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SUMMARY 

A non-buffered ion-pair chromatographic system with alkyl-bonded silica was 
used to determine inorganic anions. Some octyl-bonded stationary phases showed 
unexpected behaviour such as a dependence on pre-wetting and on the flow-rate 
during the dynamic equilibration. On the other hand, octadecyl-bonded stationary 
phases were not influenced by these effects. The influence of an organic co-solvent 
and the efficiency with 3-pm particles in ion-pair chromatography were also studied. 

INTRODUCTION 

In a previous paper’ we described the separation of inorganic anions by ion- 
pair reversed-phase liquid chromatography monitored by indirect photometry. A 
lipophilic ionic hetaeron (CsH1,NH3+) is adsorbed on octyl-bonded silica and the 
ionic solute competes with the W-absorbing counter ion. A non-buffered aqueous 
mobile phase is used in order to decrease the conductivity of the eluent and permit 
double detection by conductimetry and indirect photometry*. We have previously 
shown3 that pre-wetting of the octyl-bonded silica influences the amount of the sur- 
factant (CsH1,NH:CH3CsH4SO;) adsorbed, althoughthe concentration of the sur- 
factant in the aqueous mobile phase is kept constant, and that an increase in the 
amount of surfactant adsorbed causes an increase in the capacity factors of inorganic 

l Presented as a poster at the 9th International Symposium on ColwM Liquid Chromatography, 
Edinburgh, l-5 July, 1985. The majority of the papers presented at the symposium have been published 
in J. Chromatogr., Vols. 352 and 353. 
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solutes. Other workers4-7 have found that the amount of surfactant adsorbed depends 
on the concentration of either the pairing ion or the ionic and/or organic modifier 
in the eluent. 

In this work, we studied the effects of pre-wetting of two types of alkyl-bonded 
silica with two types of alkylammonium surfactants. The intluence of the flow-rate 
of the mobile phase during the equilibration was investigated. With octyl-bonded 
silica, an irreversible modification was observed after several adsorption and desorp- 
tion cycles and we propose a simple test to demonstrate this modification. Further 
studies indicated that the efficiency of a column in ion-pair chromatography is lower 
than that in reversed-phase chromatography, and that this efficiency is drastically 
reduced when 3-pm microparticles are used. 

EXPERIMEWAL 

The chromatographic equipment, eluent preparation, column loading and col- 
umn desorption were as described elsewherelb3. 

The columns were slurry packed in the laboratory with 7-pm Zorbax Cs and 
ODS (DuPont, Wilmington, DE, U.S.A.), 5-pm LiChrosorb RP-8 and RP-18 
(Merck, Darmstadt, F.R.G.) and 5-pm Spherisorb Cs (Phase Separations, Queens- 
ferry, U.K.). For the study of the influence of flow-rate, an Ultrasphere Cs column 
(Beckman, Fullerton, CA, U.S.A.) was used. Situated before the Rheodyne sample 
valve, a pre-column packed with octyl-bonded silica guarded the analytical column. 
In all experiments the following order of operations was adopted. 

For the pre-wetting of the apolar phase, different finite volumes of liquid were 
pumped through the pre-column-analytical column system, first 60 ml of methanol 
and then from 0 to 60 ml of water. The analytical column was then disconnected and 
the pre-column was equilibrated separately with the eluent containing the surfactant. 
After equilibrium of the pre-column, the analytical column was switched into the 
same eluent flow line. The amount of surfactant adsorbed of the analytical column 
was calculated by the breakthrough method3 (Table I). 

Aqueous eluents were prepared with octylammonium (OA) or tetrabutyl- 
ammonium (TBA) hetaeron and p-toluenesulphonate (PTS), phthalate (P), chloride 
(Cl) or bromide (Br) counter ions. A comparative study of adsorption was carried 
out with hydro-organic eluents. 

