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Abstract 

Isotherms and kinetic parameters for pepsin and chymosin sorption to immobilized pepstatin A were measured in 
batch experiments. The measured single-solute parameters were used in an affinity-membrane model which 
included competitive sorption kinetics, axial diffusion and dead volume mixing. The predictions made using the 
affinity-membrane mode1 matched the experimental breakthrough curves, whereas predictions made using local- 
equilibrium theory were a distinct mismatch. The performance of affinity-membrane separations was dominated by 
slow sorption kinetics. 

1. Introduction 

Among the bioseparation techniques available 

today, affinity separations are popular due to 
their simplicity and high degree of specificity. 
Conventionally, affinity separations are carried 
out in columns packed with porous beads to 
which the ligand is immobilized. The desired 
biomolecule adsorbs to the ligand via a specific 
binding recognition, and is separated from the 
solution. In general, the adsorption rate in 
columns is limited by either slow intraparticle 
diffusion for large beads, or low axial velocities 
and high pressure drops for small beads [l,Z]. 
These limitations result in long cycle times or 
low throughputs, both of which are economically 
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unattractive. To overcome these limitations, 
affinity membranes, which utilize convection 
through the fine pores of the membrane, were 
recently introduced [2,3]. The advantages of 
adsorptive-membrane separations have been 
shown in previous experimental studies [3-71. 

In our previous work C&9], single-solute and 
multi-solute mathematical models were estab- 
lished to describe the performance of affinity 
membranes. The effects of axial diffusion, flow 
velocity and sorption kinetics on separation 
performance were discussed. It was found that 
axial diffusion, which is insignificant in affinity 
column separations, may dominate over convec- 
tion at low flow-rates or for thin membranes. On 
the other hand, at high flow velocities, some 

solutes may pass directly through the membrane 
without binding due to slow sorption kinetics. 
Sorption kinetics were shown to dominate af- 

finity-membrane performance. Slow sorption 

reserved 
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kinetics may explain the elution peak broadness 

for increased flow-rate reported by Briefs and 
Kula [3], and the reduction in ligand capture 
efficiency at high flow-rates presented by Nach- 
man et al. [lo]. Considering the extremes de- 
fined by the effects of axial diffusion and sorp- 
tion kinetics, there should exist a suitable flow- 

rate range for optima1 performance in affinity- 
membrane separations. Such an optima1 flow- 

rate was found experimentally by Josid et al. [S]. 
and supports these model predictions. 

Our theoretical model was used to determine 
that a small variation in either thickness or 
porosity may cause a significant degradation in 
separation performance. As a result, the use of 
stacked membranes was proposed to avoid these 
problems. Josic et al. [5] and Liu and Fried [l l] 
studied the influence of membrane thickness 

experimentally and verified this proposal. Kim et 
al. [12] indicated that the dispersion in their 
experimental breakthrough curves may be due to 
the effect of residence time distribution resulting 
from pore size distributions. 

In 1994, Liu and Fried [ 111 adapted our 
theoretical model to analyze their experimental 
breakthrough curves using Cibacron Blue 3GA- 
cellulose affinity-membrane separations. How- 
ever, they did not directly compare their cx- 
perimental results with predictions from our 
theoretical model. Also in 1994, Serafica et al. 
[13] adapted our model to analyze their ex- 
perimental breakthrough curves using metal che- 
late affinity membranes with a hollow-fiber 
geometry. The experimental and modeling re- 
sults were in good agreement at low effluent 

concentrations, but showed a discrepancy at high 
concentrations. It should be noted that the above 
studies primarily concerned single-solute per- 
formance. 

The binary-solute affinity-membrane model in 
our previous work [9] described competition and 

interference effects between solutes due to dif- 
ferences in either sorption kinetics or isotherms. 
The purpose of this study was to validate the 
affinity-membrane model using experimental re- 

sults. The system of pepsin and chymosin was 
chosen for study. The sorption kinetic and 
equilibrium parameters of pepsin and chymosin 
to affinity membranes containing immobilized 

pepstatin A were measured in batch adsorption 
experiments. These parameters were used in our 
affinity-membrane mode1 to provide an indepen- 
dent and quantitative validation of the model by 
comparison to experimental breakthrough 

curves. 

2, Affinity-membrane model 

The equation of continuity for solute i was 

[8,9]: 

aC, ac- 
757 a< 

aC* i 1 a2c- ~+m,__$.___~= 
Pei a[2 

0 (1) 

where axial diffusion was characterized by the 
axial Peclet number, Pe,. Eq. 1 quantified 

changes in solute concentration with time due to 
solute convection, sorption and diffusion. For 
adsorption in the loading stage, the multi-solute 
Langmuir sorption model was used to describe 
the binding kinetics between solute i and the 

ligand: 

0<76T, (2) 

where T, is the time at which washing starts. 

