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electropherogram to a desired one and this
choice is critical and affects both the optimi­
sation procedure to follow and the results ob­
tained. Furthermore, it is not necessary to search
for the global optimum in the parameter space
but it satisfies to find experimental conditions
resulting in sufficient separation. Many different
criteria are proposed in the literature and some
of them, which are used in the optimisation of
chromatographic experiments but are 'also useful
in CE, can be found in Ref. [22] ..Recently,
Hayashi et al. [23] studied the precision and
throughput in MECC and concluded that these
statistical parameters are suitable as criteria in
MECC. The criterion should always be carefully
evaluated in relation to the ultimate goal of the
analyst.

Although for high-performance liquid chroma­
tography (HPLC) several optimisation schemes
have been published [22], these approaches often
require substantial modification before they can
be used to optimise a CE separation. Recently,
some books on capillary electrophoresis have
paid some attention to method development and
optimisation strategies in CE [24-26]. In the first
part of this review the possibility to apply statisti­
cal approaches is discussed, while in the second
part some feasible optimisation schemes are
commented.

2. Statistical approaches in the optimisation of
CE

The optimisation of CE and especially MECC
experiments is complex due to the number of
parameters affecting the separation. Further
complications can arise from the mutual inter­
action of the parameters. Examples illustrating
this phenomenon have been reported both for
micellar liquid chromatography [27] and MECC
[24]. This explains why the development of
physicochemical models describing the separa­
tion mechanisms is not an easy task. Often the
behaviour of the system is approximated by
simple mathematical equations for which only a
minimum amount of knowledge is required.

An example of suchan approach is the use of
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a simplex algorithm. The principle of a simplex
method is covered extensively by the literature
[22,28]. In general, the simultaneous optimisa­
tion of n parameters results from a fitting pro­
cedure of the response (or criterion) y with a
first-order model to the parameters x as shown in
Eq. 1.

(1)

The optimum is approached in a sequential way
constructing geometrical figures (called simplex)
in the parameter space using previous ex­
perimental results. These sequences are repeated
until the separation is satisfactory or until no
further improvement is observed.

The advantage of this approach is that it is
applicable to any type and number of parameters
and that knowledge about the separation mecha­
nism is not required to calculate the response or
define the parameter settings for the next mea­
surement. However, an important drawback of
the simplex method is the large number of
experiments that is generally needed to reach the
optimum. This is clearly illustrated by Castag­
nola et al. [29], who optimised pH, concen­
tration of organic modifier and concentration of
surfactant in the separation of derivatised amino
acids. Although the variable-sized weighted sim­
plex optimisation design was used to speed up
the procedure, still 10 to 15 steps were required
to reach separation conditions that are satisfac­
tory in terms of the mean resolution of all the
relevant peak pairs. In addition, the choice of
the starting conditions is very critical since differ­
ent starting conditions can lead to different
solutions. Finally, it should be noted that by
applying simplex methods much information is
lost since only the information of the last n + 1
experiments is retained. An adequate description
of the response surface is not obtained in this
way and this is a serious disadvantage when the
response surface is complex.

Another multi-parameter optimisation proce­
dure, called the overlapping resolution mapping
scheme (aRM), was introduced for CE by Li
and co-workers [30-35]. After defining the pa­
rameters and the accompanying parameter
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space, the initial experiments are performed, and
the response (resolution R.) of each peak pair is
used to determine the coefficients of a polyno­
mial equation that not only accounts for the
effect of each parameter but also includes mathe­
matical interaction effects between the parame­
ters, expressed as x!xrferms in Eq. 2:

R s = a1x1+ a2x 2 + a3x 3 + a12x 1x 2 + a13x 1x 3

(2)

Once the coefficients of the polynomial equa­
tions are known, the resolution for each peak
pair over the whole parameter space can be
predicted and visualised as a resolution map.
The optimum separation conditions can then be
deduced from an overlay of all the resolution
maps. Applications of this method include the
separation of solutes such as sulphonamides
[30,31], flavonoids [31,32], derivatised amino
acids [33,34], drug substances [34] and por­
phyrins [35].

It should be realised that in this strategy peaks
are not identified, hence the actual migration
behaviour of the solutes is not followed. Signifi­
cant errors may result from changes in the
relative peak positions. This problem was dis­
cerned by Glajch et al. [36], who initially de­
veloped the ORM approach for HPLC. Due to
such effects the response surface may be com­
plex and discontinuous, and overlapping of the
resolution maps can then be expected to yield
unreliable results. For this reason peak tracking
should be considered as a valuable asset, and this
task is much facilitated by using advanced detec­
tion techniques such as diode-array spectropho­
tometry or mass spectrometry.

