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ABSTRACT

e flerein is reported an experimental cvaluation of a model
» .
after Abdel-Alim and Hamielec, for bulk and suspension polymeri-

zation of vinyl chloride for the conditions of nonisothermal.poly-

merization and polymérization with multiple initia®or systems.

A
-~

The model predictions for thcse rather extreme conditions
are reasonable. It appcars that with minor modifications the
model could be used to design'initiator systems and to develop

new molecular weight recipes for commercial initiators.
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INTRODUCT ION é

’

There is urgent need in the PVC industry for a mathematical
model for mass and suspension polymerization which can apcuratély pre-.
dict conversion-time histories and molecular weighf development using
multiple initiator systems under isothermgi and nonisothermal condi-
tions. Such a model would be used to design multiple initiator systems

to minimize batch times and to develop new molecular weight recipes.

.
) LY el

Many models have been proposed and publishcd'and‘they will be
discussed later. However, only one model gives accurate predictions
even at high conversions and complete molecular weight calculations.
This model was developed by Abdel-Alim and Hamielec. Unfortunately
this model up to the present time has been tested under the {Pllowing,
rather restricted conditions: Isothermal polymerization using only one
initiator (AIBN) at three temperature levels of 30°, 50° and 70°C. It
was therefore decided to test the applicability of this model using
nonisothermal polymerization and muliiple initiator systems. In addi-
tion, Lucidol Division of Pcnﬁwalx'Corporatioﬁf“a U.S. peroxide pro-
ducer has recently published rather extcﬁsive rate data for isothermal
suspension bolymérization of vinyl chloride using one and two lnitiator
systéms. These rate data werc‘also used to test the applicability of

the model.

Parts I and II also include a rather extensive review of PVC ~
technology and the various models that have been published for mass and

suspension polymerization of vinyl chloride.
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1.1 GENGRAL .

\i The- term Polyv1ny1 Chloride, or PVC, indicates homopolymers of

vinyl chloride and incorrectly copolymers containing amounts of vinyl-

idene chloride, vinyl acetage, ethylene, propylene or acrylates.

Belng a very well known member of the family of vinyl polymers,
PVC ranks as 'the second most important polymer after ethylene. Its
annual production rate in the U.S.A. has increased at an average annual

growth rate of the order of twelve percent.

Until about forty years ago, PVC was considered a laboratory
curiosity. In 1974, the production volume was 9.2 million metric tons
A\

world-wide, inciuding 2.2 'million metric tons in the U.S.A. (Figure 1).

Assuming a minimum predicted annual growth rate of the order of eight

’ percent, these figures will be increased to 14.6 and 3.5 million tons by .

R

1980. The event of vinPl chloride being established as a probable carcin -

n
-

' ogenic seems to have had only a short term negative impact. On the

long term, by substantially reducing monomer and polymer waste, using
much larger polymerization reactors and eliminating residual monomer
from the PVC resim, industry seems to be able to overcome the toxicity

problem, At the present time the 1-5 ppm monomer 1limit has already been

achieved by some manufacturers. Another positive factor is that only 43% .

of PVC is made from material based on petroleum. Additionally, a cubic

centimeter of PVC contains only 0.60 g hydrocarbon, while polymers such

%\

N
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’

as pquethylene, polypropylene, ABS and polystyrene contain at least

0.90 g hydrocarbon. ,This is expected tb influence ‘the growth rate

positively. ' |
Polyvinyl chloride is a very versatile polymer and finds Sxten-

sive use in a great variety of products. In the constructian indﬁstry

it is used for flooring, wire insuldtion, waste and water pipes, window

frames, external siding, etc. Phonograph'records, bails, cans, toys and

garden hoses are some other appiications. A large number of fabricating

methods allows the formulation of the final product. Film coating, blow

molding, injection molding, extrusion and calendering are the most

Common.

The resin is commercially producéd via bulk, suspension, emul-
sion and splution processes. Lach one of thesc processes has its own
advantages and disadvantages. Suspension is the most important method,
‘accounting for about 80% of the total PVC production. All-the above
processes are heterogeneous, the polymer being insoluble in its own

monomer and in water.

The molecular properties and the polymer microstructure seem to
depend almost exclusively on the reaction temperaturg. But macropropér—
tiés such as particle size, partiCLe‘size distribution, bulk density and
porosity, seem to véry substantially with the type of process. In the
following chapters we will briefly discuss most of the above mentioned
characteristics of PVC. The low price, the good compéunding ability,

physical, chemical and weafhering prbperties, as well as excellent



processability contribute to the rapid growth of PVC production world-

wide.

PVC is one of the most extensively investigatéd and studied
polymers. Such studies deal with polymerization kinetics, polymer
characterization, degradation, rheology, processing and more recently
toxicity: There are still, despite theJnge commercial production of.
PVC, many problems that have not been so(x?d. For example, the mechanism
of polymer particle formation is not yet céﬁbletely understood and there
is ﬁo mathematical model describing the particle size and the size dis-
tribution. We believe that with the recent advent of improved analytical
instruments and techniques, it will be possible to further explore and

better understand these mechanisms in the near future.

1.2 THE MONOMER , : ~

Vinyl chloride is a toxic,colourless gas with a pleasant sweet
odour. It is normally used as compressed liquified gas. The atmospheric
boiling point is -13.8°C$and the vapour pressure at room temperature is

about 50 psi. It is extremely volatile and flammable. -

1.2.1 Preparation ' : -

Current commercial processes for production of vinyl chloride

monomer (VQM) are the following:

(a) "Acetylene and HC1 react directly over mercury chloride to produce
vinyl chloride

CH=CH+ HC1 =~ Gh==0ml+lkat



Acetylene is obtained from the petrochemical industry or from

calcium carbide,

'

(4,5) Jr even other

The cafalyst may be either mercury chloride

halogenated heavy metal(G).

2

Arsine, phosphine and other compounds act as poisons to the ‘\\\\\\

reaction, so the‘gas‘streams have to be dry and‘clean.

o

(b) Ethylene and chlorine react to produce ethylecne dichloride.

’ al
followed by cracking to produce vinyl chloride and HCl.

CHZ = CH2 + C12 - - C}Iz(;l - -CHzCl
o v
aL,Cl - aLCl 200°C, ¢, =-cHCL * HCL
(c) The balanced process: This combines the previous two methods.

Here the hydrogen chloride produced in (b) reacts according to
the first method to produce VCM. This method has been used

4
commercially in Japan and a flowsheet of the process is givgn by .

Buckley(7).

(d) The oxychlorination technique; This may be carried out in one
or two steps.

Two step process:

Oxychlorination followed by pyrolysis

2HC1  + 3502‘+Cl + 2C,H, —— 2C

2 2ty H4C1 + H,0

y/ VA 2

C2H4Cl2

One step process:

—_ CHZCHCl + HC1

Combines oxychlorination with pyrolysis

~

>



%OZ + Cl2 + ZLZH4 ~—+-2CHZCHC1 + HZO

-4

Almost all VCM produced today is based on ethylene énd'on oxychlori-
nation processes commercidlized since 1960. The change from acétylenc

to ethylene based processes reduced the price of VOM by a factor of about
two and this is one main reason for the increased production dnd use of

polyvinyl-chloride.

1.2.2 Monomer Quality and Impurities -

The quality of VM is always a very important factor in pol;meri-
zation because impuritiés may affect the reaction kinetiés and "the quaiity
of the final product. Today\most of tﬁc qué;ity problems have been eli-
minated: and tﬁc vinyl chloride produced is of a high purity. Typical\

analysis of the monomer used for PVC production is shown in Table-'l.

Impurities may affect the kinetics via the initiation and chain
transfer stéps. As an example we have found that iron oxides contribute
to a faster initiator decomposition. Using stainles§ stecl ampoules we
found that the reaction rates are higher compared to fhe rates we measured
using'glass ampoules. These higher reaction rates may be due to the
presence of iron oxides on the inner surface of the stainless steel am-.

poules.

1.2.3 Physical Properties

Selected physical properties of VIM are summarized in Table 3.
A list of empirical equations relating selected physical properties.of

VCM to temperature is given in Table 2.

[/



TABLE 1

TYPICAL QUALITY CONTROL ANALYSIS OF VINYL Cl-{LORIDli(g)

PROPERTY TYPICAL ANALYSIS
APPEARANCE CLEAR, FREE OF SUSPENDED MATTLR
COLOR - COLORLESS, WATER-WHITE ~
IDITY, AS HCl <1 pPM
_IRON, AS Fe 0.2 PPM
NON-VOLATILE RESIDUE 10 PPM :
WATER 45 PPM :
SULFUR, AS S0, <1 PPM
PEROXIDES : < Q.06 PPM
ACETALDEHYDE <1 PPM
ACETYLENE ' <1 PPM
. OXYGEN 500 PPM
METHYL CHLORIDE 100 PPM
BUTADIENE 10 PPM
TABLE 2

EMPIRICAL CORRELATION OF VINYL CHLORIDE PHYSICAL PROPER’I‘IES(S)

r

VAPOR PRESSURE mm Hg LOG1oP = 7.356-1170t °C
DENSITY gm/cc . o = 047,9-1,89t°C
LIQUID VISCOSITY CENTIPOQISES *LOGyqu= -3,957x10"3t°C-0.626

HEAT CAPACITY, LIQUID cal/gm/°C CP = 0.0758t°C + 18.67

. LATENT HEAT OF VAPORIZATION K cal aftv = 5014 - 17.04t°C
SURFACE TENSION dynes/cm 6 = 1953 - 0.1413t(°C)
HEAT CAPACITY VAPOR cal/gm/°C Cp = 12.13 + 0.0275¢t(°C)

-~/
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“TABLE 3

SELECTED PHYSICAL PROPERTIES OF VINYL CHLORIDE

10

’

PROPERTY

Molecular Weight

Boiling Point at 760 nm Hg, °C

Melting Point, °C :

Colour :

Density, Liquid, gm/ml

Viscosity, Liquid Cps

Viscosity, Vapor Cps .

Surface Tension, Dynes/cm

Refractive Index D Line

Vapor Pressure, mm g

lleat Capacity Cp, Cal/mol/°C -liquid
-Vapor

Latent lleat of vaporization, Hy, cal/mol

Latent lleat of Fusiom, ly, cal/mol

Heat of Formation,.Hg, K Cal/mol

Frce Energy of Formation, Gy, K Cal/mol

Heat of Polymerization, H,, K Cal/mol

Flash Point, Cleveldnd Open Cup, °C

Ixplosive Limit, Vol % in air

Critical Temperature, t¢, °C

Critical Pressure, Pc, Atmospheres

Critical Volume, V., cc/mol ,

Critical Compressibility, (PV/RT), Z

Dielectric Constant at 105 Herz

Dissipation Factor at 10° Herz

Solubility of Water in Vinyl Chloride, wt%

Autogeneous Ignition Temperature, °C

Solubility of Vinyl Chloride in Water, wt$

TEMP°C

VALUL
- 62.501
- -13.80
- -153.69
- Colorless
25 0.9013
25 0.185
25 0.0108
25 16.0
25 1.3642
25 2943
25 20.56
25 12.82
25 4710
- 1,172
25 8480
- 12.386
- ~25.3 + 0.5
- -78
- 3.6 - 26.4
- 147
- 56
- 179
- 0.29
-21 7.05
=21 0.0011
25 0.11 ,
- 472¢22
30 Opﬁ -

.

-
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I.2.4 Safety - Toxieity .

The flammability of V(M has been the cause of several serious
. Nt
fires and explosions due to accumulation of vinyl chloride. It is -

easily ignited by a spark in the explosive composition range of 3.6% -

26% in air.

~—

Two additional hazards, acroosteolysis and angiosarcoma are
attributed to VOM. In acroosteolysis, the bone in the fingers slowly
dissolves. If contact with VCM is eliminated in the early stages, the

bone may regenerate completely in ong or two years.

Even though VCM was considered to be very low in toxicity; re-
searchers found that it causes angiosarcoma, a form of liver cancer,
even at concentrations as low as 50 ppm. - Because of ‘the carcinogenic
properties of the monoﬁer, worker exposure is not allowed to exceedyl
ppm in an 8’hour day. For higher concentrations,fmésks and other pro-
tective equipment, combined with continuous monitoring systems (chro-

matographs) have to be used. -

]

' L
One additional precaution was to reduce the amount of monomer

c0ntained\in\£pe polyvinyl chloride resin. This amountewas about 0.2%

?

VM before January 1975. This is equal to 37 million lbs of vinyl

-

chlorile during 1974. Recently companies offer very pure PVC resin

containing only 1 ppm.

-
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I.3 POLYMERIZATION TECHNIQUES.

PolyVinyl chloride is commercially prpduccd by bulk, suspension
emulsion and solution polymerization. The suspension process is the
major manufacturing technique. 80% of the total PVC is produced by sus-
pensién polymergzation, 12% by ‘emulsion, 7.5% by bulk and 0.5% by solu-
(8)

tion polymerization The suspension process is favoured because it
has the advantage of good process control and low cost of separation and

drying the resin. The literature contains few details of commercial

. processes. A brief review of the main processes is given below.

I.3.1 Bulk ProcessY { .

In this process the monomer is polymerized without diluents.

?he important advantage of this méthod is the production of polymer free

fof impurities. A major problem is heat removal, and the control of the

. reaction rate presents serious difficulties. The bulk process was of no

commercial interest until the middle 60s,'when Pechiney-St,.Gobain deve-

2

loﬁad a new process.

