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ABSTRACT

Elucidation of protein transport mechanism in ion exchanges is essential to model separation perfor-
mance. In this work we simulate intraparticle adsorption profiles during batch adsorption assuming typ-
ical process conditions for pore, solid and parallel diffusion. Artificial confocal laser scanning microscopy
images are created to identify apparent differences between the different transport mechanisms. Typical
sharp fronts for pore diffusion are characteristic for Langmuir equilibrium constants of K; >1. Only at
K. = 0.1 and lower, the profiles are smooth and practically indistinguishable from a solid diffusion mech-
anism. During hold and wash steps, at which the interstitial buffer is removed or exchanged, continuation
of diffusion of protein molecules is significant for solid diffusion due to the adsorbed phase concentration
driving force. For pore diffusion, protein mobility is considerable at low and moderate binding strength.
Only when pore diffusion if completely dominant, and the binding strength is very high, protein mobility
is low enough to restrict diffusion out of the particles. Simulation of column operation reveals substantial

protein loss when operating conditions are not adjusted appropriately.

© 2021 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Ion-exchange chromatography (IEX) is frequently applied for
purification of proteins [1]. In comparison to other chromatogra-
phy modes, e.g., affinity chromatography or hydrophobic interac-
tion chromatography, a very wide range of IEX resins is commer-
cially available, differing in ligand type, physical structure, pore
size, and particle size [2-7]. As a result, IEX resins can be used
for multiple tasks in downstream processing including protein cap-
ture, intermediate purification, and polishing steps, as well as for
analytical characterization. With regards to physical structure, IEX
resins are typically classified in two categories, macroporous and
composite matrices [8,9]. The first type comprises relatively large
open pores that provide access to the surface-bound ligands. The
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liquid phase fills these pores providing the path for protein trans-
port by Fickian diffusion. Typical base matrices in this category are
crosslinked agarose, synthetic polymers, and inorganic solids such
as silica or hydroxyapatite. Composite media have been introduced
to improve binding capacity while preserving mechanical strength
and can be further classified into two sub-classes: (1) gel-in-a-shell
media, in which a soft, functionalized hydrogel fills the pores of
a rigid support matrix; (2) polymer grafted media, where flexible
functionalized polymers are linked to the pore surface of a sup-
port matrix by either multi-point attachment or single-point at-
tachment [8,10,11].

In general, pore diffusion is the dominant mass transfer mech-
anism in macroporous media [12,13]. In this case, diffusion of pro-
tein molecules occurs in the fluid phase that fills the pore space.
If the binding strength is reasonably low, protein molecules can
attach to and detach from the ligand many times during trans-
port towards the center of the particle. In contrast, if the binding
strength is very high, i.e,, when the isotherm is highly favorable
or essentially irreversible, individual protein molecules remain at-
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tached to the ligand and without further movement. For compos-
ite media, the situation is often different. In this case, mass trans-
fer can be partly or completely based on a solid diffusion mecha-
nism where transport occurs in an adsorbed state. This can occur
in cases where, because of the flexibility of the hydrogel or poly-
mer grafts, the protein molecules retain diffusional mobility while
interacting with the functional ligands. The terms solid diffusion
and gel diffusion have also been used to describe this mechanism.
Surface diffusion, used to denote transport along a surface, while
different on a molecular level, is functionally equivalent since it
requires mobility in the surface-bound state. If both pore and ad-
sorbed phase diffusion mechanisms occur simultaneously, the term
parallel diffusion is frequently used [14-16]. The two mechanisms
result in a very different dependence of the adsorption kinetics
on protein concentration and binding strength. For pore diffusion,
mass transfer is proportional to the protein fluid phase concen-
tration. Thus, higher rates are always seen at higher solution con-
centrations. On the other hand, for adsorbed-phase or solid diffu-
sion, mass transfer is related to the bound protein concentration.
As a result, the rate is influenced by the shape of the adsorption
isotherm. In this case, when the isotherm is highly favorable, the
mass transfer rate becomes independent of the protein solution
concentration [17].

