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Abstract

A kinetic study was made on the mass transfer phenomena of bovine serum albumin (BSA) in two different
anion-exchange columns (Resource-Q and TSK-GEL-DEAE-5PW). The analysis of the concentration dependence of the
lumped mass transfer rate coefficient (k ) provided the information about the kinetics of the several mass transfer processesm,L

in the columns and the anion exchangers, i.e., the axial dispersion, the fluid-to-particle mass transfer, the intraparticle
diffusion, and the adsorption /desorption. In the Resource-Q column, the intraparticle diffusion had a dominant contribution
to the band broadening compared with those of the other processes. The surface diffusion coefficient (D ) of BSA showed as

positive concentration dependence, by which the linear dependence of k on the BSA concentration seemed to bem,L

interpreted. On the other hand, in the TSK-GEL-DEAE-5PW column, the contribution of the adsorption /desorption was also
important and almost same as that due to the intraparticle diffusion. There are some differences between the intrinsic
properties of the mass transfer kinetics inside the two anion exchangers. It was likely that the positive concentration
dependence of D was explained by the heterogeneous surface model.  2000 Elsevier Science B.V. All rights reserved.s
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1. Introduction wide variety of packing materials are available for
their separation. Numerous publications discuss the

Liquid chromatography significantly contributes to physical properties and the characteristics of these
the progress of fundamental and applied biochemis- materials, the separation mechanisms involved, and
try. An immense array of biologically active com- the equilibrium thermodynamics of many compounds
pounds are currently extracted, separated, and/or in these phase systems [7–19]. By contrast, most
purified by preparative liquid chromatography [1,2]. issues related to the mass transfer kinetics of pep-
Peptides and proteins are most frequently separated tides and proteins in anion-exchange chromatography
using anion-exchange chromatography [3–6]. A are still unsolved.

Mass transfer of solutes between the mobile and
stationary phases is usually analyzed by assuming
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surface of the packing particles (fluid-to-particle mass transfer, (3) intraparticle diffusion, and (4)
mass transfer); (2) the diffusive transport through the adsorption /desorption.
pores of these particles (intraparticle diffusion); and Surface diffusion had a significant influence on the
(3) the adsorption /desorption processes at the actual characteristics of the mass transfer of BSA. The
adsorption sites [1]. Axial dispersion and these three linear concentration dependence of k results prob-m,L

mass transfer processes affect the spreading of ably from that of the surface diffusion coefficient
chromatographic peaks. Axial dispersion and the (D ). The positive dependence of D of BSA on thes s

fluid-to-particle mass transfer resistances are inherent concentration could be interpreted by the heteroge-
to flow processes in packed beds. The extent of axial neous surface model, suggesting that there is a
dispersion depends on the skill with which homoge- distribution of the adsorption energy on the surface
neous columns are packed. However, in the sepa- of the anion exchanger. A similar positive con-
ration of macromolecules such as peptides and centration dependence was demonstrated for the
proteins, the contributions of axial dispersion and the mass transfer rate coefficient (k ) in the elution ofm

¨fluid-to-particle mass transfer to band broadening are Troger’s base on microcrystalline cellulose triacetate
usually relatively small. By contrast, the kinetic [28,29], and for k in the enantiomeric separationm,L

characteristics of intraparticle diffusion and adsorp- of D- and L-phenylalanine anilide on a polymeric
tion /desorption are intrinsic properties of the pack- imprinted stationary phase [30]. A few other papers
ing materials. describe the concentration dependence of intraparti-

The intrinsic characteristics of the mass transfer cle diffusivity [31,32], of axial dispersion in size
kinetics inside particles of the stationary phases must exclusion chromatography [33], of the effective
be clarified to evaluate the actual performance of diffusivity of a small molecular mass protein in bulk
anion-exchange packing materials. Several papers solutions [34], and of the mutual diffusion coefficient
discussed intraparticle diffusion of proteins of a macromolecular protein (globular protein oval-
[8,11,16,18–22]. However, little information was bumin) [35].
obtained on the possible concentration dependence of The goal of this work is to derive relevant
the mass transfer kinetic parameters in anion-ex- information on the actual mass transfer kinetics of
change chromatography. The dependence of both the BSA in two different anion-exchange columns (Re-
phase equilibrium and the mass transfer kinetics on source-Q and TSK-GEL-DEAE-5PW) and to com-
the solute concentration is closely related to the pare the intrinsic characteristics of the mass transfer
separation behavior of nonlinear chromatography. kinetics in these two anion exchangers. It also

A series of detailed studies were made on the attempts to explain the positive concentration depen-
retention of bovine serum albumin (BSA) in anion- dence of D .s

exchange chromatography from the viewpoints of
phase equilibrium [23,24] and mass transfer kinetics
[25,26]. It was demonstrated that the adsorption 2. Theory
equilibrium could be well accounted for by the
modified bi-Langmuir isotherm and that the lumped Various theories and models were suggested to
mass transfer rate coefficient, k (based on an account for phase equilibrium thermodynamics andm,L

adsorbed-phase driving force) increased linearly with mass transfer kinetics in liquid chromatography
increasing concentration of BSA. The value of k [1,36]. In this study, we used the modified bi-Lang-m,L

was determined from breakthrough curves by apply- muir isotherm to represent the adsorption equilibrium
ing the shock layer theory, in which the mass and the lumped kinetic model for the mass transfer
transfer kinetics is accounted for by the lumped kinetics of BSA in anion-exchange chromatography.
kinetic model (solid film linear driving force model) The required details can be found in the original
[1]. In a previous paper [27], we analyzed the papers [25,26] and in the literature cited [1].
concentration dependence of k and obtained de-m,L

tailed information concerning the mass transfer 2.1. Adsorption equilibrium
kinetics of the four transport processes in the col-
umn, (1) axial dispersion, (2) the fluid-to-particle The experimental data characterizing the adsorp-
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tion equilibrium of BSA in the two phase systems ≠Cp
]]studied, using two different anion-exchange packing * 5 0 (6)
≠r r50materials, were represented by the modified bi-Lang-

muir isotherm [1,23–26,36]. ≠C Cs s
] ]*5 k ? (C 2 C ) 5 k ? C 2 (7)S Dads p p ads p≠t Ka C a1

]]]q 5 1 a C (1)21 1 b C1 where q is the solute concentration in the stationaryav

phase (q) averaged over the entire particle, F thewhere C and q are the concentration of BSA in the
phase ratio [F5(12e ) /e , with e , the total columnT T Tmobile and the stationary phases, respectively, and
porosity], u the average interstitial velocity of thea , b , and a are numerical parameters, all in-1 1 2
mobile phase, t the time, z the longitudinal distancedependent of C. It was experimentally confirmed that
along the column, D the axial dispersion coefficient,Lthe term b C was negligible compared to unity.2
R the particle radius, r the radial distance from thep

center of the particle, M the mass flux of the soluteF2.2. Mass transfer kinetics from the bulk solution to the external surface of the
stationary phase particle, D the intraparticle dif-eIn this study, the concentration dependence of km,L fusivity, C the concentration of the solute within thepwas determined from the experimental breakthrough pores inside the particle, k the external mass transferfcurves which were analyzed by using an equation coefficient, e the internal porosity of the particle, Cp s(described later), in which k was assumed to bem,L the concentration of the solute adsorbed on the

related to the contributions of the different mass stationary phase, k the adsorption rate constant,adstransfer processes in the column. *C the value of C when the system is in equilib-p p

rium with a stationary phase concentration C , ands
2.2.1. The general kinetic model in K the adsorption equilibrium constant. The initiala
chromatography and boundary conditions are as follows.