A third type of experimental design that has
been shown to be useful for optimisation pur­
poses is the Placket-Burman statistical design,
which is a fractional factorial design that can be
used if the number of parameters is one less than
a multiple of four. Dummies should be added to
meet the required number of parameters. A
dummy can be used to estimate the variability of
the system and the significance of the effects
found for the true physical parameters. Statisti­
cal treatment of the data can often be used for

the screening of many parameters and the
models used to describe the results of the experi­
ments are typically first-order in each parameter.
The most important parameters found with this
screening procedure can then be studied in a full
multi-level factorial design.

Vindevogel and Sandra [37] used this ap­
proach to obtain a satisfactory separation of a
mixture of testosterone esters. Seven parameters
are evaluated by means of eight initial experi­
ments in which the effect of pH and the con­
centrations of buffer, acetonitrile, sodium
dodecyl sulphate (SDS) and sodium heptylsul­
phate on the analysis time, the noise, the ef­
ficiency and the resolution are studied. Interpre­
tation of the results should, however, be done
very carefully since the observed changes in
migration behaviour may be due to multiple
interactions.

An important advantage of these factorial­
design type of procedures is that they are applic­
able under many different experimental circum­
stances and that there is no restriction con­
cerning the type of solutes and parameters in the
optimisation. However, since in this way no
general rules are obtained concerning migration
mechanisms, the results are restricted to the
separation under investigation. A change in the
separation conditions requires that the whole
procedure has to be followed over again.

3. Optimisation procedures based on
physicochemical models

When relevant knowledge of the mechanism
of a given type of separation is available, optimi­
sation protocols can be developed that make use
of these separation principles, expressed by an
appropriate algorithm.

In Section 3.1, approaches in which fundamen­
tal equations describing the migration behaviour
and the resolution will be treated. These general
equations are based on a theoretical description
of the separation process. The parameters de­
scribing the migration are then evaluated and
adjusted to reach a maximum value of the
resolution. In such a way, global guidelines,
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needed to increase the amount of isolated ful­
lerenes obtained from a single crude soot ex­
tract.

Recently it has been reported [28,29] that
stationary phases based upon tetraphenylporphy­
rin immobilized on .silica gel supports can be
useful in anion-exchange separations of aromatic
carboxylates I sulfonates, and in reversed-phase
separations of polycyclic aromatic hydrocarbons
(PAHs) by HPLC. In addition, preliminary data
demonstrated that the tetraphenylporphyrin-sil­
ica stationary phase can achieve the highest
reported selectivity factor for the separation of
C 6o /C 70 in 100% toluene [30]. Further, we have
also shown that single-step HPLC separation of
metallofullerenes (e.g., La@C8Z and Y@C8Z )

can be achieved using a 1O-cm column packed
with zinc(II) tetraphenylporphyrin-silica [31].

In continuing the investigation of this new
stationary phase, we report herein: (i) the sepa­
ration of C 60 and C70 with four strong fullerene
solvents, i.e., toluene, p-xylene, chlorobenzene,
and carbon disulfide, as mobile phases; (ii)
thermodynamic studies for these separations;
and (iii) the separation of higher fullerenes (up
to C94 ) in a single injection of crude extract with
a very strong mobile phase of CSz-toluene
(45:55, v/v), within 8 min at 90°C. We further
illustrate that the phenyl group of the immobil­
ized porphyrin is critical for separation of ful­
lerenes by reporting results for similar separa­
tions using a protoporphyrin-silica phase.

2. Experimental

2.1. Apparatus

The HPLC system consisted of a Spectra
Physics (San Jose, CA, USA) SP 8700 solvent
delivery system, a Spectra-Physics SP 4290 com­
puting integrator, a Kratos (Ramsey, NJ, USA)
Spectroflow 773 variable-wavelength UV-Vis
detector, and a Rhyodyne (Cotati, CA, USA)
Model 7010 sample valve. Columns were ther­
mostated using a Fisher Scientific water jacket
connected to a Fisher Scientific (Pittsburgh, PA,

USA) Model 80 Isotemp constant-temperature
circulator. Dead volume of the column was
determined by the injection of a CS z solution in
toluene while using toluene as the mobile phase.

2.2. Chemicals

Fullerenes were produced via a d.c. carbon arc
method similar to that described by Parker et al.
[32]. The reactor featured water-cooled collec­
tion surfaces, variable arc gap, and forced
helium flow across the gap to decrease slag
formation. The fullerene-containing soot was
soxhlet extracted for 16 h with toluene, followed
by a second extraction with pyridine. The re­
sulting deep-red solutions were filtered through a

. 0.45-J.Lm cellulose nitrate filter (Millipore, Bed­
ford, MA, USA) prior to drying at 130°C under
vacuum. The total yield of crude fullerene ex­
tract was approximately 8.0 wt. %, with the
pyridine extract containing a greater percentage
of higher fullerenes. HPLC-grade toluene, p­
xylene, and carbon disulfide as well as analytical­
reagent grade chlorobenzene were obtained from
Aldrich (Milwaukee, WI, USA).