Two models were developed for the washing 
stage in affinity-membrane separations. First, 

association and dissociation were assumed to 
occur during washing. In this work, loading 

buffer was used as washing buffer. This pre- 
sented the same environment for protein sorp- 
tion during the washing stage as existed during 
the loading process. Therefore, the adsorption 
equation for loading was used for washing, 

m,.~=ni[c,(l-~cs,,) --y 
?- > 7, (3) 

In the second model, no adsorption and de- 
sorption was assumed in the washing stage, 



The initial conditions were set such that there 
was no solute in the membrane: 

C,=O at is?l:O,7==0 (5) 

&=O at 520, 7--O 6% 

In order to include axial diffusion at the front 
surface of the membrane, and instantaneous 
mixing at the exit of the membrane, Danckwerts’ 
boundary conditions [14f for frontal chromatog- 
raphy were used: 

1 acj 
Ci -Pe,‘T =I at J=O, O<Ta7;, 

=0 at l=O. 7>7,, (7) 

During the washing step, the second form of 
Eq. 7 was used wherein no protein was fed into 
the system. The PDASAC software package [l-S] 
was used to solve Eqs. I-8. 

3. Experimental 

Immobilon AV (IAV) af~nity membranes were 
purchased from Millipore (Bedford, MA, USA). 
The average membrane pore size was 0.6s Frn 
[16]. The IAV membranes were cut into discs of 
47 mm diameter. A membrane holder (Product 
No. 11101) was obtained from Amicon (Beverly. 
MA, USA). Porcine pepsin (P6887), pepstatin A 
(P4265), I,6-hexanediamine (H2381) and di- 
chlorotriazin~lamino~uorescein (DTAF, DO53 1) 
were purchased from Sigma (St. Louis, MO, 

USA). R~~~rn~i~an~ ~hymosin { CHY-MAX) 
was a gift from Pfizer (Milwaukee, WI, USA). 
The buffer for loading and washing was 0.01 1M 
imidazole with 1 M NaCl, pH 6 [17-191. The 
elution buffer was 0.01 h4 sodium phosphate. pH 
12. ~hymosin was dialyzed with 12 000 MWCO 
cellul&e tubing (Sigma) against loading buffer to 
remove unwanted sa1t.s. Dialyzed chymosin was 
used directly without further concentration. All 
buffers and liquid solutions contained the pre- 
servative sodium azide 0.~~~ and were vac- 
uum-filtered with 0-2~ym filters (Supor 200; 
Gelman Sciences, Ann Arbor, MI, USA). Pro- 
tein solutions were made with the loading buffer 
and filtered with 0.45-pm filters (F9888, Sigma). 
Ail solutions were vacuum degassed prior to use. 

The system studied in this work was soluble 
pepsin (EC 3.4.4.1) and chymosin (EC 3.4.4.15) 
bound to immobilized pepstatin A. Reasons for 
using this system were: (1) the biophysical prop- 
erties of chymosin and pepsin are well-known 
[l&20-22] (see Table l), (2) the equilibrium and 
kinetic properties of this system have been 
studied using gel beads [17-191, (3) birding to 
the ligand is monovalent f17-19] and (4) com- 
petitive and interactive sorption was exhibited 
for this system in our previous theoretical study 
of binary-solute affinity-membrane separations 

PI 
Pure and mixed solutions of chymosin and 

pepsin were held at pH 6 in order to prevent 
proteolysis and yet maintain affinity binding. 
Both pepsin and chymosin are acid proteases 
which are active only in acidic environment 

Table 1 
Properties of pepsin and chymosin soluticrns 

Pepsin Chymosin Ref. 



182 S.-Y. Suen, M.R. Etzel I J. Chrumutogr. A 686 (1994) 179-192 

[20,21]_ Mixtures of pepsin and chymosin arc 
stable between pH 5 and 6 [ZO]. Denaturation 
occurs rapidly at higher pH. 

The stability of pure and mixed solutions of 
pepsin and chymosin at pH 6 was confirmed by 
HPLC analysis (data not shown). The HPLC 
system consisted of a pump (Model 2350; ISCO, 
Lincoln, NE, USA), a detector (Model V4, 
ISCO) and a size-exclusion column (300 mm x 
7.8 mm Bio-Sil SEC-125 with 80 mm x 7.8 mm 
Bio-Sil SEC Guard; Bio-Rad, Hercules, CA, 
USA). Neither degradation nor aggregation was 
observed for pure pepsin, pure chymosin or the 
mixture, even after storage for several weeks at 
4°C. In subsequent experiments, protein solu- 
tions were discarded after one month of storage 
at 4°C. 

3.3. Zmmobilization of pepstatin A 

The IAV membrane surface contains an imida- 
zole moiety which is displaced by amino nu- 
cleophiles during immobilization to form a stable 
amide bcmd [16,23]. Using the diffusional im- 
mobilization method recommended by the 
manufacturer 1241) 1?6-hexanediam~ne was cou- 
pled to the membrane. Pepstatin A was attached 
to the free amine group of 1,6-hexanediamine 
using the carbodiimide method of Fu [18], except 
that for membrane compatibility n-butanol was 
used as the solvent for pepstatin A. After being 
washed sequentially with n-butanol, ethanol, 
water and loading buffer, IAV membrane discs 
with immobilized pepstatin A were ready for 
use. 

3.4. Batch adsorption experiments 

Sorption kinetics and adsorption isotherms of 
pepsin and chymosin were measured in a batch 
system. All the experiments were conducted in 
clean 1%ml glass beakers at room temperature. 

