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SEPARATION SCIENCE AND TECHNOLOGY, 19(4 & 5), pp. 21 9-240, 1984 

Control of the Interaction Potential for Improved 
Resolution in Potential Barrier Chromatography 

V. LESINS and E. RUCKENSTEIN" 
DEPARTMENT OF CHEMICAL ENGINEERING 
STATE UNIVERSITY OF NEW YORK AT BUFFALO 
AMHERST, NEW YORK 14260 

Abstract 

Potential barrier chromatography (PBC) is a recently demonstrated protein 
separation technique which uses an isocratic elution procedure and exploits the 
differences in the interaction potentials between the proteins and the adsorbent. The 
interaction potential is determined by the van der Waals attraction, double-layer, 
Born, and hydration repulsions between the adsorbent and adsorbates and is very 
sensitive to the properties of the molecules, such as charge and size. A separation is 
feasible without any change in the composition of the mobile phase when the 
interaction potentials have surmountable potential barriers to adsorption and 
moderately deep adsorption energy wells. To ensure short analysis time and useful 
resolution, the total interaction potential must be controlled by suitably modifying the 
van der Waals attraction and the double-layer repulsion. The van der Waals 
attraction can be controlled by the introduction of small amounts of organic solvents 
in the aqueous mobile phase. The double-layer repulsion can be modified by changes 
in pH, ionic strength, or chemical nature of the ions of the mobile phase, Additionally, 
changes in temperature may be used to improve resolution. Here an updated high 
performance liquid chromatography version of PBC is reported. Using an isocratic 
elution procedure and an inexpensive ion-exchange column, the effect of changes in 
the pH, ionic strength, chemical nature of the ions, and organic solvent content of the 
mobile phase on the retention times and resolution of two model proteins (ovalbumin 
and bovine serum albumin) are demonstrated. Improved separations with high 
resolutions are achieved. 

INTRODU CTl ON 

In a recent publication ( I )  from this laboratory the initial development of a 
high pressure liquid chromatographic method for the separation of proteins 

*Address correspondence to Prof E. Ruckenstein. 
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220 LESINS AND RUCKENSTEIN 

was reported. This method, suggested by Ruckenstein and Prieve (2 ) ,  was 
termed potential barrier chromatography. These authors recognized that a 
fine discrimination among similar particles or molecules was possible by 
properly tuning the operating conditions, such as pH and ionic strength, of a 
liquid chromatograph so that the potential energy between the adsorbate and 
the adsorbent possesses a moderate energy barrier to adsorption as well as a 
moderately deep adsorption energy well. Theoretical considerations indi- 
cated that small differences in the physicochemical properties of the 
adsorbates tremendously affect the depth of the energy well and the height of 
the potential barrier. For this reason, their chromatographic separation is 
possible. This contribution reports on the further development of PBC. 

Although previous work ( I )  showed satisfactory resolution of the model 
proteins, a primary objective of the present work is to improve the resolution 
of the separation while keeping residence times short. This goal was 
accomplished through the modification of the double-layer and van der 
Waals interactions between the adsorbent and the adsorbates through 
changes in the operating conditions. These interactions along with the Born 
and hydration repulsions constitute the components of the total interaction 
potential which governs the adsorption-desorption process. 

Initially, theoretical aspects of PBC are reviewed. Further details can be 
found elsewhere ( I ,  2). Subsequently, it is shown that the double-layer 
repulsion is easily modified through small changes in the ionic strength, pH, 
or chemical nature of the electrolyte of the mobile phase. Furthermore, it is 
shown that the van der Waals attraction can be modified by the addition of 
organic solvents to the mobile phase. Additionally, the effect of temperature 
on the resolution of the two model proteins is investigated. Finally, 
conditions for improved resolution are identified. 

THEORY 

As in any chromatographic separation, the separation process in PBC is 
based on the fact that the residence time of an adsorbate in a column filled 
with an adsorbent is directly related to the partition of the adsorbate between 
the stationary adsorbent and the mobile fluid. However, to achieve a useful 
separation, three general requirements must be satisfied. First, the different 
components of a mixture must travel through the column at different rates, 
thus forming discrete bands which disengage as time proceeds. However, 
since these bands broaden with time, the second requirement is that they 
disengage more rapidly than they broaden. Finally, the separation should 
occur in a relatively short period of time. In PBC these requirements are 
satisfied through the proper choice of the adsorbent and pH, ionic strength, 
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POTENTIAL BARRIER CH ROM ATOG RA PH Y 221 

chemical nature of the electrolyte, organic additives, and temperature of the 
mobile phase for the given set of adsorbates. These parameters are important 
because they affect the interactions between the adsorbates and the 
adsorbent and hence, govern the adsorption-desorption process. 

