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a b s t r a c t

The effect of salt or peptide concentration on peptide porosity (i.e. the porosity accessible to a given
peptide) is investigated on six different reversed-phase stationary phases. The peptide porosity is found
to increase with the local concentration of negative charges following a saturation-type function within
the same porosity boundaries for both cases. This can induce the formation of anti-Langmuirian peaks
in non-adsorbing conditions since the local increase of the ionic strength due to the peptide concentra-
tion increases the porosity accessible to the peptide. This behavior can be well reproduced by the ideal
eywords:
eversed-phase
orosity
eptide
ore exclusion
ore accessibility
cetonitrile

model of chromatography assuming non-constant porosity. The acetonitrile adsorption isotherm was also
measured on all the considered reversed-phase stationary phases. A comparison between the stationary
phases shows a correlation between the amount of acetonitrile accumulated in the pores and the reduced
pore accessibility for the peptide.

© 2008 Elsevier B.V. All rights reserved.
dsorption isotherm

. Introduction

Biopharmaceuticals such as peptides and proteins are of grow-
ng interest because of their huge potential and efficiency to
reat diseases. As chromatography is the most used technique for
iomolecule purification, its understanding is of major interest.
or this purpose, a fundamental comprehension of chromato-
raphic systems has to be gained. Among the chromatographic
echniques, reversed-phase high-performance liquid chromatog-
aphy (RP-HPLC) is the method of choice for peptide purification.
he stationary phase used in RP-HPLC is hydrophobic and consists
sually in either highly cross-linked polystyrene or silica particles
ith bonded alkyl chains. Silica based stationary phases are the
ost commonly used reversed-phase column and are character-

zed by narrow pore size distribution and relatively low chemical
tability (stable up to pH 8). On the other hand, highly cross-linked
olystyrene exhibit broader pore size distribution and higher chem-

cal stability (stable up to pH 12). They are often used for high pH
eparation and for peptide purification requiring extreme cleaning
rocedures due to irreversible adsorption [1–5]. Typical modifiers

mployed in RP-HPLC are non-polar organic compounds such as
cetonitrile, tetrahydrofuran or methanol.

The mobile phase volume in a RP-HPLC column, also referred to
s the column void volume, is an important parameter. It is used

∗ Corresponding author. Tel.: +41 44 6323034; fax: +41 44 6321082.
E-mail address: Morbidelli@chem.ethz.ch (M. Morbidelli).

021-9673/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2008.12.019
in all calculations and an efficient determination of this volume
is essential to improve the prediction accuracy of the chromato-
graphic models. The complexity of the void volume determination
comes from the fact that it depends on many parameters such
as the eluent composition and the measurement method used
[6–14].

The peptide porosity is usually measured at high modifier con-
centration. In those conditions, the peptide does not adsorb and its
retention volume is equivalent to the volume of liquid accessible to
the peptide (Fig. 1) [15]. It is observed that in those conditions (i.e.
non-adsorbing conditions), peptides can be totally excluded from
the pores. However, the high loading capacity observed in adsorb-
ing conditions is only explainable by adsorption of the peptide in
the pores. This indicates that the peptide porosity determined in
non-adsorbing conditions is not the one experienced by the pep-
tide in adsorbing conditions. Two distinct phenomena affect the
peptide pore accessibility and can explain these experimental find-
ings. The first one is an electrostatic effect and the second one is the
accumulation of modifier in the pores (i.e. multi-layer adsorption
of modifier).

The relevance of the ionic strength in RP-HPLC processes has
been highlighted by many authors [16–23,19,23]. Its effect on the
adsorption behavior of charged analytes has been extensively stud-

ied [20–22,19,23], however, the effect on charged molecules in
non-adsorbing conditions has been hardly investigated [16–18].
Neddermeyer and Rogers [24] and Buytenhuys and Van Der Maeden
[18] have shown the existence of a Donnan equilibrium resulting
from a difference in pore accessibility of two or more salts in gel

