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1. INTRODUCTION

Great demands are placed on the analytical
methods that are used for the determination and
assay of both the active ingredient and impurities
in pharmaceuticals. Impurities may be present
from either synthetic or degradative sources and
these therefore may have widely differing struc
tures and/or polarities. Impurity levels may be
of the order of 0.05-1 % area/area of the main
component which necessitates a detection system
with a suitable linear range. During the develop
ment of a drug candidate, and the subsequent
quality control of the marketed pharmaceutical
product a considerable number of samples will
be analysed. This volume of samples therefore
requires that the -analytical method employed be
relatively inexpensive, simple, quick and robust.
Currently the majority of these analyses are
conducted by HPLC which can offer all the
above required features. Similarly CE is capable
of meeting these requirements and is now being
recognised as an important option within phar
maceutical analysis.

The work of Jorgenson and Lukacs [1]
popularised the technique of CE and encouraged
academic and industrial investigators to enter
this area of research. Terabe et at. [2] developed
micellar electrokinetic capillary chromatography
(MECC). Both free solution capillary electro
phoresis (FSCE) and MECC offer different
selectivity principles compared to each other and
to chromatographic techniques such as HPLC.
CE based methods are being increasingly applied
to supplement and complement chromatographic
generated data, in a wide and diverse number of
application areas.

FSCE separates solutes by virtue of their
different electrophoretic mobilities. A more mo
bile species travels along the capillary faster than
a less mobile analyte. Under a given set of
operating conditions the electrophoretic mobility
has a fixed electrochemical value and the migra
tion time is characteristic of the test solute. High
peak efficiencies can be obtained using CE which
can allow discrimination of closely related
species. For example CE has been used for the
separation of benzoic acids containing isotopical
ly substituted oxygen atoms [3] and also position
al isomers [4].
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MECC is the most popular of the variants
of electrokinetic chromatography, others being
electro-osmotically driven chromatography [5]
and solvophobic association electrophoresis [6].
In MECC a micellar solution of surfactant is
used as the electrolyte. This combination permits
resolution on both an electrophoretic and chro
matographic basis enabling the resolution of
neutral compounds which cannot be achieved by
FSCE.

Highly automated PC-controlled CE instru
mentation is now commercially available from a
number of suppliers. These systems incorporate
[7] sample introduction devices, UV absorbance
detectors, a high-voltage supply, and an auto
sampler. CE detectors may be an order of
magnitude less sensitive as compared to those
available for HPLC. This can in part be compen
sated for by the high peak efficiencies obtained
(with resulting ease of integration and improved
resolution) and the use of low UV detection
wavelengths (down to 185 nm) where many
solutes have enhanced UV activity.

Precision of injection, as measured in peak
area reproducibility is generally poorer in CE
than in HPLC, typical values being 1-2% and
0.5-1% R.S.D., respectively. This failing is due
to the technical difficulties involved in forcing a
tiny sample volume into a narrow bore capillary.

There are a number of FSCE parameters than
can be varied to achieve a required separation.
These include the use of various pH conditions,
electrolyte strength and nature, additives such as
cyclodextrins, urea, ion-pair reagents and or
ganic modifiers. Nielen [8] has reported the
effect of varying such parameters upon the
separation of aminobenzoic acid positional iso
mers. A similar number of variations can be used
for optimisation of an MECC method. However,
in addition the surfactant type and concentration
may also be varied to alter selectivity.

Kuhr and Monnig [9] have provided an excel
lent general survey of recent CE developments.
CE has been employed for the analysis of a wide
and diverse range of compounds. These include
biomolecules [10,11] such as amino acids, pep
tides, proteins and nucleotides where traditional
forms of electrophoresis are extensively currently
employed. In these areas CE is being widely
used as previously developed methodologies can









250

a

5.00 6.00 7.00 6.00 9.00 10.00

Migration 6me (min)

b

5.00 6.00 7.00 9.00 9.00 10.00

Migration time (min)

Fig. 1. (a) 2-s loading of degraded ranitidine solution; (b)
10-s loading. I = ranitidine. Reproduced with permission
from ref. 62.

An alternative approach to improving detec
tion limits is to employ high sample concen
trations and to quantify impurities against exter
nal standards. FSCE has been employed [42] for
the quantitative determination of 2 dimeric im
purities ("dimer" and "bis ether") present in
experimental salbutamol sulphate drug sub
stance. To achieve the low detection level re
quired a relatively high sample concentration (1
mg/ml) and a detection wavelength of 200 nm
were employed. The salbutamol peak was off
scale and the impurities were quantified against
external standards of the impurities. Linearity of
response over the required impurity content
range, and a detection limit of 0.02% (w /w)
were obtained. A linear detector response (peak
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TABLE III

RANITIDINE RELATED IMPURITY DATA (%AREAI
AREA) (n =5)

01 S = Peak off-scale; RMT = relative migration time with
reference to ranitidine; N/D = not detected. From ref. 62.

2 s lOs

Ranitidine peak area 399586 (0.8%) O/S
(R.S.D.)

Total impurity level 4.5 (2.9%) 4.4 (1.2%)
(R.S.D.)