‘The interactions mentioned above consist primarily of the van der Waals 
interaction, the double-layer interaction, and the Born repulsion. The van der 
Waals interaction is always attractive between identical entities; however, 
under certain conditions, the van der Waals interaction between two 
dissimilar particles may become repulsive when separated by a medium (3 ) .  
In PBC the van der Waals interaction is attractive and can be modified by 
the addition of organic solvents to the aqueous mobile phase. 

The double-layer interaction arises from the charged surfaces of the 
adsorbates and the adsorbent. Associated with each charged surface is a 
diffuse cloud of counterions which extends into the solution surrounding the 
surface. Between identical nonzero charge surfaces, the double-layer 
interaction is necessarily repulsive; for dissimilar surfaces with like charges, 
it may become attractive in some special circumstances (4,  5). In PBC it is 
important that the double-layer interaction be repulsive which is, in general, 
a consequence of the adsorbate and adsorbent bearing like charges. 
Repulsive double-layer interactions are employed to moderate the depth of 
the adsorption energy well. The double-layer interaction is easily modified 
by changes in the ionic strength, pH, or chemical nature of the ions of the 
mobile phase. An increase in ionic strength will decrease the double-layer 
interaction. Alterations in the double-layer interaction resulting from 
changes in the pH or chemical nature of the electrolyte are dependent upon 
the nature of the adsorbent and adsorbates involved. 

Other interactions involved include Born repulsion and hydration forces. 
Born repulsion results from the overlap of electron orbitals. Hydration forces 
arise from the removal, displacement, or rearrangement of water molecules 
in an interfacial region. It should be noted that without these short-range 
repulsive forces, the adsorption energy well would be infinitely deep and 
desorption would not occur. 

These individual interactions can be summed to form the total interaction 
potential @ between the adsorbate and the adsorbent. In general, a plot of the 
interaction potential @ versus h (the minimum distance between the 
adsorbent, idealized as a flat plate, and the adsorbate, idealized as a sphere) 
can display a variety of profiles. The profile relevant to PBC is shown in 
Fig. 1. At short distances a moderately deep adsorption energy well (primary 
minimum) occurs. At intermediate distances the double-layer repulsion 
makes the largest contribution to the interaction potential and hence a 
potential-barrier to adsorption occurs. At  larger distances the exponential 
decay of the double-layer repulsion causes it to fall off more rapidly than the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



222 LESINS AND RUCKENSTEIN 

6 mar 

( 

Potential barrier 

Secondary minimum 

Adsorption energy well 

Potential barrier 

Secondary minimum 

> 
h 

Adsorption energy well 
or primary minimum I 

I" 

+ 
h 

FIG. 1. Schematic potential energy profiles relevant to potential barrier chromatography. Curve 
A: Double layer interaction. Curve B: Van der Waals interaction. Curve C: Total interaction 

potential. 

power law of the van der Waals attractive term and a second minimum 
occurs. In obtaining a profile as shown in Fig. 1, two points are especially 
noteworthy (2 ) .  First, there exists a narrow range of Hamaker's constant (6) 
(which is a measure of the strength of the van der Waals interaction) and 
surface potential (which is related to the double-layer interaction) for which a 
maximum and two minima exist. If the Hamaker constant is too small (large) 
or the surface potential is too large (small), the maximum and primary 
(secondary) minimum merge, leaving only one extremum. Second, depending 
on the ionic strength of the mobile phase, the primary minimum may be 
above (low ionic strength) or below (moderate ionic strength) the secondary 
minimum. However, in the former case, even if the potential barrier to 
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POTENTIAL BARRIER CHROMATOGRAPHY 223 

adsorption is surmountable, the amount of adsorbate in the primary 
minimum will be negligible since such an energy minimum is not energet- 
ically favorable. Thus it is seen that the choice of operating conditions must 
be made with care. General guidelines for modification of the interaction 
potential are as follows. The depth of the primary minimum is increased by 
increasing the van der Waals interaction (i.e., larger Hamaker constant) and/ 
or reducing the double-layer interaction (i.e., decreased surface charge, 
higher ionic strength). On the other hand, the height of the potential barrier is 
raised by enhancing the double-layer interaction and/or reducing the van der 
Waals interaction. 