The dominance of one or the other transport mechanism is de-
termined by the physical structure of the particle. In composite
media of type (1) there is hardly any free pore space available
and solid diffusion is the sole transport mechanism while in me-
dia of type (2), where the pores are not completely occupied by
the grafted polymers both mechanisms can contribute to transport.
The relative importance of these mechanism is a function of pro-
tein solution concentration, adsorption capacity, and of the rela-
tive magnitude of the corresponding diffusivities. In general, solid
diffusion coefficients are much smaller compared to effective pore
diffusivities commonly encountered for practical material [18,19].
However, since the driving force for solid diffusion is proportional
to the concentration gradient in the adsorbed phase, this mech-
anism can still be dominant when the protein solution concentra-
tion is low, the binding capacity is high, and the isotherm is highly
favorable. In this case, the larger driving force for solid diffusion
can more than compensate for the smaller solid phase diffusivity
resulting in faster transport than pore diffusion alone [15].

Considering all the above-mentioned aspects, the underlying
transport mechanism of a specific protein may be rather com-
plex, especially for multi-component mixtures where hindered dif-
fusion caused by steric hindrance of large bound molecules or,
in other cases, coupling of diffusion fluxes can further complicate
the adsorption kinetics [20-24]. Elucidating and quantifying pro-
tein transport mechanisms is thus important and is needed for the
development of accurate mechanistic models that can help accel-
erate process development for a given separation task.

From a practical viewpoint, elucidation of the mechanism is
achieved based on experimental measurements, which can be
macroscopic or microscopic. Macroscopic techniques, such as the
measurement of the batch adsorption kinetics or the measure-
ment of the response of a chromatographic column to pulse or
step changes in protein concentration, rely on comparing experi-
mental results with predictions of models based on different as-
sumption about the underlying mechanism [13]. To be meaning-
ful, such measurements need to cover a range of conditions, such
as protein concentration and binding strength, since model dis-
crimination based on measurements at a single condition is ex-
tremely limited. In contrast, microscopic techniques that rely on
measurements of the patterns of adsorbed protein within an in-
dividual particle during transient adsorption provide an improved
ability to discriminate among mechanisms. For example, when the
isotherm is highly favorable, pore diffusion is expected to result in
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sharp adsorption fronts, while solid diffusion is expected to result
in smooth profiles. Because of these dramatic differences, distin-
guishing between mechanisms is much easier [25]

Confocal laser scanning microscopy (CLSM) has become very
popular for these type of microscopic measurements since its in-
troduction by Ljungléf and Hjort in 1996 [26]. In this method, a
fluorescently labeled protein is used as a marker to determine the
bound protein concentration profiles within an individual particle
during transient adsorption by taking optical sections of the par-
ticle. Since the technique is non-destructive, measurements can
be conducted in near real-time. Moreover, using multiple non-
interference fluorophores, measurements can be conducted for
multicomponent systems. While very powerful, CLSM is also af-
fected by a number of experimental difficulties including arte-
facts associated with differences between the binding properties
of the fluorescent marker and those of the native protein, fluores-
cence attenuation and light scattering effects, and the opacity of
many chromatography particles that require use of refractive in-
dex matching fluids [27-31]. Another source of uncertainty, not as
commonly appreciated, is the effect of protein mobility within the
particles that can potentially affect the results when CLSM is con-
ducted in a batch mode. In this case, if binding is weak or solid dif-
fusion is dominant, significant changes in the bound protein con-
centration profiles could occur during the measurement itself, po-
tentially skewing the experimental results.

In addition to the effects on microscopic experimental measure-
ments, the nature of the transport mechanism can also potentially
affect process performance. The effects of the mass transfer mech-
anism on column breakthrough and elution behaviors are well un-
derstood [12]. In contrast, less is known about the effects on wash
and hold steps, which are often components of typical process cy-
cles. During wash steps, used to remove unbound or weakly bound
impurities, the protein concentration is zero in the mobile phase
fed to the column while the adsorption strength is either un-
changed or only slightly weakened compared to that used in the
load step. A hold step, during which the protein remains bound
without mobile phase flow, can also be included intentionally or
between transitions between one step and another. An important
question is what happens to the bound protein during these steps.
Practically, this is potentially particularly important in multicolumn
periodic counter-current systems [32-35]. In such systems, the col-
umn being washed is nearly completely saturated which leaves al-
most no capacity to recapture, downstream, protein molecules that
may leave the particles near the column entrance. The extent to
which this occurs will determine whether recycling of protein col-
lected in the wash step will be needed or not. Thus, determining
the fate of the bound protein molecules during this step is critical.