Adsorption isotherm 
Fifteen IAV membranes with immobilized pep- 

statin A were incubated with 15 ml of protein 
solution having different concentrations. The 
incubation time was over 4 h for chymosin, and 

over 6 h for pepsin. Final protein concentrations 
were determined from the measured absorbance 
at 280 nm using a spectrophotometer (Cary 1 
UV-Vis; Varian Instrument Group, Sugarland, 
TX, USA) and the extinction coefficients are 
listed in Table 1. 

Association rate constant determination 
The association rate constant was determined 

at room temperature using 30 ml of protein 
solution at concentrations of 0.28 and 0.16 mgi 
ml for pepsin, and at 0.53 and 0.36 mgiml for 
chymosin. The protein solution and 15 dry IAV 
membranes were added to a 150-ml beaker, then 
the beaker was covered with Parafilm and 
shaken by hand. Aliquots of 1 ml were removed 
at selected time intervals and analyzed for pro- 
tein concentration, and then returned to the 
beaker. 

Proteins were labeled with the fluorescent 
reagent DTAF using labeling procedures from 
Fu [IS]. The labeled protein was separated from 
the unreacted fluorescent reagent using a gel- 
filtration column (XK 26f40; Pharmacia, Piscata- 
way, NJ, USA) packed with Sephacryl beads 
(S-200-HR, Sigma). The column was connected 
to an absorbance detector set at 280 nm (UA-5, 
ISCO), a fluorescence detector with a 490~nm 
filter for excitation and a 51~-65~-nm filter for 
emission (FL-2, ISCQ), and a pump consisting 
of a speed-controlled motor (Model 7520-25; 
Cole-Parmer, Chicago, IL, USA) driving a 
positive~displacement pump head (Model 
RHOCKC; Fluid Metering, Oyster Bay, NY, 
USA). The purified labeled protein solutions 
were filtered with 0.45-pm filters prior to use. 

The 15 dry IAV membranes were incubated 
with 1.5 ml of fluorescently labeled protein solu- 
tion in a beaker overnight. The equilibrium 
concentration of the incubated labeled protein 
solution was determined using the spectropho- 
tometer. and the membranes were then washed 
with washing buffer to remove unbound protein. 
Washing was conducted using the flow system 
which will be described in the next section. When 
the effluent absorbance from the flow system 
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reached a stable value, washing was stopped. An 
aliquot of 20 ml of unlabeled protein solution at 
a concentration 10 times the equilibrium con- 
centration was added to a clean 150-ml beaker 
by pipette. The washed and wet membranes 

were then immersed into the beaker containing 
unlabeled protein solution. The contents of the 
beaker were mixed by manual shaking. A 2-ml 
sample was taken for fluorescence analysis at 

each time increment and then returned to the 
beaker. The protein solution was analyzed using 

a fluorometer (Deltascan Model 4000; Photon 
Technology International, South Brunswick, NJ, 
USA) and excitation and emission wavelengths 
of 492 and 513 nm, respectively. 

3.5. F/o w experiments 

The equipment for the flow experiments in- 
cluded the positive-displacement pump described 
above, the Amicon membrane holder, an ab- 
sorbance detector with a built-in chart recorder 

(UA-5, ISCO) and a datalogger (Model 50; 
Electronic Controls Design, Milwaukie, OR, 
USA). A fraction collector (Retriever II, ISCO) 
was used to collect effluent samples for the 
binary-solute separations. All experiments were 
conducted at room temperature. 

The membrane holder was assembled from the 

bottom up in the order 1251: bottom part of the 
holder, screen. 4 regenerated cellulose (RC) 
membranes, 15 IAV membranes, 4 RC mem- 
branes, O-ring and finally the top part of the 
holder. The RC membranes (SM11607; Sar- 
torius, Bohemia, NY. USA) served as flow 
distributors, and had a pore size of 0.2 pm and a 
thickness of 80 pm. The top part of the holder 
was screwed very tightly into the bottom part to 
compress the O-ring, which prevented fluid from 
leaking laterally towards the wall of the housing. 
Prior to experiments, air bubbles trapped in the 
holder were eliminated using the built-in vent in 
the top part of the holder while pumping buffer 
through the holder. 

To determine the flow-rate, the effluent solu- 
tion was collected through the loading stage in 
the single-solute experiment. The mass of the 
collected solution was measured and was con- 

verted to volume. The density of protein solution 
was 1.03 g/ml. The calculated loading volume 
divided by the loading time (collecting time) was 
equal to the flow-rate. The same procedure was 
repeated several times to assure the accuracy of 
the measured flow-rate. In the binary-solute 
experiments, the same pump settings as in the 
single-solute experiments were used to achieve 
the desired flow-rate. 

Non-adsorption breakthrough curve 
measurement 

The effect of dead volume mixing in the flow 
system was determined by measuring the break- 
through curve for a feed solution in which the 
protein did not adsorb to the membranes. The 15 
IAV membranes were inserted as a stack into the 
membrane holder, sandwiched between the 8 
RC membranes. The non-adsorbing solution for 

this experiment was 0.4 mg/ml pepsin in 0.1 M 
sodium phosphate pH 9.7 buffer. Pepsin was 
denatured at this pH and did not bind to the 
immobilized ligand. The volume loaded was 42 
ml at a flow-rate of 1 ml/min. The washing 

buffer was 0.1 M sodium phosphate pH 9.7. 

