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Experiments were carried out in a vibrated fluidized bed to investigate the dynamic process of UV-enhanced synthesis
of chlorinated polyvinyl chloride (PVC) using a gas—solid method, where a UV-Vis online analysis system was used to
record the kinetics of chlorination. Meanwhile, a comprehensive mathematical model incorporating the distributed acti-
vation energy model was established to describe the hindrance effect of Cl atoms already inserted on the PVC polymer
chain on the later insertion during the chlorination process. Each of the hypotheses in the model was validated by the
well-designed experiments, and the model predictions matched well with the experimental data under various operating
conditions. Sensitivity analyses of three primary operating parameters, that is, temperature, chlorine concentration, and
UV intensity, were made for better understanding of the mechanism of PVC chlorination. It is anticipated that the mod-
eling methodology in this work would be also suitable for similar gas—solid reaction systems. © 2014 American Institute

of Chemical Engineers AIChE J, 60: 2235-2243, 2014
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Introduction

Further chlorination of polyvinyl chloride (PVC) to pro-
duce chlorinated polyvinyl chloride (CPVC) is a process
with great value in three ways. First, CPVC is a high-value
product with superior physical and chemical properties. For
example, CPVC can withstand corrosive solutions at temper-
atures higher than PVC, allowing commercial application of
CPVC for broader markets like hot water delivery, fire sprin-
kler systems and so forth. Second, further chlorination of
PVC means more consumption of chlorine. Because the
chlorine is the excessive, toxic product in the chlor-alkali
industry, the production of CPVC can help to alleviate this
problem to a certain degree by immobilizing the chlorine
into the solid-state resins. Third, with increased heavy chlo-
rine atoms in the resins, the mass fraction of carbon in the
CPVC product decreases markedly, making CPVC a typical
low-carbon product.

The synthesis of CPVC has been commercialized since
1950s, mainly adopting the aqueous suspension method.'
However, the batch-operation process of the aqueous method
is inevitably accompanied by the discharge of a large
amount of waste water (e.g., about 20 ton discharged water
per ton CPVC), which causes serious concern to the environ-
ment.> On the contrary, the gas—solid method is a much
cleaner process with nearly no waste disposal, where dry
gases atmosphere during the chlorination allows for the easy
handling of solid particles and effluent gases (i.e., HCI/Cl,).
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To promote the chlorination performance, UV radiation is
often facilitated for process intensification.

It is acknowledged that the chlorination of PVC is a free
radical chain reaction. Unfortunately, there is no accurate and
reliable conclusion on the mechanism of chlorination reaction
so far. Some researches focusing on the investigation of the
actual chlorination route have been performed.3‘7 By proper
simplification, the chlorination is considered to be a radical
substitution reaction, where chlorine radicals preferentially
substitute the hydrogen atoms that are connected to the meth-
ylene carbon.® The reaction route is assumed as follows.

First, chlorine is decomposed into chlorine radicals under
UV radiation

hv

Cl,—2Cl- ey

Then, the chlorine radicals attack and substitute the hydro-
gen atoms on the methylene

Cl - +—(CH,—CHCl )~ — —(CH - —CHCI)—+HCI (2)
—(CH - —CHCI )—+Cl, — —(CHCI —CHCI )—+Cl- (3)

Finally, chorine radicals collide to each other and the reac-
tion terminate

2C1- — Cl, @

Based on the above chlorination route, the kinetic expres-
sion of the reaction can be accordingly deduced, and this
will be clarified in detail in the following section.

Apart from the complex chlorination reaction mechanism,
the simultaneous transport phenomenon in the process of
CPVC synthesis using a gas—solid method is sophisticated.
When it comes to process modeling, it can be categorized as
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Figure 1. Schematic diagram of the experimental setup.

noncatalytic gas—solid reaction. Ramachandran and Doraisw-
amy9 and Wen'® made thorough overviews on the noncata-
Iytic gas—solid models applied in different systems
considering the different structural features of the solid as
well as the contact mode between the gas and the solid.
Nevertheless, no reliable model has been reported suitable
for the gas—solid synthesis of CPVC specifically. Barricre
et al® theoretically calculated the chlorination process and
analyzed different circumstances of reaction-limited regime
and diffusion-limited regime. Wachi et al.'' studied the con-
version distribution in the gas—solid synthesis of CPVC with
a simplified model, but the model is unsubstantial with little
experimental validation and the calculation is also simplistic.

