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ABSTRACT

The single-component Mollerup model, with over 40 direct applications and 442 citations, is the most widely
used activity model for chromatographic mechanistic modeling. Many researchers have extended this formula to
multi-component systems by directly adding subscripts, a modification deemed thermodynamically inconsistent
(referred to as the reference model). In this work, we rederived the asymmetric activity model for multi-
component systems, using the van der Waals equation of state, and termed it the multi-component Mollerup
model. In contrast to the reference model, our proposed model accounts for the contributions of all components
to the activity. Three numerical experiments were performed to investigate the impact of the three different
activity models on the chromatographic modeling. The results indicate that our proposed model represents a
thermodynamically consistent generalization of the single-component Mollerup model to multi-component
systems. This communication advocates adopting of the multi-component Mollerup model for activity

modeling in multi-component chromatographic separation to enhance thermodynamic consistency.

1. Introduction

Hydrophobic interactions and ionic interactions are two typical
forces between the adsorbate components and the chromatographic
adsorbent. These interactions give rise to hydrophobic interaction
chromatography (HIC) and ion-exchange chromatography (IEC),
respectively, while their coupling leads to mixed-mode chromatography
(MMC). Reversed-phase chromatography (RPC) is another mode yielded
from hydrophobic interactions. Modeling the chromatographic process
based on these interaction mechanisms has garnered significant research
interest.

Let ¢; and g; represent the adsorbate concentrations in the mobile
phase and stationary phase, respectively, while c,, and gy, represent the
modifier concentrations in the mobile phase and stationary phase,
respectively. Kini, keqi, and v; represent the kinetic coefficient, equi-
librium coefficient, and characteristic charge, respectively. The
adsorption isotherm models corresponding to hydrophobic interactions
and ionic interactions can be expressed as follows:
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The type of modifier depends on the chromatographic modes. For
HIC and IEC, the modifier can be a salt solution such as NaCl. For RPC,
the modifier can be a solvent such as acetonitrile.

By modifying keq; and the nonlinear terms g;! in Egs. (1) and (2),
most well-established chromatographic models can be derived as shown
in Table 1. Among these models, those that consider activity corrections,
such as the Mollerup-HIC, generalized ion-exchange (GIEX), and self-
association (SAS) models, are more broadly applicable due to their
consideration of solution non-ideality.

The simulation results of the models depend on the choice of the
activity model. Currently, the activity model with coefficients 7; pro-
posed by Mollerup [1] is widely used. Table 2 lists forty research papers
that have adopted the Mollerup model up to June 2024. This activity
model is based on the van der Waals equation of state given by Eq. (3-70)
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in Prausnitz, et al. [2]. For a mixture system containing one component
(protein), one solvent (water), and one modifier (salt), the activity
model is expressed as:

Iny = kqcs + kpcp 3)

which is referred to as the single-component Mollerup model in this
work. ks and k, are interaction parameters of salts and proteins,
respectively. Since the initial proposal of Eq. (3) in 2006, it has had a
significant impact on the chromatographic mechanistic modeling, with
over 40 direct applications and 442 citations (all citations are listed in
the Supporting Information and include only research articles).

When extending Eq. (3) to multi-component systems, many re-
searchers have adopted a straightforward subscript modification:

ln?i = ks.ics + kp‘icp.i (4)

which is referred to as the reference model. We argue that this modifi-
cation is not coherent with the van der Waals equation of state used to
derive the model. A more reasonable and thermodynamically consistent
expression should be:

n
1ﬂ7i = ksics + Z kaijcPJ (5)
j=1

Extending Eq. (5) to more general systems beyond salts and proteins,
i.e., a mixture system containing n components (solutes except for the
modifier), one solvent (water), and one modifier, the expression is
written as:

ln?i = km_iCm + Z liCJ 6)

=1

which is named as the multi-component Mollerup model.

In this study, we will rederive the asymmetric activity model for
multi-component systems using the van der Waals equation of state and
elucidate the underlying mechanisms behind our derivations. Through
numerical experiments, our proposed multi-component Mollerup model
will be compared with the reference model for multi-component chro-
matographic modeling. Furthermore, we will confirm that our proposed
model represents a thermodynamically consistent generalization of the

Table 1
Well-established chromatographic models by modify keq; and gy
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single-component Mollerup model to multi-component systems. Finally,
the impact of different loadings on these models will be evaluated.