The general kinetic model of chromatography is a
C(z,0) 5 0 (8a)complete model which considers three phases, that

is, (1) the bulk mobile phase percolating through the
C (r,z,0) 5 0 (8b)bed of particles, (2) the mobile phase stagnant inside p

the porous particles, and (3) the stationary phase.
The set of equations of this model includes the mass C(0,t) 5 C for 0 # t # t (8c)0 p
balance equations of the compound in the column
and in the particles, and the kinetic equations de- C(0,t) 5 0 for t $ t (8d)p
scribing the mass transfer between the phases. They
are written as follows [1]. where t and C are the width and the height of thep 0

rectangular injection pulse, respectively. The height2≠q≠C ≠C ≠ Cav equivalent to a theoretical plate, HETP (H ) in linear] ] ]] ]]u ? 1 1 F ? 5 D ? (2)L 2≠z ≠t ≠t ≠z chromatography can be derived from the first and the
R second moments of the solution of the generalp

kinetic model.3 2]q 5 Er qdr (3)av 3R 2p ud2D k0 pL 1
]] ]] ]]H 5 1 2 ? ? 1FS Du 1 1 k 6Fk1 f≠Cp

2]]M 5 D ? * 5 K C 2 C u (4) 2F e f p r5Rs d ud kp u≠r p pr5Rp ]] ]] ]]1 ? (9)GS D60FD 1 1 k Fke p ads
2≠C ≠C≠C ≠ C 2p ps s

]] ] ]] ] ]]e ? 1 (1 2 e ) ? 5 D ? 1 ?S Dp p e 2 with≠t ≠t r ≠r≠r

(5) k 5 F e (1 2 e )K (9a)f g1 p p a
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2.2.3. An HETP equation for nonlinear1 2 ep
]]k 5 ? K (9b) chromatography2 aep The following HETP equation, similar to Eq. (12),

was derived from the shock layer theory in frontalwhere d is the particle diameter.p analysis, under constant pattern behavior. It is valid
in nonlinear chromatography, at least as long as the

2.2.2. The lumped kinetic model in linear column efficiency is not very low [1].
chromatography

22D K uLIf one of the contributions to the mass transfer ]] ]] ]]S DH 5 1 2 ? ? (14)u 1 1 K Kkkinetics dominates, the chromatographic process is m

more simply and conveniently represented by the
where K is the slope of the isotherm chord [K5lumped kinetic model [1]. The mass transfer rate is

9FK 5F(Dq /DC)]. So, k in Eq. (12) is replaced bya 0summarily expressed as Eq. (11) which introduces
K in Eq. (14). This equation proves that the contri-the mass transfer rate coefficient (k ).m butions of axial dispersion and the mass transfer

2 processes are additive in nonlinear chromatography≠C≠C ≠C ≠ Cs
] ] ] ]]1 F ? 1 u ? 5 D ? (10) as well as in linear chromatography, at least inL 2≠t ≠t ≠z ≠z frontal analysis, under constant pattern behavior, and

assuming the solid film linear driving force model.≠Cs
] *5 k (C 2 C ) (11) The contributions of each mass transfer process inm s s≠t

nonlinear frontal analysis, (1) the fluid-to-particle
where C is the concentration of the solute in the mass transfer, (2) intraparticle diffusion, and (3) thes

*stationary phase, C the concentration in the station- adsorption /desorption kinetics are summarized into as

ary phase in equilibrium with the mobile phase single kinetic parameter, k . The value of D in Eq.m L

concentration C. Eq. (11) assumes that the driving (10) is probably negligible in the separation of
force of the mass transfer is the difference between proteins [25,26] and it can be taken as zero. Even

*C and C and that the mass transfer rate is though the contribution of axial dispersion cannot bes s

proportional to the driving force. van Deemter et al. completely neglected, k in Eq. (11) suffices tom

[37] derived the following HETP equation in linear represent it. In this paper, we analyze the lumped
chromatography from the analytical solution of Eqs. mass transfer rate coefficient (k ), with which them,L

(10) and (11) proposed by Lapidus and Amundson contribution of axial dispersion is lumped. The value
[38]. of k is probably comparable to that of k becausem,L m

the contribution of axial dispersion is predicted to be
292D k uL 0 small compared with those of the other mass transfer]] ]] ]]H 5 1 2 ? ? (12)S D9 9u 1 1 k k k0 0 m processes in the separation of macromolecules.

Eq. (13) proves theoretically that the contributions
9where k is the retention factor at infinite dilution.0 of the different mass transfer processes are additive

The comparison of Eqs. (9) and (12) gives
in linear and locally linear chromatography. In

2 nonlinear chromatography, however, there are no2d d kF 1p p p
]] ] ]] ]] ] equations correlating k and the different mass5 1 1 ? (13)S D m9k k 6k 60D 1 1 k k0 m f e p ads transfer kinetic parameters, k , D and k . In thisf e ads

study, an attempt was made to evaluate the in-Eq. (13) shows that the mass transfer coefficient in
dividual contributions of the mass transfer processesthe solid film linear driving force model (k ) ism to the separation efficiency by assuming the follow-related to the three kinetic parameters, the external
ing equation, similar to Eq. (13).mass transfer coefficient (k ), the intraparticle dif-f

fusivity (D ), and the adsorption rate constant (k ), 2e ads 2d d kF 1p p pand that the contributions due to the three mass ]] ] ]] ]] ]5 1 1 ? (15)S DKk 6k 60D 1 1 k km f e p adstransfer processes are additive.
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The applicability of Eq. (15) will be checked later Tris–HCl buffer (pH 8.0). The values of e and FT

by comparing the calculation results obtained in this are calculated as 0.780 and 0.282, respectively.
study with those reported in other publications. The mobile phase was the buffer solutions, which

In this study, we assumed that intraparticle diffu- were prepared by dissolving 25 mM Bis-Tris or 50
sion arises from the parallel contributions of pore mM Tris in water and titrating with HCl until pH
and surface diffusion [39,40]. 6.0. The sample solutions were prepared by dissolv-

ing known amounts of BSA in the buffer solutions.
D 5 D 1 (1 2 e )K D (16)e p p a s

3.2. Procedureswhere D and D are the pore diffusivity and thep s

surface diffusion coefficient, respectively. Eq. (16) is
After the completion of each experiment, thevalid under linear isotherm conditions. The following

necessary regeneration procedures (i.e., cleaning orequation was used for correlating D with thep defouling) of the stationary phase were undertaken,molecular diffusivity (D ) [1].m followed by the equilibration of the phase system.
2ep Then, a new buffer solution of BSA was pumped

]]D 5 ? D (17)S Dp m2 2 e into the columns until it broke through. A series ofp

single step breakthrough curves were measured, in
the order of increasing BSA concentration step. The

3. Experimental measurement of the breakthrough curves was made
21at the flow-rate of 1 ml min . Each breakthrough

In this work, we reevaluated in more detail curve gives one data point of the equilibrium iso-
previous experimental data on phase equilibrium and therm. The isotherm data were fitted to the modified
mass transfer kinetics obtained in anion-exchange bi-Langmuir model (Eq. (1)). From the equilibrium
chromatography with BSA as probe compound isotherm, the breakthrough curves were calculated
[25,26]. We supply here only the information on the for each concentration step using different constant
experimental conditions which is necessary to under- k values. This coefficient was kept constantm,L
stand the analytical results derived in this paper. during any such calculation. The experimental break-
Other details on the experimental work can be found through curves were compared to the calculated
in the original papers [25,26]. ones. The rate coefficient for which there was the

best agreement between experimental and calculated
3.1. Chromatographic conditions breakthrough curves was taken as the best value of

k for the average concentration of the concen-m,L

Two different anion-exchange columns were used. tration step.
(a) A 3 cm30.64 cm stainless steel column (No.