The aim of this study is to build a comprehensive model
to predict the chlorination process of PVC using the gas—
solid method. The model is to be validated by experiments
under various conditions. Besides, the critical factors affect-
ing the chlorination process will be discussed experimentally
and expressed explicitly in the model.

Experimental
Experimental setup

The experimental setup consists of two parts: the reaction
system and the measurement system, as shown in Figure 1.
The chlorination of PVC takes place in a cylindrical quartz
reactor with thickness of 6 mm and diameter of 50 mm.
Chlorine gas and argon gas are supplied by cylinders with
99.999% and 99.9% purity, respectively, to flow into the
reactor and interact with the PVC grains. A vibration plat-
form is used during the experiments to enhance the contact
efficiency between the PVC grains and the chlorine gas in
the reactor. Frequency of the vibration platform is 0-5 Hz
and its amplitude is fixed at 20 mm horizontally. A UV
lamp (4 W, Philips Company) is placed right beneath the
reactor. Besides, an infrared lamp (800 W, Philips Com-
pany), as the heating source, is fixed at the top of the vibra-
tion box. Temperature is recorded from thermocouple
adhered to the upper surface of the reactor. Temperature pro-
gramming is applied to control the temperature accurately
during the experiments by adjusting the heating power of the
infrared lamp. The concentration of chlorine gas is controlled
by tuning the flow rates of chlorine and the dilute gas (Ar),
respectively. The online UV-Vis spectral analysis
system allows for the dynamic recording of the chlorine
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concentration in the effluent gas continuously. The specifica-
tion of the apparatus and the measurement principle have
been given in detail in one of our previous articles.'”

PVC grains are provided by Qilu Petrochemical Corpora-
tion in China. The mean diameter is 150-250 pm and the
pore diameter is 300—1000 nm measured by sieving method
and mercury intrusion porosimetry, respectively.

UV enhanced chlorination of PVC

Before starting each experiment, the inert gas (Ar) is
introduced and flows through the entire gas circuit to remove
other gases to protect the PVC grains. The amount of the
PVC sample placed in the reactor is about 4 g. Then, the
reacting gas (Cl,) and the dilute gas (Ar) are turned on and
tuned to a certain ratio to flow through the reactor and con-
tact with PVC grains. After the online UV-Vis spectral anal-
ysis system is all set, the infrared lamp is turned on to heat
up the whole reaction system gradually, which is controlled
by temperature programming. Once the temperature reaches
the set value, UV lamp is turned on and the chlorination is
initiated immediately. The chlorination rate can be deduced
from the recorded data of the chlorine concentration in the
effluent gas using the UV-Vis analysis system.

Dissolution of chlorine gas in PVC grains

The unique properties of PVC as a polymer make it soluble
for chlorine gas.'” To investigate the dissolution mechanism
and acquire the basic dissolution parameters, experiments
were carried out using the above experimental setup.

After setting about 4 g of PVC samples in the reactor, the
weight of the reactor is measured and recorded. Similar to
the chlorination experiments, the reactor is fixed on the
vibration platform. After the temperature is stable, the chlo-
rine gas, along with the dilution gas (Ar), is introduced into
the reactor and interact with the PVC polymer. About 10
min later (the time needed for the solubility equilibrium
explored by the experiments), the reactor is taken out and
the weight is measured again. Subtracting the initial weight,
the mass of chlorine dissolved in the PVC polymer is
obtained as well as the basic laws between the chlorine con-
centration in polymer phase and the gas phase.