This work focuses on the simulation of intraparticle profiles
that evolve during protein uptake assuming typical process con-
ditions in terms of binding strength and diffusivities. We have cre-
ated a broad range of artificial CLSM images to identify situations
where differences between solid and pore diffusion mechanism are
particularly apparent as well as situations at which differentiation
becomes increasingly difficult or almost impossible. We have also
investigated hold and wash steps by simulated profiles on a par-
ticle as well as column level. In this aspect, continuation of diffu-
sion of protein molecules into the particle center but also diffu-
sion from the pore space into the bulk solution plays an essential
role and thus can have severe effects on the overall process perfor-
mance.

There is extensive literature on the mass transfer mechanisms
that control the breakthrough behavior of proteins in ion exchange
columns, as reviewed, for example, in refs. [12,36]. Less is known,
however, about hold and wash behaviors. In this case, while the
transport mechanisms can be expected to be the same as those
controlling loading, their effects on the evolution of the patterns
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of protein bound within the particle and column profiles have not
been investigated in detail.

2. Theory and simulation
2.1. Chromatography model

Investigation of adsorption patterns in porous media requires a
model describing mass transfer rates. A general model for trans-
port of a solute in spherical beads is given by:

ac, 1-¢6p 39
at ep Ot

9%c, 19c 1-¢p 9%q 1dq
—Dp‘<arz+rar)+ 5 2l\aetrar) (¥

with boundary conditions:

dacp 1-¢p aq,
Dp~—8r(r_0)+ 5 ~Ds~§(r_0)_0 (1b)
dcp 1-¢p dg, . ky 3
Dp'w(r—rp)*‘T'Ds'@(r—rp)—;p'a‘(C—Cp)
(1)

where ¢, is the solute concentration in the intraparticle fluid
phase, g the adsorbed concentration, ¢, the intraparticle porosity,
rp the radius of the particle, Ds; and D, the solid and pore diffusion
coefficient and kf the film mass transfer coefficient.

Eq. (1) describes a general model of parallel transport which
reduces to the pore diffusion model and solid diffusion model, by
setting the corresponding diffusion coefficients Ds or D, to zero.
To describe a batch process, Eq. (1) is coupled with the material
balance:

ad 1- 3

a—i =- gbgb -I<f~a-(c—cp(r:rp)) (2a)
p(t=0)=q(t=0)=0 (2b)
c(t=0)=cF (20)

In Eq. (2), the term ¢, = V},/V denotes the batch porosity, V to-
tal batch volume and Vj, liquid batch volume, i.e., without solid
and pore volumes of particles. Consequently, (1-¢,)/ep = (V-V})/V},
with the volume occupied by particles defined as Vp = V-V},. Mass
transfer into the particles is determined by the film mass transfer
coefficient ky, which can be estimated through engineering corre-
lations. cf is the concentration of the protein solution with ¢ being
the concentration in the bulk fluid. The same symbol will be used
for the concentration of the protein solution for column adsorp-
tion.

To describe a column operation, the following equation and
boundary conditions replace Eq. (2) with:

ac oc %c 1-—¢ 3

% =—U'&+Dax~E—T‘kf'a‘(f—cp(rer)) (3a)

Boundary conditions

ct=0)=cg (3b)
ac

ve(z = O) — Dgx - &(Z = O) =V - Creed (3b)

ac

&(z =L)=0 (3d)

Here, ¢ = V./V denotes column porosity, V total column vol-
ume and V, interstitial (or extraparticle) column volume, hence the
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particle volume is Vp = V-V. Dgy is the axial dispersion coefficient
and v is the interstitial velocity. Initial and boundary conditions
are specified with ¢y being the initial concentration, which is equal
to O for loading a clean column and cp.,y as the protein concentra-
tion in the liquid supplied to the column, which is equal to cg for
loading and to O for hold and wash steps. For the numerical sim-
ulations reported in this work, we assumed sufficiently fast bind-
ing kinetics to achieve local equilibrium between the local protein
concentration in the particle pores cp, and the local bound protein
concentration g, according to the Langmuir adsorption isotherm:

: K Cp (4)
+ KL - Cp

It should be noted that while the Langmuir isotherm does not
have an explicit dependence on ionic strength, the value of K
is expected to decrease as a function of salt concentration as a
result of the weakened electrostatic interaction. A description of
this effect can be obtained, for example, using the steric mass ac-
tion (SMA) law model [37] which accounts explicitly for the effect
of salt concentration. In practice, however, the Langmuir isotherm
with parameters regressed at each salt concentration and the SMA
model with parameters globally fitted to data over a range of salt
concentrations provide comparable descriptions of typical data. For
example, for the lysozyme/S-HyperD system in 10 mM sodium
phosphate at pH 6.5 studied by Lewus and Carta (1999) [38], K ~
100 without addition of NaCl, while K; ~ 0.65 with the addition of
150 mM NaCl. Thus, the values of K; used in this work in the range
0.1-1000 are realistic and bracket values observed experimentally.

