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Analytical Chemistry Department
Facultad de Quimica
Universidad Nacional Auténoma de México
04510 México, D.F.

ABSTRACT

The retention behavior of some organic anions in the presence
of tetralkyl ammonium lons 1n the mobile phase is analized under
conditions where these hydrophobic counterions do adsorb on the
surface of a reversed-phase packing., The study comprises the
effects of the counterion concentration in the mobile and in the
stationary phase, the salt concentration in the eluent and the salt
type. Experimental results are discussed in view of previously
proposed mechanisms and a simple two-member expression relating
corrected capacity factor to adsorbed counterion concentration Iis
deduced. The retention model indicates that solute is present in
the stationary phase at two different levels; first into a diffuse
ionic cloud associated electrically to the ionic surface and,
second, at the surface of the packing where it forms ion pairs with
the adsorbed counterions.

INTRODUCTION

Ion pair chromatography (IPC) with non polar stationary phases
has had, since the beginning of its development, a great success,
displacing the polymeric ion exchange resins in some of their
typical applications, The numerous studies dealing with solute
retention in IPC have permitted to find out the 'most influent
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parameters to adjust retention times and selectivities for the best
separation of 1onic compounds.

Actually 1t 1s well known that retention in IPC depends mainly
on the following variables:

Counterion concentration in the mobile phase.

Hydrocarbon surface of counterion and solute molecules,

Nature and concentration of salts in the eluent.

Concentration of organic modifier in the mobile phase.

pH (if solutes and/or counterions are weaK acids or weak bases).
Carbon content of the stationary phase.

In order to predict and quantify the effect of changes 1in
these wvariables on separation, investigators in the field have
proposed several retention models. The first proposals were based
on a mechanism of ion pair formation in the mobile phase or at the
interface (1-6) or on a dynamilc ion exchange process (7-10). Other
models, resulting from different combinations of both types of
mechanisms, appeared some time later and the relationship between
the capacity factor and the mobile phase composition parameters
became more complicated (12, 15-17). HNevertheless, none of these
models adjust perfectly to all the results obtained using a great
variety of experimental conditions.

The problem seems to be more complex when the counterions
dissoived in the mobile phase have an hydrophobic character and do
adsorb on the surface of the stationary phase. It has been
demonstrated that this adsorption depends on the mobile phase
composition and specially the organic modifier concentration and
the counterion concentration and hydrophobicity (9-i4, 18). As we
mentionned before, these variables affect also solute retention.

In this work we have studied the retention of some aromatic
acids in their anionic form using tetralkyl ammonium 1ons as
counterions. In the conditions employed these hydrophobic 1ons do
adsorb on the stationary phase (18). We hope that the conciusions
derived from our resuits will contribute to a better understanding

of retention in these systems.
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EXPERIMENTAL

Instrumentation and Chromatographic Procedures.

The liquid chromatograph was a Perkin-Elmer 3B series pump
system equipped with a model 7105 Rheodyne injector, a LC-75
variable wavelenght PerKin-Elmer UV-Vis detector, a LC-100
Perkin-Elmer oven and a PerKin-Elmer 023 recorder. In all the
experiments the column temperature was fixed at 40C. All the
mobile phases employed were degassed before use by means of an
ultrasonic bath (Branson Instruments model D-50).

Empty ceolumns of Lichroma tubing (15cm x 4.6mm i.d.) purchased
from Alltech were homepacked with a 5 p C-18 1irregular shaped
packing, Supelcosil LC-T7 (13.64 carbon content from elementary
analysis and 250 ma/g, supplier data). These columns were employed
in all the experiments except the ones for the study of the effect
of different salts on solute retention where we used columns packed
with 5 p Rsil C-18 HL from Alltech (164 carbon content, supplier
data).

Before each experiment the column was washed with 40 mL of
pure methanol in order to remove all the counterion adsorbed on the
stationary phase remaining from previous experiments. Then, a
mobille phase containing all components (water, acetonitrile and
salts), except the tetralkyl ammonium ion, was passed through the
column to pre-equilibrate it and a HaNO3 solution was injected to
measure the void volume of the chromatographic system. At this
stage the test solutes were also injected and their capacity
factors, Kk, were evaluated. Finally the column was equilibrated
with the eluent containing the counterion and the solutes were
injected at least twice; their capacity factors in the presence of
the tetralkyl! ammonium ion, K', were then caiculated.

