ethylhexyl)phosphate as described earlier [8]. Cyclo-
hexanone (7.5 ml) was added and the mixture was shaken until all the PVC
had dissolved.

Membrane preparation. A 10.6-mg portion of ionophore 1 and about
3.6 mg of potassium tetrakis(p-chlorophenyl)borate (about 30% mole ratio
with respect to ionophore 1) were dissolved in 500 ul of the PVC stock solu-
tion and mixed very well using a vortex mixer. For ionophore 2, 9.7 mg of
the ionophore and 3.2 mg of potassium tetrakis(p-chlorophenyl)borate were
dissolved in 500 ul of the stock PVC solution. These solutions were used to
prepare the electrodes.

Apparatus, sample cell, and electrode preparation

Figure 1 shows the apparatus arrangement. Microconduits made from PVC
blocks were used as the sample cell [9]. The channels on the block were
engraved with a Dremel drill (model 210). The channel radius was 0.6 mm. A
clear plastic sheet was tightly glued on the top of these channels with double-
sided adhesive tape inserted between the microconduit and the sheet to seal
the microconduit. The carrier solution was pumped via an air-pressurized
reservoir which, because of its simplicity, stability and versatility, is superior
to a peristaltic pump or chromatographic pump. An attempt to use a peri-
staltic pump or a chromatographic pump failed, as noise was introduced into
the system by the static electricity generated. Unless otherwise stated, a
sample of 100 ul was injected into the carrier stream, with a flow rate of
0.9 ml min™ easily controlled by adjusting the air pressure. A Beckman
model 3500 digital pH meter and a Corning model 146 digital pH meter were
used for simultaneous potential measurements with both electrodes on a
given injected sample. No significant differences were observed in potential
measurements when the two pH meters were used separately with a single

1mzb-

ref

Fig. 1. Manifold and microconduit design: C, carrier stream; P, pump; S, sample solution;
i,, ion-selective electrode 1; i,, ion-selective electrode 2; R, reference stream; ref, reference
electrode; W, waste; i, gold pin; Ag, silver wire; m, membrane; Ch, channel of microcon-
duit.
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electrode. Responses were recorded on a chart recorder (Linear model 385).
Silver wires were inserted and glued to various positions, as shown in
Fig. 1, with tetrahydrofuran, as described by RuZi¢ka and Hansen [9]. The
ends of the silver wires were next inserted into gold pins for electrical con-
tact. The surface of the silver wire in the conduit was oxidized with a few
drops of a solution prepared by dissolving equal amounts of sodium chloride
and sodium phosphate (0.3 g) in about 5 ml of bleach solution (Clorox); this
deposited a reference layer of silver chloride on the silver surface. The wire
was then washed with water and methanol and allowed to dry. The PVC
solution containing the neutral carrier was applied to the surface of the silver
wire under a microscope. Three layers were applied with drying between
applications. Thus, a rugged miniature ion-selective electrode was constructed
in the microconduit. The reference electrode was prepared in the same
manner except that no PVC solution was applied to the silver wire surface.

Selectivity coefficients (K7%%.)

The selectivity coefficients were determined by following three different
methods [10—12]. Potentials were taken from the recorded peaks.

Method 1 [10]. Equal concentrations of lithium or sodium were separately
injected into the carrier stream. The potential changes with respect to the
baseline were recorded and the selectivity was calculated from the equation
log K195, = (Exa — EL;)/S, where S is the slope of lithium response.

Method 2 [11]. A plot of voltage vs. logarithm of the lithium concentra-
tion (calibration graph) was first constructed by injecting pure lithium stan-
dards. Then a known concentration of pure sodium solution (Cy,) was
injected into the carrier stream, and the potential response was recorded.
The lithium concentration (Cp,;) corresponding to this potential was obtained
from the lithium calibration curve. The selectivity coefficient then is given
by K%, = C1i/Cxa. The reverse approach can be used when a known concen-
tration of lithium is injected.

Method 3 [12]. Several lithium solutions with known concentrations, pre-
pared in carrier solution, were injected into the carrier stream and the changes
in potential were recorded. A known concentration of sodium prepared in
the carrier solution was next injected and the potential was recorded. A cali-
bration plot of potential vs. logarithm of the lithium concentration was con-
structed and from this curve the concentration of lithium corresponding to
exactly the potential of the sodium in the carrier solution was determined.
In the case of lithium carrier solution, the following two forms of the
Nicolsky equation are applied to the potential, E,, measured on injection of
sodium in lithium carrier solution, and to the potential, E,, measured in con-
structing the calibration (Cy; (ota1) PlOt:

E, = const + RT (zF)™ In (Cyi carsier + KE%aCna)
E,=const + RT (zF)" In Cy; tota1
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Because E, and E, are equal, Cr; tota1 = CLi carrier + K1 or.Cna- Thus, the selec-

tivity coefficient, K i“?fqa, in lithium carrier stream is

Ki?fqa = (Cuii totat — CuLi carrier)/Cna

In the case of sodium carrier solution, the equations are
E; =const + RT (zF)™ In KE, Cna total

E,=const + RT (2F)" In (Cy; + KF%.Cxa carrier)

where E; is the potential measured for injection of sodium in sodium carrier
solution and E, is the potential measured in constructing the plot of poten-
tial vs. lithium concentration (Cyi;) in sodium carrier solution. Because E,
and E, are again equal, K9t Cna tota1 = CLi + KbokaCNa camier- Thus, the

selectivity coefficient, K ffi’lfla, in the sodium carrier stream is

Pot —
KLiNa - CLi/(CNa total CNa catrier)-

In these equations, R, T, z and F are defined as in the classical Nicolsky
equation; Cy,; (o1a1 aNd Cya to1a1 are the net concentration changes plus carrier
solution concentrations of lithium and sodium, respectively; Cp; carrier and
CxNa carrier are the lithium carrier and sodium carrier solution concentrations,
respectively; Cp; and Cy, are the lithium concentration in the sodium carrier
solution and the sodium concentration in the lithium carrier solution, respec-
tively. This is basically the matched potential method [12]. A major and
important difference from method 2 is that the lithium and sodium solutions
are prepared in the carrier solution and so the carrier concentration remains
constant throughout the response peak.

RESULTS AND DISCUSSION

Measurement conditions

Fast and very reproducible results were obtained for electrodes containing
ionophore 1, with rise times in the order of 6 s. The response dependence on
the flow rate and the sample volume was investigated. An optimum response
was obtained using a flow rate of 3 ml min™. The response was increased
32% by increasing the flow rate from 0.9 ml min™ to 3 ml min.

To minimize diffusion of the sample plug into the carrier stream, it was
necessary to decrease the dispersion as much as possible. This was done by
increasing the sample volume from 50 ul to 100 ul. Further increases in
sample volume did not increase the signals. Under these conditions, the elec-
trodes reach the equilibrium potential while the sample plug flows through
the electrodes. The flat portion of the responses shown in Fig. 2A corre-
sponds to the equilibrium potential. It is clear that the dispersion, D, is equal
to one and there is no mixing of the sample plug with the carrier solution.

Economy of carrier solution was weighed against the increase in response
by the increase of flow rate. It was more economical to use a flow rate of
0.9 ml min™ and increase the signal by an increase in sample volume to 100 ul.
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Fig. 2. (A) Flow curves for electrodes 1 and 2; (B) stop-flow curves for electrodes 1 and
2. In both cases, the carrier was 1.4 mM lithium and 10 mM lithium was injected.

Comparison of the relative peak heights for injection of lithium into an
aqueous unbuffered 1.4 mM lithium carrier stream revealed substantially
higher signals than for injection of the same concentration of sodium. This
gives quick quantitative information about the selectivity of the electrode.
One advantage in the use of the flow-injection technique with ion-selective
electrodes employing microconduits, as described here, is the possibility of
having more than one electrode implanted in the cell. Two different iono-
phore-membrane electrodes can be easily monitored and compared at the
same time and with the same sample injection, which eliminates the possi-
bility of error from concentration inaccuracy of the sample solution or pre-
vious electrode treatment (history).

Response and equilibrium times

A stop/flow experiment was used to study the response behaviors of two
electrodes. Figure 2B shows the stop/flow curves for injection of 10 mM
lithium into a 1.4 mM lithium carrier solution. Although electrode 2 (iono-
phore 2 membrane) is upstream 0.4 s, under the applied flow rate of 0.9 ml
min™ with respect to electrode 1 (ionophore 1 membrane), electrode 1 re-
sponds first at 4.8 s after injection; electrode 2 responds at 5.2 s after injec-
tion, so there is a real difference in their response times of 0.8 s. Differences
between equilibrium times for electrodes 1 and 2 can be observed in both
the flow curve and stop/flow curves (Fig. 2). As determined from the flow
curve, electrode 1 reaches equilibrium potential at 11.8 s after sample injec-
tion (10 mM lithium) and electrode 2 appears to do so at 13.9 s, a total real
difference of 2.5 s. Note that the maximum response for electrode 2 is only
about 90% that of the equilibrium response achieved under stopped-flow
conditions, indicating that true equilibrium was not reached under flow con-
ditions; i.e., the true response for electrode 2 is even slower. This is more



265

evident from the stop/flow curve. Electrode 1 reaches equilibrium potential
at 15.6 s after injection and electrode 2 does so at 21.5 s when the flow is
stopped at 10 s, a total real difference of 6.4 s. It may be noted that the
dynamic flow system does decrease the apparent equilibrium time of the
electrodes, demonstrating one of the advantages of the flow-injection method
compared to the batch method. When flow is continued after a period of
being stopped, electrode 1 returns to the background potential significantly
faster than electrode 2 does. Thus, it is concluded that the rate constants
(R, k) [13] of ion transport from aqueous solution to the membrane phase
for electrode 1 are larger than for electrode 2. In addition, the relative mem-
brane permeabilities (permeability P= (k/ kR)C,, where C, is the free ionophore
concentration in the membrane) of the two electrodes differ in proportion
to the difference in Kfj‘” values (= P,/P,) [13]. Alternatively, one might
expect the diffusion coefficient for ionophore 2 and its lithium ion complex
to be lower in the membrane phase than for ionophore 1, resulting in longer
equilibrium times for electrodes using ionophore 1 [13].

Figures of merit

Figure 3 illustrates the linear range, sensitivity (slope) and detection limit
[14] of electrode 1 in 1.4 mM lithium carrier stream. Table 1 summarizes
the linear ranges, slopes and detection limits of electrodes 1 and 2 in 1.4 and
14 mM lithium streams. These three characteristic behaviors of electrodes are
all dependent upon the composition of the carrier solution. Higher concen-
tration of lithium in the carrier solution reduces the observed sensitivity of
the electrodes, increases the values of observed detection limits, and reduces
the observed linear ranges for both electrodes. In 1.4 mM lithium carrier
stream, electrode 1 has a larger linear range than that of electrode 2, and its
observed detection limit is 40% lower than that of electrode 2.
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Fig. 3. Logarithmic lithium concentration (mM) vs. millivolt curve for the electrode based
on ionophore 1 in unbuffered 1.4 mM Li carrier solution.
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TABLE 1

Figures of merit for electrodes

1.4 mM Li carrier stream 14 mM Li carrier stream
Ionophore 1 Ionophore 2 Ionophore 1 Ionophore 2
Range (mM)? 2.5—1000 5.0—1000 10—1000 10—1000
Slope (¢s.d.) 68.9 (+0.7) 69.1(+0.7) 53.7 (¢1.1) 47.5 (:1.5)
Standard error
of estimate (mV) 1.6 1.3 1.9 2.0
Correlation
coefficient 1.000 1.000 0.999 0.994
Detection limit
(£s.d.) (mM) 0.74 (x0.07) 1.2 (+0.1) 4.5 (£0.9) 4.7 (+1.5)

aLinear range of potential response vs. logarithm of concentration plot.

Selectivity coefficients

Table 2 summarizes the Kg.“ values calculated by methods 1, 2, and 3, re-
spectively, for electrode 1 and electrode 2 in different carrier streams with a
series of lithium or sodium solution injections. Methods 1 and 2 are separate-
solution methods, because pure lithium or sodium is injected and D = 1 was
deliberately set in the flow system. Method 3, the matched-potential method,
is a revised fixed-interference method or a revised fixed primary-ion method,
depending on the carrier solution used. When sodium carrier solutions are
used, method 3 is experimentally similar to the method recommended by
IUPAC and the uncertainty of this method is better than that of the IUPAC
method in the present application. Direct comparison of Kg.“ values by the
three methods may not be appropriate because solution conditions are quite
different, and it is impossible to use exactly the same set of concentrations
of lithium and sodium to calculate Kg.“ values by the three methods. How-
ever, the general trend is that method 1 gives the largest range of K g."t values,
methods 2 and 3 give a smaller range of Kf.;.“ values, and similar solution
conditions seemed to give similar Kfj“ values by the three different methods,

In each method, electrode 2 shows a better selectivity for lithium.

Selectivity and carrier solution composition

Four different carrier solutions were used in this study, and the choice of
14 mM and 140 mM sodium carrier solutions was based on the practical pur-
pose of application to determination of lithium in blood. In different carrier
solutions, Kfj“ values for the PVC hydrophobic membrane electrode varied.
For a perfect PVC liquid membrane, a bulk membrane model [13] can be
used. The membrane potential (E,,) is [15]

E, =const. + RT (zF)" In (Y K;,a;+ ¥ K;,q;) (1)
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Here, a; and a; are single ion activities of ions I'* and J*, n is the number of
ionophores complexed with I* or J*, and K;, and K;, are the equilibrium
constants of the reactions

I*(aq) + nS(membrane) = IS;(membrane)

J*(aq) + nS(membrane) JSn(membrane)

where S is the ionophore in the membrane phase. It is reasonable to assume
that only 1:1 complexes are formed, thus n = 1 in the above chemical equa-
tions and from Eqn. 1 the selectivity coefficient compared to the classical
Nicolsky equation reads Kfj“ = K;/K;.

Further consideration shows that K; or K; are functions of g;, or g;,, K;, or
K;,, as well as a; and k,:

Kj = ﬁjsst(as/Ks) and Ki = 6isKis(as/Ks)

where f;; or §;, is the stability constant of the complex JS* or IS* in aqueous
solution, and K, or K;, is the equilibrium constant for transfer of the com-.
plex into the membrane; K, is an equilibrium constant for transfer of free
ligands into the boundary layer and a, is the activity of free ionophore, S, in
the membrane. Combining these last three equations yields

KZ'Ot = [ﬁjsst(as/Ks)] /[ﬁisKis(as/Ks)] (2)
Equation 2 can further be reduced to
K£0t ﬁ]s JS/BIS is (3)

as it can be assumed that the concentration of ionophore in the membrane is
not changed.

Equation 3 shows that K g.“ is a constant only when the membrane condi-
tion which determines K;,/K;, is not altered by any external conditions.
However, in many practical cases, the membrane condition is altered by ex-
ternal conditions such as composition of solutions used for activation or
storage of electrodes. During use, electrodes are always conditioned by dif-
ferent electrolyte solutions, often in a haphazard way, especially if operated
batchwise. In a flow-injection system, when various carrier solutions are
passed through the electrode cell, the solution composition can be maintained
with a high reproducibility and it is therefore of interest to investigate it in
more detail. Thus, for each carrier solution, the membrane is altered such
that a different set of K;; and K;; values apply in Eqn. 3. This is evidenced by
the changes in Kg.“ value in different carrier solutions. Even when the elec-
trodes are exposed to different solutions for a short time, the electrode
membrane properties are slightly altered, as evidenced by the variation in
KP°" values observed when different concentrations of lithium and sodium
are injected in the same carrier stream. The dependence of K‘;“ values on
solution conditions has been reported for other ion-selective electrodes, in
which a beaker method was employed for measurements [10].
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In summary, many factors such as the choice of measurement method
(1—3) used, the carrier solution composition and injected solution compo-
sition affect the value of the selectivity coefficient. Under the present

measurement conditions, the new ionophore N,N,N’,N'-tetraisobutyl-5,5-

dimethyl-3,7-dioxanonane diamide exhibits selectivity coefficients K} 9% from

0.566 to 0.0450. It is apparent that the selectivity coefficient should be
determined under conditions that are similar to those of analytical measure-
ments. Comparing the selectivities for electrodes with ionophores 1 and 2,
the response of ionophore 2 toward lithium ion relative to sodium ion is
comparable to that of ionophore 1, but the detection limit and response and
equilibrium times of the new ionophore electrode are superior to those with
ionophore 2.
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SUMMARY

Differential-pulse stripping voltammetry is applied to measure zinc, cadmium, lead and
copper by anodic stripping and selenium(IV) by cathodic stripping in rain water at pH 2;
subsequently, at pH 9.1, manganese is measured by anodic stripping on the same portion,
and cobalt and nickel are measured in the adsorptive mode after formation of their
dimethylglyoximates. The instrumental parameters are optimized. The linear ranges,
mutual interferences and detection limits are studied. Excellent accuracy is demonstrated;
the standard deviation is around 15% at 2.5—50 ug 1 levels. The method is shown to be
applicable for rain water.

The determination of heavy metals in atmospheric deposition is of interest
in studies of the biogeochemical cycles of trace elements. This determination
is of importance in the context of the current problem of ‘‘acid rain” for
several reasons. First, trace element measurements are mandatory to establish
the chemistry of precipitation in general. Second, acids from rain mobilize
heavy metals in surface water, thus constituting a major environmental hazard
of acid rain, so that it is necessary to assess the importance of the direct
heavy-metal supply from polluted rain relative to this mobilization effect.
Finally, trace metals could be considered as tracers for the origin of the air
masses producing acid rain. Indeed, Rahn and Lowenthal [1] have recently
shown that the relative concentrations of, e.g., Mn, Se, Zn, V, As, Sb and In
in atmospheric aerosols can be used as a characteristic signature of the source
of a polluted air mass, which can be followed several thousand kilometers
downwind, and it would seem that this method could be applied in an even
more straightforward way to the precipitation itself.

Various methods are available for the multi-element trace analysis of rain
water. The nuclear-based methods (neutron activation, photon-induced tech-
niques, etc.) have recently been reviewed by Landsberger et al. [2]. Induc-
tively-coupled plasma atomic emission spectrometry has also been proposed

[3].
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In view of the large number of rain-water samples that a routine measure-
ment program usually involves, and because of its high speed, simplicity, low
cost, sensitivity and multi-element character, differential-pulse stripping vol-
tammetry (d.p.s.v.) could offer a viable alternative. Zinc, cadmium, lead and
copper have been determined simultaneously in rain water by using differen-
tial-pulse anodic stripping voltammetry (d.p.a.s.v.) by Nguyen et al. [4] and
Niirnberg [5]. Lingerak et al. [6] computerized this method and removed
organic interferences on an activated carbon filter. Selenium has been mea-
sured in rain water [4] by differential-pulse cathodic stripping voltammetry
(d.p.c.s.v.), and cobalt and nickel by adsorption differential-pulse voltam-
metry (a.d.p.v.) [5] after formation of the dimethylglyoximates [7].

In this paper, extensions to the d.p.s.v. techniques are reported so that a
suite of eight trace elements can be determined in one run in rain water.
Determining the maximum number of elements in a certain volume of water
is highly relevant because studies of washout phenomena can require analysis
of several fractions of a rain shower, which can limit the available amount of
sample.

EXPERIMENTAL

Apparatus and chemicals

The voltammetric measurements were done with a microprocessor-con-
trolled PAR polarographic analyzer model 264 (E.G. and G. Princeton
Applied Research). This device controls a PAR model 303 static mercury drop
electrode system (SMDE) and magnetic stirrer and an x-y recorder. The SMDE
is provided with a 10-ml glass or teflon sample cup and a three-electrode sys-
tem including an Ag/AgCl reference electrode and a teflon-covered Pt auxi-
liary electrode; the mercury working electrode was used in the hanging drop
mode (HMDE). Before measurements, the sample solution was deaerated by
bubbling for 4 min with nitrogen. During measurements, an inert atmosphere
over the solution was maintained by flushing with nitrogen. During the depo-
sition step, the solution was stirred automatically.

The samples were filtered under air pressure in a Sartorius filtration device
(SM 16510) with 47-mm active diameter, through precleaned Sartorius mem-
brane filters (0.45 um pore size) or Nuclepore membranes (0.40 um pore
size).

The reagents used for the preparation of the supporting electrolytes were
Merck Suprapur substances except ammonia and ammonium chloride, which
were Baker Analytical Grade. The standard solutions were prepared by dilu-
ting Ventron AAS standards (1000 mg 1'') or Baker Dilut-it standards. The
ultrapure water was prepared in a Millipore Milli-Q water-purification unit.

Procedures
Sample preparation. All vessels (beakers for collection, polythene bottles
for storage, flasks) were cleaned by keeping them for a month in diluted
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(1 + 1) hydrochloric acid, rinsing thoroughly with purified water and then
keeping them for another month in diluted (1 + 1) nitric acid. Before use,
they were rinsed again with purified water.

The rain water was collected in 5-1 beakers. During a rain period, the
beakers were emptied normally in fractions of 20—50 ml. This also prevented
contamination by dry fall-out. Samples were also taken on a weekly basis by
a wet deposition collector, as described elsewhere [8]. After measurement
of pH, the samples were filtered through a cleaned Sartorius filter or a
Nuclepore membrane and the filtrate was acidified with hydrochloric acid
(Suprapur) and stored in polythene bottles until required.

Determination of Zn, Cd, Pb and Cu; Se, Mn, Co and Ni. A study of the
relevant literature [4—6, 9—14] and some optimization experiments (see
below) led the following recommended procedure.

After filtration and acidification to pH 2 with hydrochloric acid, Zn, Cd,
Pb and Cu were determined directly in a 10-ml portion of the sample. After
deaeration for 4 min, these elements were deposited at a potential of —1.2 V
with deposition times ranging between 1 and 3 min. After a rest interval of
30 s, the HMDE was polarized in the differential-pulse mode in the anodic
direction to 0.0 V. Subsequently, selenium was determined in the same solu-
tion by cathodic stripping voltammetry. The preconcentration is done at
0.0 V for 2—5 min; after the rest interval of 30 s, the HMDE was polarized in
the cathodic direction to —0.8 V. Then the pH was adjusted to 9.0—9.1 by
adding 100 ul of a 10 M NH,/NH,C! buffer, in which manganese was deter-
mined; after deposition at —1.7 V for 5 min, the potential was scanned to
—1.30 V. Finally, cobalt and nickel were determined after adding dimethy!-
glyoxime (DMG) to give a concentration of 10™* M; the resulting complexes
with DMG were adsorbed on the mercury drop at a potential of —0.7 V for
2 min and the voltammogram was recorded by scanning in the cathodic
direction to —1.3 V.

