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a b s t r a c t

Hydroxyapatite (HAP) columns, widely used for chromatographic separation of proteins and other
biomolecules because of their unique selectivity and ability to resolve complex mixtures, exhibit lim-
ited stability at acidic conditions requiring careful control of pH. Even with buffered solutions, however,
unintended pH transients can occur when the salt concentration varies. For example, the pH temporarily
decreases below the feed value when the salt concentration increases and increases above the feed value
when the salt concentration is decreased. The intensity and duration of these transients depend on the
particular buffer used and the magnitude of the salt concentration step, but in extreme cases the pH can
drop by as much as 1.5 pH units creating conditions where the HAP stability is potentially compromised.
This work examines the mechanisms leading to pH transients in HAP columns generated by salt steps.
The pH excursions are similar to those observed for weak cation exchange columns, but are accompanied
by a transient evolution of phosphate which temporarily decreases below the feed value when the salt
concentration is increased and increases sharply when the salt concentration is reduced before return-

ing to the feed value. A phenomenological model is developed to describe this behavior by considering
the reversible uptake of sodium ions by the P-sites and binding of phosphate ions by the C-sites. The
interplay of these two adsorption mechanisms results in complex pH patterns that are consistent with
those observed experimentally. In addition to helping understand the underlying mechanisms, the model
also provides a useful tool to predict the effects of different buffers and salt concentration and develop
corrective measures that can reduce the intensity and duration of the pH transients such as the addition

of unretained co-buffers.

. Introduction

Hydroxyapatite (HAP), originally introduced by Tiselius et al. [1]
s used extensively in both analytical and process scale chromatog-
aphy separations of proteins and other biomolecules The friable
nd irregular HAP introduced early on has since been replaced
y sintered ceramic hydroxyapatite forms, which are spherical in
hape and much stronger mechanically [2] and many industrial
pplications have been developed [3–9]. The advantages of HAP
est primarily with its unique selectivity, which has been attributed
o its multimodal functionality [10,11]. HAP is known to contain

ultiple adsorption sites: the so-called P-sites that are negatively
harged and the so-called C-sites that are positively charged [9–14].

ccordingly, basic proteins in their cationic form are adsorbed
ainly on the P-sites primarily as a result of electrostatic interac-

ions. These proteins can be eluted with salts like NaCl in a step-wise
r gradient fashion. Acidic proteins, on the other hand, are adsorbed
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021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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mainly on the C-sites. These sites are thought to be positively
charged calcium on the surface of the HAP crystals complexed with
mobile phase phosphate. As suggested by the early work of Gor-
bunoff [10–12] as well as by recent studies by Schubert and Freitag
[15] and Gagnon et al. [16] protein binding on these sites occurs pri-
marily through the formation of coordination complexes between
clusters of carboxyl groups or phosphate groups on the protein
surface. Desorption of these proteins often requires competitive
eluents, such as phosphate or citrate, which themselves form com-
plexes with calcium. Of course, care must be taken in the practical
use of strong complexing agents as eluents since dissolution of the
HAP backbone can also occur. Surface-bound hydroxyl ions also
exist. Although their role in protein adsorption is less clear, there
have been suggestions that they could make a positive contribution
to protein binding via hydrogen bonds [12]. The combination of P-
site electrostatic interactions, C-site coordination, and, potentially,

hydroxyl hydrogen bonding often affords very selective separations
of complex mixtures. More practical considerations on the role of
mobile phase modifiers can be found in Ref. [17].

