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ABSTRACT: The mass-transfer process of L-tryptophan (L-Trp) in the hydrophobic
interaction/ion-exchange mixed-mode resin HD-1 particles and fixed bed was studied
experimentally and theoretically. The adsorption kinetics of L-Trp in single-component
and multicomponent adsorption systems was investigated under different pH conditions.
The co-adsorption of sodium ions (Na*) and L-Trp anions was found to be negligible. A
modified liquid-film linear driving force model considering the physical adsorption of L-
Trp zwitterions and anions as well as ion exchange of L-Trp cations was proposed. The
dissociation equilibria of L-Trp molecules and functional groups on the resin were
introduced in the model. The model could well fit the kinetic adsorption curves of L-Trp at
different pH values. The presence of Na* and the impurity amino acid L-glutamic acid (L-
Glu) did not significantly affect the mass-transfer rate of L-Trp. The dynamic adsorption
processes of L-Trp under different pH and concentration conditions were studied. A
modified transport-dispersive model considering axial diffusion, liquid-film mass transfer,
and a combined physical adsorption and ion-exchange equilibrium was established, which could predict the adsorption breakthrough
curves of L-Trp well. During the dynamic adsorption process, the pH of mobile phase in the fixed bed changed with changing the -
Trp concentration in the mobile phase. L-Trp was well separated from Na* and 1-Glu with the purity of L-Trp higher than 99%, the
recovery rate higher than 95%, and a concentration of 4.69 X 10~ mol/L. The elution chromatographic peaks of L-Trp, L-Glu, and
Na* and the pH of the outlet solution were predicted satisfactorily.
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1. INTRODUCTION

Mixed-mode chromatography is a new chromatographic
separation technique. The adsorbents used in the separation
technique contain specially designed ligands, which can
interact with adsorbates via two or more interaction forces,
including hydrogen bond, hydrophobic interaction, electro-
static force, and so forth.'™ Compared with the traditional

mixed-mode chromatography has been studied by many
researchers.'' ~'® Chester proposed a partition model with a
new method for calculating the retention factor, which was
applicable to predict the retention time of adsorbates in mixed-
mode chromatographic separation process.'® Gomes et al.
developed an expanded bed adsorption model taking into
account the particle size distribution and bed voidage axial

single-mode chromatographic separation techniques, including
ion-exchange chromatography, hydrophobic interaction chro-
matography, and hydrophilic interaction chromatography,
mixed-mode chromatography has significant advantages such
as high adsorption capacity, strong salt tolerance, mild elution,
and regeneration conditions.” ® Therefore, the technique has
been widely used in the preparative separation of many
biochemical products, including amino acids, nucleosides,
peptides, and so on.””’

The mathematical modeling of the mass-transfer process of
preparative chromatography plays an important role in the
design and optimization of an efficient separation process."’
Especially for the mixed-mode chromatographic separation
process, the complexity of functional groups on the adsorbents
increases the controllable factors of the operation process but
also increases the difficulty of optimizing the operating
conditions of the separation process. It is necessary to
construct accurate mathematical models for mixed-mode
chromatography. At present, the mathematical modeling of
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variation. The model predicted the albumin and immunoglo-
bulin G adsorption breakthrough curves in an expanded bed
column packed with a new mixed-mode adsorbent MabDirect
MM satisfactorily."> In our previous work, the mass-transfer
process model considering the dissociation equilibrium of
nucleotides and resin was established.'” The model provided a
prediction to the dynamic adsorption and separation process of
guanosine 5’-monophosphate and cytidine 5’-monophosphate
by mixed-mode resin HD-1 satisfactorily.'” The nucleotides
were adsorbed by the resin via physical adsorption. However,
the mass-transfer process model considering the physical
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Figure 1. Kinetic adsorption curves measured experimentally and predicted by the model: (a) considering co-adsorption and (b) without

considering co-adsorption.

Table 1. Adsorption Kinetic Model Parameters for L-Trp

run 1 run 2 run 3 run 4
pH 2.5 45 6.5 10
ke (cm/min) 9.54 X 1073 6.51 X 1073 6.17 X 1073 477 X 1073
ARD % 5.61 6.17 6.85 5.82

adsorption and ion exchange of adsorbates as well as the
dissociation equilibrium of adsorbates and adsorbents has
never been reported.