Quantification was done by standard addition, using three spikes for each
element.

Typical voltammograms of a rain-water sample are shown in Fig. 1. As can
be seen, the stripping peaks are sufficiently separated so that the determina-
tion of these elements is possible over a wide concentration range without
obvious mutual interference problems. The determination of copper is ham-
pered somewhat by the oxidation wave of mercury; this can be overcome by
working in nitric acid medium.

RESULTS AND DISCUSSION

Optimization of the instrumental parameters

The influence of the d.p.a.s.v. parameters on the analytical results was
studied for solutions containing 100 ug 1! of Zn, Cd, Pb and Cu. A sodium
acetate buffer (pH 4.5 and 0.1 M) was used as the supporting electrolyte.
Under these conditions, the d.p.a.s.v. peaks of the ions appeared at ca. —1.00,
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Fig. 1. Typical stripping voltammograms of a rain sample, under the selected experimental
conditions.

—0.59, —0.42 and 0.00 V, respectively, versus the Ag/AgCl reference elec-
trode. The deposition potential must be more negative than —1.00 V, to
allow a simultaneous determination of the four elements. The peak height of
zinc measured at different deposition potentials between —1.10 V and
—1.40 V was constant in the interval —1.20 V to —1.40 V; hence a deposi-
tion potential of —1.20 V was chosen.

The influence of the scan speed, pulse amplitude, drop size, stirring speed
and pulse repetition time on the peak height and on the full width at half
maximum (FWHM) of the peaks was studied. The results are summarized in
Table 1. In each experiment, one parameter was varied while the others were
kept constant. A higher scan speed resulted in a decrease in resolution and
peak height. At low scan speeds, the analysis time became prohibitively long,
so that a compromise was needed. When high resolution was required, a scan
speed of 2 mV s was used; otherwise 10 mV s was used. An increase in
pulse amplitude increased the sensitivity but decreased the resolution;
50 mV was mostly used as a good compromise. The drop size affected the
peak height but not the resolution; the large drop size provided greatest
sensitivity for obvious reasons but was unstable; therefore the medium drop
size was used. Higher stirring speeds increased the sensitivity, but the drop



275

TABLE 1

Influence of the instrumental parameters on the d.p.a.s.v. determination of Zn?*, Cd**,
Pb?* and Cu?*

(The default parameters were 5 mV s scan speed, 50-mV pulse amplitude, medium
drop size, slow stirring speed and 0.2-s pulse repetition time.)

Parameter Peak height (mm) FWHM (mm)
Zn Cd Pb Cu Zn Cd Pb Cu

Scan speed (mV s™)

1 72 50 30 76 6 6 5 6

2 70 49 31 76 6 6 6 6

5 71 43 26 74 7 7 6 7
10 70 39 23 62 8 7 7 8
20 61 33 19 50 11 9 8 10
Pulse amplitude (mV)

25 43 27 16 45 6 6 5 6

50 73 44 26 76 7 7 6 7
100 94 55 33 100 9 10 10 10
Mercury drop size
Small 55 33 20 57 5 6 6 7
Medium 70 43 25 73 6 6 7 7
Large 100 59 35 99 6 6 7 7
Stirring speed
Slow 72 44 26 73 7 6 6 7
Fast 84 51 29 83 7 6 7 8
Pulse repetition time (s)
0.2 73 44 26 76 7 6 6 6
0.5 70 41 24 69 8 7 7 7
1.0 67 37 22 61 9 8 8 8

became so unstable that the slow speed was mostly selected. The smaller the
pulse repetition time, the better the sensitivity and the better the resolution;
therefore, a pulse repetition time of 0.2 s was always used.

Because 0.01 M HCI is a suitable medium for the simultaneous determina-
tion of Zn, Cd, Pb and Cu and subsequent analysis for Se(IV) [5], the same
parameters were also examined for a solution of 10 ug1™? Zn, Cd, Pb and Cu
in 0.01 M HCL. Similar results were obtained.

Linearity of the d.p.s.v. responses and interelement interferences

Figure 2 illustrates the dependence of the d.p.a.s.v. peaks of Zn, Cd, Pb
and Cu (each at 5 ug 1) on the deposition time between 0.5 and 16 min.
For all these elements, a linear relationship was obtained up to a deposition
time of 8 min. For a deposition time of 16 min, the stripping peaks of Cu
and Zn became smaller probably because of the formation of the intermetallic
Cu/Zn compound. The linear range for all four elements thus goes much
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Fig. 2. Influence of the deposition time on the d.p.a.s.v. peak heights for Zn (e), Cd (»),
Pb (X) and Cu (+).

Fig. 3. Dependence of d.p.c.s.v. peak height on the concentration of Se(IV). Deposition
potential: (+, ) —0.20 V; (X, m) 0.0 V. Peak potential: (+, X) —0.52 V; (e, ) —0.75 V.

further than the deposition time of 1—3 min actually used, but low deposi-
tion times shorten the analysis time and reduce the risks of the interferences
found in conventional linear-scan stripping voltammetry as well as the risks
of drop instability.

The influence of diverse metal ions was studied. The concentration of
Zn*, Cd*", Pb?* and Cu®* was varied between 1 and 10 ug 1"!; the concentra-
tion of Ni**, Co**, Sb* or Mn?* was 25 ug I and the concentration of Fe?
was around 200 ug 1"'. No apparent decrease in the peak height of Zn, Cd, Pb
or Cu was found when these ions were added.

In hydrochloric acid medium of pH 2, selenium(IV) can be determined by
d.p.c.s.v. The electrochemical preconcentration is achieved by formation of
a HgSe layer on the HMDE at 0 V (vs. Ag/AgCl) and during the cathodic
stripping selenium is released back to the solution [4, 12]. The influence of
the concentration on the peak height was studied for two deposition poten-
tials (—0.2 V and 0.0 V) in the concentration range between 0.1 and 10 ug!™
Se(IV) with a deposition time of 2 min (Fig. 3). With the deposition potential
of —0.2 V, the curve of the stripping peak at —0.52 V remained linear up to
2 ugl™?; above this level an additional peak appeared at a potential of —0.75 V.
This was studied by Jarzabek and Kublik {12], who eliminated the peak
splitting by preconcentrating at 0.0 V in concentrated hydrochloric acid. By
deposition at 0.0 V in hydrochloric acid medium of pH 2, it proved possible
to extend the linear range (Fig. 3) but at 4 ug 1 the peak at —0.75 V still
appeared and the peak at —0.52 V became asymmetric. The influence of
other metal ions on the stripping peak of selenium from a 0.2 ug 1! solution
was also studied; Cu, Zn, As and Te had no influence up to 10 ug 1! levels. A
concentration of 2 ug 1" cadmium or lead caused a decrease of 10%, and
10 pug I' Cd or Pb caused a decrease of 40% on the intensity of the selenium
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stripping peak. Only low concentrations can be measured in rather dilute
samples; if the selenium concentration is high, the deposition time must be
kept short. This also implies that this method is impractical for routine pur-
poses. In rain-water samples a selenium peak is often found at a potential of
—0.65 V (see Fig. 1).

The d.p.a.s.v. determination of manganese at mercury electrodes was
studied and optimized by O’Halloran and Blutstein [9] and O’Halloran [10].
Manganese is only slightly soluble in mercury (0.0018% w/w); Mn,Hgs; may
precipitate as a dispersed phase in the mercury electrode once the saturation
level has been reached. Below the saturation level, a simple quasi-reversible
charge transfer mechanism is involved with o = 0.9. The consequences of this
extreme charge-transfer asymmetry on a.s.v. were considered by O’Halloran
and Blutstein [9]; they found that slow scan rates allowed satisfactory deter-
minations of Mn(II) at very low concentrations. In an optimized procedure
for the determination of manganese in sea water in tetraborate buffer at a
mercury film electrode (MFE), a detection limit of 0.01 ug 1" was obtained
and it was observed that 1 ug I"! Co, Cr, Ni or 10 ug I"* Cu suppressed the
manganese peak for a 1 ug I'! solution by 50% [9, 10]. It was found here
that manganese could be determined satisfactorily in an ammoniacal buffer
of pH 9.1. The dependence of the peak height on the manganese concentra-
tion is illustrated in Fig. 4A for a deposition time of 5 min. The linear range
extends to 30 ug I'’, i.e., much higher than the concentration usually found
in rain water. The influence of 10 ug 1'' Co, Cr, Ni and Cu on the stripping
peak of 5 ug I'' Mn was studied. None of these elements appeared to influ-
ence the peak height for manganese.

Nickel and cobalt were determined in the ammoniacal buffered medium
with dimethylglyoxime (DMG) as a complexing agent. The preconcentration
involves interfacial accumulation of an adsorption layer of the nickel and
cobalt bis(-dimethylglyoximate) at the surface of the HMDE. The reduction
of Ni(II) and Co(II) proceeds from this adsorbed state. The electrode reduc-
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Fig. 4. Dependence of stripping peak heights on concentration: (A) manganese by anodic
stripping; (B) nickel by adsorption stripping; (C) cobalt by adsorption stripping.
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tion is totally irreversible and the transfer of the second electron is the rate-
determining step of the reduction with an overall uptake of two electrons
reducing the chelated nickel(IT) and cobalt(II) to elemental nickel and cobalt
[11]. The relation between the peak height and the concentration is shown
in Fig. 4B and C for a 0.2 M NH;/NH,Cl buffer containing 10® M DMG
with an adsorption time of 2 min. The relation is linear for concentrations
lower than 30 ug 1. The range can be extended by increasing the buffer con-
centration but this is not necessary for the analysis of rain water because the
concentrations are usually very low.

Blank levels, detection limits, precision and accuracy

It appeared that during filtration of a 50-ml sample with Sartorius filters,
heavy metals were leached from the filter resulting in concentrations for Zn,
Cd, Pb, Cu, Ni and Co of 5, 0.06, 1.2, 0.1, 1.4 and 2 pg 1"}, respectively.
Therefore the filters were cleaned by rinsing with 50 ml of 0.1 M hydro-
chloric acid (Suprapur) followed by 100 ml of purified water. The levels of
the leached heavy metals were then reduced to 0.75, <0.02, 0.6, <0.1, 0.7
and 0.7 ug 1" for Zn, Cd, Pb, Cu, Ni and Co, respectively.

The blank levels with their standard deviation found after filtration through
Nuclepore filters, where no significant leaching of the studied elements was
observed, were 0.75 + 0.39, 0.11 + 0.08, 0.89 + 0.47, 0.28 + 0.14, 0.087 +
0.003, 0.21 + 0.08, 0.60 + 0.26 ug I'! for Zn, Cd, Pb, Cu, Se, Ni and Co, re-
spectively in a normal laboratory environment. The resulting detection
limits, obtained by taking three times the standard deviation, were 1.2, 0.23,
14, 0.41, 0.01, 0.24, 0.78 ug 1, respectively. It is obvious that, especially
for selenium, the practical detection limit will often be set by the blank level.

To estimate the accuracy and precision of the proposed method, we parti-
cipated in an intercomparison run on IAEA/W-4 Simulated Fresh Water [15].
The test portion was analyzed six times for Zn, Cd, Pb, Cu, Ni and Co; Se
and Mn could not be determined because the solution had been acidified
with nitric acid. The results are given in Table 2. The agreement between the

TABLE 2

Results of analyses of IAEA/W-4 Simulated Fresh Water

Element Input value Results of d.p.s.v.2
-1
(ug1™) Average (ug ) RSD (%)

Zn 50.0 50.7 15
Cd 5.00 5.07 10
Pb 256.0 24.1 17
Cu 25.0 25.4 14
Co 2.5 2.27 22
Ni 2.5 2.74 12

2 Average of 6 determinations with relative standard deviation per measurement.
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TABLE 3

Results of rain-water analyses?

Wilrijk (n = 10) Maasmechelen (n = 12) Mechelen (n = 13)

Mean Min. Max, Mean Min. Max. Mean Min. Max.
pH 4.3 4.0 4.7 4.4 4.0 5.2 6.2 4.7 7.3
Zn 66 10 163 73 10 347 33 10 71
Cd 3.5 0.16 22 1.3 0.12 4.3 0.92 0.19 2.6
Pb 47 5.1 110 41 6.0 180 19 1.7 72
Cu 15 0.9 58 5.5 <0.2 18 5.3 1.3 14
Se - — — — - — 0.4 <0.1 1.6
Mn 15 <1 55 23 <0.2 90 — — —
Co 2.6 1.0 4.3 2.3 0.33 4.5 1.3 0.18 2.3
Ni 8.4 1.0 37 16 0.68 >500 5.6 0.35 21

2The elemental concentrations are in ug 17,

present results and the input values is very satisfactory. The average relative
standard deviation per measurement appears to be around 15% for the elab-
orate analytical procedure.

Applicability

Rain water was sampled at three different sites in Belgium: at Wilrijk on
the university campus which is in a residential zone some 10 km south of the
center of Antwerp, at Maasmechelen in a rural zone in the northeast of
Belgium, and at Mechelen, a middle-size town some 25 km south of Antwerp.
The samples at Wilrijk and Maasmechelen were taken on a daily basis during
August and September 1984 and at Mechelen on a weekly basis between
February and July 1985. The mean values are summarized in Table 3.

A very high pH value was measured in Mechelen, where the samples were
taken near an historic cathedral in a study to assess the influence of acid rain
on the weathering process of the building stones. This high pH value may be
caused by neutralization of the rain water by calcium carbonate particles re-
leased from the building into the atmosphere [8]. The metal concentrations
found in the rain water in Wilrijk and Maasmechelen are of the same order of
magnitude and are generally a little higher than the concentrations found in
the rain water sampled in Mechelen. Slanina et al. [16] measured in North
Holland a slightly higher Zn level (95 ug 1!) but lower Cd (0.46 ug I'!), Pb
(1.3 ug I'"), Cu (4.1 pg I'') and Mn (5.4 ug 1'!) levels. The annual average
heavy metal concentrations in rain water reported in the Germany Wet
Deposition Program were in the lower ug 1! range for Zn, Cu, Pb and be-
tween 0.1 and 1 ug I"! for cadmium [14].

Part of this work was supported by the Belgian Ministry of Science under
contract 84-89/67, the European Economic Community under grant ENV-
768-B/RS, and the Flemish Ministry of Culture.
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A. K. COVINGTON* and P. D. WHALLEY

Electrochemistry Research Laboratories, Department of Physical Chemistry, University
of Newcastle, Newcastle upon Tyne, NE1 7RU (Great Britain)

(Received 26th November 1985)

Summary. Multifunctional ISFETs are used in testing the performance of several nitrate-
sensitive polymeric membranes simultaneously. By mounting the ISFET in a miniature
flow-through cell, a continuous dilution technique can be used to obtain calibration
curves and selectivity coefficient data for several membranes under identical conditions.

Evaluation of new electroactive materials for ion-sensitive electrodes (ISEs)
and ion-sensitive field effect transistors (ISFETs) is of fundamental impor-
tance. Usually [1], this involves the preparation of a series of discrete solu-
tions of the primary ion, and mixtures of the primary ion and various inter-
fering ions to establish calibration curves and derive selectivity coefficients
for each different membrane. The precision of these measurements is limited
by the number of solutions used over the concentration range of the primary
ion (typically <10). A constant dilution technique has been suggested [2]
for calibrating ISEs. By monitoring the output of an electrode pair whilst
diluting a solution of the primary ion at a constant rate with distilled water,
a continuous calibration curve can be generated. Selectivity coefficients can
be estimated by introducing a fixed conceuntration of the interfering ion in
the initial solution containing the primary ion and in the diluent (i.e., the
mixed solution method [1]).

Multifunction ISFETs [3] readily permit the simultaneous comparison of
differing electroactive membranes sensitive to the same species. By incorpor-
ating an ISFET into a miniature V-shaped flow cell, and using the constant
dilution technique, rapid and precise membrane appraisal can be achieved.
Data collection and evaluation are facilitated by the use of a microcomputer.
To demonstrate the advantages of the constant dilution method, using
ISFETs for electroactive membrane evaluation, four nitrate-sensitive mem-
branes with different compositions are compared.

Experimental
Membranes. Nitrate-sensitive membranes were prepared from tetradodecyl-
ammonium nitrate (TDDA-N) [4] and Aliquat-336 nitrate [5]. The TDDA-N
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was prepared from the bromide salt (Fluka) by repeated exchange with
analytical-grade potassium nitrate followed by recrystallisation from ethanol.
Elemental analysis on the product confirmed its composition. A polymeric
plasticizer (Elvaloy 742, DuPont de Nemours) was used instead of dibutyl
phthalate in membrane B. Tetrahydrofuran/cyclohexanone mixture was used
as the casting solvent for the membranes. Membrane compositions are given
in Table 1.

Fabrication of the flow cell. A four-function ISFET (Eun 144), described
elsewhere [3], was used. The chip was mounted in a 16-pin dual-in-line
ceramic header (Shinko CA-P16003-S Dage Intersem). Successful encapsula-
tion depends on the cleanliness of the chip surface. An ultrasonic cleaning
routine with detergent, distilled water (twice) and propan-2-ol, followed by
blow drying with nitrogen, was used prior to the attachment of the gold
bond wires and subsequent encapsulation. A polyimide/photoresist composite
encapsulation method [3] was used to restrict exposure to the four indivi-
dual gates of the ISFET, whilst preventing solution contact with the chip
metallization, etc. All devices were checked for electrical integrity after
encapsulation by applying a varying bias potential (—2 to +5 V) to a refer-
ence electrode and monitoring any resulting leakage current. This method of
encapsulation ensured leakage currents below the realistic detection limit of
the measuring apparatus (typically <10 pA) [3].

The etched holes in the encapsulation above the ISFET gates provided a
natural well for the electroactive membranes. Care was taken with the mem-
brane deposition to prevent any contact between adjacent membranes.
Several applications of each membrane were necessary to produce an esti-
mated thickness of 20—50 um. After membrane deposition, the devices were
stored for several days under vacuum to ensure removal of the cyclohexanone/
tetrahydrofuran solvent mixture.

The V-shaped glass caps for the flow cells were cemented in position on to
the ceramic headers with silicone rubber (Dow-Corning RTV 3145). The
tubing between the dilution vessel and the flow cell was 0.5 mm i.d.

Signal processing. The drain current from the ISFET was passed through a
current-to-voltage amplifier and the signal linearized by using a matched

TABLE 1

Membrane compositions

Membrane Composition?

A TDDA-N (4%); DBP (68%); PVC (28%)

B TDDA-N (4%); Elvaloy (68%); PVC (28%)
C Aliquat-336 (52%); DBP (26%); PVC (22%)
D Aliquat-336 (52%); HA (26%); PVC (22%)

apBP, dibutyl phthalate; HA, hexyl adipate; Elvaloy, Elvaloy 742; TDDA-N, tetradode-

cylammonium nitrate.
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MOSFET by means of a circuit described earlier [3]. Buffering the outputs
from the four ISFET channels before analogue switching, provided fast multi-
plexing without any adverse effects. Qutput from the ISFET interface was
fed to a single-pen chart recorder (Linseis) and a high-resolution digital multi-
meter (Hewlett-Packard model HP-3468A). Data collection and control of
the ISFET interface were achieved with a Hewlett-Packard HP-86B micro-
computer.

Operation of the constant dilution system. A schematic diagram of the
constant dilution apparatus and the ISFET interface with computer link is
shown in Fig. 1. The use of a flow cell instead of dip electrodes enabled a
sealed glass dilution vessel to be used, thus avoiding any difficulties associated
with volume fluctuations in an open vessel. Rapid solution mixing in the
dilution vessel was achieved by using a magnetic stirrer and follower. This
was verified visually by the introduction of a dye into the dilution stream.
The volume of the dilution vessel (ca. 16 cm®) was measured by weighing.

The ISFET flow cell was mounted as close as possible to the dilution
vessel. A saturated calomel electrode (Russell, type CR) was situated down-
stream from the flow cell and connected to the stream via a glass T-piece
filled with saturated potassium chloride and the liquid junction was restrained
with a ceramic frit sealed into the glass T-piece. A multi-roller peristaltic
pump gave a flow rate of between 4.5 and 5.5 cm® min~ which was mea-
sured several times for each dilution. All experiments were done at ambient
temperature (typically 20°C).

Solutions were prepared from degassed distilled water to reduce the poss-
ibility of bubble formation from dissolved gas within the flow cell. Selec-
tivities were estimated with a constant interferent concentration of 103 mol

dm ™ during the dilution of the primary ion.
| Discs I

HP-868

ChemFET Micro-
interface DVM computer

Flow
coll

Initial recorder
solution

Dilution Peristaltic

vessel pump

To waste

L= |

Diluent

Magnstic
stirrer

Fig. 1. Computer-controlled constant-dilution apparatus.
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The relationship between the flow rate and the initial concentration of the
primary ion has been given by Horvai et al. [2]. The four channels were
switched every 30 s, the output of each channel being averaged over 5 read-
ings of the digital multimeter at 0.1 s intervals. A total of approximately 100
data points was collected over the concentration range 10—107° mol dm™.
The time taken for a calibration was typically 50 min. Nitrate activities were
estimated using a Debye-Hiickel expression for activity coefficients.

Results and discussion

The time required for a dilution depends on the speed of response of the
membrane. A critical requirement of the constant dilution method is that
the sensor response is fast relative to the rate of change of concentration of
the primary ion.