Number of impurities 4 8
Peak at RMT 0.69 1.90 (4.0%) 1.68 (1.5%)

(R.S.D.)
Peak at RMT 0.94 N/D 0.13
Peak at RMT 0.96 NID 0.Q3
Peak at RMT 0.97 N/D 0.08
Peak at RMT 1.08 0.13 (21%) 0.12 (2.2%)

(R.S.D.)
Peak at RMT 1.10 1.30 (9.3%) 1.25 (1.6%)

(R.S.D.)
Peak at RMT 1.28 1.17 (5.0%) 1.16 (1.5%)

(R.S.D)
Peak at RMT 1.34 NID 0.Q7

area) with bis ether content was obtained with a
correlation coefficient of 0.999 and intercept of
less than 1% of typical values. Precision data of
<5% R.S.D. was obtained for response factors,
which given the low levels being determined,
were considered acceptable. Quantitative im
purity results for salbutamol drug substance
batches obtained by CE compared well [42] to
those obtained by HPLC and TLC.

Typical analysis times reported in CE are
similar to those encountered in HPLC, i.e. 10-40
min. However, the use of high voltages applied
across short capillaries can greatly reduce the
required times with only a marginal loss of
separation efficiency [37]. A fluparoxan drug
substance batch, prior to purification, containing
high levels of related impurities was analysed by
CE using both a standard length and a short
capillary (Fig. 2a and b). This sample was
analysed 5 times using both techniques to give
the data in Table IV. The impurity profiles and
levels are similar in both instances. The precision
of main peak areas are 0.7 and 1.1% R.S.D. for
conventional CE and high-speed CE, respective-
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where em is the membrane porosity, d is the
diameter of the globule (microsphere) gelusters
within the membrane among which the transport
canals are formed, dpore is the pore diameter and
a is defined as

(7)

Darcy's law relates the convective velocity Vo to
the membrane permeability Bm , fluid viscosity JL
and pressure drop across the membrane of
thickness l(ap/l):

Vo = -(Bm ap/2JL1) (8)

Substitution of dpore = 400 nm and dg = 450 nm
determined from scanning electron micrographs,
and em = 0.5 gives Bm = 0.66 .10- 11 cm2

• The
intramembrane convective velocity calculated
using the actual pressure drop of 5.8 MPa at a
water flow-rate of 10 mllmin and a membrane
thickness of 3 mm is Vo = 0.128 cm/s. As the
linear velocity calculated from the flow-rate
divided by the cross-section is 0.12 cm/s, the
above-expressed assumption of equivalence of
the linear and intramembrane convective ve
locity Seems to be adequate for the chromato
graphic membranes.

The iconvection of the mobile phase through a
membrane also increases the diffusivity inside
the pOFes as compared with "free" diffusion. The
'~apparent" or "augmented" effective diffusivity
De is a function of both effective diffusivity De
and Peelet number A (A = vol!De) [37]. The
Peelet number for the membrane is 1.92· 105

,

which is high enough to permit the use of the
simplified equation for the calculation of the
apparent diffusivity [37]:

(9)

The calculation gives De = 6.4 .10- 3
. In contrast

to the "free" effective diffusivity of proteins
(De = 10-7 cm2 /s), the diffusivity forced by the
convection is more than four order of magnitude
higher and the mass transfer faster. Therefore,
separation in membrane chromatography is fas
ter than in standard column methods. The
dramatic increase in diffusivity in HPMC permits
the use of higher flow-rates and, accordingly,
with the exact gradient slope and shape, also a

significant acceleration of the separation process.
Moreover, the separation seems to proceed
mostly in the large transport canals where con
vection plays the major role. It indicates that
even the absence of small pores does not affect
the separation properties in the HPMC mem
brane [38]. The concept of mass transfer en
hancement by convection has already been used
in heterogeneous catalysis [39] and in perfusion
chromatography [40-42].

CONCLUSIONS

Detailed studies of individual effects of vari
able parameters in ion-exchange, hydrophobic
interaction and reversed-phase protein separa
tions confirmed that HPMC obeys the rules
typical of column chromatography. The use of a
stepwise gradient during the elution decreases
the time necessary for separation and the
amount of mobile phase used, thus decreasing
the costs of the separation process. This is
particularly advantageous in preparative separa
tions. Owing to the unique absence of inter
particular voids in the membrane, all the mobile
phase flows through the pores of the separation
medium. This results in an increase in diffusivity
by several orders of magnitude augmented by
the convective flow.
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TABLE IV

CAPACITY FACTORS OF AROMA COMPOUNDS ON DIOL

For compositions of mobile phases, see Table I.

