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ABSTRACT

Copolymers of alkylacrylate and divinylbenzene were characterized by analysing breakthrough
curves of different biologically active substances for various mobile phase velocities, ionic strengths and
solute and solvent concentrations. Effective surface diffusivities and adsorption equilibrium constants were
determined with nonlinear regression methods by matching the experimental curves with the theoretical
curves according to Babcock et al.’s solution.

INTRODUCTION

The importance of porous organic polymer phases in the adsorption chro-
matography of biologically active substances is increasing in comparison with
reversed-phase silica materials [1-5]. Polymers possess higher chemical stability and
their structures and surface characteristics can be modified in a convenient way [6].

Porous copolymers of divinylbenzene and alkylacrylate with variable carbon
chain lengths are chromatographic supports [copolymers, acrylate, ester (CAE)
supports] with a specific surface area between 250 and 400 m?/g. They are stable in the
pH range 1-10, possess a high quenching stability and are pressure resistant up to
5 MPa. They are preferably applied in the medium and normal pressure range [7].

The mechanism of a chromatographic separation process is essentially influ-
enced by the mass transfer properties and the equilibrium parameters of the system
under consideration. Experimental methods for determining diffusivities of mass
transport in porous media and adsorption equilibrium constants have been briefly
reviewed {8]. Mainly pulse chromatographic techniques are applied, but the same
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information can be obtained from frontal chromatographic experiments. The latter
method was used in this work to characterize the above-mentioned adsorbents.

ANALYSIS OF FRONTAL CHROMATOGRAPHIC EXPERIMENTS

In these experiments, the input into a column filled with adsorbent is a step
function. The analysis of the experiments is usually accomplished by adjusting
parameters to match experimental breakthrough curves (BTC) with the theoretical
curves. The theoretical description of adsorption from a flow through a bed of solid
particles under isothermal conditions and at a constant superficial velocity based on
mass balances has been developed by several workers [9-11]. Assuming axial
dispersion, mass transport from the bulk phase to the external surface of the particles
(film diffusion) and diffusion in the particles to be the rate-determining steps, the
particles to be spherical and the adsorption isotherm to be linear, the following system
of partial differential equations can be derived:

Mass balance of the bulk phase:

ach 5CL 3 1—c¢ aCL
ax ahz w 0}1 ﬁ R A (CL CP|R) at (1)
Mass balance of the solid phase:
0%q 2 g *cp 2 Ocp\ g dcp
DS(W““;E; L PP ™) Al PR @

where Dy is the surface diffusivity and Dp is the pore diffusivity. Defining an effective
surface diffusivity as

DsK + Dy
Dgy=—— 3
S.E K+ ep ( )
eqn. 2 can be simplified to
0%q 2 dq 0q
S‘E<6r2 )T @
This equation is equivalent to
0%cp 2 dcp oq
Dol =5 +—— ) == 5
P‘E< or? + r or ot )
with an effective pore diffusivity
Dpp=KDgp (6)

The linear adsorption isotherm:

q= KCp (7)
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Initial conditions:
c(0,h) =0 ®)
q(0,r,h) =0 ©
Boundary conditions:
cu(t,0) = cLe (10)
c(t,0)=0 (1D

q(t, R, h) given by

Dm=p %[q(z, n - ﬂgﬂ] (12)
with
R
gt h) = % q(t,r,kyrtdr (13)
0
q(t,0,h) # (14)

In the case of a non-linear adsorption isotherm, the above system of equations
has to be solved numerically. For a linear isotherm, a simple approximate solution was
derived by Babcock et al. [10], extending the work of Rosen [9]. After rearrangement
this solution is

1
(1, Hy = ~(1 — erfr) (15)
CLE 2

with

I — ¢
= m (16)

1—¢ R? 1 —e\?D
2 [— “K? 1+ K- =
\/lv:[ g 15D,m+< + & > wz]

tm=E<1 +K'1—£> (17)
w E

and
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D, is connected with Dsg and § in the following way:

R? R? R

_ S 18
15D 15DscK | 38 (18)

The solution to calculate the BTC contains four free parameters: the axial dispersion
coefficient D,,, the film diffusion coefficient f, the effective surface diffusivity Dg g and
the adsorption equilibrium constant K.

