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Abstract

After polymerization reaction, impurities composed of adduct, used
solvent and catalyst remain inside the formed polymers. These impurities
should be removed by washing to improve the purity of the polymers. In
this process, the model of the polymer washing process is essential to opti-
mize the energy, resources and operating time. This work proposes a funda-
mental model of polymer washing process to provide theoretical basis for
optimization. The model describes the impurity distribution inside the poly-
mers using pseudo steady state approximation with the concept of moving
boundary of diffusion. Also, the impurity diffusion at polymer surface is
described with Fick’s law.

In addition, this work reports an experimental investigation of polymer
washing process using SPAEK (sulfonated poly(aryl ether ketone)) sam-
ples. In the investigation, impurity diffusion coefficient at polymer surface
of the experiment is computed from the pH data. The computed D have
different values for each operation, as a lumped parameter. However these
values show the same trajectory with the introduction of a dimensionless
number Co for each operation. This means other impurity diffusion factors,
not included in the model, embraced in D are only affected by Co, even if
the initial impurity concentrations inside the polymers are different for each
operation.

Finally, we predict the pH changes in a different experimental condi-



tion, and validate the prediction performance of the model.

Keyward : Polymer washing process, Moving boundary of diffusion, Pseudo
steady state, Sulfonated poly(aryl ether ketone)
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Chapter 1

Introduction

A polymerization is a chemical reaction in which monomers molecules
combine together to form a larger polymer. Polymerization is commonly
used in synthesis of industrial macromolecules such as poly(lactic acid), hy-
perbranched polyamides and poly(2-alkoxypyridine-3,5-diyl)[ 1}, 12} 13]. Espe-
cially, SPAEK and sulfonated polyimides used for proton exchange mem-
brane in fuel cell are synthesized by condensation polymerization[4} |S]]. In
polymerization reaction, aprotic polar solvents such as NMP (N-Methyl-2-
pyrrolidone) and DMSO (Dimethyl sulfoxide) are commonly used as sol-
vent and metal carbonates containing alkali metals such as Na and K are
used as catalyst. On the completion of reaction, the produced polymer is so-
lidified in other solvent. In this process, a small amount of adduct, solvent
and catalyst components are still trapped inside the polymers in the solidi-
fication process. Therefore, a washing process is necessary to remove these
impurities and improve the purity of polymers, which has a significant influ-
ence on microstructural characteristic of polymer product such as polymer
membranes. [6, (7]].

However theoretical research about polymer washing process after poly-
merization reaction has not been reported yet to the best of the authors’

knowledge. It is just only described in some papers dealing with the synthe-



sis process of polymer, as solidified polymers being washed repeatedly with
deionized water until the pH of washing water reaching 6-7 at a lab scale
[4} 8]. When polymer washing process is operated at a large scale without
any optimization of operating conditions such as amount of washing water,
number of operations and operating time for each operations, the waste of
energy, resources and time will be considerable. Moreover, such a complex
dynamics involving mass transfer in the polymer particulate is difficult to
model using an empirical model structure fitted to operational data. This
work presents a fundamental mathematical model and an experimental in-
vestigation of a polymer washing batch process which can be readily used
for optimization of the process.

In polymer washing process, the solidified polymers are washed by
deionized water in batch several times with stirring. Before washing pro-
cess begins, impurity concentrations inside the polymers are maintained as
the initial concentration. When washing begins, the impurities inside the
polymers are dissolved in washing water and diffuse toward outside with
the concentration gradient. As the washing process proceeds, the impurity
concentration of the polymer inside decreases and that in batch increases.
When impurity concentrations of the polymer inside and batch inside reach
the equilibrium, the impurity concentrations stop changing. These processes
are repeated until the pH in batch reaching near 7.

This work introduces the concept of moving boundary of diffusion
inside the polymers, where impurities begin to diffuse toward outside, to
model the impurity diffusion inside the polymers [9, [10]. The model em-

ploys Pseudo steady state approximation for impurity distribution inside the



polymers, represents impurity diffusion rate with Fick’s law, and includes
mole balance of impurities. In addition, we estimate the mathematical rela-
tionship between pH and impurity concentration in batch and D values using
the experimental data of SPAEK sample. Since we develop the model with
Fick’s law, the computed D has time varying values as a lumped parameter
embracing other factors of impurity diffusion. A dimensionless number Co,
the ratio of impurity concentration in batch to initial impurity concentration
inside the polymers, is introduced to model temporal change of the diffu-
sion coefficient regardless of the initial concentration of the impurity inside
the polymers. Then, we numerically simulate the radius changes of diffu-
sion boundary for the experiments using the estimated D and analyze the
result. Finally, we predict the pH changes in a different experimental con-
dition and compare them with the experimental data. The predicted results
are in agreement with the experimental results, and the proposed model and
experimental investigation methodology are expected to be useful for opti-

mization of the polymer washing process.