Mathematical model

As mentioned earlier, the chlorination of PVC using the
gas—solid method involves simultaneous mass transfer and
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chemical reaction. Obviously, the mass transfer between the
gas and the solid is greatly affected by the structure of
the PVC grains, so it is necessary to take a deep look at the
PVC structure before the model development. At a macrole-
vel, PVC is porous grains with diameter of 50-250 pm and
porosity of around 60%, and the pore diameter ranges from
300 to 1000 nm. At a microlevel, many microparticles with
diameter of 2—10 pm, namely the secondary particles, exist
inside each macro PVC grain. The secondary particles are
arranged randomly with pores separating apart.14 When the
chlorine gas contacts PVC grains with such multiscale struc-
ture, it would first diffuse through the voids and then come
into contact and interact with the solid secondary particles.
The effect of the intragrain gaseous diffusion through the
pore was estimated by Wachi et al. and they concluded that
it could be neglected compared to the gaseous diffusion
through the continuous secondary particles.'" This is similar
to the particle-grain model proposed by Szekely and
Evans.'>™!® Further, with neither external mass-transfer limi-
tation nor internal diffusion effect ideally, the chlorination
process is essentially focused on the interaction between the
chlorine gas and the PVC secondary particles. This is the
first assumption made for developing our mathematical
model.

PVC is a polymer with free volume existing between the
polymer chains, which makes PVC grains exhibit unique
properties distinct from common solids, like being soluble
and permeable for chlorine gas.lgle Hence, when the chlo-
rine gas contacts the PVC secondary particles, it would dis-
solve in the polymer surface and diffuse into the bulk
polymer phase gradually with simultaneous chlorination
reaction taking place under proper conditions. To model the
complex process, it is necessary to characterize the dissolu-
tion and the diffusion mathematically. Based on the work
conducted in the literature, we naturally assume that the dis-
solution of chlorine gas in PVC polymer obeys the Henry’s
Law, that is, the concentration of chlorine dissolved in PVC
polymer is proportional to the concentration of chlorine in
the bulk gas phase at dissolution equilibrium. This is the sec-
ond assumption for the mathematical model.

The third hypothesis is the spherical assumption of the
secondary particle and neglecting the change of particle size
during the chlorination process at the same time. As the
model is focused on one single secondary PVC particle, we
also assume that all secondary particles inside the PVC free
grain are uniform and the physiochemical change of the sec-
ondary particles is corresponding to the change of micro
PVC grain which could be directly obtained by experiments.

To summarize, the model assumptions are listed as
follows:

1. There is no external or internal mass-transfer limitation

in the gas—solid chlorination process;

2. The dissolution of chlorine gas in the PVC polymer

accords with the Henry’s Law;

3. The diameter of PVC/CPVC secondary particle is con-

sidered to maintain constant.

As discussed above, these hypotheses were first made by
theoretical analysis or adopting suggestions from former
researchers. To assure the reliability of the model, these
assumptions will be tested experimentally and the results
will be discussed in the subsequent section.

Based on the above assumptions, the model can be described
mathematically. The core equation is the mass balance
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expression of the chlorine gas in a PVC secondary particle,

which is given as
Dr? %> -5 Q)

oCp _10
ot r2or or

where Cp is the chlorine concentration in PVC polymer
phase, ¢ is time, r is the radial position along the spherical
secondary particle, D is the diffusion coefficient of chlorine
in PVC polymer that changes with temperature, and S repre-
sents the source term for the kinetics of the chlorination
reaction.

The reaction rate expression is determined by the reaction
mechanism clarified previously. Applying the pseudo-steady-state
hypothesis to the reactive radicals Cl- and—(CH - —CHCI ) —, it
follows from Egs. 1-4 that

2ky [Cl,]=2k4[C1 ] (6)

and

=ky[MH][CI | =k, [MH] IZ[Clz] )

1
dt dt 4
where ky, k», k4 is the reaction rate constant in the radical
reactions (1), (2), (4), respectively, and [Cl,] (mol/m*)and
[MH] (mol/g) is the local concentration of chlorine and the
unchlorinated PVC repeat unit, respectively.
Defining a new parameter k as
ki

k=kyy/— 8
Vi (®)

the reaction rate is then expressed as
S=k[MH][C1,]*? ©)

