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Abstract−The equilibrium and kinetic characteristics of the adsorption of human serum albumin (HSA) and ovalbumin

(OVA) to the DEAE Sepharose FF weak anion exchanger were experimentally determined. The rate for protein adsorp-

tion was simulated with two different models, the first being based on a single lumped kinetic parameter, while the

second includes the individual mass transfer processes occurring prior to the adsorption intervention, i.e., diffusion

across the liquid film surrounding individual particles and diffusion within the ion exchanger particle itself. The actual

adsorption of OVA to DEAE Sepharose FF in fully mixed stirred vessels and in packed bed columns was consistent

with both models. In the case of HSA, however, the adsorption profile in an agitated vessel was consistent only with

the pore diffusion model and neither model could correctly predict the latter part of the breakthrough profile observed in

packed bed experiments.
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INTRODUCTION

The first theoretical models of chromatography are dated from

the late 1930s and early 1940s. The pioneering works [Wicke and

Kolloid, 1940; Wilson, 1940; De Vault, 1943; Martin and Synge,

1941; Martin and James, 1952; Craig, 1944] began approaches to

developing and improving our understanding of chromatography.

Linear kinetic rate constant model was first tread by Wilson, 1940,

Weiss, 1943 and De Vault, 1943 extended this model to nonlinear

chromatography. Any hydrodynamic dispersion or mass transfer

effects are neglected at this model. If we consider zone spreading

effects, a more rigorous model, called a film and pore diffusion model

is derived.

Bohart and Adams derived the equations of the film and pore

diffusion model as early as 1920, but it does not seem that they at-

tempted any calculations based on this model [Bohart and Adams,

1920]. Wicke and Kolloid derived the same model equation in 1939

and discussed its application to gas chromatography on activated

charcoal [Wicke and Kolloid, 1939, 1940]. The model has no ana-

lytical solutions. It was only around 1987 that the calculation of the

band profiles of single compounds and binary mixtures began to

become accessible [Guiochon et al., 1988].

In the production of biopharmaceutical proteins, chromatography

is a common method of choice as one of the last steps in purifica-

tion. Ion exchange adsorbents have found widespread use in the

purification of proteins since the introduction of the first ion ex-

changer specifically designed for proteins in 1951 [Hirs et al., 1951].

The extensive use of ion exchangers is due to their versatility, low

cost, and the acceptance of regulatory authorities for use in the pro-

duction of pharmaceutical proteins. This is in contrast to affinity

adsorbents, which are expensive and only limited to use in purifi-

cation of one or a group of proteins. For example, in the purification

of recombinant human serum albumin (rHSA), chromatography is

used for removal of HSA from impurity [Ohinura, 1996]. HSA is

the most abundant protein in human blood, serving as a transport

protein and as a driving force for osmotic transport. Li and Pinto

have presented a thermodynamically consistent adsorption equilib-

rium model based on the stoichiometric displacement principle that

has been developed for nonlinear protein ion exchange [Li and Pinto,

1994].

In this work, the effect of properties of ion exchangers on ad-

sorption performance was investigated and simple models of the

purification process were constructed to assist process design. Ex-

perimental data was obtained from the adsorption of HSA and OVA

with DEAE Sepharose FF weak anion exchanger, and the experi-

mental results were compared to simulation results with two differ-

ent models for description of the adsorption process.

The adsorption isotherm, i.e., the equilibrium adsorption capac-

ity of DEAE Sepharose FF for each of the proteins, was determined.

Since the adsorption of proteins by an ion exchanger is not an in-

stantaneous event, the rate of adsorption of proteins in a mixing vessel

was studied to examine mass transfer effects. Finally, the adsorp-

tion of protein in a column packed with DEAE Sepharose FF was

determined through breakthrough profiles.

THEORY

1. Equilibrium Model

In analysis of protein adsorption to ion exchangers, the adsor-

bent is frequently assumed to consist of functional groups of electric

charges which are balanced by associated counter-ions, while the

protein molecule is assumed to exist in an ionized state in solution.

