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Adsorption of o-hydroxybenzoic acid on polymers in supercritical carbon dioxide
medium: experimental and modeling
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In this work we present an experimental set-up used for semi-continuous impregnation per adsorption process
of polymers with an organic model component (o-hydroxybenzoic acid — 0-HBA) using supercritical CO, as solvent
and impregnating medium. The aim is to study the effect of the supercritical solvent flow-rate, the pressure and the
polymer support on the breakthrough volume and the adsorbed quantity. The regular sampling of the supercritical phase
is analyzed by High Performance Liquid Chromatography. It is found that the uptake increases with the pressure and
decreases with the supercritical solvent flow-rate. In addition, a 1D model with local equilibrium is developed. The
model fits well to the breakthrough curves. The numerically obtained values are in good agreement with the

experimental results.
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INTRODUCTION

During the past several decades, processes
carried out in supercritical (SC) media have been
widely applied in the chemistry and processing of
polymers. The impregnation assisted by SC
solvents reveals certain advantages compared to
traditional methods. The potential of supercritical
fluids (SCF) to replace some traditional toxic
solvents results from their specific properties:
capacity to dissolve solids, related to their high
density; transport capacity, related to the viscosity
and diffusion coefficient inciting their excellent
penetrability. Therefore, various possibilities for
controlled drug delivery systems fabrication were
investigated [1-5]. Thus, the amount of the
impregnated substance is very important for the
posterior application of the product. Especially in
pharmaceutics it is required that the product would
not be contaminated with residual solvent, hence
the interest in using SCF as impregnation media.

EXPERIMENTAL

The experimental setup is  presented
schematically in Figure 1. It includes three
modules: a dissolution module with a reservoir,
where the solute is dissolved in supercritical COy;
an impregnation module with a polymer charged
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column and a sampling module consisting of a
sampling loop. Experiments were performed in two
sequential steps: dissolution of the o-HBA in the
supercritical CO, and impregnation of the solute in
the polymer. The inlet side of the column (Top
Industries, 10 cm®) was filled to 60% of the total
volume with inert packing (glass beads, 2 mm) to
ensure better flow distribution before the adsorption
section. The adsorption section was filled with a
mixture of polymer and glass beads of the same
size as the polymer (125 to 250 xm). The method is

described in detail in our previous work [6]. Two
polymers were used in this study: polymethyl
methacrylate - PMMA (Plexidon Spain, 95%) and
adsorbent resin Amberlite XAD-7 - AmbXAD7
(Fluka), porosity 55% vol., density between 1.06
and 1.08 g/cm®, specific surface superior to 400
m?/g and average pore diameter of 80 A.

EXPERIMENTAL RESULTS AND DISCUSSION

The reliability of the method was demonstrated
by three experiments, using 1 gram of PMMA
under the same operating conditions. The CO,
flow-rate was fixed at 0.67 cm®min; the
temperature inside the furnace at 40°C and the
pressure at 20 MPa. The obtained breakthrough
curves are compared in Figure 2. All experimental
curves show identical breakthrough time and
similar behavior. The average concentration at the
plateau (0.175; 0.148 and 0.163 Mg ;-Hea)/Jcoz) for
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Fig. 2. Three breakthrough curves obtained using CO, flow rate = 0.67 cm*/min; temperature = 40°C and pressure =

20 MPa.
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Fig. 3. Breakthrough curves obtained for three CO, flow rates; temperature = 40°C and pressure = 20 MPa. The

polymer is PMMA.

the three experiments, respectively) was determined
as an average of four replicates analysis. The
maximum uncertainty is about 17%.

The impregnated amount in the polymer
was determined by High Performance Liquid
Chromatography (HPLC) analysis. Once the
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experiment has finished, the polymer support was
mixed with methanol in a stirred vessel. Using the
calibration curves, we determined the mass of
impregnated substance per mass of polymer. These
values were then corrected by the non-impregnated
quantity of o-HBA dissolved in the CO, and
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trapped in the column at the end of the experiment.
This quantity Q in mge.nes Was calculated by the
following equation:

Q=V¢o1-€.9.Ceed

where V is the column volume in cm®; & is the
ratio of the void volume and the total volume of the
column; pis the CO, density in g/cm® and Cieeq iS

the feed concentration in mg-xeay/dicoz).
Flow-rate influence study

In order to study the influence of CO, flow-rate
on the impregnated amount we performed three
experiments using 0.50; 0.67 and 0.95 cm*/min.
The other operating parameters were fixed: the
temperature at 40°C and the pressure at 20 MPa.
The support used for this study was PMMA. The
breakthrough curves are presented in Figure 3. The
supercritical CO, flow-rate, the concentrations at
the plateau and the impregnated quantities are
summarized in Table 1.

