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for the system was calculated as 4.02E-5 cm. The values ob-
tained in this step were used to for subsequent calculations. A 
tortuosity factor of 0.875 was determined for the zirconia par-
ticles used in this study.

3.4. HETP calculations under retained conditions

The peak profiles obtained with pulse injections of HIgG 
under retained conditions were approximated by the Gaussian 
equation as explained earlier and the corresponding HETP was 
calculated using Equations (A.12) and (A.2). It was assumed 
that the variance in the HETP contribution due to film mass 
transfer was negligible under the range of the linear velocities 
of operation. An Hfilm value of 4.02 × 10−5 cm obtained from 
unretained HETP data was subtracted from the retained HETP 
data, in order to negate its influence on the actual HETP of the 
column. Figure 3 shows the variance of HETP with respect 
to superficial linear velocity and salt concentration. HETP is 
seen to increase with increasing velocity for any given salt 
concentration. HETP is also seen to increase with increase in 
salt concentration in the feed buffer (LB) for the same superfi-
cial linear velocity. 

3.5. Determination of r and kdes

Linear regression analysis was used to curve fit the data 
depicted in Figure 3 and the values of the slope and intercept 
were further determined. For each value of the slope and its 
corresponding b0 value was determined using Equation (A.11) 
from the first moment of the elution profile. The parame-
ters were determined employing Equation (A.9) under the 

constraint that r is non-negative. The values obtained for r and 
kdes are 1.06 E-4 and 1.44 E03, respectively.

The axial dispersion, Da, of the chromatographic system 
was observed to vary with salt concentration. Da values were 
calculated from the intercept values obtained from the linear 
regression model of HETP versus linear flow rate. It can be 
logically argued that for a given flow rate and feed concentra-
tion, the amount of adsorbate in the system is dependent on 
the physical parameters influencing the adsorption process. In 
our case it was salt concentration of the buffer. The concen-
tration of adsorbate in the system increases for the same feed 
concentration and linear velocity with increasing salt concen-
tration, as higher salt concentration inhibits the adsorption 
process. At low salt concentration, the protein molecules will 
have a tendency to disperse minimally in the axial direction 
and more along the length of the column due to convective ef-
fects. The axial dispersion increases though, with increasing 
salt concentration as now more protein molecules are pres-
ent in the system and have to occupy the same space available 
with the moving front. Thus it is incorrect to assume that for 
a given system the axial diffusion remains constant and is in-
dependent of the adsorbate concentration in the column under 
the same feed concentration, let alone linear velocity. This as-
sumption may be valid at the entrance though, but not inside 
the column matrix. Similar arguments hold for ion-exchange 
systems.

The profile also indicates that the variation in axial disper-
sion may be neglected under retained conditions, as indicated 
by the intercepts that lie in close proximity (Figure 3).

The correlation proposed by Foo and Rice [25],

Sh = 2 + 1.45(Re)1/2(Sc)1/3

has usually been used to estimate the value of the film mass 
transfer coefficient, kf. However, during the optimization pro-
cess it was found that the values of kf as determined by the 
correlation did not fit the data properly. As stated by Arnold 
et al. [10], this correlation only gives an estimation of the ap-
propriate kf value. The kf values were thus determined inde-
pendent of this correlation while fitting the data. An idea of 
the range of the kf values were obtained using this correla-
tion and values determined after applying the least squares 
curve fit method to our data set was compared to it. It is un-
clear whether previous studies [18] have assumed that the 
film mass transfer coefficient to be constant or not. It is ev-
ident from the correlation though that kf is dependent on the 
linear velocity.

The kf values using constrained optimization routine for 
the retained HETP data were determined after suitable substi-
tution with the b0 values obtained as mentioned earlier. Hence, 
ranges of values were obtained, and the corresponding Hfilm 
for each salt concentration and linear velocity was subtracted 
to obtain the actual HETP contribution. A linear regression of 
this data then gave the actual slope values that were used to 
determine the parameters in Equation (A.9).

Figure 3. Variation of HETP with linear velocity for different salt concentra-
tions. Data profile determined by least squares fit. HIgG was fed into the an-
alytical column (0.46 cm i.d. × 5 cm L) packed with r_PEZ. Salt concentra-
tions used are as indicated and operations using the same were carried out by 
changing the respective loading buffers’ salt composition. The elution and re-
generation buffers’ salt composition remained the same, i.e. 1 M NaCl. The 
equilibrating and diluting buffer was the same as the loading buffer. 



Zirconia particles modified with EDTPA for use in chromatography      129

The curve fitting of the data using Equation (A.9) is depen-
dent on the value of r. It was observed that for values of r, the 
ratio of surface to pore diffusion, not equal to zero the profile 
reached a distinct maximum. This is in agreement to the ob-
servation reported by Natarajan and Cramer [18]. Results in-
dicate that the pore diffusion is the rate determining step in the 
mass transfer mechanisms controlling the adsorptive process, 
as surface diffusion can be considered to be absent (r = 1.06E-
4). Table 1 lists the definitions of various parameters that im-
pact the mass transport of HIgG in r_PEZ. These are nothing 
but the theoretical number of transfer units (NTU) contributed 
by various mass transfer mechanisms in the chromatographic 
system. The NTU contribution due to axial dispersion was not 
reported, as it was argued before that it is a function of the 
solute concentration also. The exact relationship of the same 
is currently unknown. Table 2 shows the relationship of the 
various NTUs. They are all functions of velocity and for any 
given superficial linear flow rate can be easily estimated and 
their values compared to determine the rate limiting mecha-
nism. The Ns and Ndes incorporate terms that are influenced by 
the salt concentration of the system. It is seen that Ndes and Nf 
values differs from the Np value by at least two orders of mag-
nitude. This implies that the rate limiting mechanism is pore 
diffusion. This is a reasonable conclusion given the fact that 
the size of an IgG molecule is around 10 nm (effective diame-
ter of 8.5–10.0 nm). By inserting different values for the ratio 
of the solute or biomolecule (Rs) to the pore radius (Rp) in the 
Renkin’s equation, one finds that the pore diameter should be 
at least five times the diameter of the solute to avoid severely 
restricted rates of diffusion. Thus for applications involving 
IgG transport and binding, the support pore diameter should 
be in the range of 43–50 nm. The pore diameter of the zirco-
nia support used is this study was 22 nm thus making our con-
clusions quite relevant. In a previous study [17] this was as-
sumed for the modeling of the dynamic break through profiles 
and this result validates our assumption. Hence, to accurately 
model the system, numerical methods of solving the relevant 
transport equations should be resorted to. 