All the data concerning the adsorbed counterion concentration

were taken from a previous work (18).

Standard and Reagents.

The bromide salts of the counterions tetrabutyl! ammonium (TBA)

and tetrapropyl ammonium (TPA) were purchased from Eastman
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Chemicals. The test solutes were the organic acids p.hydroxy-
benzoic, sorbic, o.toluic, and p.toluic, all from Eastman Chemicals
Other salts added to the mobile phase, sodium sulphate (Baker),
mono and disodium phosphates (Merck), citric acid (Merck), crotonic
acid (Eastman Chemicals) and ammonium acetate (Merck), were
analytical grade reagents.

Analytical grade acetonitrile and methanol were from Merck.
Water was bidistilled and degassed thoroughly by vacuum. Sodium
hydroxide, used to adjust the pH, was from Reactivos Quimicos
Monterrey.

Concentrated aqueous solutions of the tetralky! ammonium
bromides and of the other salts were prepared in volumetric flasks,
adjusting 1f necessary the pH to 7. The ammonium acetate solution
was titrated using the formaldehyde method (19).

Mobile phases were prepared in volumetiric flasks just before
use, taking the appropriate aliquots of the concentrated solutions
mentionned before and adding the required volume of acetonitrile
and water.

Solutes were dissolved in a water-acetonitrile 90:40 v/v
mixture and pH was adjusted to 7. Their concentration was 1072 M
except for p.toluate which was 1073 M. In all the experiments a 5

microliter volume of each solute was injected.
RESULTS

Effect of Counterion Concentration.

TABLES { and 2 summarize the capacity factors of the 4 test
solutes deduced from the experimental retention times at different
concentrations of the counterions TPA or TBA in the mobile phase.
The concentration of adsorbed counterion in the stationary phase is
also marked.

The relation between retention and counterion concentration in
the mobile or in the stationary phase is better appreciated in
Figures 1 and 2. For all the studied solutes there is a linear
increment in retention with the adsorbed tetralky! ammonium

concentration. This relation can be represented by equation (1)
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TABLE 1
Effect of TPA Concentration on Solute Retention.
Conditions: column (i5cm x 4.6mm i.d.) packed with 5 p Supelcosil

LC~7; mobile phase acetonitrile-water (pH=7) 10:90 v/v
containing TPA and 0.31 M ammonium acetate. Temp. 40°9C.

[TPA) X102  [TPA) 1x102 solutes (k')

(rmo [ /mL ) (mmol/g) 1¥ a* 3* y¥*
0.00 0.00 0.05%  o0.e% 0.5 1.35%
0.01 0.35 0.03 0.69 0.58 1.35
0.10 i1.114 0.07 0.79 0.69 1.65
0.40 2.89 0.09 0.88 0.79 1.88
1.00 5.10 0.14 1.11 1.02 2.58
4,00 9.70 0.26 1,43 1.42 3.31

* 1 = p.hydroxybenzoate 2 = sorbate

3 = o.toluate 4 = p.toluate

# experimental K, values

TABLE 2
Effect of TBA Concentration on Solute Retention.
Conditions: column (i5cm x 4.6mm :1.d.) pacKked with 5 p Supelcosil

LC-7; mobile phase acetonitrile~water (pH=7) 10:90 v/v
containing TBA and 0.25 M ammonium acetate. Temp. 40°C.

[TBAlpx102 [TBA)g1x102 solutes (K’)

(mmo L /mL) (mmol/g) i* 2% 3k y*
0.00 6.00 0.05# 0.69% 0.58% 1.35%
0.01 2.07 0.14 0.84 0.73 1.65
0.04 3.70 0.19 0.99 0.90 2.13
0.06 4.5 0.23 1.06 0.97 2.25
0.10 6, 47 0.28 1.46 1.39 3.30
0.20 8.11 0.34 1.73 1.74 4,04
0.40 9.63 0. 44 1.92 1.97 4,75

% solutes as in TABLE {. $# experimental K, values.
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Figure 1, Effect of Counterion Concentration in the Mobile Phase
on Solute Retention.