2.3. Preparation of the stationary phase

The zinc(II) tetraphenylporphyrin-silica
[Zn(pCPTPP)-silica] stationary phase was pre­
pared in a manner similar to that described
elsewhere [28]. In brief, the unsymmetrical
phenyl-substituted tetraphenylporphyrin, [5-(p­
carboxyphenyl)-10,15 ,20-triphenyl]porphyrin [H z­
(pCPTPP)], was covalently attached to amino­
propyl silica gel (10 J.Lm) via an amide bond. The
residual amine sites on the stationary phase were
acetylated by refluxing the support in acetic
anhydride. Finally, to prepare the metallated
support, 2 g of Hz(pCPTPP)-silica was refluxed
in 50 ml dimethylformamide containing 0.8 g
ZnClz. Typical porphyrin surface coverages were
in the range 0.2-0.4 J.Lmol/mz, based on data
from elemental analysis of the final stationary­
phase material [28]. The porphyrin-silicas were
packed into 250 x 4.6 mm I.D. stainless-steel
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street level. This area has a high volume of
traffic. The samples were collected on thermally
treated filters (300°C for 2 h) using a Sierra
Misco Model 650 high-volume sampler and a
Whatman EPM-2000 20.3 x 25.4 cm glass-fibre
filter-paper (Whatman International, Maidstone,
UK). After collection, the filters were stored in
at - 30°C in the dark until analysis.

2.4. Preparation of samples

The filters were cut into four pieces and each
piece was subjected to ultrasonic extraction, first
with dichloromethane and then with methanol.
The extracts were mixed and after filtration they
were concentrated to dryness by rotary evapora­
tion. The residue was redissolved in dichlorome­
thane (50 ml) and subjected to liquid-liquid
partitioning with 0.1 M NaOH (3 x 10 ml).
Dichloromethane in the aqueous phase was
removed using rotary evaporation. Finally, the
aqueous extract was acidified to pH 4 and used
for the solid-phase extraction as follows.

First, the CIS cartridge was cleaned with 10 rnl
of acetonitrile, 10 ml of acetone, 10 ml of
methanol and 10 ml of water (pH 4) consecutive­
ly. The aqueous extract was introduced at a
flow-rate of 4-5 mllmin and the column was
washed with 10 ml of water (pH 4). After
drying, the hydroxy-PAHs were eluted with 2 ml
of methanol. The solvent was evaporated under
nitrogen and the residue was dissolved in 500 JLI
of dichloromethane for GC-MS analysis or 1 ml
of mobile phase and 10 JLI of 2,4-dibromophenol
(40 JLg/ml) as internal standard for HPLC analy­
sis.

3. Results and discussion

A standard solution (1 mg/ml) of seven hy­
droxy-PAHs (5-HI 2-H-14-NQ 5-IOH 58-, , , "
DH-l,4-NQ, 2-H-9-FLO, 9-HF and 2-N-I-N)
was used and 2,4-dibromophenol was added as
an internal standard. These compounds may be
formed in the atmosphere due to reactions

between PAHs and OH radicals and some have
been detected in atmospheric aerosols [18].

Different binary phases of methanol and 40
mM phosphoric acid-potassium dihydrogenphos­
phate buffer (pH 3) from 70:30 to 45:55 were
tested. The buffer solution provides the pH, the
conductivity and the ionic strength needed for
the electrochemical reactions. 5,8-DH-l,4-NQ
gave tailing peaks, probably owing to the inter­
actions with the silica support. The tailing effect
was reduced by the addition of 3.5% acetic acid
to the mobile phase. In addition, a decrease in
methanol content produced an increase in the
analysis time, and resolutions were improved
except for 9,HF and 2-N-I-N. Further, the
elution order of 2-H-9-FLO and 5,8-DH-l,4-NQ
changed when the percentage of methanol in the
mobile phase decreased. The optimum separa­
tion for all substances was obtained with the
mobile phase methanol-phosphoric acid-sodium
dihydrogenphosphate buffer (40 mM, pH 3)
(50:50) plus 7% acetic acid (Fig. 2).

The optimum working potential was obtained
from the hydrodynamic voltammograms of the
compounds under the separation conditions pre­
viously established. Fig. 3 shows the hydro­
dynamic voltammograms. The working potential
chosen was the potential that gave the best
response for all the compounds. Good values
were obtained at +550 mV for 5-HI, 5-IOH,
5,8-DH-l,4-NQ, 2-H-9-FLO and 9-HF, but at
this potential 2-H-l,4-NQ, 2-N-I-N and the
internal standard (2,4-dibromophenol) gave no
response. High responses were obtained at po­
tentials near +800 mV for all the compounds. At
more positive potentials, increases in both the
background noise and the residual current
occurred owing to the oxidation of the mobile
phase. Therefore, +800 mV was chosen as the
optimum potential, although a slight decrease in
the responses of 5,8-DH-l,4-NQ, 9-HF and 2-H­
9-FLO was observed. Adsorption of the sub­
products from the electrochemical reactions or
polymerization on the electrode surface may be
the cause of the decrease in the relative inten­
sities.