A limitation of HAP is its modest stability at acidic condi-
tions. The solubility product for neat HAP with stoichiometry

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:gc@virginia.edu
dx.doi.org/10.1016/j.chroma.2010.02.004
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greatest for the NaCl steps with phosphate buffer but decrease sub-
ig. 1. Solubility of HAP in buffers containing no phosphate (dashed lines) and in
uffers prepared with 5 mM Na2HPO4.

a5(PO4)3OH is defined by the following equation [18]:

s = [Ca2+]
5
[PO3−

4 ]
3
[OH−] (1)

here the terms in brackets represent thermodynamic activi-
ies. Empirical determinations of Ks are complicated by adsorbed
pecies, which are released during the measurements causing sub-
tantial error, so that the span of the reported Ks-values is quite
arge [18]. Nonetheless, most modern measurements indicate val-
es around 10−59 M9 [19]. A value of Ks = (2.03 ± 0.71) × 10−59 M9

as been reported for NIST’s HAP Standard Reference Material 2910
20]. The solubility of HAP calculated with this value and expressed
n terms of calcium concentration (on mM and ppm scales) is shown
n Fig. 1 as an example. The calculations were done estimating
ctivity coefficients from the extended Debye–Hückel Davies equa-
ion [21] both for buffers containing no phosphate and for buffers
repared using 5 mM Na2HPO4. As seen from these results, solubil-

ty decreases dramatically with the addition of phosphate because
f the common ion effect, but increases rapidly even when 5 mM
hosphate is added when the pH drops below 6.5. It should be noted
hat, in practice, the dissolution of HAP is also affected by kinetic
actors, which, in turn, can be strongly influenced by thermal treat-

ent or the addition of surface stabilizers to the HAP particles.
owever, even though the thermodynamic solubility predictions
re worst-case scenarios and the actual stability is probably very
ependent on the particular type of HAP used, it is obvious that
peration below pH 6.5 can be problematic for extended use and
hat precise pH control is desirable during the typically used steps
f load, wash, elution, strip, and regeneration. Unfortunately, this is
ot always easy to achieve. High amounts of phosphate in solution
an affect retention of both basic and acidic proteins so that the
obile phase frequently has relatively low buffering capacity. An

dditional complication is that, in practice, even though the feed
s buffered, significant pH excursions can occur in response to step
r linear gradient changes in salt concentration. Recently, Cum-
ings [22] has described pH drops as large as one pH unit for HAP

olumns operated with 5–10 mM phosphate buffers subject to 1 M
aCl steps. In each case, the pH drop was temporary but long last-
ng, requiring several column volumes to return to the feed value.
bviously, such transitions are a concern not only because of their
otential effects on column stability but also because they can affect
he retention behavior and stability of the eluted proteins.
. A 1217 (2010) 2123–2131

The objective of this work is thus twofold. The first is to under-
stand the mechanisms leading to pH transitions in HAP columns
subject to step changes in feed composition. The second is to
advance a phenomenological model for a semi-quantitative pre-
diction of these effects useful as a tool to suggest ways in which the
magnitude and duration of such pH transitions can be alleviated.
For simplicity, our work is done without any applied protein sam-
ple, since, in practice, we expect that the general features would be
the same except for extremely concentrated protein solutions.

2. Experimental

The hydroxyapatite used in this work was CHT® Ceramic
Hydroxyapatite Type I obtained from Bio-Rad Laboratory (Hercules,
CA, USA) with a 0.54 g/cm3 nominal density, 60–80 nm pore size,
and 40 ± 4 �m particle diameter. Samples of this material were
packed in 10 mm × 100 mm Tricorn glass chromatography columns
from GE Healthcare (Piscataway, NJ, USA) to a packed bed height of
11 cm using the procedure recommended by Bio-Rad. The column
void volume was determined from the chromatographic retention
of glucose, which gave a total column porosity ε = 0.8. The experi-
ments were conducted with an AKTA Explorer 10 chromatographic
workstation from GE Healthcare.