Conditions as in TABLES 1 and 2

Counterions: [A] TPA [B] TBA

Solutes: (1) p. hydroxybenzoate (2) sorbate
(3) o. toluate (4) p. toluate
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Figure 2. Effect of Counterion Concentration 1in the Stationary
Phase on Solute Retention

Conditions as in TABLES 1 and 2

Counterions: [A] TPA [B] TBA
Solutes: (1) p. hydroxybenzoate (2) sorbate
(3) o. toluate (4) p. toluate
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TABLE 3
Regression Parameters.

Derived from application of the relation: K'=A+B{C*')g¢ to the
retention data of TABLES i and 2.

SOLUTE* INTERCEPT SLOPE Corr. Coef.
TPA TBA TPA TBA TPA TBA
{1} 0.03 0.06 2.30 3.74 +0,995 +(,986
(2) 0.68 Q.47 7.84 15.1 +0.996 +0.996
(3) 0.56 0.30 8.84 17.2 +0,998 +0.995
4) 1.36 0.63 20.8 42.1 +0.991 +0,997

* Solutes as in TABLE 1.
K = A + B [CYgy (1)

where, [C*]gy is the tetralkyl ammonium concentration in the
stationary phase and A and B are constants.

TABLE 3 reports the regression parameters resulting from the
application of equation (1) to the experimental values of TABLES 1
and 2.

Effect of Salt Concentration in the Mobile Phase.

In this study we measured the retention of the solutes at
different concentrations of ammonium acetate in the eluent, first
without counterion and then with a constant TBA concentration in
the mobile phase.

In a previous work (18) 1t was demonstrated that the variation
of salt concentration provoKes slight changes in the adsorption of
counterion. Therefore, in TABLE 4 and Figure 3 we report the value
of the function : {{K' - Kg)/[C*lg¢l for each concentration of
ammonium acetate in the mobile phase.

The behavior of all the solutes in these experiments can be

eXpressed by the relationship:

(K - Kg)/[C*1gt) = C + D [Pyt (2)
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Figure 3. Effect of Salt Concentration 1n the Mobile Fhase
on Solute Retention

Conditions as in TABLE 4

Counterion: TBA

Solutes: (1) p. hydroxybenzoate (3) 0. toluate
(4) p. toluate

Co-Ion: Acetate
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TABLE 4
Effect of Sali Concentration on Solute Retention.
Conditions: column (4Scm x 4.6mm 1.d.) packed with 5 p Supelcosil

LC-7; mobile phase acetonitrile-water (pH:=7) 10:90 v/v
containing TBA 0.002 M and ammonium acetate. Temp 40°C.

[acetate]y (k" - Ko)/[C* st

(mmol /mL ) ¥ 2k 3* 4*
0.05 15.6 58.8 61.6 139
0.10 8.61 32.1 33.5 77.0
0.30 3.13 12.1 13.7 31.9
0.40 3.69 10. 4 12.1 27.5
0.50 2.19 6.72 7.99 21.0

% Solutes as in TABLE 1.

TABLE 5
Regression Parameters

From application of the relation: {(K’'-K,)/{C*Jgq¢} = C+ D [P’]m"1
to the data of TABLE 4.

SOLUTE* INTERCEPT SLOPE Corr. Coef,
i 1.15 0.726 +0.996
2 2.53 2.84 +0.999
3 3.77 2.91 +0.999
4 10.2 6,48 +0,9995

¥ Solutes as in TABLE 1.

where, C and D are constants and [P7], represents the molar
concentration of acetate in the mobile phase. We consider here that
solute retention is affected because ions of the same charge
{co-ions), dissolved in the mobile phase, compete with solutes for
associating with the counterion.

Application of equation (2) to the data of TABLE 4 gives the

regression parameters reported in TABLE 5.
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Effect of Co-lon Type.

Solute retention was measured for different anions dissolved
in the mobile phase. Results are shown in Figure 4.