Compound Mobile k' Compound Mobile k'
phase phase

Hydrocarbons a-Bisabolol 3 6.84
Camphene 1 <0.5 Guaiol 3 10.21
Myrcene 1 <0.5 8(15)-Cedren-9-ol 4 2.13
Benzene 1 <0.5 Geraniol 4 3.69
Styrene 1 <0.5 Nerol 4 3.17
Naphthalene 1 <0.5 Citronellol 4 3.00
Phenanthrene 1 1.19 Linalool 3 5.38

Saturated alcohols
Lavandulol 3 5.18
Famesol 4 3.05

Ethanol 4 3.40
(Z)-Nerolidol 3 4.97

I-Propanol 4 3.14
I-Butanol 4 2.96

(E)-Nerolidol 3 5.10

1-Pentanol 4 2.82 Aromatic alcohols
1-Hexanol 4 2.74 Benzyl alcohol 4 3.88
1-0ctanol 4 2.61 2-Phenylethanol 4 4.52
1-Dodecanol 4 2.41 Cinnamyl alcohol 4 5.42
2-Butanol 4 2.58 Anisyl alcohol 4 3.95
2-Pentanol 4 2.39 Veratryl alcohol 5 5.30
3-0ctanol 3 8.34 p-Cymen-7-ol 4 3.61
2-Methyl-1-butanol 4 2.20 p-Cymen-8-ol 4 2.40
3-Methyl-1-butanol 4 2.75 Furfuryl alcohol 4 4.15
2-Methyl-2-butanol 4 2.39
3-Methyl-2-butanol 4 1.99 Phenols

Menthol 4 1.85 Phenol 4 2.01

Thujyl alcohol 3 2.07 2-Methylphenol 3 7.21

Fenchyl alcohol 3 4.19 3-Methylphenol 4 1.99

Isolongifolol 4 3.07 4-Methylphenol 4 1.99

Myrtanol 4 3.33 4-Ethylphenol 4 1.92
5-Isopropyl-2-methylphenol 3 5.67

Unsaturated alcohols 4-Vinylphenol 4 1.58
2-Buten-1-ol 4 3.16 2-Methoxyphenol 3 4.40
(E)-2-Hexen-1-ol 4 2.89 2-Methoxy-4-vinylphenol 4 1.57
(Z)-3-Hexen-1-ol 4 2.92 2-Methoxy-4-allylphenol 3 4.43
(E)-2-0cten-1-ol 4 2.72 2-Methoxy-4-(1-propenyl)phenol 4 1.86
(Z)-3-0cten-1-ol 4 2.68 2,6-Dimethoxyphenol 5 3.33
(Z)-6-Nonen-1-ol 4 3.22
(E,Z)-2,6-Nonadien-1-ol 4 2.99 Aliphatic ethers
1-Penten-2-ol 3 7.20 Diethyl ether 1 1.09
1-Hexen-2-ol 3 6.80 Vitispirane 1 1.15
1-0cten-2-ol 2 9.52
a-Terpineol 4 2.38 Aromatic ethers

4-Terpineol 3 4.36 Methoxybenzene 1 0.74

p-Menth-1-en-9-ol 4 2.71 1,4-Dimethoxybenzene 1 3.83

Isopulegol 3 5.03 Epoxides
Dihydrocarveol 4 2.37 {3-Caryophyllene oxide 2 3.53
Pinocarveol 3 6.00 Limonene-1,2-epoxide 1 4.84
Myrtenol 4 2.37
Carveol 4 2.25 Thiols
1,8-Menthadien-4-ol 3 5.69 Butanethiol 1 <0.5

(Continued on p. 312)

























































confirming three nitrogens in the amino acid
residue and suggesting it was f3-hydroxyhistidine.
The f3-hydroxy spin system in a two-dimensional
COSY NMR spectrum supported this conclu
sion, revealing extended connectivity from the
aCH and f3CH to singlets at 7.21 and 8.14 ppm.

The siderophore literature has no record of
f3-hydroxyhistidine. f3-Hydroxyhistidine has
been found naturally only as the erythro-isomer
in the bleomycin family of anti-tumor antibiotics
[20]. Amino acid analyses of a sample of DL

erythro-f3-hydroxyhistidine containing a trace of
the threo-isomer [14, gift of S. Hecht] showed
that the erythro-isomer was not the amino acid
present in pyoverdine, but the small (:;;; 1% )
contaminant did have the same retention time as
the unidentified pyoverdine amino acid. Cation
exchange column chromatography of the concen
trated mother liquors from Hecht et at. 's
synthesis of the DL-erythro-f3-hydroxyhistidine
[14] yielded 0.01% (w/w) of the threo-isomer in
isomeric mixtures. One cut of column fractions
that by lH NMR contained a 1:1 mixture of
threo- and erythro-isomers was PITC-derivatized
and the derivatives could then be separated on
the Pico-Tag column (Fig. 2b). Comparison with
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and fragmentation peaks corresponding to a C
terminal N8 -hydroxyornithine residue.

o

"/CR
NH2- CH- (CH2h-N,

I OH
COOH

3

The Pf244 amino acid identified as ornithine
coeluted with both PITC-derivatized ornithine
and hydrolyzed rhodotorulic acid. Acid hydrol
ysis of rhodotorulic acid (the diketopiperazine
ring dimer of N8 -acetyl-N8 -hydroxyornithine)
also gives ornithine rather than N8 -hydroxy
ornithine. Baseline chromatographic separation
of reagent and ornithine peaks, allowing quanti
tation of ornithine, was achieved on the Pico-Tag
column at pH 5.8, 45°C, but not at higher pH
and lower temperatures: Both iron-free and
ferric pyoverdine, gave ca. one-half equivalent of
ornithine per pyoverdine hydrolyzed. The PTC
derivatives of hydrolyzed rhodotorulic acid and
pyoverdine still coeluted with PTC-ornithine,
further supporting that the product was PTC
ornithine. Whether the reduction of N8 -hydroxy
ornithine to ornithine occurs during acid hy
drolysis or during alkaline derivatization was not
determined. Though the precise form of or
nithine present in Pf244 cannot be established
solely by Pico-Tag amino acid analysis, it was
readily confirmed as the cyclic N8 -hydroxy
species with MS and NMR data.