The buffer solutions used in this work were prepared as follows.
Phosphate buffers were prepared by dissolving preset amounts
of Na2HPO4 and NaCl in water and then adjusting the pH to 6.5
with the addition of concentrated phosphoric acid. MES buffers
were prepared by adding MES acid to solutions containing preset
amounts of NaOH and NaCl to attain a pH of 6.5. Thus, in each case,
the sodium concentration is known precisely, while the concentra-
tion of the buffer species is varied to achieve the desired pH. For
each experiment, the column was first equilibrated with approx-
imately 20 column volumes of the initial buffer and then subject
to step changes from low to high salt and vice versa. All column
experiments were conducted at a flow rate of 4 cm3/min, corre-
sponding to a superficial velocity of 300 cm/h with a residence
time of 2 min. The effluent conductivity was determined on line
using the AKTA system monitor, while chloride, phosphate, and
MES concentrations were determined by collecting 4 cm3 (∼0.5 CV)
fractions and performing HPLC analyses. The pH was also deter-
mined off line for these fractions using a pH meter with a calibrated
combination probe. HPLC analyses of chloride and phosphate were
conducted with a Waters HPLC system (Milford, MA, USA) and a
4.1 mm × 150 mm PRP-X100 anion exchange column from Hamil-
ton, Co. (Reno, NV, USA) with a mobile phase containing 4 mM
p-hydroxybenzoic acid and 2.5% methanol adjusted to pH 8.5 with
NaOH using non-suppressed conductivity detection with a Waters
Model 430 detector. The flow rate was 2.0 cm3/min and the injected
sample volume was 20 �L.

3. Experimental results

Fig. 2 shows the pH transitions observed for four different cases,
each with buffers at pH 6.5: 1000 mM positive and negative NaCl
steps with a 5 mM Na2HPO4 buffer (Fig. 2a); 1000 mM positive and
negative NaCl steps with a 10 mM NaMES buffer (Fig. 2b); positive
and negative steps from 5 mM Na2HPO4 buffer to 50 mM Na2HPO4
(Fig. 2c); positive and negative steps from 10 mM NaMES to 5 mM
Na2HPO4 buffer (Fig. 2d). As seen in these figures, negative and pos-
itive pH transients occur in all four cases. The pH drop and rise are
stantially in both intensity and duration when MES is used in lieu of
phosphate. MES is zwitterionic and has a high buffering at pH 6.5,
which leads to much better control of pH [23,24]. Unfortunately,
however, operation without phosphate is unfeasible for prolonged



T.E. Bankston et al. / J. Chromatogr. A 1217 (2010) 2123–2131 2125

F ype I c
a M Na
N ffer.

t
A
r
I
e
t

m
N
t
s
t
v
n
t
o
d
t
a
o
o
p

m
t
c
s
t

ig. 2. pH (dots) and conductivity (solid lines) transitions obtained with a CHT® T
5 mM Na2HPO4 buffer; (b) 1000 mM positive and negative NaCl steps with a 10 m
a2HPO4; (d) positive and negative steps from 10 mM NaMES to 5 mM Na2HPO4 bu

imes, since the HAP will eventually dissolve as suggested by Fig. 1.
s seen in Fig. 2c, pH transitions occur also in the absence of chlo-
ide when the sodium and phosphate concentrations are changed.
nterestingly, as seen in Fig. 2d, they also occur, albeit to smaller
xtent, even when the sodium concentration is kept constant but
he buffer is changed from MES to phosphate and vice versa.

pH transients have also been observed for ion exchange chro-
atography columns containing weak acid groups in response to
aCl steps using unretained buffers [24–26]. In this case, the pH

ransitions result from the reversible uptake of sodium ions by the
tationary phase in exchange for protons, which are released into
he flowing liquid. As a result, the pH decreases below the feed
alue in response to positive salt steps and increases in response to
egative steps. In this respect, these pH transitions are similar to
he ones observed for HAP columns. However, the latter are obvi-
usly more complex when phosphate is present. In this case, three
ifferent waves appear to travel through the column in response
o a salt step. The fastest of these waves emerges in about 1 CV
nd likely corresponds to the passage of unretained species. The
ther two waves elute later and are likely related to the exchange
f adsorbed species between the stationary phase and the mobile
hase.