Breakthrough curve measurement 
The membrane discs (4 RC/15 IAV14 RC) 

were placed in the holder and equilibrated with 

loading buffer. In the single-solute experiments, 
97 ml of protein solution were pumped through 
the membrane holder at flow-rate of 1 ml/min. 
The feed solutions were 0.4 mg/ml pepsin or 0.4 

mgiml chymosin. The protein absorbance was 

detected at 280 nm, and recorded by the datalog- 
ger. After loading, about 20 ml of washing buffer 
were pumped through the discs until the ab- 
sorbance returned to baseline. Elution buffer 
(0.01 M sodium phosphate, pH 12) was used to 
elute the bound protein from the membranes. A 
higher flow-rate (4 ml imin) was used for elution 

because the elution buffer had a higher pH than 
the recommended pH range (4-10) for IAV 
membranes [24]. Elution was stopped when the 
absorbance returned to baseline. Because it was 
difficult to elute chymosin from membranes 
using only elution buffer, membranes containing 

bound chymosin were rinsed with more than 40 
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ml of 10 mgiml pepsin in 0.5 M glycine buffer 
pH 3 until the breakthrough curve reached a 
stable value. At this pH, pepsin binds to pep- 
statin A very strongly and displaces all the bound 
chymosin from the membranes. Then, elution 
buffer was used to completely remove pepsin 
from the membranes. Lastly, loading buffer was 
used to rinse the membranes after elution. The 
membranes were stored in the holder for a short 
time period when experiments were conducted, 
and were stored in a clean 150-ml beaker with 
the loading buffer for longer time periods. 

In the binary-solute experiments, two feed 
solution concentrations were used: either 0.1 
mgiml pepsin and 0.4 mgiml chymosin, or 0.4 
mgfml pepsin and 0.1 mgiml chymosin. Flow- 
rates of 1 ml~min were used with the same 
experimental setup as that in the single-solute 
experiments. In the loading stage, 97 ml of the 
protein mixture were pumped through the mem- 
brane cartridge. In the washing stage, 20 ml 
washing buffer were loaded. The fraction collec- 
tor was employed to collect 2-ml fractions of 
effluent solution. The effluent fractions and the 
feed solution were analyzed by HPLC. The 
HPLC system, described above, was calibrated 
at 280 nm using samples of pure protein solu- 
tions at selected concentrations. The volume of 
the HPLC injection loop was 50 ~1. The mobile 
phase was 0.002 M Na,HPO,, 0.005 M Na,SO,, 
0.1 M KC1 with 0.005% NaN,, pH 6.2 [26]. The 
mobile-phase flow-rate was 1 ml/min. The elu- 
tion procedure for the mixture of pepsin and 
chymosin is the same as that for chymosin. First, 
membranes in the flow system were loaded with 
10 mgiml pepsin in 0.5 M glycine buffer pH 3 
until the breakthrough curve reached a stable 
value. Then, 0.01 M sodium phosphate pH 12 
elution buffer was used to completely remove 
pepsin from membranes. Lastly, loading buffer 
was used to rinse and store the membranes. 

4. Results 

4. I. Batch performance 

Single-solute adsorption isotherm 
The experimental adsorption isotherms for 

pure pepsin and chymos~n are plotted in Fig. 1. 
The bound protein concentration based on solid 
membrane volume (cs) was plotted against the 
free protein concentration in solution (c) at 
equilibrium. To determine the dissociation 
equilibrium constant (Kd) and maximum binding 
capacity (c,), these data were fitted to the single- 
solute Langmuir isotherm equation 

P? 

The fitted values were: Kd = 9(2) * 10m6 M and 
c, = 2.3(0-l) * 10m4 M for pepsin; K, = 4(l) d 10F6 
M and c, = 2.9(0.2). lop4 M for chymosin, 
where values in parentheses indicate the stan- 
dard error. 

The association rate data are presented in Fig. 
2. To determine the association rate constant 

300-’ ’ L ’ ’ ’ ’ ’ ’ 
pepsin 

2tJu 

~: 

0 

0 IO 20 30 

Protein Concentration, c( JLM) 

Fig. I. Single-solute adsorption isotherms for pepsin (0) and 

chymosin (A) using 15 IAV membranes. The loading buffer 

was 0.01 M imidazole with 1 M NaCl at pH 6. The data were 

fitted by least-squares to Eq. 9 and plotted as solid lines. 

Error bars span 2 S.D., and points without error bars were 

measured in only one trial. 
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0 5 IO 1s 20 

Time (tin) 

Fig, 2. Single-solute association curves using 15 IAV mem- 

branes. For pepsin, the feed solution concentrations were 

0.28 mgiml (0) and 0.16 mg!ml (0). For chymosin. the feed 

solution concentrations were 0.53 mgiml (Cl) and 0.36 mgi 

ml (A). The data were fitted by least-squares to Eq. 10: 

cg =0.28 mg/ml pepsin (curve I). I’,, = 0.16 mgiml pepsin 

(curve 2). c,, = 0.53 mg/ml chymosin (curve 3) and c,, = 0.36 

mgiml chymosin (curve 4). 

