Journal of Chromatography, 138 (1977) 245-266
© Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

CHROM. 10,091

ION-PAIR PHASE SYSTEMS FOR THE SEPARATION OF CARBOXYLIC
ACIDS, SULPHONIC ACIDS AND PHENOLS BY HIGH-PRESSURE LIQUID
CHROMATOGRAPHY"

C. P. TERWEIJ-GROEN and J. C. KRAAK -

Labaratory for Analytical Chemistry, University of Amsterdam, Nieuwe Achtergracht 166, Amsterdam
{The Netherlands)

(First received February 4th, 1977; revised manuscript received March 9th, 1977)

SUMMARY

Liquid-liquid systems consisting of long-chain aliphatic amines as the sta-
tionary phase and aqueous solutions of acids as the mobile phase for the separation
of acidic compounds by high-pressure liquid chromatography are described.

Ion-pair formation and liquid-liquid distribution are involved in the distribu-
tion of acids in such phase systems. The inifluence of the type of amine, pH, type and
concentration of the eluent acid, temperature and addition of methanol to the aque-
ous mobile phase on the retention and selectivity was investigated.

The suitability of the phase systems for the separation of carboxylic and
sulphonic acids and the unique possibilities of adjusting retentions were demon-
strated with test mixtures of acidic compounds. Some applications of the phase sys-
tems in the analysis of aromatic carboxylic acids in clinical and forensic chemistry are
considered.

INTRODUCTION

The separation of very polar compounds such as sulphonic and carboxylic
acids is, despite the potential of modern liquid chromatography, limited mainly to
ion-exchange chromatography'—. In about the last 2 years, however, ion-pair parti-
tion systems, previously applied mainly to inorganic compounds*~?, have also been
used succesfully for the separation of ionizable organic compounds®—S. Reversed-
phase adsorption chromatography has also been shown to be valuable for the separa-
tion of acidic compounds'. Previously it was shown that liquid-liquid systems
consisting of long-chain aliphatic amines and dilute aqueous acids, applied for many
years to the separation of metal ions*”, are very suitable for the separation of
carboxylic and sulphonic acids by high-pressure liquid chromatography (HPLC)'.
Recently, a new type of liquid chromatography, the so-called soap chromatography,

* Presented in part at Euroanalysis II, Budapest, August 24-29, 1975.
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has been introduced, which involves ion-pair formation between ionizable organic
substances and anionic or cationic detergents added to the mobile phase'®-*,

In this paper, we describe a study of the parameters that influence the retention
behaviour of acidic compounds in liquid-liquid systems consisting of long-chain
aliphatic amines as the stationary phase and dilute aqueous acids as the mobile phase.

EXPERIMENTAL

Apparatus
) All liquid chromatographic experiments were carried out on a high-pressure
liquid chromatograph (Siemens SP 200, Siemens, Karlsruhe, G.F.R.) using UV
detection (Zeiss PM 2 DLC, Zeciss, Oberkochen, G.F.R.) and a high-pressure injec-
tion valve (Valco CV-6-UHPa). In order to resist the acidic medium all feed-lines
were constructed from stainless-steel 316 tubes and Swagelok couplings.

Two types of columns were used: (i) stainless steel columns (length 150 mm,
1.D. 2.8 mm) and (ii) custom-made straight thick-walled glass columns (length 150
mm, I.D. 3.0 mm). Both types of columns were connected to the injection port and
detector by means of Swagelok zero dead volume couplings. In all experiments a
stainless-steel pre-column (50 x 1 cm I.D.) was installed in front of the injection port
in order to prevent loss of stationary phase.

The wavelength in all experiments was adjusted to 235 nm for perchloric acid
and 254 nm for trichloroacetic acid as the mobile phase.

. Materials

The long-chain aliphatic amines used were tri-n-octylamine (TOA), tri-n-heptyl-
amine (THPA), tri-n-hexylamine (THA), tri-n-pentylamine (TPA), dioctylamine
(DOA), diheptylamine (DHPA), dihexylamine (DHA) and octylamine (OA) (Fluka,
Buchs, Switzerland). Tetraheptylammoniumchloride (THPAC) was obtained from
Eastman-Kodak (Rochester, N.Y.,U.S.A.)and Amberlite LA-2 from Rohm and Haas
(Brussels, Belgium).

The solid supports were (i) diatomite earth (Kieselguhr, Merck, Darmstadt,
G.F.R)), ground and classified to a particle size range of 5-7 um by means of an air
classifier (Alpine MZR, Augsburg, G.F.R.), and (ii) low-surface-area silica (Sperosil
XOC 005, Rhone-Poulenc, Neuilly sur Seine, France), ground and classified to a
.particle size range of 4-6 um.

The other chemicals used were 70%, (w/w) perchloric acid and sulphuric acid
{(Merck); trichloroacetic acid (TCA) (Merck); and sulphonic and carboxylic acids
and phenols (Merck and Fluka).

Procedures

The capacity ratio (k;) of a component i for a given column was derived from
its retention time (fg;) and that of an unretained compound (#go) using the following
relationship:

tpy —
k:= Ri RO____Kvlq

IRo
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where K; = overall distribution constant and g = phase ratio. For pairs of com-
pounds, the selectivity factor (r;;) was derived from their capacity ratios:

1

kilk;=r,

In all the experiments, formamide was used as a non-retarded compound.

Two procedures were used to prepare the columns:

(i) The glass columns were dry-packed with coated diatomite earth or low-
surface-area silica. Small portions of coated support were placed in the glass tube and
compressed with a PTFE- topped plunger.

(i) The metal columns were packed by a slurry technique. The column was
connected to a metallic mixing vessel, with a magnetic stirrer inside, which was filled
with a diluted slurry of coated low-surface-area silica (ca. 5%, w/w) in the eluent.
The slurry was pumped into the vertically positioned celumn with a forced liquid flow
up to a pressure of 500 atm.

In order to determine the phase ratio on the given columns, a number of stat-
ically measured overall distribution constants?® of some standard compounds were
correlated with their retention times on the column. The phase ratio was calculated
from the slope of the linear regression.