Using an intuitive analysis (7, S), the average retention time z of an 
adsorbate, when adsorption-desorption equilibrium can be assumed between 
the bulk solution and the adsorbent, is given by 

= {ep S(2nkT/S, i , ) ’ /2  exp ( - & , , i , / k T ) ) v / Q  

Obviously, useful resolution also requires that the peaks are not too broad. 
The variance. 02, which is a measure of peak broadening, is given by: 

In the above equations E~ is the void volume, S is the surface area per unit 
volume of adsorbent, k is the Boltzmann constant, T is the absolute 
temperature, v is the total column volume, Q is the volumetric flow rate of the 
mobile phase, up is the radius of the adsorbate, D, is the bulk diffusion 
coefficient of the adsorbate, 

The definitions of h,,,, h,,,, @,,,, and Gmin are given in Fig. 1, and K,  the 
equilibrium constant, is given by 

Note that the only parameters involved in the interaction potential that 
determine the retention time of the adsorbate are the depth and the 
shape (amin) of the adsorption energy well. On the other hand, peak 
broadening is also determined by the height (Qmax), shape (a,,,), and position 
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224 LESINS AND RUCKENSTEIN 

(h,,,,) of the potential barrier. Thus an unavoidable consequence of using 
double-layer repulsion to raise the adsorption energy well (to facilitate 
desorption) is the accompanying effect of peak broadening. In addition to 
peak broadening, the introduction of a potential barrier imposes some 
restrictions which are more easily understood on the basis of the following 
intuitive analysis. In most chromatographic procedures, a large number ( lo3 
to lo4) of adsorptions and desorptions take place. In such cases the 
chromatographic process can be treated by equilibrium considerations ( 7). 
In PBC the characteristic time for adsorption tai for adsorbate i is given 
by 

If the potential barrier (cjb,,,) is too high, equilibrium considerations are in 
question since the adsorption-desorption process will be too slow. In fact, if 
the potential barrier is excessively high, which is a consequence of low ionic 
strength and high surface charge, adsorption may not occur since the 
characteristic time for adsorption may be greater than the average residence 
time of the mobile phase or an unretained tracer. In this case the possibility 
exists for the adsorbate to elute ahead of the unretained tracer, since the 
adsorbate would be excluded from sampling the slower mobile phase 
velocities near the adsorbents surface due to the strong double-layer 
repulsion. However, for the case of a moderate potential barrier to adsorption 
and a moderately deep adsorption energy well, the adsorbates will make 
many exchanges between the adsorbed and desorbed state and hence, the 
relative number of molecules in the two states can be approximated by 
equilibrium considerations. 

As previously stated, chromatographic zones must disengage more rapidly 
than broaden to obtain useful resolution. The resolution, Rs, can be defined 
as 

Rs = A Z j j / ( 2 ( ~ ;  + q)) ( 5 )  

where AZ, is the distance between adjacent peak centers i and j ,  and ui and 
9 are the standard deviations of peaks i and j ,  respectively. In terms of the 
interaction potential, the resolution can be written as 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



POTENTIAL BARRIER CHROMATOGRAPHY 225 

where 

and 

As expected, resolution cannot be obtained if Ki = 4. For closely eluting 
peaks, Ki N I$ and resolution can be obtained by controlling peak broaden- 
ing by decreasing the height of the potential barrier or perhaps through its 
elimination. In the latter case, although the term “potential barrier chroma- 
tography” may be a misnomer, the interactions which govern the separation 
are unchanged. Thus it is seen that the reduction of the potential barrier 
offers an alternate means of obtaining resolution for a given set of adsorbates 
as opposed to radically modifying the operating conditions to generate 
greater differences in the depth of the adsorption energy wells. Finally, if Ki 
and 4 differ significantly, peak broadening may be of secondary importance 
and the depth of the adsorption energy well must be raised in order to 
decrease analysis time. 

