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Supercritical Carbon Dioxide Extraction of Benzene
in Poly (vinyl acetate) and Polystyrene (Part 2)
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The supercritical fluid extraction (SCFE) of benzene from poly(vinyl acetate) (PVAc) or polystyrene
(PS) has been examined using supercritical carbon dioxide (SC-COg) at temperature of 313 K and
pressure of 7.95 MPa. The amount of extracted benzene was quantitatively measured continuously,
using ultraviolet (UV) spectrophotometer. From the experiments, it is found that when the pressure in
the cell is reduced, the COz2 dissolved in the polymer is quickly released with benzene, which is highly
effective in benzene removal. In addition, the diffusion coefficients of benzene in PVAc and PS were

calculated from correlation of the experimental data. The calculated diffusion coefficients of benzene in
PVAc, which dissolved COg, lie between the diffusion coefficients of benzene in SC-COs and those in
PVAc in the absence of CO2. The calculated diffusion coefficients of benzene in PS were about one order

of magnitude below those in PVAc. These results confirm that the plasticization effect of PVAc or PS by
dissolved COz closely relates to the diffusion rate of benzene.

1. Introduction

Application of SCFE techniques has become
widespread in many fields. Krukonis et al.V.?
introduced the fractionation of low vapor pressure
oils and polymers, redistribution of polymer
particle size, and extraction of volatile substances
from polymers, as examples of the SCFE technique,
to the polymer industry. Copelin® proposed a
patent for removal of oligomeric cyclic ethers from
their polymers.

The removal of volatile substances, such as
unreacted monomers, reaction by-products and
solvents, from polymers, is one of the most
important operations in their manufacture. The
impurities are usually removed by vacuum or inert
gas stripping of polymer melts or polymer
particles. Because the operating temperature is
usually raised to accelerate the diffusion of the
impurity in polymer, some degradation of the
polymer can occur. Hence, the SCFE technique,
which is typically carried out near room tem-
perature, is attractive for the removal of impurities
in such thermally labile polymers.

Separation of benzene from two polymers of
PVAc and PS has been carried out using super-
critical carbon dioxide by the authors?, to test the
applicability of the SCFE technique and examine
the mechanism of the method. In this work, the
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experimental apparatus was improved to measure
the extraction rate; namely the UV spectrophoto-
meter was mounted in the outlet stream from
extraction cell, which enabled us to measure the
gas composition continuously under high pres-
sures.  This paper outlines reports on the
experimental results for benzene removal from
PVAc and PS and their theoretical treatments in
terms of the mass transfer model reported in the
previous paper?.

2. Experimental

2.1 Experimental Apparatus and Procedure

A schematic diagram of the SCFE apparatus is
shown in Fig. 1. It consists of the following
sections: (a) CO2 compression, (b) extraction cell,
(c) UV spectrophotometer, (d) data processing,
and (e) control and measurement of COg flow rate.
A polymer disk which dissolved a known quantity
of benzene was placed in the extraction cell. Then,
SC-CO:z was passed through the cell and the
benzene was extracted from the polymer disk.
Average concentrations of benzene in the outlet
stream from the extraction cell were quantitatively
measured using the UV spectrophotometer (Japan
Spectroscopic Co., Ltd., model 875-UV). After
the extraction at high pressures, pressure in the
cell was reduced to atmospheric pressure. Finally,
the concentration of benzene in sample polymers
was determined by gas chromatograph (Shimadzu
Seisakusho Co., model GC-4BPTF).
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1: COg cylinder, 2: CO2 pump, 3: Cooler, 4: Thermostated water bath, 5: Buffer
tank, 6: Pressure gauge, 7: Four-way valve, 8: Magnetic stirrer, 9: Extraction cell,
10: UV spectrophotometer, 11: Thermocouple, 12: Amplifier, 13: Semiconductor
pressure sensor, 14: A/D converter, 15: Computer, 16: Wet gas meter
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Fig. 2 Schematic Drawing of Extraction Cell

A schematic drawing of the extraction cell
(internal volume 14 ml) is shown in Fig. 2. The
SC-COz2 phase in the extraction cell was stirred by
a magnetic stirrer to minimize mass transfer
resistance of benzene in the SC-CO;z phase. Mass
transfer of benzene in the polymer disk was limited
only in direction of polymer thickness by the
supporting ring.