Chapter 2

Modeling

A conceptual model of polymer washing process is constructed as fol-
lows. The impurity distributions inside the polymers are uniform as the
initial concentration prior to washing, then the distributions change with
impurity diffusion toward outside due to the concentration gradient as the
washing progress. Finally the impurity distribution stops changing at the
equilibrium state where the impurity concentrations of polymer inside and
batch inside are equal. After the operation, the used water is removed from
the batch and a new batch of operation starts with fresh water. The initial
impurity distributions inside the polymers are considered to be the same as
the final distributions of the previous operation.

This work develops the model describing the impurity distribution change
inside the polymer using the following assumptions. The shapes of the poly-
mers are sphere, radii of the polymers are same, impurities are uniformly
distributed inside the polymers except radial direction, impurities diffuse
by only molecular diffusion according to concentration gradient, impurity
concentration gradient and diffusion inside the polymers occur only in ra-
dial direction, the amounts of water inside the polymers are same, impurity
distribution changes inside the polymers are identical for all polymers, and

impurity concentration in batch changes uniformly regardless of location



Impurity concentration, Cy,-

Radial distance, r

Boundary of diffusion

AN Polymer surface

Figure 1: Distribution of the impurity concentration inside the polymer.

due to stirring.

We define the moving boundary of diffusion as the boundary where
the impurities start diffusing along the concentration gradient toward out-
side, and the impurity concentration inside the diffusion boundary remains
as the initial concentration (see Fig. 1). R and R}, are the radii of the polymer
and of the diffusion boundary, respectively. R, decreases with the progress
of washing process (see Fig. 2). When the diffusion boundary reaches the
center of the polymer, impurity concentrations of polymer inside and batch

inside are in equilibrium state.



2.1 Pseudo steady state approximation of im-

purity distribution inside the polymer

As the washing process proceeds, the impurities diffuse in radial di-
rection from the diffusion boundary. The radius of diffusion boundary is
the same as the polymer radius prior to washing, and then decreases toward
the center with the progress of washing. This is an unsteady state process
where the distribution of impurities and the radius of diffusion boundary
change with time. Since we assume the impurity diffusion occurs only by
molecular diffusion according to the concentration gradient and most of ma-
terials have small values of molecular diffusion coefficients in water near
10~3cm? /s [[11]], we use pseudo steady state approximation to describe the
distribution of impurities inside the polymer [12, [13]. We consider the dif-
ferential volume inside the polymer illustrated in Fig. 2. The pseudo steady

state equation of impurities is described as




Wi 4|, — Wy, 412 | poar = 0 2.1

W, 1s the radial flux of impurities and M means the impurities. Since we
assume the impurity diffusion occurs only by molecular diffusion, Wy, is

described by the Fick's law :

dCMr
P dr

Wiy = —D 2.2)

where Cy;, is the impurity concentration according to radial distance from
the polymer center and D), is the impurity diffusion coefficient inside the

polymer. Substituting Eq. (2.2) into Eq. (2.1) and integrating yields

_K
Cuyyr = Tl +K (23)

where K| and K, are the integration constants. Boundary conditions are
Cyr=Cyr at r=R (24)

Cyur=Cyo at r=Ry (2-5)

Cur 1s the impurity concentration at the polymer surface and has the same
value of the impurity concentration in batch. Cyg is the impurity concen-

tration inside the diffusion boundary and same as the initial concentration.



Substituting Eq. (2.4) and Eq. (2.5) into Eq. (2.3) yields,

Cmo — Cur) L +Cur — Cros
Cr = ( )rl R R (2.6)

R, R

Eq. (2.6) represents the impurity concentration profile inside the polymers

from diffusion boundary to polymer surface.