17-1177-01) packed with Pharmacia Resource-Q (d ,p
˚15 mm; pore size, 200–10 000 A), with a hold-up 4. Results and discussion

volume (V ) of 0.750 ml, a stationary phase inaccess-0

ible volume (V ) of 0.215 ml, and an efficiency (N) We will compare the mass transfer kinetics prop-a

of 400 plates for uracil (unretained) in 25 mM erties of two anion-exchange packing materials.
Bis-Tris–HCl buffer (pH 6.0) at the flow-rate of 1 First, kinetic parameters related to the mass transport

21ml min . The total porosity (e ) of the column was processes in the columns were derived from anT

calculated as 0.777 and the phase ratio (F ) as 0.287. analysis of the experimental results concerning phase
(b) A 7.5 cm30.75 cm stainless steel column (No. equilibrium and mass transfer kinetics determined

S0116) packed with TSK-GEL-DEAE-5PW (d , 10 from the breakthrough curves in single step frontalp
˚mm; pore size, 1000 A), with V of 2.58 ml, V of analysis [25,26]. Second, the contributions of each0 a

0.73 ml and N52800 plates for cytidine-59-mono- mass transport process to band broadening were
21phosphate (unretained) at the flow-rate of 1 ml min individually evaluated and compared with each

of an eluent containing 35 mM NaCl in 20 mM other. Finally, an attempt was made to explain the
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Table 1concentration dependence of D by applying differ-s
Parameters of the equilibrium isotherm and the mass transferent models.
kinetics

Column4.1. Adsorption equilibrium
Resource-Q TSK-GEL-DEAE-5PW

Fig. 1 shows the equilibrium isotherms of BSA on a (–) 4906.7 1380.51
21the two columns. The experimental data were well b (ml mg ) 35.75 17.321

a (–) 14.97 11.94represented by the modified bi-Langmuir isotherm 2
0 21 23 24k (s ) 1.6?10 5.8?10m,L(Eq. (1)) rather than by a simple Langmuir isotherm
1 21 21 22 23k (ml mg s ) 3.290?10 9.93?10m,L[23–26]. Table 1 shows the best values of the

numerical parameters, a , b and a . Although Eq.1 1 2

(1) contains only three parameters, the isotherm data of Eq. (1). The physical interpretation of this model
of BSA on both anion exchangers were well ac- is that the isotherm is probably a bi-Langmuir model
counted for. The amount adsorbed (q) at equilibrium but that the coefficient b is too small to be measured2

with a given mobile phase concentration (C) is larger and b C is negligible in the range of concentrations2

for Resource-Q than for TSK. However, the same accessible experimentally.
dependence was observed in both phase systems. The satisfactory description of the equilibrium
The steep rise of q in the low concentration range isotherm data by the modified bi-Langmuir equation
corresponds to the first term in the right-hand-side is no proof of the existence of two types of interac-
(RHS) of Eq. (1). The contribution of this term tions with different energies between the BSA

21saturates rapidly between C50.5 and 1.0 mg ml . molecules and the surface of the anion exchangers
Then, q increases linearly with increasing C for C [23–26]. The surface of these exchangers is probably

21larger than about 0.5–1.0 mg ml . The subsequent heterogeneous, with many different adsorption sites
increase in q arises from the second term in the RHS and a wide adsorption energy distribution. The

Fig. 1. Experimental isotherm data (plots) and best fit bi-Langmuir isotherm (lines) of BSA.
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presence of more complicated interactions between Then, combining Eqs. (15) and (19) gives
the BSA molecules and these adsorption sites may be

2
2 d dFDF 1 1 K p panticipated. L

]] ]] ]] ] ]]S D5 ? 1 12Kk K 6k 60Dum,L f e

24.2. Mass transfer rate coefficient k 1p
]] ]1 ? (20)S D1 1 k kp ads

As described originally [25,26], the lumped mass
Eq. (20) explains how the parameter k corre-transfer rate coefficient (k ) determined from the m,Lm,L

lates with the individual contributions of the fourbreakthrough curves includes the contribution of
basic mass transfer processes in the column.axial dispersion to band broadening. The HETP is

Fig. 2 illustrates the linear dependence of k onrelated to the Stanton number (St) as follows. m,L

the concentration of BSA, calculated as the average
K 2L of the concentration step in frontal analysis. The]]] ]H 5 ? (18)2 St(1 1 K) solid and dotted lines represent the results of the two

linear regressions of the experimental data [25,26].
with

0 1k 5 k 1 k C (21)m,L m,L m,Lk Lm,L
]]St 5 (18a)u 0 1Table 1 also lists k and k . As indicated inm,L m,L

where L is the column length. Comparing Eqs. (14) the original papers [25,26], k was estimated bym,L

and (18) gives fitting the calculated breakthrough curve to the
experimental one. The precision of the determination

2 D1 1 1 K 1L of k was estimated to be about 610%. Also, in]] ]] ] ]] m,LS D5 ? 1 (19)2Kk K Kkum,L m the calculations made to estimate k , the whole setm,L

Fig. 2. Dependence of k on the BSA concentration.m,L
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of experimental data points was shifted by no more come unity. According to Eq. (16), D becomese

infinite with K. In such a case, the third term in thethan a few percent in order to adjust the mass centers
RHS of Eq. (20) may be neglected. Fig. 3 illustratesof the experimental and the calculated breakthrough
the plot of F /(Kk ) against 1 /K. The solid linescurves. This suggests that the equilibrium data were m,L

were calculated from the parameters of the isothermdetermined with an error of a few percent.
and the mass transfer kinetics listed in Table 1. FromThe experimental values of St for BSA range from
the intercepts of the lines in Fig. 3, the sums (FD /0.12 to 3.0 on the Resource-Q column (u, 0.067 cm L

221 23 22 21 u )1(d /6k )1(1 /k ) are estimated at 0.093 fors ; L, 3 cm; k , 2.7?10 –6.6?10 s ) and p f adsm,L
the Resource-Q column and 0.84 for the TSKfrom 0.26 to 2.1 on the TSK column (u, 0.048 cm

21 23 22 21 column. As described earlier, the errors made in thes ; L, 7.5 cm; k , 1.7?10 –1.3?10 s ). Asm,L
estimation of k and of the isotherm data werem,Lexplained earlier, the column efficiencies for unre-
about 610% and a few percent, respectively. Ittained compounds were measured at 400 (Resource-
seems that the intercepts in Fig. 3 also include anQ column) and 2800 plates (TSK column). At C5