Calibration for hydroxy-PAHs using peak
areas in the range 0.2-20 JLg/ml was carried out
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F3G-A, and hydroxyethyl cellulose (Cellosize
WP 40) (HEC) were obtained from Fluka (Neu­
VIm, Germany). Acetic acid, disodium EDTA,
iminodiacetic acid (IDA), MnCI2 , Na2C03 ,

ethanol and Triton X-lOO were purchased from
E. Merck (Darmstadt, Germany). HCl, NaOH,
NaCl, CuCl2 and formaldehyde were obtained
from Riedel-de Haen (Seelze, Germany). Oval­
bumin (Grade V) (OVA), concanavalin A (Con
A), sodium borohydride and imidazole were
obtained from Sigma (Munich, . Germany).
Bovine hemoglobin (2 x cryst., lyophil., research
grade) and hen egg white lysozyme were pur­
chased from Serva (Heidelberg, Germany).
Porofil was purchased from Coulter Electronics
(Krefeld, Germany).

2.2. Methods

Activation of nylon membranes with bisoxirane
Five membrane discs (47 mm diameter) were

shaken for 15 h at 353 K in a solution of 9 ml

bisoxirane-l ml ethanol-l ml 25 mM Na2C0 3 ,

pH 11. After activation the membranes were
washed three times with water at room tempera­
ture (Fig. 2a).

Activation of nylon membranes with
formaldehyde

Nylon membranes were activated with form­
aldehyde according to a procedure described by
Cairns et al. [30] using nylon fibres, which was
modified to account for membrane discs. Ten
membrane discs (47 mm diameter) were incu­
bated for 7 h at 333 K in a solution of 20 ml
formaldehyde (>36.5% w/w) and 0.2 ml phos­
phoric acid (85% w/w). The membranes were
washed several times with water at 313 K (Fig.
2b).

Coupling of HEC
Each membrane disc was shaken in 5 ml of a

2% HEC solution (w/w) for 30 min at room
temperature. Then the disc was placed onto a

matrix-NH2

OH 0
I I \

matrix-NH-C~-CH-C~-O-(C~)4-0-C~-CH-C~

OH'--
+ R-OH

OH OH
. I I

matriX-NH-CH2-CH-CH2-0-(CH2)4-0-C~-CH-CH2-o-R

I I
N-H CH20 H+ N-CH20H

f=O
+ --'--'--"" I~

c=o
I

I
H+

I
F~H20H + R-DH -. ~CH20R

+ H2Or-O

Fig. 2. Reaction scheme for covalent immobilization on nylon membranes. (a) Modification of nylon amino end groups by
bisoxirane ensuing immobilization of polysaccharides (ROH), such as hydroxyethyl cellulose (HEC). (b) Activation of nylon
amide groups, followed by immobilization of HEC.
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Fig. 7. Lysozyme adsorption isotherms for MCA membranes
in 25 mM phosphate, pH 7, 0.5 M NaC!. (0) B/HEC/B/
IDA:Cu(II); (\7) BIHEC/E/IDA:Cu(II); (6) FIHEC/B/
IDA:Cu(I1); (0) FIHEC/E/IDA:Cu(II).

membranes are displayed in Fig. 7. The data
points reflect experimental results which were
fitted employing the Langmuirean model for
adsorption, q* = c*qrn/(KO + c*). From the fit­
ting, the apparent dissociation constant, Ko ' and
the maximum capacity, qrn' were evaluated. The
maximum capacity for all membranes was found
to be in the same range of 300 ± 30 /-Lg cm -2, but
the shape of the isotherms differed. K o of B/
HEC/B /IDA:Cu(II) (4· 10 -5 M) was less than
half the Ko of the other membranes [(9 ± 1)·
10-5 M], indicating a stronger interaction be­
tween lysozyme and bisoxirane-linked IDA for
B/HEC membranes despite a 60% lower Cu(II)
capacity compared to epibromohydrin-linked
IDA. Apparent Ko's of about 10-4 M corre-
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determination of the IDA density on these
membranes.

In order to get high Cu(II) capacities, covalent
binding of HEC is essential, such as found after
bisoxirane (=100 nmol cm -2 for B/HEC/B and
F/HEC/B) and epibromohydrin activation (150
nmol cm-2 for B/HEC/E, F/HEC/E), respec­
tively (Fig. 6). By contrast, Cu(II) capacities on
non-covalently coated HEC membranes (N /
HEC/E and N/HEC/B) are similar to those on
membranes without HEC coating (N66/E and
N66/B), which all were significantly lower than
those on covalently coated membranes. Thus,
the activation of hydroxyl groups of HEC is
mainly responsible for these high Cu(II)
capacities and not the remaining functional
groups at the nylon matrix, as could be specu­
lated.