2.2 Mole balance of impurities inside the poly-

mer and in batch

We set up a mole balance equation of impurities inside the polymer and
in batch to derive a mathematical relationship between diffusion boundary
radius and impurity concentration in batch which we can estimate from the
pH data. Since the initial amount of impurities in batch is zero, the amount
of impurities in batch is the same as the change in the amount of impurities

inside the polymers :

4 Ry, R
My = (31tR3CMo— / 4rer? Cypodr — / 4nr2cM,dr> no  (2.7)
0 Rb

where M,,, is the amount of impurities in batch, ¢ is the ratio of water
volume inside the polymers to volume of polymers, and # is the number of
polymer pieces in batch. Substituting Eq. (2.6) into Eq. (2.7) and expressing

M, as the product of the water amount and impurity concentration in batch



yields :

2
VCur = gn(CMo — Cur)(2R? — RRZ — R*Ry)nd (2.8)

where V is the amount of water in batch. Rearranging Eq. (2.8) by R and

Cwmr, results in Eq. (2.9) and Eq. (2.10), respectively :

2 6V G
R \JOR — S () RifCm) 29)

R == =
b 2 2
21n0 (2R3 — RR2 — R?R;,)Cuo R
Cur = : L0 =3vg( b)R Cwo  (2.10)
3Vou +21nd(2R3> — RR;, — R?R),) +g(Rp)

2.3 Impurity diffusion rate at polymer surface

Diffusion rate of impurities at polymer surface is expressed as the prod-
uct of the surface area and the radial flux described by the Fick’s law. The

diffusion rate is the same as the increasing rate of the impurity amount in

batch :
dCy, dCur
4mnR’D | — e =V 2.11
™ ( dr ”—R) dr 1D
Substituting Eq. (2.6) into Eq. (2.11) yields
Cuo—C dc
dmnD | MO MRy TMR (2.12)
R, R dt
b



Substituting Eq. (2.9) into Eq. (2.12) and rearranging yield

(2.13)

_ Vour { 3R— f(Cur) } dCur
47'CnR(CM() _CMR) —R—l-f(CMR) dt

D is the diffusion coefficient of impurity at polymer surface, which em-
braces other impurity diffusion factors not included in the model as a lumped
parameter. Diffusion coefficient is commonly used as a lumped parameter

to establish dynamic models with intrinsic mechanistic relations [[14} [15].

10



Chapter 3

Experimental Investigation

We performed polymer washing experiments with SPAEK samples
synthesized by condensation reaction and solidified in ethanol. Since DMSO
(dimethyl sulfoxide) and K-COs (potassium carbonate) are used as the sol-
vent and the catalyst respectively, and KF (potassium fluoride) is the adduct
in SPAEK condensation reaction, these materials are considered as the com-
ponents of the impurities trapped inside the polymers. We washed 3g of the
polymer samples with 40ml of 50°C deionized water for 30 minutes in each
operation. The experimental condition is described in Table 1. Since the
most impurity components were K-COs and there exist little amount of KF
and DMSO, we consider the impurities as K-COs and the dissociation con-
stant of impurity is considered as the dissociation constant of K-COs.

The 8 batch runs of washing were performed for each two experiments,

Table 1: Summary of the experimental condition.

Condition Value Unit
Average radius of polymers, R 0.7 cm
Volume of polymers, V), 7 ml
Volume of water in batch, V 40 ml
Volume of water inside the polymers, V;, 4.2 ml
Volume ratio of polymer inner water to polymers, ¢  0.60
Number of polymer pieces, n 5

Mass of polymers, m 3 g

11



and the pH in batch was measured at intervals of 10 seconds. The experi-
mental data is illustrated in Fig. 3. The red line is the 1* operation data and
the blue lines are the 2-8" operation data. The data of each operation show
a certain trend except that of the 1% operation. pH rapidly increases in the
beginning, then pH increasing rate gradually becomes slower. Finally pH
stops increasing and reaches the equilibrium state. Only the 1* operation
data shows the decreasing trend. This difference is mainly attributed to the
physical properties of impurity components. KF and K-COs dissociate into
ions in water as weak bases [[16}17]. Though DMSO has an acidity when it
dissociates into ions, it hardly ionizes in water and usually does not affect
the pH [18]]. In the case of the experiments, we speculate that the high ba-
sicity due to the high concentration of K-COs in the 1% operation triggers the
DMSO dissociation and pH decreases by the acidity of dissociated DMSO.