To summarize, the essence of PBC is to identify operating conditions such 
that the interaction potentials of the individual adsorbates differ enough to 
allow for a separation. These differences in the total interaction potentials are 
accomplished through modifications of the component interactions, namely, 
the van der Waals attraction and the double-layer repulsion. However, the 
use of double-layer repulsion to raise the adsorption energy well to moderate 
levels, in general, leads to a potential barrier to adsorption. This barrier must 
be moderate for adsorption to occur and for the resolution of the adsorbates 
to be satisfactory. 

EXPER I MENT 

The experimental apparatus consisted of a solvent delivery system 
(Waters 6000A), a nonstop flow septumless injector (Waters U6K), a 
DuPont ZIPAX SCX column (2.1 mm i.d. X 100 cm), and a variable 
wavelength absorbance detector (Waters 450). The detector was interfaced 
with a strip chart recorder (Houston Instrument Omniscribe) and a peak 
timer and area integrator (Varian CDS 11 1). A digital pH meter (Orion 
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226 LESINS AND RUCKENSTEIN 

Research 601A) with a standard pH electrode (Orion 91-04) was used for 
mobile phase titrations. The pH meter was caliibrated with certified buffer 
solutions obtained from Fisher Scientific Co. Experiments were performed at 
25°C unless otherwise noted. 

Mobile phases were prepared fresh daily using demineralized distilled 
water which was sonicated for 20 min prior to use. Mobile phases were 
allowed to equilibrate with the column for a minimum of 2 h before 100 pL 
injections of the proteins were introduced. The effluent was monitored at 280 
nm. 

The proteins were obtained from Sigma Chemical Co. and the buffer 
components and sulfate salts were obtained from Fisher Scientific Co. and 
were of analytical grade. Proteins, buffer components, and sulfate salts were 
used without further purification. Stock solutions of the buffer were 
refrigerated and used within 2 weeks. 

The column showed a slight change in activity over the entire course of the 
experimental investigation. However, when comparison of results are made 
within the text, they were from experiments carried out over a time period in 
which the change in activity was negligible. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The Effect of pH 

Retention time data for bovine serum albumin (BSA) and ovalbumin (OV) 
injected as pure components at various values of pH and various ionic 
strength of &SO4 are summarized in Table 1. However, before examining 
the experimental results, it is instructive to examine a typical protein titration 
curve as shown in Fig. 2. Proteins acquire a surface charge through the 
dissociation of numerous acidic and basic groups which include carboxyl, 
amino, imidazole, phenol, sulfhydryl, and guanidyl. The pH value for which 
the net charge on the protein molecule is zero is referred to as the PI. For pH 
values below the PI, proteins carry a net positive charge whereas for pH 
values above the PI, proteins carry a net negative charge. Thus for the 
proteins used in this study, OV (PI = 4.6) and BSA (PI = 4.8), the net 
surface charge was negative since operating conditions were always above 
the PI of both proteins. Similarly, the adsorbent used in this study, which 
consists of sulfonic acid residues in a polymer matrix, also has a negative 
surface charge. Since both adsorbate and adsorbent posses a surface charge 
of the same sign, it is anticipated that double-layer repulsion will occur. 
Additionally, by examination of Fig. 2, as the pH of the mobile phase is 
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TABLE 1 
Experimental Results from Potential Barrier ChromatographyQ 

Retention times (in minutes) 
injected as pure components 

Concentration of K2S04 (mol/L) PH ov BSA 

0.10 

0.08 

0.06 

0.04 

6.50 
6.25 
6.00 
5.75 
5.50 

6.50 
6.25 
6.00 
5.75 
5.50 

6.50 
6.25 
6.00 
5.75 
5.50 

6.50 
6.25 
6.00 
5.75 
5.50 

4.1 
4.7 
5.3 
6.0 
6.6 

3.7 
4.1 
5 .O 
5.9 
6.4 

3.5 
3.9 
4.1 
5.3 
6.2 

3.2 
3.4 
3.7 
4.2 
4.9 

5.5 
7.5 
9.8 

13.3 
16.9 

4.7 
6.0 
9.2 

12.6 
15.9 

4.0 
5.2 
7.1 

10.8 
15.2 

3.6 
4.2 
5.3 
7.4 

11.1 

‘Column: DuPont ZIPAX SCX (2.1 mm i.d. X 100 cm). Mobile phase: 0.01 M citrate buffer 
containing 0.003 M NaN3. Flow rate: 0.5 mL/min. Sample volume per injection: 100 pL. 
Individual protein concentrations: 0.40 mg/mL. Detector sensitivity: 0.04 AUFS. Retention 
time is reported at maximum peak height. 