2. Theory

Let us return to the van der Waals equation of state for incom-
pressible fluids, which was used to derive the single-component Mol-
lerup model in Eq. (3):

R v b; 2\/a‘i(ywv Ay + Ymy/Am + Z}Ll”’\/@)
Ing; =In——+ —
v—b ov-b vRT

)

where @; is the fugacity coefficient, v is the molar volume, R is the gas
constant, T is the temperature in kelvin, y; is the mole fraction, and a and
b are the constants dependent on composition.

The definition of the asymmetric activity coefficient is given by

Fi= = ®)
imy; limg;
¥i—0 ¥i—~0

where lirr(l)@i represents the fugacity coefficient at infinite dilution in
yim>

pure water (without the modifier). Denoting V@i, /@ as aj and
combining Egs. (7) and (8), one can obtain

) n
Infi = o <aiw ~ YwGiw — YmQim — ]Z:yjaij> ©)

Based on Mollerup [1]’s assumption that the solute mole fractions
are small, y,, ~ 1. For the liquid phase, let x; represent the mole fraction.
Thus, Eq. (9) can be simplified to:

2 n

Iny; = ——— | X Qm + X;ay (10)
VRT =

where if kj = —u,f;‘éw and c,, represents the molar concentration of water

at standard ambient temperature and pressure, approximately 55.6 mol/
L, Eq. (10) can be rewritten as Eq. (6).

When there is only one component present in the solution, Eq. (6) is
equivalent to the single-component Mollerup model in Eq. (3). In the

Model Base equation Modified keq; Modified gy} Introduced parameters
Linear Keqi 1 -
Eq. o) eq,i
Langmuir Keq.i . Gmax
Eq. (1) a1 — 32
Gmax,j
Salt-dependent Langmuir Keq.i ) Qmax
Eq. (2) Gmaxi| 1 — Z}Ll %
max,j
Stoichiometric displacement model (SDM) Ea. (2 Keq,i . Z A capacity
q-(2) AT - Zj—lm kp; equilibrium coefficient for dimerization
Steric mass action (SMA) Eq. (2) Keq,i r " qu A capacity
'q. A¥ |1 — 1
Z, lA/ (D]_ +U]) o shielding factor
Mollerup-HIC* Yikeq.i . 1 A capacity
q,
Eq. (1) A% |1 Z,’LlA/ (y_]Jr”) o shielding factor
Y 7: assymmetric activity coefficient
Generalized ion-exchange (GIEX)* Ea. (2 Yikeqi g v A capacity
n
'q. (2) Ab (1 Z,-:lA/ W+ o) o shielding factor
Y 7: assymmetric activity coefficient
Self-association (SAS) Eq. @) i+ 2kD;iCi712 /c) Keqi! ; r . @ U A capacity
. A1 — n . .
ZJJA/ v +0) o shielding factor

7i assymmetric activity coefficient

" Although the Mollerup-HIC and GIEX models suggest they are specific to certain chromatography modes (the words HIC and IEC in their names), they can also be

applied to RPC and MMC [10-13].

T Some literature expresses (ﬂ + 2kD,ici7i2 /c)keq_i, where c is the total molar concentration in the solution, ¢ ~ ¢,y ~ 55.6 mol/L.
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case of multiple components present in the solution, Eq. (6) accounts for
the contribution of interactions among all solutes to the solution activity
compared to the reference model in Eq. (4). The number of model pa-
rameters for Eq. (6) is calculated using the combination number C:

C(n,1) +C(n,2) + C(n,1) =n(n—1)/2+2n an

Table 3 lists several simplified models of Eq. (6) and the corre-
sponding number of model parameters. The number of model parame-
ters for the reference model in Eq. (4) is 2n.