Throughout the work we used following conditions: cg = 2.0g/L,
maximum binding capacity of the resin qmqx = 750 g/L solid phase
which equals 150 g/L particle, particle radius r, = 37.5 pm and in-
traparticle porosity &, = 0.8. The Langmuir equilibrium constant K;
was varied to define different binding strengths.

q = Qmax

2.2. Batch adsorption

Batch adsorption was simulated as a shallow bed operated at
a flow rate sufficiently high to prevent significant change of the
bulk fluid concentration. For our simulations we used a 1 mL col-
umn that was loaded and washed at a flow rate of >10 mL/min.
Intraparticle protein concentration over time was calculated with
the given adsorption parameters and the macroscopic uptake curve
was constructed from the mass balance.

2.3. Hold and wash steps

Hold and wash step simulations were modelled for two cases.
In the first case, a “hydrated particle” model was set-up to study
transport within the particle without external liquid. For this pur-
pose, a minimal amount of extra-particle space was adjusted, &, =
0.0001 in Eq. (2), which translates to the volume of particles being
roughly equal to the total volume V, ~= V. The resin was loaded
for 120 s (20-50% saturation depending on type of diffusion) at
10 mL/min to ensure sufficient saturation. Subsequently, the col-
umn was washed for 10 s until no protein remained in the bulk
fluid. Then, a hold step was implemented by lowering the flow
rate to almost zero (~ 0.0001 mL/min). For the second case, a wash
step after adsorption was simulated by exposing a small amount of
resin to a large buffer excess, representing an infinite bath. In this
case, the model was created by using a large extra-particle space
gp = 09999 or Vp << V. Simulations were performed for pore,
solid and parallel diffusion cases at selected binding strengths.

2.4. Column adsorption

A 10 mL (i.d. = 1 cm, L = 12.7 cm) column was operated at
a residence time of 3 min, with axial dispersion Dy = 5.25-10~4
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cm?/s, and ke = 2.0-1073 cm/s based on correlations described in
[39-41]. The column was loaded to 10 % and 80 % dynamic break-
through, respectively, with different mass transport mechanisms
and binding strengths. Then a wash step was applied for 10 col-
umn volumes (CV). The concentration profile was evaluated and
loss during wash out was quantified by integration with the trape-
zoidal method.

2.5. Software

The Chromatography Analysis and Design Toolkit (CADET) Ver-
sion 4.1.0 was used for all chromatographic simulations in this pa-
per (https://cadet.github.io) [42]. The one-dimensional general rate
model available in CADET was used to generate both intraparticle
and column profiles using selected values of the diffusivities and
Langmuir equilibrium constants. The calculated radial intraparticle
concentration profiles were then exported and used to construct
a colormesh in a polar coordinate system with intensity propor-
tional to the bound concentration value using Python’s matplotlib
package. Python 3.6 was used for creating the simulated CLSM im-
ages and for data processing. The numerical solutions were verified
with analytical solutions (if available) and independent calculations
based on numerical methods described in [43].

3. Results
3.1. Intraparticle profiles during batch uptake

For the initial examination of macroscopic uptake and com-
parison of intraparticle profiles during adsorption a shallow bed
model was set up. We selected particle diffusion coefficients, par-
ticle properties and adsorption capacities which are representative
for typical protein purification tasks [13].