The reaction rate constant k follows the form of Arrhenius
equation, which is presented as follows

k=Aexp <_R£T) (10)

where A is the pre-exponential factor, and E is the activa-
tion energy for the chlorination reaction. Normally, A and
E remain constant in a regular reaction. However, in the
chlorination reaction, the substitution of the relatively big
Cl atoms for H atoms may cause steric and other chemical
effect, increasing the difficulty for subsequent chlorine
atoms introduced onto the polymer chain as a whole.?? In
other words, the chlorination reaction would get harder and
harder, which can be represented by the increase of activa-
tion energy during the reaction. Thus, the distributed acti-
vation energy model (DAEM) is incorporated.”>2® The
existence of the hindrance effect has been further sup-
ported by pyrolysis chromatography result of CPVC prod-
uct with graded chlorine contents both from our
experiments and from literature, which is presented in
Appendix A2

Before the chlorination reaction takes place, a rather long
time is needed for heating the experimental system to the
required temperature, during which the chlorine gas and the
PVC grain keep in contact. Since it only takes about 10 min
for the dissolution of chlorine gas in PVC polymer to reach
equilibrium, it is safe to conclude that the dissolution equi-
librium has achieved before the reaction starts. Thus, the ini-
tial condition is expressed as
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Figure 2. Effect of flow rate of the chlorine gas on
chlorination rate.

t=0,Cp=Hy (11)

where H is the Henry coefficient, which could be obtained
by experiments and will be provided later, and y is the con-
centration of chlorine gas in the bulk gas phase.

The boundary conditions are given by

=0, % _g
>0, ar (12)
r=R,Cp=Hy

Here, it should be pointed out that such boundary condi-
tion is imposed based on the third assumption stated above
that the radius change of the secondary PVC particle is
neglected. When there is remarkable volume expansion of
solid, radius change should be incorporated in the model,
and in that case model equations in a dimensionless form is
preferential.

Combining Egs. 5, 9, 11, and 12, chlorine concentration in
PVC polymer Cp at any position and any time can be theo-
retically calculated. The finite volume method was adopted
to discrete the equations.29

To compare the calculated results with the experimental
results effectively, the chlorine content, that is, the mass
fraction of chlorine in the whole PVC/CPVC sample, has
been chosen to be the target indicator, whose change with
time represents the dynamic chlorination process. The chlo-
rine content in the model is calculated as

wmar - 97

Cl wt %=
W WMH * 62-5+WMCI -97

-100% (13)

where wyc and wyy is the mass fraction of reacted and
unreacted chlorinated PVC repeat unit, namely —
(CHC1 —CHCl )~ and —(CH,—CHCI)—, respectively.

Results and Discussion
Validation of model hypotheses

It is well acknowledged that the existence of external and
internal diffusion can be investigated by the influences of
gas velocity and particle size on the reaction rate, respec-
tively.*® If the reaction rate is not affected by these two fac-
tors, it can be concluded that there is neither external nor

2238 DOI 10.1002/aic

Published on behalf of the AIChE

internal mass-transfer limitation. Experiments were con-
ducted to explore these effects, and the results are presented
in Figures 2 and 3.

As shown in Figure 2, the chlorinated rate grows with
increasing the flow rate of chlorine gas at the beginning. But
noticeably, when the flow rate is higher than 30 mL/min, the
chlorination rate becomes independent of the gas velocity. In
other words, by increasing the gas velocity, the external
mass transfer limitation can be eliminated. As a high gas
velocity is usually adopted in most of our experiments as
well as industrial operations, it is reasonable to consider that
no external diffusion affects the chlorination process.

Figure 3 indicates that under experimental conditions with
no external mass-transfer limitation (80°C and 40 mL/min of
chlorine gas), changing PVC grain size causes no noticeable
differences on the chlorination process. Hence, it can be con-
cluded that there is no external and internal diffusion during
the process as long as the gas velocity is high enough. Thus,
the assumption of the direct interaction of chlorine gas with
the secondary particles is verified.

Although it is difficult to observe the structural change of
PVC secondary particles directly, the mass and the density
changes can be obtained by weighing and density meter
measurement, which allow for the acquisition of the volu-
metric and the diameter changes further on. The detailed cal-
culations are presented in Appendix B.

Figure 4 shows the changes of true density and calculated
density (assuming there is no volumetric change) with the
chlorine contents of CPVC product and Figure 5 gives the
calculated results of volumetric change and diameter change.
It can be seen that expansion of the PVC/CPVC sample does
exist during the chlorination process. But as to the diameter
change, the expansion ratio is only 5% at most when the
chlorine content reaches as high as 69%. When it comes to
secondary particle, the diameter change would be even less.
Such minor change is considered to have little effect on the
chlorination process.