Aqueous acidic solutions were prepared by diluting a weighed amount of the
standard solutions (or solids) with doubly distilled water. The molarity of the solu-
tions was determined by titration with aqueous borax solutions and the pH with a
pH meter (Radiomete , Copenhagen, Denmark).

To adjust the anion concentration of the eluent at a certain pH, the sodium salt
was added. The pH of the eluent was adjusted with sodium hydroxide or phosphate
buffers.

All eluents were saturated with the stationary phase. The samples were dis-
solved in the mobile phase and 10 ul of these solutions (ca. 1 ug/ml) were injected
with an injection valve into the top of the column.

RESULTS AND DISCUSSION

Many studies on the mechanism of distribution of inorganic and organic com-
pounds in ion-pair systems have been described**7-'*'%*! since Smith and Page®
first applied liquid ion exchangers to the extraction of acids.

In order to discuss the results presented later, the expression for the distribu-
tion constant of organic acids as derived by Kraak and Huber's is very helpful. The
overall distribution constant, Ky, of an acid HX in phase systems consisting of long-
chain aliphatic amines as the stationary phase and dilute aqueous acids as the mobile
phase can be expressed as the sum of two individual distribution mechanisms. In eqn.
1 the first term (4Ky,) describes the liquid-liquid distribution and the second term
(4Kx,) the ion-pair formation:

Ky = 4Ky, + 4Kk, a
where

1
AKx1 = KHX -

1 + VK, [H*].)




248 - C. P. TERWELI-GROEN, J. C. KRAAK

1

AKyx, = K,C-
(A7 1w + /K [HY]W) (0 + K [H* 1)

Ky x = partition coefficient of the undissociated acid HX;

K, = formation constant of the acid HX;

K, =ratio of the formation constants of the ion pairs BHX and BHA
(selectivity coefficient);

K; = formation constant of the ion pair BHA;
C = overall amine concentration;
m = aqueous phase.

Eqn. 1 descrites the dependence of the overall distribution constant, Ky, of an
acid HX on the pH and anion concentration of the aqueous phase.

The capacity ratios of compounds measured on the same column are propor-
tional to their overall distribution constant, the phase ratio being the proportionality
constant. The selectivity factor of pairs of compounds characterizes the ability of the
phase system to distribute those compounds differently between the two phases and
is given by the ratio of their capacity ratios.

For many acidic compounds of different classes the effects of pH, anion con-
centration, type of amine, type of anion, temperature and addition of methanol to the
eluent on their capacity ratios and the selectivity factors for pairs of compounds were
investigated in this work on columns with long-chain aliphatic amines as the sta-
tionary phase and dilute aqueous acids as the mobile phase.

Influence of pH and anion concentration on the capacity ratio

The dependence of the overall distribution constant on the pH and anion
concentration, [A~],,, of the aqueous phase is described by eqn. 1. The first term
(4Kx,) approaches the value Kyx = constant at 1 > 1/K,[H*],, and declines to zero
at 1 < 1/K;[H*],, (sece Fig. 1a). At a constant anion concentration, the second term
(4Kx,) declines to zero at low and high pH, with a maximum at the valuei} log(l/
K\ KA 1)

The shape of the curve that describes the dependence of /1Ky, on pH is deter-
mined by the relative magnitude of the formation constants, K, and Kj (see Fig. 1b).
The shape of the curve reflecting the overall distribution constant (K) as a function of
pH is determined by the extent to which 4Ky, and 4Ky, contribute to the overall
curve (Fig. 1c).

The dependence of Ky on the anion concentration, [A~],,, is described by the
second term, AKy.. The extent to which the anion concentration influences the over-
all distribution constant depends mainly on the relative magnitudes of 4Ky, and
4Ky, under the chosen conditions.

A linear relationship between the overall distribution constant of an acid HX
and the reciprocal of the anion concentration will exist if [A~] > 1/K3;[H*],,. In this
instance the slope is K, C/1 + K;[H*],, and the intercept is 4K,.

In order to investigate the effect of pH and anion concentration, TOA was
chosen as the stationary phase and aqueous perchloric acid as the mobilc phase. The
capacity ratio was measured at pH 1.5 and 5.0 at different perchlorate concentrations
for different acids. At high pH a phosphate buffer was added to the eluent. No remark-
able change of the capacity ratios was caused by the addition of phosphate, as is
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Fig. 1. Effect of pH and pK, on (a) the liquid-liquid distribution and (b) ion-pair formation of
acidic compounds. pK, = —pK,. (c) Characteristic combinations of liquid-liquid distribution and

ion-pair formation as function of pH. Curves: (@) Very weak acid; only liquid-liquid distribution;
(a’) weak acid ; only liquid-liquid distribution; (b) very strong acid; only ion-pair formation; (c) weak
acid; liquid-liquid distribution (c;) and ion-pair formation (c.) (4K« < AKx.): (d) weak acid;
liquid-liquid distribution (d,) and ion-pair formation (d.) (4K, > 4Kx»).

shown in Table I. The effect of anion concentration on the capacity ratio at low and
high pH is shown by the results in Table II. It can be seen that ion-pair formation
is dominant for sulphonic acids (K; > 1) at pH 1.5 and 5.0, while liquid-liquid
distribution dominates for carboxylic acids (K; =~ 10*) and phenols (K; ~ 10'%)
at pH 1.5. At pH 5.0, however, the slope of the linear regression of k] versus
[CIO; ]17* for carboxylic acids indicates ion-pair formation for all of the compounds
examined. From the intercept, however, it must be concluded that liquid-liquid
distribution still occurs for a number of carboxylic acids.