\In the orlglnal one step process(lo) a 3000 gallon ball mill was
used as the reactor The balls are used to convert the precipitated
fluffy PVC 1pto a fine powder sultable for extrusion and calendering.
Further development led to the Rhéne-Poulenc bulk process, schematically
shown in Figure 2. Ibis is a twd stage pro;ess( ). During the first
step, polymerization up to 10% conversion ogcurs in a standard vertical
high shear agltatcd reactor, the so-called prcpolymellzer Half of the

monomer is fed 1nto the reactor. The agltatlon speed and the temperature
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determine the size of the polymer particles which act as seeds for the

second stage(lz).

During the sccond step the reaction mixture is transferred from
thc'polymcrizcr to the main rcactor. The second half of the monomer is
fed, together with the mixturé from the first stage, into the specially .
designed, well agitated horizontal recactor where the reaction goes up to
75-80% conversion. The horizontal autoclave reactor is called the post-
polymerizer and is loaded with scraper blade type agitation to be able
to handle the PVC powder during the last stages of the reaction. ‘Thc
reaction is completed in 5-9 hours and stops simply by evaporating the

unreacted monomer which is condensed and recycled. The system of the

two reactors is shown 1n Figure 3.

STEPIL

STeP 1l

ovC UM.OAD y

Figure:3

Thus, one line consists of one big prepolymerizer equipped with a reflux

condenser and cooling jacket, four main reactor autoclaves comnected in



N

15
parallel, a VQM compressor, storage tanks, filters and auxiliary equip-
ment. One line has an average capacity of 30-45 million pounds of dry-
blend resin per year. Pechiney has also patented a vertical reactor with
two agitators, and a reflux condenser. This reactor has a capacity of

10,000 gal and may replace the horizontal post-polymerizers in the future.

[.3.2 Suspension Process

Currently this is the most important method for PVC preduction.
About 80% of the total PVC made today is produced by the suspension
process. In this technique, the continuous phase is water, with viﬂyl
chloride monomer droplets dispersed in the water phase by means of sds=
pension agents, The particle size range obtained is 50-150 microns. The
cost of manufacturing is significantly lower than for emulsion and
solution processes. Impurities also, such as emulsifiers, suspension
agents and protective colldids, are at a substantialiy lower level than
emtlsion resins. The types and amounfs of suspension agents commercially
used are the subjects of numerous patents and affect particle size,'sizc

>

distribution, porosity and the shape of the particles.
) D

It should also be mentioned that, since water is the continuous
- phase, we do not have very significant heat transfer problems and the
process control is good. A schematic of a suspension polymerization

plant is shown in Figure 4.

1.3.3 BEmulsion Process

By using an emulsifying agent we can produce a fine particle

sile dispersion in water. The polymer emulsion may be coagulated and

?
.
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dried for processing applications, or it may be spray dried to produce
plastisol resins. For latex applications the particle sizes produced
are extremely fine. The polymerization equipment is similar to the
suspension process and the water, as in suspension, permits the effec-
tive heat removal. Disadvantages of the method are the high cost of
manufacture and the high levels of cmulsifiers and protective colloids
in the final product. A schematic plan of the cmulsion process 1is

shown in Figure 5. . °

1.3.4 Solution Process

-

The Union Carbide solution process, described by a number of
patﬂgts, was developed fog\vinyl chloride-vinyl acectate copolymers.
Thf/broducts are highly uni?BTm\and‘the applications are mainly solu-
tion coatihg and fiber resins where the high qualify and uniformity
‘justify the higher production cost. - The polymerization is carried out
jin solvents usually arganic hydrocarbons. The proceéss uses standard
reactors continuously fed with the co-monomers, hydrocarbon solvent
:and initiators. The slurry produced is continuously fed into solid-
1iquid separators. The solvent and the résidual CO-MONOMCTS are re-
covered and recycled continuously. The disadvantage of the method is

the high cost due to the need for efficient solvent recovery.

-//
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I.4  PVC PROPERTIES

I1.4.1 Microproperties

_(a) Chain configuration

The carbon atom in the vinyl chloride molecule is mainly
responsible for the three different modes of addition of a néw mono- {//,,//«\)
mer unit on the polymer chain during propagation. The three diffe-
rent modes are known as head-to-tail, head-to-head and tail-to-tail
structure, (as shown in Figure 6). Marvel and coworkers(13) have
shown the head-to-tail structure to be predoﬁinant (greater’than 99%)
in PVC homopolymér.' The carbon atom is also responsible for the

variable chain stereoregularity.

Since the terminal carbon atom on each radical is free to
Totate, there are two different arrangements for the chlorine atom
contained in the C(HCl group. When ail the chlorine atoms are found
in the same po;ition (relative to the ﬁlane containing the backbane
carbon-carbon bdnds), an isotactic chain results; (See Figure 6). In
this figure the dotted line bonds lie below the plane of the paper,
the thin triangular bonds lie above this plane. When the chlgfgne
atoms are in an alternating configuration, the result is asyndiotactic

chain; (see Figure 6).

An exténsive investigation of the stereoregularity of PVC

homopolymers as a function of polymerization temperature (in the rﬁnge

-50°C to 70°C) was obtained by high resolution NMR (220 MHz) (14’15),



FIGURE - 6
PVC CHAIN CONFIGURATION
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The Arrhenius equation obtained is given as

en 25 = g.gass - 3423
S T

% <

&

2
where s is the instantaneous fraction of syndiotactic diads. (See

Figuire 7).

(b) Branching

\.

T%ansfer reactions to palymer usually give rise to bran-
ching cffects. 1hefdegrec of branching is determined by infrared
analysis on polyethylene obtained through reduction of PVC. The lower
the polymerization temperature, the lb@er the degree of branching:
Generally branching is not highly prevalent in PVC polymerized belo@

room temperature. Many workers have shown that the Jegree of branching

drops with temperature and is zero for polymer prepared at 7S°C.(16)

(15)

Lyhgaae Jorgensen reported that the degree of branching in commer-

cial PVC is 0.4 to 0.5 CH3/100 CH,; 10% are long branches and 90% -are

2
short branches.
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(c) Molecular Weight Distribution (MWD)

j) ‘ ‘ It has been established experimentally that the amount of
branching is negligible in PVC. Simple kinetic analysis in such a case .
shows that when transfer to monomer is the dominant step in the molecu-
lar weight development then the molecular weight distribution, produced
in ‘both fonomer and polymer phases, i; the most probable distribution.

L 4

r T
W) = —— exp(- )
(r.) n
n
where r is the chain length, W(r) the weight fraction of chain iength T
and.f'n is the number average chain length. Then the ratio of the weight
average molecular weight Mw to the number average molecular weight MN‘

theoretically will be 2.0.

Many workers compared theoretical MWD with expérimentally mea-

(17’18). They also

sured ones and found them in excellent agreement
found that MWD does pot vary with conversion during the course of the

reaction, provided th;g\eenditions are isothermal.

~

.1.4.2 Macropraoperties of PVC

(a) Glass Transition Temperature (Tg).

Tg is defined as the temperature below which polymers are
glassy, hard and brittle. Above Tg pol}mers are softer, more flexible
and have better impact strength, Some of the important physicél pro-
perties of the polymers change significantly near the Glass Transition
Temperature. Specific voluﬁp and shear modules are examples of proper-'

-ties that chahge at Tg. Table 4 shgas some typical values for Tg.

By

> : | -
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TABLE 4

Tg For Some Common Polymers

‘ Tg(°C) -

Polyethylenc -1l0/
Polyisoprene - 70
Polypropylene * - 18
' Polyvinyl chloride 82
Polyvinyl acetate 30
Polystyrene ' 100
Polymethyl methacrylate 105

N
7

Reding et alglg) showed that there is a negative linear dependence of Tg
on polymerization iemperature; the dependence of Tg on temperature is

shown in Figure 8.

Plasticization or coﬁolymerization of vinyl chloride usually tends
to reduce Tg significantly, increasing the softness and the flexibility

-

of the final prdduct.

(b) Crystalline Melting Temperature (Tm)

Tm is defined as the melting temperature of the crystalline
domain of the polymer. Tm is higher than Tg. The melting point of PVC
depends ¢n polymerization temperature and more specifically on stereo-
regularity and.crystallinity. The Tm for ;ommercial PVC (prepared at

about 50-60°C) is found to be about 200°C.

(c) Crystallinity - Molecular aggregation
Pélyvinyl chloride is not generally classified as a crystal-

line polymer. Crystallinity.and molecular aggregation are relatively low
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A

in eommercial PVC polymers, but they both scem to influcnce the melt
rheology and processing gharacteristics of the polymer, as well as the
stability of the partiélcs. “Théy are both associated with the syndio-
tactic scquences, their longth~?nd the molecular weight. Crystal struc-
ture is typical of syndiotactié,polymcrs with a repcat distanck corres-

ponding to four chain carbori ‘atoms.

Commercial polymers produced at temperatures betweey 30 and 70°C
have low degrecs of crystallinity and aggregation. Crystad#inity is
between 5-15% and only wcak.molccu}ar aggregates exist and range from 0%
above 50°C to 10% at 30°C. Both crystalliﬁfty and aggregation increase
rapidly below room temperature as shown in Table 5. 1€ thé?rgaction tem-
perature is as iow as -10°C, then 80% of the PVC produccd'is(in the. form
of molecular aggregates and crystallinity increases to about 60%. Heating
is the usual way'fo disintegrate the aggregates. Several studies show’

that aggregates persist in the rigid and plasticized melts affecting melt

viscosity and extrusion characteristics.

(d) Polymer‘particle size

The shape, the size and particle substructure influence
very significantly the utility of a'polymer._ Plasticizer absorption,
bulk density, particle flow and melt rheology are some of the properties

. affectéd.
)

The particle size of U§~rcsin produced depends on the process

Aclvfzggﬂand Sonditions. The type and the amount of additives, as well as

-the degree and type of agitation, may modify the particle size produced.



- TABLE S
POLYMERIZATION SYNDIOTACTIC DEGREE “WEAK STRONG CRYSTALLINITY
TEMP. °C DLADS OF BRANCHING AGGREGATES  AGGREGATES 5(X_)
(FRACTION)  (CH/100 CH,) 5 3 <
90 - 0.27 0 0 11.3
70 17 - 0 0 -
60 .21 0.20 0 0 11.3
50 .24 0.20 0 0 13.2
45 - - 1.2 0 -
40 .28 - 2.5 0 -
35 - - 3.9 0 -
30 .32 - 10.9 0 -
20 .36 0.15 - 0 15.0
10 .50 - 64.3 14.2 -
-15 - 0.05 - - 57.3
-30 .61 - 0 82.8 -
-50 .76 - 0 87.1 -
-75 - 0.0 - - 84.2

LZ
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The particles produced from suspension PVC are usually 20 te
250 micron. They are characterized by highly spherical substructure
particles 0.1 to 1.0 micron, and a pericellular skin apparently caused

by the suspension agents.

The bulk PVC particles are similar in size to suspension PVC °?
but are‘less spherical and have an open surface structure. Another
characteristic is the narrower particle size distriSUtjonf as shown in
Figure 9.

The emulsion particles range from 0.01 to 1.0 micron and they
are d%ually quite dense compared to the suspension or hulk produced

. ‘
particles.

(e) Particle porosity ;

Another important factor in PVC polymer processing is the
particle porosity. For plastisols we want the surface porosity to be |
low to reduce plasticizer absorption, but we want the'internal’ porosity
to be high so that it can rapidly absorb large amounts of plasticizer at |
the fusion temperature. Low porosity is also desirable for extrusions

or injection molding. It facilitates extruder feeding and resin melting.

Generally the resins produced by the Rhone-Poulenc process have
the highest parosity, suspension resins have somewhat lower porosities and

emulsion resins have even lower,

For the determination of particle porosity two methods are used:
mercury porosimetry (for the determination of total pore volume, and pore
size) and gas absorption (B.E.T. method with nitrogen or argon) to deter-

{
x



30

mine the total surface area of the porous particles.

(f) Solubility and Theta solvents

We define a theta solvent as a solvent in whicH the dimen-
sions of the molecular coils remain unperturbed by solvent effects.

Benzyl alcohol at 155.4°C is the only reported theta solvent for PVC.

The solubility of PVC depends on mblékular weight, moiecular
aggregation and crystallinity. In general, PVC is swollen by éromatic
hydrocarbond but remains almost unaffected by alcohols or aliphatic |
hydrocarbons. Similar to other polymers, low molecular weightlpolymer

is more soluble in the same sqivent than high molecular weight polymers.