(k,), the data were fitted to the ~ang~uir kinetic 
equation [27] 

-= 

co 

where 

(11) 

(12) 

ii _ (1 - E)(total membrane volume) 
(experimental solution volume) ’ (13) 

The fitted values were: for pepsin, k, = 43(4) 
M-’ s-’ when co = 0.28 mglml, and k, = 49(8) 
M-’ sC1 when c,, =0.16 mgfmi; and for 
chymosin, k, = 150(30) AC’ s-l when c,, = 0.53 
mglml, and k, = 127(8) M-’ 5-l when co = 0.36 
mg/ml. Four equilibrium points were obtained 
from these association experiments, and plotted 
in the corresponding adsorption isotherms of 
Fig. 1. 

The time scales for protein diffusion to and 
association with the ligand were calculated and 
compared. The time scale for protein diffusion 
was l’/D 1281. The diffusion path length fl) was 
‘70 pm, one half the thickness of an individual 
membrane. Thus, the time scale for protein 
diffusion was 0.9 min for both pepsin and 
chymosin. The average time scale for protein 
association with the ligand (llk,c,) was 70 min 
for pepsin, and 10 min for chymosin. The time 
scale for protein diffusion was negligible in 
comparison to the time scale for protein associa- 
tion with the ligand. 

Single-solute dissociatim 
The dissociation rate data were fitted to a 

first-order kinetic equation [1,27] 

F = F,,,(l - ebkdr) (14) 

where F was the measured fluorescence in the 
solution over time, and I$,,,, was the maximum 
fluorescence attained at long time. To normalize 
each experimental data set in terms of F/F,,_,,, 
(%}, the data were fitted to Eq. 14 to determine 
F max. Then F/F,,, was plotted in Fig. 3, and the 
data were fitted to Eq. 14 to determine k,, The 
fitted values were: k, = 4.5(0.7) * 10W4 s-l for 
pepsin and k, = 6.1(0.8) f 10e4 sC1 for chymosin. 
These values of k, along with the experimentally 
determined dissociation equilibrium constant 
were used to calculate values for k, ( = k,l&) of 
50 AC’ s-’ for pepsin and 150 AK’ s-l for 
chymosin. The calculated values of k, were 
within one standard error of the values deter- 
mined from the data of Fig. 2. 

The time scale for protein diffusion (0.9 min) 
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Fig. 3. Single-solute dissociation curves using 15 IAV mem- 
branes. The membranes were equilibrated with the fluores- 
Gently labeled protein solution first. and then excess un- 
labeled protein was used to displace the bound labeled 
protein. Eq. 14 was used to determine the F,,, and k,, 
values, and the fitted curves are presented as solid lines for 
pepsin (0) and chymosin (A) 

was negligible compared to the average time 
scale for protein dissociation (1 ik,) of 30 min. 

4.2. Breakthrough cur~w 

Non-adsorption experiments 
The breakthrough curve for a non-adsorbing 

feed solution at a flow-rate of 1 milmin is 
presented in Fig. 4. There were delay volume 
and dead volume mixing effects evident in the 
breakthrough curves. To simplify the model for 
this behavior, a model of one plug-flow reactor 
(PFR) plus one continuous stirred-tank reactor 
(CSTR) was used as described in the work of 
Raths [29] on dead volume mixing in an ion- 
exchange membrane cartridge. The CSTR model 
was 

20 40 60 

Effluent Volume (ml) 
Fig. 4. Nan-ad~rption breakthrough curves at 1 mlimin for 
1 RCI 15 IAV14 RC membranes. Solid line = e~~~mental 
data: dotted line = model prediction. The model included a 
plug-flow volume of 2.55 ml for the affinity membranes, a 
CSTR mixing volume of 2.6 ml, and a plug-flow volume of 
1.45 ml for the remainder of the system. 

where V is the CSTR volume, Q is the flow-rate 
through the CSTR, tin is the inlet concentration, 

and CO@ is the outlet concentration. The plug- 
flow model accounted for a delay time (tde,ay) 
such that at t < tdelav the effluent concentration 
from the system was zero, and at t 2 tdelay the 
effluent concentration was equal to c,,~ at the 
time t - tdelav. 

The first temporal moment method was used 
to determine V and tdelav f30]. The mean time the 
fluid spent in the experimental system was 

(16) 

where M is the moment of effluent concentration 
and ,X is the moment of iniet concentration. 

The mean residence volume (Qt,,, moment) con- 
sists of all the postulated dead volumes in the 
membrane system. From Fig. 4, the calculated 
mean residence volume was 6.6 ml, and the 
delay volume was 4 ml. Therefore, by difference 
the CSTR volume was 2.6 ml. The void volume 
of 15 IAV membranes was 2.55 ml, leaving 1.45 
ml as the remaining PFR volume of the system. 
Accordingly, the dead volume mixing model 
consisted of 2.55 ml PFR volume for the affinity 
membranes, 1.45 ml PFR volume for the remain- 
der of the flow system, and 2.6 ml CSTR 
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volume. The result of the dead volume mixing 
model was plotted in Fig. 4. The model predic- 
tions were nearly identical to the experimental 
results. 