PVAc (T,=303 K, My=1.58X105) and PS (T,=
373 K, Mv=2.18X105) were obtained from Aldrich
Chemical Co. Inc. and from General Science Co.,
respectively. Benzene (Katayama Chemicals) was
of special-grade purity (over 99.5%) and was used
without further purification.

2.2 Determination of Calibration Curve for UV
Spectrophotometer

The relationship between absorbance A4 and
molar concentration of solute ¢ is known as
Lambert-Beer’s law, viz.

A=c¢ebc (1)
where ¢ is the absorptivity, and b is the light path
length. In this work, the calibration curve was
determined by a method similar to Rossling’s®.

Namely, ¢b was evaluated by the relationship
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Schematic Diagram of Supercritical Fluid Extraction Apparatus
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Fig. 3 Typical Plots of Absorbance vs. Time and

Concentration of Benzene in PVAc vs. Time
at 313K and 7.95 MPa

between benzene concentration in cyclohexane
solvent and respective absorbance under tempera-
ture and pressure of the extraction condition.

3. Results and Discussion

All of the SCFE experiments have been carried
out under the conditions, in which flow rate of
COz does not affect experimental results.

Examples of the SCFE experiments (313K,
7.95 MPa, polymer thickness 1.25 mm) are shown
in Fig. 3. The broken and solid lines represent
absorbance measured by the UV spectrophotometer,
and average concentration of benzene in PVAc
calculated from integration of the absorbance
curves, respectively. The data plotted by (O)
represent the concentration of benzene in PVAc
disk before and after the extraction experiments,
obtained by gas chromatograph (GC) analysis.

The benzene concentration was reduced to half
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Fig. 4 Time Dependence in Extraction Experiments
in Benzene+PVAc System at 313K and 7.95
MPa

its initial value after two hours of extraction,
which decreased slowly thereafter. After the
pressure in the cell was reduced to atmospheric
pressure, however, benzene content in PVAc was
only 0.030 wt% by GC analysis. This indicates
that the remaining benzene in PVAc was removed
with quick release of COz dissolved in PVAc by
decompression. The solubility of CO2 in PVAc
has been measured by the authors® with pressure
decay method?. The saturated solubility of COz
went up to about 30 wt% at 313 K and 8 MPa.

From the above results, the benzene removal in
this experiments can be classified into the following
two mechanisms: (1) extraction of benzene in the
SC-COgz phase by diffusion through the PVAc disk
at high pressure, (2) decompression of the system
which results in the benzene removal from PVAc.
In this paper, we denote these effects as “removal
by extraction” and ‘“‘removal by decompression”’,
respectively.

The results of benzene removal experiments
from PVAc of thickness 2.3 mm are shown in Fig.
4. Differences were evident between analytical
values by the UV spectrophotometer before de-
compression (®) and by the GC analysis after
decompression (O). The differences increased
with operating time. Namely, while the rate of
removal by extraction gradually decreased with
passage of time, the quantity of removal by de-
compression increased. This may be due to the
increase in the amount of dissolved CO2 with
passage of operating time.

The results for benzene removal experiments
from PS of thickness 0.5 mm are shown in Fig. 5.
The removals by extraction and by decompression
were also observed in benzene + PS system.

The relationship between removal by extraction
and removal by decompression in benzene + PVAc
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Fig. 5 Time Dependence in Extraction Experiments
in Benzene+PS System at 313 K and 7.95 MPa
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Fig. 6 Relationship between Removal by Extraction
and Removal by Decompression in Benzene
+PVAc System at 313 K and 7.95 MPa

system at 313 K and 7.95 MPa is shown in Fig. 6.
The symbol (O) represents total amount of
removed benzene obtained by GC analysis, (O)
represents removal by extraction by UV analysis,
and (A) represents removal by decompression
calculated from the difference between above two
values. When polymer samples are sufficiently
thin, it will be possible to remove benzene from
PVAc by removal by extraction only. The removal
by decompression, however, becomes important
with increase in polymer thickness.