In all the experiments we worked with a 0.04 M concentration
of the studied anion, a 0002 M TBA concentration and a 0.01 M
concentration of ammonmum acetate, used to fix the pH of the mobile
phase.

Figure 4 shows that, for ail the solutes, retention increases

in the following order:

fcitrated”/citrate?™} < crotonate” # sulphate2~ < {phosphated /
phosphate™} < acetate”.

this means that the competition effect 1increases with the charge

and the hydrophobicity of the co-ion.
DISCUSSION

In order to deduce the mechanisms that take place in the
retention of ionic solutes in IPC with hydrophobic counterions we
will examine briefly the expressions derived from the two principal

proposals and we will face them with our results.

A.- Ion Pair formation in the mobile phase, or at the interface,

prior to adsorption of this species on the stationary phase.

Let C* be a cationic counterion and S~ an anoinic solute. The
mobile phase contains also other cations and amions from buffers or
other dissolved salts. The following equilibria are supposed to
occur (i,2)

Adsorption of the solute independent of the counterion.

K
1) S-m + C"'m (====mm=mm) [S—*C]st
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Figure 4. Effect of Co-ion Type on Solute Retention

Conditions: column (15cm x 4.6mm 1i.d.) packed with 5 p Supeicosil

LC-7, mobile phase acetonitrile-water (pH=7) 1(:90 v/v containing

TBA 0.002 M, ammonium acetate 0.04 M and studied co-ion 0.04 M.

Solutes: (1) p. hydroxybenzoate (3) o. toluate (4) p. toluate

Co-Ions: [A)} CH3CO0™ ; [B) HPO42 /HpPO4~ ; [C) S042
[P} CH3CH:CHCOO™ ; [E} C3HyOH(COO™)3/C3HyOHCOOH(COO ),
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or

2) S + Chy <mmmbmms (Sl <mmalams (870

The capacity factor of the;‘ solute in the first case 1is given by:
k' = Ky + BK [C*)p (3)

If ion pair formation in the mobile phase occurs then:

Ko + BK4Kp [C*lpy
K = (4)
1+ Ky [CH)p

where, K, represents solute retention without counterion 1in the
mobile phase and B is the phase relation. .

Results 1n Figure 1 demonstrate that solute retention in the
presence of TPA or TBA does not follow equation (3).

On the other hand, Figure 3 shows a remarkable dependance of
retention on the concentration of salts 1n the mobile phase
eventhough, in this case, the counterion concentration 1in the
eluent was constant. The effect of salts on retention cannot be
attributed to changes in the Kk, value, which are minor. So we
conclude that egquation (4) does not represent the retention

mechanism in our conditions.
B.- Dynamic Ion Exchange.

This model proposes that a counterion present in the mobile
phase, 1f sufficiently hydrophobic, will be adsorbed on the
stationary phase associated to an ion of opposite charge (co-ion).
The stationary phase is thus transformed into an ion exchanger
where solute and co-ions compete for a place (7-10, 12). This

process is represented by the equilibrium:

K
[P-+C]St + S_m <_—.==g==> [S—"’C]st + P‘m

Considering also the adsorption of the solute independent of the
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counterion, the capacity factor 1s given by:

[P™*Clst
K' = Ky + BK3 ————— (5)
(P )m

From equation (5) 1t 1s evident that, at constant salt
concentration, a plot of K’ versus the counterion concentration 1in
the stationary phase (as 1n Figure 2), must be Ilinear. The
intercept will be equal to K, and BK3 will be given by the product
{stope x [P Ipl

If counterion concentration in the stationary phase and salt
concentration 1n the mobile phase change, then a plot of
(k' - Kg)/[C*lgyl versus {{P7lp"11 (as in Figure 3) will be Lnear
with a zero intercept and a slope equal to BKs3.

Figures 2 and 3 show thaltl our results {follow the linear
behaviors mentionned above for all the solutes studied. Besides, we
found that the affinmity order of the stationary phase for different
anions is similar to that existing in strong anion exchange resins.
We must conciude from this that in IPC with hydrophobic counterions
an 10n exchange mechanlsm participates in solute retention.