L-Trp is one of the essential amino acids in human and
animal bodies.'® It has been widely used in food, medicine,
agriculture, and other fields.”*™*" At present, the most
commonly used method for L-Trp preparation is micro-
organism fermentation.””**  After pretreatment to remove
microbial cells, proteins, pigments, and other impurities, the
fermentation broth of L-Trp contains not only soluble salts
(represented by NaCl) but also L-Glu, a major amino acid
impurity.”* The separation and purification of L-Trp is one of
the key steps to restrict its efficient production. The most
commonly used method for L-Trp separation is ion
exchange.zs’26 However, the high concentration of salts in
the fermentation broth could reduce the ion-exchange capacity
and separation efficiency of ion exchangers. Moreover, a lot of
strong acids and bases need to be consumed to regenerate the
ion exchangers. In our previous work, the weakly polar hyper-
cross-linked adsorption resin XDA-200 was used to separate L-
Trp mainly depending on the hydrophobic interaction.”” This
method could avoid the influence of soluble salt and L-Glu.
However, the elution of L-Trp was difficult because of the
strong hydrophobic interaction between the resin and indoles
in L-Trp molecules. Thus, the chromatographic peak tailing for
L-Trp was serious. The concentration of L-Trp in the products
was not high enough. The hydrophobic interaction/ion-
exchange mixed-mode adsorbent HD-1 was used to separate
L-Trp in our research group.”® The adsorbent could adsorb t-
Trp mainly by hydrophobic interaction and ion exchange, and
efficient elution was achieved by the electrostatic repulsive
force. The unfavorable influence of L-Glu and soluble salts on
L-Trp adsorption was avoided. The tail of the chromatographic
peak was improved. The adsorption equilibrium behavior of L-
Trp on the resin was studied in detail. It was found that
different forms of L-Trp could be adsorbed by the resin. The
adsorption equilibrium model combining physical adsorption
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and ion exchange was constructed, which fitted the adsorption
isotherms of L-Trp at different pH values. However, the mass-
transfer process simulation of L-Trp in the resin particles and
fixed bed needs to be further studied.

Based on our previous work, the simulation of mass-transfer
process of L-Trp in the mixed-mode adsorbent HD-1 with
combined physical adsorption and ion exchange as well as
dissociation equilibrium of L-Trp and resin was studied. First,
the adsorption kinetics of L-Trp in single-component and
multicomponent adsorption systems was investigated, and the
mass-transfer process model with adsorption of L-Trp at
different forms was constructed. Second, the dynamic
adsorption process of L-Trp was studied, and the column
dynamic separation process model was constructed to simulate
the breakthrough curves of L-Trp under different pH and
concentration conditions. The pH and L-Trp concentration
distribution in the column was analyzed. Finally, the dynamic
separation process of L-Trp, L-Glu, and NaCl was simulated.
The work carried out in this paper is valuable for the accurate
simulation of mixed-mode chromatographic separation process
and has reference significance for optimizing the separation
process of L-Trp analogues.

2. RESULTS AND DISCUSSION

2.1. Mass-Transfer Process of L-Trp in Resin Particles.
The kinetic adsorption curves of L-Trp in the single-
component adsorption systems are shown in Figure 1. The
Na® in the solution may adsorb on the resin by electrostatic
attraction between L-Trp anions and Na*.** In order to
investigate whether the co-adsorption of Na* and L-Trp anions
is negligible, the modified liquid-film linear driving force
models with and without Na* co-adsorption were used to fit
the adsorption kinetics data of L-Trp at different pH values.
The fitting curves are shown in Figure la and 1b, respectively.
It can be seen from the figure that there is no significant
difference in the fitting results of the two models. The results
indicate that the co-adsorption of Na" and L-Trp  can be
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Figure 2. (a) Kinetic adsorption curves of Na* in a single-component adsorption system and (b) kinetic adsorption curves of L-Trp and Na* in a
three-component adsorption system.
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Figure 3. Adsorption breakthrough curves of L-Trp: (a) at different pH values and (b) at different concentrations. The solid lines are the curves

predicted by the model.