Upon adsorption onto an ion exchanger, a protein molecule dis-

places the counter-ions previously associated with the ion exchanger

matrix. For an ion exchanger equilibrated with monovalent counter-
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ions, this process can be represented by the following equation:

(1)

Where A represents the adsorption site on the ion exchanger, I re-

presents the counter-ions, P the protein molecule and n the number

of charges involved in the interaction with each adsorbed protein

molecule. If the change in bulk fluid concentration of the counter-ion

I is small as a result of protein adsorption onto the ion exchanger,

as is the case when buffered solutions containing I are used, then

adsorption equilibrium as shown in Eq. (1) may be simplified to:

(2)

And hence, the rate for the change of the adsorbed protein concen-

tration is given by:

(3)

Where c is the soluble protein concentration, k1 and k
−1 are the ad-

sorption and desorption rate constants, q is the adsorbed protein con-

centration, qm is the maximum adsorption capacity of protein by the

ion exchanger.

While equilibrium is achieved, dq/dt=0, and hence the following

can be derived from Eq. (3):

(4)

In which the superscript * denotes values when equilibrium has been

established between the solid and mobile phase. Substitution of Kd=

k
−1/k1 into Eq. (4) gives:

(5)

Where Kd is the dissociation constant for the complex of protein

with ion exchanger, i.e., A·P as shown in Eq. (1) and (2). Eq. (5) is

the form of the Langmuir adsorption isotherm which is used fre-

quently to describe the adsorption of protein to various adsorbents,

including ion exchangers [Chen et al., 2003; Kaczmarski et al., 2001;

Mao and Hearn, 1996]. Rearrangement of Eq. (5) gives the linear

form of

(6)

From which, the dissociation constant, Kd and the maximum pro-

tein capacity of the ion exchanger, qm, can be calculated by regres-

sion analysis of isotherm experimental data.

2. Modeling of Protein Adsorption

2-1. Kinetic Rate Constant Model

This model takes an empirical approach to the adsorption pro-

cess and assumes that all of the rate limiting processes can be re-

presented by kinetic rate constants. In this approach, the change of

protein concentration in a batch operation of adsorption in a fully

mixed stirred vessel can be obtained by substitution of c from mass

balance equation (Eq. (7)) in Eq. (3):

cV=c0V−vq
m

(7)

and than analytical solution of Eq. (3), namely:

(8)

Where

(9)

(10)

c0 is the initial concentration of protein in liquid phase, v is the vol-

ume of adsorbent, and V is the volume of liquid phase.

2-2. Film and Pore Diffusion Model

A more rigorous approach to modeling the adsorption process is

to consider the different steps that occur during protein adsorption.

These are commonly defined as transportation through the liquid

film surrounding the adsorbent particles, diffusion within the pores

of the adsorbent, and finally the adsorption reaction itself. The con-

struction of the model is based on the following assumptions:

(1) The adsorbent is made of porous material into which the solute

can only enter by diffusion. Effective pore diffusivity, D, is assumed

to be independent of concentration and is based on the porosity of the

adsorbent particle for small molecules, rather than the actual extent

to which molecules of a particular protein penetrate the particle.

(2) Mass transfer from the bulk mobile phase to the surface of the

adsorbent is governed by a film model characterized by a mass trans-

fer coefficient, kf.

(3) Surface reaction between the adsorbate and an adsorption site

is described by a reversible second order reaction. Adsorption is iso-

thermal, and its equilibrium behavior can be represented by the Lang-

muir equation. Surface diffusion in which adsorbate moves directly

between adsorption sites without interim desorption into the liquid

phase is assumed to occur at a negligible rate and hence a corre-

sponding term is not required for description of this process.

(4) The adsorbent particles are spherical, with uniform size and

density, and the functional groups of the ion exchanger are distrib-

uted evenly throughout the interior of the particle.