Only minor differences among covalently
coated membranes were found. Epibromohydrin
activation leads to approximately 60% higher
Cu(II) capacities than bisoxirane activation. On
chromatographic matrices the same order is
found, which is commonly attributed to a higher
crosslinking of bisoxirane with the matrix due to
its spacer length. Probably the same is true for
HEC-coated membranes.

3.5. Adsorption isotherms of MeA membranes

Equilibrium isotherms obtained from the ad­
sorption of lysozyme onto the different MCA

200
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0
E
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B/HEC/E B/HEC/B F/HEC/E F/HEC/B N/HEC/E N/HEC/B N66/E N66/B N66

Membranes

Fig. 6. Cu(I1) capacity of MCA membranes obtained by IDA immobilization after different activation procedures. Covalent
immobilization of HEC yields significantly higher capacities. Data were obtained as duplicates using two membranes.
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Fig. 9. SDS-PAGE gels of the fractionation of a Con A­
lysozyme mixture; lane 2-5, fractionation by B/HEC/BI
IDA:Cu(Il); lane 6-9. fractionation by B/HEC/EI
IDA:Cu(II). Lane 1: protein mixture; lane 2, 6: break­
through fraction; lane 3, 7: washing filtrate; lane 4, 8: 200
mM imidazole elution; lane 5. 9: 20 mM EDTA elution; lane
2 and 6: lysozyme only; lane 5 and 9: Con A only.

In the case of Con A no influence of the
spacer on the shape of the isotherms was ob­
served; thus the type of interaction did not
change and the metal chelates are accessible
regardless whether short or long spacers were
used. Therefore, the slightly higher Con A
capacity obtained after epibromohydrin activa­
tion can be explained by the higher Cu(II)
capacity of the membrane. This' was also found
by EI-Rassi et al. [44].

The metal chelate membranes with formalde­
hyde-bound HEC coating exhibit similar Con A
adsorption isotherms, with slightly lower
capacities of approximately 380 J-Lg cm -2. Con A
capacities were reproducible with all types of
membranes after elution of Cu(II) and Con A by
EDTA. Elution of the lectin was not observed at
200 mM imidazole, which again points to a very
tight binding.

3.6. Separation of model proteins on MeA
membranes

, 2 3 4 5 6 7 B 9

The distinct affinities of lysozyme and Con A
for the IDA:Cu(II) chelate, as indicated by the
adsorption isotherms, were utilized to fractionate
a mixture of both proteins. The protein mixture
was flushed once through B/HEC membranes
with the chelate immobilized either by a bisox­
irane or a epibromohydrin spacer. Both mem­
branes adsorbed Con A completely; hence it was
not found in a corresponding SDS-PAGE gel
(Fig. 9). However, lysozyme was found in the
filtrates. Rinsing with buffer caused complete
elution of lysozyme from the membranes. Obvi­
ously, the relatively weak interactions between
the immobilized metal chelates and lysozyme
cannot retain the protein during extensive wash­
ing. Elution of large amounts of lysozyme from
IDA:Cu(II) membranes was also found by
Serafica et al. [13] with buffer containing 0.1 M
NaCl. By contrast, with chromatographic sor­
bents elution of lysozyme is not described during
washing; however, this is due to a better ef­
ficiency (larger number of theoretical plates) of
the column setup.

With a 200 mM imidazole step gradient only
small fractions of Con A elute from the

IDA:Cu(II) membrane activated with bisox­
irane. No Con A was found in the filtrate using
membranes activated with epibromohydrin. Con
A elution was achieved from both membranes by
elution of Cu(II) by 20 mM EDTA. This is
another proof that interactions between Con A
and the metal chelate membrane are indeed
metal chelate interactions; the proteins were not
retained by non-specific interactions.

3.7. Accessibility of large ligands

In order to investigate the accessibility of large
ligands, a sandwich affinity membrane of metal
chelate-immobilized Con A was chosen. Con A
was immobilized onto a B/HEC/E/IDA:Cu(II)
MCA membrane. Such sandwich affinity chro­
matographic sorbents are described by Horvath
and co-workers [44,49]. The carbohydrate bind­
ing site of Con A retains completely its affinity
towards carbohydrates and glycoproteins since
the immobilization by metal chelate adsorption
leads to orientation of the affinity ligand [45].
Affinity interactions of OVA with either the
IDA:Cu(II) chelate or Con A takes place at
different sites on the surface of the protein. One
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thermal sensors that were inserted (two in the
hot and one in the cold wall) into wells drilled
into both the top and bottom bars.