In order to understand this behavior, experiments were done by

easuring the concentration of phosphate and chloride in addition

o pH. The results are shown in Figs. 3–5 for different NaCl steps. It
an be seen that while chloride appears to be indifferent to the HAP
urface and passes through in about 1 CV, the phosphate concen-
ration drops to a low level following the positive NaCl step before
olumn with buffers at pH 6.5. (a) 1000 mM positive and negative NaCl steps with
MES buffer; (c) positive and negative steps from 5 mM Na2HPO4 buffer to 50 mM

returning to the feed value and increases dramatically above the
feed value following the negative NaCl step. Corresponding tran-
sitions are seen for the conductivity traces, which closely mimic
the Na+ concentration. Intermediate plateaus are also seen for both
phosphate and conductivity where values different from both the
feed and initial solutions are attained. Note that reducing the mag-
nitude of the NaCl step reduces the magnitude and duration of the
pH transitions affecting the phosphate profile in a corresponding
way but does not change the overall shape of the transitions.

4. Model development

The experimental evidence provided thus far suggests that a
minimum of three species, including two absorbable ones, must be
considered in order to predict the pH transitions in HAP columns.
Two adsorbable plus a non-adsorbed species are expected to result
in three waves traveling through the column when the NaCl con-
centration is stepped up or down as illustrated in Fig. 6. The fastest
wave corresponds to the passage of unretained chloride ion, while
the two slower waves are associated with the simultaneous adsorp-
tion of Na+ and phosphate. Intermediate states are formed between
the fast wave and the two slower waves. There is considerable
evidence in the literature that reversible adsorption of Na+ and

phosphate occurs on the HAP surface. It is well established, for
example, that HAP has a point of zero charge (PZC) around pH
7, where the electrophoretic mobility is zero [27,28]. This can be
explained by the protonation of P-sites at low pH and their depro-
tonation at high pH. By mass action law, increasing Na+ drives their
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Fig. 3. Experimental (left) and simulated (right) transitions obtained with a CHT® Type I column for 500 mM positive and negative NaCl steps with a 5 mM Na2HPO4 buffer
at pH 6.5. (a) and (b) Chloride and pH, (c) and (d) phosphate and conductivity (or Na+).

Fig. 4. Experimental (left) and simulated (right) transitions obtained with a CHT® Type I column for 250 mM positive and negative NaCl steps with a 5 mM Na2HPO4 buffer
at pH 6.5. (a) and (b) Chloride and pH, and (c) and (d) phosphate and conductivity (or Na+).



T.E. Bankston et al. / J. Chromatogr. A 1217 (2010) 2123–2131 2127

F ype I
a or Na+

d
“
t
f
t
t
o
f
f

d

F
t
s

ig. 5. Experimental (left) and simulated (right) transitions obtained with a CHT® T
t pH 6.5. (a) and (b) Chloride and pH, and (c) and (d) phosphate and conductivity (

eprotonation resulting in a release of protons to the solution and
adsorption” of Na+. The fact that the PZC occurs at pH values close
o the pKa,2 of phosphate in solution suggests that the P-sites are
ormed by surface exposed phosphate groups from the HAP crys-
als. More recent results by Harding et al. [29] confirm this behavior
hrough surface titrations used to determine the Bronsted acidity
f the surface. As shown by these authors, HAP removes protons

rom solution as the pH is lowered and releases them in exchange
or Na+ when the pH is increased.

There is also ample evidence in the literature suggesting that
issolved phosphate ions are readily adsorbed onto the surface of

ig. 6. Schematic of concentration waves generated in response to a salt concentra-
ion step. States I and IV are the initial and feed states. States II and III are intermediate
tates.
column for 100 mM positive and negative NaCl steps with a 5 mM Na2HPO4 buffer
).