The mass balance for diffusion of protein in the liquid phase with-

in the ion exchanger particle is shown as:

(11)

Where ci is the point concentration of protein, εp is the particle po-

rosity, qi the point adsorbed quantity of protein and r the radial co-

ordinate within the ion exchange particle. In this study, particle po-

rosity was determined from knowledge of the solids content of the

adsorbent. DEAE Sepharose FF is formulated from 6% agarose

and hence the particle porosity was taken as 0.94 [Pharmacia LKB

biotechnology].

The rate of mass transfer through the external film links the bulk

liquid concentration, c, to the concentration in the liquid phase at

the surface of the particle. The expression is shown as:
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(12)

At the center of the particle,

r=0 (13)

If a second order surface reaction rate is assumed, then the rate

of change of adsorbed quantity of protein is given by Eq. (3) as above.

At equilibrium this gives a form of the Langmuir equation with max-

imum capacity qm and dissociation constant Kd=k
−1/k1, Eq. (5).

For adsorption and desorption in a stirred tank, the rate of change

of the bulk concentration of protein, c, is given by:

(14)

The correlation used to estimate the liquid film mass transfer co-

efficient, kf, of protein to the adsorbent particles in stirred tank ex-

periments is given by [Geankoplis, 1983]:

(15)

Where ρ is the particle density (1.06 g/cm3), dp is mean particle di-

ameter (90µm), ∆ρ is the density difference between the adsor-

bent particle and the liquid. The molecular diffusivity of OVA and

HSA in free aqueous solution, DAB, was estimated by using the fol-

lowing semi-empirical equation [Guichon, 1994]:

(16)

Where MA is the relative molecular weight of substance A. Taking

44,000 and 67,000 as the relative molecular weight of OVA and

HSA, respectively, the values of their molecular diffusion coefficients

in phosphate buffer, DAB, were found to be 7.9×10−11 m2/s and 6.9×

10−11 m2/s at 293 oK, respectively.

For adsorption in a packed bed column, the individual band pro-

file is obtained as the solution of the mass balance equation in a col-

umn. A mass balance is wrapped around a differential slice of the

column. The model results from differential mass balances of the

liquid (Eq. (17)) and the solid phase (Eq. (18)) [Huckman et al.,

2001]:

(17)

(18)

Where x is the axial coordinate in the bed, uo the interstitial velocity

of liquid in the bed εb and is the apparent bed voidage of the packed

bed. Finally, the adsorption isotherm links liquid and solid equilib-

rium concentration (Eq. (5)). Using data from molecular-exclusion

experiments, the porosity of packed beds of DEAE Sepharose FF

was calculated to be 0.35.

The boundary conditions are derived from the assumption that

mass transfer outside the column is caused by convection only. This

leads to the Danckwerts boundary conditions [Danckwerts, 1953].

To study the importance of non ideal effect of axial dispersion in

simulation of adsorption in a packed bed column, the axial diffu-

sion term in Eq. (17) is once negligible and then considered.

To estimate film mass transfer coefficient (kf) in a packed bed

column, the following correlation proposed [Foo and Rice, 1975]

was used:

Sh=2+1.45Re
1/2

Sc
1/3

(19)

Where Sh=(kfdp)/DAB, Re=(ρu0dp)/µ and Sc=µ/(ρDAB) are the Sher-

wood, the Reynolds and the Schmidt numbers, respectively.

The value of axial dispersions were calculated [Chung and Wen,

1968]

(20)

Where Pe=(vdp)/Dx is the Peclet number.

EXPERIMENTAL

1. Materials

HSA and OVA were obtained from the Shanghai Research Insti-

tute of Biochemistry and Bio Life Science & Technology Co., LTD.

catalogue number G0070, respectively. HSA has a relative molec-

ular weight of 67,000 Daltons and an isoelectric point (pI) of 4.9,

while OVA has a relative molecular weight of 44,000 Daltons and

pI of 4.7.