RESULTS AND DISCUSSION 

Influence of pre-wetting of alkyl-bonded silica 
Before pumping the surfactant (hetaeron+zounter ion) dissolved in water 

through the column, the apolar stationary phase (Zorbax Cs or ODS) was pre-wetted 
with 60 ml of methanol followed by water. The various volumes of water desorb a 
portion of the organic solvent adsorbed on the apolar moiety of the stationary phase 
and the lipophilic interactions between the surfactant and the stationary phase are 
decreased. 

We have noted’ that on Zorbax octyl-bonded silica the amount of OA-PTS 
(or TBA-PTS) surfactant adsorbed decreases with increase in the volume of water 
used in the pre-wetting stage. This decrease causes a decrease in the capacity factors 
of the solutes (Table I). 
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ml H20 

Fig. 1. Plots of amount of surfactant adsorbed as a function of the volume of water in the pre-wetting 
step following the methanol flushing. 0, 5 mM OA-PTS; A, 5 mM TBA-PTS. 

Table I and Fig. 1 show a smaller amount of hetaeron adsorbed (A) for TBA 
than for OA, a greater decrease in A for OA than for TBA and a difference in the 
capacity factors of solutes for the two different adsorbed hetaerons (OA and TBA). 

Two points can be made about the TBA-PTS system: first, the k’ value of the 
sulphate dianion is lower than that of the iodide monoanion, and second, the k’ value 
of the iodide monoanion is high. 

Regarding the first point, similar dianion elution has been observed previously 
in ion-exchange chromatography with a high concentration of salt in the eluent*s9, 
with ion-pair systems l O-l 2 and with a particular surfactanV 3 (TBA-nitrobenzene- 
sulphonate). In this instance sulphate is elueted as the chloride or bromide faster 
than as the nitrate or iodide. 

The second point can be explained by the different mechanisms involved in 
TBA hetaeron ion pairing in the mobile phase and in the stationary phase and in OA 
hetaeron ion pairing in the stationary phase, and by the diffuse charge of the iodide 
anion, i.e., strong hydrophobic adsorption of the solute on the alkyl-bonded surface 
is possible when a small amount of TBA surfactant is adsorbed. 

Hence the pre-wetting of Zorbax C8 has a marked effect on the retention of 
the solutes. The reproducibility and the prediction of retention are difficult without 
a detailed knowledge of the pre-wetting stage, which may be one explanation for the 
numerous problems encountered in many laboratories when using such techniques. 

OA-PTS was adsorbed on octadecyl-bonded silica (Zorbax ODS) following 
the same pre-wetting procedure as for the octyl-bonded stationary phase. Table I 
shows that the amount of OA-PTS adsorbed and the capacity factors of mono- and 
dianions do not depend on the pre-wetting. 

We can propose an explanation for the different behaviours of these apolar 
bonded silicas. Before flushing with water, the methanol molecules are intercalated 
between the apolar chains and can behave like a surfactant. When water (60 ml) is 
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TABLE II 

CAPACITY FACTORS OF SUGARS USING AN OCNL-BONDED SILICA COLUMN 

Column: Zorbax Cs, 240 x 4 mm I.D. Mobile phase: water. Flow-rate: 0.8 ml min-‘. 

Packing k 

Glucose Sucrose R&nose 

Unmodified 0.14 0.14 0.17 
Irreversibly modified 0.73 1.29 1.68 

flushed through the column, methanol is easily removed from the short-chain oc- 
tyl-bonded layer, which leaves a chaotic structure that collapses owing to increased 
hydrophobic association14. With water, which is a very bad wetting agent for these 
apolar chains, a disordered folded state is favoured like a dry packing15, and the 
surfactant is less adsorbed. 

On the other hand, with ODS columns after the same flushing with water, 
some methanol molecules remain between the longer octadecyl chains, favouring an 
ordered “bristle” or chaotic state but non-collapsed. The residual methanol can be 
desorbed with a larger amount of water14 or by heating14*16. With an octadecyl layer 
wetted by pure methanol or by methanol-water the same amount of surfactant can 
be adsorbed. Recently, spectral studies of ion-pair interactions have shown that a 
surfactant in water unfolds the octadecyl chain more than the octyl chain, as the 
shorter chains have less freedom to rearrange’ ‘. 