Two different cases were considered for the simulations. In the
first of these, we consider the behavior of an adsorbent particle
where transport is dominated by solid diffusion; i.e., with D, = 0.
A practical example is the case of lysozyme on S-Hyper D de-
scribed in ref. [17] which is a composite resin consisting of a sil-
ica matrix whose pores are essentially completely filled with a
charged gel. It has been shown that in this resin lysozyme dif-
fuses and binds throughout the gel with a solid diffusion coeffi-
cient Ds = 7.0-1072 cm?/s. In the second case, we consider dif-
fusion and binding into a hypothetical macroporous resin where
transport is dominated by pore diffusion; i.e., with Ds= 0. In order
to facilitate comparisons with the solid diffusion case, we selected
a value of D, = 3.5.10-7 cm?/s, which gives overall adsorption
rates close to those observed for solid diffusion with Ds = 7.0-10~?
cm?/[s. This value of D, can be connected to an actual physical
system by means of established estimation methods. For instance,
for lysozyme, which has a free solution diffusivity of about 1-10-6
cm?/[s [44], assuming a pore radius of 20 nm results in a hindrance
factor of about 0.7 [24,45]. Accordingly, using a typical tortuosity
factor of 2, we obtain Dy = 1.10~7 x 0.7/2 = 3.5.10~7 cm?/s, which
is the same as that used in our simulations. A similar value of Dp
has been obtained experimentally for lysozyme on the resin SP-
Sepharose-FF [46]. It should be noted that solid diffusion has also
been observed for larger proteins, including IgG [22,47]. Thus, we
expect solid diffusion behaviors for larger proteins to be qualita-
tively similar to those seen for lysozyme. In the case of pore dif-
fusion, the main difference between smaller and larger proteins is
expected to be the different degree of diffusional hindrance, which
will be dependent on the ratio of protein to pore size. Similar be-
havior is expected if this ratio is similar.

In Fig. 1A the macroscopic adsorption profiles almost com-
pletely overlap. However, at the selected conditions, the intra-
particle profiles simulated are substantially different. In a solid dif-
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fusion mechanism, protein molecules migrate very fast and reach
the core of the particle after ~2 minutes. In contrast, profiles for
pore diffusion appear as sharp fronts that travel to the center of
the particle over time. Profiles shown in Fig. 1B are well known
and have been used by several researchers to elucidate the domi-
nating mass transfer mechanism based on their typical appearance
[25]. One motivation for this work was the question whether there
are adsorption conditions where differentiating between mecha-
nisms becomes difficult. Based on adsorption theory, pore diffusion
at low binding strength also gives smooth profiles, similar to those
observed for solid diffusion. In fact, if the isotherm is linear, the
profiles predicted for pore and solid diffusion become identical to
each other provided that one takes &, Dp =qmax Ds/CF = qmax-Ky-Ds,
where qmax-K; is the initial slope of the isotherm [36]. In such
cases the adsorbed protein is not strongly bound but is attached
on and detached from the adsorbing surface many times during
diffusion to the particle center. Fig. 2 compares the adsorption ki-
netics and the corresponding adsorbed protein concentration pro-
files predicted by the pore with D, = 1.1.10~7 cm?/s and an almost
linear isotherm at K; = 0.1 with those predicted by the solid dif-
fusion model with Dy = 7.0-10~° cm?/s and K; = 100, all the other
conditions having been kept constant.

As seen in this figure, both the overall kinetics (Fig. 2A) and
the adsorbed concentration profiles (Fig. 2B) are nearly coincident.
Obviously, for these conditions it would not be possible to dis-
criminate between transport mechanism without an independent
knowledge of the isotherm.

To bridge the gap between conceptional dimensionless radial
profiles and intuitive (empirical) understanding of transport mech-
anism by visual inspection, simulated CLSM images were created
based on numerically predicted intraparticle profiles for different
conditions. Fig. 3 shows these profiles (Fig. 3A) and correspond-
ing simulated CLSM images for pore diffusion with D, = 1.1.10~7
cm?/s and different K; values as well as solid diffusion with
Ds = 7.0-1072 cm?/s with K; = 100. We have included a figure
showing the relevant isotherm profiles in the supplementary mate-
rials (Fig. S1). Consistent with the experimental practice of confocal
microscopy, where, to ensure the proper dynamic range, the laser
intensity is chosen based on the fluorescence of a saturated parti-
cle. The simulated CLSM profiles are normalized to the respective
maximum value of q, which is observed at the particle surface. As
can be seen in Fig. 3B, a low binding strength of K; = 0.1 results
in a smooth profile while values of K; > 1 result in the typical
sharp adsorption fronts normally associated with pore diffusion.
As noted, before, solid diffusion with K; = 100 and pore diffusion
with K; = 0.1 have identical appearance.

With this tool in hand, we turn our attention to the general as-
pect of protein mobility in the adsorbed phase for three different
cases. In the first we consider particles initially loaded with pro-
tein to achieve partial separation followed by removal of the ex-
ternal liquid phase. In the second we consider a “zero length” col-
umn where particles partially saturated with protein are suddenly
exposed to a solution containing no protein at a high flow rate. Fi-
nally, we consider the wash step of a finite length column partially
saturated with protein with a finite flow rate of the mobile phase.