~

The most widely used complete solvents for PVC are tetrahydro-

furane (THF) and cyclohexanone. Dimethylformamide is also an excellent

solvent but affects polymer stability. . {”7

8
.5 P.V.C. TECHNOLOGY

|

Since PVC -is not a very stable polyﬁer, to improve its quality
and make it more useful Tsr different applications, we have to add cer-
tain ingredients. . T re several categories of additives, -each one
of them offering one or more:"efql properties to therfinal product.
Plasticizers added tg the harZsbriptle polymer convert it ‘*to spft,
flexible material. Stabili%grs offer extended life and good properties
'du?ing and after thermal fa#rication and outdoor exposure. Other addi-
"tives for-special uses, e.éf fillers, colorants, together with the

: . “
plasticizers and stabilizers, give to the final PVC product a very wide
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<t

range of properties and applications. The volume of literature

covering this subject is very lérgecs’ 20-33)
[

I.5.1 Plasticizers

The most coﬁmonly used plasticizers are low molecular welght
solids or heavy non-volatile iiquids which are able to solvate and
soften the polymer. They are divided into two classes based on their
compatibility with PVC.. Primary plasticizers have good compatibility .
. and solvate PVC. Secon@afy plasticizers have l%mited solubilityand

compatibility. There is no sharp dividing line between the two cate-)

124 °

y

Another method of classification of plasticizers is by sfole-

gories.

cular, weight. Monomeric plasticizers have.molécular weikghts usually
below 500; polymeric_ones have molecular weights between 500 and 2,000. .
Among the properties considered before selecting a particular plasti-
cizer are the cost, perfotmance, volatility, flgﬂmwbility, compounding

ability and finally light and heat stability.
23 . .

I1.5.2 Stabilizers

It is well known that PVC degrades when exposed to various forms
of energy. The degradation is qually evidenced By the evolution of
hydrogen chloride.’ Chemical compounds‘which'are capable of reacting
with and neutralizing this hydrogen chloride split off.-by the polymer
are call?d Sgabilizers: They are usually clagéified'accofding to theirn
chemical structure. A'pattern Qf usage of PVC polymers in different

applications is given in Tables 6 and 7.



“TABLEG @ #
{ ;

U.S. CONSUMPTION OF PVC RESIN IN 1974(8)

- A) MAJOR END-USE CATEGORIES'

- . ‘ METRIC TONS

CONSTRUCTION : 1,040,000
HOUSEHOLD USES 290,000
PACKAGING 145,000
ELECTRICAL USES 186, 000
CONSUMER GOODS 236,000
TRANSPORTATION ‘ 118,000
MISCELLANEOUS L : 91,000
' EXPORT |

68,000

4%



TABLE 7 |

U.S. CONSUMPTION OF PVC RESIN IN 19748

. B) BY FABRICATION PROCESS AND PRODUCT LINE

METRIC TONS
1) EXTRUSION - o -
RIGID PIPE AND TUBING ( 505,000 -
WIRE AND CABLE ~ 164,000 .
FIIM AND SHOOTING . : 101,000
OTHER 185,000
TOTAL | 955,000
2) CALENDERING ‘
. FILM AND SHOOTING T 248,000
- _ FLOORING . . 88,000
TEXTILE 39,000
TOTAL - ‘ 375,000
3) DISPERSION
* PLASTISOL FORMULATING AND MOLDING 71,000 .
TEXTILE AND PAPER COATING 86,000
- FLOORING . ﬁ 67,000
TOTAL ' . 224,000
4) MOLDING o _ ' '
COMPRESSION (PHONOGRAPH RECORDS) - . 68,000
INJECTION # - 105,000
\ BLOW ‘ . 35,000
' TOTAL ' . 208, 000 -
5) SOLUTIONS - o ' 68,000
6) ALL OTHER 131,000
P ™, °

-~ .
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1.6 COPOLYMERS ,OF PVC .

The PVC homopolymer has 1i‘miteld properties.( These propertiés
may be modified and 'upproved by copolymerization. Vinyl chloride co-
polymerizes readily with a number of commercial monomers. The final
copolymers have better processil;ility, adhesion (espécialiy to metal), ~

-

impact strength, stability, etc.

The reactivity ratios of common comonomers are given in Table 8.

M
P - TABLE 8

REACTIVITY RATIOS FOR COMMON VCM—CONDNOMERS(B) .

Monomer r r, T°C Composition
1 2 WT. 5
———— « «0
: \ ‘

VA : 7.8 0:6 40 - 0.30
VC1, 0.3 3.2 60 . 0.15
Propylene N 2.27 0.3 60 "~ 0.50
Acrylonitrile o007 50
Maleic Anh. _ 0.29 (oo - 75

] Ethylene . 7.85‘ 0.2 70
Et?ylene 3.6 0.24 E?O

The most .important d;omonomer is vinyl acetate. These copoly-

> 3 . - - I3 —J Ve
mers usually contain’2 - 20% vinyl acetate. This increases the softness

N,
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giving better processibilit} and also better adhesion, solubility and

© impact strength. A disadvantage is the lower stability. Toiimpart

increased adhesion to metals, sometimes maleic anhydpide is incorporated.
N ;

For vinyl acetate copolymers the composition spread is not

great, except for high conversions. So the.polymer can safely be pro-

" duced by normal batch ‘opération with conversions below 80%. Applica- °

. A ’ '
tions are mainly plastic sheets and phonograph records.

Vinylidene chloride is the second most common comoriomer. In the

5-20% concentration range, it allows better processing at lower tempera-

tures. Here, due to the wide composition spread, a semibatch operation

is required in Order to maintain the composition within a reasonable

narrow margin.

R Propylene copolymers have the advantage of increased stability,
especially at the lower fabrication temperatures where they can be used.
The scrap can be recycled more easily than the homopolymer, so it 15

recmmnended for blown bottles and 51m11ar applications.

[ 4
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PART IT.  REACTION KINETICS
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'I1.1 THEORY OF HOMOGENEOUS BULK POLYMERIZATION(4)

Befére we study the heterogeneous free rqdical ﬁolymerizatioﬁ of
VM we find useful a brief discussion of the chemistry of thé homoge -
neous reaction. We will place particular emphasis on reaction steps’
which influence the rate of reaction and molecular weight distribution.
One basic assumption that we make here is that kineti& rate constants
assoﬁiated with live or degd polymer chains, are independeni of chain

N
length.

v

Reaction steps

IT.1.1 Initjation ,

The only interesting form of initiation for PVC is chemical
initiation. The other two major types of free radical initiation,
. ' /
thermal and radiation, are of no interest for the PVC, thepgfore thfi”t>

will not be discussed o .

Chemical initiation in its simplest form involves the decompo-

) \
_ sition of an unstable species into two free radicals which can immediate-
ly react with monomer to begin the propagation of a polymer chain. ' A

simplified scheme of the reactions taking place is given below: S~

-

kd . .
B! =% 2 (II-1)
K \\\ RC .
. pc . R 7 ;
RC + M > Bl ' SEI 2)
- ]&) . . AV
) Rl + M — ' > R2 : . \ (11-3)
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’

where 1 represents theu}nitiator, RC the primary radical, M the monomer,

Ri, Ré propagating radicals containing 1 and 2 monomer units respectively.

kp is the propagation rate constant and kpC is the rate constant for the

indicated reaction.

/
;p& the initiator I we assume a first order decomposition, so we

have:

I = 1 e . (I1-4)

where I0 is the initial initiator concentration and kd'is the décomposi~ .

tion rate constant.

Initiators are usually compounds with bond dissociation energies
in the range 25-40 kcal/gmol., and it is only a small number of catego-
ries of organic compounds (those with 0-0, S-S, N-O bonds), that satisfy
this requirement. Mainly qrganic peroxideé and ézo-compounds are used

for commercial applications.

~

" The choice of a specific initiator depends upon its reactivity
at the polymerization temperature. Since, as we will see later, the
molecular weight development and hence the quality of the polymer depend
almost exclusively oﬂ the reaction temperature, we usually select an
initiator which is most effective at the desired reaction temperature.
The reaéfivity of the iniéiator is also expressed in terms of the initia-

tor half life, t%, defingd as

by, = - . ' (11-5)

PROTPIED

P -
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~

Half lives are very dependent on temperature and for commercial poly-

merizations are usually in the range up to 10 hours. We should keep in
mind that the decomposition rate of an initiator can vary considerably
from solvent to solvent and this, as we will sééﬁ leads to errors in |

the galculations of c&nversions and reaction rates.

Referring again to the initiation reactions, we now define the
rate of initiation, RI’ as the rate of generation of propagation radicals

-
.

including only one mohomer unit, Rl So, from equation (II-2) we have:

(II;QZ
At the same time { over~the1brimary radicals gives:
I -k R.M: , ¢ (11-7)

where V - total volume of reaction mixture

Né - total moles of primary radicals.

Now by applying the Stationary State Hypothesis (SSH), i.e. by assuming
that there is an equilibrium state between the generation and consump-
tion rate of the primary radicals, we sce that Né should remain constant,

., b

SO dNé/dt = 0, and equation (1I-7) becomes:

1 BN :

v at— = deI = kpc RC h‘i = O

kpc RIM = 2k,! , (11-8)
and substituting (II-8) back into (II-6) we obtain

Ry = 2k, (1I-9)
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To account for the initiator efficiency, we now introduce f, the initia-

- tor efficiency factor. So equation (II-9) becomes

RI = kadI . (I1-10)

And substituting for I from equation (ii-4) we have:

R, = 2fk

I

dloe('kdt) (11-11)

The efficiency factor f represents an cmpirical coefficient between 0
8}
and 1. We usually observe f to fall with increasing reaction tempéra—

tures, and conversions from monomer to polymer.

Often, for commercial applicdtions, we-usec multiple 'viiiator
systems. For ex;mple, a '"'fast™ initiator to accelerate the ;gat up of
a batch of monomer and a slow one to\bomplete the reaction up to .high
conversions. Another feature of the multiple-initiator systems is that .,
they may be used to reduce the batch time. This subject will be inves-
tigated more comﬁietély‘later in this study. Assuming additi&ity of the
initiation rates, the total rate is given by: ' '

N

Ry = 2121 fi kdi Ii | (I11:12)

where N is the number of initiators.

I1.1.2 Propagation

When a propagating free radical reacts with a monomer unit, this

leads to the growth of a live polymer chain:
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!

k
R; + M ——~—LL——-> R’

r+1 (11-13)
" PR
where R; : 1is a polymer radical containing r monomer units
M : 1is a monomer molecule ,
kp : i§ the propagatipn rate constant

The average life of a polymer radical is 6f the order of 0.1 to

1 second. The average chain length may be as large as 106 monomer units.,
Py

Prbpagation‘reactions are the ones responsible for the dcveloé-
ment of the microstructure of- the polymer chain. As pointed out before,
the existence'of ; substituted carbon atém gives rise to three d#fferent
ways of addition (head to tail - head to‘ﬁead - tail to tail) of a new
‘monomer unit during propagation (see alsé PVC microproperties). The
propagation rate conétant, kp’ usually has a low activation energy, (of

the order of 5- kcal/gmol),therefore it shows little variation with

!

temperature.

Among the important features of all chain polymerizations 1is
high exothermic heat of reaction, and the principal’reactions responsible
for the heat of polymerization are the propagation reactions. For Vinyl

Chloride it has been found that the heat 6f reaction -AHp is 23.0 kcal/

gmol.



1I.1.3 Chain Transfer

-

During a free radical polymerization reaction, transfer reactions
may take place between the growing polymer chains and the monomer, the
initiator, the solvent if any,or the polymer. These reactions may be

represented as follows:

K N

Rr PN VEL LU Pr + M (Monomer)
-

* kfI -
Rr + ] —— P’r + 1 (initiator)

X
R; + 5 2 P+ S’ (solvent)

k

f
R+ Po—Ps P+ R (polymer)

v

The above transfer fmctions, except the\ti“ansfer to polymer, tend to
shift the molecular weight distribution (MWD) to lower r;wolecular weights.
Transfér to polymer may produce branched polymer. This will not change
the total number of polymer molecules and thexefore the number average
molecular wéight will not change. However, since” transfer to polymer

shifts the MWD to higher moleculax weights, we®should expect a dramatic

~

increase of the weight -aYerage molecul\dweight, giving rise to a large
increase in polydisgersity. \

More specifically now, in the case of VixMide, ,it has

been established that the dominant transfer reaction is the transfer to

monomer. (40) ~ ,\\\

—

-
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I1.1.4 Temination

Termination can occur either by combination:

. . kt*c
RI‘ ¥ RS pI"*‘S

or by disproportionation in which a hydrogen atom is trapsferred from

- one polymer chain to the other:

k
! t
- QL - QX+ TaK 5 Gy - —d L, - GLX ¢ MIC = O -
where ktc and ktd are termination rate constants. Typical values of

kt‘s are in the range 106

- 108 liter/(gmol) (sec). Even though both
termination reactions can occur simultaﬁzoﬁsly, in the case of Vinyl

Chloride termination is exclusively by disproportionation.

[t should be emphasized that termination reactions are respon-
sible for the exclusive consumption of radicals. It may be shown that

the change in the total radical concentration [R’] is given by:

dR’_ ) .y 2
TN ktd[R]

By applying again the Suatiqhary State Hypothesis:
R. - ky [R']% = 0 :
1 gt
. .
R - (k——) Vs (11‘14)
t.d &

This is an expression for the total radical concentration that we will

use to develoﬁ the rate equation. \

43
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11.1.5 Dévelopmenf_of Rate Equation

According to chemical eduation (IT-13) the polymerizatiég rate
Rp is given by:

R ="k MR’
p p -

and -by éubstituting for B’ from (II-14) we have:

1, RI% ' ,\
R = k M ' : II-15
, p = K M) N L (11
4 4
Equation (II-15) is the expression for the rate of polymerizatioﬁ of an
homogeneous system with chemical initiation and termination by dispro-

portionation. This eqﬁgiion may be solved analytically for some special

\

case$ or numerically.