HAP. Hodge et al. [30], for example, measured phosphate adsorp-
tion onto HAP from Na2HPO4 solutions at 40 ◦C with phosphate
concentrations ranging from 0.00002 to 0.2 M using radioactive
P. These authors observed an isotherm behavior with maximum
phosphorous uptake of 45.7 mg/g HAP. Doss [27] measured the
electrophoretic mobility of HAP as a function of the addition of
acids or bases. This author found that addition of H3PO4 lowered
the pH of the HAP suspension but did not affect the electrophoretic
mobility and explained this behavior by hypothesizing that hydro-
gen and phosphate ions are co-adsorbed on the HAP surface with
equal affinity. Shimbayashi et al. [31] measured phosphate adsorp-
tion on HAP based on depletion of solutions of Na2HPO4 or K2HPO4
at pH values in the range 9.3–9.6. For these conditions, phosphate
adsorption was characterized by a very favorable isotherm at low
phosphate concentrations, with a Langmuir behavior and maxi-
mum capacity around 0.25 mmol/g HAP at higher concentrations.
Shimbayashi et al. also investigated the effect of pH on phosphate
adsorption by HAP. Reducing pH from 10 to 6 by the addition of HCl
resulted in an increase of phosphate adsorption from about 0.2 to
about 0.3 mmol/g HAP for Na2HPO4 solutions and from about 0.15
to about 0.27 mmol/g HAP for K2HPO4 solutions. In these experi-
ments, phosphate adsorption was essentially independent of the K+

concentration for K2HPO4 solutions and only weakly dependent on
the Na+ concentration for Na2HPO4 solutions. The effect of pH was
attributed to lower mutual repulsion between adsorbed phosphate
ions as the pH is reduced and the phosphate is protonated. Similar

results have been reported more recently by Gasser at al. [28] at pH
6.85. Finally, adsorption of phosphate species on HAP has also been
observed by NMR spectroscopy by Fukegawa et al. [32].

Since the goal of this work is to develop a phenomenolog-
ical model, independent measurements of Na+ and phosphate
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1 CV. Assuming local equilibrium, q + and q are related to the
ig. 7. Hypothesized mechanisms of Na+ and phosphate binding to hydroxyapatite:
a) P-sites and (b) C-sites.

dsorption were not made. However, the literature information
as used to create a suitable model as follows. We assume that

- and C-sites interact with Na+ and phosphate independently
s shown schematically in Fig. 7. For the P-sites we assume that
eprotonation occurs according to the following equilibrium rela-
ionship:

H = P− + H+, K = qP− qH+

qPH
(2)

here the qi’s represent surface-bound concentrations. A balance
ields the following result:

0
P = qPH + qP−∼qPH + qNa+ (3)

here q0
P is the concentration of P-sites. The second equality in Eq.

3) is obtained by analogy to the case of weak cation exchangers
33] neglecting the concentration of free H+ on the surface. This is
easonable as long as there is minimum degree of deprotonation
nd CNa+ � CH+ which occurs provided the pH is not too low (e.g.
H > 3). Finally, based on Donnan equilibrium, we can relate the
urface-bound proton and Na+ concentrations to the corresponding
alues in solution through the following equation:

qNa+

qH+
= CNa+

CH+
(4)

he latter can be obtained by equating the electrochemical poten-
ials of surface-bound H+ and Na+ to the corresponding values in
olution and eliminating the electrical potential difference between
urface and bulk solution phases. The final result is obtained com-
ining by Eqs. (2)–(4), which yields:

Na+ = 1
2

⎧⎨
⎩−KCNa+

CH+
+

[(
KCNa+

CH+

)2

+ 4q0
P

KCNa+

CH+

]0.5
⎫⎬
⎭ (5)

his result is formally the same as that obtained for weak cation
xchangers [24,33] and indicates that Na+ adsorption is regulated
y the ratio of Na+ and H+ concentrations in solution. We assume
hat the equilibrium constant is pK = 7.21 as for the dissociation of
ivalent phosphate in solution.