Parameter values used in the affiniry-membrane 
model 

The values for the membrane parameters were 
taken from the manufacturer [16.24]. The po- 

rosity, E, was 0.7, and the individual IAV mem- 

brane thickness. L. was 140 pm. In this work, 15 

membranes were stacked together, resulting in a 
total thickness of 0.21 cm. The flow-rate used in 
this work was 1 ml /min. Consequently, using the 

membrane diameter of 47 mm. the interstitial 
flow velocity passing through the membrane 

pores, v, was 1.37. lop7 cm/s. The single-solute 
isotherm parameters were: K,, = 9. IO-’ M and 
c, =2* lop1 A4 for pepsin: K, = 4. 10mh M and 

c, = 3 * lO_” M for chymosin, as determined 
experimentally (Fig. I). The association rate 
constants were: k, = 50 M ’ sag ’ for pepsin and 

k, = 150 M ~’ SC’ for chymosin, based on ex- 
perimental results (Fig. 2). The dimensionless 

number of transfer units (n) was calculated from 
these values: n = 0.66 for pepsin and n = 2.95 for 
chymosin. The dissociation rate constant was 

calculated from k, = k, K,. 
The dimensionless separation factor (Y) was: 

1.3 for 0.1 mg/ml pepsin, 2.3 for 0.4 mgiml 
pepsin, 1.7 for 0.1 mgiml chymosin and 4.0 Ear 
0.4 mgiml chymosin. The four initial concen- 
trations used experimentally yield dimensionless 

saturation capacities (m) of 30 (0.1 mgiml pep- 
sin), 7 (0.4 mg/ml pepsin), 33 (0.1 mg/m! 
chymosin) and 11 (0.4 mg /ml chymosin). respec- 

tively, using the values of e and cI described 
above. 

The axial Pedet numbers (Pe) were calculated 

from the diffusion coefficients (Table 1) and the 
above values of the parameters v and L, and 

were: 330 for pepsin and 340 for chymosin. 
The model calculations were performed in 

sequence. First, the affinity-membrane model. 
Eqs. 1-8, was solved using the PDASAC soft- 

ware package. This yielded the breakthrough 
curves which included only the effects of slow 

and competitive sorption kinetics, and axial 
diffusion. The effluent concentrations were then 
used as the inlet concentrations for the CSTR 
mixing model, Eq. 15, which was solved using a 

finite-difference method. This included the ef- 
fects of dead volume mixing into the break- 

through curves from the affinity-membrane 
model. Lastly, the PFR model was used to shift 
the results to longer times. This accounted for 
the delay time which resulted from plug flow 

through the dead volume in the flow system. The 
final result of the calculations was breakthrough 
curves which included the effects of slow and 

competitive sorption kinetics, axial diffusion, 
and CSTR mixing and plug flow in the dead 
volume of the flow system. 

Single-solute breakthrough curves including 
adsorpion 

Experimental single-solute breakthrough 
curves at a flow-rate of 1 ml/min are shown in 
Fig. 5. For pepsin, protein first appeared in the 

effluent at an effluent volume of 2.5 ml. The 
effluent concentration rose quickly to 80% of the 
feed solution concentration after 20 ml effluent 

volume, and then increased slowly towards the 
feed solution concentration. The breakthrough 
curve for chymosin had a front shoulder after 

emerging at an effluent volume of 4.5 ml. The 
effluent concentration increased to 30% of the 
feed solution concentration at 20 ml effluent 

volume, and then increased to 80% at 30 ml 
effluent volume. 

In Fig. 5, the curves predicted from the model 

were in close agreement with the experimental 
curves early on, but the model curves fell some- 
what below the experimental curves in the range 

of 20 to 40 ml effluent volume. After 80 ml 
effluent volume, both the model and experimen- 
tal curves approached the feed solution con- 

centration. However, the model curves reached 
the level of the feed solution concentration, and 
the experimental curves fell slightly short of this 

level. Generally, the differences between the 
predictions and the experimental data were 
small. The predictions of the model were sensi- 

tive to doubling and halving the values of the 
parameters used for the sorption isotherm and 
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Fig. 5, Single-salute breakthrough curves for pepsin and 
~h~~~~ at 1 mtlmin. The measured curves {s&id lines) 
were plotted along with predictions from the model {broken 
lines). Two washing models were used: without sorption 
during washing (broken lines) and with sorption during 
washing (dotted lines). 

kinetics (results not shown). Values different than 
the expcrimentatly determined values produced 
inaccurate model predictions. 

In Fig. St the washing curves predicted using 
the model with sorption (Eq. 3) contained a long 
tail due to protein dissociation, The curves 
predicted using the model without sorption (Eq. 
4) predicted fast washing, which more closely 
resembled the ~xp~rim~nt~l curves, The washing 
process in affinity-membrane separations was 
best described by neglecting protein sorption 
kinetics. 

Experimental binary-solute breakthrough 
curves are presented in Figs. 6d and 76. In both 
experiments, pepsin appeared first in the ef- 
fluent. After an additional 5 ml of effluent 
volume) chymosin appeared in the effluent. 
Chymosin had a sharper breakthrough curve 

when its concentration was elevated compared to 
pepsin as shown in Fig. 6d, 

The breakthrough curves were compared with 
the predictions of the model. The equilibrium 
and kinetic parameters used in the model were 
the same as those used for the single-solute 
breakthrough curves (Fig. 5). For both feed 
solution compositions, the predicted curves fitted 
the explemental data well. 