The thickness of the mylar channel spacer
used here was 76 JLm, unless stated otherwise.
The channel had a breadth of 2.0 cm and a
tip-to-tip length of 46 cm. The IlT used was 45 K
unless indicated otherwise. Both acetonitrile
(ACN) and aqueous carrier liquids were used in
this study. They were delivered using a Model
M-6000A pump from Waters Associates (Mil­
ford, MA, USA). The spectrograde ACN was
obtained from EM Science (Cherry Hill, NJ,
USA); its ionic strength was modified by 0.10
mM tetrabutylammonium perchlorate (TBAP).
The aqueous carriers were either a phosphate
buffer of ionic strength 0.01 M and pH 4.52 (or
9.68) or consisted of doubly distilled water
containing 0.1% FL-70 surfactant plus 0.02%
sodium azide. The flow-rate used was 0.20 mIl
min unless noted otherwise. A Model UV-106
detector from Cole Scientific (Calasabas, CA,
USA) operating at 254 nm wavelength was used
to detect particles eluting from the ThFFF chan­
nel. Data acquisition of the detector signal was
accomplished using a PC-AT compatible com­
puter. The detector signal was also recorded
using an OmniScribe chart recorder from Hous­
ton Instruments (Austin, TX, USA). Samples
were injected via a 20-JLI loop injection valve.

Several types of particles from different
sources were used in this work. Silica particles of
nominal diameters 0.15 and 0.25 JLm were ob­
tained from E. Merck (Darmstadt, Germany)
while particles of 0.30 JLm were obtained from
Bangs Laboratories (Carmel, IN, USA). Poly­
butadiene (PB) and polystyrene (PS) latex par­
ticles were obtained from Dow Chemical (Mid­
land, NJ, USA) and Duke Scientific (Palo Alto,
CA, USA), respectively. Polymethylmeth­
acrylate (PMMA) and 0.230-JLm polystyrene­
polymethylmethacrylate (PS/PMMA) core-shell
latex particles were obtained from Seradyn (In­
dianapolis, IN, USA) and Bangs Laboratories.
The core-shell latex particles consist of a PS
core and a PMMA shell. Also obtained from
Bangs Laboratories were 0.21O-JLm PS/acrylam­
ide + hydrazine particles (containing 10 JLeq Ig of

particles with-NHNHz surface functional
groups), 0.091-JLm styrene-14% vinylbenzyl­
chloride (VBC) having-CHzCI surface groups,
and 0.098-JLm styrene-34% vinylbenzylchloride
(VBC) copolymer latex particles.

The surface of the 0.30-JLm silica particles was
modified by derivatization of the silanol groups
using the process reported by Little et at [28].
The silanization reagent used was octadecyl
trichlorosilane and some of the unreacted silanol
groups were "capped" using trimethylchlorosil­
ane.

4. Results and discussion

Fig. 1a shows plots of tRltO (retention time
relative to void time) versus d for PS, PB,
PMMA, and silica particles suspended in ACN
carrier liquid. The concentration of tetra­
butylammonium perchlorate (TBAP) used was
0.10 mM. (The importance of using a salt in
nonaqueous carrier liquids was established in a
previous publication [3].) Other experimental
conditions entailed a channel flow-rate of 0.30
ml/min, a IlT of 30 K, and a corresponding cold
wall temperature of 287 K. It is evident from the
figure that retention in ThFFF is not only depen­
dent on particle size but also on the particle
chemical composition. The dependence of par­
ticle retention on composition is reflected in the
different retention levels for the various particle
types. The figure shows that silica particles are
the least retained compared to the three types of
latex particles and that the retention levels
varied between the different latexes. This vari­
ation among latexes is also found in aqueous
carrier suspensions, as shown in Fig. lb. The
carrier liquid in this case was doubly distilled
water containing 0.10 mM concentration of
TBAP, with the other experimental conditions
the same as in Fig. 1a. These results show that
latex particles are retained somewhat longer in
an aqueous carrier suspension than in the
nonaqueous carrier liquid. It is also significant to
note that the order of retention of the PMMA
particles has been reversed in the two carrier
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Fig. 1. Plots of retention time t R (relative to void time to) versus particle diameter for (a) PS, PB, PMMA, and silica particles
suspended in ACN, and (b) PS, PB, and PMMA particles suspended in an aqueous medium. Experimental conditions:
flow-rate = 0.30 ml/min, [TBAPj = 0.10 mM, !!.T = 30 K, T, = 287 K.

Fig. 2. Superimposed elution profiles of 0.229-p,m PMMA,
0.230-p,m PS/PMMA (core-shell), 0.232-p,m PB, and 0.232­
p,m PS latex beads in a 0.01 M ionic strength phosphate
buffer at pH 9.68. Experimental conditions: flow-rate = 0.20
ml/min, !!.T=45 K, and T,=288 K.

liquids relative to both PS and PB (i.e., PMMA
is the most retained latex in ACN and least
retained in the aqueous carrier liquid). These
observations further illustrate the dependence of
particle retention in ThFFF on the composition
of both the particle and the carrier solution.