The curves obtained using 0.50 and 0.67
cm®/min flow-rates show a similar trend, however,
the breakthrough time (120 and 70 min
respectively) and the concentrations at the plateau
are different. Increasing the flow-rate to 0.95
cm®min leads to significant change in the curve
shape. The time necessary to reach the
concentration at the plateau is 220 min. The plateau
concentration and the impregnated amount decrease

Table 1. : Flow rate influence. Experimental data.

upon increasing the flow-rate. From these results
we can conclude that the impregnated amount
increases proportionally with the feed concentration
of the solute. These results confirm our previous
observations [7]. Increasing the solvent flow-rate
results in decrease of the residence time in the tank.
Thus, a lower amount of dissolved substance is
impregnated. Hence, in order to increase the
impregnated amount in the polymer, it is necessary
to use lower flow-rates.

Pressure influence study

In order to study the pressure influence on the
impregnated amount, we performed three
experiments at 12, 16 and 20 MPa. The CO; liquid
flow-rate was fixed at 0.5 cm®min and the
temperature at 40°C. The used support was PMMA.
The obtained breakthrough curves are presented in
Figure 4. As observed, the curves show similar
trend. The breakthrough time remains the same.

However, the time necessary to reach the
concentration at the plateau increases upon
increasing the pressure. The density of the
supercritical CO, also increases. This enhances the
solvent power and the capacity to dissolve more
substances. We should take into consideration that
the flow-rate of supercritical solvent containing the
solute flow decreases, increasing the pressure.
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Fig. 4. Breakthrough curves at three pressures; Liquid CO, flow rate = 0.5 cm®/min; temperature = 40°C and pressure

P = 20 MPa. The polymer is PMMA.
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Table 2. Pressure influence study. Experimental data.

Liquid i, .
Supercritical Supercritical .
CO, ; Concentration Impregnated
P density CO; density CO, flow rate at the plateau Amount
MPa glem® glem® cm®/min MQ(o-HBAY J(co2) MY (o-HBAY J(PMMA)
12 0.975 0.681 0.79 0.16 7.5
16 0.991 0.792 0.64 0.20 12.7
20 1.013 0.857 0.59 0.23 16.4

Table 3. Support influence. Experimental data.

Supercritical CO, Concentration at the .
Pressure Support l | Impregnated quantity
MPa 0\13V ra}te p ateau mg / 9
cm /mm mg(o—HBA)/g(COZ) (o-HBA)/ Ysupport
16 PMMA 0.64 0.20 12.7
16 AmbXAD7 0.64 0.20 79.6
20 PMMA 0.59 0.23 16.4
20 AmbXAD7 0.59 0.23 90.0
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Fig. 5. Breakthrough curves obtained at 16 MPa and 20 MPa, Liquid CO, flow rate = 0.5 cm*min and Temperature =

40°C.

Therefore the residence time in the solute’s tank

and the column increases. Both effects contribute to

Support influence study

higher feed concentration at higher pressure. The
experimental data for CO, density, flow-rates,
concentrations at the plateau and impregnated

amount are summarized in Table 2.
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For this study we used two polymeric supports:
PMMA and AmbXAD7, described above. The
operating conditions were: CO, liquid flow-rate =
0.5 cm*/min, temperature = 40°C, polymer quantity
= 1 gram PMMA or 0.5 gram AmbXAD7. The
breakthrough curves obtained at two pressures 16
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MPa and 20 MPa are plotted on Figure 5. The
experimental data are summarized in Table 3. At 16
MPa the breakthrough time for AmbXAD?7 is about
three times superior (230-250 min), compared to
PMMA (70-90 min). For both experiments, the
concentrations at the plateau are identical.
Therefore, the adsorbed amount on the AmbXAD7
is considerably higher than on the PMMA. These
results show the effect of the porosity and the
surface area on the impregnated amount. Therefore,
we assume that the polymer porosity does not
influence the velocity profile inside the column. At
a higher pressure (20 MPa), the breakthrough time
for AmbXAD7 is 190-210 min. However, it
remains the same for the PMMA. The breakthrough
curves and the quantities adsorbed are different,
probably because at 20 MPa and 40°C in
supercritical CO,, the PMMA swells and changes
its structure.