etylhro

threo erythro

339

Lys

threo
Sor

erythro

Orn

Reagent

alb-Thr

Fig. 2.- Amino acid analyses to verify that .the f3-hydro~y

histidine in pyoverdine Pf244 is the threo lsomer. MobIle
phase solvent program as in Fig. 1 except eluent A at pH 5.8
and temperature at 45°C to resolve ornithine from reagent
peak. (a) Chromatogram of PITC-derivatized DL-e?thro-f3
hydroxyhistidine. (b) Chromatogram of ca. 1:1. ~I~ture. of
PITC-derivatized threo- and erythro-f3-hydroxyhlstldme ISO
lated from mother liquors. (c) Chromatogram of coinjected
PITC-derivatized hydrolyzed pyoverdine Pf244 and the 13
hydroxyhistidines from the mother liquors. The threo-f3
hydroxyhistidine coelutes with the pyoverdine f3-hydroxy
histidine.

Identification of a new amino acid
It was deduced that the unidentified amino

acid in pyoverdine Pf244 was probably a biden
tate ligand since otherwise iron coordination
could be only four-fold -by the quinoline
catechol group and the hydroxyornithine hydrox
amic acid moiety. However, amino acid analysis
had confirmed that threo-f3-hydroxyaspartic acid,
the only other chelating group known in previ
ously studied pyoverdines, was not present. The
sequence ions in MS of intact pyoverdine and of
a fully l5N-labelled preparation indicated that
the unidentified residue had a mass of 153 u for
the non-labelled and 156 u for labelled material,

(a)

Minutes

o~o 2~5
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RESULTS AND DISCUSSION

TABLE I

ICP-MS OPERATING CONDITIONS

for data processing and conversion. The ICP-MS
system was tuned using a continuous cold vapour
202Hg signal [15].

Development of the HTGC-ICP-MS interface
The construction of the GC-ICP-MS interface

and its application to the analysis of low- and
medium-molecular-mass organometallic com
pounds has been described recently [14,15]. The
GC retention index of the most retained analyte
was ca. 3400 [15]. Metalloporphyrins typically
have retention indices of ca. 5000 [18]. Thus,
modification of the published interface was

151min- 1

1.01 min- 1

1.331min-1

1500W
<5W
Time resolved analysis
Typically 1280 JLS
Typically < 900
Typically < 10 min

Reagents
Synthetic metalloporphyrins. Synthetic nickel

octaethylporphyrin (OEP), iron OEP chloride,
vanadyl OEP, copper OEP, zinc OEP chloride
and manganese OEP chloride were obtained
from Aldrich, UK. Solutions were prepared in
dichloromethane (Rathburn, UK) and examined
on the same day.

Geoporphyrin samples. Bagworth coal was
obtained from the British Coal Bank (Stoke
Orchard, UK). The iron porphyrins were iso
lated as the chloride complexes using TLC [16].
Green River Shale was extracted (Soxhlet, 24 h)
and porphyrins separated by flash column chro
matography [17]. Nickel and vanadyl porphyrins
were isolated by column chromatography. A
Marl Slate nickel porphyrin fraction was ob
tained from Dr. A.J.G. Barwise (BP Research
Centre, Sunbury-on-Thames, UK).

Cooling gas
Auxiliary gas
Injector gas
Forward power
Reflected power
Mode
Dwell time
No. of scans
Data acquisition time

Inductively coupled plasma mass spectrometry
A VG Plasmaquad 2 (VG Elemental, UK)

instrument was used under the operating condi
tions given in Table I. Commercially available
software (VG Elemental) was used for data
acquisition and a BASIC programme was used

tracted attention for a considerable time [10,11].
However, the advent of so-called high-tempera
ture gas chromatography (HTGC) columns has
seen some impressive advances. Thus, Blum and
co-workers [12,13] were able to demonstrate the
distributions of nickel and vanadyl porphyrins in
Julia Creek and Serpiano oil shales by GC-flame
ionization detection (FlO) and GC-MS [elec
tron impact and ammonia chemical ionization
(CI)]. The latter has the advantage of providing
both structural information as well as confirma
tion of the metal content. However modern GC
MS systems are not well-suited to the use of
HTGC columns and aggressive CI reagent gases
[13] and, to our knowledge no detection limits or
quantitative analyses have been reported.

In the present report we describe the modi
fication of a recently described GC-ICP-MS [14]
system to allow quantitative determination of
synthetic nickel, vanadyl, manganese, iron, cop
per and zinc metalloporphyrins and metallopor
phyrins in samples of coals and oil shale. "Work
ing limits" for quantitation are given and the
practical retention range of organometallic com
pounds has been greatly extended. The method
has considerable potential for the rapid metal
profiling of geoporphyrins.