In Figs. 6 and 7, model predictions using (a) 
local-equilibrium theory, (b) local-equilibrium 
theory with CSTR mixing, (c) acuity-membrane 
mudel and (d) af~nity-membrane model with 
CSTR mixing were plotted along with the ex- 
perimental data. Local-equilibrium theory was 
compared to the experimental data in order to 
distinctly isolate the effects of dead volume 
mixing, slow sorption kinetics, and interactive 
competition due to differences in either affinity 
strength or sorption kinetics. Local-equilibrium 
theory is based on thermodynamics, and does 
not include any mass-transfer effects. Local- 
equilib~um separations occur when the sorption 
kinetics are fast enough to allow equilibrium to 
exist between protein and ligand at all binding 
sites [9]. 

The predictions from lacal-equilibrium theory 
contained two square-wave plateaus as shown in 
Figs, Sa and 7a. The first plateau contained only 
pepsin, the lower-binding-strength protein. In 
the beginning of loading, both pepsin and 
chymosin completely bound to the ligand and no 
protein emerged in the effluent, As the binding 
sites were saturated with protein, the stronger- 
binding chymosin started to displace bound pep- 
sin off the membrane surface. This displacement 
resulted in an effluent concentration of pepsin 
higher than the feed solution concentration of 
pepsin. Displacement was more rapid and 
noticeable for ideal local-equilibrium behavior 
when the concentration of strong-binding 
chymosin was elevated. When the membrane 
reached equilib~um, chymosin emerged in the 
effluent and pepsin displacement stopped. After 
this point the effluent concentration of both 
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Effluent Volume (ml1 

Fig. 6. Comparison of experimental breakthrough curves for a feed solution containing 0.1 mgiml pepsin (0) and 0.4 mg/ml 

chymosin (A) at 1 ml/min to predictions (solid lines = pepsin; dotted lines = chymosin) made using (a) local-equilibrium theory, 

(b) local-equilibrium theory with CSTR mixing, (c) affinity-membrane model and (d) affinity-membrane model with CSTR 

mixing. 

Ii 50 0 50 100 
Effluent Volume (ml) 

Fig. 7. Comparison of experimental breakthrough cures for a feed solution containing 0.4 mgiml pepsin (0) and 0.1 mg/ml 

chymosin (A) at 1 mlimin to predictions (solid lines = pepsin; dotted lines = chymosin) made using (a) local-equilibrium theory, 

(b) local-equilibrium theory with CSTR mixing, (c) affinity-membrane model and (d) affinity-membrane model with CSTR 

mixing. 



proteins was equal to the feed solution con- 
centration. 

As shown in Figs. fib and 7b, when CSTR 
mixing in the flow system was added to the 
predictions from local-equilibrium theory, the 
mixing effect broadened the edges of square 
waves and decreased the effluent concentration 
during displacement. The mixing effect degraded 
the separation performance. 

The experimental results using affinity mem- 
branes (Figs. Sd and 76) bore no resembience to 
either focal-equilibrium theory {Figs. 6a and 7a) 
or this theory with CSTR mixing (Figs. Bb and 
7b). Although including CSTR mixing in the 
affinity-membrane model gave the best predic- 
tions (Figs. 6d and 7d), predictions made with- 
out the CSTR mixing model were close to the 
experimental data {Figs. 6c and 7~). The domi- 
nant effect was the slowness of the inte~ctive 
and competitive sorption kinetics. 

The sharp or sudden increase in the calculated 
effluent concentration for pepsin in Figs. 6c and 
7c was the result of slow sorption kinetics. The 
residence time of the fluid in the membrane was 
2.55 min, which was too short for pepsin to bind 
to the membrane. Therefore, pepsin emerged in 
the effluent immediately after the delay volume 
of the system of 4 ml. However, chymosin. 
which had an association rate constant three- 
times greater than that of pepsin, did bind to the 
membrane in this residence time. Therefore. 
there was not a sharp increase in the calculated 
effluent concentration for chymosin. 

5. Discussion 

In this work, an affinity-membrane model of 
breakthrough curves was validated by extensive 
e~F~r~rn~~~~~it~n. Sorption equilibrium isot.herm 
and kinetic parameters were measured in batch 
experiments. These measurements were com- 
pletely independent of the affinity-membrane 
model. Breakthrough curves were then mea- 
sured and compared to the predictions made 
using the model. For both single-solute and 
binary-s~~iute s~parati~~ns, the predictions using 

the model were in good agreement with the 
experimental breakthrough curves. 

Predictions made using either local-equilib- 
rium theory or the affinity-membrane model 
were compared to the experimental data. The 
predictions made using the bina~-solute affinity- 
membrane model closely matched the ex- 
perimental data, and predictions made using 
vocal-equilibrium theory were a distinct mis- 
match. This confirmed that slow sorption kinetics 
were the dominant cause of broad breakthrough 
curves in affinity-membrane separations. 

In addition to slow sorption kinetics, it is 
possible that broad breakthrough curves may 
result from two mass-transfer effects analyzed in 
our previous work [?I]: boundary-lacer mass 
transfer (BLMT) and axial diffusion. 5ue to the 
small pore size of the membrane matrix used in 
this research, BLNT was fast and did not affect 
the shape of the breakthrough curves [10,31]. 
Axial diffusion dominates membrane perform- 
ance at tow flow velocity. When Pe is smaller 
than 40, axial diffusion causes broad break- 
through curves [8]. Because Pe was 330 for 
pepsin and 340 for chymosin. axial diffusion did 
not affect the shape of the breakthrough curves. 