Examples of continuous nitrate calibration curves and of the effects of
nitrite and chloride interferences on the responses of the four membranes are
shown in Figs. 2 and 3. Typical selectivity data for the four membranes used
are given in Table 2. The TDDA-N membranes were found to be superior to
the Aliquat-336 membranes. The selectivity coefficients for the membranes
containing TDDA-N were in reasonable agreement with those given by
Nielsen and Hansen [4], and by Wright and Bailey [6] for conventional ISEs.
Electrode slopes were in the range 52—57 mV/decade at 20°C. No appreci-
able differences were observed between membranes plasticized with dibutyl
phthalate or Elvaloy 742, but membranes prepared with the latter were
found to be physically stronger. As with ISEs, there are inevitable variations
in slope and selectivity coefficients between nominally identical polymeric
membranes on ISFETs.

Output {(mV)

200 cC

300 1 | I 1 t

log ayo—
93n0;

Fig. 2. Simultaneous nitrate calibration curves for membranes A—D (see Table 1 for mem-
brane compositions).
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Fig. 3. Interference effects on the nitrate response: (a) chloride with ag-= 10~ mol dm3;
(b) nitrite with ang; = 10° mol dm ™.

TABLE 2

Selectivity data

Membrane —log Knoj, x
Chloride Nitrite Hydrogencarbonate
A? 2.7,2.1 1.6,1.8 2.6,2.7
B2 2.3, 2.0 1.0,1.8 2.8
ca 1.5 0.8 —
D2 0.8 0.7 -
TDDA-N [4]P 2.30 1.15 >3.30
Aliquat-336 [61P 2.30(2.5) 1.35 (3.55)

aInterferent concentrations 10 mol dm™. PInterferent concentrations 10-* mol dm~-?,
except for the values in parentheses, which were obtained at 10! mol dm 3.

Device stability varied considerably between different ISFETs with nitrate
membranes but no definite pattern was discernible. There are at least three
possible explanations of instability and observed drift with polymeric mem-
brane devices: (a) leaching out of electroactive material, (b) hydration, or
solution penetration, of the membrane with associated internal pH changes,
and (c) release of impurities or stabilizers from the PVC matrix. The problem
of membrane internal pH change is potentially the most critical in ISFET
applications because of the pH sensitivity of the silicon nitride surface. Any
pH changes in the membrane will result in a shift in the potential difference
at the membrane/silicon nitride interface. This change in potential difference
would be superimposed on that observed at the ISFET /solution interface.
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Conclusion

The constant dilution technique is an efficient and reliable method for
calibrating ISFETs and ISEs. By incorporating a multi-function ISFET in a
miniature flow cell, different membrane compositions sensitive to the same
ion can be evaluated simultaneously under identical conditions.

The authors acknowledge financial support from the Water Research
Centre. We are grateful to Dr. A. Sibbald for his advice, to Prof. P. Meares
for the Elvaloy 742 sample and to T. R. Harbinson for preparing the Aliquat
nitrate sample.
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AMPEROMETRIC DETERMINATION OF SULFITE WITH SULFITE
OXIDASE IMMOBILIZED AT A PLATINUM ELECTRODE SURFACE
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Summary. Sulfite oxidase is immobilized on collagen membrane at the surface of a plati-
num electrode and catalyzes the oxidation of sulfite to sulfate with stoichiometric
production of hydrogen peroxide. The hydrogen peroxide is detected amperometically at
the platinum electrode at an applied potential of 700 mV. The system responds linearly
to sulfite in the range 1—150 yM, with a detection limit of 0.2 uM. The enzyme retains
over 95% of its activity for three weeks if stored at —20° C when the probe is not in use.

Sulfite is widely used in the food and pharmaceutical industries as an
inhibitor of bacterial growth and as an anti-oxidant. In large quantities, sulfite
is a pollutant in ground and wastewaters. Recent approaches used for the
determination of sulfite include molecular emission cavity analysis [1],
chemiluminescence [2], spectrophotometry [3], titrimetry [4] and ion
chromatography [5]. However, other fast, simple, and accurate procedures
will be useful.

The purpose of the work described here was to design a sensitive enzyme
probe for the quantitation of small concentrations of sulfite. The conditions
of optimum operation of the system are reported.

The method utilizes the enzyme-catalyzed oxidation of sulfite to sulfate

with stoichiometric production of hydrogen peroxide:
sulfite oxidase
S0O% + 0, + H,0 - S0z~ + H,0,
The hydrogen peroxide is monitored amperometrically via its oxidation at a
platinum anode. The measured current is proportional to the concentration
of hydrogen peroxide produced and so to the concentration of sulfite in the
sample solution.

Experimental

Apparatus and reagents. All measurements of current were made with the
YSI-Clark 2510 Oxidase Probe and the Model 25 Oxidase Meter (Yellow
Springs Instrument Company, Yellow Springs, OH). A Fisher Scientific
Model 4512BF strip-chart recorder was used to record current traces. A
Fisher Model 80 constant-temperature circulator was used to control the
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temperature of a 50-ml capacity double-jacketed sample glass cell at 25.0 +
0.1°C. Collagen membranes were obtained from YSI. Cellulose acetate mem-
branes were prepared by established methods [6]. Phosphate buffers of
0.10 M concentration were prepared in deionized water. Reagent-grade
sodium sulfite was used to make standard solutions. Sulfite oxidase (E.C.
1.8.3.1; from chicken liver, Lot No. 104F-0590; Sigma Chemical Co.) was
used.

Procedures. In experiments to determine the optimum pH of enzyme
activity, initial buffer volumes of 5 ml were used. The enzyme solution was
used as received. To each buffer was added 10 ul (3.6 units) of enzyme and
the solution was thermostatted at 25 + 0.5°C with constant stirring. Then
aliquots of a standard sulfite solution were added to give final concentrations
of sulfite of 1 X 10™ M. The probe current was measured after 3 min for
each solution. Calibration graphs for sulfite were obtained by addition of
aliquots of a freshly prepared standard sulfite solution to 50 ml of pH 8.50
phosphate buffer after the immersed enzyme probe had reached thermal
equilibrium and the residual current had been offset on the meter.

To minimize the nonenzymatic oxidation of sulfite to sulfate, buffered
sample solutions were purged of oxygen by bubbling nitrogen through for
about 5 min and maintaining them under a nitrogen atmosphere. Sulfite
solutions were either stabilized against air oxidation by preparing them in
buffer solutions containing glycerol or prepared freshly for each experiment.

Preparation of the enzyme probe. The YSI-Clark 2510 Oxidase Probe used
consists of a platinum anode surrounded by a silver cathode. The probe
operates at an applied potential of 700 mV. The collagen membrane used to
immobilize the enzyme was first chemically activated as described by Coulet
etal [7].

An ultrafine cellulose acetate membrane was first placed over the ampero-
metric probe. Sulfite oxidase solution (3.6 units) was pipetted onto the
center of this membrane, over the circular platinum anode of the probe. The
enzyme layer was then covered with an activated collagen membrane (2.5 cm
diameter) held in place with an O ring. The probe was then conditioned in a
pH 8.50 phosphate buffer for about 2 h or until a steady background current
was obtained. This current, which was less than 5 nA, was offset on the
instrument.

Results and discussion

Increased sensitivity to a 1 X 10 M sulfite solution was observed with
increased immobilized sulfite oxidase (0.5—3.6 units). The maximum amount
of enzyme used for subsequent studies (3.6 units) was limited by the surface
area of the platinum electrode.

The pH profile of sulfite oxidase is shown in Fig. 1. Maximum enzyme
activity is observed at pH 8.50 and subsequent experiments were done at this
pH. It was found that tris(hydroxy)methylaminomethane buffers of pH > 8
generated high background currents, thus phosphate buffers were used.
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Fig. 1. pH profile of immobilized sulfite oxidase electrode at 25°C with activity reported
as percent of maximum.

Ascorbic acid (>103 M) interfered significantly with the probe. However,
the use of ultrafine cellulose acetate membrane and a reaction medium of
pH > 7 minimized the problem [8]. Ammonium ion (>4 X 1072 M) produced
a signal which was about 10% of that generated from 2 X 10 M sulfite.

The calibration graph of the logarithm of current (y) against the logarithm
of the concentration (x) had the linear regression equation y = (1.019 *
0.013)x + 5.71 £ 0.07 with S, = 0.03 and r = 0.9995. The plot was linear in
the range 1—150 um sulfite. The upper limit was imposed by the instrument
which could detect a maximum current of 100 nA. Solutions containing sul-
fite concentrations >150 uM were diluted before measurements were made.

The enzyme probe was stored at ~—20°C in buffer when not in use. Cali-
bration graphs were prepared and recovery studies were done daily for three
weeks. During this period, the slope of the calibration graph decreased by 5%
although the linear range was maintained. The detection limit for sulfite was
found to be 0.2 uM. Freshly prepared sulfite solutions were used in these
tests; sulfite solutions stabilized with glycerol were adequate for only two
days. The titre of a 5 X 1072 M sulfite solution was found to decrease by 20%
on overnight storage at 4°C.

Randomly selected known concentrations of sulfite between 0.16 and
10.45 ug ml™ were quantified by using the probe. The sample volumes varied
from 5 to 40 ml. A least-squares fit of experimental concentrations (y) vs.
the known values (x) gave y = (1.011 + 0.002)x — (0.005 = 0.011) ug ml™*
with S,, = 0.02 ug ml™ and r = 0.9999. The relative errors ranged from 1.1
to 6.3% and the within-run relative standard deviations for five determina-
tions ranged from +1.0% to +7.2% with an average of +2.5%.

The level of the final, stable current reading and the time required to
attain it depends on whether the enzyme is placed in the bulk solution or
isolated behind the membrane. In the bulk solution, the enzyme is relatively
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less concentrated so that a longer time is required to attain a steady-state
cwrrent but the final current is higher because substrate conversion is essen-
tially complete. Behind the membrane, the enzyme is highly concentrated
but converts only the substrate that has diffused through the membrane; the
steady-state current is reached more quickly but the final current is lower. It
took 3.5 min to reach a final stable current of 4 nA when 1 unit of the
enzyme was added to 1 X 10 M sulfite. This time was reduced to about
0.5 min and the current reading was 3.4 nA when the same amount of
enzyme was immobilized at the probe.

A definite advantage of the immobilized enzyme is the shorter time
required to obtain a steady-state response, thus reducing the extent of non-
enzymatic air oxidation of sulfite in the bulk solution.
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Summary. DIAGRAM provides graphic display of acid-base equilibria based on logarithmic
concentrations of the species involved. Various subroutines facilitate calculation of « and
concentration values of the different species in a system and successive protonations can
be superimposed on the output.

Graphic presentation is widely used in the treatment of ionic equilibria
and its importance has been stressed by numerous authors [1—6]. Several
computer programs, e.g., MINIQUAD [7] and SQUAD [8] give graphic
information about ionic equilibria but were designed primarily for the refine-
ment of equilibrium constants, rather than to provide graphic information
under any desired consitions. Other programs, e.g., COMPLEX [9], are useful
to calculate the pH dependence of the concentrations of free species in com-
plex systems, using known values of the equilibrium constants. When the pH
range is scanned, the concentration or percentage of all free species in a sys-
tem can be represented versus pH, giving compact information about the pre-
dominance of the different species.

In this communication, a new program, DIAGRAM, is described for plot-
ting logarithmic concentration and distribution diagrams of acid-base equi-
libria, as well as for calculation of ¢; fractions or concentrations of all species
present at any desired pH value. Several systems can be superimposed in the
same figure.

Description of the program

The program comprises a main program, PRINCIPAL, and nine subroutines.
In the PRINCIPAL program, the task to be done is specified. In the LOG sub-
routine, logarithmic concentration diagrams are produced. First, the analyti-
cal concentrations (c,) of the system are input and then the maximum degree
of protonation, n, of the system and the pK values are introduced through
the DATA subroutine, together with the selected intervals of the x and y
scales, and the required resolution. In the N/D subroutine, the expression

&=h" " K,K;. .. Ky i/(h" + K,h" " + K Kok "2 4 ..+ K,y ... Ky)
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is calculated, and values of log [x;] = c,a; are obtained in the LOG subroutine.
Here, K is the protonic concentration.

Once all the points to be represented have been obtained, the program
jumps to the DRAW subroutine, where the kind of representation can be
selected (printer, plotter or both). Without changing scales, other systems
can be superimposed on the same diagram, which allows comparison of dif-
ferent systems or performance of calculations from line interceptions. Once
all the systems required have been introduced, the program returns to
PRINCIPAL.

In the DIST subroutine, the flow diagram is very similar to that of the
LOG subroutine: ¢; is represented directly versus pH, and the plot is indepen-
dent of analytical concentrations. The distribution diagrams can be shown
on a printer, a plotter or both. Different systems can be superimposed and
diagrams can be produced in different sizes, vertically or horizontally or
both. When no further systems need to be represented, the program returns
to PRINCIPAL.

In the CONCS subroutine, the data for a given system (analytical concen-
trations and pK values) are introduced and then the free concentrations of
all species are calculated for a selected pH value. When no more pH values
need to be studied, the program returns to PRINCIPAL. The ALFAS sub-
routine is similar to CONCS, but a; values are obtained instead of concentra-
tions. A HELP subroutine summarizes the different possibilities of the
programs. Subroutine GSTORE is used when the diagram shown on the
display has to be filed. Subroutine GLOAD recovers a stored diagram for
display.

The program will run on a desk computer with 32 kbytes of RAM. Both
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Fig. 1. Distribution diagram for the components of Prideaux buffers made from acetic,
phosphoric and boric acids {10]: (1) H,PO,; (2) H,PO;; (3) CH,COOH; (4) CH,COO";
(5) HPOZ"; (6) H,BO,; (7) H,BO;; (8) POj; (9) HBO3.

Fig. 2. Logarithmic concentration diagram for 1 x 10® M ethylenediaminetetraaceto-
amidooxime (Y) [11] at ionic strength 0.1 M (25°C) with pK,, = 3.19, pK,, = 4.16,
pK,, = 5.08 and pK,, = 6.21: (1) H,Y*; (2) H,Y*;(3) H,Y*"; (4) HY*;(5) Y.
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HP-85 and HP-86 microcomputers have been used; the first gives hard copies
on thermal paper, the second on DIN A4 paper with a 7470A plotter.
(Cassette or floppy disc of both versions are available on request at nominal
costs.)

The program can deal with a maximum of nine protonation numbers, be-
cause the equilibrium constant array was not dimensioned. This can easily be
changed if necessary.

Results

Experience with the DIAGRAM program has been satisfactory. The pro-
gram has been used to obtain logarithmic concentrations and distribution
diagrams to represent systems whose pK values were obtained during our
researches.

In Figs. 1 and 2, two examples are represented.
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DETERMINATION OF CHLORPROMAZINE HYDROCHLORIDE IN
TABLETS BY MOLECULAR EMISSION CAVITY ANALYSIS
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Summary. Sulphur in chlorpromazine hydrochloride (2—50 mg) is oxidized by dichromate
in condensed phosphoric acid (CPA) to sulphate, which in turn is reduced to hydrogen
sulphide by heating with tin dissolved in CPA. The gas is carried by nitrogen to a steel
cavity situated in a hydrogen/nitrogen flame and the S, emission is measured at 384 nm.
The method is applied to determine the drug in powdered tablets. No sample pretreat-
ment is needed; the procedure takes 10 min.

Chlorpromazine hydrochloride (I; 2-chloro-10-(3-dimethylaminopropyl)-
pPhenothiazine) is used as a tranquillizer and antiemetic. It can be determined

N Cl CHs, HCI
/

'
CH2 —CHZ_CHZ_N\
CH3
I

spectrophotometrically by extraction with flavianic acid from a neutral
aqueous medium over the range 7—70 ug ml™! [1]. Reaction with alizarin
red S in dilute sulphuric acid gives a 1:1 adduct, the absorbance of which can
be measured at 420 nm [2]. Sodium nitrite forms a violet or pink colour in
strongly acidic media with chlorpromazine hydrochloride, and 98.8—104.3%
recoveries were obtained by spectrophotometry [3]. Other reagents include
chloranil [4], tungstophosphoric acid [5] and iron(III) chloride [6]. Numer-
ous chromatographic methods have been suggested [7—11].

Molecular emission cavity analysis (m.e.c.a.) has been used to determine
compounds containing various elements, especially sulphur compounds [12],
including chlorpromazine [13]. A method for reducing sulphate to hydrogen
sulphide for m.e.c. detection was developed [14]. This is used in the present
communication to generate hydrogen sulphide from the reduction of sulphate
procuded by oxidation of chlorpromazine. Chlorpromazine hydrochloride
was oxidized by chromium(VI) in condensed phosphoric acid to sulphate.
Excess of chromium(VI) was destroyed, and the sulphate reduced by tin dis-

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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solved in condensed phosphoric acid to hydrogen sulphide [14]. The hydro-
gen sulphide generated was swept from the reaction vessel, by a stream of
nitrogen, to the cavity via a condenser which removed any spray that might
otherwise reach the detector.

Experimental

The arrangement of the apparatus is shown in Fig. 1. Flame gases were
1.51H, min™? and 1.75 1 N, min™, with 15 ml N, min™ as carrier. The

stepping
mator

amplifi-
er

10,000 ©

=

monoch-

romator Systerm

recorder

Fig. 1. Schematic diagram of the m.e.c. detector with the reaction cell and condenser:
(1, 2) indicate points connected for water flow; L, M are flow meters,

spectrometer was similar to that described previously [14], with a water-
cooled stainless steel cavity and a stepping motor device for wavelength
scanning.

Preparation of oxidant and reductant. Concentrated phosphoric acid
(analytical grade; 500 ml) was placed in an open round-bottomed flask heated
by an isomantle until the temperature reached 285°C as measured by a pro-
tected thermometer, dipped into the acid. The “condensed’ phosphoric acid
was cooled and potassium dichromate (100 g) was dissolved in it by heating
on a water bath. This reagent will be referred to as Cr/CPA. The reductant
was prepared by adding 100 g of tin granules to the same amount of cool
CPA prepared as above, and heating to 290°C [14]; this reagent is termed
Sn/CPA.

Calibration. To a 100-ml round-bottomed flask, weighed mg-amounts of
chlorpromazine hydrochloride were added, followed by 20 ml of Cr/CPA.
The mixture was heated on a water bath until all powder had dissolved. To
remove excess of Cr/CPA, the solution was heated on an isomantle until it
turned deep green owing to the formation of chromium(III). The solution
was left to cool to room temperature, and 20 m! of Sn/CPA added. The flask
was fixed to the vapour transport system and heated to produce hydrogen
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sulphide. The generated gas was passed to the detector where the S, emission
at 384 nm was measured as a function of time. The maximum intensity was
plotted as a function of the mass of drug.

Determination of chlorpromazine hydrochloride in tablets. Largopromactil
tablets contain 10 or 50 mg of chlorpromazine hydrochloride as the active
ingredient. Fourteen tablets that each contained 10 mg of drug were weighed
and ground separately until the powder passed a 200-mesh sieve. The same
procedure was adopted for 50-mg tablets. A weighed amount of each powder
was treated as the calibration procedure. The maximum S, intensity was
measured, and the amount of chlorpromazine found from the calibration
graph.

Results and discussion

The calibration graph for chlorpromazine hydrochloride is linear for
2—50 mg of drug. Maximum intensity was obtained after heating for 9—10
min under the conditions used. For seven 10-mg drug tablets, when the
weights added to the reaction vessel were 177.4 mg, the peak height obtained
was 38.9 + 1.1 mV, corresponding to 10.5 mg of chlorpromazine hydro-
chloride; for 380 mg of 50-mg drug tablets, the average peak height was
182.0 = 1.8 mV, which is equivalent to 49.5 mg of chlorpromazine hydro-
chloride. These results are in good agreement with the expected values, which
indicates that other tablet components do not affect the chlorpromazine
recovery.

The author thanks the Samarra-Iraq company for their kind help in supply-
ing samples.
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Short Communication

EFFECT OF RADIOFREQUENCY POWER ON LASER INDUCED
FLUORESCENCE AND EMISSION SPECTROMETRY WITH AN
EXTENDED-SLEEVE INDUCTIVELY-COUPLED PLASMA TORCH

X. HUANG?2, D. MO? K. S. YEAH and J. D. WINEFORDNER*
Department of Chemistry, University of Florida, Gainesville, FL 32611 (U.S.A.)
(Received 21st October 1985)

Summary. Relative laser-excited fluorescence and emission intensities as a function of RF
power were measured for the Ca-1, Ca-II, Ba-1, Ba-II, Mg-I, Mg-II, Na-I and Cu-I lines with
an extended inductively-coupled plasma (ICP) torch. In most cases, the relationships were
different from those found in previous studies with a conventional short ICP torch. In
some cases, unexpected double maxima or minima occurred. A study of the effect of an
easily ionized element, potassium, on the fluorescence at the Ca-I and Ca-II lines with the
extended-sleeve torch showed a considerably larger ionization interference than exists
with the conventional short torch. The extended torch has found some use in laser-excited
fluorescence and ICP-excited fluorescence, but researchers should be wary of unexpected
variations with power and substantial ionization interferences.

The effects of radiofrequency (RF) power on the signal level in inductively-
coupled plasma (ICP) fluorescence and emission spectrometry have not been
thoroughly investigated previously for the extended-sleeve torch. Demers
and co-workers [1, 2] found that the atomic fluorescence signals of easily
dissociated but difficultly ionizable elements such as As, Pb, Tl, Cu, Fe and
Zn increased only slightly as RF power increased, whereas easily ionized
elements, such as sodium, decreased with increased RF power. Kosinski et al.
[3] found that, with increased RF power, the atomic fluorescence signals of
gallium decreased and those of molybdenum reached a peak, whereas the
ionic fluorescence signals of Ca, Sr, and Ba changed little and those of Y and
Zr increased. Apparently, the influence of RF power on fluorescence signals
has not been studied with the short (conventional) torch. However, several
RF-power studies have been done with the short torch for emission [4—12].