2. Adsorption Isotherms

Isotherms for the adsorption of each protein to DEAE Sepharose

FF were determined in batch experiments. A known amount of DEAE

which had been previously equilibrated with phosphate buffer (pH

6) was added to each of a series of flasks containing known vol-

umes of buffered protein solution at different concentrations. The

flasks were immersed in a thermostat at 293 oK to allow equilib-

rium to be established. After equilibrium was achieved, the agita-

tion was stopped and the supernatant was sampled to determine the

equilibrium concentration of protein with a UV spectrophotometer.

The amount of protein adsorbed to the DEAE Sepharose FF was

then calculated by using mass balance equations.

3. Kinetics of Batch Adsorption

The rate of adsorption of protein in a suspension of DEAE Se-

pharose FF was determined by continuously monitoring the solu-

ble phase protein concentration in a batch system. The filtered liquid

phase was continuously sampled from a fully mixed experimental

vessel, passed through a UV spectrophotometer, and then returned

to the experimental vessel. The experimental vessel was incubated

in a shaking water bath at 293 oK. A typical experiment consisted

of 50 ml of buffer containing protein at a concentration of 2 mg/

ml. In order to achieve as rapid a response time as possible, the vol-

ume of the fluid sample was kept small (approximately 1 ml) and

the solution was pumped at a flow rate of 7 ml/min. Experiments

were started by the addition of 1 g of dry DEAE Sepharose FF into

the protein solution. Output signal from the UV spectrophotometer

was recorded by a chart recorder, and the protein concentration in

the liquid phase at given time was determined from the chart recorder

trace and reference to calibration data.

4. Frontal Analysis

Breakthrough curves were determined in order to evaluate packed

bed performance. All of the column experiments were performed

with 2 g of dry DEAE in buffer solution packed in a chromatogra-

D
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phy column with an internal diameter of 1.5 cm and bed height about

1.3 cm, mounted vertically with a volumetric flow rate of 3 ml/min.

A solution of 2 mg/ml protein (c0) was fed into the column and op-

tical density at 280 nm of the outlet stream was recorded. For the

determination of breakthrough curves, the beds were loaded until

the protein concentration in the outlet stream equaled, or was ap-

proaching, that of the inlet stream, c0. At the end, protein was eluted

from DEAE Sepharose FF with 1 M sodium chloride in 0.01 M

phosphate buffer. Concentration of protein (c) in the outlet stream

was plotted against time.

RESULTS AND DISCUSSION

1. Adsorption Isotherms

The isotherms for the adsorption of HSA and OVA to DEAE

Sepharose FF in 0.01 M phosphate buffer, pH 6, are shown in Fig. 1.

Data for both proteins are well described by a Langmuir isotherm;

the parameters and are estimated by using Eq. (6) and obtained ex-

perimental results. They are shown in Table 1.

The equations of the kinetic rate constant model were solved with

computation programs. The orthogonal collocation method on finite

elements was used to solve the governing differential equations of

the film and pore diffusion model [Baker, 1983]. The simulation

results were compared with the experimental data. The obtained

results are discussed in the following sections.

2. Kinetics of Adsorption in a Stirred Tank

Rates of protein adsorption in a stirred vessel were simulated with

the two models described above: the kinetic rate constant model

and the film and pore diffusion model. In each model, there was a

single unknown parameter describing the rate of protein adsorption

and the value of the parameter could be determined by correlation

of the experimental data. With the kinetic rate constant model, a

Table 1. Values of constants for adsorption equilibrium of Human
serum albumin (HSA) and ovalbumin (OVA) to DEAE
Sepharose FF