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:Morbidelli@chem.ethz.ch
dx.doi.org/10.1016/j.chroma.2008.12.019
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Nomenclature

a initial slope of the porosity variation (L/mol)
c analyte concentration in the mobile phase (mol/L)
cAcN % acetonitrile (v/v)
ccharge negative charge concentration (mol/L)
cmax concentration of pure modifier = 100%
dz length of the slice (m)
L length of the column (m)
q analyte concentration in the solid phase (mol/L)
qAcN acetonitrile concentration in the solid phase (mol/L)
qAcN,solid acetonitrile concentration in the solid phase (mol/L)
S solid phase surface (m2)
t time (s) or (min)
tR retention time (s) or (min)
usf superficial velocity (m/s)
V0 total liquid volume (m3) or (mL)
Va adsorbed phase volume (m3) or (mL)
VAcN/pore Percentage of pore volume filled with acetonitrile

(%)
VC column volume (m3) or (mL)
Ve interstitial liquid volume (m3) or (mL)
Vpore pore volume (m3) or (mL)
VR retention volume (m3) or (mL)
VS solid phase volume (m3) or (mL)
x non-dimensional length of the column (–)
z axial coordinate (m)

Greek letters
ε* total peptide porosity (–)
εe external porosity (–)
ε∗

max maximal peptide porosity (–)
ε∗

min minimal peptide porosity (–)
εp peptide particle porosity (–)
� thickness of the acetonitrile adsorbed layer (m) or

(Å)
�R non-dimensional retention time (–)

p
r
c
l
d
c
b

F
c
A
a

� excess adsorption isotherm (�mol/m2)
� solid excess adsorption isotherm (mol/L)

ermeation chromatography. This phenomenon was used by Tsyu-
upa and Davankov [25] for the development of a new exclusion

hromatographic process. Pore exclusion of positively charged ana-
ytes and formation of anti-Langmuirian peaks (i.e. peaks having a
ispersed front and a compressed (shock) rear) in non-adsorbing
onditions has been addressed by several authors [16,18,17]. It has
een attributed to electrostatic repulsion between the analyte and

ig. 1. Peptide retention volume on the RPC column as a function of the acetonitrile
ontent. Mobile phase containing 20 mM Phosphoric acid. Note that above 30–35%
cN, the peptide retention volume is constant and equals to the liquid phase volume
ccessible to the peptide.
A 1216 (2009) 933–940

the stationary phase by Berendsen et al. [16], presumably due to
charged groups on the stationary phase. Loeser [26] has evaluated
the surface charge of C18 stationary phases by measuring the flow
induced streaming potential and he has concluded that most of the
C18 stationary phases have a positive net charge in acidic condi-
tions. The presence of those positive charges remains, however, not
clear. It might be due to preferential adsorption of cations relative
to anions [27] or to residues of the base used in the bonding pro-
cess [28]. McCalley [29] has suggested the presence of positively
charged group on the surface of commonly used reversed-phase
stationary phase. He has shown that ion-exclusion effect induced
by those positive charges can be reduced by increasing the pore size
and that it leads thus to an increase of protonated bases retention.
Loeser and Drumm [30] have also considered the effect of positively
charged surface on the retention of basic analyte. He has shown
that the pore accessibility increases upon increase of the buffer
strength and has considered that ion exclusion may play a signifi-
cant role in the retention behavior of positively charged analyte, in
addition to ion-pairing and chaotropic effects. Several authors have
reported a multi-layer adsorption of modifier on usual reversed-
phase stationary phase [31–33]. Chan et al. [33] have observed an
accumulation of modifier in the pores representing over 60% of
the total available pore volume. Kazakevich et al. [31] have devel-
oped a retention model assuming the partitioning of the analyte
between the mobile phase and the modifier adsorbed phase, fol-
lowed by its adsorption on the stationary phase surface. This model
has been applied to different alkylbenzenes. The effect of the multi-
layer adsorption of modifier on porosity has been, however, hardly
studied. Trathnigg et al. [6] have observed a variation of the pore vol-
ume with the mobile phase composition but no explanations were
found.