The contributions of surface diffusion, film diffusion and axial dispersion to the
total mass transfer resistance can be expressed as

B,
Reggg =100 ——— 19
e By + B, + Bs (19)
B,
Ry =100 ——m—FF———— 20
F Bi + B, + Bs (20)
B
Ry =100 —mMmMmMM™ 21
B, + B, + B, 1)
with
1—¢ R?
! P 15Dse 22)
1 —¢ R
B — .KZ.__ 2
2 . 3 (23)
1 — ZD,‘
B3=<1+K' 8) s 24
& w

According to Babcock et al. [10], the above approximate solution (eqn. 15) is
applicable if

DSE H 1 —c¢
R w £

>2 (25)

A further restriction is given in ref. 12, where an exact solution of the problem under
consideration is derived. Eqn. 15 holds only for large Peclet numbers (Pe = Hw/D,,).
The same limit results from the fact that eqns. 10 and 11 are not adequate boundary
conditions in the presence of axial dispersion [13]. Thus eqn. 15 does not hold for cases
with large dispersion effects transforming the S-shaped BTC to an exponential curve
valid for a perfectly mixed column.
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Determination of parameters

It is possible to determine D,, from independent experiments as described below.
Then only the overall mass transfer parameter D,, and the equilibrium constant
K have to be deduced from the experimental BTC. Standard non-linear parameter
estimation procedures [14] can be used to calculate X and D,,, minimizing the
following standard deviation:

N
1 2
g = V*N . 2Z<thhi — CLex i) (26)
i=1

The two parameters Dg g and f cannot be determined separately by analysis of a single
BTC. However, to determine Ds g from D, with eqn. 18, an independent estimation of
the film diffusion coefficient § using literature correlations is possible.

Axial dispersion

As reported [8], the influence of axial dispersion on the course of BTC is
frequently underestimated. For the case that no mass transfer occurs (8 = 0), eqn.
1 with the initial and boundary conditions given in eqns. 8, 10 and 11 has the following
well known analytical solution (e.g., [15]):

cL 1 H — wt Hw H+ wt
—(t,H) = < erfc<—> + ex <—> erfc( )] 27
CLE 2[ 2./ Dyt P Dy 2./ Dyt @7)

Like eqn. 15, due to the incorrect boundary conditions (eqns. 10 and 11), eqn. 27 is also
valid only for small dispersion effects. Using numerical methods of solving eqns. 1 and
8 with the correct boundary conditions [13]:

D
e0(t,0) = epe + 229, 0 28)
w Oh
5CL
St H) =0 (29)

it was determined that eqn. 27 is applicable if Pe > 20 [16].

Film diffusion

There are several correlations for calculating film diffusivities . In this work the
correlation of Gnielinski [17] was used. This correlation takes into account the
porosity of the fixed bed and allows for contributions of laminar and turbulent flow to
the mass transfer:

D
B = 2—1; Shy, (30)
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with

Shy = [1 + 1.5(1 — ))Sh,

Sh, =2 + /Sht + Shi

Shy = 0.644.7/Sc . /Re

0.037 Re®8Sc

Shy =
T 1 4 2.443 Re %1 (Sc0%66 — 1)
2R
Re = id
VL
VL
Se ==
C DL
EXPERIMENTAL

Ina9.5 x 0.9cm [.D. column, breakthrough curves on a CAE support (particle
diameter 50-63 um, mean particle diameter 2R = 55 um, ¢ = 0.45, ¢p = 0.54) for
three biologically active substances given in Table I were determined at 25°C. No
aggregates were formed under the experimental conditions studied. As the eluotropic
strength of solvents in the application of the considered support corresponds to the
order well known from chromatography on reversed-phase silica and other polymers
(methanol < ethanol < acetonitrile [18-21]), a mixture of acetonitrile and phos-
phoric acid (0.01 M) was used as the eluent. UV detection at 205 nm was employed.

The following experimental conditions were varied: interstitial velocity w =
11.64 - 107°-34.9 - 10~ 3 m/s (this corresponds to a flow-rate between 12 and 36 ml/h),
solute concentration cp g = 0.025-0.5 g/, ionic strength (NaCl) I = 0-0.6 and solvent
(acetonitrile) concentration ¢s = 8.25-29.5 vol.-%.

TABLE 1
SOLUTES USED

The purity of all solutes was >95%.

Solute M (g/mol) 10'°D, (m?/s)

Insulin® 5800 1.4

D-Phe®-gonadotropin-releasing hormone 1400 3.0
(D-Phe®-GnRH)?