HSA OVA

Kd (mg/ml) 0.604 0.423

Kd (mol) 9×10−6 9.5×10−6

qm (mg/gr gel) 108.2 62.2

qm (mol/l) 1.61×10−3 1.41×10−3

k1 (ml/(mg.s)) 4.9×10−4 7.1×10−4

k1 (l/(mol.s)) 32.83 31.24

kf (m/s)a 5.6×10−6 6.2×10−6

kf (m/s)b 5.5×10−6 6.1×10−6

D (m2/s) 7.9×10−12 1.1×10−11

Dx (cm2/min) 1×10−4 9×10−5

aValues obtain from the Eq. (15)
bValues obtain from the Eq. (19)

Fig. 1. Adsorption isotherm for ovalbumin (OVA) and human se-
rum albumin (HSA) adsorbent: DEAE Sepharose FF. Liq-
uid phase: 0.01 M Phosphate buffer, pH=6 at 293 K.
●— OVA; △— HSA

Fig. 2. Batch adsorption profiles for the adsorption of Ovalbumin
and human serum albumin in suspension in agitated ves-
sels.
(a) ●— OVA; (b) △— HSA. adsorbent: DEAE Sepharose
FF; —— adsorption profile predicted by the kinetic rate con-
stant model; ------ adsorption profile predicted by the film and
pore diffusion model
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simulation of the protein adsorption rate was made by using Eq.

(8). The only unknown parameter was the apparent rate constant,

k1 while values of the isotherm parameters qm and Kd were deter-

mined by batch isotherm experiments and the other parameters were

fixed in our experiments. k
−1 is given simply by Kd·k1. The best fit

value of k1 was obtained from the correlation of experimental data

of protein adsorption. Similarly, for the pore and diffusion model,

simulation of the rate for protein adsorption was made by solving

Eqs. (11)-(15) for the only unknown parameter D to find the value

which gave the best fit of the experimental curve.

The agreement between the simulation result and the experimen-

tal adsorption curve is shown in Fig. 2. The best fit values for the

rate constant, i.e., k1 (for the kinetic rate constant model) and the

effective diffusivity, D (for the film and pore diffusion model), are

shown in Table 1. For the adsorption of OVA, it was possible to

obtain a good fit with both models (Fig. 2a) within 5% accuracy;

the simulated result of the film and pore diffusion model was found

to match the experimental data more closely than that of the kinetic

rate constant model.

The adsorption profile of HSA was also better described by the

pore and film diffusion model (Fig. 2b, dashed line). With the kinetic

rate constant model, the simulated absorption profile for HSA can-

not approach the experiment point throughout the entire adsorption

process (Fig. 2b, solid line). A possible reason for the relatively poor

fit of the kinetic rate constant model to the HSA adsorption data is

that diffusion of HSA within the adsorbent particles is hindered,

and hence adsorption of HSA may occur initially in outer regions

of particles. As the diffusion paths are short, adsorption appears to

take place rapidly while the rate for later stages of adsorption, which

must take place deeper inside the particles as the outer zones are

filled with adsorbed molecules, is thus much slower than the initial

rate. The OVA molecule, which is smaller than that of HSA, may

be able to penetrate the particles more easily and adsorption could

be proceeding at a more even rate throughout the whole adsorption

period.

As expected, the values of the effective pore diffusion coefficient,

D, were found to be lower than the calculated diffusion coefficient

in free solution, DAB for both proteins. The ratio of the molecular

diffusivity in free solution, DAB, to the effect diffusivity in the adsor-

bent particle, D, is 7.2 for OVA and 8.7 for HSA, which provides

strong evidence that diffusion of HSA within the particle is more

resisted than for the smaller OVA molecule. The relatively close

agreement between theoretical and experimental profiles for both

OVA and HSA suggests that the film and pore diffusion model is

useful in the prediction of adsorption rate of proteins to ion exchang-

ers in a fully mixed stirred vessel.

3. Frontal Analysis

Frontal analysis experiments were performed to see whether the

two models of protein adsorption used in adsorption modeling in a

stirred tank, could also describe the adsorption in a packed bed col-

umn. The experimental breakthrough data are shown in Fig. 3. The

simulated curves by the two models using rate parameters deter-

mined in the batch adsorption experiments are also shown in the

figure. However, the values of kf used in the film and pore diffu-

sion model were those appropriate for adsorption in a packed bed

column and were estimated from the correlation given by Eq. (19).