MODELING

One-dimensional model (1D) with a basic
assumption of local equilibrium was developed in
this study. The described experimental process is
isothermal and the temperature profile would not
influence the equilibrium, respectively the
concentration profile. Therefore if the variation of
the concentration in radial direction is significant, it
will be due to the hydrodynamic factors. The bed
porosity fluctuations in a small restricted area close
to the wall provoke velocity fluctuations. However,
they do not affect the overall concentration profile.
Experimental observations [7] show a structure
modification (swelling) of the polymer during the
contact with SC-CO,. Initially the CO, molecules
are adsorbed in the polymer volume and this allows
posterior penetration and adsorption of dissolved
compound. For impregnation processes in SC
medium, other authors obtain good results
assuming that the polymer loses its porosity. They
describe the process as a flow through a flat surface
[1]. Based on these assumptions, the equation for
the mass transfer through the fixed polymer bed is:

) .
oc oc A

e—+ew,—=¢eD

‘oz ™ oz° ot

1)

where C is the concentration in the SC

phase and the local equilibrium g* = f(C) is

described using the Toth relationship:
* b-C

9 =0n———1
1+(bc)’ |7

)

As boundary conditions we assume
equality of the mass flow through the interface and
flat concentration profile:

oC
ax E o = Wz (C|z=0 - Cfeed ) (3)
oC
— =0 4
. 4)

The initial conditions are:
att=0—->C=0forz>0
atz =0 — C = Cjeq for each t.
where ¢ is the bed porosity.

When the particle dimension versus column
diameter ratio is smaller than 0.05 and the number
of particle layers in the bed in axial direction is
higher than 30, an octahedral arrangement with
maximal density of 0.74 could be expected [8]. We
estimate a value about 10% greater than the
minimal bed porosity: £=0.3.

W, is the flow velocity. The flow velocity
through the porous bed W, = 2.77x10* m/s
corresponds to 0.5 ml/min experimental flow-rate.

D. is the axial dispersion coefficient. The
relationships proposed by some authors [9-13]
cannot be directly applied for our study. Therefore,
we determined the axial dispersion coefficient
using a breakthrough curve obtained without
polymeric support. The pattern and the shape of this
curve depend only on the axial dispersion and the
dead volume of the column. Then, we calculated
the breakthrough curves assuming a linear
equilibrium, imposing the linear equilibrium factor
equal to zero (no adsorption). Thus we obtained the
commonly used model for dispersion in fixed bed
[11]. We studied the breakthrough curve response
in function of the D, all other parameters being
already fixed. The best correlation with the
experimental data was obtained for Dy =1.6x107
m?/s. This value is further used in our numerical
simulations.

Om is the maximum substance load and Creeq —
the  feed  concentration.  These  values,
experimentally obtained for three pressures (12
MPa, 16 MPa and 20 MPa), are presented in Table
4.

Table 4: Feed concentration and maximal substance
load.

12MPa 16 MPa 20 MPa
Creed » 0.156 0.198 0.230
Mg o-HeAY 9(coz)
Om » 28.12 28.26 20.66

MO o-HBAY IPMMA)
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Fig. 6. Comparison of experimental and numerical data.

b and & are the adsorption parameters. The
numerical method was initially tested assuming
linear equilibrium: qags= k C. The parameter k was
adjusted in order to find the best correlation

between numerical and experimental data. Next, we
introduced the Toth relationship (2) in the
equilibrium term. The parameters of the Toth
equation were determined in our previous study [7].
However, the kinetic study conditions are different
from the equilibrium ones, particularly the two
parameters b and ¢ contribute directly to the
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impregnated quantity. For that
considered both parameters adjustable.
For a cylindrical column with fixed bed, the
free volume close to the wall is greater than in the
centre of the bed. It decreases until stabilization
around an average value. That provokes higher
velocity of the flow at the wall proximity [14, 15,
16]. The velocity profile strongly depends on the
Reynolds number (Re). For Re > 100 the
fluctuations of the flow profile could be neglected.
The percentage of the bypass flow close to the wall
is proportional to Re and the ratio between column
and particle diameter (Dco/dpart) and passes through

reason, we
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- :
. clm-c| L EW,.0 (CIJE _Cij+l)+ s.WZ.(l—c)(Cij+l —Cij)z
T h h
D,,. , , , D, .(1- j - | )
= %O ~ C(cit—2cit +cit )y a0 a-o) (Cl.-2c!+cl,)-a- 8)82,[
Table 5: Experimental and numerical data for the load.
Load, Mg.Heaydemma)
12MPa 16MPa 20MPa
Experimental 7.5 12.7 16.4
) with y 7.4 10.9 16.2
Numerical .
without y 7.9 115 16.7

a maximum at Dco/dpare = 10 [16]. For this study,
the Re number varies from 0.25 to 1.12. At the
entry of the column D, /0yart = 5.5 and the velocity
profile is expected to be dispersed. Inside the
column Deoi/dpart = 45. Thus, the bypass flow can be
neglected and the velocity profile is considered
relatively uniform. For reasons of simplicity, we
accepted a quasi-uniform profile for the whole
column section. Similar hypothesis was proposed
by Chern and Chien [17].