4. Conclusion

Our results have highlighted the need to further optimize 
the surface area, pore size, and pore volume for the retention 
and separation of biologically relevant biomolecules as we 
have found that, the transport of biomolecules in the zirconia 
particles with a pore size of 22 nm [26] is limited by pore dif-
fusion. Based on our current work, that have enabled the prep-
aration of porous zirconia particles by spray-drying of col-
loidal zirconia suspension, the logical next step is to further 
optimize the spray-drying or the PICA process to produce par-
ticles with varying sizes and controlled pore architecture. The 
current and future directives of our research are to develop 
methods to produce zirconia particles and monoliths of vary-
ing particle sizes with controlled and hierarchical pore struc-
ture, and to further modify zirconia surfaces with polymers, 
inorganic, or organic substrates to yield chemically bonded 
zirconia surfaces with novel selectivities.

5. Nomenclature

b0		  mass partition coefficient
Da		  axial dispersion co-efficient (cm2/s)
Dp		  pore diffusion co-efficient (cm2/s)
Ds		  surface diffusion coefficient (cm2/s)
F		  flow rate (ml/min)
Htot		 total height equivalent to a theoretical plate 

(HETP) of the system (cm)
Hec		  extra column contribution to the HETP (cm)
H′		  HETP of the column (cm)
Hfilm	 HETP contribution from film mass transfer (cm)
kdes		  desorption rate constant
kf		  film transport coefficient (cm/s)
L		  length of column (cm)
r		  ratio of surface to pore diffusion
R		  particle radius (m)
S		  slope of HETP versus u plots (s)
tw,1/2	 width at half height (min)
tr		  retention time (min)
u		  superficial velocity (cm/s)
V0		  column dead volume (ml)

Greek characters

εi		  interstitial porosity
εp		  particle porosity
μ1		  first moment
σec		  square of variance (min)

Table 1. The theoretical number of transfer units—definitions 

a The NTU defined in this article is equivalent to the dimensionless numbers 
reported by Natarajan and Cramer [14].

Table 2. NTU contribution for HIgG using r_PEZ 

Matrix	 Np	 Ns	 Ndes	 Nf

r_PEZ	 0.026/u	 No surface diffusion	 9670/u	 8693/u

Various NTUs determined as per definition in Table 1.
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Appendix A. 

The HETP contribution by the column alone (H′) was ob-
tained after eliminating extra column effects,

H′ = Htot − Hec.                                 (A.1)

For retained peaks, the actual HETP contribution was deter-
mined as

Hactual = H′ − Hfilm                                           (A.2)

where Hfilm was determined as (where kf values were deter-
mined analytically from experimental data of the unretained 
elution profiles).

(A.3)

In this paper the reaction-dispersive model was investi-
gated. The following equation relates the effect of salt con-
centration and linear velocity to the total HETP (without extra 
column HETP contribution) [18]:

(A.4)

where εi is the intra-particle porosity, R the radius of the ma-
trix particle, Dp the pore diffusivity, kdes is the desorption rate 
constant and r and b0 are defined as

(A.5)

Ds is the surface diffusion coefficient.

b0=1+k′                                                    (A.6)

and k′ is the mass distribution ratio. Determination of k′ val-
ues for the system have been discussed in the later part of this 
section.

Under unretained conditions, b0 is equal to 1 as no adsorp-
tion of solute to the matrix occurs (i.e. k′ = 0) and Equation 
(A.1) simplifies to [18]:

(A.7)

For retained conditions, subtracting the HETP contributed by 
film mass transfer, Equation (A.3) becomes [18]:

(A.8)

The slope of Equation (A.8) is a function of b0, which may be 
written after differentiating it with respect to u as,

(A.9)

A.1. Porosity determination

The porosity of the column is related to the first moment 
and linear velocity as

(A.10)

Rearrangement of Equation (A.10) allows the calculation of 
b0 as follows:

(A.11)

where L the length of the column, u is the linear velocity, εi 
is the interstitial porosity and εp is the intra-particle porosity 
and b0 is the parameter reflecting retention factor. Under unre-
tained conditions b0 is equal to 1 by definition.

A.2. HETP determination

The elution profiles obtained were approximated with a 
Gaussian profile and the first and second moments were de-
termined. The total HETP of the Gaussian profile was deter-
mined using the following equation

(A.12)

Where tw,1/2 is the width of the Gaussian profile at half height 
and tr is the retention time.

The extra column contribution was determined by the fol-
lowing equation:

(A.13)

where σec is the second moment of the resultant peak, V0 is the 
column dead volume, b0 is the mass partition coefficient (in 
this case equal to one as all species are non binding) and F is 
the flow rate. 
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