1I.2 LITERATURE REVIEW

The first attempts to polymerize vinyl chloride in sealeq tubes
. . -

were made in 1872 by Baumann(zs) Further studies were done in 1912 by,

(26)

Ostromisleysky , who initiated the reactlon by sunlight, and by Klgtte-

and Rollett(27) in 1917, who ‘obtained a patent to use perox1des rather
than sunlight to initiate the reac,tion. _In 1922 Plausen( 8) produced
PVC directly from dry acetylene and hydrogen chloride under préésureAét
150° - 200°C. Since then many other workers have studied experimentally

(29)

the polymerization of vinyl Ehloride. Talamini and Peggion™ give a

rev1eW'of these works.

§

Some of the most 1mportant mathematlcal models proposed after

e e



1950 are discussed beiow§,

I1.2.1 Bengough and Norrish (1950)(30)

These workers obsé#véd a period of acceleration (over the first
40% of conversion) and they noticed that the increase in the rate of
polymerization is proportional to.the polymer concentration to'the power
two thirds. Accordingly fhey‘postulated that the trapping of the free
radicals in the’ polymer éarticléé is(primarily due to chain transfer
be tween érowing lymer chains and déad polymer molecules which produce
free radicals in ghe surfaqe of the dead polymer, and cbnstitute stabi-
Iized centers of pdlymer groch. They also proposed that the reaction

» . g L
rate had an initiator dependence of I°.

Assuming equaf monomer concentrations [M] in both monomer and

.polymer phases, they derived thé following rate expression:
Y N .

, . i k
» L R AT
d[M ~.d ! L
E eI S ST R [T el NURHUN
T m t .

. . m

J | '
This model fits experimentdl data only up td small conversions. The
main disad&antage of this model is that it assumes significant transfer

to polymer. This would automdkically lead to significant. branching, but

the latter has been prover to be not valid for PVC.

11.2.2 Schindler and Hreitenbach (19s5) 31

"l -

These workers proposed.a model in which they postulate that pre-
cipitated’'polymer particles are swollen by the monomer and that the

growing radicals arise inside them by both initiation in the polymer -
. ‘ ' , o >

-

v
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phase as well as by diffusion of radicals from the~liquid monomer phase.

The rate acceleration is.due to a decrease in- the termination rate. The

[

~

rate constant kt was assumed to decrease with conversion in the following

empirical form: 2

|
whereﬂkto is the value of kt at zero conversion, x is the conversion

and a is an adjustable parameter. '

By assuming (i) that the propagation rates in the monomer phase,
in the polymer phase and of monomeric radicals are the same, and (ii}

that the rate constants for chain transfer to monomer are the same for

‘both phases, they arrived at the following expressions for the conver-

sion x: ‘
¢l
y oy Fa W . fly L1\

where [MJo is the initial monomer concentration and [I] is the initiator

i

concentration.

This clearly showé that the degree of gon&ersion in the initial
stages ;s proportional to ;ﬁe 1/2 power of the inipiator concentration,
but in the later stages it beéomes'proportional tom[M]2 and’ to tl].

Thus the degree of conversion consists of‘tﬁo terms, one of which is
characféristic of homogeneous polymerization and gives rise to 1/2 L
ordér in;initiator level, and the second @épends on>phe first power of

the dnitiator conce%tration and may be ascribed to the heterogeneous

L P D Ry

i o ——— e
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polymerization.

Finally they conclude ¢hat the overall reaction order is be-

tween' 0.5 and 1 depending on the relative importance of the two terms.

They show experlmentally that at short reaction t1mes the re-
action rate depends on the 1n1t1ator concentratlon to the 1/2 power

but they do not include any molecular welght calculations.

|
11.2.3 Magat (1955) (3%

4

‘Nhg\at tried to apply the usual kinetic scheme .(initiati'on-
propagatlon-mutual termlnatlon), by assumlng that the quas1 steady
state hypothesis cannot be applled because the termlnatlon rLte con-
‘stants are very low. He also assumes tbat there are no transfer re-
~actions to the monomer‘or polymer. This leads to a Jery simple mecha-
nism. By integrating the resulfing system of the dif%erential equa- |
tioné;lhe obtained the following expression for the degree of conversion;/?
_X:, | : . K . :
2.%
x = EE Ln {cosh[ﬂfd[l]-t 17}
This model fits experlmental data up to 20 30% conversions. It also
ignotes transfer reactlons to monomer whlch as has been shown, are

very significant for the molecqlar welght development.

11.2.4 Mickley, Michaels and Moore (1962) %)

These workers studied the polymerization of PVC in the presence'

A

R

PP
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of a solvent as well as in bulk. They assume no termination in the

polymer particles. — & .

By applying the steady state hypothesis‘they arrived at an
expression for the rate similar to the one given by Schindler and

Breitenbach. . This expression is as: follows:

-

R = KMTI?+ £(P).1%
P ‘ ~ .
They claim that the first term is the contribution of the homogeneous

polymerization, with heterogeneous polymerization represented by the

- second term. They a%fo observe that f(P) is proportional to the poly-

2 \
mer concentrag}on P at low conversions and to P"é at high conversions.

(The latter observation is in agreement with the work of Bengough and-

Norrish).

-

The main features of.tﬁe mechanism proposed by these authofs
include, (a) normal liquid éhase kinetics, (b) radical occlusion by
coalescence, (é) shallo@ penetration of radical activity into parti-
cles, {(d) negligible mu£ual termipation in the particles, (e) escape
of trapped radical activity by monomer transfer, and (f):limifation'of

short chain radical escape by propagation and transfer “to monomer.

Such a model, because it contains. a large number of parameters,

is difficult and complicated ﬁo use. It assumegz%o termination in the

polymer particles, it fits data only pp to moderate conversions and

does not attempt to predict any molecular weights.

L4

a—

b
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11.2.5 Cotman, Gonzalez and Clave}\{19671(34)

' M v

The;e workers studied bplk polymerization techniques aé well as
pafticIe properties. According to them, theqnature of precipitafed PVC(
changes with conversion. AF the onset of the reaction,vparticles in-
soluble in monomer are produced. At very low conversions pyl%) they
grow into agglomerate units which grow further in size py depbsilion of -

\
additional particles. Polymerization is characterized by autoaccelera-
1 - ° .

ted rates due to progressive reduction in termination rate. The decrease '

in kt‘is due to a decreased mobility oé the free radical produced by

chain transfer reactions.

-
.

. . At very low conversians they observed a decrease in the -polymeri-
zation rate before the autoacceleration starts. This is explained by
rapid particle coalescence which reduces the surface area and increases
the terpination rate. Also the authors indicate that the assumption of

N . . .
. Ve
~a ''quasi steady state'' and the use of single valued rate constants is
~ P . l .
not valid. |

11.2.6 Talamini et al (1968) >

- A .

This model proposed by Talamini et al. is rather interesting
because chronologically it was the first to predict successfully con-

versions up to approximately 70%. It states that the 'polymerization
-

reaction takes place in two phases practically from the ‘onset of the

"reaction. With increasing conversion the amount of the dilute phase

decreases, while that of the concentrated phase increases. It is

B e - TG Sl

o et b
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assumed that both phases have constant composition in the whole range of
their coexistence. The‘termination rate-is assumed to be lower in the

polymer phase due to high viscosity (gel effect). Accordingly the re;‘

action rate 1is higher.

. Vo - .
Assuming that phase separation occurs at zero conversion, we can

express the overall reaction rate as the sum of the.specific polymeri-

zation rate in the dilute (monomer) and concentrated (polymer) phase:

M _
& T ReMit Rt
W X - A R, |
oat—:"-'RM OO ~-XO‘ Vo) AXWOP N
dx - L |
It = RM(l—x-Ax)+AxRP I1I-16)
' —_~— ¥
where W, = weight of ini€ial\monomer
R = polymerization rate §
X = (iegree of conversion
A = monomer to polymer ratio in the polymer phase

MP. .‘refer to the monomer and polymef phase respectively.

By assuming that the ratio RP/&VI is constant and equal to Q, then:

Rp = QR and ~
. dx - P
L I - (@ +ax) Ry (q=1-x- Ax+QAX) | (11-17)

" Integrating (II-17) with x = 0 at t = 0

x = glem @Ryt - 1) . (11-18)

3
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L/

P

where is given from the classical theory of homopolymerization as:
& ﬁ polym

Ry = K, (fkd o s
whé?g kp = propagation rate constant ‘
f = efficiency factor of the in tiator
o ky T decomposition rate constant of tﬁe initiator
kt = terminatiop rate constant
[I] = concontration of the iniiiator |

|

By expanding the exponential term of equation (II1-18) in series:
, @ ) TN
q mzl n!

This equation predicts conversion versus time data up to about 70% con-
version, but- the model does not include a prediction of molecular

. weights.

11.2.7 Ugelstad et al. (1971-1973) (362 37).

The model proposed by these workers is similar to the one pro-

posed by, Mlckley et al. and the Talamini model.

It also assumes a two phase system, a polymer phase consisging
of polymer particles swollen with monomer and a liquid phase conéisting
of practically pure nnnomeo. This model ovéreﬁphasizés the transport of
rodicals to and from the polymer paftiéleé he advantage of this model
is malnly that it takes into acgount that he polymer phase is subdivided
in discrete polymer particles grow1ng with time and conversion. This

may lead in the future to the derlvatlon of mathemat1cal technlques to

] ] ‘ . .

b R s i S ————
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*
N

derive, starting with the same fundamental equations, the theoretical
expressions far the particle size distributions. The latter has not

been done and will be extremely useful for practical applications.

By assuming quasi steady state conditions, then the equations

for the number of moles of radicals in the two phases may be expressed

as:
g . .2 :
e~ kg IR * ke RF, - ke RV L g "(11-19)
N ' ‘ | ) |
C +k IR}, - kg [R']_ - 2ke RI°V =0 11-20
op t Ka IR~ Kag(R]y, - 2y RV, 20 (120
vhere o = the rate of radical formation
[R'] = the radical concentrations
Q
v = volumes °
ke = termination constants
ka =1yate constant for the absorption of radicals into
the particles
| v !
kq = rate constant for the desorption of radicals from

C  the particles.

The values of ka and kdc are given in (37) as follows:

k.= 4D, « N+r and k, = 4aD_ .+ &
a i d p ﬁ;?
where N is the total number of polymer particles
1DL = the diffusion coefficientgef radicals being absorbed
[ ‘

D = the effective diffusion.coefficient for radical
P escape from particles. ’
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the polymer particle radius

Y

\

the polymer particle volume.

It may be further assumed that if the terms ka[R']I and kdc[R'}p are
dominating,- then one may approximately .assume an equilibrium distribu- .
tion of%fadigals between the two phases.

ka

[R.]P ) EE. ' [R.]L =Q [R‘]L where Q = const. (I1-21)

C
.

By adding equations (II-19) and (II-20) we obtain

.2 .2 ‘
p - Zky R}V - Zk% [R') Vp=0 (11-22)
where p is the total rate of-Tommation of radicals = 2kg (1]

From equations (I1-21) and (II-22) solving for [R']L one obtains:

\ . , . |

. kg (1] !
R ], =( (11-23)
L vaFL & katp Q2
The rate of reaction is:
dM . . -
"I kp ( R ]L ML + [R ]p Mp ) ’ (11 ?é)
A

where ML and Mp are the number of monomer moles in the liquid and polymer

phase respectively.

Substituting equation (II1-23) into (II-24) and expressing the rates in

conversion units, one finally gets: -

.dt ( vatL + katp Qz) kp({ X 4X‘QAX)
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where A is the monomer to polymer weight ratio in the polymer phase

equal to 0.47 at 50°C.

By using values.forykd and kp given_in the literature, they had
to egtimate three parameters, ktL’ Etp’ Q.\ The values of these parame-
ters which fitted the experimental results were obtained by a non linear .
curve fitting procedure. The model fits the experimental data up to 70-
75% convers;bns but there is no. information how the model behaves at
high conversions. Ugelstad's model also does not deal with molecular

weight calculations.

I1.2.8 O.F. Olaj (1975) 8

, "~ O.F. Olaj et al. have developed a model according to which the

instantaneous rate of chahge of .conversion %%_is given by:

%% = const. + K /X

wvhere K is a kinetic constant depending on the reaction temperature
>t

and the initial level of initiator.

The model seems to be oversimplified and has been tested for a
narrow temperature rangé (about SOfC), and for conversions ndﬁgexceedf
ing 60%. An additional disadvantage of the model is that it does not .
includé any molecular weight calculations. In general we may say that
the model is very §§strieted and useful only for a narrow range of con-

ditions. .
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11. 3. THE PRESENT MODEL
I[T. 3. 1. Ahdel Alim’s Model | )

N N .
" The model used in the present study was developed by Abdel Alim ’
\
and Hamielec(40), is similar to Ugelstad's model and may be considered

as a modification of Talamini's model. ' \

- b

Like the previous models, it also assumes that polymerizatibn
takes place in two phases, the monomer and the pol&mer rich phase. Both
phases are in equilibrium. In such a system, the polymer produced being
insoluble in iFs own monomer, precipitates out of tﬁe continuous monomer
phase. As reaction proceeds, the mass of polymer riéh phase grows while
the monomer rich phase diminishes. Experimental evidence indicates thét
fhé\existence of the two phase heterogeneous system begins after less .
than 1% conversion, (practically from the onset of the reaction), and’

lasts until about 70-80% conversion depending on the temperature.