In this work a mathematical model of the porosity variation
(i.e. variation of the porosity accessible to a given peptide) as a
function of the peptide concentration has been developed and the
ideal model has been modified to take this effect into account. It
has been used to describe the anti-Langmuirian peaks develop-
ing in non-adsorbing conditions. The porosity model parameters
have been determined by fitting of the model to the experimental
data and they were compared to the effect of salts on the peptide
porosity. The modifier adsorption isotherm has been determined
on all column studied and the correlation between the accumula-
tion of modifier in the pores and the limited pore accessibility of
the peptide has been shown.

2. Experimental

The experiments were carried out on a HP 1090 liquid chro-
matograph equipped with an auto-sampler, a diode array detector,
an online-degasser (HP 1100 series) and a binary pump (HP 1100
series). HPLC grade acetonitrile was purchased from Sigma–Aldrich
(Buchs, Switzerland). Calcium chloride, Sodium sulfate and ortho-
phosphoric acid 85% were purchased from Merck (Darmstadt,
Germany) and the sodium chloride from Mallinckrodt Baker
(Deventer, Holland). All the chemicals were used without further
purification. The deionized water was purified with a Simpak2
unit (Millipore, MA, USA) before use. Six different columns were
used in this work. Among those six columns, three fully endcapped
C18 silica based stationary phase and three polymeric phases were
selected. The column characteristics given by the manufacturer are

shown in Table 1. The peptide used in this work is a generic polypep-
tide with a molecular weight in the order of 3–4 kDa. The chemicals
and experimental conditions are described in Table 2. All experi-
ments were performed at pH 2.2 and at a flow rate of 1 mL/min. In
those conditions, the peptide is protonated and carries a net positive
charge.
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Table 1
Characteristics of the columns used in this work. All values given above are provided by the manufacturer.

Kromasil 100A,
10 u, C18

Eclipse XDB-C18 Daisogel
SP-120-10-ODS-BP

Amersham
Resource RPC, 3 mL

PLRP-S 300A, 10 u PLRP-S 100A, 10 u

Stationary phase Silica particle with
C18 bonded chains

Silica particle with
C18 bonded chains

Silica particle with
C18 bonded chains

Polystyrene-
divinylbenzene
particle

Polystyrene-
divinylbenzene
particle

Polystyrene-
divinylbenzene
particle

Internal diameter (cm) 0.64 0.46 0.46 0.64 0.46 0.46
Length (cm) 25 15 25 10 25 15
Surface area (m2/g) 330 180 300 – 384 414
Packed density (g/mL) 0.66 – –
Particle size (�m) 10 5 10
Pore diameter (Å) 110 80 120

Table 2
Experimental conditions.

Type of measurement Mobile phase composition

Peptide effect on its porosity 20 mM H3PO4, 58% (v/v) of
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acetonitrile
alt effect on peptide porosity 20 mM H3PO4, 58% (v/v) of

acetonitrile, various salts
cetonitrile adsorption isotherm 20 mM H3PO4, acetonitrile

. Peptide porosity as a function of its concentration

Increasing amounts of peptide were injected on various columns
t high acetonitrile concentration (i.e. non-adsorbing conditions).
he obtained elution profiles on the PLRP-S 100A column are shown
n Fig. 2. Anti-Langmuirian peaks develop in these conditions,
ecause the peptide porosity increases as the peptide concentration

ncreases [16–18]. This phenomenon is due to electrostatic repul-
ion between the analyte and the positive charges present on the
tationary phase [16,26–30]. The shielding of the analyte charges by
ther analytes present in the surrounding reduces in fact the elec-
rostatic repulsion between the analyte and the stationary phase,
y increasing locally the ionic strength. Therefore the analyte can
ome closer to the stationary phase surface and its pore accessibility
ncreases.