Some acids, such as benzoic acid, display a smaller capacity ratio at pH 50
than at pH 1.5. This result can be explained by the fact that the ion-pair formation
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TABLE 1

INFLUENCE OF PHOSPHATE BUFFER ON k&
Compound ki* 2"
Phenol 1.07 1.11
4-Nitrophenot 3.65 3.72
Benzoic acid 0.69 0.73
4-Nitrobenzoic acid 1.80 1.86
2-Hydroxybenzoic acid 5.30 543
Benzeresulphonic acid 0.38 0.39

2-Naphthol-6-sulphonic acid 2,72 2.68

* Phase systems: (1) TOA~0.05 M NaClO,, pH = 4.7, g = 0.03. (2) TOA-0.05 M NaClO; +
0.05 M KH-PO,, pH = 4.7, g = 0.03. Glass column (15 cm).

term (AKy,) does not exceed the value of the liquid-liquid distribution (4Ky,) at its
plateau, as is shown for benzoic acid in Fig. 2a. The phase ratio, ¢, on the column was
determined by a linear regression of retention times and statically measured distribu-
tion constants of some standard compounds®®. From the known phase ratio (¢) and
the value for K; (=~ 10°), 4 Kx, was calculated from Ky = 4Ky; = Kyx (atlow pH)and
K,, while 4Ky, was calculated from the slope of the linear regression of k; versus
[ClO; 1! at high pH.

~ These procedures for the calculation of 4Ky, and 4Ky, were also used to
construct Fig. 2b for 2-hydroxybenzoic acid, a compound that shows an increase in
capacity ratio at pH 5.0 compared with pH 1.5.

" _From the linear regression of k; versus [CiO7 17! at pH 5.0 for phenol (K =~
10'%), only liquid-liquid distribution can be assumed. For 4-nitrophenol (K, ~ 107),
however, from the slope of the linear regression a small contribution of ion-pair
fcrmation must be assumed ai pH 5.0.

The pil and the anion concentration can influence the selectivity factors of

TABLE I1

LINEAR REGRESSION OF THE CAPACITY RATIO (k;) VERSUS PERCHLORATE CON-
CENTRATION IN THE MOBILE PHASE AT pH 1.5 AND 5.0 FOR PHENOLS, CARBOX-
YLIC ACIDS AND SULPHONIC ACIDS AT 25°

pK, = —pK,. a = intercept; b = slope; r = regression coefficient.

Compound DK, pH =15 pH = 5.0

. a b r a b r
Pherol 99 1.096¢ —0.002 — 1.081 0.001 —
4-Nitrophenol 7.15 4425 —-0006 — 3.032 0.025 0.9968
2,5-Dihydroxybenzoic acid 297 0.236 —0.002 — —0.003 0.026 0.9998
2,£-Dihydroxybenzoic acid — 0.522 —0.002 — —0.009 0.038 09999
Benzoic acid 4.19 0.842 -0001 — 0052 0.030 09991
4-Nitrobenzoic acid 3.41 1.140 —0.005 — 0.007 0093 09399
2-Hydroxybenzoic acid 2.97 1.745 -—-0.001 — —0.031 0.253 0.9998
4-Methylbenzoic acid — 2621 -—0.001 — 0.323 0.079 0.9994
Cinnamic acid — 3608 —0.005 — 0.524 0.128 0.9998
Benzenesulphonic acid 0.70 —0.004 0019 09999 —0.002 0.018 0.9990
4-Methylbenzenesuiphonic acid — 0.010 0062 0.9993 0.012 0.059 058994

1-Naphthol-4-sulphonic acid — 0.005 0.167 0.9996 —0.036 - 0.168 0.9994
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Fig. 2. Overall distribution constant of (a) benzoic acid and (b) 2-hydroxybenzoic acid as a furiction
of pH, constructed from experimentally measured AKx,; and K. values. Phase sysiem: TOA—
0.05 M Cl0,;~ + phosphate buffer.

pairs of compounds considerably, as can be seen from the differences in the slopes of
the linear regression.

Influence of the type of amine on k;

The influence of the type of amine on the overall distribution constant of an
acid is given by eqn. 1. Under the same experimental conditions, i.e., the same volume
phase ratio and eluent composition, the overall distribution constant can differ
because of a change in the partition coefficient, Ky;x, the selectivity coefficient, K, the
formation constant, K;, and the overall amine concentration, C. A change in Ky«
and/or K, can influence both the capacity ratios and the selectivity factors. The con-
stant C influences only the absolute value of the capacity ratios if the second term is
dominant. However, under conditions where both terms contribute significantly to
the distribution, a change in C can resuit in a change in the selectivity factors. A change
in K results in a shift of the pH at which the second term reaches its maximum value.

In order to determine the influence of the type of amine, some aliphatic amines
were tested for their applicability as stationary phase in combination with aqueous
perchloric acid as the mobile phase. For various reasons several amines could not be
used as stationary phases: DOA, DHPA and THPAC form solid salts with per-
chloric acid and the sample compounds, which precipitate in the eluent; TPA is
easily stripped from the column owing to its low viscosity; and OA has too high a
solubility in the aqueous phase. Only four aliphatic amines (TOA, THPA, THA and
Amberlite LA-2) were found to be suitable as stationary phase in combination with
aqueous perchloric acid as the mobile phase.

For some aromatic acids, including phenols, the capacity ratios and selectivity
factors were determined on columns coated with these four amines with aqueous
perchloric acid (0.05 M) solutions of pH 1.5 and 5.5 as the eluent. The results of
these measurements are given in Table III.

The results for the secondary amine Amberlite LA-2 are incomplete because
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of the very high capacity ratio and the very poor theoretical plate height, which
severely restrict its use as a stationary phase in HPLC. They are given as an illustration
of the effect of the class of amine and the chain length on the capacity ratio.

At low pH (Table III, pH 1.5) the influence of the chain length of the amine on
k; is large for carboxylic acids but less pronounced for phenols and sulphonic acids.
For sulphonic acids the capacity ratios show a minimum value for THPA at a
constant volume phase ratio. However, a gradual decrease in the capacity ratios with
decreasing chain length of the amine is found if the overall amine concentration, C, in
the 4Ky, term of eqn. 1 is kept constant. This result indicates a decrease in the selec-
tivity coefficient, K, for ionized compounds with decreasing chain length of the amine
stationary phase. The same behaviour for ionizable compounds has been found by
other workers using liquid anion exchangers in extraction chromatography?':22:24.25,
According to Pierotti et al?®, for phenols a linear relationship log k; = a -+ bn is
found, where n is the number of methylene groups in the amine and 2 and b are con-
stants. For carboxylic acids, however, such a relationship was not found, probably
owing to a slight contribution of ion-pair formation at low pH. The increase in the
capacity ratios of phenols and carboxylic acids with decreasing chain length of the
amine agrees with the results of Pierotti et al. 2.