neglected. It is due to that the reduction in Na* concentration
in the liquid solution by co-adsorption with L-Trp~ is
insignificant compared to the reduction in Na" concentration
due to ion exchange of Na with H" on the resin. Therefore, in
the subsequent experiments, the adsorption kinetic model
without considering the co-adsorption of Na* was adopted.
The model parameters obtained by fitting the adsorption
kinetics data of L-Trp to this model are shown in Table 1. It
can be seen from Table 1 that the values of ARD % under
different pH conditions are all lower than 7.0, indicating that
the model considering the physical adsorption of L-Trp
zwitterions and anions as well as ion exchange of L-Trp
cations can well fit the kinetic adsorption curves. The values of
effective diffusivity at pH 6.5 and 10 are lower than those at
pH 2.5 and 4.5, indicating that the mass-transfer rate of L-Trp
molecules at pH 6.5 and 10 is slower. The reason may be that
the electrostatic repulsive force between L-Trp molecules and
the resin at pH 6.5 and 10 prevents the diffusion of L-Trp
molecules in the adsorbent particles to a certain extent.
Kekenes-Huskey et al. found the identical phenomenon that
the electrostatic repulsive force can depress the effective
diffusion rates of ions.””

The kinetic adsorption curves of Na* on HD-1 resin under
different initial concentrations are shown in Figure 2a. The
modified liquid-film linear driving force model was used to fit
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the adsorption kinetics data, and the fitted curves are also
shown in Figure 2a. It can be seen from the figure that the
model can fit the adsorption kinetics data well.

The kinetic adsorption curves of L-Trp in a three-component
adsorption system are shown in Figure 2b. The modified
liquid-film linear driving force model was used to predict the
adsorption kinetics data. It is found that there is no significant
deviation between the predicted and experimental results,
indicating that the model can well predict the adsorption
kinetics data of the three-component adsorption system. L-Glu
hardly adsorbed on HD-1 resin. Therefore, the concentration
of L-Glu hardly changes. The kinetic adsorption curve of L-Glu
is not shown in this work. In summary, the mass-transfer
process of L-Trp on the resin in single- and three-component
adsorption systems can be well simulated by the adsorption
kinetic model proposed in this paper.

2.2. Mass-Transfer Process of .-Trp in a Fixed Bed
Packed with HD-1 Resin. The adsorption breakthrough
curves of L-Trp under different pH conditions are shown in
Figure 3a. As can be seen from the figure, when pH is ~1.5, the
stoichiometric time of L-Trp (the concentration at the outlet of
the fixed bed reaches 0.5 of the concentration of the feed
solution) is the shortest. The stoichiometric time is the longest
when pH is ~2.5. The adsorption capacity at pH 1.5 is lower
than that at pH 9.5 and 2.5, so the time needed for L-Trp to

https://doi.org/10.1021/acsomega.2c05194
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Figure 4. (a) Axial pH distribution and (b) axial concentration distribution of L-Trp in the mobile phase during adsorption when the pH of the

feed solution is ~1.5.
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Figure 5. (a) Axial pH distribution and (b) axial concentration distribution of L-Trp in the mobile phase during adsorption when the pH of the

feed solution is ~9.S.
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Figure 6. (a) Chromatographic peaks of L-Trp and 1-Glu and (b) pH and concentration of Na* at the outlet of the column.

reach adsorption saturation is the shortest at pH 1.5. The
adsorption breakthrough curves of L-Trp at different feed
concentrations are shown in Figure 3b. As can be seen from
the figure, the stoichiometric time of L-Trp decreases with
increasing concentration of the feedstock. For convex
adsorption isotherms, the retention time of the adsorbent
becomes shorter with increasing solution concentration.”” The
pH of the feed solution is ~2.5. At pH 2.5, the L-Trp
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Lo . 28
adsorption isotherm is convex.” Therefore, the above results

are reasonable.

The modified transport-dispersive model was used to fit the
adsorption breakthrough curves of L-Trp, and the fitted curves
are shown in Figure 3 as well. As can be seen from the figure,
the model can provide a general prediction to the adsorption
breakthrough curves. The concentration of L-Trp and pH in
the mobile phase in the fixed bed varies with the axial position.
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The concentration distribution of L-Trp and pH distribution in
the mobile phase in the fixed bed were analyzed when the pH
of the feed solution was ~1.5 and 9.5. The results predicted by
the model are shown in Figures 4 and 5. It can be seen from
Figure 4b that the concentration of L-Trp in the mobile phase
in the fixed bed increases gradually from the inlet to the outlet
with the extension of adsorption time. From the comparison of
Figure 4a,b, it can be seen that the pH of the mobile phase at
the concentration front of L-Trp is lower than that at the other
sites. The reason may be that some L-Trp cations exchange
with hydrogen ions on the resin. The hydrogen ions are
released into the mobile phase, resulting in a decrease in pH.
By comparing Figure 5a,b, it is found that the pH of the mobile
phase at the concentration front of L-Trp is higher than that at
the other sites. The reason may be that the concentration of L-
Trp in the mobile phase at the concentration front of L-Trp
decreases, while the concentration of Na® hardly changes.
Therefore, the concentration of H* decreases due to the need
for electrical neutrality, leading to an increase in the pH of
mobile phase.