Phenylalanine methy! ester (Phe-OMe)* 179 6.0

4 Pig pancreas, gel chromatography, crystailized.
b Synthesized chemically, purified by ion exchange.
¢ Synthesized chemically.
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Prior to the analysis of the BTC of the given substances on CAE support, the
effect of axial dispersion was studied in independent experiments. BTC with inert
non-porous glass beads of comparable particle size were measured in the same column
for all three substances and different interstitial velocities. This was deemed necessary,
as available correlations for determining D,, have been verified only for larger
particles.

RESULTS AND DISCUSSION

Fig. 1 shows experimental BTC for the three solutes investigated on the
non-porous material for typical experimental conditions. The time scale is normalized
according to eqn. 17 by t,, = H/w.

Obviously there is a considerable deviation from the plug flow behaviour due to
dispersion effects. This effect has to be evaluated accurately in analysing BTC on
porous polymer phases. The axial dispersion coefficients D,, can be obtained with
non-linear regression methods calculating theoretical BTC with eqn. 27. We con-
sidered a graphical matching of the experimental curves to a set of theoretical curves to
be sufficient to calculate D,,. In Table 11, determined axial dispersion coefficients and
the film transfer coefficients f calculated with eqn. 30 are summarized. All Peclet
numbers are > 200.

With the quantitative knowledge of the effects of axial dispersion and film
diffusion, the experimental BTC on the porous CAE phases could be analysed with
eqns. 15 and 18. In order to determine the adsorption equilibrium constants K and the
effective surface diffusivities Dy g, the standard deviation between the theoretical and
experimental curves (eqn. 26) was minimized using the method of Marquardt [14]. The
sensitivity of ¢ to changes in K was more pronounced than that to changes in Dg g and
K could be determined more reliably. All values of ¢ were <0.01. The validity of eqn.
25 was checked for all parameters optimized.

The obtained adsorption equilibrium constants and effective surface diffusivities
for insulin at different interstitial velocities are given in Table III. The results indicate
the necessary independence of the adsorption equilibrium constant on the interstitial

CL o1
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0.4 4

0.2

a7 08 09 10 11 12 13 1.4
t/tm

Fig. 1. BTC on non-porous material for (O) Phe-OMe, (®) insulin and ( x ) D-Phe®-GnRH, w = 11.64
10~ m/s; other experimental conditions in Table II.
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TABLE II
AXIAL DISPERSION COEFFICIENTS AND FILM DIFFUSION COEFFICIENTS
cig = 0.1 g/l I = 0.1; ¢g = 29.5 vol.-% (insulin), 27 vol.-% (D-Phe®-GnRH), 8.25 vol.-% (Phe-OMe).

Solute 10%w (m/s) 108D, (m?/s) 1038 (m/s)*
Insulin 11.64 33 1.39
Insulin 13.43 39 1.42
Insulin 18.38 53 1.51
Insulin 23.51 6.7 1.58
Insulin 34.94 10.1 1.73
D-Phe®-GnRH 11.64 2.0 2.76
Phe-OMe 11.64 1.1 5.20

@ vy in eqn. 30 was taken to be 10 7% m?/s for all solutes and independent of solute, solvent and salt
concentrations.

velocity. The same holds for the effective surface diffusivities in the frame of the usual
uncertainties of such intraparticle mass transfer parameters. The tendency of the
course of Dg g might be due to not completely reliable § values being obtained using
eqn. 30.

Table III also gives the contributions of surface diffusion, film diffusion and
axial dispersion to mass transfer resistance (eqns. 19-24). Under the experimental
conditions of this study film diffusion has the least resistance to mass transfer
compared with intraparticle diffusion and axial dispersion. However, all three effects
are significant for the course of the BTC.

Table IV compares the results for the three different solutes. As with the
molecular diffusivities (Table I), the effective surface diffusivities have a reciprocal
dependence on the molecular weights of the solutes. The difference between the
effective surface diffusivities and the molecular diffusivities is approximately two
orders of magnitude. The BTC for the three solutes on CAE support are shown in Fig.
2. The good representation of the measured data by eqn. 15 can be seen. In Fig. 2 the
time is divided by ¢, (eqn. 17). At this time the breakthrough would occur without mass
transfer limitations. In the time scale #/1,, differences in the solutes with regard to mass
transfer become obvious. The lowest effective surface diffusivity for insulin leads to the

TABLE 111
BTC FOR INSULIN
cig = 0.1 g/l; I = 0.1; ¢g = 29.5 vol.-%.