4. Discussion on Mass Transfer Phenomena

4.1 Mass Transfer Model
In the previous paper?, apparent diffusion
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coefficients of benzene in PVAc and PS were
evaluated from the amount of total benzene
removal. It has been apparent, however, from our
subsequent study that these calculated diffusion
coefficients have less physical meaning because
they contain the effect of removal by decom-
pression.

In this work, we attempt to evaluate the
diffusion coefficients of benzene in PVAc and PS,
where SC-CO: 1s dissolved, for removal by
extraction and total removal, in terms of a simple
mass transfer model reported in previous paper?.
The major assumptions applied to the model are
as follows:

(1) The mass transfer phenomena of benzene in
polymer are treated as the diffusion phenomena in
pseudo two components system. Namely, benzene
+ (“transmuted” polymer by dissolution of
SC-COg) system. The concentration of COz in the
polymer disk does not change with passage of time
or location in the disk.

(2) The direction of diffusion in polymer phase
is limited to the direction of thickness of the
polymer disk.

(3) The diffusion coefficient of benzene in the
polymer is constant.

(4) The thickness of the polymer disk is constant
over all of the locations in it during the
experimental operation.

(5) The concentration of benzene on the surface
of the disk is zero.

The unsteady state diffusion equation applied
in this work 1is written as Eq. (2).

aIC . oC
o P (2)

The initial and boundary conditions are presented
in Egs. (3) to (5).

C=Coat —l=x=+,t=0 (3)
C=0atx==lt>0 (4)
ac _ _

£ =0atx=0,¢t>0 (5)

where C 1is the weight fraction of benzene in the
polymer, Co is the initial weight fraction of
benzene in the polymer, x is the position variable
inside the sample disk, [ is a half of the
sample thickness, ¢ is time, and D is the diffusion
coefficient of benzene in the polymer.

Crank® gives the solution of these equations as
follows:

e 2k
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M, =1 il 8
Mo =0 (2n + 1)2n2
exp[—(.‘Zn + 1)2n2 Zé ] (6)

where M. denotes the total amount of diffusing
benzene which has been extracted from the sample
disk up to time ¢, and M. denotes the corre-
sponding quantity after infinite time, which is
equivalent to the initial amount of benzene in the
disk. D was determined by fitting the experi-
mental results for the removal by extraction and
the total removal, respectively.

4.2 Evaluation of Diffusion Coefficient of Ben-

zene from Experimental Data

Examples of evaluation of diffusion coefficients
of benzene in PVAc are shown in Fig. 7. The solid
line represents experimental results measured by
UV spectrophotometer, and plots (O) are the final
concentrations measured by GC analysis.

Firstly, diffusion coefficients were evaluated
from the experimental data for removal by
extraction. Agreement between the experimental
and correlated results is satisfactory. The calculated
diffusion coefficient was 7.34X10-12 m2.s1. Second-
ly, diffusion coefficients were also evaluated from
the experimental data for total removal. The
calculated results are in good agreement with the
experimental data. The apparent diffusion co-
efficient was determined to be 1.06X10-1° m2.s-1, This
apparent diffusion coefficient, however, has less
physical meaning.

Similar evaluation in benzene + PS system are
shown in Fig. 8  The calculated diffusion
coefficients were 6.05X10-13 m2.s-! (removal by
extraction) and 1.66X10-12m2. s-! (removal by
extraction + removal by decompression), respec-
tively.