Additional results showing compositional ef­
fects on latex particle retention in an aqueous
carrier suspension are shown in Fig. 2. The
figure shows elution profiles of different types of
latexes of similar size distributions suspended in
a phosphate buffer of pH 9.68 and ionic strength
of 0.01 M. It is clear that the 0.232-JLm PS
particles are retained the most, followed by
0.230-JLm PB latex beads. The 0.229-JLm PMMA
shows comparable retention with the 0.230-JLm
PS/PMMA core-shell latex particles. Two inter­
esting observations can be made from this figure:
(1) It is possible to separate equal sizes of PS
from PB or PS from PS/PMMA, and (2) modi­
fication of the surface of latex particles can have
a dramatic effect on retention behavior. For
instance, despite the similar size distribution of
the core-shell PS/PMMA and the PS latexes,

0.229 PMMA
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Fig. 4. Superimposed elution profiles of 0.232-JLm PB and
0.250-JLm silica particles suspended in ACN. Experimental
conditions: flow-rate = 0.30 ml/min, [TBAP] = 0.10 mM,
~T = 45 K, and Tc = 288.5 K.

Similar compositional effects are observed in
nonaqueous carrier suspensions. Fig. 4 shows
superimposed elution profiles of 0.232-p,m PB
and 0.25-p,m silica particles obtained with ACN
as the carrier liquid in a channel with a flow-rate
of 0.30 ml/min, a IlT of 20 K, and a cold wall
temperature T c of 288.5 K. The 0.25-p,m silica
particles were retained less than the PB latex
beads, demonstrating the weaker thermal dif­
fusivity of silica particles.

Fig. 5 shows superimposed elution profiles of
0.197-p,m PS particles and 0.2 ± O.l-p,m pal­
ladium (Pd) metal particles obtained using ACN
as carrier liquid in a channel with a flow-rate of
0.50 ml/min, a IlT of 40 K, a cold wall tempera­
ture of 286 K, and a concentration of TBAP of
0.10 mM. (The channel thickness in this case was
127 p,m.) Here again the retention time (mea­
sured at peak maxima) of the smaller PS latex
particles is over twice as long as that of the Pd
particles, showing the much weaker thermal
diffusivity of metal particles relative to latexes.
This is the first report on the use of ThFFF to
retain metal particles.

Fig. 5. Superimposed elution profiles of 0.198-JLm PS and
0.2 ± O.I-JLm Pd metal particles suspended in ACN. Ex­
perimental conditions: flow-rate = 0.70 ml/min, [TBAP] =

0.10 mM, ~T= 40 K, and Tc = 286 K.

Despite the accumulation of evidence that D T

has a dependence on the chemical composition
of particulate materials, most data do not indi­
cate whether surface or bulk properties dominate
these compositional effects. However, one of the
retention experiments reported above suggests
that surface composition effects are dominant in
determining retention. This suggestion arises
from Fig. 2, which shows that the retention of
the PS/PMMA core-shell latex (in which the
shell is composed of PMMA) is very close to that
of equal-sized PMMA particles but substantially
less than the observed retention of PS latex
particles. This provocative result requires further
substantiation.

In an attempt to further determine the relative
contributions of bulk and surface composition,
experiments were conducted using particles
whose surfaces were either modified chemically
or that had different compositions. First, we
examine 0.30-p,m silica particles, some untreated
and some of whose surfaces were chemically
derivatized by silanization using octadecyl tri­
chlorosilane reagent. Fig. 6 shows the elution
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Fig. 8. (a) Elution profiles of 0.198-lLm PS particles and 0.21O-lLm PS/acrylamide + hydrazine (-NHNHz surface groups)
suspended in an aqueous carrier liquid containing 0.1% FL-70 surfactant and 0.02% sodium azide. Experimental conditions:
flow-rate = 0.30 ml/min, ~T= 40 K, and Tc = 286 K. (b) Elution profiles of 0.098-lLm PS particles, 0.098-lLm S/34%YBC
(-CHzCl surface groups), and 0.091-lLm S/14% YBC (-CHzCl surface groups). The carrier solution and experimental conditions
are the same as in (a).

0.1% FL-70 surfactant and 0.02% sodium azide
(as a bactericide) was used. The channel flow­
rate was 0.30 ml/min and 6.T was 40 K with a
corresponding cold wall temperature of 311 K.
These results further illustrate a tendency toward
a weaker retention for the more hydrophilic
surface.

In Fig. 8b, the retention profile of 0.098-JLm
PS is compared with the profiles of both 0.091­
JLm S/14% VBC and 0.098-JLm S/34% VBC,
both having-CH2Cl surface groups. The reten­
tion times of the two S/VBC copolymer particles
appear to be independent of the ratio of styrene
(S) to vinylbenzylchloride (VBC), but neither is
retained as long as the 0.098-JLm PS particles.
Unfortunately, it is not clear whether the differ­
ence in retention time between the PS and the
S/VBC particles is due to their different surface
groups or to the fact that S/VBC is a copolymer
whereas PS is not. Additional latex samples with
well-defined bulk and surface properties would
have to be studied to resolve this question.