Gas chromatography
A Carlo Erba HRGC 5300 Mega Series gas

chromatograph equipped with a constant-pres
sure, constant-flow unit (Fisons, UK) was used.
A 10 m x 0.32 mm, HT-5 (0.1 JLm film thickness)
aluminium clad high-temperature column
(S.G.E., UK), with a helium (high purity, Air
Products, UK) flow-rate of 3 cm3 min-1 was
used. Typical the temperature programme was
from 60 to 410°C at 15 or 20°C min -1 with a
5-1O-min isothermal hold.
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ABSTRACT

The miceUar electrokinetic chromatographic separation of haematoporphyrin IX (HP) and protoporphyrin IX (PP) in the
forms 'Of free acids and of metal complexes with zinc or copper is successful in a mixture of a miceUar solution of sodium dodecyl
sulphate (SDS) at pH 11 and dimethylformamide (10:2, v/v). AU the porphyrins migrate in the direction of the electric field, i.e.,
from the positive end towards the grounded end of the capillary. The migration time of each porphyrin increases with increasing
concentration of DMF in the carrier solution. The capacity factor calculated for the distribution of each porphyrin compound
between the SDS miceUes and the bulk solution varies nearly linearly with the concentration of the SDS miceUes. The migration
sequence, that is, the increasing order of migration time, for the porphyrins is Zn(HP) < H 2HP < Cu(HP) < Zn(PP) < H 2PP <
Cu(PP).

INTRODUCTION

There are two types of separation for por
phyrins and metalloporphyrins: (1) their separa
tion in either the free acid form or the com
plexed form with a certain metal in accordance
with the difference in the molecular structure of
the porphyrin and (2) their separation in accord
ance with the complexing metal ion. The latter
type of separation is generally the more difficult
because each metal ion is surrounded by a bulky
macrocydic structure of porphyrin. High-per
formance thin-layer chromatography (HPTLC)
[1,2] and column high-performance liquid chro
matography (HPLC) [3,4] have been promising
methods for both types of separation of metal
loporphyrins and porphyrins.

Recently, there has been increased interest in
the high separation ability of capillary zone

* Corresponding author.

electrophoresis (CZE) and also its expanded
mode, micellar electrokinetic capillary chroma
tography (MEKC) [5]. The applicability of
MEKC to the separation of metal complexes was
previously confirmed for non-charged bis- and
trisacetylacetonato complexes of di- and trivalent
metals using a micellar solution of sodium
dodecyl sulphate (SDS) as the carrier solution
[6,7].

This work was undertaken in order to examine
the feasibility of MEKC for the separation of
metalloporphyrins in accordance with both their
central metal ions and their porphyrin structures.
With regard to the metal-free forms of por
phyrins, MEKC separation of urinary porphyrins
has already been reported by Weinberger et al.
[8]. Two typical bioporphyrins, viz., haemato
porphyrin IX (HP) and protoporphyrin IX (PP),
were considered in this work. The migration
behaviour of the respective porphyrins in the
free acid forms and the complexed forms with
copper(II) and zinc(II) was investigated using

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. AU rights reserved
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EXPERIMENTAL

different conditions of the electrophoretic carrier
solution.

Apparatus and conditions
A Model CE890 capillary electrophoretic

separation system (JASCO, Tokyo, Japan) was
used with a fused-silica capillary (70 cm x 50 /Lm
I.D.). Spectrophotometric detection was carried
out 50 cm from the positive end of the capillary.
The carrier solution was prepared by mixing,
immediately before use, the desired amounts of
DMF and the CAPS buffer (pH 11) containing
SDS at a certain concentration, unless indicated
otherwise. A typical composition of the carrier
solution was 40 mM SDS in CAPS buffer-DMF
(10:2, vIv). The sample solution of a porphyrin
or a porphyrin mixture was prepared at a con
centration of 10-4 M for each porphyrin in an
identical solution to the carrier solution. Intro
duction of sample solution (about 4 nl) into the
capillary was performed with the aid of an
electroinjection technique. Electrophoretic ex
periments were carried out with an applied
voltage of 30 kV (electric field strength along the

been cooled near to the room temperature, the
reaction mixture was shaken with a mixture of 50
ml of ethyl acetate and 40 ml of 2.4 M hydro
chloric acid for several minutes. The organic
phase was washed four times with 30 ml each of
water and then concentrated by removal of the
solvent under vacuum. Finally, Cu(PP) was
precipitated by addition of 2,2,4-trimethylpen
tane. Zinc protoporphyrin [Zn(PP)] was syn
thesized by the reaction of HzPP (6.8 /Lmol)
with zinc acetate (20.1 /Lmol) in 2 ml of DMSO
at 80°C for 15 h. The reaction mixture was
shaken with a mixture of 50 ml of ethyl acetate
and 40 ml of water. Zn(PP) was precipitated
from the organic phase by procedures similar to
those for the preparation of Cu(PP). Identifica
tion of the final products of Cu(PP) and Zn(PP)
was performed by UV-visible and mass spec
trometry.

CAPS buffer (pH 11) was prepared so as to
contain 20 mM 3-cyclohexylaminopropanesul
phonic acid (CAPS) (Dojin Labs., Kumamoto,
Japan) and 17 mM sodium hydroxide.