progressively raised (at constant ionic strength) from values near the PI, the 
charge of the proteins increases. In other words, as the pH of the mobile 
phase is raised, the double-layer interaction imparts a greater influence on 
the total interaction potential (due to an increased surface charge on the 
proteins) until the double-layer interaction is dominant. In terms of the total 
interaction profile, as the pH of the mobile phase is raised, the adsorption 
energy well is continually raised, thereby decreasing the retention time of the 
adsorbates (see Eq. 1). This is indeed the experimentally observed behavior 
shown in Table 1 .  As the pH of the mobile phase is raised at  constant ionic 
strength, the retention time of the adsorbates decreases, indicating that 
double-layer repulsion is indeed occurring. It is also noteworthy to point out 
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228 LESINS AND RUCKENSTEIN 

PH 

FIG. 2. Schematic of a hydrogen ion titration curve of a protein. 

that the changes in the retention time are exclusively due to the changes in 
the net charge of the proteins, since any change in the dissociation of the 
strongly acidic sulfonic acid groups of the adsorbent will be negligible in the 
range of pH studied. Representative chromatograms illustrating the effect of 
pH on the separation of OV and BSA are shown in Fig. 3. These results are 
typical of other ionic strengths in that an optimuni pH for resolution occurs at 
each ionic strength investigated. Note the different degrees of separation 
indicating the sensitivity of PBC to changes in pH. Thus for amphoteric 
molecules (such as proteins), it is seen that double-layer repulsion and 
thereby the total interaction potential are easily modified through changes in 
pH. Finally, it should be mentioned that in addition to raising the adsorption 
energy well, the potential barrier to adsorption is increased by increasing the 
surface charge of the proteins. However, only if the characteristic time for 
adsorption remains small in comparison to the residence time of an 
unretained tracer, retention will occur. 

Specific ton Effects 

Although the double-layer interaction can be effectively controlled through 
changes in pH, it is also conveniently controlled by varying the ionic strength 
or chemical nature of the electrolyte of the mobile phase. Retention time data 
for BSA and OV injected as pure components a t  pH 6.00 and various ionic 
strengths of several sulfate salts are summarized in Fig. 4. Note that the 
general trend is an increase in the retention time ofthe adsorbates as the ionic 
strength of the mobile phase is raised. This result is intuitively expected if 
double-layer repulsion is occurring. As the ionic strength of the mobile phase 
is raised, the surface charge of the adsorbent as well as that of the adsorbate 
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POTENTIAL BARRIER CHROMATOGRAPHY 229 

becomes increasingly screened and their effect on counterions extends less 
and less into the bulk solution. This allows the adsorbate to approach the 
adsorbent to increasingly shorter distances without experiencing significant 
double-layer repulsion. In terms of the total interaction potential, as the ionic 
strength of the mobile phase is raised, the double-layer contribution decays 
more rapidly and hence the potential barrier to adsorption is decreased 
whereas the depth of the energy well is increased. This results in an increase 
in retention time. Note that in contrast to ion-exchange chromatography, 
elution in PBC is aided by decreasing the ionic strength of the mobile phase 
and/or increasing the surface charge of the protein. 

S 
t 
3V 
,;A 

J 

S + 

S 

I 

BSA 

A I, pH 5.75 \ 
5 10 15 

\ 0- 

5 10 15 20 

‘z 

I 
5 10 15 

- -a 
0 5 10 15 

Time (min) 

ov 

p H >, 5.50 

10 15 20 25 

FIG. 3 .  Separation of ovalbumin (OV) and bovin serum albumin (BSA) by potential barrier 
chromatography as a function of pH (given in figure) and 0.04 M K2S04. S denotes the solvent 

peak. All other details as in Table 1. 
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4 
4 

0 

I - 
0.i 0.2 0.3 0.4 

3 
0 

Ionic strength 

FIG. 4a. Retention times of ovalbumin (OV) at pH = 6.00 and various ionic strengths of several 
sulfate salts ( 0 ,  Li2S04; 0, Na2S04; 0 (NH4)3S04; 8 ,  K2S04;  0 ,  MgS04). All other 

details as in Table I .  