This hypothesis has been tested by modifying the ideal model of
chromatographic column by introducing a porosity value which

hanges as a function of the analyte concentration. The correspond-
ng mass balance on a slice of column can be expressed by:

usfcS)z,t−(usfcS)z+�z,t =
{

d
dt

(cε∗(c)S�z+q(1−ε∗(c))S�z)
}

z̄,t
(1)
and q are the analyte concentrations, respectively, in the mobile
nd in the stationary phase, usf is the superficial velocity of the
obile phase, S is the section area of the column, ε*(c) is the col-

mn porosity, t is the time and �z is the length of the slice. If

ig. 2. Elution profiles of the peptide on PLRP-S 100A column in non-adsorbing
onditions for increasing amounts of peptide. Injection of 1, 2, 3 5, 10, 20 �L of a
.85 mM solution.
– 0.33 0.33
15 10 10
- 300 100

an infinitely small slice is taken, the previous equation becomes
a partial differential equation:

−usf
∂c

∂z
= ∂c

∂t

[
ε∗(c) + (c − q)

∂ε∗(c)
∂c

+ (1 − ε∗(c))
∂q

∂c

]
(2)

In non-adsorbing condition, the analyte concentration in the sta-
tionary phase is equal to zero and the previous equation can be
reduced as follows:

usf
∂c

∂z
+ ∂c

∂t

[
ε∗(c) + c

∂ε∗(c)
∂c

]
= 0 (3)

Using the dimensionless time �R = tRusf/L and length x = z/L, with
tR being the retention time of the analyte and L the length of the
column, we obtain:

∂c

∂x
+ ∂c

∂�

[
ε∗(c) + c

∂ε∗(c)
∂c

]
= 0 (4)

This equation can be solved analytically using the method of char-
acteristics [34]. The obtained solution representing the retention
time of the analyte as a function of its concentration is given by:

�R = ε∗(c) + c
∂ε∗(c)

∂c
(5)

The porosity function used to fit the data is an empirical saturation-
type function, which has been chosen for reasons indicated later.
The porosity is assumed to vary from ε∗

min to ε∗
max depending on the

analyte concentration:

ε∗(c) = ε∗
min + ac

1 + a
ε∗

max−ε∗
min

c
(6)

The initial slope of the porosity variation is a. The minimal porosity
experienced by the analyte is ε∗

min, which corresponds to the situa-
tion where the analyte concentration approaches zero. The porosity
can increase up to a saturation value ε∗

max when the analyte con-
centration is sufficiently high. The boundaries of this function are
justified since the analyte porosity cannot be smaller than the exter-
nal porosity (ε∗

min ≥ εe) and the maximum porosity is limited by the
maximum liquid phase volume ideally available for an analyte of a
certain size.

The chromatographic model developed above was used to fit the
wave region of the anti-Langmuirian peaks. The dispersed front of
the peaks shown in Fig. 2 was fitted with Eq. (5) assuming that the
peptide porosity dependency can be described by Eq. (6). The exper-
imental results and the fitted curve are in good agreement except on
the top and the bottom of the peak (e.g. Fig. 3). These deviations are

due to dispersion effects which are neglected in the model devel-
oped. The dispersed tails in Fig. 2 are due to extra-column effects,
since the tailing is also observed for injections in the HPLC where
the column has been removed (Fig. 4). Accordingly, this portion of
the peak is not utilized in the rest of this work.
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Fig. 3. Thin line: experimental elution profile of the peptide on PLRP-S 100A column.
Injection of 20 �L of a 2.85 mM solution. Thick line: fitting of Eq. (5) to the dispersed
front.
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The porosity boundaries ε∗
min and ε∗

max determined in this case turn
out to be the same as the ones determined for the porosity varia-
tion due to the peptide concentration (Table 4). This is consistent
with the fact that the porosity variation induced by the peptide
ig. 4. Elution profiles of the peptide without a column connected to the HPLC.
njection of 3 and 10 �L of a 2.85 mM solution.

The estimated parameters of Eq. (6) for all columns after fit-
ing are summarized in Table 3. It is seen that ε∗

min is equivalent
o typical values for the external porosity of packed column (i.e.
.37–0.4) on columns having small pore size (dp = 100 Å) such as
he PLRP-S 100A and the Daisogel C18. In this case, the peptide is
otally excluded from the pores when a low amount of peptide is
njected. For columns having larger pore sizes (e.g. RPC and PLRP-