The hydrophobic pigment Oil Yellow OB
[a-(o-tolylazo)-,B-naphthylamine] (Tokyo Kasei,
Tokyo, Japan) was used as a reference substance
for monitoring the migration of the SDS micelle.

R

COOH

R

COOH COOH

R

COOH

Materials
Fig. 1 shows the structures of free acid forms

of HP and PP (HzHP and HzPP, respectively)
and the corresponding metal complexes [M(HP)
and M(PP), in general].

HzHP (Wako, Osaka, Japan) was purified as
detailed elsewhere [9]. Copper haematopor
phyrin [Cu(HP)] and zinc haematoporphyrin
[Zn(HP)] were prepared by reaction of HzHP
with copper chloride and zinc acetate in mixtures
of dimethyl sulphoxide (DMSO) and water,
respectively [10].

HzPP was purified from its sodium salt (Green
Cross, Osaka, Japan) as follows. The sodium salt
of the porphyrin (120 mg) was taken in 40 ml of
acetone-water (7:3, v/v), and the non-dissolved
fraction was removed by centrifugation. A 20-ml
portion of this solution was diluted with 240 ml
of buffer solution (3.5 mM H 3POr 19.9 mM
NaHzP04 , pH 3), followed by shaking with 320
ml of ethyl acetate. The organic phase was
washed with 200 ml of water, then HzPP was
precipitated by adding 2,2,4-trimethylpentane.
The purified HzPP was dried under vacuum.

Copper protoporphyrin [Cu(PP)] was pre
pared by the reaction of HzPP (8.6 /Lmol) and
copper acetate (38 /Lmol) in 4 ml of N,N-di
methylformamide (DMF) at 80°C for 1 h. After

a b
Fig. 1. Structural formulae of (a) porphyrin and (b) its metal
(M) complex. R = -CH(OH)CH3 for H 2HP and M(HP) and
-CH = CH2 for H 2PP and M(PP).
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TABLE I

ELUTION OF BOVINE LDH FROM RBB-DYED AND CB-DYED SORBENTS
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Support

RBB-HEMA
RBB-HEMA-D1
RBB-HEMA-D2

RBB-HEMA-D3

CB-HEMA
CB-HEMA-Dl
CB-HEMA-D2
CB-HEMA-D3
CB-HEMA-D3

Dye content
(~mollg)

48.0
51.4
50.8
73.3
50.9
71.9
8.3
7.6
7.8
9.0

30.1

LDH activity (%)

Elution with

Equilibr. buffer 2MKCl 1mMNADH

35.4 22.5
94.2
91.7 3.0 0.8
38.8 32.6 25.5
88.8 11.1
13.0 85.3

93.2
78.6 20.2 5.0
6.7 66.7 22.0
6.8 33.7 59.4

100.0

Fig. 2. Affinity chromatography of bovine muscle LDH on
CB-dyed HEMA-dextran sorbent. Column: CB-HEMA-D2
(10 x 0.6 cm I.D., 8.5 ~mol of CB per g). Mobile phase: 50
mM phosphate buffer, pH 7. Concentration gradient of KCl
(eKe,): 0-3 M. A 20-~1 aliquot of lyophilizate solution, 11 U
of LDH, 1.6 mg of protein, was injected. Flow-rate: 0.2
mil min. Pressure: 2 MPa.

8 16 18 20
ml

amount of bound LDH eluted from 66.7% (with
2 M KCI) to 78.6% (with 1.3 M KCI).

The loading capacities (activity of bound
LDH/mass of sorbent) of CB-dyed HEMA-dex
tran composite sorbent and CB-dyed HEMA
with about the same content of immobilized
affinity ligands are not significantly different
(Table II). However, the recovery of LDH from
CB-HEMA-D2 obtained at maximum loading of
LDH is several times higher than from CB
HEMA. In the case of CB-HEMA the small
distance between affinity ligands bonded on the
HEMA matrix surface probably results in the
irreversible binding of LDH (multivalent inter
action). On the other hand, the affinity ligands in
CB-HEMA-D2 can be distributed throughout

TABLE II

THE RECOVERIES OF LDH OBTAINED ON CB-HEMA AND CB-HEMA-D2 SORBENTS

Sorbent

CB-HEMA
CB-HEMA-D2

Dye LDH activity (U per Recovery
content g of sorbent) (%)
(~mol/g)

Loaded Eluted

8.3 190.85 47.5 24.9
8.5 224.05 184.00 82.1
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the whole dextran network incorporated into
HEMA pores. This results in better accessibility
of affinity ligands to LDH molecule!,. Also, for
this reason, the enzymes can be easily eluted
from dyed HEMA-dextran composites with
aqueous KCl with the same purification effect as
with NADH.