Nevertheless, as we show 1n the following paragraphs, the
analysis of intercepts and slopes suggests that ion exchange 1s not
the only mechanism involved 1n solute retention. Another phenomenon
whose 1mportance increases as solute and counterion hydrophobicity
augments, 1s affecting retention.

In Figure 2 we worked with constant salt concentration in the
eluent and variable counterion concentration 1in the mobile and,
thus, 1n the stationary phase. When we compare the intercepts
(reported 1n TABLE 3) with the K, values of the four solutes (in
TABLE | or 2) we find that with TPA as counterion both sets of
values are similar but with TBA the intercepts are markedly smaller
than the Kk, values and this difference is larger for the more
retained solutes (more hydrophobic).

TABLE 6 reports the value of the product {slope x [P')m} for

every solute with both counterions, derived from Figure 2. Ideally



14:12 24 January 2011

Downl oaded At:

TWO-MEMBERED MODEL FOR RETENTION 2899

this product represents the ion exchange constant (BK3) which
should be 1independent of the hydrocarbon area of a previously
adsorbed counterion. But this is not the case and we observe that
the larger counterion gives higher values and the relative
difference between both sets of values increases with solute
hydrophobicity,

The results in Figure 3 with TBA as counterion correspond 1o
conditions where the salt concentration i1n the eluent 18 varlable
and the counterion concentration 1s constant in the moblle phase
but slightly variable 1n the stationary phase. From equation (5) we
would expect a zero value of the intercept for all the solutes but
this 18 not the case and the extrapolated intercepts (TABLE 5) are
significantly different {from zero. Thas fact 1indicates the
existance of an extra retention mechanism, independent of salt
concentration, which superimposes the 10on exchange process.

More evident 1s the fact that the slopes in Fig. 3 differ from
the values of the product {slope x [P ly} from Figure 2B (TABLE 6).
Both sets of values refer to the same solutes and counterion (TBA)

and they should represent the 1ion exchange constants 1f the

TABLE 6
Analysis of Slopes From Figures ¢ and 3.

"A" - Product {slope X [P ]} for TPA and TBA. Mobile phase: (salt)
constant, [counterlonT variable. Stationary phase: [counter-
lon] variable.

"B" -~ Slope for TBA as counterion. Mobile phase: ({salt] variable,
[TBA) constant. Stationary phase: [TBA] slightly variable.

"A" (Figure 2)

SOLUTE* "B (Figure 3)
TPA TBRA
1 0.713 0.93 0.726
2 2.43 3.78 2.84
3 2. 74 4,30 2.91
4 6,45 10.5 6.48

xSolutes as 1n TABLE 1.
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retention mechanism were "pure" ion exchange. Surprisingly the set
of values from Figure 3 18 similar to the products {slope x [P )y}
for TPA.

Proposition of a Model,

The preceeding discussion leads us to the following proposals:
In the presence of hydrophobic counterions 1in the eluent, the
stationary phase 1s transformed into an electrical double layer
formed by an 1onic surface (hydrophobic chains + adsorbed
counterions) and a diffuse 1onic cioud composed mainiy by co-ions.

The solute enters into this phase by two different pathways:

- First, attracted by the ionic surface the solute can get into the

diffuse ionic cloud displacing a c¢o-ion.

For a system with cationlc monovalent counterions, C*, monovalent
solutes, 87, and co-ions, P, this mechanism 1s represented by the

equilibrium:
P-].C + 8Ty <=======> P_m + S-IC
(P 1y {871 )¢
Kjg = —m— (&)
(P }c [ST1p
where, the subscript “ic" represents the ionic cloud and K, 1is the

ion exchange constant,

For an analytical 1njection of the solute we can state:

[S7)ic « [P7)i¢ and (Pl,c & [C*1gt
‘ (87he [C*1st

then: — = Kjp —— (7)
(S71Im (P lm

According to our results, when the counterion is not strongly
hydrophobic, ion exchange is the only path for solute retention
mnvolving the participation of the counterion. The capacity factor

for the solute 1s then given by:
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[c+}st
K'g = Ko + PKyg — (8)
(P im

where, kK, 1s the capacity factor of the solute in the absence of

counterion in the system.