The main features of the present model are:
ﬂ\ i
1. It predicts accurately conversions over the whole range frem zero

up to the limiting value.
2. It includes, for the first time, complete molecular weight cal-
N

culations. t
. i
The basic assumptions made are the following: y

(1) The monomer phase is assumed to be polymer free and the monomer
concentration in the polymer phase is constant, Monomer and

polymer phases coexist until the monomer phase disappears.
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(1i) The termination rate(constant in the polymer phase, because of
increased viscqgifz;lgel effect phenomena), is lower, giQing
rise to a higher reaction rate. It is also assumed that the -
ratio of the reaction rate in the polymer phasc to the rate

in the monomer phase is constant.

By calling the conversion at which the monomer phase disappears
X. we can further assume that below*xC the specific polymerization rates
RéM and RPP (in the monomer and the polymer phases respectively) are
independent of conversion provided that the reaction is isothermal. Then

we can express the overall polymerization rate Rp as follows:

‘ Rp = y VM + Rpp VP ([1-25)
where QVM = volume of monomer rich phase - .
Vp. = volume of polymer rich phase.
It is easy to show that ~—
_ 1 X "
Vil = — (1 - T ) _ (I1-26A)
PM c ’
v, = L g« _ (11-26B)
P oM ‘\C Pp )
zu-ld v'IOTAL = VI = VM + VP-= \/TO(}. - Bx)
M
with B = (1 - —-
°p
where SV the density of the monomer
6p = the density of the polymer
* V.. = the volume of the unit mass of monomer (= 1~J
v To PM

<

-
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} '
A) For x < Xc_
If we take into account the variation of the volume of the re-
. . \
action mixture with conversion, t{er) eq. (1I-4) becomes \-
) exp (’kdt)} L »
I = 10 W (11"27)
Now we can express the specific polymerization rates as follows:
f RIM 3
R, = kp MM ( — ) ' (I1-28)
M M tg ‘
R, = kP Mp ( k—-) ] _ (11-29)
P p tp

where subscripts M,P refer to the monomer and polymer phase respectively.

'RI is the initiation rate

,/M-\a is the concentration of monomer
1f MO is the molecular weight of monomer, it is easy to show that:

M .
My = o ‘

o]

1l

P ) p
= [(1 X/ x xS )J

o} Pp

H

. Mp

v

We will now introduce two parameters of the system
kpy/k,
p =

1
O
P - and T— = P
‘Pb k % ' op, K
e - !

i

Since the polymerization in the polygxer phase l;light be diffusion o

-e
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{ .

controlled we would expect the termination rate constant—kt, to be sig-

nificahtly smaller than k{M. The result is a net increase of the reac-
tion rate in the polymer phase. The difference between RpM‘and Rpp is

expressed by introducihg the parameter P. We expect P to ‘be a constant °

greater than unity. d

|
{
I

The second parameter, PK’ is the partition coefficient of the

initiator and is expressing the distribution of the 1n1t1atfr between, ,

‘r‘

the monomer and the polymer phase. So equation (II-29) becomes:

" R : k MM (RIM);S P (l - X )
P, P M Kg? T & 3
) M ~tM p
] K (1 XC ch—) /
. P
' | » R P ) | \\ a (11-30)
o TP X P )
M Pl( (l-‘xC + X ,Jﬂ‘

’ Substituting (11-30), (11-28)5 (I1-26A) and (II-26B) back into (11-251

we finally obtain the rate expression in terms of % conversion per unit

time: ,
i
| - x)
dx . _ Xy, P .
Y R
. K
%%f =, R,(1+ Q) . (II-31)
.,; 0 '. \ ' ’
P '
| pi X S
with Q = H—p - (11-32),
. c )
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26, 1. .k

k, "o’ - d ‘
and R, = kp (-—k-d—.—) (- B - exp %) (11-33)

q

as given from the theory of the homogeneous free radical polymerization.

B) For x > x
I Y

i

For conversions above X the monomer phase disappears and the

polymer phase consists .of polymer p- ticle ollen with monomer. In

such a case diffusion control in the ymer rich phase leads to much

lower kt values as the polymer concentyation increases.

g .
Abdel Alim and Hamielec(40) use ¥n empirical expression to

account for the gel effect by assuming thay the constant

2fkd &
k = kpp(k—"'—)“ (1’X)
t
p
_ or more specifically: -
. IR A
R i e S B -
- px. . Py K (I - x¢) : .
K" mo h :
and the final rate expression"is: . o 4 i
- dt VR (- x) | ' :

Wwhere Ry is égain given from (I11-33), . _ L

v R — e v
.
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Mixed Initiators

We have seen in the previous section that for nonisothermal

polymerizations the rate equation may be expressed as follows:

dx R 5 ‘ %

T - K (k—t) 1+ )1 - Bx) (1I-34)
In the case of mixed initiators, assuming additivity of the initiation

~ ! . » / .
rates we obtain the following expression: “ ,\355
: 1
N .
'RI = Zizl_f.l kdi,loi exp(-l‘c_d.l t) . (I;-SS)

where N is the number of initdators used. The above is valid only

for isothermal conditions where Kdi is constant.
> R ‘c .
Substituting (II-35) back into (II-34) we. have :

N .
dx _ {: 3
= e {27 f.k, I exp(-k, t)}
€ (k0B 1= L0 0 Yy
- , ‘f:g.
or more generally: ’
&L G, T) - | ‘ 11-36)"
HE (X, ). F([I]O) t, T) ( )
‘ i '

' . . ’.
where F is a function of time t, temperaturg T and initial concentration
of each initiator, and G is a function of temperature T and conver-
sion Xx.

For most practical applications’'it is desirable to obtain .uniform

heat generation rate. .This leads to a better process control. On the

other hand, the cooling system of the reactor may.be designed to work

3
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‘-

most of the time in its maximum capacity, in other words, more effi-

ciently. The optimal policy is to remove heat at the max imum possible

"rate at all times. To obtain uniform heat generation ratefg% should

" be kept as constant as possible throughout the conversion range of

interest (usually hétwéen 0-70%), i.e.

dx .y

T - (11-37)

The rate k is usually determined by the heat removal capacity of the

coolirg systeﬁ and would typically lite in the range of 0.07 - 0.20 hrl.

From eq.(I1I-36) and (II-37) we obtain:

. i K ’ ]
F‘(Io‘j_’ t, T) - G(X,T) (II 38)

Thus by specifying k and using a model for the polymerization which
gives G(x,T) it is possible‘from'eq.(II;SSJ to calculate values of F as
a function of time. Subsequently, from the calculated F values, we can

<

calculate the initial concentrations of the initiators that would give

7

a constant rate of reaction.

As an example, let us consider the suspensicn polymerfzation
of vinyl chloride. A model for the reaction has already been discussed

and eq.(II-3L) gives its final form.

t is easy to see then in our

- case:

A+ Q)

6x,T) =
[k, (L - Bx)]”

(11-39)

g o — g ——



and for i initiators:

F(I, t, T) = [26,k, I exp(-k, t) + 2F.k, I exp(-k, t)
o o Thdpop T T Ty, g
k.t 5 11-
vtk L emlkg 9] (11-40)

Finally, comEining equations (II-38,II-39 and II-40) we cobtain:

~~

t . _ .k ..2
| F (Ioi, t, T) = 2 Zfi kdi Ioi‘ exp( kdi t) fd("(—’jc X,T) |
. ‘ 2 .
Figure 10 shows plots of (Czé—TU) for a series of temperatures between.
. ] -
45 and 70°C.

-B& spééifying the value of k, it is possiblé by means of these
plots to cal¢ulaté the initial concentration of initiators which will
give a constant reaction rate. The decomposition rate cohétapis and the
éfficiency factors of the individual initiators must be known of course.
prortunately,‘this is not always the case. for further illustration,

(42)

consider the two initiators Acetylcyclohexylsulfonyl peroxide
* .

.
R}

(ACSP) and Diisopropylperoxydicarbonate (IPP).

o

The parameter véluqs for £ and kd were taken from the-liferature
and, as we will see, may not be very accurate for a numbeér of Teasons.
Suppose now that we want to carry out a polymerizétion at 50°C using

these two initiators, such that the rate is constant and equal to:

& = k= Ash = 3107 sec”t
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with this rate it takes:

3,333 sec to-obtain’ 10% conversion, and
16,667 sec to obtain 50% convérsion.

. . . : . 1
Using Figure 10, we find the valueg Of'(§f§:T79 for x = 10% and x = 50%

»

-at.50°C to obtain the following two equations:

-5 5

2 x 3.49-107°I_ exp(-3.49-10 4

x 3.333) + 2x0.7x4.2x10" "1
i : ( ’ . 2
‘ - < -4 . —5 2 —7
exp(-4.2-107"+3,333) = (3x10 ) +153 = 1.377x 10
-5 -5 104
2x3.49:1077 I exp(-3.49-1077:16,667) + 2x0.7-452-107" I
1 2
. . 2 '
exp(—4.2-10 4.16,667) = (3x10™°) x22.03 = 1.987x1078
Solving the system we obtain
_ -4
I = 4,99 x 10 7 gmol/1t
. 01 .
- -4 ‘
I = 7,36 x 10 ' gmol/1t .

e
A test run with‘these two initiator concentrations éave a poly- '
'merlzatlon rate somewhat above the de51red 119 per- hour, 1nd1cat1ng that
the true parameter values were slightly dlfferent However, the poiy—«
_nerization rate was almost constant: By adjusting the initial ‘concentra-

- tions to the following levels:

-4

—t
1}

3.35 x 10 7 gmol/1t

—
o
™
n
cx

7.83 x 10°% gmot/1t

— o yr
¢ 0 -~



. ' - » 63 A
4 N '
(G—%;))Z VERSUS CONVERSION CURVES,

/7
10 L L 1 L . | :
0 0.1 0.2 03 04 © 05 06 07
v . CONVERSION X
: |
FIGURE . 10 ’ .
) A



64

it was finally possible to obtain a polymerization with the desired rate.
Figure 11 shows the experimental conversion history obtained using the

corrected initiator concentrations.

CONVERSION VS. TIME DATA ¢ 50°C
(Multiple Initiator System)

. Concentration , Time to 907 ' D
Curve Initiator g /100 g VC1 Moles x 10 Conversion (Flrs))
Acetyl Cyclo- y
hexylsulfonyl ) <.
A Pcroxide 0204 - 9.18
Diisopropyl . 8.5
peroxydicarbonate 0031 3.93
‘ © i
100
" 90
80 v
E’J’ 70 y
Z.
S 60
o
5 50
>
P
(@] 40
O
30
20
10 .
0
.1 2 3 4 5 6 7 8 9 10 11 12

TIME (HRS)

Figure: - 11 \ | -

It is seen that' the correct initiator concentrations \@re not very diffe-
rent from the calculated values. ' Therefore we find this technique use-

ful even- if the parameter values for £ and k d ‘are not known 'accurately. ‘
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Molecular Weight Develbpment

1
[

In the bulk Polymerizagzan of vinyl chloride, it has been weli
establishéd from p;evious studies that the dominant reaction in con-
trolling the molecular wéiéht is transfer to monomer. When we use ini-
tiators with high decomposifién rate constants and when the initiation

Tates are high, then termination by disproportionation is nqt negligible.k

Since it may affect the molecular weight development it has {to be taken

" into account. ' oy

To calculate the molecular weight distributions and the number

and weight' molecular weight averages MW and ﬂh , we use the following

equations, as derived in reference (43):

k. R- k. R
t, P Py

B TR

(1I-41)

where p refers to the polymer phase,
M refers to the monomer‘phase

kp s the termination rate constagt

*kp is the propagation rate constant
is the ratio:of kg
5y Wk,

kfm is the rate constant for the transfer'to monomer reaction

&£

\
i

£oSince for vinyl chloride we have no termination by combinatien, we may assume.
g,. * . B

" that the rate constant for termination by combination’ktC = 0 and there-

(43)

.fore parameter 8 is. equal to zero. The par?meter g is defined as
. \{ »
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. follows:
k, R
So, if 8= 0, we obtain the following expression for.the number and
weight average chain lengths ;N and iP: R
- ‘- 2 Cy - = 2
2T \:: T = = _ 2T =7 = 2
‘Np Wp Tp NM WM EY )
From the above expressions we would expect the polydispersity
W Ty N ,
m =L = M. 2, : (11-42)
. ‘ r r
Np NM

Experimental evidence shows(40)

that the actual values of PD‘gre close

to 2.0.

Now that we know the average chain lengths, ‘'we are able to

find the instantaneous distributions, in this case equal to the most

. N, '
probable distributions: '
W) = 1l exp (-1 1)
p p p
- 2 -
and ‘ W(r)M T Ty exp ( ™ T)

By integrating the instantaneous distributions we obtain expressions

5.

for the tumulative molecular weight distribution5. They are as follows:
. ) ’ ’ .

v - Ll
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v RV

X R
o 12 1 Py M 1, -1
cum(rN)=x-{J [( 8+R V)- +(R Vo r RV ) Id.x} (11-43)
S "oy M PP N oy P ppp Ny

X RV R Vi,
) = i SRR S | poldx . (I1-44
an(ry =3 | lvs v T T R v T, ] )
A VL P oy M P .
R
}
o'
P
%
N D
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IIT1.1 EXPERIMENTAL

IIF.1.1 Scope of Experiments

The scope of the experiments performed herein was to provide
data which, together with Lucidol's data, would permit the characteriza-
tion of five commercial initiators. They would also evaluate the appli-
cability of Abdel Alim's model for isothor:mal polymerizations using
multiple initiator systems and for nonisothermal polymerizations. This

was to be done using ampoule reactors in batch mode.