In addition to screening the surface charge, counterions can bind to the 
charged surface of the adsorbent and the adsorbate in the Stern layer (9), 
thereby reducing their effective surface charge and hence reducing the 
double-layer interaction. In fact, as the electrolyte concentration increases, 
increasing amounts of potential drop occur in the Stern layer, allowing for a 
closer distance of approach between the adsorbate and adsorbent before 
significant double-layer interactions occur. However, not all ions bind to the 
charged surface to the same degree. Since the sulfonated fluorocarbon 
polymer-coated packing used in the present study is largely hydrophobic, 
specific adsorption in the Stern layer is expected to be enhanced by larger 
size and thus larger polarizability, and by lower hydration, which itself is a 
function of ion size. Therefore the selectivity of this packing, based on the 
size of the ion, is expected to occur in the order 
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FIG. 4b. Retention times of bovine serum albumin (BSA). A11 other details as in Fig. 4a. 

It should be noted, however, that experimental evidence on the adsorption of 
various ions on hydrophobic surfaces is not always consistent (10). 

The selectivity of the packing used in the present study for various ions is 
not available in the literature. However, other manufacturers (11) offer 
strongly acidic cation exchangers, composed of sulfonic acid functional 
groups attached to a styrene divinylbenzene copolymer lattice, which are 
similar to the present packing in that both contain sulfonic acid groups 
attached to a hydrophobic polymer lattice. The selectivity for adsorption is 
reported ( I I )  to be in the order 
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Although the alkali metals follow the same order, the ammonium ion shows 
anomolous behavior with regard to the selectivity of adsorption expected 
from the size of the ion. However, it seems likeiy that this behavior of the 
ammonium ion, with its four hydrogen atoms, is due to its unique hydrogen 
bonding ability with water. Our data (Fig. 4) show that the retention times of 
both adsorbates, at the same ionic strengths of various electrolytes, follow 
the latter inequality, indicating that adsorption in the Stern layer also follows 
the latter selectivity. Finally note that differences in retention times are 
accentuated at the higher ionic strengths because the amount of ions 
adsorbed is higher and because the shielding of the electric field is greater. 

It should be noted that the use of specific ion effects can be a useful tool in 
PBC. For example, if a given ion is known to bind selectively to a certain 
component of a complex mixture, the retention time characteristics of that 
component can be exaggerated through the use of that specific ion rather than 
some nonspecific ion. Although the specific ion effects reported here are not 
large, they certainly do exist. The effect of various ions on the separation of 
OV and BSA is illustrated in Fig. 5 .  Regarding relention time and resolution, 
specific ion effects are more pronounced at higher ionic strength and less 
dramatic at lower ionic strengths than those shown in Fig. 5 .  

The Use of Organic Solvents 

In order to use PBC to its maximum potential, it is necessary to control the 
van der Waals interaction. This is accomplished through the introduction of 
organic solvents. (For reviews on how organic solvents affect the van der 
Waals interaction, see Ref. 12.) In general, the addition of organic solvents 
to an aqueous mobile phase decreases the van der Waals interaction between 
the adsorbates and a hydrophobic adsorbent and leads to a decrease in the 
retention time of the adsorbates. This result is easily explained in terms of a 
hydrophobic effect. Although globular proteins are hydrophilic, a large part 
of the nonpolar residues of the constituent amino acids in proteins are 
exposed to the water interface as opposed to the expected preferential 
location of these hydrophobic residues in the interior of the molecule (13). 
These nonpolar residues on the protein surface form patches of distinct 
hydrophobic character. Thus, the introduction of small amounts of an 
organic solvent to an aqueous mobile phase can create a more favorable 
atmosphere for the proteins. Since the organically modified mobile phase has 
become more favorable, the fraction of time the protein resides in the mobile 
phase before one adsorption occurs will increase. Additionally, the fraction 
of time the protein stays adsorbed on grains of the packing will decrease. 
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ov n"" 

5 10 15 

FIG. 5 .  Separation of ovalbumin (OV) and bovin serum albumin (BSA) by potential barrier 
chromatography at p H  = 6.00 and 0.06 M concentrations of several salts (given in the figure ). 

AUFS 0.1. All other details as in Table 1. 