To confirm this difference in structure of alkyl chains after flushing with water, 
we can compare the separation of hydrophilic compounds such as glucose, sucrose 
and raffinose on Ca and Cis unmodified columns with water as the eluent. On Cs 
bonded silica (Table II) no selectivity is obtained and in this collapsed structure the 
carbohydrates have a retention volume close to the void volume. In contrast, on Cls 
bonded silica a good separation of carbohydrates is obtained with a low-loaded oc- 
tadecyl-bonded packing having residual silanol groupsls and also with a high-loaded 
Zorbax ODS packing19. For this last stationary phase residual methanol from the 
conditioning of the column may permit a chaotic structure to be preserved and the 
separation of carbohydrates by a sieve phenomenon. 

Injhence of organic co-solvent 
With the same concentration of surfactant in the mobile phase, various 

amounts can be adsorbed and various capacity factors can be obtained by adding an 
organic solvent to the mobile phase. 

We have shownz*3 that after methanol and water pre-wetting, an aqueous- 
organic eluent increases the amount adsorbed and the capacity factors, but the break- 
through curves show a diffuse shape. After pre-wetting with methanol without water, 
an increase in the percentage of organic solvent in the eluent (to more than 5-10%) 
decreases the amount adsorbed because the hydrophobic effect is decreased6. How- 
ever, as can be seen in Fig. 2a, a small amount of organic co-solvent (O-2%) allows 
more surfactant to be adsorbed than the neat aqueous mobile phase. This small 
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% organic co-solvent 
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Fig. 2. (a) Amount of surfactant adsorbed as a function of the percentage of organic solvent in the mobile 
phase (5 mM OA-PTS): 0, Tetrahydrofuran; A, propanol; 0, acetonitrile. (b) Capacity factors of solutes 
as a function of the percentage of propanol in the mobile phase (5 mM OA-PTS). l , SO:-; 0, I-. 
Column: Zorbax Cs, 250 x 4.6 mm I.D. Mobile phase: 5 mM OA-PTS (pH 4.5) + organic co-solvent. 
Flow-rate: 2 ml min-‘. Pre-wetting: 66 ml of methanol. 

modification to the mobile phase considerably increases the capacity factors (Fig. 
2b). 

In contrast a concentration of organic solvent higher than 2% decreases the 
amount adsorbed and also the capacity factors. In this instance the greater the affinity 
of the organic modifier for the apolar chain, the more it desorbs the lipophilic sur- 
factant. This affinity can be characterized by the dispersion component, &, of the 
Hildebrand parametePO. Tetrahydrofuran (& = 7.6) is the most lipophilic (propan- 
01, Sd = 7.2; acetonitrile, & = 6.5). 

Fig. 2 shows that the same retention of a solute can be obtained with different 
amounts of surfactant using different percentages of propanol co-solvent (0.5 or 5%). 

Finally, to increase the capacity factors it is possible to use a small amount of 
organic co-solvent, but the injection of aqueous solutions disturbs such systems2. 

soo- 

400r 
1 2 3 

Flow-rate (ml.min-)) 

Fig. 3. Plots of amount of surfactant adsorbed [5 mM OA-P @H 6.38)] as a function of the flow-rate of 
the equilibration. 0, Ultrasphere Cs; A, Zorbax C s; 0, Spherisorb Cs; ‘7, LiChrosorb RP-8. 
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Influence of flow-rate on equilibration 
In their application notes, some manufacturers (e.g. Shodex) recommend 

changing the flow-rate of the mobile phase during the equilibration process, but the 
reason for this variation is not obvious. This fact, and the presence of some unex- 
plained irregularities in the breakthrough curves3, prompted us to study the infhtence 
of flow-rate during the equilibration. 

After pre-wetting with methanol, the stationary phase was equilibrated using 
various flow-rates (3, 2, 1.5, 1 and 0.5 ml min- ‘)compatible with the maximum 
pressure of the columns. For each value of these flow-rates the amount of surfactant 
adsorbed was measured. 