21 error of about 610%. These values are relatively1.0 mg ml , the intermediate concentration of the
small compared with those of F /(Kk ) experimen-m,Lplots in Fig. 2, K is calculated as between 20 and 30
tally measured, i.e., 0.25–0.38 (Resource-Q column)from Fig. 1 or from the isotherm parameters in Table
and 1.6–2.1 (TSK column). The value for the TSK1. In this case (K525), St is calculated as between
column is about one-order of magnitude larger than30 and 210 for the Resource-Q and TSK columns,
that for the Resource-Q one, suggesting that there areusing Eq. (18). Compared with these hypothetical
important differences between the intrinsic kineticvalues, the St values reported above are very low.
properties of the two anion exchangers.They suggest that the intrinsic properties of the

The value of k was estimated by subtracting theadskinetic processes taking place inside the particles of 2contributions of the two terms (FD /u ) and (d /L panion exchangers (intraparticle diffusion and/or
6k ) from the sums. k was assumed to be in-f adsadsorption /desorption kinetics) have a significant
dependent of C.

influence on band broadening because axial disper- 2The value of the first term, i.e., FD /u , can beLsion and fluid-to-particle mass transfer are expected
estimated from the HETP measured for an unretained

to have small contributions, as shown previously
compound. At K 50, Eq. (9) can be written asa[27]. As illustrated in Fig. 2, the values of k arem,L follows.

larger for the Resource-Q than for the TSK column,
22by a factor of nearly 3. By contrast, as described Fe ud ud2D p p pL

]] ]]] ]] ]]H 5 1 2 ? ? 1F GS Dabove, the column efficiency measured with an u 1 1 Fe 6Fk 60FDp f p
unretained compound is 2.8-times higher for the

(22)TSK (N52800/7.5 cm) than for the Resource-Q
(N5400/3 cm) column. Thus, the mass transfer

Eq. (22) includes three kinetic parameters, i.e.,resistance inside the packing materials must be larger
D , k , and D . The last two parameters can beL f pfor the TSK than for the Resource-Q column. The
estimated from various correlations [1,39,40]. Wecontributions of each term in Eq. (20) to k mustm,L used the Wilson–Geankopolis equation [41].be evaluated individually to clarify the intrinsic

1.09kinetic properties of the two anion exchangers in the 1 / 3 1 / 3]]Sh 5 ? Sc Re (0.0015 , Re , 55) (23)separation of BSA. e

The values of D for uracil and cytidine-59-mono-p

phosphate were derived from Eq. (17). The molecu-4.3. Estimation of kinetic parameters
lar diffusivity (D ) was estimated from the Wilke–m

Chang equation [1,42,43].Eq. (20) suggests that when K becomes infinite,
F /(Kk ) tends toward the sum of three terms, 1 / 2m,L (a M ) TA,sv sv2 28(FD /u ), (d /6k ) and (1 /k ), because, then, the ]]]]D 5 7.4 ? 10 ? (24)L p f ads m,s 0.6

2 2 h Vsv b,stwo coefficients [(11K) /K] and [k /(11k )] be-p p
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Fig. 3. Correlation between F /(Kk ) with 1 /K for the estimation of k .m,L ads

where the subscripts s and sv denote the unretained observation, suggesting that the values of D ob-L

compound and the solvent, respectively, a the tained in this study are reasonable and probablyA

association coefficient, M the molecular mass, h the valid. The value of D /u was assumed to beL

viscosity, T the absolute temperature, and V the constant, irrespective of the nature of the solute (theb

molar volume at the normal boiling point. Other unretained compound and BSA) and of the BSA
parameters in Eq. (22) are physical properties of the concentration in the sample solutions. This assump-
packing materials and the operational conditions. tion, however, has little influence on the conclusion

For the Resource-Q column, the value of 2D /u of this study because the contribution of axialL
23was calculated as 6.5?10 cm from the HETP for dispersion is so small.

21uracil measured at a flow-rate of 1 ml min . As a Second, the value of the second term, d /(6k ),p f
2 22consequence, FD /u was estimated as 2.7?10 s. was estimated from Eq. (23). The value of D forL m

Similarly, for the TSK column, the values of 2D /u BSA was estimated using the following equationL
2 23and FD /u were calculated as 2.3?10 cm and proposed by Guiochon et al. [1].L

237.3?10 s, respectively, from the HETP for
21 T28cytidine-59-monophosphate at 1 ml min . As ex- ]]]D 5 8.31 ? 10 ? (25)m,B 1 / 3pected, since the column efficiency was measured h Msv B

with an unretained compound, the contribution of
axial dispersion to band broadening is smaller for the where the subscript B represents BSA. The value of

27 2 21TSK than for the Resource-Q column. From the D at 293 K was estimated as 6.0?10 cm s ,m,B

value of D /u obtained above, numerical values of in good agreement with previous experimental dataL
210.46 and 0.87 were derived for ud /D in the [44]. At a flow-rate of 1 ml min , the values ofp L

22Resource-Q and the TSK column, respectively. It is d /(6k ) for BSA were calculated as 3.4?10 s onp f
22well known that the ratio ud /D ranges between 0.5 the Resource-Q column and 4.0?10 s on the TSKp L

and 1.0 in liquid–solid systems [40]. The calculated column. Although they are of the same order of
values are thus in agreement with this previous magnitude, these two contributions to the BSA band
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spreading are different. The ratios of d /(6k ) to the explained earlier, appropriate values of D /u werep f L

experimental value of F /(Kk ) are ca. 10% and 2% derived for the Resource-Q and the TSK columns.m,L

for the Resource-Q and the TSK column, respective- The value of k was estimated with an adequatef

ly. This shows that the contribution of the mass accuracy using the literature correlation, Eq. (23).
transfer resistance inside the anion exchanger par- The error on k is estimated at 610%. In the caseads

ticles to band broadening is larger in the TSK than in of the Resource-Q column, however, the contribu-
the Resource-Q column. In our work, the concen- tions to band broadening of the three mass transfer

21tration of BSA was increased up to 2 mg ml processes other than intraparticle diffusion are rela-
(0.2%). However, the concentration dependence of tively small as shown later. The values of the errors
D was not taken into account because experimental made on D , k and k have little influence on thatm L f ads

results suggested that the concentration dependence made on D . Rather, the accuracy of the estimatione

of D was small in the concentration range 0–5% of D seems to depend almost only on that of them e

[1]. The dependence of k on the BSA concentration HETP. As shown in Eqs. (18) and (18a), the errorf

was not considered either. These assumptions have made on H is almost the same as on k , probablym,L

little influence on the our calculation results because 610%. Therefore, it is likely that D was estimatede

the contribution of the fluid-to-particle mass transfer with an error of about 610% for the Resource-Q
to peak broadening is also relatively small, as column. On the other hand, both intraparticle diffu-
described above. sion and the adsorption /desorption process have

In these calculations, the values of the terms FD / large contributions to peak spreading in the TSKL
2u and d /(6k ) for BSA were estimated by using column. The magnitude of the two contributions isp f

some literature correlations in order to derive k . similar. By contrast, the contributions of axial disper-ads

The small contributions of axial dispersion and fluid- sion and fluid-to-particle mass transfer are quite
to-particle mass transfer to band broadening suggest small (see later). The error made on D can bee

that the estimation error of the related kinetic estimated to a maximum of 610% for the TSK
parameters has a small influence on the precision of column. Although the errors on H and k are bothads

k and that correct values of k were derived, 31 estimated at about 610%, they vary in the sameads ads
21 21 direction.s for the Resource-Q column and 1.3 s for the