Using the experimental data, we derive the relationship between [OH |
(hydroxide ion concentration) and Cysr, compute D values for each opera-
tion using the relation, obtain a consistent trajectory of D values using the
dimensionless number Co, and numerically simulate the radius change of

diffusion boundary inside the polymers.
3.1 Relationship between hydroxide ion concen-
tration and impurity concentration

With the experimental data, we derive the relation between [OH | and
Cyr from those values at equilibrium for each operation (see Table 2). The

[OH~]| and Cyg values at equilibrium are computed using the ionization

12
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Figure 3: pH data of (a) Experiment 1 (b) Experiment 2.
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constant of 50°C water and dissociation constant of K-COs with the relation-
ship between the impurity concentration at equilibrium of the n® operation
and that of the n-1"™ operation, respectively. Since the amounts of wash wa-
ter in batch for each operation were the same, the relationship is described
as

Vin

C =—0C _ 3.1
MEn = 3oy CME -1 (3.1

where Cyr , and Cyg ,—1 are the impurity concentrations at equilibrium of
the n" and that of the n-1"™ operation, respectively, V;, and V are the amounts
of water inside the polymer and in batch, respectively.

The relation between [OH | and Cyp is estimated by a straight line
approximation in log scale using the values in Table 2 as shown in Fig. 4

and Eq. (3.2).

Cyr = 10> [OH™]*03 (3.2)

Table 2: Calculated [OH; |, and Cyg ,, values of performed experiments.

Batch [OHE]n CME R
Experiment 1 Experiment 2 | Experiment I  Experiment 2
2.10e-03 2.50e-03 2.70e-02 3.77e-02
9.77e-04 1.00e-03 2.56e-03 3.57e-03
5.89¢e-04 6.76e-04 2.43e-04 3.39¢-04
3.22e-04 3.24e-04 2.30e-05 3.21e-05
1.50e-04 1.55e-04 2.18e-06 3.04e-06
8.70e-05 8.94e-05 2.07e-07 2.89e-07
6.30e-05 6.37e-05 1.96e-08 2.74e-08
3.97e-05 4.27e-05 1.86e-09 2.59e-09

~
0NN B W B
=

14
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Figure 4: Straight line approximation of impurity concentration according
to hydroxide ion concentration.

3.2 Impurity diffusion coefficient at polymer sur-

face

We compute Cyr values with time of each operation using Eq. (3.2)
and the pH data as shown in Fig. 5. We use the data of the 4-8" opera-
tions showing the regular trend without the influence of DMSO dissociation.
Then, we compute D as a function of time in each operation by substituting
the obtained Cysg values and the experimental condition in Table 1 into Eq.
(2.13). The computed D values of each operation are illustrated in Fig. 6.

Whereas the computed D values show quite large differences in time

15 -
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as a lumped parameter, D values of each operation show the similar values
with a certain temporal trend. This means the impurity diffusion at polymer
surface of each operation occur in a similar manner, though the computed
Cur shows quite different values for each operation. Thus, we hypothesize
this similar aspect is related to the ratio of Cyg to Cy and introduce the

following dimensionless number :

~ Cur

Co (3.3)

~ Cwmo

Describing Eq. (2.13) with Co results in

B % 3R—F(Co) . dCo B 6V Co
D_47tnR(1—Co)(—R+F(C0)) dt’ F(C(’)_\/%2 Tcn(I)R(l—Co)

(3.4)

Fig. 7 shows the D values computed from Eq. (3.4). The computed D
values according to Co of each operation show almost the same trajectory.
This means other impurity diffusion factors embraced in D are only affected
by Co, even if the initial impurity concentrations inside the polymers are
different for each operation. We approximated the relationship between D

and Co as a straight line in log scale. D is described as

D =10"*%Co"% (3.5)

18 -
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3.3 Numerical simulation for the radius of the

diffusion boundary

Substituting Eq. (2.10), Eq. (3.3) and Eq. (3.5) into Eq. (3.4), an ODE

for Ry, is derived :

& _1n-2.25 AntnRR) g(Rb)1-67
ar 10 V(R—Ry)g (Rp) { (3V + g(R,))0¢7 (3.6)

Eq. (3.6) is numerically integrated to predict Ry (¢) and the impurity concen-
tration distributions inside the polymers at 1800 seconds is computed using
Eq. (2.6) as shown in Fig. 8. Cyyo of the 5" operation is used in computing.
Ry, in Fig. 8. (a) decreases with time but does not reach the equilibrium state
where the R;, becomes zero until 1800 seconds. R, at 1800 seconds is illus-
trated in Fig. 8. (b). The impurity concentration inside the boundary has the
same value as the Cyyo and the impurity concentration outside the bound-
ary decreases with radial distance. Since we assumed the operation time is
enough for the washing process reaching the equilibrium states in previous
D computing step, there exist some errors in the results. The rapid increases
of D values near the end points in Fig. 6 and Fig. 7 are expected to be
caused by these errors. However, these errors are expected to be negligible
in computing steps deriving Cyg and R, because the impurity amount inside
the diffusion boundary is very small compared with the impurity amount in

batch.