This was tried with various packing materials (LiChrosorb RP-8 and RP-18, 
Ultrasphere Cs, Spherisorb Ca and Zorbax Cs and ODS) using OA as the hetaeron 
and P as the counter ion. The results presented in Fig. 3 for Cs columns show a 
difference between two columns for which the amount of surfactant adsorbed is 
independent of the flow-rate (Spherisorb and LiChrosorb) and the other two columns 
(Zorbax Ca and Ultrasphere C,) for which there is a clear dependence on these 
parameters. An increase in the flow-rate induces an increase in the amount of sur- 
factant adsorbed. The similarity between these two columns confirms the observa- 
tions of Majors2 l and Goldberg2 2, who found a similarity in the capacity factors of 
either apolar or acidic or basic polar compounds on these two stationary phases. 
Similar studies with the Cl8 phases indicated complete independence of these param- 
eters. 

In order to verify the influence of the nature of the hetaeron and counter ion 
on this effect, the same test was carried out using TBA and OA as the hetaeron and 
PTS, P, Cl and Br as counter ions. Table III gives the results with the organic counter 
ions. A similar variation with flow-rate was obtained in all four instances. Replacing 
the organic with inorganic counter ions3 gave the same results. 

It was found that this effect is not constant during the life of the column, being 
noticeable only when the column is either new or has been never used in ion-pair 
chromatography. After a few adsorption and desorption cycles it becomes saturated 
and eventually the amount of surfactant adsorbed becomes independent’of the 

TABLE III 

INFLUENCE OF EQUILIBRIUM FLOW-RATE ON THE AMOUNT OF SURFACTANT AD- 
SORBED AND ON THE CAPACITY FACTORS 

Column: Zorbax Cs, 7 pm, 240 x 4 mm I.D. Mobile phase: 1 mM surfactant. Pre-wetting: methanol. 

Surfaclant Flow-rate A k’ (NOT) k’ (I-) k’ (so:-) 
(ml min-‘) (mmole) 

OA-PTS 3 0.57 5.1 6.2 28.5 
OA-PTS 0.5 0.18 1.5 1.8 6.4 
OA-P 3 0.45 3.6 5.3 10.8 
DA-P 0.5 0.28 2.2 2.9 6.6 
TBA-PTS 2.5 0.40 7.2 20.9 11.3 
TBA-PTS 0.5 0.27 4.7 13 7.8 
TBA-P 2.5 0.2 12.9 44 20.7 
TBA-P 0.5 0.14 8.7 29 14.4 
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flow-rate used in equilibration (the same value as at a high flow-rate). Therefore, 
after utilization of these colwnns, the stationary phase becomes modified. We have 
devised a simple test to demonstrate the state of these columns. As can be seen from 
Table II, there is a great difference between the separation of a mixture of three 
specific sugars (glucose, sucrose and rafhnose) on a new and on a modified column, 
the separation being impossible on a new column and very easy when it is mod&d. 
Hence the simple injection of a mixture of these sugars immediately indicates whether 
the modification to the column has occurred. 

We think that a small amount of surfactant remains adsorbed after the de- 
sorption process with methanol-water (1: 1). We have tried to desorb it by cleaning 
the column with solvents other than this methanol-water mixture, viz., ethanol-prop- 
anol(1: 1) at SO‘C, methanol-chloroform (1:2) and 1 mM perchloric acid at 5o’C, but 
the test with sugars showed that the column was still modified. A small amount of 
surfactant may be irreversibly adsorbed. In fact, Bij et uLz3 have shown that amines 
with a bulky alkyl chain such as octylamine are associated with residual silanol 
groups of bonded silica. These silanophilic interactions are stabilized by hydrophobic 
interactions between the alkyl chain of the amine and the alkyl moiety of the sta- 
tionary phase. 

These hypotheses do not provide any explanation for the separation of car- 
bohydrates on the modified columns. One can only postulate that the phenomenon 
is similar to that observed with Cl8 bonded silica for the separation of the same 
compounds. 