The third hypothesis is about the Henry’s Law. To study
the relationship of the chlorine concentration in the bulk gas
phase and the PVC polymer phase under dissolution equilib-
rium, experiments were carried out and the results are pre-
sented in Figure 6.
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Figure 3. Effect of PVC grain size on the chlorination

process at 80°C and 40 mL/min of chlorine
gas.
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Figure 4. True density and calculated density of CPVC
products with various chlorine contents.

Figure 6 exhibits linear relationship of the chlorine con-
centration in the two phases, which confirms the Henry’s
Law assumption firmly. Furthermore, the Henry coefficients
at different temperatures can be obtained from the slopes of
the fitting lines in Figure 6. As it is solely dependent on
temperature, the Henry coefficient can be expressed as a
function of temperature by proper regression. Regression of
In H as function of 1/T leads to a linear coefficient of 0.99,
as shown in Figure 7. Thus, H can be expressed in the form
of a prefactor multiplied by an exponential factor, the param-
eters of which are the slope and intercept of the linear fitting
line

(14)

15,072
H:0.0466exp< ’ )

RT
So far, the three hypotheses made for building the model

have been confirmed by experiments, respectively, making
the model substantial with firm supports from experiments.

Model validation

Six parameters in the model are to be determined, namely
five kinetic parameters A, Ey, J, X,, X (parameters in the

800

R*>0.997
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3
C,(mol/m’)
5
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Figure 6. Chlorine concentrations in two phases and
linear fits under dissolution equilibrium at
different temperatures.

DAEM), and one structural parameter R (the equivalent
diameter of PVC secondary particle). The physical property
parameter D (the diffusion coefficient of chlorine in PVC
polymer) can be obtained from reference'’

—49,100
D=9.19x10""7 —
9.19X10 exp< RT )

5)

Both the changes of H and D due to the chlorination reac-
tion are neglected. The rest of the above parameters were
obtained by least-squares fit of one set of experimental data,
and the results are shown in Table 1. With determined
parameters, the chlorination processes under other operating
conditions can be calculated.

Based on our previous study, temperature is considered to
be a key factor as it affects the chlorination process both on
chemical reaction and physical properties of PVC/CPVC. In
the model, the influence of temperature is presented in the
expressions of reaction rate constant, Henry coefficient as
well as the diffusion coefficient.

Figure 8 shows the calculated results at different tempera-
tures in the form of chlorine content vs. time, along with
corresponding experimental results. It can be seen that the
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Figure 5. The volume expansion and diameter expan- T (1/K
sion of CPVC products with various chlorine (1 )
contents. Figure 7. Regression of In H with 1/T.
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Table 1. Values of Model Parameters

Parameters A (g/s-(mol-m*)"/?) E, (J/mol)

& (J/mol) Xa Xp R (m)

Values 14018 62727

1937.7 —16.28 727.32 3.44 X 10°°

model predictions match well with the experimental data
throughout the entire chlorination process. The results also
display the great dependence of chlorination process on tem-
perature, which is accordant with the previous theoretical
analysis.

The experimental and predicted results under different
chlorine concentration conditions are shown in Figure 9.
Again, good agreement is obtained between the model pre-
dictions and the experiments. From these results, one can see
that the influence of the concentration of chlorine gas on the
chlorine process is not as significant as that of temperature,
despite the fact that the chlorine is one of the reactants. It is
suspected that when the chlorine contents fall into this range,
the chlorination process is limited by other factors rather
than the chlorine gas. Considering the fact that the PVC
solid is always abundant, it is likely to be the diffusion of
chlorine in the polymer that limits the whole chlorination
process.

To illustrate the necessity of incorporating the DAEM to
represent the hindrance effect, a comparison between the
model calculation considering the hindrance effect and the
one without was made, which is shown in Figure 10. Obvi-
ously, deviation is inevitable in the model without consider-
ing the hindrance effect, that is, the calculated chlorine
contents are lower than the experimental results at the begin-
ning part, whereas higher at the ending part. The model con-
sidering the hindrance effect, however, shows good
agreement with the experimental results all along the whole
process. Thus, it is a significant improvement thanks to the
introduction of the DAEM.