The differential equations of the model were
approximated by expressing them in finite
difference form [18-20]. We used Crank-Nikolson
full implicit symmetric scheme with weight
coefficient c=0.5:

Here r and h are the time and space steps,
respectively.

The experimental and numerical results are
compared in Figure 6. We found that the model fits
well to the experimental data: breakthrough time,
slope and plateau concentration. We observed a
small divergence in the initial parts of the curves.
We supposed that the residence time in the mass
transfer zone and the adsorption capacity of PMMA
are not sufficient and small quantity of non
adsorbed o0-HBA remains in the outlet flow
(Cronags)- Therefore, we introduced a correction

function y in the equilibrium term:

Cnonads H :
y(t):T, using the following boundary
2

condition:

Y| t=0 — Cnonads -
correction function is equal to the average of the
experimentally measured concentration in the initial
period, and decreases rapidly with the time. This
function was adjusted so that its contribution
becomes negligible before the breakthrough time.

In order to calculate the impregnated amount
we first determined the total amount of substance
entering in the column. Then Simpson’s method

in the initial moment the

was used to calculate the surface area below the
breakthrough curve. That corresponds to the
amount of non adsorbed substance. The difference
between these values is the impregnated substance
in the PMMA. The calculated loads were compared
to the experimental ones in Table 5. Both numerical
values (with and without using the correction
function ») are in good agreement with the

experimentally determined quantities.
CONCLUSIONS

Our experimental study shows the effect of
three operating parameters both on the dissolving
and impregnation process in supercritical CO,. It
was found that lower flow-rates allow increasing of
the impregnated amount in the polymer support.
Higher pressures lead to increase the time necessary
to reach the concentration at the plateau. Finally,
we found that the impregnated amount on a porous
support is considerably higher, compared to a non
porous polymer. A 1D model with a basic
assumption of local equilibrium was developed in
order to describe and understand the process
kinetics. The model fits well to the experimental
results — breakthrough curves and total impregnated
amount.
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AZICOPBLMA HA O-XM/JIPOBEH30EBA KMCEJIMHA BHPXY [IOJIMMEPU B CPEJIA HA
CBPBXKPUTHUYEH BBIJIEPOJIEH JUOKCHUA: EKCIIEPUMEHT 1 MOAEJINPAHE

C. I[aHKOBl*, II. CI06pa-HaTepH02, . XI/IHKOBl, U. Tenuer’

1
Xumuxo-mexnonozuuen u memanypeuden ynusepcumem - Cous
2
Yuueepcumem Bopoo, @panyus

[Moctenuna Ha 17 okromepH, 2010 r.; npuera Ha 26 anpun 2011 r.

(Pesrome)

B nacrosmiara pabora e mpeacraBeHa eKCICPUMEHTAIHA WHCTAJIANUs 32 MMIIPETHHPAHe HAa MOJCIHO OPraHWYHO
chenmuHEeHne (0-XUAPOOCH30eBa KHCENWHA) BBPXY IOJNAMEPH 4pe3 ancopOIus B MOIYHENPEeKbCHAT pexuM. Kato
pa3TBOpHUTEN W Cpela 3a IMPOBeXIaHe Ha mpormeca ¢ m3nomBaH cBpbxkputmdeH CO,. Ilenra e ma ce m3cnenpa
BIIMSIHACTO Ha JIeOWTa Ha CBPBXKPUTHYHUS PA3TBOPHUTEN, Ha HANMTAHETO, KAKTO W Ha MOJMMEPHATa MOJUIOKKA BBPXY
MPOCKOYHHUTE KPUBH U aJCOPOMPAHOTO KONHIecTBO. [IpoOWTEe OT CBPBXKpUTHYHATA (pa3a ca aHAIM3HpaHH dYpe3
BucoxoedexrnBHa Teuna XpomaTorpadus. YCTaHOBEHO €, 4e afcOpOMPaHOTO KOJHMYECTBO HAPACTBA IPH TOBUIIABAHE
Ha HAIATAaHETO W HaMmalsiBa MPU YBEIMYaBaHETO Ha JeOWTa Ha CBPBXKPUTHUUHUS pa3TBopuTes. Paszpaborten e 1D
MaTeMaTH4eH MOJeN C JIOKaJHO paBHOBECHE, KOWTO J00pe OmHcBa NPOCKOYHUTE KpHUBH. UHCICHO MOTyYEHHUTE
CTOMHOCTH MOKa3BaT 100PO ChOTBETCTBUE C €KCIIEPUMEHTATHUTE PE3YJITATH.
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