300A), ε∗
min tends to take larger values indicating that in this

ase, the peptide can enter the pores to a certain extent even at
ow peptide concentration. In the case of the Kromasil C18 and
he Eclipse XDB, the peptide is pore excluded as in the case of
he PLRP-S 100A and the Daisogel C18, but the anti-Langmuirian
eaks do not develop in non-adsorbing conditions (Fig. 5). It will
e shown in the next section that an effect of the ionic strength on
he porosity is observed on those columns, but only to a very lim-
ted extent and that the porosity variation induced by the peptide
oncentration is therefore too weak for the development of anti-
angmuirian peaks in non-adsorbing conditions, this phenomenon
eing hidden by the dispersion effects. Moreover, the low peptide

ore accessibility observed on those columns, even in a high ionic
trength environment, will be justified by the large accumulation
f acetonitrile in the pores as it will be explained in more details in
ection 5.

able 3
itted parameters of Eq. (6).

a (L/mol) ε∗
min

ε∗
max

PC 185.32 0.61 0.71
LRP-S 300A 180.44 0.53 0.62
LRP-S 100A 178.68 0.41 0.51
aisogel C18 73.70 0.40 0.50
Fig. 5. Elution profiles of the peptide on the Kromasil C18 column for increasing
value of the peptide concentration. Injection of 1, 2, 3, 5 �L of a 2.85 mM solution.

4. Peptide porosity as a function of salt concentration

In the previous section, we showed that anti-Langmuirian peaks
develop when the peptide is injected into the column in non-
adsorbing conditions. If this phenomenon is due to electrostatic
effects as proposed by Berendsen et al. [16], the effect of salt on the
porosity has to be the same as the one of the peptide, since the pep-
tide charges can be shielded by both species. The peptide porosity
as a function of salt concentration was determined and compared
to the porosity variation induced by the peptide concentration.

The retention times of small peptide injections were measured
in non-adsorbing conditions at various salt concentrations in the
eluent. The peptide porosity was then calculated from the reten-
tion time. The results obtained on the RPC column are shown in
Fig. 6. The increase of the peptide porosity as a function of salt
concentration follows the same behavior as the peptide porosity
variation induced by the peptide concentration itself. The apparent
differences between the salts vanish when the porosity variation is
described as a function of the concentration of negative charges, as
it can be seen in Fig. 7. This shows that the screening of the peptide
charges is a function of the concentration of negative charges in the
eluent and not a function of the concentration of salt. In fact, the
peptide is positively charged at low pH (i.e. in the working condi-
tions) and the screening of the peptide charges is carried out by the
negative charges only. It can be therefore seen that all salts have the
same effect on the peptide porosity, this effect being described by
an equation similar to Eq. (6):

ε∗(ccharges) = ε∗
min + accharges

1+ a
ε∗

max−ε∗
min

ccharges
(7)
Fig. 6. Peptide porosity as a function of the salt concentration in the eluent on the
RPC 3 mL column. Squares: CaCl2, triangles: NaCl, circles: Na2SO4, and diamonds:
NaBr.
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Fig. 7. Peptide porosity as a function of the concentration of negative charges in
the eluent on the RPC 3 mL column. Squares: CaCl2, triangles: NaCl, circles: Na2SO4,
diamonds: NaBr, line: fitting of Eq. (7) with a = 32.4 L/mol, εmin = 0.61, εmax = 0.70.

Table 4
Fitted parameters of Eqs. (6) and (7) for the RPC 3 mL column.

∗ ∗

S
P

c
a
t
s

f
w
t
a
o
s
p
b
n
t
o
n

c
m
m
b
t
p
b
d
s

F
e

a (L/mol) ε
min

εmax

alt 32.42 0.61 0.70
eptide 185.32 0.61 0.71

oncentration is due to the same phenomenon as the porosity vari-
tion induced by the salt concentration in the eluent. Eq. (6) can be
hus seen as a special case of Eq. (7), when the peptide charges are
creened by its own charges.

In Figs. 6 and 7, it is seen that, in the case of sodium sul-
ate, the peptide porosity reaches a maximum and then decreases
hen the salt concentration is further increased. We believe that

his is due to a complex formation involving two peptides and
sulfate ion. The peptide porosity decreases with the formation

f this complex, because the apparent increase of the peptide
ize reduces its pore accessibility. The formation of analyte com-
lexes in the presence of divalent ions has been already observed
y Gritti and Guiochon [35]. They have shown that this phe-
omenon increases adsorbate–adsorbate interactions, thus leading
o anti-Langmuirian behavior in adsorbing conditions. The effect
f divalent ions on the peptide behavior in both adsorbing and
on-adsorbing conditions needs, however, further studies.