Eficiency of the ion-pair chromatographic system 
The efficiency of apolar columns (Cs and Cr a) is usually assessed by chro- 

matographing aromatic solutes with methanol-water as the mobile phasez4. How- 
ever, we have found that this evaluation of the performance of an apolar packing 
material has no meaning when it is used in an ion-pair chromatographic rather than 
in a reverse-phase system. 

Table IV illustrates the results obtained with 7- and 3-pm Zorbax octadecyl- 

TABLE IV 

COMPARISON OF EFFICIENCY OF ZORBAX ODS PACKINGS IN REVERSED-PHASE AND ION-PAIR 
CHROMATOGRAPHIC SYSTEMS 

System Mobile phase Solute ion Column 

Zorbax ODS 7 F Zorbax ODS, 
(150 x 4.6 mm I.D.) Golden 3 jun 

(80 x 6.2 mm I.D.) 
Plates/m k 
(N) Plates/m k 

fN) 

Reversed-phase Methanol-water Nitronaphthalene 40 400 6.20 65 950 4.75 
(70:30) Naphthalene 55 440 9.74 95 920 8.11 

NO, 17 430 1.73 14 420 2.49 
Ion-pair 1 mM OA-PTS Cl0; 18 680 2.54 16 310 3.39 

ClOi 22 320 3.78 17 330 4.58 
so:- 27 MO 9.51 22 loo 10.58 
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7 

9 d 
10 20 min 

Fig. 4. Chromatogram of a test mixture of inorganic anions. Sample loop: 20 ~1. 1 = Cations; 2 = 
carbonate, 0.6 pg; 3 = chloride, 0.36 Pg; 4 = nitrite, 0.92 pg; 5 = bromide, 1.58 w; 6 = nitrate, 1.24 
pg; 7 = sulphate, 0.96 pg; 8 = induced peak; 9 = iodide, 2.52 pg. Column: Zorbax Cs, 240 x 4 mm I.D. 
Eluent: 1 mM tetrabutylammonium phthalate, pH = 6.2, flow-rate = 1.5 ml min-‘. Conductivity detec- 
tion. 

Fig. 5. Chromatogram of a test mixture of inorganic anions. Solutes as in Fig. 4. Multiple peaks for 
carbonate. Column: Zorbax ODS, 90 x 4 mm I.D. Eluent: 0.2 m&f Tetrabutylammonium phthalate, 
pH = 6, flow-rate = 1.5 ml min-i. Conductivity detection. 

bonded stationary phases. Two observations can be made: first, the opposite varia- 
tion of efficiency with granulometry in the reversed-phase (RP) and the ion-pair (IP) 
systems (N = 55 440 at a 7 pm particle size and 95 920 at 3 pm in the RP system; 
N = 27 150 at 7 pm and 22 100 at 3 pm in the IP system); and second, the decrease 
in efficiency in the ion-pair system (for the same k’ value, N = 55 440 in the RP 
system and 27 150 in the IP system at 7 pm; N = 95 920 in the RP system and 22 100 
in the IP system at 3 pm). This decrease in efficiency can be explained by the numerous 
equilibria involved in the retention process and by the small velocity of mass transfer 
in ion-pair chromatography. 

In conclusion, a realistic test for an ion-pair chromatographic system needs to 
be devised. Moreover, one must remember that the arguments applied by chromato- 
graphists to reversed-phased systems are not always transposable to ion-pair chro- 
matography. 

CONCLUSION 

Non-buffered ion-pair reverse-phase liquid chromatography was found to be 
a successful system for the determination of inorganic anions. The equilibration pro- 
cess is longer with octadecyl- than with octyl-bonded stationary phases, and requires 
particular attention with octyl-bonded stationary phases. The selectivity depends on 
the alkyl-bonded stationary phase. For example, Figs. 4 and 5 show that for the 
determination of carbonate, an octyl-bonded stationary phase must be selected. 
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Finally, we cannot choose between the Cs and CIs systems, and we consider 
that the efficiency of an ion-pair system must be measured by tests different from 
those used with classical reversed-phase systems. 
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