The chlorination experiments discussed earlier were con-
ducted under UV radiation with the same UV intensity so
that the model has not taken this factor into account yet. As
a matter of fact, UV intensity could have great effect on the
chlorination process by affecting the generation of chlorine
radicals.”!

72 F
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% — = -Calculated
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Q
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=
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Q
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Figure 8. Comparison of experimental results with
model predictions at different temperatures
(50% and 45 mL/min of chlorine gas).
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By controlling the UV intensity that the reactor received
quantitatively, chlorination experiments can be conducted
with different UV intensities affiliated. Here, the UV inten-
sity, I (J/mol), is defined as the UV energy received by per
mole of chlorine gas that flows through the reactor.

From the mechanism point of view, UV radiation initiates
the chlorination of PVC by decomposing chlorine gas into
radicals, as expressed in Eq. 1, and UV energy intensity
could affect the quantum yield for chlorine dissociation.
Based on the pseudo-steady-state approximation on the chlo-
rine atom concentration, the overall rate should be propor-
tional to square-root of light intensity.>* A linear correlation
between the experimental data of chlorination rate and
square-root of light intensity was made, as shown in Figure
11. It can be seen that a general linear relationship does exist
between these two parameters. Similar result was reported
by Decker et al.,*® in which they also proved the chlorina-
tion rate is proportional to I°°. Therefore, we may express
the effect of UV intensity in the chlorination rate expression
with I as a factor. Because the chlorination could also take
place without any UV radiation, the relation is expressed as

$=57+0.0089x /%3 (16)

where Sy is the chlorination rate under the same condition
only without UV radiation.

Using the above correlation, chlorination process under
different UV energy intensities could be calculated. Figure
12 shows the comparison of the calculated results with the
experimental data. It can be seen that they are reasonably
matched, proving that such correlation of 1°3 and chlorina-
tion rate could basically reflect the effect of the UV
intensity.

As stated earlier, temperature, chlorine concentration, and
the UV intensity are three major operating factors to affect
the chlorination of PVC using gas—solid method intensified
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Figure 9. Comparison of experimental results with cal-
culated results at different chlorine concen-
trations in the gas phase (100°C and 45 mL/
min of chlorine gas).
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Figure 13. Calculated chlorination results at different
temperatures (50% of chlorine gas).
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by UV radiation. The effects of these important factors are
reflected in the model directly or indirectly. As it is time-
consuming and not practical to investigate chlorination pro-
cess under all conditions experimentally, predictions based
on the validated model become a more convenient way.
Therefore, sensitivity analyses of these operating parameters
were conducted, as shown in Figures 13-15.

Figure 13 illustrates that the chlorination process is highly
dependent on temperature. Generally, the chlorination
experiments and industrial operation are conducted between
70-100°C, where small difference of temperature can cause
distinct chlorination results. Thus, the temperature should be
accurately controlled in industrial operation. Conversely, it is
also concluded that we could improve the chlorination effi-
ciency by raising the temperature properly. The sensitivity
analyses of chlorine concentration and the UV intensity are
displayed in Figures 14 and 15. Both factors affect the
chlorination process sensitively at relative small values. But

69
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Q
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Figure 14. Model predictions at different chlorine con-
centrations (80°C and 156.3 J/mol of UV
radiation).
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concentration).

with the increase of the parameter values, the intensification
effects are less evident anymore. Such results are useful
when determining if it is reasonable to promote the chlorina-
tion process through adjusting these parameters.

Conclusions

In this article, we thoroughly investigated the characteris-
tics of the gas—solid PVC chlorination intensified by UV
radiation experimentally and theoretically. Based on several
hypotheses that were verified by experiments, a comprehen-
sive mathematical model was developed to describe the
whole chlorination process. Innovatively, the DAEM was
incorporated in the model to describe the hindrance effect of
Cl atoms already inserted on the PVC polymer chain on later
insertion, which resulted in good agreement of model predic-
tions with the experimental data under various operating
conditions. In addition, sensitivity analyses of three primary
operating parameters, that is, temperature, chlorine concen-
tration, and UV intensity, were conducted. The results show
that temperature is the most sensitive factor in the PVC
chlorination process in a wide range, and that the effects of
chlorine concentration and UV intensity are only significant
when they are relatively small.