20 -
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Chapter 4

Model Validation

We performed validation experiments with the same SPAEK sample
in a different experimental condition. 3g of polymers were washed with
50ml of 50°C deionized water 8 times for 30 minutes in each operation.
The experimental condition is described in Table 3. We estimated D values
of the validation experiment from the experimental condition, numerically
simulated the pH changes of each operation, and validated the model by

comparing the simulation results with the experimental data.

Table 3: Summary of the experimental condition in validation experiment.

Condition Value  Unit
Average radius of polymers, R 0.75 cm
Volume of polymers, V), 7 ml
Volume of water in batch, V 50 ml
Volume of water inside the polymers, V;, 4.1 ml
Volume ratio of polymer inner water to polymers, ¢  0.59
Number of polymer pieces, n 4

Mass of polymers, m 3 g

22 -



4.1 Estimation of impurity diffusion coefficient

at polymer surface

We divide Eq. (3.4) into two parts as

b= [4nnR(‘1/—C0) {Z:I;(((é?) H ' [ddio} =A-B @D

Part A includes the experimental condition as the coefficients, and part B is
the rate of Co change which is the operational characteristic of the polymer
washing process. Thus, we expect the influence of the experimental condi-
tion change on part B is negligible compared to that on part A. With this, we
estimate the D values of the validation experiment by substituting the exper-
imental condition in Table 3 and part B value of the previous experiments

into Eq. (3.5)

Dv — 1071.96C01.67 (42)

D, is the impurity diffusion coefficient at polymer surface of the validation

experiment.

4.2 Numerical simulation for pH changes and

model validation

Through the same process described in Section 3.3, we simulate the R,
values of each operation using Eq. (4.2). Then, we derive the pH values of

each operation using Eq. (2.10) and Eq. (3.2). Since the used SPAEK sam-

23



ples are identical in the previous experiments and the validation experiment,
Cwmo,1 is considered the same as that of the previous experiments.

The simulation results are compared with the experimental data to ver-
ify the validity of the proposed model and the experimental investigation
results (see Fig. 9). We can see the simulation results of the 2-8" opera-
tions are almost in agreement with the experimental data showing low mean
square errors. However there exist some discrepancies in value and shape
between the simulation and experimental results of the 1* operation. This
can be attributed to the same reasons explained in Section 2 that the high
basicity due to the high concentration of K-COs in the 1* operation triggers
the DMSO dissociation and the acidity of the DMSO affect the pH values
of early operations. Consequently, the proposed model can be used to esti-
mate D and predict the pH changes, thereby the concentration changes of

the impurities, of the general polymer washing process.

24
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Figure 9: Comparison of the simulation results with the experimental results

of the validation experiment (a) Operation 1 (b) Operation 2.
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Figure 11: Comparison of the simulation results with the experimental re-

sults of the validation experiment (a) Operation 5 (b) Operation 6.
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Chapter 5

Conclusion

We developed the model for the polymer washing process described
by the Fick’s Law, because there exist no factors for impurity diffusion such
as fluid bulk flux and electric potential gradient inside the polymers except
the molecular diffusion by concentration gradient. Though the simulation
results of the validation experiment are not in agreement with the experi-
mental results of the 1* operation, they agree fairly well with the data of the
2-8"™ operations. This means the proposed model using the basic expecta-
tion of the impurity diffusion, the concept of moving boundary of diffusion
and the pseudo steady state approximation is suitable for predicting the im-
purity concentrations of the polymer washing process. We can also see the
D values for each operation show the same trajectory according to Co in
Fig. 7. This implies other impurity diffusion factors embraced in D are only
affected by Co, even if the initial impurity concentrations inside the poly-
mers are different for each operation and the introduction of Co is proper in
investigation on D.

This work has significance for providing a valid fundamental model
and suitable experimental investigation procedure for polymer washing pro-
cess. Using this model, the pH and impurity concentration changes of the

polymer washing process which are important theoretical basis for opti-
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mization and automation of polymer washing process can be predicted. In
addition, the proposed model and experimental investigation methodology

can be used in various kinds of polymer washing processes.
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