2.3. Dynamic Separation Process of L-Trp, .-Glu, and
NaCl. The experimental and predicted chromatographic peaks
of L-Trp and L-Glu at the exit of the fixed bed are shown in
Figure 6a. L-Trp was well separated from Na" and L-Glu with
the purity of L-Trp higher than 99%, the recovery rate higher
than 95%, and a concentration of 4.69 X 107> mol/L. The
values of model parameters are listed in Table 2. As can be

Table 2. Operating and Model Parameters for the Dynamic
Separation Process

parameter value

bed height (cm) 15.5

D1y (em®/min) 9.79 x 1073
Dy (em?/min) 9.83 x 107
Dy, (em?/min) 9.94 x 107
Dycr (em?/min) 1.04 x 107
kegprep (cm/min) 6.75 x 1073
keiina (cm/min) 9.50 x 1073

seen from Figure 6a, the model can provide a general
prediction to the chromatographic peaks. The deviation
between the predicted and experimental results may result
from the deviation between the calculated axial diffusion or
mass-transfer parameters and the actual values of the
parameters. The changing curves of solution pH and Na*
concentration at the column outlet are shown in Figure 6b.
The NaOH aqueous solution at a concentration of 0.1 mol/L
was used as an eluent. The concentration of Na* increased to
0.1 mol/L slowly until eluting for more than 400 min. The
result is due to that Na® is exchanged by H' on the resin.
When eluting for about 20 min, the pH at the outlet of the
column began to decrease. The result is due to that H' on the
resin exchanged with Na* and L-Trp* in the feed solution and
flowed into the mobile phase. Therefore, the pH decreased.
When eluting for about 400 min, the pH increased quickly to
about 13. At this moment, H" on the resin was almost
exchanged by Na* completely. As can be seen from Figure 6b,
the model can provide a general prediction to the changing
trend of pH and Na*. In sum, the model proposed in this paper
can be used to simulate the mass-transfer process of L-Trp and
optimize the L-Trp separation process.

3. CONCLUSIONS

The mass-transfer process of L-Trp in mixed-mode resin HD-1
particles and fixed bed was studied. The co-adsorption between
Na* and L-Trp anions on the resin is negligible. The modified
liquid-film linear driving force model considering the
adsorption equilibrium behavior of L-Trp in different
dissociation states as well as the dissociation equilibrium of
L-Trp and functional groups of resin was proposed. The model
can well fit the kinetic adsorption curves of L-Trp at different
pH values. The model also predicted the concentration decay
curves of L-Trp and Na' in the three-component adsorption
system satisfactorily. In the fixed bed, L-Trp was well separated
from Na* and L-Glu with the purity of L-Trp higher than 99%,
the recovery rate higher than 95%, and a concentration of 4.69
X 107 mol/L. The modified transport-dispersive model
considering the axial diffusion, liquid-film diffusion, and a
combined physical adsorption and ion-exchange equilibrium
constructed in this paper can well predict the adsorption
breakthrough curves of L-Trp and the elution chromatographic
peaks of the three-component adsorption system as well as the
pH history. The mass-transfer process of L-Trp in resin
particles and fixed bed can be well simulated by the models
proposed in this paper. The research carried out in this paper
has certain reference significance for optimizing the separation
process of L-Trp analogues and can provide for accurate
simulation of the mixed-mode chromatographic separation
process.