Thus a decrease in the retention times of the proteins is expected. In this 
context it is interesting to note that OV and BSA elute in the order of 
hydrophobicity (BSA > OV) (14,  15). Since BSA is more hydrophobic than 
OV, it will spend a greater fraction of time in the adsorbed state before 
desorption and a smaller fraction of time in the mobile phase before 
adsorption as compared to OV. This results in a larger retention time for 
BSA. However, it should be noted that elution will not always occur in 
increasing order for hydrophobicity. Hydrophobicity only yields qualitative 
insight to the magnitude of the van der Waals interaction; it does not yield 
information regarding double-layer interactions, which may alter the order of 
elution. However, for the proteins under consideration, since their surface 
charges (16, 1 7) and, hence, their double-layer interaction are similar, 
hydrophobicity does in fact predict the order of elution. 

Although it is clear that the addition of organic solvents will modify the 
van der Waals interaction, modification of the double-layer interaction may 
also occur. In general, such additives lower the dielectric constant of the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



234 LESINS AND RUCKENSTEIN 

TABLE 2 
Experimental Results from Potential Barrier Chromatography 

Mobile phase Retention times (in minutes) injected as pure components 
conditions: 

Concentration 1 rnL CH3CN/250 mL 10 mL CH3CN/250 mL 
of K2SO4 
(mol/L) PH ov BSA ov BSA 

0.0 1 6.50 3.0 3.1 3.0 3.1 
6.00 3.1 3.5 3.1 3.6 

0.06 6.50 3.5 (3.5) 4.3 (4.0) 3.3 (3.5) 4.3 (4.0) 
6.00 4.1 (4.1) 7.0 (7.1) 3.8 (4.1) 7.1 (7.1) 

0.10 6.50 3.9 (4.1) 5.3 (5.5) 3.9 (4.1) 5.5 (5.5) 
6.00 5.0 (5.3) 9.5 (9.8) 4.5 (5.3) 9.8 (9.8) 

‘Shown in parentheses are results for acetonitrile-free conditions. All other details as in 
Table 1. 

mobile phase; thus double-layer interactions may be enhanced through the 
use of such additives. However, with the addition of such agents, the degree 
to which surfaces are charged may be reduced since a reduction in the 
dielectric constant of the mobile phase will decrease the dissociation of weak 
acidic groups as well as causing pairing between counterions and surface 
charges. However, it is likely that the above enhancement and the latter 
attenuation of the double-layer interaction effectively cancel one another at 
low volume fractions of organic additives. Thus, any variation in the total 
interaction potential at low volume fractions of the organic solvent is likely to 
be due to the alteration of the van der Waals ini.eraction. 

Retention time data for OV and BSA, injected as pure components, for two 
volume fractions of acetonitrile (CH3CN) at various ionic strengths and pH 
values of 6.50 and 6.00 are summarized in Table 2. Note that the retention 
times are, in general, less than those for the conresponding acetonitrile-free 
mobile phases. The introduction of acetonitrile also decreases peak broaden- 
ing as illustrated for a typical case in Fig, 6, leading to improved resolution. 

~~ 

FIG. 6.  Typical chromatograms illustrating the decrease in peak broadcning and improved 
resolution obtained through the introduction of acetonitrile at pH = 6.00 and 0.06 M K2S04 .  
‘I‘op row: 0 m L  CHjCN/250 mL. Middle row: 1 mL CH3CN/25O niL. Bottom row: 10 mL 
CH3CN/250 mL. Left column: Ovalbumin (OV) as a single component. Center column: Bovine 
serum albumin (BSA) as a single component. Right column: Mixture of OV and BSA. All other 

details as in Table 1. 
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236 LESINS AND RUCKENSTEIN 

At these small volume fractions of acetonitrile, any alteration in the double- 
layer interaction is likely to be negligible and, therefore, the observed 
behavior is due to a decrease in the van der Waals interaction. The decrease 
in retention time is easily explained with reference to Eq. (1). As the van der 
Waals interaction decreases, the adsorption energy well is raised, leading to 
a decrease in retention time. The decrease in peak broadening can also be 
explained in terms of the decrease in the van der Waals interaction. With 
reference to Eq. (2), note that the first term in brackets on the right-hand side 
contains the equilibrium constant K,  which is exponentially dependent upon 
@,,, . Thus a decrease in the depth of which is reflected by a decrease in 
retention time, leads to a reduction in peak broadening. Although the 
reduction of the van der Waals interaction also increases the potential 
barrier, the effect is probably less important than the change in the depth of 
the primary minimum because the potential barrier is probably small under 
these operating conditions. 