At pH 5.5 (Table III), for carboxylic acids liquid-liguid distribution and ion
pair formation occur. Compared with the capacity ratios at pH 1.5, the values for
carboxylic acids decrease for THA in most instances and changes irregularly for TOA
and THPA. This result can be explained by the fact that the decrease in the first term,
AKy,, is or is not compensated for by the increase in the second term, AKy,, due to
the increased pH. In most instances the behaviour of the capacity ratio of carboxylic
acids agrees with the results for sulphonic acids because ion-pair formation dominates.
For sulphonic acids no significant change in the capacity ratios at high pH compared
with low pH is found, as would be expected owing to the domination of ion-pair
formation within this pH range. The larger values of the capacity ratios of phenols at
higher pH must be attributed to the increase in the ionic strength of the mobile phase,
caused by the addition of a phosphate buffer which promotes the solubility of phenols
in the amine phase.

From Table III it can be seen that in many instances the selectivity factors of
successively eluted compounds arranged within a group can vary significantly with
the type of amine involved.

Influence of temperature on k; and ry

The influence of temperature on the k; value of an acid HX is determined by
the temperature dependence of the partition coefficient, Kyx, and the formation
constants, K, K, and Kj, and to a minor extent by the change in phase ratio.

Usually the liquid-liquid distribution constant and the formation constants
K, and K; decrease with increasing temperature, whereas the change in the selectivity
factor, K;,.can be irregular. The effect of temperature on the capacity ratios of differ-
cnt acids was investigated for three types of amines (TOA, THPA and THA) in com-
bination with perchloric acid at low pH (ca. 1.5) and high pH (ca. 5.5). Some serious
stripping problems occur with the phase systems at higher temperatures: at low pH
TOA and THPA can be used up to 65° and THA up to 45°, and at high pH only TOA
coiild be used up to 45°.
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From the results (Table 1V), three effects can be recognized when the tempera-
ture is increased: (i) the capacity ratios of sulphonic acids (except anthraguinone-2-
sulphonic acid) increase at low and high pH; (ii) the capacity ratios of carboxylic
acids decrease at low pH and increase at high pH ; and (iii) the capacity ratios of phenols
decrease at low and high pH. This behaviour can be explained by means of eqn. 1.

For phenols, liquid-liquid distribution is dominant at low and high pH, and
the temperature dependence of the overall distribution constant, Ky, is determined
by the temperature dependence of the partition coefficient, K;x, which usually de-
creases with increasing temperature. For carboxylic acids, liquid-liquid distribution
is dominant at low pH and ion-pair formation at high pH. At low pH, k; decreases
owing to a decrease in the partition coefficient, Kyx, with increasing temperature.

At high pH, ion-pair formation is dominant and the dependence of the overall
distribution constant, Ky, is determined mainly by the influence of temperature on
the selectivity coeflicient, K (i.e., the effect of temperature on the formation constants
of the ion pairs BHA and BHX). According to Table IV, the selectivity coefﬁments
of carboxylic acids increase with the temperature at high pH.

For sulphonic acids, ion-pair formation is dominant at low and high pH and
the change in tke selectivity coefficient with increasing temperature determines the
effect on k;. As for carboxylic acids at high pH, the capacity ratios (i.e. selectivity co-
efficient) of sulphonic acids increase with increasing temperature at low and high pH.

The effect of temperature on the selectivity factors is considerable in most
instances and can be even more pronounced if simultaneously both liquid-liquid
distribution and ion-pair formation contribute significantly to the distribution.
Further, an increase in temperature has a very favourable effect on the theoretical plate
height, especially if ion-pair formation is dominant*®-26.

Influence of addition of methanol to the mobile phase on k; and rj;

The addition of methanol changes the polarity of the aqueous and the
stationary phase®’-?%. It influences the partition coefficient, K%, and the formation
constants, K, K; and Kj;, and consequently the overall distribution constant, Kx. For
various carboxylic acids, sulphonic acids and phenols the capacity ratios were deter-
mined on a column containing TOA as the stationary phase and mixtures of methanol
and water, 0.05 M in perchloric acid, as the mobile phase.

In order to check that no stationary phase was stripped from the column as a
result of the addition of methanol, the capacity ratios of some standard compounds
were measured before and after the experiments. No loss of liquid stationary phase
was found up to a methanol concentration of 409, (v/v).

The dependence of k; on the methanol content is shown in Fig. 3. For carboxylic
acids and phenols, liguid-liquid distribution is dominant and it can be seen that the
capacity ratio decreases with increasing methanol content. This behaviour agrees with
the results usually obtained in liquid-liquid phase systems when the polarity difference
between the two phases decreases?>. Under the chosen conditions, ion-pair formation
is the dominating process for sulphonic acids. The effect of the addition of methanol on
the capacity ratio of sulphonic acids is different from that for carboxylic acids and
phenols, which could be expected because of the different distribution mechanisms.
The effect of methanol on the chemical equilibria, however, is very complex and
therefore difficult to predict.
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TABLE IV

INFLUENCE OF TEMPERATURE ON THE CAPACITY RATIOS (k) AND SELECTIVITY F:ACT ORS
(r;) OF PHENOLS, CARBOXYLIC ACIDS AND SULPHONIC ACIDS FOR THE PHASE SYSTEMS
TOA, THPA AND THA-0.05 M HCIO; AT pH 1.5 AND 5.5