In Fig. 4a and b, D thus calculated is plottedTSK column. As described earlier, the intercept in e
2 versus C. Although the data points are somewhatFig. 3, i.e., the sum of the three terms, (FD /u ) 1L

scattered in Fig. 4b, similar profiles are observed in(d /6k ) 1 (1 /k ), is calculated with an error ofp f ads

both figures. The values of D depend on theabout 610% from the experimental data illustrated e

concentration, because K and D do too, as shownin Figs. 1 and 2. The values of k derived from a sads
27 27by Eq. (16). They range from 1.3?10 to 2.4?10there are in error by nearly the same factor. The

2 21value of k is about one-order of magnitude smaller cm s on the Resource-Q column and from 1.3?ads
28 28 2 21on the TSK than on the Resource-Q column. This is 10 to 2.3?10 cm s on the TSK column. The

one of the causes of the smaller value of k on the ratio D /D for BSA is between 1/40 and 1/3. Them,L e m

TSK column (Fig. 2). An appropriate interpretation difference between the D values is probably associ-e

cannot be provided at this stage because of this ated with differences in pore structure of the two
difference between the k values. This difference is packing materials. As described earlier, the values ofads

most probably explained by the dissimilarities be- e and F are almost the same for the two columns.T

tween the functional ligands, e.g., type, structure and However, the ranges of pore diameters are different.
density, of the two packing materials. A more Although the validity of the D values derived in thise

detailed analysis of the adsorption /desorption pro- study seems to be confirmed as explained below,
cess at the actual adsorption sites is now required. further studies on the mass transfer kinetics in anion

The value of D at different BSA concentrations exchangers should be made to clarify these issues.e

can be calculated from Eq. (20) because the contri- Some experimental values of D are reported ine

butions of the three mass transfer processes other the literature for macromolecules in porous materi-
than intraparticle diffusion can be estimated. As als. Graham and Fook [8] studied the equilibrium
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Fig. 4. Comparison of the contributions of the pore and the surface diffusion to the intraparticle diffusion. (a) Resource-Q, (b)
TSK-GEL-DEAE-5PW.
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and the kinetics of the adsorption of BSA on a contributions of pore and surface diffusion to in-
DEAE-resin by a batch method. They reported that traparticle diffusion (Eq. (16)). This equation sug-
the diffusion coefficient in the resin was about 100 gests that D tends toward D as K (namely, K )e p a

times smaller than that in the free solution. Similarly, tends toward zero. In Fig. 5, D is plotted against K.e

Tsou and Graham [11] reported a calculated effective From the intercept of the straight lines, D wasp
27 2 21particle diffusivity of BSA in DEAE-Sephadex A-50 estimated at 1.25?10 cm s for the Resource-Q

28 2 21about 20-times smaller than the free diffusivity. column and 1.23?10 cm s for the TSK column.
Colton et al. [20] reported that D /D for cyto- As explained earlier, the error made on D ise m e

chrome c and human hemoglobin on finely porous estimated to less than 610% for both the Resource-
glass was between 1/10 and 1/3. Skidmore et al. Q and TSK columns. From Eq. (16), it is likely that
[21] studied the equilibrium and kinetic characteris- the same error is made on D and on D . The valuep e

tics of the adsorption of BSA and lysozyme on the of D on the TSK column is one tenth of that on thep

strong cation exchanger S Sepharose FF and reported Resource-Q column. This is another reason for the
28 2 21 27 2D values of 8.5?10 cm s and 5.0?10 cm rate of mass transfer on the TSK column beinge

21s for BSA and lysozyme, respectively. Park et al. smaller than on the Resource-Q one. The difference
27 2[22] reported values of D of about 1.8?10 cm is probably due to different shapes and sizes of thee

21s for the intraparticle diffusion of BSA labeled micropores. More detailed studies are needed to
with p-(isothiocyanato)azobenzene in poly- clarify the correlation between structural properties
acrylamide gel. Fernandez and Carta [18] and Fer- of the anion exchanger and mass transfer rate of

29 2 21nandez et al. [19] reported 9.2?10 cm s as the proteins in the packing material.
intraparticle BSA diffusivity, value obtained in the In most of the previous publications, the contribu-
assumption that the driving force for the diffusion in tion of pore diffusion to intraparticle diffusion was
composite silica–polyacrylamide gel anion ex- not separated from that of surface diffusion. The
changers is the total BSA concentration. Yoshida et value of D was not determined. Yoshida et al. [16]p

al. [16] investigated the mass transfer of BSA on a reported D of BSA in the chitosan particles asp
27 2 21 27 2 21strongly basic adsorbent, chitosan, using the shallow 1.0?10 cm s and 2.7?10 cm s at zero

29bed adsorption method. They also reported 1.0?10 surface coverage. The D value of BSA calculatedp
29 2 21and 4.6?10 cm s as the intraparticle BSA for the Resource-Q column is comparable with those

diffusivity, assuming the total BSA concentration to reported by Yoshida et al. [16]. The ratio D /Dp m

be the driving force of diffusion. Because, under the (diffusibility) for BSA is 0.21 on the Resource-Q
experimental conditions of these measurements, the column and 0.021 on the TSK column. It was
slope of the isotherm chord is of the order of 100, experimentally confirmed that D is between 3- andp

the intraparticle diffusivity corresponding to D is of 30-times smaller than D for typical chromatographye m
27 2 21the order of 10 cm s . The values of D shown packing materials [1]. The diffusibility observed ine

in Fig. 4a and b and the ratio D /D determined this study is also similar to previous observations. Ine m

above are comparable to these literature data. It is conclusion, appropriate values of D seem to bep

thus likely that the estimates of D derived in this derived from the analysis of the correlation betweene

study are correct. D and K illustrated in Fig. 5.e

In Fig. 3, F /(Kk ) was plotted against 1 /K tom,L

estimate k . It was assumed that the contribution ofads

intraparticle diffusion was negligibly small when K 4.4. Estimation of surface diffusion coefficient
is infinite. As shown in Fig. 4a and b, the value of De

increases rapidly with decreasing C in the low At this stage, D may be derived from the ex-s

concentration range, suggesting that the assumption perimental values of k since the other kineticm,L

is indeed valid. This validates the procedure of parameters, e.g., D , k , D , and k in Eqs. (16) andL f p ads

estimating k from the plot of F /(Kk ) versus (20), are known. The error made on estimate of D isads m,L s

1 /K. close to 610% because D and D on the Resource-e p

In this study, we assumed the parallelism of the Q and the TSK columns were estimated with an error
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Fig. 5. Correlation between D and K for the estimation of D .e p

smaller than 610%, as explained earlier, and D and Although the data were more dispersed, essentiallye

the same results were obtained for the TSK columnD exhibit the same trends in their variations. Forp

(Fig. 6b). D shows a positive concentration depen-instance, if the estimate of D is larger than the true se

dence. As described in the original papers [25,26],value, the resultant D calculated from the interceptp

k was determined by fitting experimental break-in Fig. 5 is probably also larger than the true value. m,L

through curves to breakthrough curves calculatedFig. 6a illustrates the dependence of D of BSA ons

with a value of k and the equilibrium isothermits concentration in the Resource-Q column (solid m,L

which was determined separately. The accuracy ofcircle). Although the data in Fig. 6a are slightly
k depends on that of the equilibrium isotherm.scattered, D clearly increases with increasing con- m,Ls