3.2. Batch adsorption with hold step

Fig. 4 shows simulated CLSM images for particles that are
loaded with protein for 120 seconds, which results in loadings of
20-50 % of qmax, followed by a simulated hold where the external
protein concentration is suddenly dropped to zero while no pro-
tein can diffuse out of the particles. The same value of K; was used
during load and wash and results are shown for different values of
K.
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Fig. 2. Macroscopic uptake curves (A) and intraparticle profiles (B) over time in a shallow bed. Adsorption was simulated with ¢ = 2.0 mg/mL and gmex = 150 mg/mL for
pure solid diffusion K, = 100 mL/mg, D; = 7.0-10-° cm?/s (blue) and rectangular isotherm pore diffusion (shrinking core) K; = 0.1 mL/mg, D, = 1.1-10~7 cm?/s (orange).

In practice, these conditions correspond to those used in a
batch CLSM experiment where the particles are separated from the
protein solution by suction through a frit, centrifugation, or filtra-
tion [48]. For solid diffusion, the driving force is the gradient in
adsorbed phase concentration. As seen in Fig. 4, the pore diffusion
model predicts almost no change in the bound protein profile dur-
ing the hold period except when K; is very small (<1). When K;
is low, the protein detaches from the surface and is redistributed
across the particle radius. For higher values of K;, this redistribu-
tion is absent, and the protein molecules are virtually immobilized
on the surface. A different result is obtained from the solid diffu-
sion model. In this case, even if K; is large (e.g., 100), since the
adsorbed protein remains mobile, even after just a 60 s hold, the
adsorbed protein concentration profile changes substantially. After
10 min, the protein is almost completely redistributed resulting in
a nearly homogenous distribution across the particle radius.

Recent advances in protein chromatography, in particular ion-
exchange chromatography, was triggered by the introduction of
composite and grafted chromatography materials [8,9]. On one
hand, adsorption capacities were remarkably increased, and on the

other hand, mass transfer was also substantially enhanced. These
improvements were widely investigated and reported by several
authors. Accelerated mass transport was commonly attributed to
a parallel diffusion mechanism in which a certain contribution of
solid phase transport occurs in the polymeric network in addition
to pore diffusion [49-52]. Mass transport of proteins solely based
on solid diffusion seems to be restricted to gel-in-a-shell media.
Moreover, it has been previously demonstrated that weak binding
conditions in buffers with higher conductivity can cause similar ef-
fects in conventional macroporous media [53]. As a likely scenario
we have simulated adsorption for solid, pore and parallel diffusion
at K, = 10 (Fig. 5).

The patterns after 3- and 10-minutes hold time appear very
characteristic for the respective mass transfer type. Obviously, dis-
crimination between solid and parallel diffusion is not straightfor-
ward but the fact that solid diffusion contributes significantly to
overall mass transfer can be concluded from a single measurement.
Additional examples of parallel transport behavior are shown in
the supplementary materials (Figures S2 to S4). Our simulations
reveal that for solid and pore diffusion at low K, the diffusional
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sion at different binding strengths with D, = 1.1.10~7 cm?/s and solid diffusion
Ds = 7.0-107° cm?/s.

process into the center of the particle continues unaffectedly even
when the external liquid is removed. This behavior has certain im-
plications: At certain conditions there is a possibility of overesti-
mating mass transport on CLSM measurements when the time be-
tween the removal of the liquid phase and the actual measurement
is too long. The use of a more complicated CLSM flow cell mea-
surement can overcome this problem. Otherwise, one could bene-
fit from the experimental set-up, that was simulated in Fig. 4 and
Fig. 5 to simplify mass transport assessment. Loading up to 20-
50 % saturation and introducing an intentional hold step before
measurement can provide a profile that is characteristic for a spe-
cific mass transfer type. A prerequisite is that the binding strength

0 sec 60 sec 3 min 10 min

K. 10
Parallel
K; 10
Solid

Fig. 5. Simulated CLSM images of a hold step in hydrated resin; progression of ad-
sorption front from end of load (120 seconds) to 10 minutes of pore diffusion with
Dp = 11-1077 cm?[s, solid diffusion with Dy = 7-10~° cm?/s and parallel diffusion
with D, = 1.110-7 and Ds = 4.0-10~° cm?/s (chosen to match uptake Kinetics of
solid diffusion case) at medium binding strength in a hydrated particle type simu-
lation.

must be known from isotherm or isocratic elution data. This in-
formation can be obtained experimentally using a variety of tech-
niques, including batch uptake measurements and isocratic elution
conducted at different salt concentrations and gradient elution ex-
periments conducted over a range of gradient slopes as reviewed,
for example, in Carta et al., [46].