10°w (m/s) K 10'*Dg g (m?/s)  Rggr Rr R,y
11.64 3.82 2.37 41.4 52.4 6.2
13.43 3.77 2.55 39.9 53.5 6.6
18.38 3.77 2.98 35.8 56.5 7.7
23.51 3.82 321 31.8 59.8 8.4

34.94 3.86 3.40 254 65.6 9.0
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TABLE IV
RESULTS FOR INSULIN, p-Phe®-GnRH AND Phe-OMe

w = 1164107 m/s; c.g = 0.1 g/l; I = 0.1; ¢s = 29 vol.-% (insulin), 27 vol.-% (D-Phe®-GnRH), 8.25
vol.-% (Phe-OMe).

Solute K 10*2Dg ¢ (m?/s)
Insulin 5.53 1.77
D-Phe®-GnRH 4.65 4.04
Phe-OMe 5.53 6.63

earliest breakthrough of this substance. For comparison, in Fig. 2 the insulin BTC on
non-porous material from Fig. 1 is also shown once more.

Influence of solute concentration on Dgg and K

Table V shows the effective surface diffusivities and the adsorption equilibrium
constants for insulin and b-Phe®-GnRH as a function of the solute concentration in the
eluent for two different ionic strengths. Obviously both parameters are independent
of the solute concentration. For the effective surface diffusivities this is also
demonstrated by some results presented in the normalized time scale in Fig. 3. The
obtained independence of equilibrium constants of solute concentration as required by
eqn. 7 justifies the application of Babcock et al.’s solution.

Influence of ionic strength in the eluent on Dsg and K

From the results in Table V it can be further concluded that in the range of
measurements the effective surface diffusivity is not sensitive to changes in the ionic
strength in the eluent. This is corroborated over a broader range of ionic strength for
D-Phe®-GnRH in Table VI and Fig. 4. In Fig. 4 the BTC for different ionic strengths
almost coincide on the normalized time scale and can be calculated with a value for
Dy g averaged from the corresponding results given in Table VI.
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Fig. 2. BTC on CAE supports for (O) Phe-OMe, insulin (@ —®) and D-Phe®-GnRH ( x ) and for insulin on
non-porous material (@——@®). w = 11.64 - 10™° m/s; other experimental conditions in Tables I and IV.
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TABLE V
INFLUENCE OF SOLUTE CONCENTRATION

w = 11.64 - 10~° m/s; cs (insulin) = 27 vol.-% (I = 0), 29 vol-% (I = 0.1); ¢s (0-PheS-GnRH) = 24
vol-% (I = 0), 27 vol.-% (I = 0.1).

Solute cg(mgml) I=0 I =01
K 10'2Dg ¢ (m?/s) K 10*2Dg g (m?/s)

Insulin 0.025 3.96 2.26 - —
0.050 391 2.31 5.25 1.80
0.075 3.72 2.41 - -
0.1 3.72 2.39 5.53 1.77
0.2 — — 5.67 1.70
0.5 — — 5.02 1.91

D-Phe®-GnRH 0.025 4.83 3.89 4.47 4.18
0.050 4,93 3.84 4.79 3.93
0.075 4.74 3.96 4.79 395
0.1 4.51 4.10 4.65 4.04

The addition of salt to the mobile phase increases the equilibrium constants of
D-Phe®-GnRH for an ionic strength between 0 and 0.2 (Table VI) due to the known
increase in available adsorbent surface for the solute according to the Stern-Guy-
Chapman theory [22]. This confirms known results for other systems [18-21]. Above
I = 0.2 the equilibrium constants remain constant.

Influence of solvent concentration on Dsp and K

Table VII contains equilibrium constants and effective surface diffusivities for
acetonitrile concentrations determined to be most effective for chromatography of the
solutes investigated on CAE supports. From the results it is obvious that the influence
of solvent concentration in the eluent on intra-particle mass transfer is small. This is

02
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Fig. 3. BTC for (1) insulin and (2) b-Phe®-GnRH for I = 0 and different solute concentrations (@) ¢y x =
0.025 g/l; (X)) cLg = 0.05 g/1; (O) cg = 0.1 g/1. Solid lines, calculated with averaged diffusivities Dg g(1) =
2.32 - 1072 m?/s, Dgg(2) = 3.98 - 1072 m?/s. Experimental conditions in Table V.
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TABLE VI

Dgx AND K FOR THE ADSORPTION OF p-Phe®-GnRH AS A FUNCTION DEPENDENCE ON
IONIC STRENGTH

w = 11.64 - 1073 m/s; cig = 0.1 gfl; ¢g = 27 vol.-%.