Compound 0.05 M HCIO, (pH 1.5}

TAO THPA

25° 45° 63° 25°

ki n ki i ki s ki g1
3,4-Dihydroxycinnamic acid 0.14 — 0.10 — 0.06 — 0.19 —
2-Acetylbenzoic acid 0.17 1.21 0.16 1.60 0.13 2.16 0.20 1.05
3,4-Dimethoxybenzoic acid 0.40 2.35 0.34 2.12 0.26 200 048 240
4-Methoxyphenylacetic acid 0.41 1.02 0.35 1.03 0.28 1.08 0.49 1.02
4-Hydroxy-3-methoxycinnamic acid 0.71 1.73 0.54 1.54 0.36 1.28 0.94 1.92
4-Hydroxycinnamic acid 0.76 1.07 0.55 1.02 0.36 1.00 1.03 1.09
3-Hydroxycinnamic acid 0.77 1.01 0.55 1.00 0.36 1.00 0.99 1.064°
3-(4-methoxyphenyl)propanoic acid 1.03 1.34 0.87 1.58 0.66 1.83 1.24 1.25
2-Hydroxycinnamic acid 1.16 1.13 081 107 053 124 158 1.27
2.4-Dimethoxybenzoic acid 1.51 1.30 1.16 143 085 1.60 1.67 1.06
3,4-Dimethoxycinnamic acid 1.55 1.03 1.20 1.03 0.85 1.00 1.94 1.16
4-Methoxycinnamic acid 4.23 2.73 295 246 1.93 227 4.86 2.50
2-Benzoylbenzoic acid 5.84 1.38 4.34 1.47 294 1.52 7.29 1.50
2-Diphenylcarboxylic acid 11.6 1.98 8.45 1.95 5.49 1.87 134 1.84
2.4-Toluenedisulphonic acid 0.09 — 0.25 — 0.64 — 0.10 —
2-Toluenesulphonic acid 1.09 12.1 1.55 6.20 2.17 3.39 1.03 103
2-Chlorobenzenesulphonic acid 1.12 1.03 1.63 1.05 2.30 1.06 1.15 1.12
2,4-Dimethylbenzenesulphonic acid 3.49 3.12 4.61 283 627 273 3.08 2.67
2-Iodobenzenesulphonic acid 3.54 1.01 463 101 598 1.05° 345 i.12
3-Chlorobenzenesulphonic acid 3.54 1.00 4.42 1.05* 5.58 1.07* 3.49 1.0t
Indane-4-sulphonic acid 6.75 1.91 8.02 1.81 10.0 1.80 6.09 1.74
2,3,4-Trimethylbenzenesulphonic acid 8.64 1.28 11.1 1.38 14.2 1.41 7.71 1.27
4-Isopropylbenzenesulphonic acid 9.50 1.10 129 1.16 154 1.09 964 1.25
3-lodobenzenesulphonic acid 10.6 1.11 12.1 1.07* 138 1.20° 105 1.09
3,4,5-Trimethylbenzenesulphonic acid 11.3 1.06 13.1 1.08 15.3 1.11 10.1 1.04°
4-tert.-Butylbenzenesulphonic acid 245 2.18 29.8 2.28 36.0 234 221 2.20
3,4-Diethylbenzenesulphonic acid 25.5 1.04 30.2 1.01 354 101 234 1.06
Benzosuberone-4-sulphonic acid 399 1.56 46.3 1.53 514 145 367 156
9,10-Anthraquinone-2-sulphonic acid 73.4 1.84 619 1.34 547 1.06 70.8 1.93
1,2-Dihydroxybenzene 0.17 — 015 — 012 — 020 —
Phenol . 1.01 5.94 0.84 5.60 0.65 5.42 1.14 5.70
4-Methylphenol 3.01 2.98 241 2.37 1.78 274 326 286
4-Ethylphenol 8.57 2.85 6.82 283 491 276 9.16 281
4-Propylphenol 304 355 236 346 156 3.18 322 3.52
Z2-Hydroxynaphthalene 34.5 1.13 21.1 1.12* 122 1.28° 39.2 1.22
4-terr.-Butylphenol 451 1.31 35.1 1.66 234 192 483 1.23

* Successive capacity ratios are reversed.

At least Fig. 3 shows that the addition of methanol affects the capacity ratio
of monosulphonic acids to a lesser extent than those of carboxylic acids and phenols.
1-Naphthol-3-sulphonic acid, however, behaves more like a phenol, probably be-
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0.05 M HCIO, - 0.056 M Na,HPO,

(pHS5.5)
THA 704
45° 65° 25° 45° 25° 45°
k; T k; rje k; rj k: ra k; Iy k; LT
0.15 — 0.10 — 0.36 — 0.21 — 0.14 - 0.20 —
0.19 1.27 0.17 1.70 0.30 1.20* 0.25 1.19 0.24 1.71 0.42 2.10
041 2.16 0.35 1.73 0.72 2.40 0.58 2.32 0.20 1.20 0.30 1.40°°
0.41 1.00 0.34 1.03° 0.70 1.03° 0.56 1.03" 0.56 2.80 0.82 273
0.68 1.66 0.49 1.44 1.44 2.06 0.97 1.73 0.54 1.04 0.68 1.21°*
0.70 1.03 0.47 1.04° 1.54 1.07 0.98 1.01 0.54 1.00 0.66 1.03°
0.70 1.00 0.47 1.00 1.55 1.00 1.00 1.02 0.80 1438 0.92 1.39
0.99 1.41 0.77 1.64 1.67 1.08 1.28 1.28 1.26 1.57 1.70 1.85
1.05 1.07 0.69 1.12° 2.53 1.51 1.59 1.24 1.64 1.30 1.70 1.60
1.28 1.22 096 1.39 225 1.12* 166 1.04 1.12 1.46° 1.26 1.35*
144 L12 1.08 112 3.07 136 203 122 1.30 1.16 150 . 119
3.32 231 221 205 6.5 215 434 214 4.10 3.15 442 295
5.19 1.56 3.57 1.62 104 1.57 7.17 1.65 19.0 4.64 235 532
.26 1.78 6.23 1.75 16.8 1.62 11.5 1.61 33.6 1.77 38.1 1.62
0.28 — 0.61 - 0.24 — 0.36 0.06 — 0.18 —
1.49 5.32 2.09 342 .14 475 1.56 4.33 1.08 18.0 1.54 8.55
1.65 1.11 2.29 1.09 1.32 1.16 1.86 1.19 1.14 1.05 1.56 1.01
434 263 591 2.58 3.19 242 448 241 3.46 303 462 296
450 1.04 5.68 1.04° 3.85 1.20 492 1.10 3.56 1.03 444 1.04*
4.31 1.04° 5.42 1.05° 4.05 1.05 5.02 102 3.48 1.02° 4.10 1.08*
7.53 1.75 8.95 1.65 6.96 1.72 8.26 1.64 6.78 1.95 7.50 1.83
10.1 1.34 12.7 1.41 8.24 1.18 10.3 1.24 8.52 1.26 103 1.38
12.1 1.20 15.1 1.19 11.2 1.36 115 1.12 92.96 1.17 125 1.21
11.6 1.05* 13.1 1.15* 12.7 1.13 — 10.2 1.03 11.0 1.14*
11.9 1.03 13.7 1.04 11.5 1L.10" — 11.2 1.09 125 1.14
27.0 2.27 31.5 2.30 25.6 2.22 — 21.9 1.96 26.1 209
28.8 1.07 34.8 1.10 26.4 1.03 — 26.0 1.19 28.8 1.10
42.0 1.46 46.5 1.34 41.8 1.58 — 40.4 1.55 442 1.53
59.7 142 51.2 1.10 8s.1 211 — 74.9 1.85 54.1 1.22
0.17 — 0.14 - 0.28 — 0.22 0.22 — 0.18 —
0.91 5.35 0.70 5.00 1.31 4.68 1.03 4.68 1.14 5.18 0.90 5.00
254 279 1.88 2.69 3.51 2.68 2.70 2.62 3.40 2.98 272 3.02
704 277 501 266 964 275 7.28 270 9.36 2.75 7.86 2.89
23.6 3.35 16.6 3.31 33.1 3.34 24.0 3.30 35.2 3.76 26.9 342
22.7 1.04° 13.2 1.26" 45.0 1.36 26.8 1.12 393 1.12 238 1.13°
35.8 1.58 251 1.90 50.5 1.12 359 1.34 53.1 1.85 413 1.74