Journal of Chromatography A 1731 (2024) 465156

3. Methods and materials
3.1. Numerical experiments

This study applied three numerical experiments to investigate the
impact of three different activity models on chromatographic mecha-
nistic modeling including the GIEX model (Table 1) coupled with the
single-component Mollerup model in Eq. (3), the reference model in Eq.
(4), and our proposed multi-component Mollerup model (the two-
parameter form Kkscs +Ep Z}‘Zlcj as listed in Table 3) in Eq. (6). The
investigated multi-component systems comprise a salt and three

Table 2
Research papers using the Mollerup asymmetric activity model up to June 2024.
No. Chromatography Separation system Component Reference
1 HIC Lysozyme Single Mollerup [1]
2 HIC Lysozyme Single Mollerup [14]
3 HIC p-lactoglobulin Single Mollerup [15]
4 IEC p-lactoglobulin Single Mollerup [15]
5 HIC a-lactalbumin Single Deitcher, et al. [16]
Carbonic anhydrase
Cytochrome ¢
Lysozyme
Ovalbumin
Ribonuclease a
6 MMC a-chymotrypsin Single Nfor, et al. [5]
Amyloglucosidase
Bovine serum albumin
Lysozyme
Ovalbumin
7 MMC Amyloglucosidase Single Nfor, et al. [6]
Bovine Serum Albumin
Ovalbumin
8 1EC Industrial protein Multiple Westerberg, et al. [17]
9 HIC Monoclonal antibody Single Nfor, et al. [18]
10 IEC/HIC a-lactalbumin Multiple Nfor, et al. [19]
p-lactoglobulin
Bovine serum albumin
11 IEC/HIC Monoclonal antibody Multiple Nfor, et al. [20]
12 MMC Peptide Single Chilamkurthi, et al. [21]
13 HIC Numerical study Single Holmagpvist, et al. [22]
14 HIC a-lactalbumin Single Mirani and Rahimpour [23]
Bovine serum albumin
Human serum albumin
Trypsinogen
15/16 MMC Monoclonal antibody Single Wang, et al. [7], Wilson, et al. [24]
17 HIC Industrial protein Multiple Hanke, et al. [25]
18 HIC Insulin Multiple Holmgqvist and Magnusson [26]
19 MMC Monoclonal antibody Single Lee, et al. [27]
20 IEC Monoclonal antibody Single Huuk, et al. [28]
21 IEC/HIC/MMC Bispecific antibody Single Lee, et al. [29]
22 IEC/HIC Monoclonal antibody Multiple Pirrung, et al. [30]
23 IEC/MMC Monoclonal antibody Multiple Pirrung, et al. [31]
24 IEC Monoclonal antibody Multiple* Briskot, et al. [32]
25 HIC Antibody-drug conjugates Multiple Andris and Hubbuch [33]
26 MMC Numerical study Multiple Bock, et al. [34]
27 IEC/MMC Napin Single Moreno-Gonzilez, et al. [8]
Cruciferin
28 HIC Lysozyme Single Lietta, et al. [35]
29 IEC Peptide Single Koch, et al. [9]
30 IEC Bispecific antibody Single Seelinger, et al. [36]
31 MMC mRNA Multiple Mouellef, et al. [37]
32 IEC Peptide Single Koch, et al. [38]
33 MMC Monoclonal antibody Single Hess, et al. [39]
34 Protein A Monoclonal antibody Single Hahn, et al. [40]
35 MMC Monoclonal antibody Single Hahn, et al. [41]
36 MMC Monoclonal antibody Single Altern, et al. [42]
37 MMC Monoclonal antibody Single Hess, et al. [43]
38 HIC Lysozyme Single Yang, et al. [44]
39 MMC Monoclonal antibody Multiple Altern, et al. [45]
40 HIC Lysozyme Multiple Yang, et al. [46]

Cytochrome ¢

" The activity model used by the author is Eq. (5).
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Table 3
Asymmetric activity coefficients in multi-component systems.
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Iny; Interaction between different components (excluding  Interaction between components and Lower adsorbate Number of interaction
modifier) is unity? modifier is unity? concentration? parameters
kmicm + - - - n(n + 3)/2
ki
kmicm + Yes _ _ ne1
k Z}T—l G
KmCm + Yes Yes - 2
k Z?:l G
km,icm - - Yes n
KmCm - Yes Yes 1

components, including weakly adsorbed impurity (W), product (P),
strongly adsorbed impurity (S), totally four solutes.