Ionic strength, 1 K 10'2Dg ¢ (m?/s)
0 3.35 4.70

0.1 4.65 4.04

0.2 5.25 3.22

0.4 5.25 3.23

0.6 5.21 3.27

TABLE VII

INFLUENCE OF SOLVENT CONCENTRATION
w = 1164 10"% m/s; c,g = 0.05g/l; I = 0.

Solute ¢s (Vol.-%) K 1012 Dg ¢ (m?/s)
Insulin 27 3.91 2.31

28 3.08 2.82

29.5 1.83 3.84
D-Phe®-GnRH 22 6.45 2.70

24 493 3.84

26 3.03 5.18

27 2.71 5.59

0 = — - — T -

07 08 09 10 11 12 43
thm

Fig. 4. BTC for b-Phe®-GnRH at different ionic strengths. (@)1 = 0; (x) I = 0.1;(O) I = 0.4. Solid line,
calculated with an averaged diffusivity Dgg = 3.84 - 10712 m?/s. Experimental conditions in Table VI.
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Fig. 5. BTC for insulin at different solvent concentrations. (@) ¢s = 27 Vol.-%; (x ) ¢s =28 vol.-%; (O)
¢s = 29.5 vol.-%; solid line, calculated with an averaged diffusivity Dgg = 2.99 - 1072 m?/s. Experimental
conditions in Table VII.

illustrated in Fig. 5, where experimental data for insulin with different solvent
concentrations are compared on the normalized time scale with a BTC calculated using
an averaged Dgg. The adsorption equilibrium constants decrease considerably with
increasing solvent concentration. The enhanced solubility of the solutes reduces their
adsorbability.

CONCLUSIONS

The determination of effective diffusivities and of adsorption equilibrium
constants for chromatographic supports requires a careful analysis of all mass transfer
resistances existing in both the mobile and the stationary phases. Axial dispersion and
film diffusion were found to have a large influence on the course of measured
breakthrough curves of three biologically active substances on porous copolymers
of alkylacrylate and divinylbenzene. The axial dispersion coefficient could be
determined from independent experiments with non-porous material. The film
diffusion coefficient was estimated from an available correlation. Using Babcock et
al’s approximate solution from the experimental breakthrough curves adsorption
equilibrinm constants and effective surface diffusivities were calculated. As assumed in
the applied model, the adsorption equilibrium constants of the investigated solutes
proved to be independent of solute concentration but increased with increasing salt
concentration and decreasing solvent concentration. Within the range of investiga-
tions the diffusivities were found to be not very sensitive to changes in solute, salt and
solvent concentrations in the eluent.

SYMBOLS
oL bulk phase concentration
CLE bulk phase concentration at column entry

cp liquid phase concentration in the pores
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Cs solvent concentration

D, axial dispersion coefficient

Dy pore diffusivity

Dpg effective pore diffusivity (eqn. 6)

Dg surface diffusivity

Dsg effective surface diffusivity (eqn. 3)

Dy molecular diffusivity

Dy, mass transfer coefficient, defined in eqn. 18
h axial distance

H column length

1 ionic strength

K adsorption equilibrium constant

N number of data

Pe Peclet number, Pe = Hw/D,,

q solid phase concentration

r radial distance

R particle radius

R, contribution of axial dispersion to mass transfer resistance (eqn. 21)
Rggr contribution of surface diffusion to mass transfer resistance (eqn. 19)
Rg contribution of film diffusion to mass transfer resistance (eqn. 20)
Re Reynolds number (eqn. 30)

Sc Schmidt number (eqn. 30)

Sh Sherwood number (egn. 30)

t time

tm characteristic time, defined in eqn. 17

w interstitial velocity

p film diffusion coefficient

€ bed porosity, 1 — Veria/Vietal

ep intra-particle porosity

g standard deviation, defined in eqn. 26

VL kinematic viscosity

T defined in eqn. 16

Subscripts

ex experimental value

th theoretical value

b bed e
L laminar

P particle

T turbulent

Superscript

—_ average value (bar over symbol)
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