The error made on the equilibrium data is relativelycentration of BSA. D increases nearly 15-fold whens
21 large at low concentrations because of the steep riseC increases from infinite dilution to 2 mg ml .

shown in Fig. 1. This could explain the windingIn this study, D was derived from D using Eq.p m

profile of the data points at low concentrations in(17). In order to confirm the validity of the values of
Fig. 6b. It remains likely, however, that D increasesD obtained, it was also calculated using another ss

with increasing BSA concentration. Tilton et al. [46]correlation between D and D [40,45].p m

measured the lateral mobility of eosin isothio-
2D 5 e D (26)p p m cyanate-labeled BSA on two different adsorbents,

poly(methylmethacrylate) and poly(dimethylsilox-
29 2 21ane). They reported D 51.2?10 cm s and 2.6?The values of D so obtained are also reported in ss

29 2 2110 cm s for the former and the latter, respec-Fig. 6a (solid triangle). Although somewhat smaller
tively. Yoshida et al. [16] also reported D for BSAthan those obtained by the first correlation, they are s

210 2 21 29 2quite comparable. The difference between them is on chitosan as 4.7?10 cm s and 2.4?10 cm
21smaller than ca. 20%. s at infinite dilution. The values of D in Fig. 6as
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Fig. 6. Concentration dependence of D of BSA. (a) Resource-Q, (b) TSK-GEL-DEAE-5PW.s



K. Miyabe, G. Guiochon / J. Chromatogr. A 866 (2000) 147 –171 161

and b are comparable to these data, suggesting that Fig. 5, D was estimated from the intercept of thep

appropriate values of D are probably obtained. plot between D and K. In the concentration ranges e

around the minimum of D , the variation of thee

4.5. Comparison of the contribution of pore and contribution of surface diffusion has little influence
surface diffusion to intraparticle diffusion on the determination of D because it is small. Asp

previously explained, it seems that appropriate val-
Fig. 4a and b show the contributions of pore and ues of D are obtained. On the other hand, at highp

surface diffusion to intraparticle diffusion. For both concentrations, the coefficient of the second term of
columns, the correlations are very similar. As de- the RHS of Eq. (16), (12e )K , decreases withp a

scribed above, D is assumed to be independent of C. increasing C, as illustrated in Fig. 7. However, Dp e

The difference between D (solid circle) and D increases with increasing C or is constant at C.ca.e p
21(open circle) corresponds to the contribution of 0.5 mg ml . The dependence of D on C of BSAe

surface diffusion (open triangle). The concentration can no longer be explained by considering the
dependence of the contribution of surface diffusion is variations of K . It is rather due to the positivea

explained by the similar dependences of K and D concentration dependence of D (Fig. 6a and b).a s s

as described in Eq. (16). Fig. 7 illustrates the In this work, experimental results previously pub-
correlation between K and C. lished concerning the mass transfer kinetics ina

At low concentrations, the contribution of surface nonlinear frontal analysis were analyzed on the basis
diffusion is relatively large. However, it decreases of the assumption that k represented the contribu-m

steeply with increasing BSA concentration between 0 tions of the three known mass transfer processes,
21and 0.25 mg ml . As predicted from Eq. (16) and fluid-to-particle mass transfer, intraparticle diffusion,

Fig. 7, this decrease of the contribution of surface and adsorption /desorption, and that these three con-
diffusion seems mainly due to the like variation of tributions were additive, in nonlinear as well as
K . Around the minimum of D , the contribution of linear chromatography, as indicated in Eq. (15).a e

surface diffusion is relatively small. As described in Although there is no theoretical proof of the validity

Fig. 7. Plot of K as a function of the BSA concentration. Inset: enlargement of the curve profile at low values of K .a a
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of this assumption, the values of D , D and D depending on the BSA concentration, while thee p s

contributions of other three mass transfer steps arereported and discussed above seem reasonable. This
almost equal and constant, irrespective of the BSAallows a further analysis of the experimental results.
concentration. The lumped mass transfer rate coeffi-
cient (k ) is correlated mainly with D . In such am,L e4.6. Comparison of the contribution of the four 2case, H is approximately equal to ud /(30FD ) attotal p pmass transfer processes on the HETP 21C50.5 mg ml because: (1) K is about 40 (Fig. 7)
and (2) the contribution of surface diffusion toThe following equation is derived from Eqs. (18),
intraparticle diffusion is quite small (Fig. 4a). D isp(18a) and (20). 27 2 21calculated as 1.0?10 cm s from the parameters,

21 23
2 ud i.e., H 50.17 cm, u50.067 cm s , d 51.5?102D K p total pL

]] ]] ]]S DH 5 1 2 ? ? 1Ftotal cm, and F50.287. The ratio D /D is about 0.17, inu 1 1 K 6Fk p mf
agreement with previous observations concerning

2 2ud k up p this ratio, which supports the validity of the quantita-
]] ]] ]]1 ? (27)GS D60FD 1 1 k Fk tive analysis of the kinetic data obtained in thise p ads

study.
H 5 H 1 H 1 H 1 H (27a)total ax f d r The linear dependence of k illustrated in Fig. 2m,L

is probably explained by the concentration depen-
Eq. (27) is similar to Eq. (9). It correlates the total dence of D (Fig. 6a) because D is practicallys p

HETP (H ) with the different kinetic parameters. independent of the BSA concentration. If we assumetotal

As described above, the values of the kinetic param- that D is constant in the high concentration range,s

eters in Eqs. (16) and (20), i.e., D , k , D , D , D D would also be almost constant because KL f e p s e a

and k , were obtained for different BSA concen- changes little. In this case, the contribution of H toads d
2 2trations. As described earlier, D was adequately H in Eq. (27), 2[K /(11K)] (ud ) /(60FD ), be-L total p e

derived for both the Resource-Q and TSK columns. comes constant because the contributions of the other
Using Eq. (23), k was calculated with a reasonable three mass transfer processes are almost constant.f

accuracy. The other kinetic parameters, D , D , D This suggests that, like H , H also is nearlye p s d total

and k , were estimated with errors less than about constant at high concentrations because the otherads

610%. The contributions of the four terms in Eq. three mass transfer processes have almost constant
(27a) can then be calculated and compared with each and relatively small contributions. This prediction
other. Fig. 8a and b show the calculation results, does not match the experimental results shown in
which are different for the two anion exchangers. In Fig. 8a. H and H decrease with increasing C attotal d

Fig. 8a and b, the plots of H exhibit a maximum high concentrations. This discrepancy results fromtotal
21around C50.25–0.5 mg ml . Eqs. (18) and (18a) the assumption that D is constant, irrespective of thes

suggest that this profile of H is due to the BSA concentration. In conclusion, the decrease oftotal

concentration dependence of both K (Fig. 7) and k H (Fig. 8a) and the increase of k (Fig. 2) atm,L total m,L

(Fig. 2). According to Eqs. (18) and (18a), H was high concentrations arises from the positive con-
probably estimated with an error less than about centration dependence of D . This result shows that,s