The previous emission studies [4—12] showed no unusual behavior with
variation in RF power, and in fact in previous similar studies here, no unusual
behavior was observed for either emission or fluorescence measurements with
variation of RF power using a short torch, i.e., the emission or fluorescence

20n leave from Institute of Chemical Metallurgy, Academia Sinica, Beijing, China.
bOn leave from Institute of Geochemistry, Academia Sinica, Guiyang, Guizhou Province,
China.
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signals continually increased with RF power, or increased with RF power
reaching a plateau or a maximum value, or decreased slightly with increased
RF power. However, recent studies with an extended-sleeve torch (40 mm
longer than the short torch) in both fluorescence and emission spectrometry
resulted in different power-dependencies (i.e., more than one maximum and/
or minimum in the fluorescence or emission signal vs. RF power plots) which
are reported here. The unusual behavior must be taken into account when
the extended torch is used in fluorescence or emission spectrometry.

Experimental

Apparatus. The laser system consisted of an XeCl excimer pumped dye
laser. For the excimer laser (Lumonics Model 860; Lumonics Research,
Ontario, Canada), the pulsed output at 308 nm was 80 md. The dye laser
(Molectron Model DL-II; Molectron Corp., Sunnyvale, CA) was operated in
both the fundamental region of 360—950 nm and the frequency-doubled
region of 217—360 nm. Table 1 shows the laser dyes, wavelength ranges, and
elements/lines investigated.

The 27.2-MHz ICP system was a Plasma-Therm Model HFP-2000-D (Plasma-
Therm, Kresson, NJ). The extended plasma torch was 40 mm longer than
usual (Baird Corp., Bedford, MA). The nebulizer was a Meinhard Model
TR-30-A3 (J. E. Meinhard Assoc., Santa Ana, CA).

The optical system between the dye laser and the plasma consisted of two
mirrors and a small aperture to align and direct the beam into the ICP. The
axis of the plasma was aligned with the entrance slit and the central cross-
section was imaged 1:1 onto the entrance slit of a 0.3-m monochromator
(Model 700, GCA McPherson Instrument, Acton, MA); a photomultiplier
detector (Model R1414, Hamamatsu TV Co., Middlesex, NJ) was used. The
detector output was transferred to a preamplifier (Model 4163, Evans

TABLE 1

Laser dyes, wavelength ranges and element lines investigated

Dye and solvent Wavelength range? Element and
(nm) excitation line (nm)

Rhodamine 590 (methanol) 566—610 Mgl 285.2P
Rhodamine 560 (methanol) 542578 MgIl 279.6P
Bis-MSB (1,4-dioxane) 411—431 Cal 422.7
PBBO (1,4-dioxane) 386—420 Call 3934
Coumarin 540A (methanol) 521—605 Bal 553.5
Coumarin 450 (methanol) 430—482 Ball 4554
Rhodamine 590 (methanol) 566—610 Nal 589.0
Crystal violet 670 (methanol) 634—690 Cul 32470

aThe data are taken from Laser Dyes, Exciton Chemical Co., Dayton, Ohio. PFluorescence
was measured at the doubled frequencies.



301

Associates, Berkeley, CA) with a 1-kQ input resistor and then to a boxcar
averager (Model 162/165, Princeton Applied Research, Princeton, NJ). All
measurements were made on a potentiometric chart recorder (Model Servo/
Riter 2, Texas Instruments, Houston, TX).

Reagents. The elements investigated were Ca, Ba, Mg, Na, and Cu. Stock
(aqueous) solutions containing 1000 ug ml™ of each were prepared from their
chloride or nitrate salts. These solutions were diluted to 1, 10, 50 and 100 ug
ml™! for fluorescence and emission measurements as indicated in Table 2.

Procedures. The operating conditions for the instrumental system are given
in Table 3. The high coolant flow rate of 18 | min™' was needed to avoid
melting of the extended-sleeve torch. The torch was adjusted so that the top
of the inner aerosol tube was positioned between the first and second turns
of the load coil.

All fluorescence measurements were made at the same wavelength as
excitation (resonance transition) to allow comparison with emission at the
same wavelength.

Results and discussion

Figure 1 shows the influence of RF power on the relative resonance
fluorescence intensities (RFI) and relative emission intensities (REI) for all
the elements listed in Table 1. The data are the results of triplicate measure-
ments taken over a 3-month period and normalized with respect to the rela-
tive fluorescence and emission intensities. The features of interest can be
summarized as follows. The fluorescence increases with RF power reaching a
single maximum (0.7—0.9 kW) and then decreases significantly for Mg I, Mg
II, Ca II, Ba II and Cu I; in the cases of Mg II, Ca Il and Cu I, the curves
approach a plateau region at high powers. The fluorescence reaches two
maxima (=0.7—0.8 kW and ~1—1.2 kW) for Ca I and most likely Ba I. The
fluorescence for Na I seems to decrease gradually until ~0.9 kW and then
increases rapidly. The emission of Mg I, Mg II, and Na I decreases with power
reaching a minimum (= 0.8—1.0 kW) and then increases slightly. The emission
of Ca II, Ba II, and Ba I increases with RF power, as expected. Finally, the
emission of Ca I decreases and then increases and that for Cu I increases to a
maximum at ~0.7 kW and finally increases rapidly with power.

TABLE 2

Concentrations of solutions used for different experiments

Concentration Lines tested
-1
(ug m1™) Fluorescence Emission
1 Cal Call, Ball MgIl Cal,Call, Ball
10 Nal MgI, MgII,Nal, Cull
50 Cul —

100 Bal, Mgl Bal
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TABLE 3

Operating conditions for instrumental system

Parameter Operating conditions
Pump laser energy 50 mJ
Dye laser energy
Fundamental 0.8—1.2 md/pulse
Frequency-doubled 1—8 ud/pulse
Laser beam diameter at plasma ~3 mm
ICP forward power 0.6—1.2 kW
Observation height 10 mm above the tip of torch (50 mm above the
load coil)
Radial position Optimized for maximum signal
Plasma argon flow rates 18 1 min~' coolant, 0.7 1 min~' nebulizer (no
auxiliary)
Monochromator
Slit width 1000 um for fluorescence; 25—50 um for emission
Slit height 1 mm for fluorescence and emission
Photomultiplier —800V

The variation of emission and fluorescence signals with RF power (Fig. 1)
normally obeys one of the following two trends; either the signal drops as
power increases, because of a decrease in the ground-state population and
increases in excited-state and ionic populations, as with Cu, Na, and Zn, or
the signal increases with power as with B, P, and Zr, where dissociation of
stable oxide molecules increases with power. The fluorescence plots where
one maximum occurs (Mg I, Mg II, Ca II, Ba II, and Cu I, and possibly Ca I if
it were redrawn to intersect the points below a power of ~1.0 kW), can be
interpreted in the same way as for refractory elements (B, P, and Zr) to
explain the increasing signal at low RF powers and in the same way as for
non-refractory elements (Cu, Mo, and Zn) at high RF powers. Certainly the
Na I and Ba I fluorescence plots in Fig. 1 do not conform to previous studies
or to the interpretation of the other fluorescence plots. The emission/power
plots generally show the expected increase in signal with increase in power
(Ca I1, Ba II, BaI, Cu I); however, the Mg I, Mg 11, Na I, and Ca I plots show
unexpected decreases with increase in power, reaching minima at RF powers
of ~0.8—1.0 kW and the emission signal increases with further increase in
power. The Mg I and Mg II plots are similar and difficult to explain. The Cal
and Na I plots are probably a convolution of two effects; a decrease in
excited-state populations caused by ionization and an increase in excitation
efficiencies at high power.

In Fig. 2, the influences of RF power on the fluorescence signal-to-back-
ground ratio, S/B, are compared with the RFI plots for NaI, Bal, Ball, Cal
and Ca II. For the Ba and Ca lines, the S/B vs. power plots increase as do the
RFI vs. power plots, whereas for Na I, the S/B vs. power plot drops because
of the abnormal increase in background with RF power increase.
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In Fig. 3, the influence of an easily ionized element, potassium, on the
fluorescence of calcium as a function of RF power is given, with recorder
tracings of the calcium fluorescence with and without 1000 ug ml™ potassium
added. The striking effect of potassium ion on the Ca-I line, i.e., an increase
by ca. 4-fold, and on the Ca-II line, i.e., a decrease of >100-fold, should be
noted. This is in contrast to the much smaller effect of potassium ion on
elements measured by emission with the conventional (short) torch. The
effect of RF power on the relative intensity of the Ca-I line shows a steep
maximum at ~0.8 kW as opposed to the rather flat plot without potassium
present.

The increased effect of an easily ionized element on an element like
calcium with the extended torch is likely due to the lower electron number
density [13] (perhaps ~10!? electrons cm~3) and the lower plasma tempera-
ture [3]. As a result, the easily ionized element contributes significantly to
the electron number density of the cooler plasma. In fact, the plasma pro-
duced with the extended torch would be expected to have characteristics
between the conventional short-torch ICP at about 15 mm above the load



305

-+
~ X
S +
A B [+
300
g
o 2501
o
80
i
o 3 (2)
g
3 _ I
t T *or 200f
+ x | Q) A
. =
x E o 11/
+ o = r 705
[ © {2, m
: 2 oy L —— 1
s T
e Lo
06 07 08 09 10 11 12 06 07 08 09 10 11 12
Power . Power

Fig. 3. Effects of potassiumion (1 gl1-') on the fluorescence intensities of calcium. (A) Ca-I
line with and without K* added at 0.7 kW power; (B) Ca-II line with and without K* added
at 0.7 kW power. (C) Effect of RF power (in kW) on Ca-II line without (curve 1) and
with (curve 2) addition of K*; (D) as for C at the Ca-I line. The calcium concentration in
these tests was 1 mg 1.

coil and a hot combustion flame, e.g., nitrous oxide/acetylene. The un-
expected but reproducible effects observed with power variation in Fig. 1 for
both emission and fluorescence are difficult to explain based on previous
models of the ICP atomization/ionization/excitation mechanism. The major
points to stress here are that: (i) the extended-sleeve-torch plasma is not
well understood; (ii) RF power variations can lead to unexpected variations
of emission and fluorescence indicating a need for stable RF power; and
(iii) ionization interferences are larger than for the short torch.

This work was supported by AF-AFOSR-F49620-84C-0002.
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FLUORESCENCE QUANTUM EFFICIENCIES OF HALOGEN-
SUBSTITUTED BENZOIC ACID ISOMERS*

I. M. KHASAWNEH? and J. D. WINEFORDNER*
Department of Chemistry, University of Florida, Gainesville, FL 32611 (U.S.A.)
(Received 15th October 1985)

Summary. The fluorescence of halogen-substituted benzoic acid isomers is enhanced by
the addition of an aliphatic acid to chloroform as the solvent. The molar absorptivities of
these isomers at the wavelength of maximum absorbance are reported. The fluorescence
quantum efficiencies of the fluorescent species from these isomers in 5% acetic acid/
chloroform are also reported.

Absolute fluorescence quantum efficiencies of many compounds have been
evaluated by different methods [1]. Many difficulties are associated with
these methods [2]. Therefore, the quantum efficiencies of many compounds
are determined relative to a standard which has a known quantum efficiency.
Parker [3] reported the excitation wavelengths and the quantum efficiencies
of benzene, anthracene, and naphthalene in ethanol as solvent. The quantum
efficiencies of toluene in cyclohexane [4] and of acetylsalicylic acid [5]
have been reported. The fluorescence quantum efficiencies of many com-
pounds depend on the experimental conditions [6—9], such as temperature,
solvent, excitation wavelength, degassing of the solvent, and the concentra-
tion of the compound used for measurements.

In other work [10], it was found that halogen-substituted benzoic acid
isomers do not fluoresce to a measurable degree in pure chloroform at room
temperature. However, the addition of 5% acetic acid to the pure chloroform
enhances their fluorescence to a considerable degree. The main purpose of
the present communication is to report the effect of the addition of acetic
acid and the halogen substitution on the fluorescence quantum efficiency of
benzoic acid. The relative fluorescence quantum efficiencies of these isomers
were determined by using 9,10-diphenylanthracene (DPA) as a standard. The
quantum efficiency for DPA has been reported at different excitation wave-
lengths, temperature, and solvents [11—15]. The present measurements were
done at room temperature and without degassing the solution. Therefore,
based on previous work [16], the quantum efficiency of DPA used here was

2Present address: Department of Chemistry, Yarmouk University, Irbid, Jordan.
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0.66, although values between 0.76 and 1 have been reported in different
solutions.
The fluorescence quantum efficiency, ¢, is calculated by using the equation

e = 0s(As/ANF o/F I3/ 1) (n%/nd) (1)

where the subscripts c and s denote the test compound and the standard, res-
pectively; A is the absorbance of the species at the respective excitation wave-
lengths, F is the area under the emission spectrum corrected for the blank, I°
is the relative excitation flux at the excitation wavelength, and n is the
refractive index of the solvent.

The fluorescence quantum efficiencies of these halogen-substituted benzoic
acid isomers are compared with each other and with the parent molecule
(benzoic acid) as described below.

Experimental

Apparatus and reagents. A Perkin-Elmer spectrofluorimeter (LS-5) inter-
faced with a Model 3600 data station was used to measure fluorescence and
a Sargent-Welch recorder (Model SRG) was used to record the fluorescence
spectra. All measurements were made by using a 10 X 10 mm quartz cuvette.
A Pye-Unicam spectrophotometer (SP-8-100) was used to obtain the absorp-
tion spectra.

The sources of the isomers were the same as reported earlier [10]. The
standard DPA was from Aldrich; absolute ethanol was obtained locally.

All glassware was placed for 45 min in a supersonic cleaner (Cole Parmer,
Chicago), rinsed five times with distilled water and three times with deionized
water (Barnstead Nanopure System), dried for 24 h and rinsed with solvent
five times before use. The automatic micropipettes and absorption/
fluorescence cuvettes were dried and rinsed five times with sample before
measurements.

Procedures. A solution containing the isomer (50 ug ml™?) in 5% acetic
acid/chloroform and one containing 10 ug ml~* DPA in ethanol were prepared.
Three diluted solutions with concentrations of 5, 3 and 1 ug ml™ of each
compound were prepared by dilution of the concentrated solution, and one
solution containing 1 pug ml~! DPA was prepared; successive dilutions con-
tained 0.5 and 1.0 ng ml™? of DPA. The fluorescence spectra of all these
solutions were recorded to obtain the corrected spectrum for each compound;
the area-corrected spectrum for each compound was calculated and the
fluorescence quantum efficiencies were calculated with Eqn. 1.

Results and discussion

The peak absorbance wavelength, the molar absorptivities and the fluores-
cence quantum efficiencies of benzoic acid and some fluoro and chloro
derivatives are given in Table 1. The molar absorptivities of the (o-, m- and
2,6-di-fluoro isomers are only moderate (>>1000), while that of benzoic acid
is smaller. The molar absorptivities of DPA at different wavelengths are
ca.10*1 mol?! cm™,
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TABLE 1

Fluorescence quantum efficiencies of halogen-substituted benzoic acid isomers

Compound Amax® Molar #P Relative
(nm) absorptivity change of ¢+°
{(mol~'lcm™*)

Benzoic acid 276 8.95 x 10? 0.0068 —
o-Fluorobenzoic acid 280 1.58 x 103 0.0072 5.9
m-Fluorobenzoic acid 281 1.60 x 10? 0.0069 1.5
2,6-Difluorobenzoic acid 284 1.02x 10° 0.0015 —78
o-Chlorobenzoic acid 282 1.14 x 10 0.0019 —72
m-Chlorobenzoic acid 284 1.10 x 10° 0.0032 —53
p-Chlorobenzoic acid 280 4.10 x 10° 0.0030 —56
2,5-Dichlorobenzoic acidd 288 3.65 x 10? — —

2 Absorption maxima precise to +2 nm. *9,10-Diphenylanthracene: A,x = 330, 351, 370,
390 nm with corresponding ep,x =7.98 X 10%, 1.75 x 10%, 2.84 x 104, 2.68 x 10*1 mol*
em™. ©Relative change compared to benzoic acid, i.e., ¢ (isomer)/¢r (benzoic acid); the
negative sign means depression of fluorescence. ¥{No measurable fluorescence.

It was found earlier [10—16] that the addition of acetic acid to chloroform
enhanced the fluorescence of benzoic acid and its derivatives significantly.
This enhancement was thought to be due to the formation of rigid species in
the excited state as a result of hydrogen bonding between the carboxyl
groups of the benzoic and acetic acids which decreased the intersystem cross-
ing. In this work, the influence of acetic acid was evaluated by determining
the fluorescence quantum efficiencies of halogen-substituted benzoic acid
and comparing them with the parent molecule. Table 1 shows that the
quantum efficiencies of the o-fluoro and m-fluoro isomers are higher than
that of benzoic acid while the others are smaller. This is caused by steric
effects and by the localization of the electron density of the ring, decreasing
the electron density of the carboxyl group and thus increasing the acidity.
All these effects decrease the possibility of hydrogen bonding between
carboxylic groups and lead to lower fluorescence quantum efficiencies rela-
tive to benzoic acid. In spite of this, Table 1 shows that the o-fluoro isomer
has a higher fluorescence quantum efficiency than benzoic acid and the
other isomers. The possibility of intramolecular hydrogen bonding between
the fluorine atom and the carboxyl group of benzoic acid most likely increases
the fluorescence by decreasing intersystem crossing. The quantum efficien-
cies of the m-fluoro isomer and benzoic acid are similar because the former
does not undergo intramolecular hydrogen bonding; its ability to withdraw
the electron density of the carboxyl group and steric effects are less than in
the o-fluoro isomer. The 2,6-difluoro isomer has the lowest quantum effi-
ciency because the localization, the withdrawing ability, and the steric effect
are greater than in the o-fluoro isomer.

All the chloro isomers have lower quantum efficiencies than benzoic acid.
Because the electronegativity of chlorine is less than that of fluorine, the
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localization and the withdrawing ability are less; however, the steric effect is
larger. Data in Table 1 show that the o-chloro isomer has lower quantum
efficiency than the m- and p-isomers, which is attributed mainly to the
electron-withdrawing ability and the steric effect. This is in good agreement
with the concept of hydrogen bonding where it is more difficult to form
such bonds in the o-isomer than in m- and p-isomers. In the case of 2,6-
dichloro isomer, the withdrawing ability, localization, and steric effects are
greater than in the o-isomer, so that the dichloro isomer shows no detectable
fluorescence. The chloro isomers quench the fluorescence more than the
fluoro isomers, mainly because chlorine does not form an intramolecular
hydrogen bond such as fluorine does in the case of the o-fluoro isomer.

No exact correlation can be drawn between the fluorescence and structure
of these compounds. The fluorescence is sufficient to detect and quantify
each isomer at concentrations in the ng ml™ range. For example, a detection
limit of 10 ng ml™! was obtained for the m-fluoro isomer [10].

This research was supported by NIH grant GM 11373-22.
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TOTAL IRON WITH CHEMILUMINESCENCE DETECTION
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Summary. Iron(II) (1.0 X 10°=—1.0 x 10-° M) is determined by the production of chemi-
luminescence in a luminol system in the absence of added oxidant. Iron(III) (2.0 x 10—
2.0 X 10°¢ M) is determined after reduction to iron(II) in a silver reductor mini-column in
the flow system. Cobalt, chromium, copper and manganese interfere.

Various methods have been proposed for the sensitive determination of
iron(II) and iron(III) on the basis of chemiluminescence reactions. Iron(II)
can be determined by its reported catalytic effect on the oxidation of
luminol by dissolved oxygen [1, 2] or lucigenin [3]. Iron(III) can be deter-
mined by its catalytic effect on the oxidation of lucigenin {4] or luminol
[56] by hydrogen peroxide.

This communication reports the flow-injection determination of iron(II)
(1.0 X 107°—1.0 X 10" M) by its effect on the oxidation of luminol in the
absence of added oxidants and measurement of the emitted radiation. Iron-
(IIT) is determined after reduction to iron(lI) in a silver-containing mini-
column incorporated in the flow system. The use of such mini-columns in
flow-injection systems has been proposed for reduction of iron(III) to iron(II)
[6]1 and copper(1l) to copper(l) [7] for spectrophotometric determination,
as well as for the production of unstable oxidation states of metal ions
[8—10]. Iron(II) and iron(III) are determined in mixtures by first analyzing
the sample without reduction, thus determining iron(II) and then passing a
second portion of sample to flow through the reductor before measurements,
so that total iron is determined.

Experimental

Reagents. All chemicals were of analytical-reagent grade and deionized dis-
tilled water was used throughout. A buffer solution was prepared by addition
of small increments of 0.5 M ammonium chloride to 0.5 M ammonia solution
to bring the final pH to 11.4. A 1.00 X 1072 M luminol solution was prepared

20n study leave from the Department of Chemistry, Laboratory of Analytical Chemistry,
University of Athens, 106 80 Athens, Greece.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.



312

by dissolving 0.1772 g of luminol (Sigma Chemical Co.) in the buffer solution
and diluting with buffer solution to exactly 100 ml. More-dilute solutions
were prepared daily by dilution with the buffer solution. Stock solutions of
1.00 X 1072 M iron(II) or iron(IIl) were prepared by dissolving 0.2780 g of
FeSO, + 7TH,O or 0.2703 g of FeCl, - 6H,0 in 0.010 M hydrochloric acid
and diluting each with 0.010 M hydrochloric acid to exactly 100 ml. More
dilute solutions were prepared daily by dilution with 0.010 M hydrochloric
acid.

Apparatus. The silver reductor mini-column was prepared as described
previously {7] and the flow injection chemiluminescence analyzer was the
same as described elsewhere {11]. The flow manifold used is shown in Fig. 1.
A peristaltic pump (Ismatec Mini S-820) was used and sample solutions were
introduced via an injection valve (Rheodyne RH-5020, Anachem) with a
40-ul sample loop. The silver reductor was placed in the sample stream and a
similar column packed with glass beads (GBC) was placed in the by-pass
stream to achieve an equal pressure drop and similar dispersion of sample in
the two streams.

Procedures. A 5.0 X 102 M luminol solution was continuously pumped
into the manifold. Iron(Il) was determined by injection of the sample into a
water stream, and directed through the GBC via a switching valve. The peak
height emission was measured. Iron(IIl) was determined by injection of the
sample into a 0.010 M hydrochloric acid stream and directed through the
reductor via the switching valve. Calibrations were done under the same
conditions. '

When mixtures of iron(Il) and iron(IIl) were to be analyzed, sample solu-
tions were injected into the 0.010 M hydrochloric acid stream and either
passed through the reductor (total iron) or directed through the GBC (iron-
(I1)). Because 0.010 M hydrochloric acid was used as the carrier stream in
both cases, it was also used for calibration for iron(II) and total iron.