Conversely, it should be admitted that the current model
is applicable for lab-scale gas—solid PVC chlorination pro-
cess only as the assumptions are validated by lab experi-
ments. For a larger scale process, new factors brought by
scaling up, such as external mass transfer resulted from
lower gas—solid contacting efficiency, uneven distributions of
reactant concentration and the temperature, need to be taken
into consideration. By incorporating these factors with the
current model, a more comprehensive model to describe the
whole reactor performance can be built, which should be
capable of simulating the chlorination process in a practical
reactor, thus providing straightforward guidance to industrial
operation.
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Notation

A = pre-exponential factor, g/s-(m01~m3)”2

Cp = chlorine concentration in PVC, mol/m3
D = diffusion coefficient of chlorine in PVC, m2/s
E = activation energy, J/mol

E, = activation energy at one point, J/mol
H = Henry coefficient

I'= UV intensity, J/mol .

k = chlorination reaction constant, g/s»(mol~m3)
ki = the first elementary chlorination reaction constant, 1/s
k> = the second elementary chlorination reaction constant, g/(s-mol)
ky = the fourth elementary chlorination reaction constant,
1/s-(mol-m*)'*?
R = radius of the PVC secondary particle, m
r = radius of PVC/CPVC secondary particle, m
S = chlorination reaction rate, mol/m>-s
So = chlorination reaction rate without UV radiation, mol/m>-s
T = temperature, K
t = time, S
w = chlorine content
wymn = mass fraction of MH in PVC/CPVC
wmcl = mass fraction of MCI in PVC/CPVC
X, = lower limit of activation energy deviation ratio
Xp = higher limit of activation energy deviation ratio
y = chlorine concentration in gas phase, mol/m®

Greek letters

0 = activation energy deviation constant, J/mol
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Appendix A

PVC and CPVC can be decomposed into benzene and its chlorine-
substituted isomers as well as hydrogen chloride in a pyrolyzer
under proper condition. Experiments were conducted at the tem-
perature of 460°C. Hydrogen chloride evolved during the thermal
decomposition of the polymers was eliminated by precut column
containing NaOH, and only the aromatic compounds such as ben-
zene and its chlorine-substituted isomers were separated to record
pyrograms.

To investigate the chlorine distribution on the CPVC polymer
chain at different stages during the chlorination process, CPVC
products with graded chlorine contents were chosen to be
decomposed. The representative results of pyrolysis products are
displayed in Figure Al. It can be seen that there is at most one
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Figure A1. Distribution of pyrolysis products of CPVC
with graded chlorine contents.
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Cl atom added on every three —CH,—CHCI— units for quite a
long stage until chlorine content reaches 62%. Similarly, no
more than two Cl atoms are added on six carbons of CPVC
chain when the chlorine content is below 67%. Such distribution
pattern shows that Cl atoms tend to substitute H’s bonded to the
carbons that are far away from the carbons with Cl atoms added,
which is believed to be caused by the hindrance effect of the
newly inserted Cl atoms.

Appendix B
The density of CPVC p, is defined as
Vo+Am
py=P120 2" (B1)
Va

where p; is the density of PVC sample (1.44 g/em® in our
experiments), Vq is the initial volume of PVC, Amis mass
increase of the sample after being chlorinated, which is pre-
sented as

_ p1Vo(w—0.568)
1-w

Am (B2)
where w represents the chlorine content of the CPVC products.
Assuming that there is no volumetric change during the chlori-
nation process, that is, the volume of the CPVC product remains
V, then the calculated CPVC density can be acquired

V() +Am
P, = plvi (B3)
0
Incorporating with Eq. B2, we can get
0.432
py'= Tpl (B4)
w

Combing Eqs. B1, B3, and B4, the volumetric change can be
obtained

Vo _ 0432p,
Vo  pa(l=w)

The diameter change is then given as

b _ (E) . (B6)

(B5)

dy \Vo
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