IT1.1.2 Reagents

The Vinyl Chloride Monomer (VCM) used ifor our cxperiments was of
commercial grade and was provided by Hooker Chemicals, Grand Island, N.Y.
Table 1 gives a typical analyéis of V(M similar to the grade we used.
Chemical initiétors were also provided by Hooker and made by Lucidol
Division of Pennwalt Corporation. No further purification of monomer

was done in this study.

II1.1.3 Preliminary experiments.

The vinyl c¢hloride monomer, (VQM), at room temperature is a
thic colourless gas. To keep it liquified, one has to use sealed am-a
poules under pressure. The pressures developed at the usual reaction
femperatures (betwéen 30 and 70°C) may go up to 180 psi, which is the
vapour pressure of VOM at 70°C. 'l'heref.ore, for reasons of safety we

4

o v oo S —

.
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decided to use 316 stainless steel ampoules, 1/4'" diameter and approxi-

mately 4" lbng.

After several experiments and after the analysis of approximately

/

/

fd samples, it was concluded that the conversion-time historie; obtained
using the steel ampoules were not accurate. One of the reaébﬁs, observéa
in industry as well, is that the metallic surface of the ampoule acts/?s
a catal}st for the decomposition of the initiator (usually organic pérox-
ides). This gives rise to an unpredictable change in the initiator'de—

composition rate and hence the initiation raée. Since the polymeriza- o
tion rate Rp\is pfoportional to\p&g square root of the initiation rate,

this means thata higher initiation rate would lead to a higher R,, and

finally higher than expected or predicted by the model conversions as a

function of time.

3

Another probiem is related to fouling on steel. As PVC is
formed, it tends to deposit on the inner surface of the reactor., This
tends to reduce th; heat transfér coefficient of the system, thus giving
rise to higher reaction temperatures and reaction rates. This is a well

known problem in industry. To avoid deposits on the inner surface of the

big commercial stirred tank reactors, the metallic surface is specially

treated with chemicals.

-~

Because of the above problems we decided to use glass ampoules,
Glass is inert and PVC does not have the tendency to deposit on glass as

it does on steel. Of course, even with glass ampoules, the diameter of



" heat transfeél We also assume that

" expressed (ﬁf(ndindrical coordi-
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the ampoule is critical. Due to.the poor thermal conductivity of WC
and due to the relatively high heat of polymerization (23.0 kcal/gmol),
there is a temperature profile in the ampoule which is a function of

its cylindrical radius R. Seection I1I11.1.4 deals with this bfoblem. t

*

II11.1.4 The Heat Transfer Problem

1
-

Since the reaction mixture is

f
. .- l
homogeneous, we may assume, in a crude ///,,7\\\ ‘
)

calculation, that we have no- axial / T \\\ AT

\ | max

the resistance of the glass wall is T

assumptions a heat”balance may be

L

!

}
negligible. So under these two ~ ia

l

I

|

|

nates):

13 5T ' e
K- o5z mgprQ = 0 » ) (111 L)

L

where Q is the heat gereration rate per unit volume and unit time. So:

Q = (o) - dc = (aH) - coad% (111-2)

N “u K . ’ . - . . .
To fimd now the haximum Q, it is sufficient in our crude calculation to

subst1tute a— leth (a—) which in our, case, as‘well as in industrial

processes does not exceed 30% per hour (or 0.30 hr™ ) So;

Q = @ -cC, - (5‘%—)@: (111-3)

~
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‘Now, to solve the differential equation, we integrate twice with

boundary ‘conditions:

r=20 Ir = 0 (BC.1)
r =R T = To (BC.2)
?
And the solution is:. E\/
' Qm 2 2
T“To’= Z—K(R -1 °

? ’ .
This 1nd1ca£ed a parabollc tenmerature profile. It is easy.to show that

_ the maximum temperature is at r = o. Sof

, % ]
ot o= T =T = My (111-4)

If, for example, the maximum (g%) is 20%/h = 0.2 h-l, by sgbstituting

A

(I1I-3) into (III-4) we:obtain:
52

AT % = 20 R” °C, where R is the ampoule radius in cm. !

If we allow Aihéx to be not more than 1°C, we can see,'from’Fiéure 12,

we have to use ampoules with R $12.2 mm.

For our experlments we -decided to use glass ampaules with R

1. 5 mm because even at high reaction rates the (AT) , does not exceed

the 1limit of 1°C. The ampoules were 12" long and the wall thickness was

approximately 0.3 mm.

J
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III.1.5 Expérimentél Procedure

. b
Using 12" long glass ampoules we performed isothermal and non-

o

isothermal experiments at different temperature levels.

The ampoules ;re first cleaned with héthyl alcohol and care-

fully dried. They are then loaded with 16-15 mg of initiator-and

aitached to the main vacuum line and carefully degassed. (Oxygén is
known to be a strong inhibitor of the éolymerization reaction). High
vacuum, of the order of 10°° m Hg is obtained by using a vacuum and

a diffusion pump connected in series' (See Figure 13). Then the line is
filled with nitrogen and evaéuated again to‘ensure the absence of any

traces oﬁ oxygen. 4Vinyl chloride gas is then allowed to enter.the line

and predetermined amounts of monomer are condensed in the ampoules-

cooled.pz liquid nitrogen. Akter they are filled? the ampoules are
carefully sealed and képt in liquid nitrogen. The& are then placed in
a constant temperatu?e bath cont;dlled to $0.1°C where the reaction
occurs. - When the,reéction time expires, the ampoule is taken out of
the bath and quenched in liquid nitrogen to stop the reaction. The £o§
of the ampoule is cut. to let the "unreacted monomer vent off. The ré-
maining polymer is weighed and ﬁroﬁ the iningal;mq?s of monomer placed

in the ampoule, the degree of conversion is calculated gravimetrically.

L]

CIIL1.6 Experimental conditions

y

e . : :
In the experiments described herein, the following extensively,

h&sed commercial- initiators at the‘fqllowing temperature levels were
s \

.
.
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Chemical Name _ ., Trade Name Temp. °C
Lauryl Peroxide ) L.P. 50°, 55°
Dicyclohexylperoxydicarbonate L-229 35°, 40°

1

The experimental data obtained are shown in Figures 14 and 15. These

data supplement rate data supplied by Lucidol.
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"III.1.7 Lucidol's Experiments

-

» Lucidol's experiments wereﬁcarrled out using an autoclave reac-
tor. Two hundred g of VIM were polymerlzed durlng each experlment using
the suspension technique. The stainless steel autoclave was immersed
in a calorimeto;land measurements were obtained in the form of calori-
hetric data. The reaction is highly exothermic (23.0 Kcal/gmol) and by
measuring the rate of ﬁeat transfer from the reoctbr to the calorimeter,

"one can calculate.the reaction rate.

4

From the theory of heterogeneous polymerization, it is well
known that at x = X, the monomer phase disappears. As a result of this,
the pressuré in the reactor starts to fall. So, at-the point where the:
pressure in the autoclave drops, this is an indication that the conver-

sion is at x. = X

Calculation of rate of polymerization

Based on a total charge of 200 gr VCM and assumlng that the heat®
o% pqumerlzatlon is 23.0 Kcal/gmol the total heat liberated at 100%

.conver51on is é%gg x 23,000 = 73,600 cal, and the rate of polymerization
. _ ‘ )
hr l\ S . .‘t‘
2
; Y cal _ 60 min _ 100%- Y . 8.15 x 10-2% hr-l

min I h 73 600 cal

So, from the calorimetric data given in cal/min, using .the above coeffi-

_cient we jay readily obtain rate data in‘hr-l.i In order to convert the

&
Al
B
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rate data into conversion data, we simply.integrate the rate data using
- © x .
any standard numerical integration routine. In Appendix II we tabulate

Lucidol's suspension calorimetric data. ‘ T

The following Table contains information concerning the chemical
names of the initiators used by Lucidol ds well as the temperature levels

"at which the experiments were carried out.

CHEMICAL NAME | COMERCIAL NAME ~ TEMP °C .
Di- (secbutyl)-peroxydicarbonate , L-225 . 50, S5 o
Di- (2-ethyl-hexyl)-peroxydicarbonate L-22M75 50, 55
Acetyl-cyClo-hexyIsulfenyl peroxide L-228P 45, 50, 55

\

T ~—

\

§

. -
All the conversion-time curves obtained after the numerical integration

. \ : ) . -
are given in Figures 16, 17 and 18. The levels of the initiator concen-

" trations are expressed on a pure basis, i.e. parts of pure initiator per

100 parts of.monomer {phm) . . : . :

-. III.2 'PARAMETER ESTIMATION

N
The model developed by Abdel-Alim and¢Hamie1ec(40) reéquires the

estimation of a number of parameters. . As presented in equatlons (LI- 31),
- (1I- 32), (II 33) aqd (aI1- 40), ,there are seven groups of parameters that
have to be estlmated P £, kd’ pK, X0 qw and the ratlo kpM/k % as

defined in Séction II.



*;

81

To establish some o% these parameters Abdel- Allm and Hamielec
used the single initiator AIBN, whose characterlstlcs are well known,
(kd is the same for many different solvents), and performed isothermal
experiments at 30°, 50° and 70°C. Analyzing their data(40) they
obtained estimates for the four parameters P, X CM and kpM/ktM%- The

expressions? for these parameters are given in the following Table.

5 \
A1

Parameter Temperature Dependenice T in °C. \
30° * 50° 70°
P 23.0 22.7 16.7
-3
X, 0.86 - 2.0 x 107>+ T
k 3
-1718 1 1
B, 0.0725 * expl—p= (g 1671 ~ 33776 )
. mol-s
R I3
. ’ - 5444 1 1
On 1.098 x 107 exp [Cp sty - 373e)]

From the above four baramgatgrs, X Cv arid~kpM/ktML5 are independent of -

2

e yay s e W& e

S,
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the type of initiatd?vused and of the degree of conversion.  Thus the
above expressions can be uséﬁ for any initiator. The remaining pérameter,
P, togethé} with f, kd and Py depend on the type of initiato? used and
therefore they have to be estimated separately for each type of initia-

tor.

.

To obtain the parameter estimates that would give the best stat-
istical fit of the model to the experimental data, we used UWHAUS, a
nonlinear least squares routine. ;The method used is briefly described
in Appendiz I. The parémeteéwééti;aies coﬁﬁutéﬁ’by the least squares
routiqg are tabulated in Tablés 9, 10 and 11. Table 9 includes the
estimate§ obtaiﬁed using the rate data provided by Lucidol. Table 10

shows the estimates obtained using the conversion data calculated from

" the rates. ,

.
A careful examination of both Tables shows that: _ i
(a) Comparing the estimdtes one by one, we see that estirmated para-

meters from both rate and conversion data are comparable.
1

(b) The fourth parameter, the partition coefficient Py> is always

less than one, notably between 0.2 and 0.5 in most of the cases. This

indicates that the initiator concentration in the polymer phase i3

A

o —————————_ 2 oo

higher than its concentration in the monomer phase.

As we can see from the Tables of Correlations of ApPendix I, : . ;
éome of the parameteis are highly correlated be%ween them, therefore
the estimates in some ca;es have broad confidence limips. In an éffdrt
to reduce the correlatiéns between the parameters we decided to minimize

the number of parameters that have to be estimated. So, even though



, A
PARAMETER ESTIMATION

TABLE 9

*k
Initiator % Temp. P f kd Py
OC .
1 50 - - - -
L.P. ' /
1 55 - - - -
1 35 - - - -
L-229
' 1 40 - - - -
075 50 33.10 ¢ |, .56 | 4.706 |0.318
L-225 :
.05 | 55 27.48 .62 (11.981 |0.516
o{ .065| 50 34.79 .57 | 4.085 | .640
L-223M75 ’
.075| S5 27.40 .56 | 7.513 | .723
.1 45 | 12.65 .56 [11.561 | .472
L-228P 1 o4sf so | 18.75 | .81 [20.230, | .435
:oféh‘ 55 12.65 .58 129.560 | .659

*

xx

Estimates based on‘and calculated from rate data.

k

d

5

+ 107 sec

-1

<

ra
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TABLE 10

PARAMETER ESTIMATION

X%k

~ |, .075] 55 15.76 | .54

Initiator % Temp. p f kd Py
°C
' 1 50 | 28.90 .60 .301 | .296
L.P.
1 55 | 23.50 | .62 .658 | .453
1 | 35 | 29.31 .59 .790 | .356
, L-229 ‘1 40 | 19.52 | .60 1.392 | .127
078) 50 | 40,91 | .49 5.374 | .176
L-225 05 | 55 | 26.91 | .49 |11.941 | .377
.065] S0 | 34.01 .45 2.615 | .101
L-223M75 .075| 55 | 32.66 47 5.395 | .164
1 45 | 13.24 .51 |10.88 .453
L-228P 045| 50 | 17.35 | .84 -119.58 | .335
32.27 | .220

r

.
Estimates based on and calculated from conversion data

5

1

s kd - 107 sec’

84



“ TABLE 11

. ‘ N *
PARAMETLER ESTIMATION

"
“dek
// Initiator % Temp p f kd -
{ °C
».
- 1.0 50 31.56 .59 . 285
L.P
1.0 55 20.57 .63 611
, 1.0 35 21.23 5o |- .68
L'229 3
1.0 40 24.54 .50 1.321
. | .
’ 4 .
, 075! 50 |. 31.90 | .45 5.602
L-225 05 | 55 32.10 .46 10.650
- D
' .065] 50 33.81 .47 3.636
' 1.-223M75 N
¢ L0751 S5 29.67 .46 6.888
10 | a5 13.14 .59 8.01
L-228P .045] 50 13.84 37 ) 15,92
]
0750 S5 14.38 .33 33.57
[

* Istimates calculatea from conversion data. Eliminated one
of the parameters by settinf Py = 1.0.
*% kd . 105 sec:_l ’ v



there is a definite preference of‘the initiatér far the polymer phase,
we decided to keep py constant. By setting Py = 1.0 we assume even .
distribution of the initiator between the twovbhases and at the same
time we have to estimate only 3 pardheters now, namely P, { and kd.

o~

Table 11 shows these estimates wﬁich are very similar %o the estimates
-

of Tables 9 and 10. The correlations between the parameters are somehow

lower now, but still remain relatively high. The high correlaiion bet-

ween P and f is reduced sjgnificantly in the case of L.P.O. but at the

same time the correlation between { and kd remains high, something

expected because of the way f and kd are linked in tﬁe model.