Lower flow-rates would be necessary to to 

achieve sharper breakthrough curves. operating 
conditions which produce sharp breakthrough 
curves from affinity membranes have been de- 
fined previously using the af~n~ty-membrane 
model [Sj. Based on the parameter values de- 
termined experimentally in this work, flow-rates 
of 0.013 mlimin for pepsin and 0.053 ml/mm for 
chymosin would be required to achieve sharp 
breakthrough curves in the experiments of Fig. 
5. At the 1 mf imin flow-rate used in these 
experiments, slow sorption kinetics would be 
expected to dominate af~nity-membrane per- 
formance and produce broad breakthrough 
curves. 

This work employed the Langmuir model to 
determine the sorption equilibrium and rate 
constants. Although the Langmuir model did not 
perfectly fit the batch experimental data, the 
af~nity-rn~~~brar~~ model using these fitted pa- 
rameter values was a good predictor of ex- 
perimental breakthrough curves from the mem- 
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brane. Perhaps because the flow system aperated 
far from equilibrium, the Langmuir model needs 
only to accurately describe the association kinet- 
ics at short times in order to produce accurate 
predictions of the breakthrough behavior. The 
residence time of the fluid in the affinity mem- 
branes was 2.55 min. From Fig. 2, at this 
residence time, the system was not only far from 
equilibrium for both pepsin and chymosin, but 
also the Langmuir model was able to accurately 
describe the association kinetics at this short 
time. This made the use of Langmuir model 
valid for this affinity system. 

For other adsorptive membrane systems which 
may operate closer to equilibrium there is a need 
for more accurate multi-solute sorption models 
in order to ensure the predictions of the affinity- 
membrane model are equally valid. Ion-ex- 
change membranes are an example of such a 
system. In the work of Weinbrenner and Etzel 
[32], cy -1actalbumin and bovine serum albumin 
were separated using an ion-exchange mem- 
brane. The separation performance qualitatively 
matched the predictions from local-equilibrium 
theory together with the CSTR mixing model. 
Apparently, the ionic interaction between pro- 
tein and ligand was fast enough to allow local- 
equilibrium behavior to occur, but small 
amounts of mixing in the flow system impaired 
attainment of exact loyal-equilibrium behavior in 
the breakthrough curve. Further theoretical and 
experimental research on the thermodynamics 
and kinetics of multi-solute sorption are crucial 
to developing a better understanding of adsor- 
ptive-membrane separations such as this one. 

In practice, affinity membranes are frequently 
used to separate a desired biomolecule from a 
crude solution which may contain extracehular 
and intracellular components, salts, detergents 
and other undesired materials, These compo- 
nents may not bind with high affinity to the 
membrane, but may be present in much higher 
concentration than the desired component, and 
may have greater association rate constants for 
the ligand. Consequently, contaminating low-af- 
finity components may compete with the desired 
high-af~nity component for birding sites. 

This work demonstrated that under carefully 

chosen and controlled conditions, the perform- 
ance of affinity-membrane systems can be pre- 
dicted well using the affinity-membrane model. 
Thus, the fundamental factors governing affinity- 
membrane performance were identified as slow 
and competitive sorption kinetics, axial diffusion 
and dead volume mixing. However, realistic 
modelling of affinity-membrane separations 
using crude solutions will have to await ex- 
perimentally validated mathematical models of 
the fundamental sorption behavior occurring in 
these complicated solutions, 

Symbols 

R 
C 

Cl 

c,, 

c\ 

c 

c, 

D 
E 
F 
G 

k, 
k, 
KJ 

I 
L 
m 

M, 

M, 
n 

parameter defined in Eq. 11 
solute concentration in the mobile 
phase, M 
ligand capacity in the stationary 
phase based on the solid volume, 
M 
feed solute concentration in the 
mobile phase, M 
concentration of solute-ligand 
complex in the stationary phase, M 
dimensionless solute concentration 
in the mobile phase ( = c/c,) 
dimensionless concentration of sol- 
ute-ligand complex in the station- 
ary phase ( = c,ic,) 
axial diffusion coefficient, cm2 Is 
extinction coefficient 
fluorescence in the solution 
parameter defined in Eq. 12 
association rate constant, M-’ s-l 
dissociation rate constant, s-i 
dissociation equilibrium constant, 
M (=k,/k,) 
diffusion path, cm 
membrane thickness, cm 
dimensionless saturation capacity 
[ = (1 - +,/rc(J 
nth moment of the effluent con- 
centration 
molecular mass 
dimensionless number of transfer 
units [ = (1 - ~)c,k,Llev] 
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Pe 

PI 
Q 
Y 

t 
u 
V 
ii 
2 

Greek lettm 

; 

7 

Subscripts 
1st moment 
delay 

4 i 
in 
max 
out 
W 
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axial Peclet number (= uLID) 
isoelectric point 
flow-rate, ml/s 
dimensionless separation factor 
(= 1 +c,,/K,) 
time, s 
interstitial flow velocity, cm/s 
CSTR volume, ml 
parameter defined in Eq. 13 
axial distance along the mem- 
brane, cm 

porosity of membrane 
dimensionless spatial variable 
(= z/L) 
nth moment of the inlet concen- 
tration 
dimensionless time ( = M/I,) 

first temporal moment 
plug-flow delay 
solute index 
inlet 
maximum value 
outlet 
washing 
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