From the foregoing discussion, it is apparent that phosphate
s adsorbed selectively. In fact, even in 1000 mM chloride, phos-

hate is adsorbed when the pH drops. Obviously, this cannot be
he result of ordinary ion exchange, since the large excess of chlo-
ide would likely displace phosphate ions. Thus, we assume that
inding of phosphate ions occurs through the site-sharing mech-
nism shown schematically in Fig. 7 and similar to that described
. A 1217 (2010) 2123–2131

by Helfferich [33] for adsorption of phosphoric acid by phosphate-
form anion exchangers. When the pH drops as a result of Na+ uptake
by the P-sites, more phosphate is converted from divalent to mono-
valent form. Thus, additional phosphate is bound. On the other
hand, when the pH rises following release of Na+ from the HAP
surface, more phosphate becomes divalent. For these conditions, a
smaller amount of phosphate can be bound and the excess is des-
orbed. Quantitatively, we describe this process with the following
exchange on the C-sites at the HAP surface:

Ca2HPO4 + H2PO4
− + Na+ = CaH2PO4 + CaHPO4Na (6)

with equilibrium constant:

Kc =
qH2PO−

4
qHPO2−

4
Na+

qH2PO2−
4

CH2PO−
4

CNa+
(7)

This expression is consistent with the observations of Shimabayashi
et al. [31] who noted that phosphate binding on HAP is determined
by the ionic product of phosphate and sodium ions. Combining Eq.
(7) with the following C-site balance:

q0
C = qH2PO−

4
+ 2qHPO2−

4
(8)

and assuming that qH2PO−
4

= qHPO2−
4

Na+ , yields the result:

qH2PO−
4

= 1
2

⎧⎨
⎩ −

KcCH2PO−
4

CNa+

2

+
[(

KcCH2PO−
4

CNa+

2

)2

+ 2q0
CKcCH2PO−

4
CNa+

]0.5
⎫⎬
⎭ (9)

qHPO2−
4

= 1
2

(q0
C − qH2PO−

4
) (10)

where q0
C is the concentration of C-sites. Finally, the total adsorbed

phosphate is given by:

qP = 2qH2PO−
4

+ qHPO2−
4

(11)

Note that additional Na+ is adsorbed along with phosphate per Eq.
(6).

The final components of the model needed to predict the column
dynamic behavior are material balances for chloride, Na+, and total
phosphate and the electroneutrality condition. Neglecting axial dis-
persion, the former are given by the following equations with time,
t, and distance, z, as independent variables:

ε
∂CCl−

∂t
+ εv

∂CCl−

∂z
= 0 (12)

ε
∂CNa+

∂t
+ (1 − ε)

∂qNa+

∂t
+ εv

∂CNa+

∂z
= 0 (13)

ε
∂CP

∂t
+ (1 − ε)

∂qP

∂t
+ εv

∂CP

∂z
= 0 (14)

where ε is the column void fraction, v is the interstitial velocity,
CCl− , CNa+ , and CP are the total chloride, Na+, and phosphate solution
concentrations, and qNa+ and qP are the corresponding quantities
adsorbed on the HAP surface. Note that qCl− = 0 since, as shown by
the experimental data, chloride is unretained and elutes in about
Na P
solution composition via Eqs. (5) and (9), respectively. The elec-
troneutrality condition is given by

CNa+ + CH+ = 2CHPO2−
4

+ CH2PO−
4

+ CCl− + COH− (15)
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r, considering the deprotonation constant of monovalent phos-
hate, K ′

a,2, and the ionic product of water, K ′
W :

Na+ + CH+ =
2K ′

a,2 + CH+

K ′
a,2 + CH+

CP + CCl− + K ′
W

CH+
(16)

ote that K ′
a,2 and K ′

W are corrected equilibrium constant account-
ng for solution ionic strength as discussed in Ref. [24]. For given
alues of CCl− , CNa+ , and CP, Eq. (16) is only a function of CH+
hich can be solved for iteratively in order to find the solution
H = −log(�H+ CH+ ).