610% because the estimation errors on K and k although the contribution of surface diffusion tom,L

are respectively a few percent and 610%, as de- intraparticle diffusion is not always significant, as
scribed earlier. In Fig. 8a, the variation in H around illustrated in Fig. 4a, surface diffusion provides the
the mean (about 0.14 cm) is about 60.03 cm, larger essential contribution to mass transfer kinetics in
than the error made in estimating H. It is probable anion-exchange chromatography of BSA. The
that the profile of the plot of H in Fig. 8a is not characteristic feature of surface diffusion should be
much influenced by the error made on H. analyzed in more detail for a better knowledge of the

In the case of the Resource-Q column (Fig. 8a), mass transfer kinetics in anion-exchange packing
the contribution of intraparticle diffusion (H ) is materials.d

dominant. It varies between 63 and 75% of H , A different result was obtained for TSK (Fig. 8b).total
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Fig. 8. Comparison of the contributions of the mass transfer resistance of each kinetic process in the column to the overall efficiency at
different BSA concentrations. HETP: H , the overall column efficiency; H , axial dispersion; H , fluid-to-particle mass transfer; H ,total ax f d

intraparticle diffusion; H , adsorption /desorption. (a) Resource-Q, (b) TSK-GEL-DEAE-5PW.r
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The contributions to band broadening of intraparticle E 5 a(2Q ) (29)s s

diffusion and adsorption /desorption are comparable
and much larger than those of axial dispersion and Combining Eqs. (28) and (29) gives the following
the fluid-to-particle mass transfer resistance. The equation
mass transfer properties of BSA inside the two anion

(2Q )stexchangers are different. Although the ranges of H F ]]GD 5 D exp 2 a ? (30)s s0 RTare different for the two columns, roughly similar
profiles are observed for H , the overall index oftotal A number of experimental data on surface diffu-column efficiency. The conclusions regarding the

sion were analyzed with Eq. (30) [47].concentration dependence of H cannot be thetotal There are also some models to explain the depen-same for the TSK and the Resource-Q column
dence of D on the amount adsorbed [47], forsbecause the contribution of adsorption /desorption is
example, (1) the hopping model, (2) the heteroge-relatively large in the case of the former column.
neous surface model, (3) the Fick’s law model, andHowever, D increases probably with increasing C ins (4) the surface pressure driving force model. In thethe TSK column (Fig. 6b). In the same way as for

21 hopping model, several equations were derived tothe Resource-Q column, a value of 50.5 mg ml
correlate D and the surface coverage (u ) or ratio ofswas calculated for the ratio D /D , hence H 5p m total

21 23 q to the saturation capacity (q ) [48–50]. In thes0.65 cm, u50.048 cm s , d 51.0?10 cm, andp heterogeneous surface model, a distribution of theF50.282. Because the contribution of H to Hd total adsorption energy is assumed. Because the adsorbate28 2 21was about 60%, a value of about 1.5?10 cm s
molecules are preferentially adsorbed on the higherwas estimated for D , approximately 40-times small-p energy adsorption sites, an increase in q tends to27 2 21er than D of BSA, i.e., 6.0?10 cm s . Thism decrease the adsorption energy. Eq. (29) suggestsvalue is also within the usual range of values of
that an increase in q is also accompanied with aD /D obtained for liquid–solid systems.p m reduction in E . As a consequence, D increases withs s

increasing q, as predicted by Eqs. (28) and (30).
When the heat of adsorption is proportional to q,4.7. Interpretation of the concentration dependence

of Ds
2 Q 5 2 Q 1 bq (31)st st,0

The dependence of surface diffusion on both
where Q is the isosteric heat of adsorption at zerost,0temperature and amount adsorbed was studied to
surface coverage (u 50) and b a proportionality

characterize the migration mechanism in surface
coefficient, which should be negative. Combining

diffusion. Various models are available to explain
Eqs. (30) and (31) gives

these dependences [47]. The former is usually ana-
lyzed by the Arrhenius equation, assuming surface (2Q ) 2 abqst,0F G]]] ]]S DD 5 D exp 2 a ? expdiffusion to be an activated process. s s0 RT RT

2 E (32)sS]]DD 5 D exp (28)s s0 RT
From Eq. (32), a linear correlation between ln Dswhere D and E are the frequency factor and thes0 s and q can be expected [51–53]. Friedrich et al. [53]

activation energy of surface diffusion, respectively, concluded that the concentration dependence of D insand R the universal gas constant. Correlations were liquid–solid adsorption of phenol and indole from
proposed between the thermodynamic properties of aqueous solutions onto activated carbons was reason-
the phase equilibrium and of the mass transfer ably interpreted by Eq. (32). On the other hand, the
kinetics. For example, the following equation corre- concentration dependence of Q in the case of astlates E with the isosteric heat of adsorption (Q )s st Freundlich isotherm is written
using an entirely empirical parameter, a, which
usually has a value between 0 and 1. 2 Q 5 2 Q 1 g(ln q) (33)st st,0
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where g is the slope of the linear correlation between As indicated in Fig. 1 and Eq. (1), the adsorption
2Q and the logarithm of q, and is negative. By equilibrium of BSA in the two phase systems studiedst

combining Eqs. (30) and (33), we obtain is accounted for by the modified bi-Langmuir equa-
tion, not by the Langmuir nor the Freundlich iso-

anF2 Qst,0 therm. The positive dependence of D on the BSAs]]D 5 D q exp (34)F S DGs s0 g concentration observed in this study cannot be
analyzed by correlations derived in the hopping

where n is the reciprocal of the exponent of theF model because the values of u and q cannot besFreundlich isotherm and is equal to the ratio 2g /
calculated from the modified bi-Langmuir isotherm.

(RT ). Eq. (34) suggests a linear correlation between
Eq. (34) cannot be applied either because it is

ln D and ln q. The slope of the linear correlations derived from the Freundlich isotherm. So, we
should be an [54].F attempted to analyze the concentration dependence

In the Fick’s law model, the gradient of the
of D by using the other three models, the heteroge-ssurface concentration is usually taken as the driving
neous surface model, the chemical potential driving

force of surface diffusion. However, the concen-
force model, and the surface pressure driving force

tration dependence of D is represented by thes model.
following equation in the chemical potential driving

First, ln D was plotted against q (Fig. 9), accord-sforce model, in which the gradient of the chemical
ing to Eq. (32) derived in the heterogeneous surface

potential, not of the surface concentration, is re-
model. Although the low concentration data are

garded as the driving force [39,40].
somewhat scattered, it is likely that ln D increasess

almost linearly with increasing q at high concen-dln C
]]D 5 D ? (35)S Ds s,0 trations. As mentioned above, the scatter of the datadln q

is probably due to errors of measurement of the
where D is the value of D for u 50. The ratio dln equilibrium data at low concentrations. This suggestss,0 s

C /dln q is the logarithmic slope of the adsorption that the surface of the anion exchangers is heteroge-
isotherm, derived from the equilibrium isotherm. The neous and that there is an adsorption energy the
value of dln C /dln q is equal to unity for a linear distribution given by Eq. (31). As shown in Fig. 1
isotherm. For the Langmuir isotherm [q5aC /(11 and Eq. (1), the adsorption equilibrium of BSA is
bC)], dln C /dln q is equal to 11bC, suggesting the given by the modified bi-Langmuir isotherm rather
presence of a linear correlation between D and C. than the simple Langmuir one, suggesting that thes