A similar behavior as those described above is found for all
olumns studied in this work, although the porosity changes are
uch less pronounced in the case of the Eclipse XDB and the Kro-
asil C18 columns (e.g. Fig. 8). It shows that electrostatic repulsions

etween the peptide and the stationary phases are present in all
ype of columns considered in this work (i.e. silica based C18 and

olymeric stationary phases), although the porosity variation might
e too weak for the development of anti-Langmuirian peaks as
escribed in the previous section. The similar behavior observed on
ilica based and polymeric stationary phases allows us to conclude

ig. 8. Peptide porosity as a function of the sodium chloride concentration in the
luent on the Kromasil C18 column.
Fig. 9. Elution profile of the peptide on the RPC 3 mL column for increasing values
of the peptide concentration. (a) No salts, (b) 1 g/L sodium chloride in the eluent.
Injection of 3, 10, 50, 80 �L of a 2.85 mM solution.

that the presence of positive charges on the stationary phase is not
due to the chemical nature of the hydrophobic surface, but comes
from a general tendency of hydrophobic surfaces at low pH. The
preferential adsorption of cations relative to anions as suggested
by Okada [27] could be a possible explanation.

Let us now examine the effect of the peptide concentration on
the porosity in an eluent containing salt. The elution profiles of the
peptide on the RPC 3 mL column in an eluent containing sodium
chloride or not are compared in Fig. 9a and b, respectively. As
discussed above, without salt in the eluent, the anti-Langmuirian
peaks appear since the increase of the ionic strength due to the
peptide concentration leads to an increase of the peptide porosity
(Fig. 9a). With 17 mM of sodium chloride in the eluent, the peaks
are Gaussian (i.e. constant porosity), since the porosity experienced
by the peptide is already maximal when a small pulse of peptide is
injected (Fig. 9b). The further increase of the ionic strength by the
peptide does not affect the porosity, the latter remaining equals
to ε∗

max, since all the peptide charges are already screened by the
presence of the salt in the eluent. This finding confirms that the
anti-Langmuirian peak shapes observed in non-adsorbing condi-
tions are due to a porosity variation induced by the local amount of
negative charges.

5. Effect of the modifier adsorption on the peptide porosity
The results reported above indicate that the particle porosity
accessible to the peptide (εp) in non-adsorbing conditions is very
small (Table 5). This is true in particular for the Kromasil C18 and
the Eclipse XDB where εp does not exceed 0.1 even in a high ionic

Table 5
Particle porosity accessible to the peptide.

Column ε∗
p,min

ε∗
p,max

Daisogel C18 0.05 0.21
PLRP-S 100A 0.06 0.23
PLRP-S 300A 0.25 0.39
RPC 0.38 0.56
Kromasil C18 0.00 0.01
Eclipse XDB 0.07 0.08
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Fig. 11. Excess adsorption isotherm of acetonitrile. Squares: Kromasil C18 col-
umn. Empty triangles: Eclipse XDB column. Filled triangles: PLRP-S 100A column.
Diamonds: Amersham RPC 3 mL column. Crosses: PLRP-S 300A column. Circles:
Daisogel C18 column. Stars: Daisogel C8 column.
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trength eluent. On the other hand, under adsorbing conditions
i.e. when the acetonitrile concentration is strongly reduced), it
s known that significant loading of the peptide can be achieved,

hich is clearly not compatible with the low porosity values mea-
ured under non-adsorbing conditions. In this section we show
hat this behavior can be explained by the accumulation of ace-
onitrile in the pore volume which hinders significantly the pore
ccessibility of the peptide in non-adsorbing conditions.