Reductor

@(—m

or
g%% MHCl|2.2

PMT — Recorder

electronics

50x10°M luminol| 2.2

Fig. 1. Manifold used for the determination of iron(l1l) and total iron: (S) sample injected
(40 ul); (GBC) glass beads column; (W) waste; (PMT) photomultiplier tube.
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Results and discussion

Optimization. The effect of total flow rate on the emission intensity from
1.0 X 10 M iron(II) is shown in Fig. 2. A total flow rate of 4.4 ml min™!
(2.2 ml min~ for each stream) is recommended because at >4.4 ml min™
the signal was noisy and irreproducible. The effect of luminol concentration
is shown in Fig. 3; 5.0 X 10 M luminol is recommended and was used
throughout. The pH of the luminol solution was found to be very critical. At
pH 9.5 no emission was observed from 1.0 X 10° M iron(II). The emission
intensities from 1.0 X 1077 M iron(II) at pH 10.0 and 11.4 were 8.2 and
14.1 mV, respectively. Above pH 11.4, no increase of the emission intensity
was observed.

Dissolved oxygen was necessary for oxidation of luminol and production
of chemiluminescence as stated by Klopf and Nieman [2], because the
intensity was found to decrease as the partial pressure of oxygen decreased.
Table 1 shows how the emission obtained by injection of iron(II) decreased
in a sequence of injections into deaerated solutions, as residual oxygen in the
system was consumed.

Iron(III) can be determined after reduction to iron(II) within the silver
reductor mini-column. Maximum peak height was obtained with a 20 mm
long column. Shorter columns gave smaller peaks because of incomplete
reduction of iron(Il); longer columns increased sample dispersion so also
decreasing the peak height. Therefore, a 20-mm column (2.5 mm i.d.) was
used for all further measurements. Hydrochloric acid was needed for reduc-
tion of iron(II) to take place within the reductor. At <0.010 M acid, peak
heights were smaller owing to incomplete reduction; at >0.010 M HCI, the
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Fig. 2. Emission intensity for 1.0 X 10~ Miron(II)and 5.0 X 10-* M luminol as a function
of total flow rate.

Fig. 3. Emission intensity for 1.0 x 10-¢ M iron(II) as a function of luminol concentration.
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TABLE 1

Effect of rapid sequential injections into deaerated solutions on the emission intensity
from 1.0 X 107 M iron(II)

Injection number 1 3 5 7 9 11
Emission intensity? 72 47 42 27 12 12

aIntensity from non-deaerated solutions taken as 100.

emission intensity was decreased because the pH of the luminol solution,
after mixing, was decreased below the optimum value (pH 11.4). Therefore,
0.010 M HCI is recommended. However, the heat evolved during reaction
with the alkaline luminol solution gives rise to a 20-fold increase in noise and
increases the limit of detection foriron(II) from 5.0 X 10° Mto 2.0 X 10 M
iron(II).

Analytical characteristics. Under the optimized conditions, the calibration
graph of emission intensity (I, mV) vs. molarity was linear for iron(II) injected
into a water stream in the range 1.0 X 10°—1.0 X 10 M (I = 2.5 X 10°
[Fe(Il)] — 53.4; r = 0.994, n = 7) and the relative standard deviation for
determination of 1.0 X 10~® M iron(II) was 2.9% (r = 10). The limit of detec-
tion (signal-to-noise = 2) was 5.0 X 107'° M. When iron(II) was injected into
the hydrochloric acid stream, or when iron(III) was determined after reduc-
tion to iron(II), the calibration graph for both ions was linear in the range
20X 10%—-2.0X 10°M (I =6.6 X 10" [Fe] — 0.20; r =0.999,n = 7) and
the relative standard deviation for determination of 2.0 X107 M iron(III)
was 2.4% (n = 10). The limit of detection was 2.0 X 108 M iron(111), which
is mainly set by the iron impurities in hydrochloric acid and the heating
effect referred to earlier. By using the same calibration graph, iron(Il), iron-
(III) and total iron can be readily determined. Some results are shown in
Table 2. The column could be used for ca. 3000 determinations, and 60
samples per hour could be analyzed.

Interferences. Interferences were investigated by determining 1.0 X 10 M
iron(I) in the presence of 100-fold (weight) concentration of potential

TABLE 2

Determination of iron(II) and iron(III) in mixtures

Added (x 107* M) Found (x 10-¢ M)

Fe(Il) Fe(III) Fe(II) Fe(III)
2.0 2.0 2.1 1.9
5.0 5.0 4.8 49

10.0 10.0 10.0 10.0

20.0 20.0 21.0 21.0

50.0 50.0 52.0 51.0
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TABLE 3

Effect of interfering ions on the chemiluminescence intensity for 1.0 x 10-* M iron(II)

Ion Response change (%) with 1—10 X 10”? M ion
1.0x 1077 2.0x107 5.0 x1077 10.0 x 107
Cr3* 0 —20 —48 —67
Mn?* —60 —95 —100 —100
Cu?* —80 —100 —100 —100
Co** +100 +150

interferents. The responses were compared with those obtained from an
uncontaminated iron solution. No effect was observed from K*, Na*, Mg?*,
Ca*, Ba*, Cd**, Hg*, Zn?*, AI**, Ni** or Pb**. Cobalt(II) is also reported to
catalyze the reaction [1]; it interfered severely (Table 3). Copper(II), Mn?*
and Cr** decreased the response from iron(II) (Table 3). The same ions had
similar effects on the determination of iron(III).

E. G. Sarantonis is grateful to the University of Athens for financial
support.
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Summary. The characteristics of the ternary complexes formed by fluoride, bromide,
iodide and thiocyanate with tin(IV) and 5,7-dichloro-8-quinolinol (HCQ) have been
studied. A spectrophotometric method is proposed for the determination of tin(IV)
(1—20 ug mi™'), based on the extraction into chloroform of the tin/iodide/HCQ com-
plex. Aluminium, bismuth and lead do not interfere, but antimony, copper, iron(IIl) and
fluoride do. Copper and iron can be eliminated by preliminary extraction in the absence
of iodide.

One of the major problems encountered in the spectrophotometric deter-
mination of tin is that preseparation of the tin is usually needed. Reagents
commonly used are catechol violet [1—3] and quercetin [4], the tin first
being extracted as tin(IV) iodide into toluene or cyclohexane [5, 6] . Previous
work [7, 8] showed that tin(IV) can be extracted into chloroform by forma-
tion of a ternary complex with 5,7-dichloro-8-quinolinol (HCQ) and chloride
ion. The extraction was from a strongly acidic medium, which ensured good
selectivity. It was thought, however, that by using halide ions less electro-
negative than chloride, a ternary complex with increased molar absorptivity
could be extracted, thus allowing a more sensitive spectrophotometric deter-
mination of tin whilst maintaining the selectivity obtained when chloride
was used. For this reason, and in order to round off the previous studies [7,
8], an extractive-spectrophotometric study of the complexes formed by
tin(IV) with HCQ and bromide, iodide and thiocyanate, as well as fluoride,
was initiated. The iodide complex showed the highest molar absorptivity,
and its stoichiometry and optimal conditions for its formation were examined.

2Present address: Departamento Qufmica Analitica, Facultad de Ciencias, Universidad
Oviedo, Oviedo, Spain,

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.



318

As a result, an improved extractive-spectrophotometric method for tin is
proposed.

Experimental

Apparatus and solutions. A Beckman DK-2A spectrophotometer with
1-cm glass cells, a Metrohm E-516 pH meter with glass and saturated calomel
reference electrodes, and 100-ml separating funnels were used.

All chemicals were of analytical-reagent grade. Standard tin(IV) solutions
were freshly prepared by dilution of a 1000 ug ml™ stock solution obtained
by dissolving tin metal in sulphuric acid [7]. The tin content was checked
gravimetrically [8]. The HCQ solution, 1% (w/v) was in chloroform. Al
halide solutions were 1.0 M, except for the potassium iodide, which was
0.5 M.

Procedure. Pipette a portion of the sample solution containing 25—200 ug
of tin into a separating funnel, add sufficient perchloric acid (to ensure a
1 M final concentration in the aqueous phase) and 1 ml of the halide solu-
tion. Adjust the final volume to ca. 10 ml with distilled water. Add 10 ml of
the HCQ solution with gentle manual shaking, allow to stand for 5—10 min,
and extract the tin by shaking the funnel for 4 min. Allow the phases to
separate, filter the chloroform solution through a dry Whatman No. 1 filter
paper and measure the absorbance at 401 nm against a blank prepared in the
same way but free from added tin(IV).

Results and discussion

Formation of the ternary complexes. Mixed ligand ternary complexes of
tin(IV) with HCQ and bromide, iodide or thiocyanate were formed in acidic
media; the ternary fluoride complex was not, probably because of the high
stability of the hexafluorostannate(IV) ion. The spectral characteristics of
the complexes are shown in Table 1. The molar absorptivity decreased in the
order I"> Br~ > SCN~ > CI". The shapes of the spectra of all the complexes
were very similar to that obtained with iodide (Fig. 1).

The influence of the anion concentration on the concentration of com-
plex extracted from 1 M perchloric acid is shown in Fig. 2. For iodide and
bromide, the concentration extracted is nearly independent of the halide

TABLE 1

Spectral characteristics of tin(IV)/anion/HCQ complexes

Anion Amax (nm) Molar absorptivity
(10* 1 mol~' em™)

Cl- 403 0.47
Br- 402 0.61
I- 401 0.83

SCN- 400 0.51
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Fig. 1. Absorption spectra: (A) tin(IV)/iodide/HCQ complex against reagent blank
(10 ug Sn ml); (B) reagent blank against chloroform as reference.
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Fig. 2. Influence of anion concentration on the extraction of the tin(IV)/X/HCQ com-

plex. Anion (X"): (I) Cl~; (II) SCN-; (III) Br-; (IV) I" (measured at Ap,y for each com-
plex, 10 ug Sn ml™?).

Fig. 3. Effects of perchloric acid concentration and pH on the extraction of the tin(IV)/
iodide/HCQ complex (10 ug Sn ml-!). Reference solution: (o) chloroform; (e) reagent
blank.

concentration over most of the range studied, but for thiocyanate and
chloride, extraction is maximum only in the range 0.05—1 M anion. These
data confirm that the iodide complex should provide the most sensitive deter-
mination of tin, which would be least affected by variation of the anion
concentration. This system was selected for further work.

Effect of experimental conditions on the extraction. Four mineral acids
(perchloric, sulphuric, nitric and hydrochloric) were used to acidify the
aqueous phase. Hydrochloric acid was unsuitable because the blank absorb-
ance was too high. This was because ion pairs of the type H,CQ*Cl™ [9],
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extractable into chloroform, were formed. Nitric acid nitrates some of the
HCQ, giving coloured species in both phases. The use of perchloric or sul-
phuric acids presented no special problems, the former being slightly advan-
tageous because perchlorates are generally more soluble than sulphates, thus
decreasing the risk of formation of precipitates when real samples are analyzed.

The effect of perchloric acid concentration on the extraction of the tin/
iodide/HCQ complex was studied in the range 0.5—5 M. As shown by Fig. 3,
final concentrations of 0.5—1.2 M perchloric acid in the aqueous phase
produced constant absorbance so a perchloric acid concentration of 1 M is
recommended. In >3 M perchloric acid, the constant absorbance observed is
due to formation and extraction of iodine. As iodine is also formed in the
blank, measurement of absorbance against the reagent blank (represented by
the dotted line in Fig. 3) shows the effect of acidity on complex extraction
which is similar to that observed for the ternary chloride complex [7].

The pH of the aqueous phase was varied in the range 0.3—9.0. Its influence
on the extent of extraction is also shown in Fig. 3. As the pH increases the
absorption maximum shifts to shorter wavelengths (Table 2). Above pH 2,
the absorption spectrum of the extracted species changes to the typical
spectrum of the complex extracted in the absence of halide, i.e., SnO(CQ), *
HCQ [8], showing that with increasing pH, iodide ions are gradually replaced
by hydroxide.

Maximum absorbance was achieved with 1% (w/v) HCQ in the organic
phase for 10 ug Sn(IV) ml™. A larger excess of HCQ increases the blank
absorbance without increasing the net signal. A manual shaking time of 4
min was required to obtain maximum absorbance; the extract obtained
exhibited constant absorbance for at least 24 h.

The stoichiometry of the extracted species was studied by Job’s method
of continuous variations extended to a two-phase system [10] and the mole
ratio method [11]. Both gave tin/iodide/HCQ ratios of 1:2:2.

Analytical performance. The extracted complex obeyed Beer’s law for
1—20 ug Sn ml™ in aqueous solution. The apparent molar absorptivity at
401 nm was (0.83 + 0.01) X 10* I mol™ cm™. The relative standard deviation
as evaluated from six determinations of 100 ug of tin(IV) was 1.2%.

TABLE 2

Effect of pH on the absorption maximum and absorbance of the tin(IV)/iodide/HCQ
complex (10 ug Sn ml-* in aqueous solution)

pH Amax (nm) Abs. at Ay pH Amax (nm) Abs. at Ay
0.3 401 0.70 3.5 390 1.10
1.0 401 0.74 4.0 390 1.12
1.5 400 0.78 6.0 390 1.12
2.1 395 0.87 7.0 390 1.12

31 390 1.02
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TABLE 3

Tolerance limits for various ions in the determination of tin (10 ug ml-!)

Ion added Tolerance limit
Ion/Sn(IV) (w/w)

AP 100
Ph 50002
Bi** 500
Mn?*, Mg?* 20
Zn* Ni**, Co* 7
Sh(V), Sb(IIl), Fe3*, Cu? Interfere®
Nitrate, sulphate 50002
Tartrate 20
Fluoride, EDTA Interfere®

aMaximum ratio tested. PIndicates significant interference at a 1:1 ratio.

Tin (10 ug ml™) was determined by the recommended procedure in the
presence of possible interfering ions. The results are shown in Table 3. Alu-
minium, bismuth and lead are tolerated even if present in great excess. How-
ever, copper, antimony, iron(III), fluoride and EDTA seriously interfered.
The copper and iron(III) interferences could be eliminated by their pre-
extraction with HCQ from 1 M perchloric acid in the absence of iodide, as
described above. Once these cations had been removed, iodide was added
and the tin was extracted into chloroform as before. The selectivity of the
proposed method (Table 3) is similar to that of the less sensitive method
based on chloride [7], except for the effect of antimony, which is greater in
the present method, and the possibility of oxidation of iodide.

The method was tested by analyzing a certified lead-based sample supplied
by the Instituto del Hierro y el Acero (CENIM-CSIC, Spain). The sample was
dissolved with a nitric/tartaric acid mixture [12], and tin content was deter-
mined by following the new procedure. The mean value of nine determina-
tions of the tin content of the sample was 0.098% (2% relative standard
deviation), which compares favourably with the certified value, 0.100%.
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Summary. A typical product (glycosyl lysine) formed by reaction of lysine with glycer-
aldehyde is measured at 490 nm after coupling with diazotized sulfanilic acid. Reaction
with 4-dimethylaminobenzaldehyde was less satisfactory.

Non-enzymatic glycosylation has been shown to occur in vivo with various
proteins and to affect protein functions in several ways [1, 2]. The reaction
between sugars and proteins involves the initial binding of the aldehyde and
amino groups, with the formation of an aldimine, followed by an Amadori
rearrangement and some further steps, which are not well characterized [3].
The whole process, known as the Maillard reaction, has been extensively
studied in food chemistry as the main cause of deterioration of some pre-
served foods and loss of bioavailability of their nutrients. It has been the sub-
ject of much investigation, of reviews [4, 5] and of a recent meeting [6].
The final Maillard products (or browning compounds), which occur during
food processing under obviously unphysiological conditions, have the struc-
ture of reductones, furfural and pyrroles and share some optical and fluores-
cent properties (A nax (absorbance) = 340 nm; fluorescent emission at 440 nm
for excitation at 370 nm).

Recently, it has been demonstrated that the major consequence of hyper-
glycemia in diabetes mellitus is excessive non-enzymatic glycosylation of
proteins and that the end-products of advanced glycosylation may form in
vivo from Amadori products, through a series of further reactions, rearrange-
ments and dehydrations [1, 7, 8]. Post-Amadori glycosylation products
accumulate on longer-lived proteins, producing structural effects in many
tissues. Advanced glycosylation end-products can be detected by using spec-
trophotometric and fluorescence techniques, but direct quantitation of par-
ticular chemical products has not yet been possible.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V,
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Procedures to detect browning compounds are of vital importance for
studying the relevance of such compounds in pathological conditions such
as diabetes mellitus. The present communication shows that the browning
products, obtained by reacting lysine (the most reactive amino acid) with
glyceraldehyde (the most reactive ‘‘sugar’) under physiological conditions
[9], are reactive towards a diazonium salt and produce a chromophore with
maximum absorbance at 490 nm. Diazonium salts may therefore be used to
detect these ““late’ products of the glycosylation of proteins in vivo.

Experimental

Chemicals. Lysine, hystidine and glyceraldehyde were obtained from
Fluka; sulfanilic acid, sodium nitrite, 4-dimethylaminobenzaldehyde and
hydroxymethylfurfural were from Merck; pyrrole, 2,5-dimethylpyrrole,
pyrrole-carboxylic acid, furan, furan-2-carboxyl-Cl, imidazole, N-acetylimi-
dazole, 3-ethylimidazole and 2-hydroxybenzimidazole were from Serva.

Incubation. Browning products were prepared by incubating lysine
(40 mmol I'') with various amounts of glyceraldehyde (20—400 mmol 1)
at 37°C in pH 8.0 phosphate buffer, in the dark, and were characterized by
their absorption and fluorescence spectra.

Reaction of glycosyl lysine with 4-dimethylaminobenzaldehyde. For the
reaction with 4-dimethylaminobenzaldehyde, 1 g of this compound was dis-
solved in 100 ml of acetone and hydrochloric acid (10 mol I'") was added to
give a final concentration of 2 mol I'', Alternatively, phosphoric acid (85%
final concentration) was added instead of hydrochloric acid. To 50 ul of
sample, 500 ul of the benzaldehyde reagent was added and the mixture was
kept at 37°C for 30 min before its absorbance was measured at 540 nm.

Reaction of glycosyl lysine with sulfanilic acid and sodium nitrite. After
many variations (see Results) had been tested, the following conditions for
the assay with a diazonium salt were found to give the highest absorbance.
The sample (200 ul) was mixed with 100 ul of 0.029 mol I'! sodium nitrite
and 1 ml of a 32 mmol I solution of sulfanilic acid in 165 mmol I hydro-
chloric acid. After incubation at 37°C for 1 h, 100 ul of 5 mol I sodium
hydroxide was added and the mixture was kept for a further 45 min at 37°C
before the absorbance was measured at 492 nm. Lysine (40 mmol I™') and
glyceraldehyde (20 mmol I') were used separately as blanks. Spectra were
recorded with a Cary 219 spectrophotometer (Varian, Palo Alto, CA).

Results and discussion

Reaction of browning compounds with diazonium salts. In the search to
find a simple assay for browning compounds in vivo, a pair of very reactive
substances (lysine and glyceraldehyde) was chosen. The final reaction pro-
ducts [6] (with the absorption and fluorescence characteristics of browning
compounds) were tested with two reagents commonly used to detect pyrrole
structures in molecules of biological importance, 4-dimethylaminobenzalde-
hyde and a diazonium salt. The former reagent proved to be unreactive with
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the glycosylated structure in the presence of 2 mol I"! hydrochloric acid and
only weakly reactive when 85% (final concentration) phosphoric acid was
present in the reaction mixture. The diazonium salt, however, was strongly
reactive and led to the formation of a chromophore with an absorbance
maximum at 490 nm (Fig. 1). The absorbance correlated almost linearly with
the amount of glyceraldehyde added to the incubation medium (Fig. 2), and
showed that the maximum production of pyrrole rings corresponded to
one mole of pyrrole per mole of lysine. Comparison of the rates of formation
of browning compounds and of pyrrole showed that the reaction was almost
complete after 2 h while after 96 h all the glyceraldehyde had reacted (cf.
the difference in diazonium salt reactivity between 96 and 158 h, Fig. 2).
Optimization for sensitivity and reproducibility of the reaction conditions.
The reaction of glycosyllysine with diazonium salts was optimized by testing
various amounts of reagents in the assay. Figure 3 shows that the absorbance
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Fig. 1. Absorption spectra: (a) glycosyl lysine; (b) pyrrole; (¢) imidazole (after reaction
with a diazonium salt under the recommended conditions).

Fig. 2. Absorbance at 492 nm of lysine/glyceraldehyde adducts when reacted with a dia-
zonium salt, Lysine (40 mmol 1) was incubated with various concentrations of glycer-
aldehyde (20—400 mmol i?*) at 37°C in the dark for 1, 96 and 158 h. Different times:
(4)1 h;(*) 158 h;(c) 96 h.
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Fig. 3. Effect of reagent concentrations on the absorbance obtained for 40 mmol 1" ly-
sine, and glyceraldehyde (20 mmol 1), under the recommended conditions except for
the variable under investigation, Reagent: (a) sulfanilic acid; (b) sodium nitrite; (¢) sodium
hydroxide.
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TABLE 1

Reactivity of diazonium salts with molecules having a pyrrole or imidazole group but dif-
ferent substituents

Compound Absorbance Compound Absorbance

at 490 nm?* at 490 nm?
Pyrrole 0.55 2-Hydroxybenzimidazole 0.36
Pyrrol-2-carboxylic acid 0.61 Furan 0.62
2,5-Dimethylpyrrole 0.59 Furan-2-carboxylic acid 0.71
Imidazole 0.60 5-Hydroxymethyl-2-furaldehyde 0.26
1-Acetylimidazole 0.39 Histidine 0.56
2-Ethylimidazole 0.35

2For a 1 nmol ml™? solution.

increases on decreasing the amount of sulfanilic acid and sodium hydroxide,
and by increasing the concentration of sodium nitrite. The recommended
conditions gave relative standard deviations within and between assays (on
10 determinations) of less than 5%, and good calibration linearity between
50 and 500 nmol ml™ pyrrole.