Figures 14 and 15 show the experimental results obtained at
McMaster University. Figures 16, 17 and 18 show the conversion-time his-
tories obtained after the numerical integration of Lucidol's calorimetric
data. The solid lines rep;;sent the model simulation curves. As can

he seen, there is a good agreement between experimental points and model

prediction up to high conversions,
¥ CoC ‘ °

In the‘foliowing pages we tabulat§ the parameters that were
estimated by using UWHAUS for each individual initiator. In the same
tables we give the_exact experimental conditions as well as the confi-
dence limits for each.estiTated parameter. From the estﬁmated kd

values for at least two different tempcrature levels we are able to

.
= N

calculate the activation exmérgies E and the frequency factors, and

include them in the,tables. Figure 18A contains the Arrhenius curves.

/

/
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TABLE 12
- )
Experimental Conditions and Parameter Estimates
for Lauryl Peroxide
A W
TeC | cI g}nol/zt p £ kx10° sec’!
50 1 « 1072 31.56 + 4.3 | 0.63 & 0.07 .285 + 0.023
: \ 55 251« 1072 20.57.+ 2.7 | 0.59 £ 0.08 | .611 £ 0.037
T - - - 2.83 *
75 - - - 12.03 *
_ aq o 17 -1
E = 33.350 kcal/gmol A = 1.02 x 107" sec
14
" TABLE 13
Experimental Conditions and P ter Estimates -
f for L-229 )
= e
TeC | cI gml/ t p £ Ky 10° sec”!
LA ;\“
35 3.49 x 1072 24.5 + 8.2 .60 £ 0.16 1.461 + 0.396
40 3.49 x 1072 11.2.+ 3.4 | .59+ 0.08 | 1.571 + 0.187
N J y

* Data provided by N. Fisher,

A

Rhone Poulenc Inﬁustries ,»Aubervillers,

France.




TABLE 14
) 0
. Experimental Conditions and Parameter

Estimates for L-223M75

~~

> 4

g -

p £ kd?a?es sec’ L

3.1 | 0.47 £ 0.06| 3.636 % 0.213

33.81 %
29.67. + 2.3 0.46 + 0.06 | 6.888 x 0.398
N 7o
E = 26.9 kcal/gnol A=2.124 x 10 h
TABLE 15
Experimental Conditions and Parameter M
e, Estimates for L-225
5 -1
CI0 gmol/et P f kdxlo sec
’ \
3.201 x 10-3 32.10 £ 4,10 | 0.45 +.0.06 5.602 * 0.345
2.130 x l()—,3 31.90 £ 2.70 { 0.46 + 0.05| 10.650 + 0.568

17 . -1

E = 27.1 kcal/gmol A=4.105 x 107" h
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LN ,
TABLE 16
. Experimental Conditions and Parameter-Estimates
for L-228? -
> O : 3 . ) S ‘l
T °C CI, gmol/et p f. ‘kd x 10~ sec
45 4.5 x 107> 13.14 + 1.8 | .59 + 0.08 8.01
50 2.02 x 1073 13.84 + 2.1 | .37 + 0.06" 15.92
55 3.37 x 107 ‘14.38 £ 2.1 | .33 & 0.03 33.57
43 - - - 4.583 *
50 ; - ; 14.722 *
52 - ; ; . .19.638 *
; |
¥
_ : o 17 -1
E = 32.133 kcal/gmol A= 8.28 x 1077 sec

* Data provided by N. Fisher,

France.

Rhone Poulenc Industries, Aubervilliers,
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111.3. NONISOTHERMAL CONDITIONS

After we have obtained the parameter estimates and have estab-
lished the Arrhenius equations for each individual initiator, we are
now in a position to test how the model performs under nonisothermal

conditions.

In order go test the model, we follow the same experimental
procedure. After the ampoules are loaded with initiator and VM and
scaled, they are placed in a constant temperature bath where the
temperature is kept at 60°C + 0.1°C for 90 minutes. They are then
transferred to another constant temperature bath kept at 50°C, until
high conversions are obtdined. The experimental data obtained are
shown in Figure 17. They are in good agreement with the model predic-
tions represented by the solid lines. The initiator used was Lauryl

Peroxide.

The model predictions were obtained by using the following
expressions for the parameters:

2

Cl, = 2.51x 10°“ gmol/Lt
- 17 -33.350 e o
kd = 1.02 x 107" exp (———ﬁir—) (T in °K)

f = 0.60

px Was held constant and equal to 1.0

93
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ITI.4 MULTIPLE INITIATOR SYSTEMS.

" As outlined in Part Ir, it isLEBEETEI¥-by combining two or

more initiators to obtain linear conversion curves.

Using the correct amounts of initiators, Lucidoi were able to
conduct two experimeqts at 50°C and 55°C that yielded linear conver-
ston-time histories. The two initiators used were L-223M75 and L-228P;
By using the parameters estimated previously, the expcrimental data

were simulated by using Abdel-Alim's model.

In figure 20, two linear conversion curves are shown. The
solid lines represent the simulation curves as calculated by the model.
The model parameters used are the same as tabulated in Tables 14 and

16 for S0° and S55°C.

ITI.S DISCUSSION

After analyzing a wide variety of experimental results, we are
now in a position to evaluate the significance of the data reported

herein for Abdel-Alim's model.

(a) The new data obtained for Lauryl Peroxide are very reasonable
and Abdel-Alim's model fits the experimental data very well. The
kd values estimated by UWHAUS are in excellent agreement with data
obtained from Rhone-Poulenc, France. As shown in the Arrhenius
diagram (Figure 18A) all four kd‘s are practically on the same
straight line. This enables us to calculate the actvation

energy E, and the frequency factor A, (by linear regression),
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(b)

(c)

(d)

. ' , \

and present them in the form of an Arrhenius equation:

17 =33 350)

k, = 1.0Z2 x 10

q exp (F222222 (T in °K)

For the commercial initiators L-223 and“L—ZZS, Lucidol's data

were analyzed and from the estimated k, values the activation

d
energy and frequZGCy factor for each initiator were talculated.

A - .
The calculated activation energies are comparable to the values

reported by Lucidol. Lucidol has obtained the decomposition rate
constants (kd) from decomposition data in organic solvents. The

Table below compares activation energies..

~ s . Fi ‘
INITIATOR L ACTIVATION ENERGY E
Present Lucidol's(qz)
work
Di- (sec-butyl)-peroxydicarbonate 27.1 27.0 in O.M.S.

(L-225)

Di-(2- ethyl hexyl)-peroxydicarbonate 26.9 30.0 in O.M.S.
(L-223M75)

The experimental data for ACSP (L-228P) are again reasonable
and the kd'values estlmated by UWHAUS are very comparable to the
Rhone-Poulenc data as shown in Table 16. Agaln by linear regres-

/

sion we obtained the activation energy L and frequency factor A :
\ . - T
a§ shown in the following Arrhéniué\equation:

r

_ 17
k, = 8.28 10

-32,133
xp(—f7 )

(T in °k)

In the case of L-229, which is a much more '‘active'' inijitiator,

compared to Lauryl peroxide, we encountered some experimental

.97
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problems. Because of the high decomposition rate constaﬁt of L-229,
small amounts were required (5-I0 mg} and even at low reaction temp-
eratures, high reaction rates and low reproducibility of the experi-

mental results wz;;;:iyoblem. Additionally, high Correlat Yons of the

esti6;§ed parame

B

4

Therefore we do not intend to propose an Arrhenius equation for L-229.
e) In the case of PVC, it has been established (40) that transfer to
monomer is the dominant transfer reaction, therefore, nonisothermal

conditions is the only simple way to modify molecular weights and obtain

ead to broad confidence limits, and lower accuracy.

98

wider molecural weight distributiqps. The method is extensively applied .

‘in industry and the ability of the mode! to predict conversions, given

any type of reaction temperature profile, is considered to be a positive
feature. .
f) Multiple initiator systems help further improve the efficiency of
the batch process. In the case of two initiators, a fast initiator is
used to acceletate the first stages ;,of the reaction and when the fast
initiator is consﬁmeds the ;econd one, usually a slower initiator,
continues the reaction until high conversions. The ability of the
simulation’ program to handle practically any number of initiators ~m&
any temperature level is considered as an additional advantage.

We finaf}y believe that by proposing new Arrhenius equations for
commercial initiators and establishing a godﬁ performance of the model

undef\hqnisgthermal conditions and by using multiple initiator systems

“we have contributed to the recognition of the validity and apﬁlicaﬁility

of the model in a wide range of conditions.

-

F )
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IIT. 6 Summary and conclusions.

Pais

o

After a number of preliminary experiments,isothermal expe-
riments were performed using glass ampoules.Two commercial
initiators were used and the data obtained,together with Lu-.
..cidol’s data were analyzed.

By fitting the model response to the experimental points
using a special nonlinear regression routine,parameter values

v

were estimated and found to be in good“ﬁéféement with values
published‘%n the liferaiune.Subsequently,nonisothrmal expe-
riments were performed and the nonisothermmal data together
with Lucidol’s isothermal data for mu}tiple initiator systems
were simulated u;ing‘%he model .

Both cases are of industrial interest.Nonisothermal condi-
tions are necessary in order to develop new molecular weight re-
cipes. Multiple initiator systems,properly designed,help
reduce batch times,improve process control and maximize heat
removal.In Part 1] we give a simple method to calculate the
initiator concentrations necessary to obtain constant reacti-
on rates. .

In both cases ,the model predictions were in good agreement
with experimental results,thus indicating that the model has

a wide range of applicability that may be extended to noniso-

thermal conditions and multiple initiator systems.
1

v
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A

Parameter estimation enabled us to propose new Arrhenius
equations for two widely used commercial initiators.
We believe that the accuracy of the model is sufficient
for industrial applications.

Additional molecular weight measurements are necessary
in order to establish“the validity of the model molecular
weight predictions by comparing the;’with experimental

results.
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APPENDIX 1

Statistical Analysis

To develop a model that describes the true mechanism of the re-
action would be very complitated and difficult; therefore we believe
that a good practical model is one thgt is capable of predicting satis-
factorily conversion and molecular weights. Such a model would include
parameters that are to be estimated from exgsrimeﬁtal data. The present

section deals with the mathematical technique of model fitting.

From ihe previously described model we see that we have to
estimate the following parameters: P, Pk, f and kd’ which vary from
initiator to initiator. Since the model is nonlinear the parameter
estimaies are obtained using a nonlinear least squares regression rou-

tine.

We assume that the present model may be written as:

y = n(x,8) +¢&

v

where y is the vector of observations, x is the matrix of the indepen-
dent variables, g is the vector of parameters and ¢ the vector of un-
observable errors; n is the expected value of y (as calculated by

using the model in this case). If m is the mmber of obServations, then

_ for the uth observation we have:

P,
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We now make the following assumptions (which in our case are usually

true):

[
1) The model is correct, i.e. n = E(y).
2)  The settings of the independent variables are fixed known values.
3) " The ervors ¢ arc independent random variables, normally distri-

buted and with expected value equal to zero.

As we see, the model contains k independent variables and p parameters

to be estimated. {

If we call the quantity?

<~

n

2
ugl [y, = nixge 8]

the sum of squares of the residuals, (SSR), the,least squares estimates
of the p parameters, is the choice of g values that minimize this sum.
It is mathematically possible to obtain explicit expressions for the para-

meter values if the model tis linear. In the case of a nonlinear model,

1

we have to use a search routine.

I

The method followed here is the one known as the'Marquardt's
hbthod”(49). This is a combination or ''compromise'' between the method
of steepest descent and the linearization method and makes use of the

advantages of both previous me{hbds(48).

P
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Expanding the model in Taylor series about some initial guessed

values @0 for the parameters we get:

3 {x ., B)
§ [‘_IL_Ji___i}(gi - B?) + K

i=1 IR .
Sy l 8

0
n(xll’ B) = n(Xu, B )t

/ ' A

i

\ﬂ&?fé‘K includes all the nonlinear terms. *\\

Assuming that the nonlinear terms K may be neglected as a first approxi-

)
mation and by defining [ =] = XJ ° and ¢° =8, - 8% we have:
aBi 8O 1u 1 L 1
< i
. o E o
it "yt Xiu 61
i=1
(o] g O (o]
= + - +
or Yu "y L Xiu Gi u

and finally for the Residuals Rﬁ :

RO = y = n = E_ X? &9 + g u=1,..,nand i

= =1,...,p
u u u ooy iu 1 u
or in matrix form
0

which is the linearized form of our model. For this linear model, from

the theory of linear models we readily have an expression for §O as given
in(48):



where X is a positive constant and I is the identity matrix

]
In the above expression the term Al XO R® represents the steepest

descent part of the method.