cause of the formation of an intramolecular hydrogen bond between the hydroxyl and
the sulphonate groups. ’
A completely different dependence of the capacity ratio on the methanol con-
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o 20 T 40
— = Y% mETHANOL (%)
Fig. 3. Influence of methanol on the capacity ratio, k. Mobile phase: 0.05 M HCIO; + methanol,
pH = 1.5. Stationary phase: TOA (4%, w/w) on Kieselguhr; glass column (15 cm). @, Sulphonic
acids: (a) 1-naphthol-3,8-disulphonic acid; (b) l-naphthol-3-sulphonic acid; (¢) 2.3,4-trimethyl-
benzenesulphonic acid ; (d) indane-4-sulphonic acid; (e) 1-naphthol-5-sulphonic acid; (f) 2-naphthol-
3,6-disulphonic acid. &, Carboxylic acids: (g) 2-diphenylcarboxylic acid; (h) 2-methoxycinnamic
acid; (i} 2-benzoylbenzoic acid; (§) 4-methoxycinnamic acid; (k) benzilic acid. ®, Phenols: (1) 2,5~
dimethyiphenol; (m) 2-nitrophenol; (n) 4-methylphenol.

tent is found for disulphonic acids. For 2- naphthol-3,6-disulphonic acid &; is constant
at low and increases at high methanol contents, while for 1-naphthol-3,8-disulphonic
acid k; decreases at low and increases again at high methanol contents. From batch
experiments, the methanol content of the eluent was determined by gas chromato-
graphy and the results are given in Table V. Up to a methanol content of 59, (v/v) in
the eluent the percentage of methanol in the amine phase is larger, whereas above 5%
(v/v) of methanol, the amine phase contains less methanol. This effect might be the reason
‘why, for the very polar disulphonic acids, which contain two charges on their mole-
cules,. the solvation in the mobile phase becomes less effective compared with the
amine phase. This effect promotes ion-pair formation and increases the capacity
ratio. -

According to Fig. 3, the addition of methanol seems to be a very suitable
means of adjusting the retention and selectivity for the group of acids including

phenois.
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TABLE V

METHANOL UPTAKE BY THE STATIONARY PHASE (TOA) AS A FUNCTION OF THE
METHANOL CONTENT OF THE ELUENT

Methanol in TOA (%, v/v) Methanol in eluent (%, v[v)

22 2.0
4.8 5.0
6.0 10.0
16.0 30.0
25.0 40.0

Influence of the nature of the acid added to the mobile phase on k; and r;;

The nature of the eluent acid (HA) can influence the overall disiribution
constant, Ky, of an acid HX in different ways. It can affect: (i) the nature of the organic
phase and hence the partition coeflicient, K%, and (ii) the selectivity factor, X5, and
the formation constant, K;. In order to investigate the influence of the type of eluent
acid, sulphuric, hydrochloric, methanesulphonic and trichloroacetic acid were tested
for their ability to serve as the competing acid in combination with TOA. Sulphuric,
hydrochloric and methanesulphonic acid, however, could not be used in practice as
the solubilities of the amine salts in the mobile phase were found to be too large, which
results in unstable columns (N.B., it is generally known that the solubility of per-
chlorates is relatively low). The solubility of the amine could be suppressed by using

TABLE VI

INFLUENCE OF THE NATURE AND CONCENTRATION OF THE COUNTER ION ON THE
CAPACITY RATIO (k{) AND SELECTIVITY FACTOR (ry)