Site of reaction of diazonium salt with pyrrolic molecules. Diazonium salts
are strongly electrophilic compounds which react with activated aromatic
rings. For analytical purposes, they are generally used to quantify pyrrole or
imidazole-like structures based on their supposed preferential site of attack
on C-2 in these molecules. Based on the difference in reactivity between the
diazonium salt and 4-dimethylaminobenzaldehyde, it was questioned whether
this had any structural significance, because the two reagents attack at differ-
ent sites on the aromatic structure. Therefore the reactivity of the diazonium
salt was tested with numerous pyrrole- or imidazole-like molecules in which
the various carbon atoms were alternately blocked. As listed in Table 1, all
the molecules tested reacted with the diazonium salt, indicating that there is
no preferential site of attachment of the diazonium ion, which, because of
its own high electrophilicity, may bind the pyrrole structure at any of the
four carbon atoms or the nitrogen. Accordingly, the low reactivity of 4-
dimethylaminobenzaldehyde may be explained by the lower electrophilicity
of the reagent compared to the diazonium salt.

The authors acknowledge the continuous interest of Prof. G. Romussi.
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Short Communication

COLORIMETRIC DETERMINATION OF ALUMINIUM(III) WITH
CHROME AZUROL S AND THE REACTIVITY OF HYDROLYSED
ALUMINIUM SPECIES

J. A. KENNEDY and H. K. J. POWELL*
Chemistry Department, University of Canterbury, Christchurch (New Zealand)
(Received 1st October 1985)

Summary. The metallochromic reagent chrome azurol S, when used in hexamine buffer at

pH 4.9, reacts rapidly with monomeric and small polymeric forms of aluminium(III) in

aged hydrolysed solutions. It is unreactive toward the polymer Al,,(OH)]} and colloidal

Al(OH), and the hydroxyaluminosilicates, imogolite and allophane. The reagent is appro-
priate for rapid semi-quantitative analysis of labile aluminium in acid lake waters or acid
soils,

For the spectrophotometric determination of aluminium(III), the reagent
chrome azurol S (CAS) has distinct advantages over other possibilities such
as aluminon, 8-quinolinol and eriochrome cyanine R. These advantages in-
clude rapid colour development, sensitivity, use at room temperature, colour
stability and simple experimental procedure [1]. The studies with this re-
agent reported here relate to a general interest in developing field tests for
rapid qualitative or semi-quantitative visual estimation of metal ions in
natural samples such as soils (e.g., KCl-exchangeable aluminium) and waters.
The colour observed for CAS/AI(III) solutions results from absorption by
the CAS/AI(IIT) complex, and by the unreacted (excess) CAS. Under suitable
conditions, the colour of the solution changes rather than its intensity as the
aluminium concentration is varied. The CAS/AI(III) test is attractive because
of the rapid formation of distinctive colours at low aluminium concentra-
tions. For example, with 2.0 X 10™ M CAS at pH 4.9, the solutions become
amber, red-brown, and mauve instantaneously for 0, 0.4—0.8,and >1.2mg1™
Al, respectively; with 4.0 X 10° M CAS, the colours are light amber, red-
brown and mauve for 0, 0.15—0.2 and >0.3 mg 1! Al, respectively (after
30 s); with 1 X 10 M CAS, the colours are light amber, pink and mauve at
0, 0.08—0.12 and >0.20 mg 1", respectively; and with 2.5 X 10 M CAS, a
pink or mauve solution (after 120 s) indicates >0.02 mg 1! Al

In this communication, the following aspects are considered: (i) the stoi-
chiometry of the CAS/AI(III) complex; (ii) the optimal type and concentra-
tion of buffer for colour development; (iii) the order of reagent addition;
(iv) colour stability; (v) interferences; and (vi) the Al(III) species which react

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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with CAS at pH 4.9. The reactivity of CAS toward a series of partially
hydrolysed Al(III) solutions and the amorphous aluminosilicates imogolite
and allophane was examined,

Experimental

Chemicals. Chrome azurol S was purified as its tetra-acid (H4R) by recrys-
tallisation (twice) from a concentrated solution (20% w/v) in 6 M hydro-
chloric acid as described by Langmyhr [2]. Purity was checked by pH
titration and elemental analysis. A distinct end-point at pH 5.5—7.5 corre-
sponding to titration of 3 protons indicated a formula weight of 608 = 16,
i.e., H,CAS-4H,0 (found 44.8% C, 3.2% H, 5.0% S; required for the tetra-
hydrate 45.1% C, 3.3% H, 5.2% S).

Analytical reagent-grade chemicals and CO,-free double-distilled water
were used throughout. Aluminium chloride solution (1000 mg I'') was pre-
pared from aluminium chloride hexahydrate in 102 M hydrochloric acid (to
suppress hydrolysis). This stock solution was standardized gravimetrically by
the conventional 8-quinolinol method [3] and working solutions were made
by suitable dilution with a micrometer syringe. Hexamine buffer was prepared
by adjusting the pH of 1.0 M hexamine to 4.9 with hydrochloric acid.

Hydrolysed aluminium(III) species. These were prepared at 25°C from
aqueous acidic solutions of AI** (1 X 10™® M) and KCI1 (1 M); they were aged
in polypropylene bottles. [The 1 M KC]l medium was chosen because it is used
as an extractant for exchangeable aluminium in soils [4]; hydrolysis con-
stants (log 8,,) are available for Al(III) in this medium [5]}. The species inclu-
ded in the hydrolysis calculations were A1**, AI(OH)**, Al(OH);, Al(OH)s(aq),
Al(OH);, AL(OH)3*, Al;(OH)3" and Al;;(OH)J;.]1 Solutions with pH values in
the range 4.5—6.5 were prepared under nitrogen purging by addition of
potassium hydroxide (micrometer syringe); the pH was monitored until
steady values (+0.02) were recorded (up to 3 days).

Imogolite. Imogolite was prepared in polypropylene bottles by the method
of Farmer and Fraser [6] from silicon tetraethoxide and a perchloric acid-
hydrolysed solution of aluminium tri-sec-butoxide. The product wasrecovered
by freeze-drying and characterized by the distinctive ir. absorption at
348 cm™ for a sample in a KBr disc [7] (3 mg/500 mg/KBr, heated at 150°C
for 16 h).

Results and discussion

Complex stoichiometry. Titration of an Al(II1)/CAS solution (1:2.2) gave
a distinct end-point at pH 6.5 corresponding to the loss of one weakly acidic
(phenolic) proton per AI(IIT) ion. Mole ratio plots based on the absorption
of the Al/CAS complex at 546 nm established formation of a 1:1 complex at
pH 6.5 (and pH 4.9). The persistence of a 1:1 complex at pH 6.5 implies that
a second ligand group has bound with the aluminium, as in AL,(CAS);". The
molar absorptivity for the complex increased from zero at pH <2 to a maxi-
mum at pH 3—4 and then decreased to about 50% of this value at pH 6.5;
Amax Femained constant at 546 nm. These observations are consistent with
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formation of AI{(CAS) at pH <3 followed by dimerisation to Al,(CAS); at
pH >4. In contrast, other workers have referred to the formation of bis com-
plexes Al(HR)3™ and AIR3™ [8].

At pH >7.5 additional buffering occurs; the absorbance of the complex
diminishes rapidly and at pH 8 the solution is yellow and the spectrum is
identical to that of CAS only, indicating that the Al-CAS complex has
dissociated.

Buffer conditions. Pakalns [1] used a pH 4.6 acetate buffer (0.7 M).
Colour development was instantaneous, but absorbance not only decreased
by 2% h™ on standing but was dependent on buffer concentration. This
interference by acetate was confirmed at pH 4.9. With hexamine buffer the
absorbance was found to be much less variable with buffer concentration,
e.g., there was an 8% decrease in absorbance at 546 nm from 0.1 to 0.2 M
hexamine compared to a 29% decrease for acetate. Electrolyte concentration
(0.1—-0.5 M K(lI) in the final solution did not affect absorbance measurably.

In this work, a 1 M hexamine buffer was used, diluted to a final concen-
tration of 0.2 M (pH 4.9).

Colour stability. Absorbances for Al/CAS solutions decreased by 10% over
24 h, but were then stable for some days. Colour development was 97% com-
plete in 1 min for a final reagent concentration of 1.6 X 10* M and was
complete in 10 min for a CAS concentration of 5.3 X 10 M (spectrophoto-
metric working range 0.05—0.8 mg I'' Al). Beer’slaw was obeyed at 567.5 nm
(molar absorptivity, 25.2 X 10 1 mol™ cm™, but not at 546 nm, as noted by
Pakalns [1]. Absorbance readings at 567.5 nm were corrected for the contri-
bution from unreacted CAS by reference to the decrease in absorbance at
442 nm for uncoordinated CAS.

Addition of reagents. The absorbance developed by an aluminium(III)
solution is independent of the order in which the reactants (CAS, buffer, Al)
are mixed. This contrasts with pyrocatechol violet for which a pH 6.2 buffer
is used [9]; initial mixing of buffer with AI(III) may lead to zero change in
absorbance because of rapid formation of non-labile hydroxy-aluminium
polymers and colloidal AI(OH);. At pH 4.9 hydroxyaluminium polymer for-
mation is negligible in dilute solution [5], thus the integrity of the more
acidic sample solutions is maintained; further, at pH 4.9, the hydrogen ion
concentration is not sufficient to give rapid decomposition of polymers
existing in less acidic analyte solutions.

Interferences. Pakalns [1] reported several interferences and methods
adopted for masking. Interferences from the environmentally significant
species silicate and fulvic acid were examined here. At 6 mg 1!, fulvic acid
caused no suppression of absorbance for a 0.5 mg 1! Al solution. With H,SiO,
at 20 and 200 mg I, the suppression was 4% and 85%, respectively. In soils
and natural waters, the most significant interferences will be from iron(III),
which can be masked by reduction to iron(II) with ascorbic acid (10 mg/
100 ml final solution) added before [1] or after colour development, phos-
phate (—41% at 80 mg 1™ with 0.5 mg1™? Al) and fluoride (—94% at 1.9 mg1™).
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Other severe interferences are from citric acid (—58% at 1.9 mg 1'!) and di-
hydrogenpyrophosphate (—58% at 1.8 mg 1).

Reaction with hydrolysed aluminium(III) species. Three tests were applied
on each of the aged hydrolysed aluminium solutions. To establish the content
of labile soluble aluminium, a sample was centrifuged (2500 rpm) for 30 min;
an aliquot from the top 1 cm of the supernatant liquid was analysed by the
CAS/hexamine method. The absorption spectra were found to remain con-
stant when monitored for 60 min. For total dissolved aluminium, another
aliquot of the same supernatant liquid was acidified (pH 2, HCI) and digested
on a steam bath for 30 min; after cooling and dilution to volume, an aliquot
was taken through the CAS/hexamine procedure. To estimate the content of
total labile aluminium, a sample was added to CAS/hexamine and then
centrifuged (2500 rpm, 10 min); absorption spectra were measured for the
supernatant liquids and found to remain constant with time (60 min).

The results are plotted in Fig. 1. Total dissolved aluminium (curve a)
passed through a minimum near pH 6; this is consistent with the (calculated)
solubility curve for amorphous Al(OH);. Data on curve (b), derived from the
difference between total dissolved aluminium and labile soluble aluminium,
represents soluble CAS-unreactive or non-labile aluminium. The similarity
between curves (b) and (c) for the concentration of Al;3(OH)3; calculated
for solutions with compositions given by curve (a), implies that unreactive
dissolved aluminium can be approximated to the polymer Al;;(OH)3;.

Results for the total reactive (labile) aluminium in solution and for the
labile soluble aluminium in the supernatant liquid agreed within 10—20%.
This implied that colloidal phases were not significantly reactive under the
conditions used. For a solution aged at pH 6.5, the test for total labile alu-
minium produced a reddish-blue precipitate, possibly AI(OH), plus adsorbed/
complexed CAS.

Reactivity of aluminosilicates. The hydrous aluminosilicate imogolite is
often found in the fine clay fraction of soils, acting as a cementing or coating
material [10]. It has a tubular structure with an outer hydroxo-oxo-aluminium
surface [11]. Imogolite is frequently found in acid soils such as podzols and
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~Total AI(III}

Al {OH)3—

Al {mY (1075 M)
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fraction
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Fig. 1. Reactivity of hydrolysed Al(III) solutions with CAS: (a) total dissolved Al(III);

(b) soluble non-labile (CAS-unreactive) AI(III); (c) Al,;(OH)]; concentration computed
for each solution,
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it is inferred that its low molecular weight precursor proto-imogolite [6]
may be one form in which aluminium is translocated down acid soil profiles
{10]. Proto-imogolite is a possible component of acid soil waters.

A sample of imogolite (3 mg) was suspended in distilled water for 16 h,
and then treated with a calculated excess of CAS/hexamine reagent. There
was no evidence of rapid dissolution and/or reaction of imogolite. There was
no visible colour change in the CAS solution (hours). The imogolite sample
was recovered unchanged (i.r.) from the centrifuged freeze-dried solution,
but its blue colour indicated a surface reaction with CAS. A similar result
was obtained for a natural allophane sample (Silica Springs allophane) [12].

Conclusions

Chrome azurol S in hexamine buffer at pH 4.9 is well suited to rapid esti-
mations of aluminium in environmental samples. The reagent is appropriate
for determinations of labile aluminium in acid lake waters [13] and in soils,
and for examination of soil pedology. The order of addition of reagents is
not important; thus for semiquantitative field tests, subsequent additions of
CAS or analyte can be made to enhance the colour development. The CAS
does not react with non-labile polymeric species (Al;3(OH)3}), with colloidal
Al(OH); or colloidal aluminosilicates (imogolite). Interference from fulvic
acid and silicate at environmental concentrations is negligible.

The use of CAS at appropriate concentrations allows rapid visual detec-
tion of AL(III) ion at 0.02 mg 1! (2.5 X 107 M CAS) to >1.2 mg 1! (2.0 X
10™ M CAS). Unknowns can be assigned to small ranges of concentration by
visual comparison with the colours of standard aluminium solutions, permit-
ting a semiquantitative estimate of labile alumintum in natural samples.
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Book Reviews

Y. Marcus. Jonic Solvation. Wiley-Interscience, Chichester, 1985 (ISBN
0-471-90756-1). viii + 306 pp. Price £42.00.

This book presents an up-to-date account of theoretical and practical
aspects of the interactions between ions and a solvent. It starts with a discus-
sion of the simplest example of ion solvation — that of gaseous ions interact-
ing with gaseous solvent molecules. This can be studied both theoretically
and experimentally and the results then applied to the more familiar liquid
phase. Theoretical treatments of ion solvation are based upon a number of
models, and the nature of these together with their limitations is presented.
The results of experimental work on ion solvation is described not only for
the most commonly used solvent, water, but also for nonaqueous solvents
and for mixed solvents where selective solvation is observed. Possibly of
greatest interest to analytical chemists will be the final ‘‘applications” chap-
ter where, among other topics, liquid-liquid extraction and electrochemistry
in various solvents are discussed. The book contains many tables of physical
data connected with solvation. For example, for 110 different solvents it
lists 28 different properties ranging from boiling point to molecular collision
diameter. For the data tables alone, this book will prove very useful. The
data tables and text are provided with many references to original sources
and, in all, this book is a fine starting point for someone wishing to find out
about any aspect of ion solvation. It is written at the advanced undergraduate/
graduate student level.

J. R. Chipperfield

H. G. Barth (Ed.), Modern Methods of Particle Size Analysis (Vol. 73 in
Chemical Analysis). Wiley, New York, 1984 (ISBN 0-471-87571-6). x +
309 pp. Price £58.50.

This book, volume 73 in Chemical Analysis, A Series of Monographs on
Analytical Chemistry and its Applications, consists of nine chapters written
by eleven contributors. The first two chapters give a very useful review of
modern instruments and techniques in the field of particle size analysis, the
second concentrating on methods used to characterise sub-micrometre
particles. Not all available methods are dealt with in the same depth and
whilst most of them are ‘“modern’’ the latest version of an instrument is not
always depicted. The time-dependent light-scattering method, photon corre-
lation spectroscopy, is the subject of Chapter 3 and the application of the
photon correlation function to the determination of molecular weight distri-
butions of polymers in solution follows. Chapter 5 presents a readable,
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detailed study of the Fraunhofer diffraction method whilst Chapter 6 des-
cribes sizing particles from 0.1 to 1000 um using instruments of one particular
company. The principles of field flow fractionation are introduced in Chapter
7. Hydrodynamic chromatogrpahy, another technique not yet in the main
stream of particle sizing, which is described at some length in the early chap-
ters, is used to analyse polydisperse polymers in the final chapter, detection
systems for particle chromatography having been previously described. A
total of 359 references and 35 instrument manufacturers are listed.

The book, which concentrates on more recent particle-sizing techniques of
interest rather than those most widely practised nowadays, is a useful addi-
tion to the literature on the subject of particle size analysis — at a price!

J. E. C. Harris

Alan Wiseman (Ed.), Handbook of Enzyme Biotechnology, 2nd edn.
Horwood, Chichester, 1985 (ISBN 0-85312-420-5). 457 pp. Price £42.50.

The first edition of this book was published in 1975. It was an immediate
success. It pointed the way ahead in a subject which has since become very
topical, and has continued to develop rapidly. The book stimulated ten sub-
sequent volumes on “Topics in Enzyme and Fermentation Biotechnology”,
also edited by Dr. Wiseman. The time is ripe, therefore, for a complete revi-
sion of the foundation volume. The new text is divided into two sections.
The first deals with principles, the second with details and data. In each
section, there are chapters on large-scale extraction and purification of
enzymes, and industrial enzymology. Of more immediate interest to analytical
chemists are the chapters on enzyme immobilization (Kennedy and White)
and enzymes in clinical analysis (Gould and Rocks), although there is a
dearth of post-1980 references in the former chapter. Taken as a whole, the
book provides a comprehensive and readable account of the widest range of
applications of enzymes. Analytical chemists, in particular, are becoming
increasingly appreciative of enzyme-catalyzed processes, and will be stimu-
lated by the information collected in the immobilization and analytical
chapters. But they will also find much of value in the industrial section.
There is no doubt that the new edition is a worthy successor to the previous
version.

Alan Wiseman (Ed.), Topics in Enzyme and Fermentation Biotechnology,
Vol. 10. Horwood, Chichester, 1985 (ISBN 0-85312-767-0). 218 pp. Price
£31.00.

The 10th volume in the series contains five articles, a brief introduction by
the Editor, a subject index, and a cumulative subject index for Volumes 6—9.
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Two chapters deal with immobilized living cells. The first (by E. Concoron)
describes the production and use of immobilized microbial cells, mainly by
entrapment in various matrices. Chemically-immobilized bacteria have been
used analytically in certain electrodes, but this application is not discussed,
and chemical immobilization receives but cursory attention. Nevertheless,
the information provided will be useful to forward-looking analytical chemists.
The article on immobilized plant cell cultures (M. J. C. Rhodes) is of little
immediate relevance to analysis, and likewise those on the Koji solid state-
fermentation process and fermentation techniques in xanthan gum produc-
tion. The final article is entitled “Covalent Chromatography in Biochemistry
and Biotechnology’ (K. Brocklehurst, J. Carlsson and M. P. J. Kierstan).
Essentially the technique involves selective covalent bonding of a component
or components to a support (e.g., via —S—S— bond formation) and subse-
quent elution by bond breakage (possibly in sequence, according to bond
strength). This is undoubtedly an interesting separatory technique, but it
should not be called chromatography. It will be very useful, however, for
numerous separations, and its wider exposure will be beneficial.

A. Townshend

J. C. Miller and J. N. Miller, Statistics for Analytical Chemists. Horwood,
Chichester, 1984 (ISBN 0-85312-662-3). 202 pp. Price £18.50 (Paperback
£7.90).

For analytical techniques ranging from the simplest manual titration
through to the most sophisticated computer-controlled instrumentation, the
treatment and interpretation of the resultant data is an integral part of the
total analytical process. It is, therefore, of prime importance that all persons
associated with the analytical process are cognizant of statistical methods
and their practical applications. Unfortunately, the general level of under-
standing is poor, and one reason for this is the dearth of readable literature
aimed specifically at practising analytical chemists. Two major attractions of
this text are, therefore, the use of real analytical results to illustrate each of
the statistical methods discussed and the general readability of the text.

In order to appeal to the growing number of students specializing in
analytical chemistry and to the practising analyst, all of the important
statistical techniques are covered, and their treatment requires no prior
knowledge of statistics. For those readers relatively unfamiliar with the
subject there is an introduction covering accuracy and precision and experi-
mental errors. This is followed by three chapters dealing with important
statistical concepts for classical and instrumental analysis, including standard
deviations, confidence limits, significance tests, regression and correlation.

There is also a chapter on non-parametric methods dealing with data that
do not follow the normal (Gaussian) distribution and a final chapter which
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discusses experimental design, optimization techniques and pattern recogni-
tion. Each chapter also contains a bibliography and a set of exercises, again
with a distinct analytical flavour, that the reader is encouraged to work
through.

This book is therefore highly recommended to all practising analytical
chemists and students of the subject. The comment that there is not a suit-
able text on statistics for analytical chemists is no longer a valid one.

P. J. Worsfold

P. M. Marcus and F. Jona (Eds.), Determination of Surface Structure by
LEED. Plenum Press, New York, 1984 (ISBN 0-306-416646). 565 pp. Price
$89.50.

This book is therefore highly recommended to all practising analytical
of the Conference on Determination of Surface Structure by LEED, held in
June, 1980. Comparing the date of the symposium with the publication year
makes the reader wonder why it took so long to prepare this volume. The
editors give at least a partial explanation. The authors were asked to write
the papers after the Symposium and prepare ‘‘full and detailed discussions”
of various aspects of LEED. The result is a thorough coverage of basic prin-
ciples and applications of LEED for the determination of the surface structure
of a material.