For OVA, it was found that the pore and diffusion model gave a

good fit to the experimental breakthrough data using the parameters

derived from batch experiments (Fig. 3a, dashed line) within 10%

accuracy. But, for HSA, neither of the two models gave a precise

simulation of the breakthrough curve (Fig. 3b, solid line and dashed

line).

The breakthrough curve for HSA was very asymmetric and the

outlet concentration approached the inlet feed concentration very

slowly. Indeed, it appeared that the equilibrium capacity of the bed

for HSA was greater than that measured in batch experiment of ad-

sorption isotherm. A value for maximum adsorption capacity could

not be determined as the outlet concentration had not risen com-

pletely to the inlet value by the end of measurement. Both models fail

Fig. 3. Breakthrough profiles for the adsorption of Ovalbumin and
human serum albumin in a packed bed column.
(a) ●— OVA; (b) △— HSA. adsorbent: DEAE Sepharose
FF. Column internal diameter: 1.5 cm, feed protein concentra-
tion: 2 mg/ml, flow rate: 2 ml/min. —— adsorption profile pre-
dicted by the kinetic rate constant model; ------ adsorption pro-
file predicted by the film and pore diffusion model without axial
dispersion; –-–-– adsorption profile predicted by the film and
pore diffusion model with axial dispersion
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to predict the later part of breakthrough curve correctly, although

the film and pore diffusion model did predict some degree of asym-

metry to the shape of the curve and showed a good fit for the earlier

part of the adsorption curve. The best fit with this model was ob-

tained when the value of qm used in the simulation was increased

from the value found in batch adsorption experiments (108.2 mg/

ml) to 128 mg/ml. The other rate parameters were also varied in an

effort to obtain better fit to the experimental data: for the kinetic

rate constant model, simulations were carried out with other values

of k1, and other values of D were used in the film and pore diffusion

model. However, in both cases we were unable to obtain better a

fit to the top end of the curve without resulting in a lack of fit with

the earlier part of the experimental curve. As said before, since the

OVA molecule has smaller size than has, therefore the larger HSA

is restricted by ion exchanger particle more than OVA. So, attempts

were also made to obtain better fits to the experimental data by using

the non ideal effect of axial dispersion on the model’s results. The

good agreement between the simulation result and the experimen-

tal adsorption curve is observed in Fig. 3, dashed and dotted line,

within 3% accuracy. It was found that this modified model can give

a better fit to the experimental breakthrough than before. There is

only a little deviation between them for HSA at the latter part of

breakthrough profile.

As is discussed above, the ion exchanger might exhibit a greater

adsorption capacity for HSA when loaded in a packed bed column

than that predicted from batch adsorption isotherm experiments.

This additional adsorption capacity appeared to be characterized

by slow adsorption kinetics as evidenced by the slow rise in protein

concentration during the later part of the breakthrough curve. The

time-concentration profiles are different in a packed bed column and

a stirred vessel experiments and this may partially explain the dif-

ference. It was reported that HSA can form dimer in solution [Foster

et al., 1977], and it is possible that the high local concentrations of

HSA that are present when the protein is adsorbed onto the ion ex-

changer, and the constant flow of fresh HSA solution into the packed

bed column, may promote the formation of dimers. If this were the

case, the apparent additional adsorption capacity may be the result

of multi-layer binding of HSA molecules (partially in the form of

dimers) in contrast to the single-layer adsorption in a stirred vessel

experiment.