CONCLUSIONS

New packing materials for liquid chromatog
raphy based on solid macroporous HEMA ma
trix filled with dextran gels were prepared. The
incorporated dextran network acts as a suitable
medium for immobilization of CB and RBB
dyes. HEMA-dextran composites with immobil
ized affinity dyes show suppressed non-specific
interactions with applied enzymes and improved
recovery of specifically bound enzyme in com
parison with dyed non-filled HEMA.
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EXPERIMENTAL

Instrumentation
The HPLC system used has been described

earlier [6] and consisted of a Model 590 alternat
ing pump, a Nova-Pak CIS column (4 JLm, 150
mm x 3.9 mm I.D.), a JLPorasil column (10 JLm,
300 mm x 3.9 mm I.D.), a Model R 403 refrac
tive index detector (all from Waters, Milford,
MA, USA), a Rheodyne injector with a 1O-JLI
loop and a Hewlett-Packard Model 3394 A
integrator.

Reagents and solvents
Styrene oxide, ethanolamine and thionyl

chloride were obtained from Fluka (Buchs, Swit
zerland) and ammonium chloride, methanol and
acetonitrile from BDH (Poole, UK). Authentic
samples of la, Ib, IIa, lIb and III were synthes
ized and characterized in our laboratory.

Chromatographic analyses
The following chromatographic conditions

were used for monitoring the different steps of
the synthesis route:

Step 1: the mobile phase was methanol-water
(65:35, v/v) containing 0.8 M NH4Cl and with
the pH adjusted to 8 with ammonia solution.
The flow-rate was 1.0 mllmin and the column
was JLPorasil.

Steps 2 and 3: the mobile phase was metha
nol-water (17:83, v/v) containing 0.8 M NH4Cl
and with the pH adjusted to 3 with phosphoric
acid. A Nova-Pak CIS column was used and the
flow-rate was 0.8 mllmin.

The calibration and determination of the diol
isomers la and Ib were done on a Nova-Pak CIS
column using a mobile phase of acetonitrile
water (5:95, v/v) containing 0.4 M NH4CI at pH
8 with a flow-rate of 1.0 mllmin. The calibration
and determination of the monochloro compound
III were done using the conditions employed in
step 2. A refractive index detector was used for
all the chromatographic analyses.

RESULTS AND DISCUSSION

The chromatogram for step 1 of the synthesis
route is shown in Fig. 2. The condensation of
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so

EA

la

Ib

o 2 4 5 8 10 12 14 15

Time(min

Fig. 2. Typical chromatogram for the reaction mixture in the
synthesis of the diol isomers Ia and Ib from styrene oxide
(SO) and ethanolamine (EA).

styrene oxide with ethanolamine gives rise to two
isomeric diols (Ia and Ib) and the separation of
these two isomers from each other and from the
starting materials is clearly evident. Of the two
isomers formed, la is the desired product. Con
sequently, the chromatographic analysis of this
step was carried out not only for monitoring the
completion of the reaction (through the disap
pearance of the peaks due to styrene oxide and
ethanolamine) but also for minimizing the
amount of the undesired isomer (Ib). The
linearity of response for both the diol isomers la
and Ib (Fig. 3) over the concentration range
chosen is evident from Table I. The inter-assay
precision of the method was established by
triplicate analyses of synthetic mixtures of differ
ent compositions and the maximum error was
found to be 1% (Table II). The results of the
analysis of actual reaction mixtures for the
synthesis of the diol isomers are shown in Table
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TABLE II

RESULTS OF THE ANALYSIS OF SYNTHETIC MIXTURES OF DIOLS

Average of triplicate determination.

Ia Ib

Taken Found Error (%) Taken Found Error (%)
(mg) (mg) (mg) (mg)

17.10 16.98 0.70 2.38 2.40 0.83
15.00 14.85 1.00 2.50 2.48 0.80
18.00 17.87 0.70 4.50 4.45 1.00
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tive III, are shown in Fig. 5. It is interesting that
the two dichloro isomers give rise to only one
monochloro compound on hydrolysis. In fact,
when the progress of this hydrolytic reaction was
monitored it was evident (Fig. 5B-E) that ini
tially only one of the dichloro isomers, IIa, was
selectively being converted into III. However,
when the reaction conditions were changed, the
peak due to the other dichloro isomer (lIb)
gradually disappeared with a corresponding in
crease in the intensity of the peak due to III but
no additional peak was observed (Fig. 5F). It
was apparent, therefore, that both the dichloro
isomers on hydrolysis gave only one product III.
In order to confirm this observation, the chro
matographic conditions were modified to in
crease substantially the capacity factor of III and
it was found still to give rise to only a single
symmetric peak. The present HPLC results
therefore provided a clue for increasing the yield
of III by demonstrating the necessity for modify
ing the reaction conditions for converting lIb

also into the desired product. In addition, the
results also provide direct evidence for the mech
anistically interesting conversion of both the
dichloro isomers into a single monochloro com
pound.

The linearity of response for III over the
concentration range chosen is shown in Table IV,
and this was utilized for determining the assay of
the final product of the three-step synthesis.

In conclusion, therefore, HPLC methods have
been developed for each stage of the three-step
synthesis of the monochloro precursor III and
the methods have been used very effectively for
the determination of the yield and purity of the
product at each stage. Further, the analyses have
provided useful clues for improving the yield of
the product III.

Another aspect of this work is the use of
NH4Cl as a modifier in the mobile phase for a
more efficient separation of the individual com
ponents in each step of the synthesis route. In
particular, the separation of the two diol isomers

TABLE III

RESULTS OF THE ANALYSIS OF THE REACTION MIXTURE FOR THE SYNTHESIS OF THE DIOLS

Sample
No.