Compound 005MHCIO; 005MTCA 0075MTCA 0IMTCA
k; rji ki ry ki rj ki s
4-Methoxyphenylacetic acid 041 — 2.10 - 1.55 — 1.26 —
Benzoic acid 0.85 2.07 5.12 244 362 233 299 237
3-(4-Methoxyphenyl)propanoic acid 1.03 1.21 5.14 1.00 3.83 1.06 3.09 1.03
4-Nitrobenzoic acid 105 1.02 8.25 160 552 144 4.12 1.33
2-Hydroxycinnamic acid 1.16 1.10 23.1 280 12.1 219 774 1.88
2,4-Dimethoxybenzoic acid 1.51 1.30 1.59 14.5* 1.36 860" 126 6.14°
Salicylic acid 169 1.12 16.9 10.6 11.2 823 834 6.62
Benzenesulphonic acid 043 — 0.14 — 0.08 — 0.07 —
1-Naphthol-3,6-disulphonic acid 044 102 0.08 L7537 0.02 4.00° 001 7.00"
2-Chlorobenzenesulphonic acid 1.12 2.54 0.45 18.1 028 140 020 20—
4-Toluenesulphonic acid 1.25 1.12 0.44 330" 0.31 .11 022 1.10
2-Naphthol-3,6-disulphonic acid 264 1.63 0.28 1.57° 008 3.88* 003 7.33°
2,4-Dimethylbenzenesulphonicacid 349 1.71 1.58 564 098 122 073 243
1-Naphthol-5-sulphonic acid 456 1.31 586 371 248 253 140 192
1-Naphthol-3-sulphonic acid 11.1 2.43 9.36 1.60 4.15 1.67 230 1.64
1-Naphthol-3,8-disulphonic acid 14.5 1.31 2.59 361 069 601" 026 885"
Phenol 101 — 494 — 3.45 - 271 —
2-Methylphenol 334 331 1435 290 1041 3.02 8.10 299
2-Nitrophenol 5.15 1.54 1.73 1.86* 6.40 1.63* 597 1.36"

* Successive capacity ratios are reversed.
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very large acid concentrations (> 1 M), but this led to serious corrosion of the
chromatographic apparatus. -

Apart from perchloric acid, only trichloroacetic acid was found to be useful at
acid concentrations > 0.05 M. Compared with 0.05 M perchloric acid, a completely
different behaviour of the acetic compound was found for the phase system TOA-
TCA, as can be seen from Table VI.

- The considerable change in selectivity on changing from perchlorate to tri-
chloroacetate as the counter ion might be explained as follows. It is known that acids
such as perchloric acid form polymolecular complexes with TOA of the general
formula (TOA-HCIO,),. Trichloroacetic acid, however, forms preferentially the
monomolecular complex TOA - TCA - TCA?*. The presence of a second TCA molecule
bound via hydrogen bonds to the TOA -TCA molecule possibly causes a different
distribution mechanism to partition only for acidic mclecules such as those of carbox-
ylic acids and phenols. The relatively weakly bound second TCA molecule can be
replaced with a sample molecule HX. This exchange mechanism can be expressed by

(TOA-TCA-TCA), + (HX).. = (TOA-TCA-HX), + (TCA)..

where the subscript s refers to the stationary phase and m to the mobile phase. This

— S — - ’ ~r T T o L3 1]

] 10 o 1S o 20
—— min

Fig. 4. Separation of closely related acidic compounds. (a) Alkylsulphonic acids. (b) a, Unretained ;

b, 3,4-dihydroxycinnamic acid; ¢, 3-hydroxycinnamic acid; d, 2-bydroxycinnamic acid; e, 3,4-di-

methoxycinnamic acid; f, cinnamic acid; g, 1-methoxycinnamic acid. (c) 1, 4-hydroxyphenylacetic

acid; 2, 2-acetylbenzoic acid; 3, 4-methoxyphenylacetic acid; 4, 3-(4-methoxyphenyl)propanoic acid,

5, 2,4-dimethoxybenzoic acid; 6, benzilic acid. Stationary phase: 4% (w]w) TOA on Kieselguhr.

Mobile phase: 0.05 M HClO,, pH 1.5. Glass column (15 cm).
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equilibrium shows that a reciprocal linear relationship must exist between the overall
distribution constant of the acid HX and the TCA concentration in the mobile phase.
This relationship is indeed found for carboxylic acids and phenols, as can be seen
from Table VL.

For mono- and disulphonic acids, the situation is completely different. Under
the chosen conditions the sulphonic acids are present as ions and ion-pair formation
therefore dominates. If perchloric acid is replaced with trichloroacetic acid, for some
compounds a considerable decrease in the capacity ratio occurs while for others,
such as naphtholsulphonic acids, only minimal changes are observed. However, all
sulphonic acids show a stronger dependence of their capacity ratio on the counter-ion
concentration for TCA than for perchloric acid as measured previously!>. The de-
crease in the capacity ratio on changing from 0.05 M perchloric acid to 0.05 M TCA
must be caused by the larger formation constant of TOA-TCA-TCA (ca. 10'9)
compared with that of (TOA - HCIO,), (ca. 10°). This influences the selectivity factor,
K5, and hence the capacity ratio. The deviating behaviour of 1-naphthol-5-sulphonic
acid and l-naphthol-3-sulphonic acid can probably be attributed to the presence of
the hydroxyl group in the molecule, which can influence all distribution mechanisms.

Owing to the presence of two TCA molecules per TOA molecule, the capacity
ratios of monosulphonic acids, according to eqn. 1, are proportional to the reciprocal
of the square of the TCA concentration. For disulphonic acids, there is a dependence

a
3 = b

—— £

MUUK

o ) 30

—— min

™ T e |

o 30

Fig. 5. Influence of the type of anion in the mobile phase on the elution sequence of acidic compounds.
Glass column (15 cm). Phase system: (a) 4%, TOA on Kieselguhr-0.1 M TCA; (b) 49, TOA on
Kieselguhr-0.05 M HClO,. Peaks: (1) 2-naphthol-3,6-disulphonic acid; (2) 4-methoxyphenylacetic
acid; (3) l-naphthol-3-sulphonic acid; (4) 2.4-dimethylbenzenesulphonic acid; (5) 4-nitrotenzoic
acid; (6) 2-nitrophenol; (7) salicylic acid.
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on the fourth power of the reciprocal of the TCA concentratlon. These predictions
agree well with the experimental results.

According to Table VI, the type of counter ion used seems to be a powerful
imeans of adjusting retention and selectivity.

Applicability of the phase system in HPLC

The applicability of long-chain aliphatic amines—dilute aqueous acid phase
systems in HPLC and the possibilities of influencing the selectivity were demon-
strated by a number of separations of test and natural mixtures of acidic compounds.