The papers are grouped into four sections: discussions of the mathematical
formulation of intensity theory and computational procedures to implement
the theory; presentation of data-fitting processes and the reliability of par-
ameter determination; reviews of new instrumentation and new techniques
for data acquisition; and discussions of complex aspects of LEED intensities
arising from defects, in other words LEED patterns of imperfectly ordered
“real” surfaces.

The paper contained in this volume are written by leading experts, mostly
from the USA and Western Europe. The book is, therefore, not only at a
top-level standard but represents the field in a truly international manner.
The individual contributions do have the character of state-of-the-art and
progress reports. They are written for the specialist in the field and for scien-
tists concerned with the determination of surface structure. For those, this
volume presents LEED at an up-to-date level. For the analytical chemist con-
cerned with the characterization of surfaces wanting to study the potential
of LEED, more introductory texts are better suited.

M. Grasserbauer
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J. A. Butt, D. F. Duckworth and S. G. Perry (Eds.), Characterisation of
Spilled Oil Samples, Purpose, Sampling, Analysis and Interpretation. Pub-
lished on behalf of The Institute of Petroleum, London by Wiley, Chichester,
1986 (ISBN 0-471-90890-8). ix + 95 pp. Price £17.50.

There have been several major changes in the oil industry since the early
1970s, particularly the development of North Sea oil production, which have
increased potential pollution problems for the United Kingdom. The past
decade has also seen significant advances in analytical techniques relating to
oil characterization and an increased awareness of environmental pollution.
This text is therefore a timely successor to the 1974 Institute of Petroleum
publication “Marine Pollution by Oil”. It is a short text written at a very
general level and is easy to read, but lacks the practical details of its pre-
decessor.

There are brief chapters on the administrative aspects of oil pollution
analysis, the fate of oily pollutants in the environment and the chemical
composition of petroleum. There is a more detailed chapter on sampling,
sample storage and sample treatment and a final chapter (consisting of almost
half the book) outlining the various analytical techniques available for oil
spill identification. The key techniques discussed are gas chromatography,
computerised gas chromatography/mass spectrometry, infrared spectroscopy,
elemental analysis and fluorimetry.

This book is intentionally aimed at a broad readership which includes
company management, legislators, journalists and laymen. It is therefore
somewhat disappointing from an analytical viewpoint in that it only contains
an overview of analytical techniques, with little critical comment. The
absence of an index and a lack of consistency in presentation is also irritating.

P. J. Worsfold

F. L. Boschke (Ed.), Analytical Chemistry Progress (Vol. 126 in Topics in
Current Chemistry). Springer-Verlag, Berlin, 1984 (ISBN 3-540-13596-0).
122 pp. Price DM 78.00.

This is a collection of five review articles on a variety of analytical or
potentially analytical topics. The first, laser-induced ionization spectrometry
of elements in a flame (R. B. Green), is a novel and, as yet, little exploited
technique which has a theoretical detection limit approaching 1 pg mil™.
Laser spectrometry of biomolecules (A. Anders) dealing with chlorophyll,
nucleic acids, haemoglobin, rhodopsin, etc., is perhaps better known, and
certainly provides a powerful diagnostic tool. The remaining three articles
cover aspects of thin layer chromatography (TLC). The chapter on ion-pair
reversed-phase TLC (D.-G. Volkmann) describes separations of drugs, pep-
tides, amines, etc., on various phases in the presence of various counter ions.
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S. Ebel discusses evaluation and calibration in quantitative TLC, covering
subjects such as regression, peak height and area measurement, standard-
addition procedures, etc. Finally, I. M. Bohrer covers evaluation systems,
i.e., densitometers of various types. Each article is concise but informative,
and provides essential information on theory, instrumentation and applica-
tions. I suspect in compilations of this type, personal sales would be increased
if there was less diversity of subjects in a given volume. Nevertheless, as a
source of review information, the concept is fine. This volume also has the
cumulative index to Volumes 101—126.

A. Townshend

K. J. Voorhees (Ed.), Analytical Pyrolysis: Techniques and Applications.
Butterworths, London, 1984. 486 pp. £35.00.

This is a volume based on fifteen invited lectures presented at the 5th
International Symposium on Analytical Pyrolysis held in Colorado. It has
been printed from the authors’ typescripts; this may minimise publication
delays, but must easily have doubled the number of pages that would have
been required with normal typesetting. And what of the contents? In his
preface, the editor states that ‘“‘the aim of this book is to present an up-to-
date overview of analytical pyrolysis applied to geochemistry, polymers, bio-
mass and biology, as well as to provide information on state-of-the-art
analytical pyrolysis”’.

To attain this objective, a truly international list of contributors has been
assembled and the general standard of presentation, both with respect to the
science and also the layout, is quite high. Apart from one contribution (which
discusses general problems of heat transfer in analytical pyrolysis), the papers
are oriented towards the analytical techniques used, which are principally
Fourier-transform infrared, gas-liquid chromatography, mass spectrometry,
or a combination of the last two. The quality of this analytical equipment,
and the general standard of interpretation, are undoubtedly high, and at
least one paper (that by Tsuge and Ohtani on stereospecific polypropylenes)
will be quoted as a classic. Unfortunately, the quality of the pyrolysis equip-
ment in nearly all cases is relatively crude, and in most cases this restricts the
potential of the overall technique. In particular, far too many workers seem
to have misplaced confidence in Curie-point heating. This is by no means a
reliable way of attaining a specified (‘“Curie”’) temperature; the latter may be
not attained, or may be exceeded, depending on the r.f. energy used. The
implications of this are that the most successful papers are those characteriz-
ing differences between similar samples (e.g., between different fossil fuels or
different bacterial samples). However, every one of the contributions is
worth reading, and this book should be in the library of every laboratory
concerned with characterization, analysis, or pyrolysis. There are minor
irritations which should have been eliminated by more careful editing or
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proofreading. Thus there are frequent errors of spelling (only a few of which
are Americanisms), a missing reference (p. 41, ref. 20), some text missing
(between pp. 204 and 205), and one paper where the English is sufficiently
quaint to have benefitted from some editorial attention. The price is not
unreasonable by today’s standards.

R.S. Lehrle

P. Zuman and R. C. Patel, Techniques in Organic Reaction Kinetics. Wiley-
Interscience, New York, 1984 (ISBN 0-471-03556-4). 340 pp. Price £57.25.

The volume is intended to provide the necessary information on data treat-
ment and measurement in a kinetic study as a means for investigation of
organic reaction mechanisms. Based on a sound discussion of experimental
techniques for monitoring time-dependent concentration changes it covers
the whole area of analysing kinetic data and studying fast reactions.

The techniques for concentration measurements range from direct chem-
ical measurements to physicochemical methods based on absorbance, thermo-
metric, conductimetric, potentiometric and polarographic measurements or
on magnetic resonance spectrometry (NMR, ESR) and chromatography.
What follows is a very valuable guide to the obligatory tools for handling
organic reaction kinetics, i.e., establishing reactants, products and inter-
mediates, deriving rate equations for the reaction under study, determing
reaction orders and rate constants, and considering effects of pH (coupled
acid-base equilibria and catalyzed reactions), of solvents (including the more
recent concept of donor numbers), temperature, ionic strength or treating
structural effects. The last chapter, which is devoted to studying fast reac-
tions (less than 10 s), contributes well to exploring the whole time scale of
organic reactions. It deals with modified classical methods, with techniques
based on rapid mixing of reactants, on competitive methods, on NMR- and
ESR-measurements, and on relaxation methods as well.

The authors have put in the volume all their experience in investigating
the mechanisms of organic reactions, revealing a stimulating in-depth des-
cription of the exciting field of chemical kinetics. The book is written con-
cisely since the authors do not attempt to cover the whole theory of reaction
kinetics. I would not have missed the chapter on analog computers for, as
the authors state themselves, ‘““they are less easily accessible in most chemical
laboratories’ (p. 136).

The book serves a good purpose for the elucidation of reaction mechanisms,
filling a gap in the literature on kinetics, and can be recommended to anyone
who has an interest in organic reaction kinetics, especially to undergraduate
and graduate students and young researchers, but to readers with only peri-
pheral interest as well.

M. Otto
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M. S. Verrall (Ed.), Discovery and Isolation of Microbial Products. Published
for the Society of Chemical Industry by Horwood, Chichester, 1985 (ISBN
0-85312-748-4). 198 pp. Price £23.50.

The most recent estimate of the number of antibiotic compounds (accord-
ing to Janos Berdy, the author of the first chapter of this book) is 10986
which includes some 7653 microbial metabolites. The number of other
microbial products which are not bioactive must almost be the same again.
As probably less than 20% of all microbial genera have been investigated in
any degree of thoroughness, the potential for future discovery of useful
microbial compounds is enormous. It is no wonder therefore that the explora-
tion of microbial products remains a high priority in the research of most of
the large pharmaceutical companies throughout the world. The protocols
which are to be used in isolating microbial products must, therefore, be care-
fully thought out so that the screening can both be rapid and accurate.

The current volume is based on a two-day meeting organized in October
1984 by the Society of Chemical Industry; it covers a wide range of topics
and deals not only with the isolation of small molecular weight microbial
metabolites, but also in the isolation of proteins and enzymes from various
sources. The book begins with two chapters on the screening for microbial
antibiotics; the first (by Berdy) is from Budapest and the second (by S. d.
Box) from Beechams in Surrey. Thereafter, the book is more concerned with
the isolation of proteins and enzymes though in the middle of the book,
another chapter suddenly appears from Pirotta (Rohm & Haas, Milan) which
reverts back to the original topic of antibiotics. The key chapter to the whole
book is probably that by A. R. Thomson (Biochemistry Group, Harwell)
who describes and discusses the possibilities which are now being opened up
in biotechnology by the use of recombinant DNA techniques and how these
may be applied to integrate the process of fermentation with that of the
recovery of the microbial product. If you can get the process right by appro-
priate DNA procedures, then product recovery becomes much less compli-
cated. A number of chapters are from commercial companies (Pharmacia,
Alfa-Laval and Westfalia) which all unashamedly extol the virtues of their
own companies’ technologies.

The Editor is to be congratulated on producing a lively and interesting
volume which has both breadth and depth of coverage. The inclusion of a
chapter devoted specifically to a discussion of the safety and regulatory
aspects applying to industrial companies in this field was a very deft touch.
The contribution from Nourish and Brace of the Health and Safety Execu-
tive, will be read with a great deal of interest by many people. There is much
here for both the specialist as well as the newcomer to the field. It presents
the plethora of analytical techniques which are now being used by biotech-
nologists; the speed at which biotechnology is developing then throws
increasing pressure upon the people concerned with isolating microbial
products as well as monitoring their yield and biological performance.

Colin Ratledge
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L. J. Berliner and J. Reuben (Eds.), Biological Magnetic Resonance, Vol. 5.
Plenum Press, New York, 1983 (ISBN 0-306-41293-4). 303 pp. Price $45.00.

This series has established a reputation for authoritative surveys of impor-
tant topics in the very active area of the application of magnetic resonance
methods to biochemistry, and this volume continues that tradition. The first
chapter, by Baxter, Mackenzie and Scott, is a somewhat dated review of the
usefulness of !'3C as an NMR probe for metabolic pathways in vivo. This
material is of interest primarily to biochemists. Of considerably wider interest
are the chapters on '*N-NMR in biological systems (Blomberg and Riiterjans)
and NMR work on biophosphates involving '’0O and '%0 isotopes (Tsai and
Bruzik). The former survey covers amino acids and proteins, nucleotides and
related molecules, and other compounds such as vitamins and antibiotics,
providing extensive tabulations of >N chemical shifts and coupling constants.
Similar tabulations are given for '’O data in the chapter on biophosphates,
which also discusses, inter alia, oxygen isotope effects and the investigation
of the stereochemistry of enzyme reactions at phosphorus. Some of this
material is repeated in the review by Rao of 'P-NMR studies of enzyme
systems but this chapter is mainly concerned with line-shape analysis and is
likely to be of interest only to enzymologists. The largest chapter in this
volume is a very thorough survey by Devaux of lipid-protein interactions as
studied by ESR and NMR methods. Although inevitably showing some over-
lap with material presented elsewhere, this review provides an excellent
summary of recent work concerning the study of protein diffusion by
saturation transfer ESR, the effect of proteins on lipid order (by ESR), and
the nature of the boundary lipid-protein interaction (by ESR and *H-NMR).
This chapter will be of interest to biochemists and analytical chemists
investigating the many unsolved problems in the area of membrane chemistry
and biochemistry.

D. F. Ewing

T. H. Ryan (Ed.), Electrochemical Detectors, Fundamental Aspects and
Analytical Applications. Plenum, New York, 1984 (ISBN 0-306-41727-8).
viii + 172 pp. Price $39.50.

This book comprises eleven papers presented at the fifth biannual Anglo-
Czech Symposium in Electrochemistry held aslong ago as 1981! In it, Albery
and Hagget summarize their work on detection of proteins, anaesthetic gases
and catecholamines in vivo, and Trojanek describes voltammetric flow-
through detectors. Four articles (Samuel and Webber, Richards, van Oort
et al. and Roger Smith) discuss various aspects of electrochemical detection
in h.p.l.c. Jifi Tenygl confronts the problem of renewable electrode surfaces
in electrochemical sensors, and Volke gives an extended account of the
voltammetry of organic molecules at a variety of electrodes. The remaining
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three articles discuss tensammetry in combination with adsorptive accumula-
tion of surface-active compounds on the electrode surface (Kalvoda), analyt-
ical applications of immiscible electrolyte interfaces (Marefek) and the
impedance of small Li—CuO primary cells (Leek et al.). A subject index is
included.

The main subject of the book was (and remains) very timely, and much of
the text provides a useful guide to work in the area of electrochemical detec-
tion. Thus, unlike many conference proceedings, which are merely a memory
of an enjoyable meeting, this book fulfils a useful educational function. The
presentation, too, is consistently good.

Bruno Sansoni (Ed.), Instrumentelle Multielementanalyse. VCH, Weinheim,
1985 (ISBN 3-527-26225-3). xviii + 782 pp. Price DM 160.

This book has been written around the papers presented at a symposium on
instrumental multielement analysis held at Jilich in April, 1984. There are
90 papers reproduced from camera-ready copy. The first four are introduc-
tory articles. One (Sansoni) covers generalities and comparisons (54 pp.), the
others (Morrison, Laqua and Ohls) describe selected opportunities, multi-
element capabilities and routine applications, respectively. The remaining
papers cover a wide range of subjects (applications, techniques — most
spectroscopic techniques are covered — standards, data processing, etc.).
Almost 50% of the text is in English, the remainder in German, as might be
expected from the preponderance of German authors, although there is a
fair sprinkling of other Europeans.

The presentation of the book is good, and the editor has taken pains to
ensure that it is more than just a record of a successful symposium. There are
subject and technique indexes, extensive compilations of acronyms, photo-
graphs of apparatus and details of suppliers. Whether this is the best way to
present an account of modern multielement analysis is open to question, but
to the practitioner in this field, it does provide a timely account of the state
of the art, at a relatively low price per page.

Curt M. White (Ed.), Nitrated Polycyclic Aromatic Hydrocarbons, Hiithig,
Heidelberg, 1985 (ISBN 3-7785-1029-0). xii + 376 pp. Price DM 128.

It is an indication of the growing awareness of scientists of the environ-
mental significance of nitrated polycyclic aromatic hydrocarbons that this
substantial monograph can be devoted entirely to them. It includes contribu-
tions by a number of authors on analytical aspects (gas, liquid and thin-layer
chromatography, chromatographic detectors, and mass spectrometry) includ-
ing sampling of atmospheric particulates. Other chapters deal with synthesis
of the compounds (including labelled species) and the characterization of the
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products, and with their mutagenic and carcinogenic effects. The book con-
cludes with a data collection (m.p., b.p., dipole moment, references to
spectroscopic information, CAS numbers) and a subject index. The informa-
tion provided is very detailed, but the book presents a very readable, up-to-
date and comprehensive account of the subject. It should be available in all
laboratories where air pollution is studied, and the information it contains
will not be without relevance to analyses for other, similar pollutants.

K. L. Kompa and J. Wanner (Eds.), Laser Applications in Chemistry. Plenum
Press, New York, 1984 (ISBN-0-306-41622-0). ix + 273 pp. Price $45.00.

This is a collection of papers presented at the NATO Advanced Study
Institute at Pisa in 1982. It has four main themes, one of which is “laser
applications to analytical chemistry’’. Of the five short articles in this section,
four are by J. C. Wright, on absorption (9 pp.), fluorescence (7 pp.), multi-
photon ionization (5 pp.) and coherent non-linear spectroscopic techniques
(7 pp.). The other paper is about laser measurements of trace gases in the
atmosphere and laboratory (12 pp.). The other themes are “laser and related
light sources” (4 papers), ‘“‘spectroscopic and dynamic studies” (14 papers)
and “approaches to laser synthesis” (4 papers). Many of the articles they
contain could be analytically relevant. The book concludes with a list of the
participants and a subject index.

E. Pungor and 1. Buzis (Eds.), Ion-selective Electrodes, 4. (Analytical Chem-
istry Symposium Series, Vol. 22). Elsevier, Amsterdam, 1985 (ISBN 0-444-
99553-6). xvi + 766 pp.

This volume contains a comprehensive account of the proceedings of the
fourth international symposium on ion-selective electrodes, held at Matra-
fiired, Hungary in October, 1984. The proceedings focussed on theoretical
aspects of the subject, but practical applications were also covered. Fifty-one
plenary, keynote and discussion lectures are presented, together with ques-
tions and comments for several papers. Publication is from camera-ready
copy but the text and figures are generally very clear.

The subjects of the four plenary lectures presented were: chemical sensor
mechanisms (R. P. Buck), polarization studies with ion-selective electrodes
(K. Cammann and G. A. Rechnitz), flow analysis using ion-selective liquid
membrane electrodes (N. Ishibashi et al.) and clinical applications of polymer
membrane ion-selective electrodes (U. Oesch et al.). Other presentations
covered a broad spectrum of ion-selective electrode theory and applications,
including papers on chemically modified electrodes and chemically sensitive
field effect transistors. This would, therefore, be a useful up-date volume for
those working in the area of ion-selective electrodes.

P. J. Worsfold
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Eric Reid and J. P. Leppard (Eds.), Drug Metabolite Isolation and Determina-
tion. Plenum Press, New York, 1983 (ISBN 0-306-41265-9). xii + 289 pp.
Price £42.50.

This text is Volume 12A in the series of “Methodological Surveys in Bio-
chemistry and Analysis”. As such, it provides excellent, detailed, individual
accounts of a range of problems relating to the determination of drugs and
their metabolites in body fluids. It surveys the various chromatographic
techniques, and deals with drugs, metabolites and conjugates, including a
number of brief notes describing the experiences of individual authors. The
book is based on the proceedings of the 4th Bioanalytical Forum held at the
University of Surrey in 1981. This text, like some of its predecessors, is
valuable in that it provides both good background articles on topics under
discussion, and detailed analytical information which can be applied directly
to the often difficult problems of particular drug or metabolite determina-
tion. In addition, this volume has a cumulative index of compound types
covering Volumes 5, 7, 10 and 12A, and corrections to Volume 10 (Trace-
Organic Sample Handling) and 11.

David R. Rossington, Robert A. Condrate and Robert L. Snyder (Eds.),
Advances in Materials Characterization, Materials Science Research, Vol. 15.
Plenum Press, New York, 1983 (ISBN 0-306-41347-7). xi + 680 pp. Price
$89.50.

This volume comprises camera-ready copy of the proceedings of the
Conference on Advances in Materials Characterization at Alfred University,
New York, August, 1982. It contains 47 papers on the applications of surface
spectroscopy, surface characterization, i.r. and raman spectroscopy, micros-
copy, x-ray techniques, mechanical and acoustic properties and crystallog-
raphy to solid samples (glass, ceramics, oxides, etc.). In general, the
reproduction of the papers is of a high standard, especially the numerous
figures and photographs. Overall, the book presents an impressive account of
the power of modern instrumental techniques in studying the solid state.
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ANNOUNCEMENTS OF MEETINGS

38th PITTSBURGH CONFERENCE AND EXPOSITION ON ANALYTICA'LJ CHﬁMI :
AND APPLIED SPECTROSCOPY, ATLANTIC CITY, NJ, US.A.,, MARCH 9-13, 1987

Each year the Pittsburgh Conference proudly presents an intensive program of technical pape
and symposia covering the newest and most innovative techniques in analytical chemistry and a
plied spectroscopy. Advances in methodology, instrumentation and theory, as well as chalienges vet
to be met, are presented and discussed in the Technical Program. The Technical Program for th
1987 Pittsburgh Conference and Exposition will consist of approximately 30 symposia and 900 con
tributed papers. Contributed papers are a vital part of the overall program. You are encouraged 10
participate in the 1987 programme as the author of a contributed paper. Abstracts may be submitte
on all areas of analytical chemistry, spectroscopy and associated fields. The Program Committee will
review each abstract in order to maintain the excellent quality of our Technical Program. Ctmm’m
uted papers may take the form of either posters or formal, oral presentations.

Four (4) copies of a 500-word abstract must be submitted for review; the deadline for recaipt of o
abstracts is August 1, 1986. All abstracts will be carefully evaluated. The abstract should clearly
state: (a) the objective of the work, (b) equipment and procedures used and (c) results and conglu :
sions. Abstracts must include sufficient content for adequate evaluation by the Conference Program
Committee. The Pittsburgh Conference reserves the right to reject any paper. The designated =
speaker will be notified of acceptance or rejection of the paper in November, 1986. Specific refer-
ences to vendor products in the titles of papers are not permitted and will be automatically elimi-
nated. No conference proceedings will be published. Authors may publish their papers after the
conference. A second abstract will be required for reproduction in book form for distribution to the
conferees. Forms and instructions concerning this second abstract will be sent to the designated =
speaker with the notification of acceptance of the paper. The second abstract will be due December
12, 1986. The title of the paper and the author information originally submitted cannot be changed
for the Second Abstract; therefore, be sure you have the desired title and author information on the
original abstract. -

The 1987 program will also include a variety of short and mini-courses designed to maximize thei .
educational value of the Pittsburgh Conference. Further information on the topics to bc c(wered wﬁl =
appear in the update in QOctober. o

Authors wishing to present papers in the 1987 Pittsburgh Conference and Exposition Taechmcal
Program should submit four (4) copies of a 500-word abstract by August 1, 1986 to: Mrs, Alma
Johnson, Program Secretary, 12 Federal Drive, Suite 322, Pittsburgh, PA 15235, US.A.