The results presented above illustrate the use of two different mod-

els to describe the adsorption of proteins to the weak anion exchanger

DEAE Sepharose FF. The prediction from kinetic rate constant mod-

el and the film and pore diffusion model when neglecting the non-

ideal effect of axial dispersion for HSA adsorption is not as accu-

rate as OVA adsorption, and it will be more accurate if the effect of

nonideal axial dispersion is considered in the film and pore diffu-

sion model. So it is strictly recommended to take a more rigorous

approach for modeling the protein breakthrough profile by consider-

ing the axial dispersion effect in the film and pore model. Although

it is recognized that the kinetic rate constant model is a gross sim-

plification of the actual adsorption process, it may be a useful meth-

od only for the prediction of the adsorption of proteins to ion ex-

changers, as it is simple and suitable for estimation calculation where

high precision is not imperative. Similar studies with an affinity ad-

sorption system involving the adsorption of Urokinase to Sepharose

4B based affinity adsorbents showed that only the film and pore dif-

fusion model described the experimental data accurately [Aboudza-

deh et al., 2004].

CONCLUSION

In this study, the adsorption of HSA and OVA in a mixing vessel

and a packed column was simulated and the simulation results were

compared with the experimental results, which exhibit the validity

of the adopted model. The following conclusion can be drawn from

this research:

1. The adsorption rate of proteins to ion exchangers in a fully

mixed stirred vessel can be predicted accurately with the film and

pore diffusion model.

2. The kinetic rate constant model is a gross simplification of the

actual adsorption process; it may be a useful method only for the

prediction of the adsorption of proteins to ion exchangers.

3. There is more adsorption capacity for HSA in a fixed bed col-

umn than a stirred vessel that may be the result of multi-layer binding

of HSA molecules (partially in the form of dimmers) in contrast to

the single layer adsorption in a stirred vessel experiment.

4. This study shows that the OVA adsorption behavior in a fixed

bed column is affected less than HSA by axial dispersion effect.

So, this fact can be a strong reason for why the adsorption rate of

HSA into adsorbent will be predicted accurately only when the effect

of nonideality of axial dispersion is engaged into the film and pore

diffusion model.

5. The behavior of protein adsorption in a fixed bed column is

better predicted by more rigorous model such as film and pore dif-

fusion model.
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NOMENCLATURE

A : adsorption site on the ion exchanger

c : soluble protein concentration [mg/ml]

ci : point concentration of protein [mg/ml]

c0 : initial, or inlet liquid phase protein concentration [mg/ml]

dP : mean particle diameter [m]

D : effective pore diffusivity [m2/s]

DAB : molecular diffusivity in free solution [m2/s]

Dx : axial dispersion coefficient [m2/s]

g : gravitational constant [m/s2]

I : counter-ion

K1 : adsorption rate constant [ml/(mg s)]

k
−1 : desorption rate constant [s−1]

kf : liquid film Weiss mass transfer coefficient [m/s]

Kd : dissociation constant for the protein-ion-exchanger com-

plex [mg/ml]

MA : relative molecular weight of A

n : the number of charges involved in the interaction between
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an adsorption site and a single protein molecule

P : protein molecule

q : concentration of protein adsorbed to the ion exchanger [mg/

ml (adsorbent)]

qi : point concentration of adsorbed protein [mg/ml (adsorbent)]

qm : maximum protein capacity of the ion exchanger [mg/ml

(adsorbent)]

r : radial coordinate of ion exchanger particle [m]

R : radius of ion exchanger particle [m]

Re : Reynolds number, =uρd/µ

Ri : rate of interface mass transfer [m]

Sc : Schmidt number, =µ/(ρDAB)

Sh : Sherwood number, =kfdp/DAB

t : time [s (min)]

T : absolute temperature [K]

u : superficial velocity of liquid flow through the column [m/s]

uo : interstitial velocity of liquid in the bed [m/s]

V : volume of liquid external to the ion exchanger [ml]

x : axial coordinate of packed bed [m]

εp : porosity of ion exchanger particle

εb : porosity of packed bed

µ : liquid viscosity [kg/(ms)]

ρ : particle density [kg/m3]
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