1
2
3

Ia
(mg)

11.70
15.60
17.42

Ib
(mg)

2.95
3.82
3.78

Total
(Ia + Ib)
determined
by HPLC
(mg)

14.66
19.43
21.20

Total
reaction
product
(mg)

19.95
25.62
24.02

Assay
(%)

73.45
75.83
88.27
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measured by the standard deviation of the re
covery, was generally within 5% for fluorene as
the most repeatable, and 21 % for 2-methyl
naphthalene as the least repeatable.

From Table I it is observed that the methanol
water (80:20) fraction (1st fraction) eluted no
PAHs. Most of the naphthalene was recovered in
the 90% methanol fraction (2nd fraction). An
thracene, fluorene and acenaphthene were
eluted almost entirely in the 100% methanol
fraction. 2-Methylnaphthalene, pyrene, chrysene
and benzo[a]pyrene were not well separated.
Table I also shows that elution with methylene
chloride (4th and 5th fractions) is required to
recover those PAHs with high log Kow value.
Most were recovered with a maximum of 20%
methylene chloride.

These results show that higher recoveries were
obtained with modified elution solvents; how
ever, several compounds were eluted in the same

fraction. We worked with more varied solvent
volume ratios but results were not significantly
improved. Several other solvents (isopropanol,
hexane and carbon tetrachloride) were also in
vestigated but with limited success. Poor re
coveries or high toxicity were observed. These
results strengthen the conclusions by Durhan et
at. and emphasize the need for further research
and development.

REFERENCES

1 E. Durhan, M. Lukasewycz and S. Baker, J. Chromatogr.,
629 (1993) 67-74.

2 OJ. Mount and L. Anderson-Carnahan, Method for
Aquatic Toxicity Identification Evaluation Phase II: Toxici
ty Characterization Procedures, EPA/600/3-88~035, US
Environmental Protection Agency, Duluth, MN, 1989.

3 Water Quality Control Plan, Ocean Waters of California,
California Ocean Plan, State Water Resources Control
Board, Sacramento, CA, 1990.



Journal of Chromatography, 646 (1993) 442
Elsevier Science Publishers B.Y., Amsterdam

CHROM. 25 312

Book Review

Detectors for capillary chromatography, edited by RH. Hill and D.G. McMinn, Wiley, New York,
Chichester, Brisbane, Toronto, Singapore, 1992, XVII + 444 pp., price £ 75, ISBN 0-471-50645-1.

with the structure of the book. It includes flame
photometric, chemiluminescence, electrolytic
conductivity, electron-capture and atomic emis
sion spectrometric detectors. With the exception
of the first two detectors mentioned, the chapter
coincides with other chapters on corresponding
detectors. However, as the flame photometric
and chemiluminescent detectors are presented
only in the chapter on sulphur-selective detec
tors, their application to other types of com
pounds is not discussed. Application of the flame
photometric detector to phosphorus compounds
is fairly common.

It would have been useful if the Editors had
unified the general terminology: detector limit,
minimum detectable amount, detectivity, etc.
The first general chapter defines the detection
limit as a response that is three times the
detector noise, whereas twice the detector noise
is mostly used in the other chapters.

The authors of the chapters are experts in
their field, hence the reader is provided with
information on each detector directly from re
searchers studying that particular type of detec
tor. The analysis of individual types of detectors
is profound and will give the reader a very good
orientation with regard to the various problems.
The text is well arranged and easily comprehen
sible. It provides information on all the detectors
used in chromatography (with the exception of
the thermal conductivity detector). The book can
be recommended to all the specialists concerned
with chromatographic analysis.

This book constitutes Volume 121 of the series
Chemical Analysis. A greater part of the book
(12 chapters, about 340 pages) is concentrated
on detectors in gas chromatography: flame ioni
zation, helium ionization, far-UV ionization
(photoionization) and absorbance, electron-cap
ture, electrolytic conductivity, nitrogen-phos
phorus, surface ionization, atomic plasma emis
sion, fourier transform infrared, ion mobility,
mass spectrometric and sulphur-selective detec
tors. In each chapter a historical background, a
response mechanism, detector designs, effect of
experimental conditions on the response, special
comments on the detectors used with capillary
columns and applications are described. Two
chapters deal with the detectors used in super
critical fluid chromatography (38 pages) and in
microcolumn liquid chromatography (30 pages).

The book describes and discusses all types of
detectors used in gas chromatography without
consideration of their occurrence in commercial
instruments (some rather non-commercial detec
tors are included, e.g., surface ionization and ion
mobility types). In this respect, the omission of
the thermal conductivity detector, some con
structional types of which can be also used for
capillary columns, namely the Hewlett-Packard
detector, is notable.

A better balance of the contents of individual
chapters would have been desirable. Some types
of detection are analysed in considerable detail
(e.g., the electrolytic conductivity detector),
whereas some others deserved more detailed
analysis (e.g., the flame ionization detector). The
chapter on sulphur-selective detectors interferes Brno (Czech Republic) Milan Dressler
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