So, for A » « the method reduces to steepest descent only

for x -+ o0 " " " " linearization only.

“0 1 0

After we obtain the §7: g =g + °

Cn >

parameter vector. The iteration continues until 8 converges within

ssecified limits, or the SSR remains unchanged.

i

/ The routine that performs the above calculations is called

W We usually start the calculations with a relatively large value

of A that is divided by a constant number, i.e. decreased after each

iteration. This means that in the first few iterations the steepest

descent method dominates., This is desirable because {rom theory we know
that the steepest descent method always moves towards the right solution,

regardless of how bad the initial guesses are. As the number of iterat-

ions increases, the contribution of the linearization method becomes

higher, because this method converges faster at the end.

The UWHAUS routine also calculates variances and confidence

limits. So the estimated variance-covariance matrix of the paramecters

is given by:

2 2

Estimated var(g) = (X' X)7!s? = i s°

v

2 . . . . .
where S is an estimate of cz (is the variance of the observations).

is the improved guess for the

109
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The approximate individual confidence limits for the parameters

(on linear hypothesfs) are:

st -y,
f N nepiaz LT

-

where t is the value of the stuydent distribution for (n-p)

(n-p),ay,
degrees of frcedom at the a level of significance (obtained from

tables).

The approximate correlation matrix for the estimated parameters

(again on linear hypothesis) is given by:

')

We see if rj. is close to one, this means that the parameters B, and Bj

are highly correlated.
4

The following are tables of the correlations and the SSR for

each initiator at two or three different temperature levels.

>

’
/‘,;\
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TABLE OF CORRELATIONS 1

-yt

(BASED ON RATE DATA)

=4

rnitiiapor © | Temp. °C P
p 1.000
o -.9899  1.000
‘ X .0578  -.9889 1.000
©L-223 50 d ‘ .
P, .5955  -.5479  .4869 1.000
: P .000
f ,9982 1.000
L-223 55 n
K, 1706 -.2208 1.000
Py 8338 -.8109 -.1183 1.000
p .000
£ -.9980  1.000
L-225 50 -
- K, | .8883 " -.8869 1.000
P.-| 8522 -.8477 .6894 1.000

-
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TABLE OF CORRELATIONS 2

(BASED ON RATE DATA)

Initiator Temp. °C p f Ky Py
p 1.000
f -.9995 .000
L-225 55
Ky | --0619 ,0559 1.000
P .8737 .8656  .0132  1.000
P 1.000
L £ -.9996 .000
L-228P 45
Ky | -8883 .8869 1.000
( Py \\\szzz .8477  .6894  1.000
J) 7
e
- P 1.000
. f ~ . .
228, 50 5 9994 000
Ky .8935 .8943 1.000
PK -.9012 .9020 -.9994  1.000
P 1.000
L-228p s f -.9994 .000
\ Ky . 8263 .8207  1.000
P .9163 .9108 .8588  1.000

112
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TABLE OF

(BASED ON CONVERSION DATA.)

CORRELATIONS 3

~-9

Initiator Temp.°C P f Kd PK
P | 1.000
£ [ -.9327 . 000
L-223 50
X, .8832  -.9923 1.000
Py .8709 -.9617  .9731  1.000
P | 1.000
£ -.9679 .000
L-225 55 8076 945 000
K, | - Q
P, | --5830  .7194 -.6330 1.000
P | 1.000
f -.8339  1.000 ////
L-225 50 ‘
Ky .2438 7257 1.000
Pe | --0927 3420 -.3081  1.000
p 1.000
n £ -.9967  1.000
1-225 55 .
Ky .0205 .9502  1.000 -
o Py | -.8541  .8711 -.7730  1.000

2113
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TABLE OF CORRELATIONS 4

(BASED ON CONVERSION DATA.)

Initiator Temp. °C p f K4 PK
p .000
£ .9970  1.000 |
L-228P 45 |
K, 9823 -.9872 1.000
P 0238 .0963 -.0848  1.000
p .000
£ .9843  1.000 ¢
L-228P © 50 K, | 9352 -.9505 1.000
P 4368 .5860  .5877 1.000
P .000
£ 9558 1.000
1,-228P 55 ~
‘ ‘ K, 9228 -.9404 1.000
P .5455 .7580 :.7369  1.000
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TABLE OF CORRELATIONS 5

BASED ON 3 ESTIMATED PARAMGITRS

/7

Initiator

Temp. °C

Kg

.000
©1916 1.000.

L.p 50 oo
.0929 -.9101 1.000
.000 \

L.P " ss .3410 1,000
.2270 -.0320 1.000
.000-

-2 35

L-229 .9793  1.000

.8934  .9894 1.000
! .000

L;229 40 .0108 1.000

2198 -.9726 1.000

115"
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TABLE OF CORRELATIONS 6

" BASED ON 3 ESTIMATED PARAMETERS

%

el

Initiator Temp. °C p f k d
. P 1.000
£ -.9 88 1.000
L-223 50 :
., ky  .9606 -.9712 1.000
\\
P 1.000
1-223 sc £ -.9527 1.000
\
k.\ .8011 ~-.9158 1.000 "
d N :
‘ . w’
i .
A
” p// 1.000
L-225 50 J -.8412 1.000
) k5 1510 -.6575 -1.000
y
| /
. o P 1.000
) ’ N t
L-225 . 55 ’//,/A £ °.8796  1.000
// N
./ ky .8126.7-.8038 1.000
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TABLE OF CORRELATIONS 7

BASED ON 3 ESTIMATED PARAMETERS

Initiator

Temp. °C

d
.000
L-228P 45 .9189 1.000
.9548 -.9632 1.000
i
|
.000
L-228P 50 .9375 1.000
0188 -.8924 1.000
)
_ 000"
L-228p >3 .9252 1.000
v L7713 -.7144 1,000

117

————



v
P L IR A LY T P Sy . Ve P e & LS Y

£33

\
APPENDIX II

et e -



VINYL CHLORIDE SUSPENSION POLYMERIZATION

AND AUTOCLAVE REACTOR RESULTS. ht

A

‘Calculation of Rate of Polymerization /

Based on a total charge of 200 g vinyl chloride in the
autoclave reactor and assuming that the heat of polymerization AHp =

23 keal/mol, the total heat liberated at 1003 conversion is 73,600

cals. . .
Rate of polymerization = Y cals/min. | ‘ RN
Y cals/min = Ymiﬁls X 60lgins y 75}ggglgals
= Y x8.15x 1072 3/h '- )

Note:

All initiator concentrations are expressed on a pure basis.
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VINYL CHLORIDE SUSPENSION - POLYMERIZATION

0.065 FWMiLUPERSOL 223 AT 50°C

. Time
(mins)

45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
170
180

Rate

[(Cals/Min)

18
39
40
56
52
59
69
75
“ 72
87
93
95
100
102
© 101
113
‘114
127
132
126
133.
135
131
139
145 -
142

.

Y

Time
(mins)

190
200
210
220

* 230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440

Rate
A(C5I§7Min)

158
158
163
140
129
143
144
154
158
157
167
175
174
178
195
194
201
206
212
223
225
230
233
235
216
226

* Approximately 80% conversion

1
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VINYL CHLORIDE SUSPENSION POLYMERIZATION

0.075 PHM LUPERSOL 223 AT 55°C

e ~ Rate

1ns) (Cals/Min)

90
100
110
120
130
140
150
160
170
180

74
12
30
58
84
110
132
154
158
164
174 -
186
© 160
168
170

174 ‘
186
190

Time
(mins)
190
200
210
220
2%
250
260
270
280
290
300
3100
320
330
340
350
360
370

'Rate

(Gals/Min)

196
202
206
216
220

228

.236
238
248
256
260
272
276
282
276
278
222
132

|

2

*

Pressure drop begins.

v
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VINYL CHLORIDE SUSPENSION POLYMERIZATION

¢

0.075 PHM LUPERSOL 225 AT 50°C

Time
(mins)

40
50
60
70
80
90

1100

110
120
130
140
150
160

Rate

(Cals/Min)

34

72

98
124
142
148
190
198
208
238
244
232
236
236

Time-

(mins)

170
180
190
200
210
220
230
240
250
260
270
280
290
300

Rate
(Cals/Min)

242
248
260
264
276
282
284
300
318
334
358
428
452
312

<t

* Pressure drop begins.
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VINYL GILORIDE SUSPINSION POINMERIZATION

0.05 PIM LUPERSOL 225 AT 55°C

Time

(mins)

10
20
30
40
50
60
70
80
90
100
110
120
130

Rate
(Cals/Min)

106
104
138
180
200
224
234
250
250
268
242
252
260

Time
(mins)

150
160
170
180
190
200
210
220
230
240
250
260
270
280

Rate
(Cals/Min)

274
274
282
282
288
292
294
304
310
322
334
358
382
324

* Pressure drop begins.
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VINYL CGHLORIDE SUSPENSION POLYMERIZATION

0.1 PHM LUPERSOL 228P AT 45°C

Time
(mins)

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
&0
85
90
95

100
108
110
115
120
130
140
150

Rate

(Cals/Min)

94
98
124
130
140
142
168
162
170
168
170
172
176
168
174
186
188
182
182
186
186
176
180
182
177
178
179

Time

(mins)

160
170
180
190
200
210
220
230
240
250
260

4270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420

Rate
(Cals/Min)

178
172
169.
167
170
163
160
161
162
158
154
148
154
150
152
154
155 %
155
166
178
182
188
182
142
106

79

* Pressure drop
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VINYL CHLORIDE SUSPENSION POLYMERIZATION
0.045 PHM LUPERSOL 228P AT 50°C

l
~

A A

Time Rate Time Rate [
(mnins)  (Cals/Min) (mins)  (Cals/Min) ‘
15 230 140 "+196
20 . 231 150 192
25 204 160 190
30 215 170 193
35 218 180 190
40 232 190 188
45 235 | 200 178
50 241 S 210 179
55 231 \\\\\ 220 174
60 240 . 230 172
65 233 240 173 o
70 242 . 250 169
75 - 240 L 260 168
80 238 270 . 166 .
85 244 . 280 165 '
.90 242 : 290 157
95 238 . % 300 150
100 230 F 30 . 155
105 229 1 320 159
110 231 ] 330 . 169
115 7. . 340 160
120 '/”-i::§§7 350 150 &ﬁ /
130 19 360 117 Y
Y
* * pressure drop begips. . . \k
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VINYL CHLORIDE SUSPENSION POLYMERIZATION
0.075 PHM LUPERSOL 228P AT 55°C
Time / Rate Time Rate .
/fm/ (Cals/Min) - (mins) (Cals/Min)
5 202 135 228
10 242 140 230
15 206 145 230
20 222 150 220
25 244 . 160 : 217
30 238 170 202 )
35 244 ’ 180 207 “\\\
40 , 282 190 203 {
45 . 250 \ 200 192 /
50 ~258 210 184 7
55 1258 220 180 4 °
60 256 - 2258 170 * //
65 260 ‘ 230 148 |/
70 258 ‘ 235 150 A"
75 260 240 - 148
80 256 250 148
85 256 - 260 142
90 - 252 270 146
95 © 252, 280 132
. 100 © 250 290 134
105 . 248 : 300 124
110 248 .310 126
115 242 320 120
120 v .246 ’ 330 114
125 238" 340 110
130 232

* Pressure drop



127

NN ‘ VINYL CHLORIDE SUSPENSION POLYMERIZATION

0.03 PHM LUPERSOL 228P + 0.035 PiM LUPERSOL 223 AT 50° C

Time Rate l Time Rate

(mins) (Cals/Min) (mins) (Cals/Min)
10 290 ‘ 165 214
- 1l 15 . 132 170 228
: ' 20 164 175 216
25 174 180 220
30 192 185 222
35 194 . 190 216
40 204 195 214
45 202 200 224

- 50 212 ;205 214 °
55 216 210 216
60 { 220 : 215 224
65 ° 224 220 210
70 218 225 216
75 ' 216 230 214
- 80 o218 235 208
85 220 240 232
90 224 } 245 222
95 226 ¢ 250 236
100 . 208 255 226
105 212 ' 260 228
110 246 o 265 246
115 230 270 - 240
120 244 275 234,
125 244 280 240
130 240 285 228
135 228 . 290 232
140 216 : 295 232
s 145 . 214 ) 300 222
‘ ' 150 206 305 212
155 228 ’ 310 208
160 218

*Pressure drop begins



0.035 PHM LUPERSOL 228P + 0.035 PHM LUPERSOL 223 AT 55°C

VINYL CHLORIDE SUSPENSION POLYMERIZATION

Time

(nins)
5
10
15
20
25
30
35
.40
45
50
55
. 60
65
70
80
90
100

Rate

(Cals/Min)

30
368
246
272
266

284

296
296
284
294
290
304
306
304
307
277
260

Time
(mins)
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270

Rate
(Cals/Min)
264
262
277
283 -
257
268
286
295
294
303
306 *
201
284
281
268
196
184

* Pressure drop

L

begins.

128

~

br oty At

T em el st g T, AR 3 8 e

s ot e o =