4. MATERIALS AND METHODS

4.1. Resin. The functional group of resin HD-1 is the
carboxyl group, and the backbone is polystyrene-divinylben-
zene. The physicochemical properties of the resin were
described in our previous work.”®

4.2. Chemicals. L-Trp, 1-Glu, NaCl, sodium acetate,
KH,PO,-3H,0O, acetic acid, 2,4-dinitrofluorobenzene, and
NaHCOj; were purchased from Shanghai Macklin Biochemical
Technology Co., Ltd. (Shanghai, China). NaOH was provided
by Tianjin Jinbei Fine Chemical Co., Ltd. (Tianjin, China).
Hydrochloric acid was purchased from China Pingmei Shenma
Group Kaifeng Dongda Chemical Co., Ltd. All the above
reagents were analytically pure. Acetonitrile (chromatographic
pure reagent) was purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd. (Tianjin, China).

4.3. Determination of Kinetic Adsorption Curves of -
Trp. An aqueous solution of L-Trp (250 mL) was placed in a
500 mL round-bottomed flask. The pH of the solution was
adjusted to ~2.5 with hydrochloric acid. The initial
concentration of L-Trp was ~3.18 X 1072 mol/L. The wet
resin HD-1 (10 g) was added to the flask and mechanically
stirred. Several samples were taken at preset time points (0.5,
1,2, 6, 10, 20, 40, 60, and 100 min), and the concentration of
L-Trp was measured by an ultraviolet—visible spectropho-
tometer after a certain dilution. The change curve of L-Trp
concentration with time is the kinetic adsorption curve at pH
2.5.

The kinetic adsorption curves at other initial pH values were
determined using identical operating steps as mentioned
above. The kinetic adsorption curves of sodium chloride at
different initial concentrations and that of the three-
component mixture (L-Trp, L-Glu, and NaCl) were determined
by the same method as mentioned above. The concentrations
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of L-Trp, 1-Glu, and NaCl in the three-component mixture
were 5.88 X 1072 9.52 X 1073, and 0.63 mol/L, respectively.

4.4. Determination of Adsorption Breakthrough
Curves of L-Trp. An aqueous solution of L-Trp (~5.88 X
107> mol/L) was passed from the upper end into a glass
column (inner diameter 1.15 cm) filled with 10 g of HD-1
resin. The pH of the solution was ~2.5. The flow rate at the
column outlet was kept at ~0.4 mL/min by a peristaltic pump
(BT100-1 L, Hebei, China). A collector (BSZ-100, Shanghai,
China) was used to collect the effluent at the exit of the
column at preset time points, and the concentration of L-Trp
was measured after dilution. Until the concentration of L-Trp
was close to that of the raw liquid, the injection was stopped.
The changing curve of L-Trp concentration with time is the
breakthrough curve at pH 2.5. The adsorption breakthrough
curves at other pH values and different concentrations of feed
solution were determined by the same procedures as
mentioned above.

4.5. Determination of Chromatographic Elution Peak
for L-Trp. About 13 mL of aqueous mixture of L-Trp, L-Glu,
and NaCl (~5.88 X 1072, 9.52 X 1073, and 0.63 mol/L,
respectively) was passed into a glass column (inner diameter
1.15 cm) filled with HD-1 resin (10 g). Then, the column was
eluted with NaOH aqueous solution (0.1 mol/L) until the
concentration of L-Trp at the column outlet approached 0. The
flow rate was ~0.3 mL/min. Other procedures and operating
conditions are the same as that in Section 4.4. The change
curves of L-Trp, L-Glu, and Na* concentration at the column
exit with time are the chromatographic elution peaks.

The experiments in this paper were repeated three or more
times. The data shown here is the average of three data sets.
The experimental error was less than 6.0%.

4.6. Analytical Methods. The concentration of L-Trp was
measured by a UV—visible spectrophotometer (BioSpectrom-
eter, Eppendorf AG) with a wavelength of 218 nm. The
concentration of L-Glu was determined by HPLC (LC-20AT,
Shimadzu Corporation), and the determination method was
the same as that in ref 27. The concentration of Na* was
determined using a Na' concentration meter (DWS-295F,
Shanghai Instrument Electric Science Instrument Limited by
Share Ltd.). The solution pH was measured using a pH meter
(FE28, Mettler Toledo International Co., Ltd).

5. THEORY

5.1. Modified Liquid-Film Linear Driving Force
Model. The total mass conservation equation for the
adsorption system is as follows

Vﬂ + mﬂ =0
dt dt 1)

where V is the volume of the solution (mL), m is the mass of
the resin (g), t is the time (min), ¢, is the concentration of the
solute i in the liquid phase (mol/L), and g; is the adsorption
capacity (mmol/g).