In Table 1, the above calculated diffusion
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Fig. 7 Evaluation of Diffusion Coefficients of
Benzene in PVAc with Simple Mass Transfer
Model
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Table 1 Comparison between Experimental and Calculated Apparent Diffusion Coefficients of Benzene

System and condition Data source

Diffusion coefficient [m2.s71]

CO2+Benzene at 313 K and 7.95 MPa
CO2z+Benzene+PVAc at 313 K and 7.95 MPa

Swaid et al.9
This work
Benzene+PVAc at 313 K and 0.1 MPa Kokes et al.1®

COgz+Benzene+PS at 313 K and 7.95 MPa This work

5X10-8

7.34X10712 (Removal by extraction)

1.06X1071 (Removal by extraction+removal by decompression)
4.8X10717  (C=0 wt%)

1.7X10714  (C=10 wt%)

6.05X10713 (Removal by extraction)

1.66X10712 (Removal by extraction+removal by decompression)
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Fig. 8 Evaluation of Diffusion Coefficients of Ben-
zene in PS with Simple Mass Transfer Model

coefficients of benzene are compared with literature
values of Swaid et al.? for SC-COztbenzene and
those of Kokes et al.19 for benzenet+PVAc in the
absence of SC-COa.

It can be seen from this table that the calculated
diffusion coefficients of benzene in PVAc which
dissolved COg, lie between the diffusion coefficients
of benzene in SC-CO: and those in PVAc in the
absence of COs. The calculated diffusion co-
efficients were five orders of magnitude above
those in PVAc in the absence of SC-COa.

The investigations for sorption and dilation in
gas and polymer by Kamiya et al.1V:12 and
concentration dependency of molecular motion of
the polymer segment by Sefcik et al.'® have
suggested that the plasticization effect of the
polymer by dissolved molecules relates to diffusion
of solute in the polymer. From these suggestions and
the dissolution-diffusion theory by DiBenedetto!?,
the results of the evaluation may be explained,
namely, with dissolution of COsg, the polymer is
gradually plasticized and polymer segments are
activated. Further, the diffusion jump-frequency
of benzene in the polymer increases, which
accelerates the diffusion of benzene in polymers.

The diffusion coefficients of benzene in PS were
about one order of magnitude below those in
PVAc. It has been shown that the solubilities of
COz2 in PS are equal to one half of the solubilities
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of CO2 in PVAc at 313 K®:19. The differences of
the diffusion coefficients in PS and PVAc may be
due to the differences of the plasticization with
dissolution of COz in both polymers.

In the present investigation, it was assumed that
the sample polymer disk is quickly saturated with
COg and the thickness of the disk is constant. By
use of these assumptions, only the diffusion of
benzene in polymer was considered. Consequently,
the influences of the plasticization and volume
dilation of polymer with dissolution of COz on the
removal of benzene were neglected in the calcula-
tion. The authors think that the diffusion
coefficients obtained in this paper are apparent
values and are effective only within the limited
experimental conditions established in this work.
The diffusion coefficients are not suited to the
rigorous expression of the mass transfer phenom-
ena. These diffusion coefficients, however, are
considered useful for evaluation of removal rate of
a volatile substance from polymers by the super-
critical fluid extraction technique, and design of a
devolatilising unit for a polymer of which the
properties pertaining to plasticization and volume
dilation are not known.

To more strictly explain the mass transfer
phenomena of benzene in polymer where COz is
dissolved, the solubility and diffusion coefficient
of COz in polymer and volume dilation of
polymer with dissolution of COz must be ex-
amined. Schoeber!® reported on the mathematical
treatment of the diffusion in polymer when the
influence of the volume dilation cannot be
neglected. Research program on the influences of
the plasticization and volume dilation of polymer
on the removal of benzene is now in progress in
our laboratory.

5. Conclusions

The conclusions arrived in this paper are as
follows:
1) Removal of benzene, in conditions of this
SCFE method, consists of removal by extraction
and removal by decompression.
2) The amount of removal by decompression
increases with the quantity of COz dissolved in the
1990
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polymer.

3) The diffusion coefficients of benzene in PVAc
are enhanced about five orders of magnitude by

the dissolution of SC-COs.

4) The calculated diffusion coefficients of benzene
in PS are about one order of magnitude below

those in PVAc.
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