3.2. Batch adsorption with simulated wash step

Fig. 6 shows the simulated CLSM images (Fig. 6A) and the over-
all adsorption kinetics (Fig. 6B) during a simulated wash step for
the same conditions of Fig. 4. In this case, the volume of liquid
surrounding the particle is essentially infinite, which keeps the ex-
ternal concentration at zero, but, unlike the previous case, pro-
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Fig. 6. A) Simulated CLSM images of a hold step in infinite bath initially devoid of protein. Progression of adsorption front from end of load (120 seconds) to 10 minutes for
pore diffusion at different binding strengths with D, = 1.1.10~7 cm?/s and solid diffusion Ds = 7.0-10~° cm?/s. B) Intraparticle profiles at the end of the load step (top) and

after 60 seconds hold in infinite bath (bottom).

tein molecules bound during the load step can diffuse out of the
particle. Different results are predicted again for the two mod-
els depending on the value of K;. For strong binding conditions
(K, = 100) the patterns are similar to the situation of a hold step
with no external fluid. For solid diffusion, protein molecules con-
tinue to diffuse rapidly toward the particle center resulting in a re-
distribution of bound protein across the particle radius. Note that
little protein diffuses out of the particle for these conditions, which
results is very favorable partitioning toward the particle at the ex-
ternal particle-fluid interface. Because of this favorable partition-
ing, the fluid-phase protein concentration remains near zero at the
particle surface greatly reducing the rate of external transport. For
pore diffusion with K; = 100, the adsorbed protein molecules are
immobile and external there is no change even after a long time.
Moreover, there is also no loss of protein from the particle, since,
because of favorable binding, external transport is again extremely
slow. For pore diffusion with lower K; values the situation is dif-
ferent. In this case, the driving force is the concentration gradient
in the fluid phase. If K| is very low and partitioning is not so favor-
able, the protein bound during the load step is in part redistributed
across the particle radius and in part leaves the particle. For long
times and small values of K, almost all the initially bound protein
is lost. As a result, for these low-K; conditions, the bound protein
concentration profile has a maximum at intermediate times. This
maximum disappears for larger K; values (e.g., K, ~ 100) when lit-
tle protein is lost from the particle.

3.3. Column adsorption

Clearly, an infinite bath represents an idealized, unrealistic sce-
nario intended to simplify the modelling of adsorption situation.
However, results from the simulations shown in Fig. 6, suggest an
important impact of the diffusion mechanisms as well the binding
strength on wash and hold steps during column operation.

Fig. 7 shows the results obtained for a finite length column par-
tially saturated with a protein followed by an extensive wash step
using same diffusion coefficients and varying adsorption strength
as for batch adsorption. These results show the column effluent
concentration profile with 0 CV corresponding to the start of the
wash step. We used two different levels of column saturation, cor-
responding to a DBC 80% (Fig. 7A) and to a DBC of 10 % (Fig. 7B).
The former is comparable to the situation encountered in periodic
countercurrent chromatography (PCC) processes whereas the latter
is representative of a conventional batch column process [54-56].
Reference to the PCC process is made to highlight a case where the
column is nearly fully loaded prior to the wash step. When a sin-
gle column is used, only partial loading, up to the dynamic binding
capacity, is possible in practice. The two cases are exemplified by
Fig. 7A and 7B, respectively.

As seen in Fig. 7A, losses of protein in the wash phase are sub-
stantially larger for the cases with high saturation regardless of the
adsorption strength and the mass transfer mechanism compared to
the case with low initial column saturation (Fig. 7B). The fraction
that is lost increases with decreasing binding strength (i.e., lower
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Fig. 7. Simulation of column adsorption process with wash step. Column was
loaded at a residence time of 3 min with protein solution (¢ = 2.0 mg/mL,
Gmax = 150 mg/mL) to DBC 80 % (A) and DBC 10 % (B). The column was then
washed for 10 CV to investigate the losses during the wash step at different bind-
ing strengths for a pore diffusion coefficient D, = 1.1-10~7 cm?/s compared to solid
diffusion Ds = 7.0-10~° cm?/s at K; = 100 mL/mg. The wash step starts at CV=0.