The separation of alkylsulphonic acids is still a problem. Fig. 4a shows the
separation of three alkylsulphonic acids on TOA-perchloric acid using a tensammetric
detector®®. The large increase in capacity ratio with increasing alkyl chain length
limits the separation to only three successive alkylsulphonic acids under isocratic
conditions. For the resolution of more than three members of this group of com-
pounds in a reasonable time, column switching or gradient step elution has to be
applied.

The potential of the amine—diluted acid systems for the separation of closely
related compounds such as cinnamic acid and some of its derivatives and for the
separation of carboxylic acids of different types is shown in Figs. 4b and 4c.

Figs. 5a and 5b demonstrate the effect of the type of counter ion on the separa-

-a 1 b
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[s) 10 o 30
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Fig. 6. Effect of pH of the mobile phase on the resolution of a mixture of acidic compounds. pH:
(@) 1.5; (b) 5.5. Phase system: 4%, TOA on Spherosil XOC-0.05 M C10;5 ; metal column of length
150 mm, I.D. 3 mm. Peaks: (1) 3,4-dimethoxybenzoic acid; (2) 4-methylphenylacetxc acid; (3) 4-
nitrobenzoic acid; (4) 2,4-dimethoxybenzoic acid; (5) salicylic acid; (6) 3-methylphenol (7) 4-nitro-
phenotl.
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Fig. 7. Influence of temperature and addition of methanol on the resolution of acidic compounds.
Metal column (15 cm). Phase system: (a)—(c) 4% TOA on Spherosil XOC-0.05 M HCIO;; (d) 47,
TOA on Spherosil XOC-0.05 M HCIO; 4+ 202 (v/v) methanol. Temperature: (a) 25°; (b) 48°;
“(©) 43°; (d) 25°. Peaks: (1) salicylic acid; (2) 2-naphthol-3,6-disulphonic acid; (3) 4-methylphenol;
(4) 1-naphthol-5-sulphonic acid; (5) 2,3,4-trimethylbenzenesulphonic acid; (6) 2,5-dimethylphenol.

—— )
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tion of a test mixture of phenols and carboxylic and sulphonic acids. A completely
different elution sequence is found on changing from TCA (Fig. 5a) to perchloric acid
(Fig. 5b).

The effect of pH on the resolution of a mixture of compounds is illustrated in
Figs. 6a and 6b. At low pH some pairs of compounds are not resolved ; changing the
PH from 1.5 to 5.5 not only results in the complete resolution of these pairs of com-
pounds but also changes the elution seguence.

A suitable choice of the column temperature can be very critical in order to
obtain a complete resolution of two compounds, as is shown in Figs. 7a, 7b and 7c.
At 25° two pairs of compounds are not separated (Fig. 7a), whereas at 48° the resolu-
tion is improved but two compounds are still not completely separated (Fig. 7b). The
optimal column temperature for this mixture was found to be 43° (Fig. 7¢). Apart
from the use of temperature as a parameter for adjusting the selectivity for this
particular mixture, the addition of methanol to the aqueous phase can also be used to
improve the resolution, as is shown in Fig. 7d.

The applicability of the described phase systems to the analysis of compounds
of clinical or forensic interest in body fluids or foods is shown in Figs. 8 and 9.
Benzoic and sorbic acid have been used as preservatives in foodstuff and juices for

a b e d

benzoic acid

sorbic acid”

sorbic acid
benzoicacid

=== benzoic acid

T T
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Fig. 8. Analysis of benzoic acid and sorbic acid extracted from foodstuffs and directly in essence.
Phase system: 4% TOA on Spherosil XOC-9.1 M TCA ; metal column (15 cm). (a) About 0.1 ug of
benzoic acid and sorbic acid; (b) current essence containing 1500 ppm of benzoic acid. diluted 40~
fold with eluent; (c) 1 g of rye bread containing 100 ppm of sorbic acid was extracted; (d) I g of

margarine containing 100 ppm of benzoic acid was extracted.
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Fig. 9. Analysis of salicylic acid directly, in a urine extract and in deproteinized serum. Phase system:
4% TOA on Kieselguhr-0.25 M HCIO,; glass column (15 cm). (a) Aspirin tablet containing (1)
caffeine, (2) aspirin, (3) salicylic acid and (4) phenacetin. (b) 10 ml of urine was extracted; (c) 0.2 ml
of serum containing 50 ppm of salicylic acid was deproteinized.

many years, but in some countries the use of sorbic acid is forbidden or restricted by
law. Hence a simple method for the separation and determination of sorbic and ben-
zoic acid in foodstuff is of great value.

Fig. 8a shows the separation of sorbic and benzoic acid using a TOA-TCA
system. Sorbic acid is commonly used as a preservative in rye bread and Fig. 8c shows
the analysis of sorbic acid extracted from rye bread, which is simple because of the
low background. The determination of benzoic acid in current juice essence by direct
injection of a 40-fold diluted solution is shown in Fig. 8b. Benzoic acid is commonly
added to margarine, and Fig. 8d shows the potential of the TOA-TCA system for
the analysis of this compound extracted from Dutch margarine.

The analysis of an aspirin tablet is shown in Fig. 9a. The analysis of salicylic
acid 1n plasma and urine is of importance in determining the relationship between
concentration and therapeutic effects. Figs. 9b and 9c show the determination of
salicylic acid in urine and plasma, respectively. For plasma, direct injection of de-
proteinized diluted plasma was applied. No changes in the column properties were
found after 2000 serum injections, which illustrates the stability of the phase system3!.
With directly injected urine ithe background was found to be too high and extraction
was necessary in order to improve it. -
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CONCLUSIONS

Phase systems consisting of long-chain aliphatic amines as the stationary phase
and aqueous solutions of acids as the mobile phase are very promising for the separa-
tion of acidic compounds such as carboxylic acids, sulphonic acids and phenols. The
variety of parameters available for adjusting the retention and the selectivity on the
one hand and the stability of the phase system on the other favours its use in practical
applications.

Future work will be devoted to the selectivity of long-chain aliphatic amines
with optically active centres for the separation of optical isomers and to the suitability
of long-chain aliphatic acids as stationary phases for the separation of bases.
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