. Model solution and predictions

The model equations (Eqs. (5), (9), (12)–(14) and (16)) were
olved in two different ways. A numerical solution was obtained
y discretizing the axial derivatives by backward finite differences
nd integrating the resulting system of ordinary differential equa-
ions in time using subroutine DIVPAG of the IMSL library. Since the
iscretization introduces numerical dispersion, the number of dis-
retization points can be used to describe deviations from ideality.
n our case, however, this number was kept relatively high (40) in
rder to approximate ideal conditions. An analytical solution was
btained by the method of characteristics [24,33,34] assuming, for
implicity, that all of the transitions are either contact disconti-
uities or coherent shocks [34]. In this case, each component has
haracteristic velocity:

s,i = v
1 + �(�qi/�Ci)

(17)

here � = (1 − ε)/ε. For each wave the characteristic velocities are
qual for all components. With reference to Fig. 6, since there is no
dsorption of chloride for the fast wave we have:

s,Cl− = vs,Na+ = vs,P = v (18)

r:

qNa+ = �qP = 0 (19)

here � indicates the difference between values upstream and
ownstream of the wave front. The composition downstream
f this front is CI

Cl− , CI
Na+ , CI

P. Since chloride is not adsorbed,

mmediately upstream we have CCl− = CIV
Cl− . Na+ and phosphate

oncentrations can then be calculated based on Eq. (19) by solving
he following system of equations:

Na+ (CI
Cl− , CI

Na+ , CI
P) = qNa+ (CIV

Cl− , CII
Na+ , CII

P ) (20)

P(CI
Cl− , CI

Na+ , CI
P) = qP(CIV

Cl− , CII
Na+ , CII

P ) (21)

here the functions qNa+ and qP are given by Eqs. (5), (9) and (16).
he maximum H+ concentration (or minimum pH) during a salt step
p, is obtained when CII

P = 0, which occurs if phosphate binding is
nfinitely favorable. In this case, Eqs. (5), (16) and (20) yield:

CI
Na+

CI
H+

= CII
Na+

CII
H+

∼
CIV

Cl−

CII
H+

(22)

hus, for a 500 mM NaCl step with a 5 mM Na2HPO4
uffer at pH 6.5, as in Fig. 3, we have approximately
CII

H+ )
min

∼CIV
Cl− (CI

H+ /CI
Na+ )∼0.5(10−6.5/10−2) = 1.58 × 10−5 M,

r a pH of approximately 4.8. In practice, the actual pH achieved

ith the fast wave is higher since CII

P /= 0 as a result of the fact that
hosphate binding is not infinitely favorable. The actual value is
alculated from Eqs. (20) and (21) and is shown in Fig. 8.

The composition of the intermediate states II and III formed
etween the two slow waves with a positive salt step are found by
Fig. 8. Comparison of numerical solution (solid lines) and analytical solution
(dashed lines) for a 500 mM NaCl step using the parameters in Table 1. Interme-
diate states are II and III for the salt step up and V and VI for the salt step down.
Conditions simulated are as in Fig. 3.

solving the following two equations derived by equating the wave
velocities for Na+ and phosphate:

qNa+ (CIV
Cl− , CII

Na+ , CII
P ) − qNa+ (CIV

Cl− , CIII
Na+ , CIII

P )

CII
Na+ − CIII

Na+

=
qP(CIV

Cl− , CII
Na+ , CII

P ) − qP(CIV
Cl− , CIII

Na+ , CIII
P )

CII
P − CIII

P

(23)

qNa+ (CIV
Cl− , CIII

Na+ , CIII
P ) − qNa+ (CIV

Cl− , CIV
Na+ , CIV

P )

CIII
Na+ − CIV

Na+

=
qP(CIV

Cl− , CIII
Na+ , CIII

P ) − qP(CIV
Cl− , CIV

Na+ , CIV
P )

CIII
P − CIV

P

(24)

The corresponding wave velocities and elution times are found
from Eq. (17) and number of column volumes is calculated as
CV = εvst/L where L is the column length. The same procedure pro-
vides the intermediate states V and VI attained during the salt step
down shown in Fig. 8. As seen in this figure, it is clear that there is
substantial agreement between analytical and numerical solutions,
although, of course, smoother, constant-pattern transitions rather
than shocks are obtained with the numerical solution.