Ki). However, at K; = 100 or even K; = 1000, only a small frac-
tion is washed out. A quantitative analysis of protein losses was
performed based on a PCC process where the breakthrough from
the first column is typically loaded to the next column. As such
only the true wash out starting at CV = 0 was considered for the
80% saturated column. For the lower saturation, the loss due to
breakthrough was included though this contribution is small. The
resulting protein losses calculated from integration of the profiles
and expressed as a percentage of the protein loaded are summa-
rized in Table 1.

It can be observed from Fig. 7 that, for the conditions simu-
lated, mass transfer for solid diffusion is much faster resulting in
a very steep breakthrough curve. Due to the different driving force
the shape of the wash out curves differed significantly from those
for pore diffusion. Since, in the case of solid diffusion, the protein
retains diffusional mobility more protein is washed out compared
to the case of pore diffusion at equivalent binding strengths. This
is especially evident for the low initial saturation case (Fig. 7B). In
this case, when K; is large, the bound protein is essentially im-
mobilized while significant binding capacity is available at the end
of the load step to recapture any unbound protein left in the par-

Journal of Chromatography A 1653 (2021) 462412

Table 1

Protein loss during the wash step of column loaded
with protein to saturation levels of 80 and 10%.
Loss is given as percentage of the amount of pro-
tein loaded, which is lost during a 10 CV wash for
Dp=11-10"7 cm?/s and D; =7.0-10-° cm?s.

K. (mL/mg)  Loss (%)
DBC80 % DBC 10 %
Pore 5 15.0 8.5
20 9.6 4.7
100 5.4 2.1
1000 2.6 0.8
Solid 100 6.0 4.8

ticle pores and in the extraparticle fluid. When K; is large, most
of this protein is adsorbed during the wash step and not lost in
the effluent. On the other hand, for solid diffusion, all of the pro-
tein loaded is mobile, which results in greater losses and a distinct
difference in curve shapes during the wash step. The higher spike
in protein concentration observed for solid diffusion at K; = 100,
which is absent in pore diffusion at K; = 100, is the result of the
much sharper breakthrough curve. The extent of saturation needed
to achieve a C/Cr = 0.1 breakthrough concentration in the solid dif-
fusion case is much greater. Therefore, the protein concentration
near the column outlet is higher and the concentration spike is
seen in the early stages of the wash step. Following this early con-
centration spike, more protein continues to be found in the wash
for the solid diffusion case, because the bound protein retains dif-
fusional mobility and can leak out of the particle at a greater rate
than for pore diffusion at equal binding strength. The losses are ob-
viously greater with a high initial saturation for both mechanisms
since, in this case, there is little residual binding capacity to adsorb
the protein before it is lost in the effluent. Hence, in such a situ-
ation recycling of the wash fraction is required to maintain a high
yield and productivity when operating in a PCC system [57]. The
influence of the film mass transfer was also studied by simulat-
ing adsorption and wash out at different velocities (see Figure S5
in supplementary materials). Film mass transfer coefficients were
adjusted based on correlations for column operation. Overall, op-
erating the column at higher velocities minimizes the loss in the
wash out fraction to a minor extent. Though film mass transfer co-
efficients increase at high velocities and favor protein diffusion out
of the particles, the much shorter cycle time overcomes this effect
leading to reduced protein wash out.

4. Conclusions

Pore and solid diffusion are distinguished by the difference in
their driving force. At strong binding conditions the intraparticle
profiles are characteristic for the respective mechanisms. Pore dif-
fusion exhibits sharp fronts and solid diffusion smooth transitional
profiles. When the binding strength decreases in a pore diffusion
system, the profiles gradually approach the solid diffusion pattern.
Eventually at very low binding strength K; = 0.1, the profiles are
practically indistinguishable when there is no diffusion to the out-
side of the particle. Understanding the underlying mechanism of
a particular chromatographic separation process is critical. For ad-
sorption, solid diffusion contribution accelerates mass transfer al-
lowing to work a high flow rate. In turn, during wash and hold
steps, the continuing transport can lead to substantial protein dif-
fusion out of the particles, especially at high column saturation.

The simulations performed in this work were mostly based on
a single diffusion mechanism. This was necessary to identify the
most prominent effects on specific operation conditions. In prac-
tical work, many resins will exhibit a parallel transport behavior.
Furthermore, complex feedstocks result in multi-component ad-
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sorption situations which further complicates understanding of the
underlying principles. Depending on the dominance of one or the
other mass transfer mechanism, which also strongly depends on
buffer conditions, our calculations can contribute to better process
understanding and design.
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