.1. Acetonitrile adsorption isotherm determination

The adsorption of the modifier can in fact be regarded as an accu-
ulation in a close proximity to the solid phase surface and it can

e represented by an excess adsorption isotherm following Kazake-
ich [36]. The method used for the acetonitrile adsorption isotherm
etermination is the minor disturbance method [7,11,33,37,38]. The
etention volumes (VR) of small perturbations at different plateau
f acetonitrile concentration cAcN are measured and are numeri-
ally integrated using Eq. (8) to give the excess adsorption isotherm

AcN(cAcN):

AcN(cAcN) = 1
S

cAcN∫
0

(VR(cAcN) − V0)dcAcN (8)

here S is the surface available for adsorption and V0 is the total
iquid volume in the column and is determined from the integration
f the retention volumes over the entire range of concentration:

0 =

cAcN,max∫
0

VR(cAcN)dcAcN

cAcN,max
(9)

he obtained values are represented by the squares in Fig. 10.
sing the method proposed by Everett [39], the maximum amount
dsorbed is determined by back-extrapolation of the excess adsorp-
ion isotherm in the linear region (50–80% AcN in Fig. 10) to the
ntercept with the y-axis (thin line in Fig. 10). This corresponds to
he amount adsorbed when the mobile phase is composed of pure
cetonitrile. The straight line between the origin and the amount
dsorbed in pure acetonitrile represents the equilibrium concen-
ration (thick line in Fig. 10). By addition of the excess adsorbed to
he equilibrium concentration, the adsorption isotherm qAcN(cAcN)
s obtained:

AcN(cAcN) = cAcN × Va(cAcN)
S

+ � (cAcN) (10)
The acetonitrile adsorption isotherm was measured on several
olumns. The obtained results are shown in Figs. 11 and 12. Note
hat the adsorption isotherms in Figs. 11 and 12 are referred to
he solid phase volume Vs = VC − V0 instead than to the solid phase

ig. 10. Determination of the adsorption isotherm of acetonitrile on the PLRP-S 300A
olumn. Squares: excess adsorption isotherm. Thick line: equilibrium concentration.
riangles: adsorption isotherm.
Fig. 12. Adsorption isotherm of acetonitrile. Squares: Kromasil C18 column. Empty
triangles: Eclipse XDB column. Filled triangles: PLRP-S 100A column. Diamonds:
Amersham RPC 3 mL column. Crosses: PLRP-S 300A column. Circles: Daisogel C18
column.

surface:�AcN,solid(cAcN) = 1
VS

cAcN∫
0

(VR(cAcN) − V0)dcAcN

�AcN,solid(cAcN) = 1
VS

cAcN∫
0

(VR(cAcN) − V0)dcAcN (11)

qAcN,solid(cAcN) = cAcN × Va(cAcN)
VS

+ �AcN,solid(cAcN) (12)

From the adsorption isotherm, it is possible to determine the
thickness of the adsorbed layer �(cAcN) by introducing the concept
of dividing plane [31] which assumes that the adsorbed phase is
composed of pure acetonitrile:

�(cAcN) = Va(cAcN)
S

(13)

The surface area used in the calculation of the adsorbed layer

thickness is taken from nitrogen adsorption data supplied by the
manufacturer. The acetonitrile adsorbed phase thickness measured
is reported in Table 6 and is comparable to the ones found in the lit-
erature for usual reversed-phase column [31] (last row in Table 6).
It indicates that acetonitrile forms a multi-layer adsorbed phase.

Table 6
Thickness of the acetonitrile adsorbed layer calculated from the adsorption isotherm
of acetonitrile. Data for C1 to C18 monomeric phases taken from [34].

Thickness (Å)

Kromasil C18 6.3
PLRP-S 300A 7.2
PLRP-S 100A 10.7
C1–C18 monomeric phases 10–15
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Fig. 13. Percentage of the pore volume filled with acetonitrile as a function of
the acetonitrile concentration in the eluent. Squares: Kromasil C18 column. Empty
t
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riangles: Eclipse XDB column. Filled triangles: PLRP-S 100A column. Diamonds:
mersham RPC 3 mL column. Crosses: PLRP-S 300A column. Circles: Daisogel C18
olumn.