The first numerical experiment compared our proposed model with
the reference model in overlapping multi-component systems, while the
second numerical experiment explored when the two models are
equivalent. These experiments were conducted at loading factor LF of
2% and 1%, respectively, as defined by Chen, et al. [3], which were used
to calculate the injection time tip;:

LF:I/ o

X ‘Cinj'u'tinj/L (12)

In the third numerical experiment, we evaluated the effect of LF
changes within the range of 0.5%, 1%, 2%, 4%, 8%, and 16% on
chromatograms.

Table 4 presents the model parameters used in numerical experi-
ments. The operating parameters for single-component and overlapping
multi-component systems were referenced from Chen, et al. [4] and
Chen, et al. [3], respectively. The parameters for non-overlapping
multi-component systems were obtained by modifying the linear
parameter keq. Considering the reported values of interaction parame-
ters in the literature [5-9], ks = —5 M~! and k, = 15,000 M were
chosen to ensure that both interaction parameters affect activity, rather
than one dominating over the other. Their ratio was obtained by setting
Eq. (3) to approach zero:

Ky ¢ 0.5 % (Crinal + Cinitial) _ 0.5 x (0.55 +0.05)
B B 0.0001

= 3000 13)

ks Cp Cinj

where Cinia1 and cgpa are the salt concentrations at the initial and final
gradients, respectively. The selected values and ratio of the interaction
parameters are considered reasonable as they lie around the logarithmic
midpoint of the reported values [5-9], thus comprehensively reflecting
the variability of interaction parameters across different systems.

Table 4

3.2. Column models
The column model in numerical experiments employed the equilib-
rium dispersive model as:

ac;
Jat

u dac; g
(Zv t) = _8_ _Z (Zv t) + Dapp

Ci 1- Et 6ql
—(z,t) — iz, 1
022 (z,0) e ot (2,t) a4
where z and t are axial position and time, respectively. Eq. (14) was
completed with Danckwerts and Neumann boundary conditions at the
column inlet and outlet, respectively:

&Dapp OC; Cinji 0 <t <ty
- i\Y, ) = 1
0z (0,t) +¢;(0,¢t) 0 £> ty (15)
aCi
S Ly=0 e

The unnamed symbols can be referred in Table 4.
4. Results

Fig. 1A illustrates the simulated chromatograms of our proposed
model and the reference model in overlapping multi-component sys-
tems. In both model simulations, the elution behavior of impurity W
appears similar, while the product P and impurity S exhibit significant
differences. Particularly with impurity S, a peak shoulder simulated by
our model can be observed, whereas the peak shape of the reference
model is nearly symmetric. Additionally, in Fig. 1A, the peak height
simulated by our model decreases with increasing retention time, in
contrast to the reference model.

Compared to the reference model, the activity at retention time in
our model approaches one. This is because our model considers contri-
butions to activity from all solute molecules (all components and mod-
ifiers), rather than just one specific components.

Model parameters of numerical experiments for single-component, overlapping multi-component, and non-overlapping multi-component systems.

Parameters Unit Symbol Single solute Overlapping multi solutes Non-overlapping multi solutes
Column length cm L 25.0
Total porosity - £ 0.58
Capacity M A 0.57
Injection concentration M Cinj 1E-4 [1E-4, 1E-4, 1E-4] [1E-4, 1E-4, 1E-4]
Initial salt concentration M Cinitial 0.05
Final salt concentration M Cfinal 0.55
Apparent axial dispersion mm?/s Dapp 0.21
Velocity mm/s u 0.278
Graident length Ccv - 8.0
Characteristic charge - v 7.00 [6.00, 7.00, 8.00] [6.00, 7.00, 8.00]
Equilibrium coefficient - keq 0.200 [0.100, 0.200, 0.400] [0.020, 0.200, 2.0]
Shielding factor - 4 50.5 [51.0, 50.0, 49.0] [51.0, 50.0, 49.0]
Kinetic coefficient sM” Kiin 0.100 [0.100, 0.100, 0.100] [0.100, 0.100, 0.100]
Priotein-salt interaction Mt ks -5 [-5, -5, —5] [-5, -5, —5]
Priotein-protein interaction M1 kp 15,000 [-15,000, —15,000, —15,000] [-15,000, —15,000, —15,000]
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(A) Overlapping 2% LF (B) Non-overlapping 1% LF (C) Effect of loadings
3.0 q r 0.60 2.0 q r 0.60 10 q r 0.60
2.4 A - 0.48 1.6 - 0.48 8 - 0.48
-5 1.8 - - 0.36 -5 1.2 4 - 0.36 o 6 - 0.36
2 9 s 2 E 2
()] =~ (=) =~ )] =
= = 3 = 3 =
o 124 - 0.24 o 0.8+ - 0.24 ) 4 - 0.24
0.6 - 0.12 0.4 - 0.12 2 T - 0.12
4
0.0 - — - 0.00 0.0 - = 0.00 0 - =\ = 0.00
1.0 7 — Modifier 1.0 7 — Modifier 1.0 7 — Modifier
—_Ww —_Ww — 0.5% LF
N P 1% LF
> 0.5 — s > 0.5 — s > 0.5 — 2%LF
W (ref.) W (ref.) — a%LF
P (ref) P (ref) — 8%LF
0.0 S (ref) 0.0 S (ref) 0.0 4 — 16%LF
’ T T T T T 1 ’ T T T T 1 ’ T T T T T 1
00 16 32 48 64 80 00 16 32 48 64 80 00 16 32 48 64 80
V/ICV V/ICV VICV