For a quantitative comparison with the experimental results,
the four model parameters K, q0

p , Kc, and q0
C must be determined. As

previously noted, K was assumed to be the same as the dissociation
constant of monovalent phosphoric acid in solution. Unfortunately,
however, not enough information is available in the literature to

determine the three remaining parameters, in part because the
available data are not for the same apatite used in this work.
Thus, q0

p , Kc, and q0
C were fitted to the experimental data with

500 mM NaCl steps and are summarized in Table 1. Model predic-
tions obtained from the numerical solution using these parameters
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Fig. 9. Comparison of experimental (left) and predicted (right) transitions obtained with
Na2HPO4 buffer at pH 6.5 with the addition as MES as a co-buffer. (a) and (b) Chloride an

Table 1
Model parameters.

Parameter Value Units

ε 0.8 –
pK 7.21 M

q0
P

300 �mol/mL solid
60 �mol/mL columna

q0 200 �mol/mL solid

a
a

i
a
c
0
c
s
s
h

c
[
c
p
m

ε

C
40 �mol/mL columna

Kc 5.0 M−1

a Value calculated as q × (1 − ε).

re shown in Figs. 3–5. The model predicts the correct wave shapes
nd is in semi-quantitative agreement.

It should be noted that we have neglected to account explic-
tly for any dissolution of HAP. However, based in Fig. 1, even
ssuming that the mobile phase becomes saturated, the phosphate
oncentration derived from dissolved HAP would be on the order of
.5–1 mM, which is quite small compared to the actual phosphate
oncentration swings observed. This result indicates that the pH
wings can be predicted with reasonable accuracy even though dis-
olution is neglected, providing a useful practical tool to investigate
ow such pH swings can be mitigated.

One approach to mitigate the pH transitions is to use unretained
o-buffers such as MES as suggested empirically by Cummings
22]. MES is zwitterionic and is deprotonated to form a negatively
harged sulfonate species, MES−. Our model is easily modified to

redict the pH excursions for this case by adding the additional
aterial balance:

∂CMES

∂t
+ εv

∂CMES

∂z
= 0 (25)
a CHT® Type I column for 500 mM positive and negative NaCl steps with a 5 mM
d pH and (c) and (d) phosphate and conductivity (or Na+).

and rewriting the electroneutrality condition as follows:

CNa+ + CH+ = 2CHPO2−
4

+ CH2PO−
4

+ CMES− + CCl− + COH− (26)

or:

CNa+ + CH+ =
2K ′

a,2 + CH+

K ′
a,2 + CH+

CP +
K ′

a,1

K ′
a,1 + CH+

CMES + CCl− + K ′
W

CH+
(27)

where CMES and CMES− are the concentrations of total and negatively
charged MES and K ′

a,1 is the activity-coefficient corrected dissocia-
tion constant of MES zwitterions. The latter has a value of pKa,1 = 6.2
at infinite dilution [23]. Model prediction are shown in Fig. 9 for
different MES concentrations using the parameters in Table 1 in
comparison with experimental data obtained with 20 mM MES co-
buffer concentration. The results confirm both the value of using
co-buffers as well as the predictive ability of the model. Both mag-
nitude and duration of the pH transitions are greatly reduced. Of
course, the Na+ concentration (and the ionic strength) is increased
so that the NaCl concentration would likely have to be adjusted
accordingly in order to obtain equivalent protein elution behavior.
However, since MES is not retained significantly by HAP, protein
adsorption is likely to be unaffected.

6. Conclusions

It is well established that HAP is a multifunctional material con-
taining both negatively charged binding sites (the so-called P-sites)

and positively charged binding sites (the so-called C-sites). This
combination results in unique selectivity and affords the ability to
separate complex mixtures. However, it also causes complex pH
transients in response to changes in salt concentration and buffer
composition at the column entrance. Our experimental results are
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