.2. Effect of the acetonitrile adsorption on the peptide porosity

As stated earlier the accumulation of acetonitrile in the pores has
n impact on the peptide porosity. The peptide porosity decreases
hen the acetonitrile concentration is increased. At high acetoni-

rile concentration, the peptide can be almost completely excluded
rom the pores due to the acetonitrile accumulation as it is the case
or the Kromasil C18 and the Eclipse XDB columns. To highlight this
ffect, the percentage of the pore volume filled with acetonitrile is
alculated:

AcN/pore = Va(cAcN)
Vpore

× 100 = Va(cAcN)
V0 − Ve

× 100 (14)

here Vpore is the total volume of the pores. Va(CAcN) is the volume
f acetonitrile. V0 is the total liquid phase volume as determined
rom minor disturbance measurements (Eq. (9)) and Ve is the inter-
titial liquid volume.

The percentage of the pore volume filled with acetonitrile for
he six columns considered in this work is shown in Fig. 13. It can
e observed that the percentage of the pore volume filled with ace-
onitrile decreases with the pore size. In fact the PLRP-S 100A has

ore acetonitrile accumulated in the pores than the PLRP-S 300A.
his can be justified by the larger surface/volume ratio in columns
aving small pores. The differences among the columns having sim-

lar pore sizes is, however, difficult to explain due to the differences
n pore size distribution and in the chemical nature of the stationary
hases.

The Kromasil C18 column and the Eclipse XDB column have a
igher amount of acetonitrile accumulated in the pores compared
o the other columns. The acetonitrile adsorbed layer on those
olumns fills more than 45% of the pore volume at high acetoni-
rile concentration and limits therefore the access of the peptide to
he pores. The effect of the ionic strength on the peptide porosity is
eak on these columns (e.g. Fig. 8), since the acetonitrile adsorbed

ayer limits strongly the maximal volume accessible for the peptide
i.e. volume accessible in a high ionic strength environment). The
eptide can efficiently enter the pores in adsorbing condition (i.e.

ow acetonitrile concentration), since the adsorbed phase is thinner
n this case, justifying therefore the high loading possible onto these

olumns. The peptide porosity is thus a function of the acetonitrile
dsorbed. On the other columns there is less accumulation of ace-
onitrile in the pores, the peptide is therefore less excluded from the
ores in non-adsorbing conditions. The effect of the ionic strength
n the pore availability is therefore stronger as it was shown in
revious sections.
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6. Conclusions

The peptide pore accessibility has been studied for six dif-
ferent stationary phases. It has been shown that, the peptide
porosity depends upon the peptide and salt concentration. The
accessible porosity is, in fact, found to increase with the local con-
centration of negative charges following a saturation-type function
within the same porosity boundaries for both cases. In a low ionic
strength eluent, the peptide is partially or totally pore excluded
in non-adsorbing conditions depending upon the stationary phase
considered. When the ionic strength is increased by addition of
salt in the eluent or by increasing the amount of peptide injected,
the pores become accessible to the peptide. In the case of the
porosity variation induced by the amount of peptide injected, anti-
Langmuirian peaks are formed since the local ionic strength is
affected by the peptide concentration and therefore the accessibil-
ity of the stationary phase increases with the peptide concentration.
It has been also shown that the accumulation of acetonitrile in the
pores affect the pore accessibility of the peptide. In fact, by mea-
surement and comparison of the acetonitrile isotherm on all the
stationary phases considered, it has been shown that the peptide is
totally pore excluded when the stationary phases have more than
45% of the pore volume filled by acetonitrile.

The differences in the porosity measured at various experi-
mental conditions can be explained by pore hindering induced by
the acetonitrile accumulation and by the electrostatic interactions
present between the peptide and the stationary phase. It is very
important to account for these effects when modeling chromato-
graphic processes. For example, in the case of peptide purification,
the different molecules (including the modifier) may experience
different porosities and this affects their degree of competition
along the column and in general their chromatographic behavior.
Another important aspect is the adsorption isotherm evaluation. In
order to correctly evaluate the Henry coefficients from retention
time measurements, the proper porosity has to be determined (i.e.
the porosity experienced by the analyte in the actual experimen-
tal conditions), which is usually a quantity that can not be directly
measured, but that can be computed from porosity variation mod-
els.
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