Fig. 1. Simulated chromatograms (top) and activity curves (bottom) of the multi-component Mollerup model (solid lines) and the reference model (dashed lines) in
overlapping (A) and non-overlapping (B) multi-component systems. Effect of loadings on simulated chromatograms in single-component systems (C).

As the overlapping area decreases, both models exhibit similar
chromatograms, as shown in Fig. 1B. This implies that when there is no
overlap, the chromatograms simulated by these models are equivalent,
which is evidently determined by their expressions (our model in Eq. (6)
and the reference model in Eq. (4)). However, in practical applications
of multi-component systems, situations without overlap are practically
unattainable. Hence, our model and the reference model are entirely
distinct in such applications.

In the single-component systems, our model and the reference model
are equivalent to the single-component Mollerup model, because their
chromatograms completely align (Fig. 1C). This result also reveals that
with increasing loading, the retention time exhibits a trend of initial
increase followed by decrease, termed as anti-Langmuirian to Lang-
muirian elution behavior.

5. Discussion

Considering the results of numerical experiments, we can assert that
our proposed model exhibits significant differences from the reference
model in multi-component chromatographic modeling. Our model
considers the contributions of all solute molecules (all components and
modifiers) to activity, elucidating the intermolecular interactions
inherent in the activity definition. This model aligns more closely with
thermodynamic consistency and coherence with the van der Waals
equation of state. This indicates that our model represents a thermo-
dynamically consistent generalization of the single-component Mollerup
model to multi-component systems. Conversely, the reference model,
which solely considers the contribution of individual component to ac-
tivity, deviates from the principles of thermodynamic consistency.

However, the investigation in this study employs a simplified version
of the multi-component Mollerup model (kgcs + Ep EJ’Llcj), assuming
complete uniformity of two interaction parameters (ks and k) for all
components. While this assumption ease the complexity of the investi-
gation, they also limit the exploration of the full potential of the multi-
component Mollerup model. This exploration will be further performed
in the future research.

Mechanistic modeling indicates that the models should align with
underlying mechanisms. Hence, we advocate adopting of the multi-
component Mollerup model for activity modeling in multi-component
chromatographic separation to enhance thermodynamic consistency.
Unfortunately, a significant challenge arises as the multi-component
Mollerup model cannot be simplified into the reference model, which
means that users of the reference model (with over 40 direct applica-
tions and 442 citations) transitioning to the multi-component Mollerup

model must contend with a change in the number of parameters. To
facilitate a smooth transition, one solution is to utilize alternative
models (Table 3) simplified from the multi-component Mollerup model.

6. Conclusion

In this work, the asymmetric activity model for multi-component
systems was rederived and termed the multi-component Mollerup
model, using the van der Waals equation of state. In contrast to the
reference model, our proposed model accounts for the contributions of
all solute molecules (all components and modifiers) to the activity. The
results of three numerical experiments indicate that our proposed model
represents a thermodynamically consistent generalization of the single-
component Mollerup model to multi-component systems.
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