In the surface pressure driving force model [55], surface of the anion exchangers is energetically
the gradient of the surface pressure is assumed to be heterogeneous. The results in Fig. 9 may be con-
the driving force of surface diffusion. The following sistent with those predicted from the properties of the
equation, similar to Eq. (35), is derived phase equilibrium of BSA. However, more detailed

studies should be made to obtain a definite conclu-dln C
]]D 5 dq ? (36)S D sion concerning the concentration dependence of Ds sdln q

of BSA in anion-exchange chromatography.
where d is a numerical parameter, assumed to be Second, ln D was plotted against ln (dln C /dln q)s

constant. in Fig. 10a, according to the chemical potential
The various models described above suggest that driving force model. No clear correlations were

the concentration dependence of D is related to observed between ln D and ln (dln C /dln q). For thes s

changes in the magnitude of the interaction between modified bi-Langmuir isotherm, dln C /dln q is given
the adsorbate molecules and the adsorbent surface by
and from in the driving force of surface diffusion,

(1 1 b C)[a 1 a (1 1 b C)]dln Crelated with the adsorption isotherm. On the basis of 1 1 2 1
]] ]]]]]]]]5 (37)2dln qthis concept, we derived a more general formula for a 1 a (1 1 b C)1 2 1

the concentration dependence of D in reversed-s

phase liquid chromatography [56]. where a , b and a are the parameters of the1 1 2
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Fig. 9. Interpretation of the concentration dependence of D by the heterogeneous surface model.s

modified bi-Langmuir isotherm (Eq. (1)). Fig. 10b 5. Conclusion
shows plots of the values of dln C /dln q derived
from Eq. (37) as a function of C for both columns. New information on the mass transfer of BSA on
These plots go through a maximum. The trends of two anion-exchange chromatographic systems was
the plots in Fig. 10a is compatible with the presence derived from previous experimental results [25,26]
of this maximum. using the most powerful approaches currently avail-

Finally, Fig. 11a and b show the same correlations able. The main kinetic parameters, D , D , D ande p s

between ln D and ln [q(dln C /dln q)] and that k , which account for the different mass transfers ads

between q(dln C /dln q) and C, respectively. The processes active in the columns were calculated by
value of q(dln C /dln q) was calculated by the analyzing the concentration dependence of the
following equation. lumped mass transfer rate coefficient (k ), assum-m,L

ing the validity of Eq. (15) in nonlinear frontal
2C[a 1 a (1 1 b C)]dln C analysis. The values obtained were reasonable and1 2 1

]] ]]]]]]q ? 5 (38)2 compatible with other results reported previously. Indln q a 1 a (1 1 b C)1 2 1
conclusion, it was shown that, on the whole, Ds

The trends of the plots in Fig. 11a and b substan- increases with increasing BSA concentration.
tially resemble those in Fig. 10a and b, respectively. Then, the contributions of each mass transfer
From the results in Figs. 10a and 11a, we may process, (1) axial dispersion, (2) the fluid-to-particle
conclude that it is unlikely that the dependence of D mass transfer resistance, (3) intraparticle diffusion,s

of BSA on its concentration could be explained by and (4) adsorption /desorption, to band broadening
the chemical potential driving force model or the were calculated using these kinetic parameters. On
surface pressure driving force model. the Resource-Q column, intraparticle diffusion was
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Fig. 10. Interpretation of the concentration dependence of D by the chemical potential driving force model. (a) Logarithmic plot of Ds s

against dln C /dln q, (b) plot of dln C /dln q as a function of the BSA concentration.
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Fig. 11. Interpretation of the concentration dependence of D by the surface pressure driving force model. (a) Logarithmic plot of D againsts s

q(dln C /dln q), (b) plot of q(dln C /dln q) as a function of the BSA concentration.
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2 21the predominant source of mass transfer resistance, D Surface diffusion coefficient (cm s )s
2suggesting that surface diffusion has a major in- D Frequency factor of surface diffusion (cms0

21fluence on the mass transfer characteristics of BSA s )
2 21and that the dependence of k on the BSA con- D D at zero surface coverage (cm s )m,L s,0 s

centration should be attributed to the positive con- E Activation energy of surface diffusion (kJs
21centration dependence of D . By contrast, on the mol )s

TSK-GEL-DEAE-5PW column, the contribution of F Phase ratio [5(12e ) /e )] (–)T T

adsorption /desorption was also significant and al- H Height equivalent to a theoretical plate
most equal to that of intraparticle diffusion, showing (cm)

21a difference between the intrinsic properties of the k Adsorption rate constant (s )ads
21mass transfer kinetics inside the two anion-exchange k External mass transfer coefficient (cm s )f

stationary phases. k Mass transfer rate coefficient representingm

Finally, an attempt was made to explain the the contributions of fluid-to-particle mass
concentration dependence of D by applying some transfer, intraparticle diffusion, and adsorp-s

21models. The concentration dependence of D seems tion /desorption to band broadening (s )s

due to an heterogeneous surface with an adsorption k Lumped mass transfer rate coefficient rep-m,L

energy distribution of finite width. The kinetic resenting the contributions of axial disper-
properties of the individual mass transfer processes sion, fluid-to-particle mass transfer, in-
active in the column must be studied in more detail traparticle diffusion, and adsorption /de-

21to elucidate the actual features of mass transfer sorption to band broadening (s )
0 21kinetics in anion-exchange chromatography. k Parameter in Eq. (21) (s )m,L
1 21 21k Parameter in Eq. (21) (ml mg s )m,L

k Defined in Eq. (9b) (–)p

96. Symbols k Retention factor at infinite dilution (–)0

k Defined in Eq. (9a) (–)1

a Langmuir parameter (–) K Partition coefficient in nonlinear chroma-
a Parameter of the bi-Langmuir isotherm tography [5FK 5F(Dq /DC)] (–)1 a

(Eq. (1)) (–) K Adsorption equilibrium constant (dq /dC ora

a Parameter of the bi-Langmuir isotherm Dq /DC) (–)2

(Eq. (1)) (–) L Column length (cm)
21b Langmuir parameter (ml mg ) M Molecular mass (–)

b Parameter of the bi-Langmuir isotherm M Mass flux of the solute from the bulk1 F
21(Eq. (1)) (ml mg ) solution to the external surface of the

22 21C Concentration of the solute in the mobile stationary phase particle (mg cm s )
21phase (mg ml ) n Reciprocal of the exponent of the Freun-F

C Concentration of the solute within the dlich isotherm (–)p
21pores inside the particle (mg ml ) N Number of theoretical plates (–)

21*C C in equilibrium with C (mg ml ) q Concentration of the solute in the station-p p s
21C Concentration of the solute adsorbed on the ary phase (mg ml )s

21stationary phase (mg ml ) q q averaged over the entire particle (mgav
21 21*C C in equilibrium with C (mg ml ) ml )s s

21C Height of the rectangular injection pulse q Saturated amount adsorbed (mg ml )0 s
21 21(mg ml ) Q Isosteric heat of adsorption (kJ mol )st

21d Particle diameter (cm) Q Q at zero surface coverage (kJ mol )p st,0 st
2 21D Intraparticle diffusivity (cm s ) r Radial distance from the center of thee

2 21D Axial dispersion coefficient (cm s ) particle (cm)L
2 21 21 21D Molecular diffusivity (cm s ) R Gas constant (J mol K )m

2 21D Pore diffusivity (cm s ) Re Reynolds number (–)p
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R Particle radius (cm) the cooperative agreement between the University ofp

Sc Schmidt number (–) Tennessee and the Oak Ridge National Laboratory.
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