5. Conclusions

In this paper we demonstrate that the effects
of chemical composition on retention are suffi­
ciently strong that the separation of equal-size
particles in a variety of compositional classes
(latex, inorganic, metallic) can be readily
achieved. We thereby open up possibilities for
compositional separations and analysis by
ThFFF. This prospect is intriguing because field­
flow fractionation techniques are generally con­
sidered to be physical separation methods that
have only a secondary dependence on chemical
composition. The results of this study show that
the effects of composition might be quite subtle.
Furthermore, the prospect that colloidal materi­
als can be differentiated according to their sur­
face composition not only has significant implica­
tions in utilizing ThFFF as a new surface analysis
tool but is also suggestive of the enormous
complexity of the chemical composition effects
that underlie ThFFF retention.
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tive at extremely low doses, such as forrnoterol,
a relatively new oral ~2-adrenoreceptor agonist.
The high sensitivity of the method has been
clearly demonstrated by the reported application
to formoterol, which, after derivatization with
fluorescein isothiocyanate, could be detected at a
concentration of 1.10-12 g/ml. Using an appro­
priate chiral selector in the buffer electrolyte, it
is possible to simultaneously separate the en­
antiomers of formoterol detected in the 10 .10- 12

g/ml concentration range. This application to the
separation and detection of the enantiomers of a
chiral drug at such a low concentration dem­
onstrates the promising potential of the tech­
nique.

b
4

References

4. Conclusion

The combination of capillary electrophoresis
with laser-induced fluorescence detection permits
the analysis of samples containing very low
concentrations of analytes. This technique is
particularly suitable for highly potent drugs ac-

Fig. 5. Enantiomeric resolution of FITC-derivatized for­
moterol. LIF detection (argon-ion laser, excitation: 488 nm;
emission: 520 nm). Injection by the pressure mode for 5 s
(ca. 5 nl). (a) CZE resolution: sample, 10 pg/ml; buffer
electrolyte, phosphate buffer (pH 8) containing 20 mM TM­
f3-CD and 10% methanol. Applied voltage: 12 kYo (b)
MECC resolution: sample, 0.1 ng/ml; buffer electrolyte,
phosphate buffer (pH 8) containing 20 mM TM-f3-CD, 40
mM octane sulfonic acid, and 10% methanol. Applied
voltage: 11 kYo
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Abstract

An analytical method for the determination of denatonium benzoate in ethanol with 5% polyvinylpyrrolidone
has been developed using reversed-phase ion-pair high-performance liquid chromatography with ultraviolet (210
nm) detection. The procedure is linear and accurate over the range 1.0-20.0 ppm with a limit of detection of 0.25
ppm (at a signal-to-noise ratio of 3).

1. Introduction

A bitter tasting substance can be added to a
product to avoid unwanted ingestion or as a de­
naturant. Denatonium benzoate (Fig. 1), mar­
keted as Bitrex, is commonly used for this pur­
pose. Bitrex is used in ethanol as a denaturant
with typical concentrations in the range 2-10
ppm. The determination of denatonium benzoate
has been the subject of several publications.
Techniques utilized include colorimetric assay
[1,2], thin-layer chromatography (TLC) [3], high­
performance liquid chromatography (HPLC)
[4,5], and ion-selective potentiometry [6].

Fig. 1. Structure of denatonium benzoate (Bitrex).

* Corresponding author.

HPLC procedures are especially useful
because they provide the required separation to
achieve good sensitivity and selectivity for the
determination of low-level analytes. This was
found to be the case for Bitrex in ethanol with
5% polyvinylpyrrolidone (PVP). Both previously
reported HPLC methods were found to be
inapplicable due to the lack of resolution be­
tween PVP and Bitrex. Therefore, a new HPLC
method was required to determine Bitrex at low
ppm levels. This paper describes the use of
reversed-phase ion-pair chromatography to
achieve this goal along with the required valida­
tion data to demonstrate the accuracy, precision,
and linearity of the method.

2. Experimental

2.1. Instrumentation

The liquid chromatograph consisted of a
Shimadzu (Kyoto, Japan) LC-600 pump, a
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Table 1
Values obtained in the determination of alkylbetaine and cocamidopropylbetaine in commercially available shampoos with mean,
standard deviation and expected value

Measurement
No.

1
2
3
4
5
6
7
8

Mean
S.D.
Expected

4. Conclusions

Percentage (w/w) of
alkylbetaine in shampoo 1

5.01
4.88
4.94
4.89
4.96
5.09
4.76
5.08

4.95
0.11
5.0

Percentage (w Iw) of cocamido­
propylbetaine in shampoo 2

5.04
5.06
5.04
5.03
4.97
5.05
4.99
5.06

5.03
0.033
5.0

References

The method described here for the determi­
nation of the amphoteric surfactants with betaine
structure is rapid and uncomplicated on the one
hand, and also precise and robust on the other,
as we ascertained in the analysis of ntlmerous
shampoos and shower foams. For us, this meth­
od represented a considerable improvement over
the methods previously presented in papers on
this subject. It is also eminently suitable for use
as a routine method in production quality con­
trol.
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