- Second, the hydrophobic effects experienced by the solute in the
mobile phase and by the adsorbed counterions, specially 1f they
have a large hydrocarbon area, can promote the formation of an

ion pair on the surface of the packing .

This process can be represented by the equilibrium:

Kjp * —————— 9)
(S7Im (C*Ist

where the subscript "ip" stands for 1ion pair formation. The
stability of the resulting ion pair depends on the structure of the
solute and on the hydrophobicity of both entities.

Our experimental results 1indicate that the contribution of

this mechanism to retention is expressed by a relation of the type:
Koz -7+ BKip {Ctist (10)

where, Z is a constant term whose value depends on the nature of
solute and counterion. We cannot give a physical interpretation of
this parameter but we have observed that, in IPC with strongly
nydrophobic counterions, a negative constant term is systematically
present. In a previous work (14) with alkyl-sulphonates as
counterions we also found a linear relation between k' and the
counterion concentration in the stationary phase; the intercepts of
the plots for the solutes studied 1n the presence of
octylsulphonate corresponded to the K, values, but ,with dodecyl-
sulphonate, the intercepts for the same solutes were plainly

negative.
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When ion pair formation on the surface of the packKing occurs,

the two mechanisms contribute simultaneously to retention, then:

k' = K'y + K'p

K' = F+ [ BEjp+ BKje [PTlp ! 3 [CYige (11)
or:

x'-F_BK R ,

[—C;Ts_t. = 1p 1e (Pln (11")

where, F = k, - Z

Test of the Model

From Figure 2B (for TBA) we obtained the wvalue of "F"
(intercepts) for each solute. This one was used 1n conjunction with
the data of the experiments at different salt concentrations to
calculate the function (K - F)/[{C*lg¢l Then by linear
regression, applying equation (11’), we obtained the equilibrium
constants of the proposed model (TABLE 7). Note that these values
are deduced from experimental conditions where [C*ly 1s constant
and [P7)p 1s variable.

The last column in TABLE 7 represents the slope 1n the

relation:

K' = A + B [C*lgy fequation (1)}

TABLE 7

Equiiibrium Constants of the Proposed Model.

SOLUTE* BKp BKje {BKjp + BKje(P Iy b1
i 1.34 0.65 3.94
2 4.88 2.70 15.7
3 7.03 2.81 18.3
4 19.4 6.39 4.7

* Solutes as in TABLE 1{
# Calculated with [P}y = 0.25 M
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1t was calculated for the 4 solutes at [P']m g 025 M using the
egquilibrium constants of the model and applying egquation (1)
These values can be compared with those reported in TABLE 3
(slopes) for TBA. There, the experimental conditions were [C"]m
variable and [P7ly constant (0.25 M). The similarity between both
sets of values demonstrates the coherence of the model.

Moreover, 1f we compare the BK;e values in TABLE 7 deduced
when using TBA as counterion, with the products {slope x [P7]p} for
TPA, in TABLE 6, a strong similarity becomes evident. We mentionned
before that for a "pure" ion exchanger this product 18 equal to the
1on exchange constant mutiplied by the phase relation. Thus, we
infer that with TPA as counterion the retention of the studied
solutes 1s due only to an 1on exchange mechanism. This means that
TPA has a very weak tendency to form ion pairs with those solutes
at the surface of the stationary phase.

We can thus reiterate that the value of the ion exchange
constant, Kje, depends only on the structure and charge of the
solute and i1s independent of the hydrocarbon area of the adsorbed

counterion.
CONCLUSIONS

In IPC, with hydrophobic counterions, ionic compounds can be
retained by two different mechanisms invoiving the counterion.

One is ion exchange, where the solute displaces co-ions from a
diffuse 1onic cloud associated electirically to the surface of the
packing. This surface 1s composed by hydrocarbon chains and
adsorbed counterions,

The other 1s based on an ion paiwr formation, between the
solute and the adsorbed counterion, at the surface of the packing.

The first mechanism holds with all counterions 1f they are
sufficlently hydrophobic and do adsorb on the stationary phase.

The second mechanism, which superimposes the 1ion exchange
process, occurs only if the solute and/or the adsorbed counterion

are strongly hydrophobic.
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