Referring to Table 2, note that pH-induced changes in the retention times 
of the proteins are nearly the same for both acetonitrile-free and acetonitrile- 
modified mobile phases. This implies that changes in the retention times of 
the proteins with small volume fractions of acetoriitrile are primarily due to 
changes in the van der Waals interaction and not in the double-layer 
interactions. 

The Origin of Tailing 

In a previous publication ( I )  it was reported that tailing in the chroma- 
tograms was possibly due to a nonlinear adsorption isotherm and/or a 
physicochemical effect due to the heterogeneity of the adsorbent surface due 
to the adsorbates themselves. Recent experiments have shown that tailing 
exists, and remains essentially unchanged, with protein loadings as small as 
10 pg. Thus it seems plausible that some other mechanism for tailing is 
involved. It is also important to note that tailing is not an artifact of PBC. 
Tailing of BSA has been observed on hydroxylapatite (IS), diethylamino- 
ethyl cellulose (19), and DEAE-Sephadex (20). The tailing of OV has been 
observed on hydroxylapatite (IS). In these cases, tailing has been attributed 
to the heterogeneity of the proteins themselves. It has been reported (19) that 
most BSA samples are composed of at least 5 or 6 components. Similarly, 
OV has been shown to consist of 3 components (20, 21). Furthermore, 
results have shown that the components of BSA present isoelectric 
heterogeneity with the two major components differing by 1 unit charge (22) .  
Similarly, OV exhibits charge heterogeneity as indicated by its electro- 
phoretic behavior (21). Although these heterogeneities may be small, they 
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I 1 

will lead to minor changes in the total interaction potentials of the individual 
components of the protein samples and, hence, minor differences in retention 
time and peak variance. These minor differences in the total interaction 
potential can manifest in the form of tailing when the individual components 
of the protein elute very close to one another but still form a single peak. 

The Effect of Temperature 

The last easily adjustable experimental parameter is temperature. Exami- 
nation of Eqs. (1) and (2) show that both retention time and peak variance 

S 
In 

ov 

\ 
3V 

BSA 

A 
5 i0 15 20 

25°C \ 
L J  I I I 

5 10 15 20 - 
j 10 15 20 

Time (min) 

FIG. 7.  Chromatograms illustrating the effect of temperature (shown in figure) on the separation 
of ovalbumin (OV) and bovine serum albumin (BSA) at  pH = 6.00 and 0.06 M K2SO4. All 

other details as in Table 1. 
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238 LESINS AND RUCKENSTEIN 

have an Arrhenius-type temperature dependency. However, the physico- 
chemical properties of the system (e.g., dielectric: constant, surface tension, 
dissociation constants, etc.), which determine the total interaction potential, 
and hence @,,, and hax, are themselves functions of temperature. Thus the 
effect of temperature on the total interaction potential and, consequently, on 
the retention time and peak variance is not easily predictable. The results of a 
typical temperature study are shown in Fig. 7. Although a change in 
temperature does not in itself achieve separation, changing the temperature 
of the system may be employed to optimize a separation. Thus, by increasing 
the organic content of the mobile phase in addition to increasing the 
temperature, separation with resolution near 1 is achieved as shown in Fig. 8. 
It should be noted, however, that a modification of the double-layer 

0 5 10 15 20 25 30 
Time (rnin) 

FIG. 8. Improved separation of ovalbumin (OV) and bovine serum albumin (BSA) through 
moditication of the interaction potential at pH = 6.00 and 0.1 M KzS04.  20 mL CH3CN/250 

mL. T =  30°C. All other details as in Table 1. 
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interaction, due to the higher volume fraction of acetonitrile, in addition to 
the modification of the van der Waals interaction already discussed, may 
have also occurred. 

SUMMARY 

By properly tuning the operating conditions of a high pressure liquid 
chromatograph, the separation of two model proteins with improved 
resolution has been achieved. General procedures for controlling the 
interaction potential have been discussed to yield basic operating guidelines. 
It has been shown that the double-layer repulsion is conveniently modified 
via changes in pH, ionic strength, or chemical nature of the ions of the mobile 
phase. Furthermore, by the addition of an organic solvent to the mobile 
phase, the van der Waals interaction is also easily modified. Additionally, 
through changes in temperature, improved resolution may also be achieved. 
Thus it is seen that interactions which comprise the total interaction 
potential, and govern the adsorption-desorption process, are easily modified 
to allow a chromatographic separation of high resolution in a relatively short 
time. 
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