SCIENTIFIC COMPUTING AND AUTOMATION (EUROPE), AMSTERDAM, THE
LANDS, MAY 13-15, 1987

This will be Europe’s first conference and exhibition specifically for oompmmg and aaiomat
in the sciences. Scientific Computing and Automation (Europe) will be the Euroman ccvuntcrga
its successful sister meeting in the U.S.A. carrying the same name. :




gress Cemre in Amsterdam on 13— 15th May, 1987. A
ne of the meeting. The programme will be setup bya

s, Brussels, Beigmm, Workshops and short courses w1ll be run in conjunction with

: e will devote paralle] sessmns to the latest advances in computmg and automatmn in
: ,I,

i LC and MS to food mwroblology, analysis of txssues

¢ detection and identification of biological materials; clinical

catmns, computer assisted pattern recognition/data handling; sample handling/
tymsGC pyr()iysstS pyrolysxs GC—-MS of mxcroorgamsms, dcnvatxza{mn

e ($1 50 if paid by February 24, 1987; $180 if paid after February 24, 1987)
ttending the meeting and include a copy of the symposium proceedings book
s uet, and hosmtahty mixers.
rmation can be obtained from: 1st International Symposium on the Interface be-
Chemistry and chroblology, P.O. Box 7126, Columbia, SC 29202, U.S.A.




 WORKING PARTY ON ANALYTICAL CHEMISTRY (WPAC/
- EUROPEAN ANALYTICAL COLUMN 9

In January 1986, the WPAC membership remained at the same lngh Iev as
chemical societies from 23 European countries are represented by 27 de!egates
sented by the “Spanish Society for Analytical Chemistry’” in addmon to the “Spanish Royal !
for Chemistry”. Only the Society of Luxembourg Chemists and the Pancyprian Union of Ch
among the FECS members are not yet active in the WPAC. The chemical societies of E;
G.D.R., Israel and Rumania as well as [UPAC have observer status.

The 16th meeting of the WPAC was held in Vienna, November 24 1985 and w“
delegates (Chairman: Prof. E. Pungor).

The following activities of the WPAC should be noted.

Euroanalysis Conferences

Euroanalysis V, August 2631, Cracow, Poland. President: Prof. A. Hulamckl 'I‘he pmceedm
of this conference contain all but one of the fourteen invited lectures and are available now i
series “Review on Analytical Chemistry” from Akademiai Kiado, Budapest, Hungary,

Euroanalysis VI, September 7-11, 1987, Paris, France. President: Prof. E. Roth with Prof.
lanicki, Prof. H. Malissa, The first circular including information on selected topicsand speci
sions is available. Please contact Prof. E. Roth, or GAMS, 88 Bd. ds Malesherbes, F«’?SOO% Pa s,
France. =

Euroanalysis VII, August 27-31, 1990, Vienna, Austria. President: Prof. J.F. K Huber,l 0st |
ety: Austrian Society for Microchemistry and Analytical Chemistry. -

Events sponsored or supported by WPAC in 1985

4th Scientific Session on Ion Selective Electrodes, October 812, 1984, Matmﬁtred H unga ,
Chairman: Prof. E. Pungor. Proceedings containing all plenary, keynote and dlscussmn legiures
available now from Akademiai Kiado and Elsevier. :

12th International Competition in Analytical Chemistry, May 1315, 1 985 Veszprem Hun‘
Chairman: Prof. J. Inczedy. Students from European countries participated; this mcetmg wﬂl beyfﬁ
peated in 1986 in Szeged.

Ist International Symposium on Philosophy and History in Analytical Chemistry, November
22-23, 1985, Vienna/Schallaburg, Austria. Chairmen: Prof. H. Malissa and Prof. F. Szabadvary. .Inf'
the stimulating historic environment, 54 participants from 18 countries discussed the impact 'and
importance of selected time periods and philosophical aspects in the development of analytical
chemistry; the philosophical papers will be published.

Education in Analytical Chemistry. The WPAC brochure has been distributed to all 229 pammr
pating institutions; a few further copies are available at the secretariat, e

Further activities sponsored or supported by WPAC
COBAC Y, September 15-19, 1986, Graz, Austria. Chairmen: Doz, W. Wegscheider, Doz K
Varmuza. The first circular is available as well as detailed information on the programme;
Symposium on Bioelectroanalysis, October 6-8, 1986, Matrafiired, Hungary, organized by the
Electroanalytical Committee of the Hungarian Academy of Sciences. -
6th International Conference on Fourier-Transform Spectroscopy, August 24-28; 1 987 Vzenna,~~ -
Austria. Chairman: Prof. G. Zerbi, Milan, Italy. Programme Chairman: Dr. G. Guelachvili, Paris
Secretary: Prof. R. Kellner, Technical University Vienna, Institute for Analytical Chemistry, Get
demarkt 9, A-1060, Wien, Austria. The first circular is available from the Secretariat. s
European Conference on Molecular Spectroscopy (EUCMOS 18), August 30~Septeinber 4, 198
Amsterdam, The Netherlands. President: Prof. Orville-Thomas. The first circular was sent out re-
cently. The coordinative effort of WPAC has made it possible to link the PTS-Oonference in Vw
EUCMOS in Amsterdam and Euroanalysis V1 in Paris without time clashes:
8th Eurapean Symposium on Polymer Spectroscoy. (ESOPS 8), 1988, Budapest Hi ungary, org ‘
nized by the Hungarian Academy of Sciences. ,
For any further informations related to WPAC activities, please contact the secretary, Pr of.
R. Kellner, Institute for Analytical Chemistry, Techmcal University Vlerma, Getrezdemarkt 9, A-
1060 Wien, Austria. ,




e that they are willing to share with their colleagues. The aims of the sec-
an Editérial (dnal. Chim. Acta, 173 (1985) 1). The programs offered will
on of the journal, as information becomes available.

nd forms for entry are available from Professor J.T. Clerck, Universitit Bern,
nsches Insiztut Baltzerstrasse 5, CH-3102 Bern, Switzerland.

R OF FORTHCOMING MEETINGS

2nd International Meeting on Chemical Sensors

-Contact: Dr. Claude Lucat, 2nd International Meeting on Chemical Sensors,
Université de Bordeaux I, 351, cours de la Libération, 33405 Talence,
Cedex, France.

10th International CODATA Conference
Contact: Mrs: Lois Baignée, Executive Secretary CODATA °86, Conference
.- Services; National Research Council of Canada, Montreal Road, Ottawa,

K1A OR6 Canada. (Further details published in Vol. 172.)

SAC 86 - International Conference and Exhibition on Analytical Chemistry
Contact: Miss P.E. Hutchinson, Royal Society of Chemistry, Analytical Di
sion, Burlington House, London W1V 0BN, U.K. Tel.: (01) 734-9971. (Fur:
,ther details published in Vol. 169.)

" Gordon Research Conference on Statistics in Chemlstry and Chemical

Engineering

-+ Contact: Conference Chairman, Gary Blau, The Dow Chemical Company,
1776 Building, Midland, M1 48640, U.S.A. Tel.: (517) 636-5170.

. 6th International Congress of Pesticide Chemistry
- Contact: T.H.G. Michael, Chemical Institute of Canada, 151 Slater Street,
- -Suite 9065, Ottawa, Ontario, Canada K1P 5H3. Tel.: (613) 233-5623. Telex:
053-4306 AlIC.

. : 6th International Conference on Methods in Protein Sequence Analysis
Contact: MPSA, Conference Management, GH-22 University of Washing-
ton, Seattle, WA, U.S.A. Tel.: (206) 543-2300, telex: (910) 474 0096 UW U

15th International Symposium on the Chemistry of Natural Products
~Contact: Dr, G.J. Koomen, Secretary, 15th IUPAC International Sympo-
sium on the Chemistry of Natural Products, Laboratorium voor Organisch
Scheikunde, Universiteit van Amsterdam, Nieuwe Achtergracht 102, 1018
WS Amsterdam, The Netherlands.

10th Intermational Symposium on Microchemical Techniques
Contact: Dr. R. Dewolfs, University of Antwerp, Department of Chemistry,
Universiteitsplein 1, B-2610 Wilrijk, Belgium. Tel.: 03/828.25.28 (ext. 204
telex: 33646. (Further details published in Vol. 169.)




Antwerp, Eelgmm

Aug, 26-29, 1986

Dunedin, New Zealand

Aug. 31-Sept. 5, 1986
Eugene, OR, U.S.A.

Sept., 1986
Graz, Austria

Sept. 8-10, 1986
Freiburg, F.R.G.

Sept. 9-12, 1986
London, UK,

Sept. 9-12, 1986
Preveca, Greece

Sept. 15-18, 1986
Houston, TX, U.S.A.

Sept. 15-19, 1986
Reading, U.K.

Sept. 25-26, 1986
Cambridge, U.K.

Sept. 29-Oct. 3, 1986
5t. Louis, MO, U.S.A.

Oct. 6-8, 1986
Matrafiired, Hungary

’ ’try, Universiteitspleir
33646,

, IOthConferenceoftbe, al

Spectrometry
Contact: Dr. J. Cutfield, Department of Biochemist:
Box 56, Dunedin, New Zealand. (Further details pu

10th International Conference on Raman Spectroscopy
Contact: Prof. Warner L., Peticolas, Depariment of Chen
Oregon, Eugene; OR 97403-1210, U.S.A.

4th Conference on Computer Based Analytical Chemlstry
Contact: Dr. Wolfhard Wegscheider, Institut fiir Analytxsche Chemle, M:
und Radiochemie, Technische Universitit, Technikerstrasse 4, A-2010 G
Austria. Tel: (0316) 7061-8300/8301, (Further details pubhshed m'Vv

Contact: Dr. J. Schélmerich, Medizinische Umversnatskhmk D—780ﬁ
burg, F.R.G.

2nd International Symposium on Kinetics in Analytical Chéiinstr& e
Contact: Prof. N. Evmirides, Laboratory of Analytical Che:nxstry, Chemi
Department, University of Ioannina, Ioannina, Greece - .

22nd International Symposium on Advarces in Chromatography
Contact: Professor A. Zlatkis, Chemistry Department, University of Hous-
ton, Houston, 77004 TX, U.S.A. Tel.: (713) 749 2633. (Further details pub-,
lished in Vol. 178, No. 2.)

7th International Symposium on Analytical and Applied Pyrolysis :
Contact: Dr. C.S. Gutteridge, Cadbury Schweppes Plc, The Lord Zuckerma
Research Centre, The University, Whiteknights, P.O. Box 234, Readmg
RJ6 2LA, UK.

International Conference on Enzyme Engineering :
Contact: Miss Fiona Spindlove, IBC Technical Services Ltd., Bath House;
Holborn Viaduct, London, EC1A 2EX, U.K. Tel.: (01) 236 4080, telex
888870.

FACSS ’86, Federation of Analytical Chemistry smd Spectroscopy SOCleﬁES .
1986 Meeting

Contact: Dr. Marshall Fishman, U.S. Department of Agneniture 600E
Mermaid Lane, Wyndmoor, PA 19118, U.S.A. Tel.: (215) 233—6450 (Fur-
ther details published in Vol. 178, No. 2.)

Bioelectroanalytical Symposium 1986 : :
Contact: Organizing Committee of onelectroanalyncal Symposmm 1986,
Institute for General and Analytical Chemistry, Technical Umversny,
Gellért tér 4, 1502 Budapest, Hungary.




. Pa a eMaHorca, Spam

- Oct, 16-17, 1986
~ London, UK.

Oct. 19-22,11986
Boston, MA, U.S.A.

Oct. 20-22, 1986
Baden-Baden, F.R.G.

. Oct. 20-24, 1986
~ New York, NY, USA.

Oct. 21-23 1986

24,1986
eux, Switzerland -

3rd Sympoéium on Handiing of Environmental and Biological Samples in

~ Gaithersburg, MD, US.A.
' ' - * Standards, Gaithersburg, MD 20899, U.S.A. Tel.: (301) 921 2383,

. 4th Symposium on Liquid Chromatography-Mass Spectrometry and Mass

“Contact: Professor Dr. R.W. Frei, Department of Analytical Chemistry, Frw

. IFAC Workshop on Mass Spectrometry in Biotechnological Process Analy

Ernest L Gamer, B362 Physws Bmidmg, N’atlonal Burcau of
rds, Gaithersburgh, MD 20899, U.S. A Tel.: (301) 921 2805.

Sth Internaﬁonal Conference on Reliability and Maintainability
Contact: Secretariat of the Conference, A.D.E.RA.-CE.A,, B.P. 48,33166 .

~ Saint-Médard-en-Jalles Cedex, France. Tel.: 56 05 84 25-256, telex:
560 715 F.

Sth Ihtefnatianal Symposium on New Spectroscopic Methods for Biomedical
Research and Short Courses on Biomedical ESCA and Biomedical FTIR .

Contact: Buddy D. Ratner, Ph.D., Department of Chemical Engineering, BF:
10; University of Washington, Seattle, WA 98195, U.S.A. Tel.: (206)
545 1005.

Chromatography
Contact: Prof. Dr, R.W. Frei, Department of Analytical Chemistry, Free

- University, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands.

Tel.: (020) 5485379. (Further details published in Vol. 181.)

3rd European Seminar and Exhibition on Computer-Aided Molecular Design
Contact: Miss Fiona Spindlove, IBC Technical Services Ltd., Bath House, 5
Holborn Viaduct, London, EC1A 2EX, U.K. Tel.: (01) 236 4080, telex:
888870.

4th International Symposium on Laboratory Robotics :
Contact: Gerald L. Hawk, Ph.D. and Janet Strimaitis, Zymark Corporation,
Zymark Center, Hopkinton, MA 01748, U.S.A. Tel.: (617) 435-9501.

6th International Symposium on High-Performance Liguid Chromatography
of Proteins, Peptides and Polynucleotides
Contact: Secretariat 6th ISPP, P.O. Box 3980, D-6500 Mainz, F.R.G

The Silver Jubilee Eastern Analytical Symposium

Contact: Dr. S. David Klein, EAS Publicity, 642 Cranbury Cross Road,
North Brunswick, NJ 08902, U.S.A. Tel (201) 846-1582. (Further details
published in Vol. 178, No. 2.)

32nd Annual Conference on Bioassay, Analytical and Environmental
Radiochemistry
Contact: Kenneth Inn, C114 Radiation Physics Building, National Bureau of

Spectrometry-Mass Spectrometry

University, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands.
Tel {020) 5485379. (Further details published in Vol 181.)

1d Control
Contact: IFU-MS-Workshop, Elisabethstrasse 11, A-8010 Graz, Austria.
316) 36030-17. ,




Nov. 12-14, 1986
Gaithersburg, MD,
US.A.

Nov. 17-20, 1986
Gaithersburg, MD,
US.A.

Nov. 18~20, 1986
Teddington, U.K.

Nov. 18-21, 1986

Atlanta, GA, U.S.A.

Nov. 25-29, 1986
Milan, Italy

Nov. 26-29, 1986
Milan, Italy

Marech 9-13, 1987
Atlantic City,
NJ, U.S.A.

April 6-9, 1987
Cardiff, U.X.

Aprit 27-May 1, 1987

Sydney, Australia

May 1114, 1987
Ghent, Belgium

Coxitact The Swedish Academy nf?harma
S-11181 Stockholm, Sweden. .

4th International Conference on Quantitative Surface Analysis, :
and Applications and VAMAS Workshop
Contact: Conference Secretary, Dr.G.C. Smith, Division of Ma :
cations, National Physical Laboratory, Teddington, dedlesex,’le 10
U.K. Tel.: (01) 977 3222, telex: 262344, (Further details pubhshed i1

178, No. 2.)

10th Symposium on Flue Gas Desulferization : : : -
Contact: Brooke Eldredge, Symposium Coordinator, Elecmc Power R.e
search Institute, 3412 Hillview Avenue, P.O. Box 10412, Palo Alto, CA
94303, U.S.A. Tel.: (415) 855 7919.

26th MAC, International Exhibition of Chemistry, Analysis, Researcm Test
Equipment and Biotechnology

Contact: MAC ’86 General Secretariat, Via Domenichino 11, 20149 Mllan
Italy. Tel.: (02) 4815541,

ATB 86, Advanced Technology for the Clinical Laboratory and Bmtechnology
(2nd European Edition of the Qak Ridge Conference)
Contact: MAC ’86, Dott. Laura Pinna Berchet, Via Domeénichino 11, 20149
Milan, Italy. :

38th Pittsburgh Conference and Exposition on Analytical Chemlstry and Ap»
plied Spectroscopy

Contact: Mrs. Alma Johnson, Program Secretary, 12 Federal Drive, Sulte
322, Pittsburgh, PA 15235, U.S.A.

International Symposium on electroanalysis in Biomedical, Envitom,nental a
Industrial Sciences
Contact: Short Courses Section, UWIST, P.O. Box 68, Cardiff CFI 3
Wales, U.K. Tel.: (0222) 42588, ext. 2213. (Further details pubhshed
178, No. 2.)

9th Australian Symposium on Analytical Chermstry
Contact: The Secretary 9AC, Mr. John Eames, P.O. Box 137, North Ry,
N.S.W. 2133, Australia. Tel.: (02) 887- 8688 (Funherdemnls pub hed
Vol. 178, No, 2.)

2nd International Symposium on Quanntanve Lummescence Spet:ﬁ' met

Biomedical Sciences

Contact Dr. W Bayens, State Un'versrty of Ghem Labora
! ek




ne 17-19, 1987
’mCollms, CO.

ne 21-26, 1987
gn,to, Canada

Amsterdam, The
erlands

Saﬁa, Bulgaria

~Aug,:24-2$ 1987
Vienna, Austria

 Aug. 25-30, 1987
- Beijing, China
sterdam,

- The Netherlands

Sept. 7-11, 1987
Paris, France

; ﬁd*éaﬁuhs - Energy, Transportation and Communications
: Camact Mr. H. Hamada, Executive Director, The Chemical Society of Ja-

. Contact; Mr. L. Forget, Executive Secretary CSI XXV, National Research

¢ 28-July 4, 1987

1y 13-18, 1987 ;

Aug. 30-Sept. 4, 1987

Sept. 28-Oct, 1, 1987
Gaithersburg, MD, US.A.

g a.nd,. ! ammatwn (Eumpe) :

pan, 1-5 Kanda-Suragadi, Chiyoda-ku, Tokyo, Japan.

1st International Symposium on the Interface between Analytical Chemistry
and Microbiology

Contact: st International Symposium on the Interface between Analytical
Chemistry and Microbiology, P.Q. Box 7126, Columbia, SC 29202, US.A.

Conference on Chemically Modified Surfaces
Contact: W. Collins, Mail Stop C41C00, Dow Corning Corporation, Mid-
land; MI 48686-0994, U.S.A.

XXV Colloguium Spectroscopium Internationale

Council of Canada, Ottawa, K1A OR6 Canada. Tel.: (613) 993-9009, telex:
053-3145. (Further details published in Vol. 172.)

HPLC *87, 11th International Symposium on Column Liquid Chromatography
Contact: Organisatie Bureau Amsterdam bv, Europaplein, 1078 GZ Amster:
dam, The Netherlands. Tel.: (31) 20-440807, telex: 13499 raico nl. (Funher
details published in Vol. 181.)

31st IUPAC Congress
Contact: Dr. R. Vlahov, Institute of Organic Chemistry, Bulgarian Academy
of Sciences, 1113 Sofia, Bulgaria. Telex: 22729 ECHBAN BG. (Further de-
tails published in Vol. 181.)

6th International Conference on Fourier Transform Spectroscopy
Contact: Interconvention, P.O. Box 80, A-1107 Vienna, Austria. Tel.; (222) =
5763 05,57 62 88, telex: 11 12 10.

8th International Conference on Computers in Chemical Research and
Education

Contact: Cheng Qian, 345 Lingling Road, 200032 Shanghai, China. Telex: '
33354 SIOC CN.

EUCMOS XVIII, 18th European Congress on Molecular Spectroscopy
Contact: EUCMOS XVIII, ¢/o Municipal Congress Bureau, P.O. Box 2289,
1000 CG Amsterdam, The Netherlands. Tel.: (3120) 552 3459, telex: 16460
anal. chem.

Euroanalysis VI, European Conference on all Aspects of Analytical Sciences
Contact: G.A.M.S., 88 Boulevard Malesherbes, 75008 Paris, France. (Fur—
ther details published in Vol. 181.)

Accuracy in Trace Analysis - Accomplishments, Goals, Challenges
Contact: Harry Hertz, A309 Chemistry Building, National Bureau of Stand-
ards, Gaithersburg, MD 20899, U.S.A. Tel.: (301) 921 2851. (Further detail

published in Vol. 181.) '




Sept. 28-Qct. 2, 1987
Amsterdam, The
Netherlands

Oct. 19-23, 1987
Fellbach, F.R.G.

April 18-21, 1988

Las Vegas, NV, U.S.A.

2nd Amsterdam HPLC Summercourse i
Contact: Dr. J.C. Kraak, Laboratory for Analytical Chemistry, Univi
Amsterdam, Nieuwe Achtergracht 166, 1018 WV Amsterdam, The
Netherlands.

ECASIA '87, European Conference on Applications of Surface auui Xmﬂﬁi
Analysis :
Contact: U. Nagorny, Max-Planck-Institut fiir Metallforschung, Institut fiir
Werkstoffwissenschaften, Seestrasse 92, D-7000 Stutgart 1, F.R.G.

Flow Analysis IV, An International Conference on Flow Analysis : o
Contact: Dr. Gilbert E. Pacey, Department of Chemistry, Miami Univers
Oxford, OH 45056, U.S.A. (Further details published in Vol. 181.)
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