The mass conservation equation in the particle phase is as
follows

dcp,i + pdqi
Pt dt

3
€ =k ;o— R
eff,lR (Cb,l Cp,l) (2)

where ¢, is the resin porosity, c,; is the solute concentration in

the resin pores (mol/L), p is the wet apparent density of the

resin (g/mL), kg, is the effective diffusivity (cm/min), R and
is the resin particle diameter (cm).

The electroneutral relationship in the liquid phase in the
resin pores is as follows

Cp,HJr + Cp,Terr + Cp,NaJr + Cp,Glu+

= Cprp T Gpan T et Con T G (3)

where ¢,11") €y’ GoNas CoGlus S Trp 1 CpGlu s Cp,Glu s CpOH 1
and ¢, ¢ are the concentrations of H, .-Trp*, Na’, .-Glu*, -
Trp~, Glu™, Glu>", OH", and CI, respectively, in the resin
particle pores (mol/L).

The dissociation process of L-Trp and L-Glu molecules as
well as the calculation method of the concentration of L-Trp
and 1-Glu at different forms can be found in our previous
work.”*

The relationship between H* concentration, OH™ concen-
tration, and pH in the liquid phase in resin particle pores can
be expressed by the following formulas

_14

Copt X CpoH- = 10 (4)
—pH

CpH' = 10°® (5)

The adsorption equilibrium relationship of L-Trp between
the solid and liquid phases can be found in our previous
work.”® In this work, the adsorption isotherms at different pH
values and the adsorption equilibrium model equations are
shown simply in the Supporting Information. L-Glu molecules
almost do not adsorb on the resin, so the adsorption amount of
L-Glu is considered to be 0.

Considering the co-adsorption of Na* and L-Trp anions, the
adsorption equilibrium relationship of Na* can be expressed by
the following equation

12408y, 1y nat

" 6)

where « is the dissociation degree of the resin. Sy, y is the ion-
exchange selectivity coefficient between Na" and H' on the
resin. The value of Sy, is 0.015."7

The initial conditions of the adsorption system are as follows

Chi = Cfe,i (7)

qNa+
Cp,H+ + SNa—HCp,Na+

q=0 (8)

The above model equations were solved by MATLAB
2010a. The partial differential equations were discretized into
ordinary differential equations by a central difference method.
Then, ODE23 was used to solve the ordinary differential
equations. The relative and absolute tolerance is 107°.

The value of k. is obtained by minimizing the following
objective function.

2
N
C. — C.
.. ,€ ,pred
Minimum = E [M]

j=1 Cj,exp

(9)

where ¢y, and ¢j,.eq are the solute concentrations measured
experimentally and calculated by the model, respectively. N is
the number of experimental data points.

The average relative deviation (ARD %) between the
experimental data for adsorption kinetics and the data
calculated by the model can be expressed by the following

equation
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5.2. Modified Transport-Dispersive Model. The axial
mass conservation equation of L-Trp and Na' in the mobile
phase inside the column is as follows

dci 1-— Eb a(epcp,i + qu)

ot & ot Oz

de; o’

i

o (11)

where ¢y, is the void fraction of the fixed bed. v is the interstitial
velocity (cm/min). z is the axial position in the fixed bed (cm).
D,,; is the axial diffusion coefficient (cm’/min).

The axial mass conservation equation of CI™ in the mobile

phase in the column is as follows
de, de; o’
— tv—= Dax,i—2
ot 0z 0z (12)

The mass conservation equation in the particle phase is
expressed by eq 2.

The adsorption equilibrium relationship for L-Trp between
the solid and liquid phases can be found in our previous
work.”® The adsorption equilibrium relationship for Na*
between the solid and liquid phases is expressed by eq 6.

The boundary conditions at the inlet and outlet of the fixed
bed and the initial conditions of the system are as follows

dc.
z = 0(inlet) Daxii = v(cl,mo = )
"0z '

(13)
dc,
z = L(outlet)—| _, =0
( )az z=L (14)
t=0qi=06i=0 (15)

where L is the length of the fixed bed (cm). ¢ is the solute
concentration at the inlet (mol/L).

The calculation method of axial diffusivity is shown in the
Supporting Information.

The solution method of the above model equations is the
same as that of the modified liquid-film linear driving force
model.
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