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Synopsis

Radiation-induced polymerization of ethylene using aqueous tert-butyl alcohol as medium was
carried out in a large-scale pilot plant with a 50-liter central source-type reactor at a pressure of 105
to 395 kg/cm?, temperature of 30° to 80°C, mean dose rate of 4.5 X 104 to 1.9 X 10° rads/hr, ethylene
feed rate of 5.5 to 23.5 kg/hr, and medium feed rate of 21 to 102 1./hr. The space-time yield and
molecular weight of the polymer were in the range of 4.7 to 16.8 g/l.-hr and 1.3 X 10 t0 8.9 X 10%,
respectively. The space-time yield and molecular weight increased with mean residence time at
30°C, whereas at 80°C they became almost independent of the time. The space-time yield increased
with pressure and dose rate, slightly decreased with temperature, and was maximum at ethylene
molar fraction of 0.5. The polymer molecular weight increased with pressure and ethylene molar
fraction, and decreased with dose rate and temperature. The total amount of deposited polymer
on the reactor wall, source case wall, and scraping blades was usually less than 1 kg, which was neg-
ligibly small for the analysis of polymerization. Continuous discharge of the polymer slurry and
production of fine-powder polyethylene were successfully carried out. In the central source-type
reactor, a dose rate of 1.9 X 10° rads/hr was obtained with a 8°Co source of ca. 12 kCi.

INTRODUCTION

A series of engineering studies involving the radiation-induced polymerization
of ethylene has been performed at the Takasaki Radiation Chemistry Research
Establishment. In the first and second papers,!:? we reported the results of
pilot-scale experiments of ethylene polymerization in bulk, wet-wall, and
heavy-phase recycling processes. In the bulk process, polymer deposit on the
reactor wall and agitator blades interfered with a long-period, smooth operation
of the plant. In the heavy-phase recycling process, where the reactor wall was
covered with dilute aqueous tert-butyl alcohol (heavy phase) in equilibrium with
the reaction mixture (light phase), the amount of deposited polymer was
markedly reduced, and the polymer in the high-pressure system was continuously
removed as a slurry.

As a third step of the study, we constructed a large-scale pilot plant with a
central source-type wet-wall reactor 50 liters in capacity in order to evaluate the
process. This paper is concerned with the results of the pilot plant operation and
the characteristics and feasibility of the process.
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EXPERIMENTAL

Pilot Plant and Process

A large-scale pilot plant for heavy-phase recycling was constructed based on
the development of the wet-wall process? in order to study feasibility of the
process and to produce enough polyethylene for practical evaluation.

Figure 1 shows a sectional view of the reactor. The 50-liter central source-type
reactor with a scraper to prevent polymer deposit and with a jacket for temper-
ature control was designed to be operated at pressures up to 410 kg/cm? and at
temperatures up to 80°C. The source case, in which the radiation source is in-
serted, is a concentric cylindrical case and is installed on the top of the vessel.
The scraper with streamline blades is connected to a driving shaft at the bottom
of the vessel. The shaft with three-stage mechanical seal for high pressure was
driven up to 100 rpm with an oil torque motor.

The radiation source is of rod type and consists of four to 12 #°Co pencils having
an activity of ca. 1 kCi each.

Figure 2 shows a flowsheet of the pilot plant consisting of the reactor, two
compressors for ethylene feed, three separators, two pressure-reducing devices,
recovering systems for ethylene, medium, and polymer, and other utilities.
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Fig. 1. Sectional view of the reactor: (1) radiation source case; (2) top cover; (3) body; (4) jacket;
(5) bottom cover; (6) scraper; (7) outer streamline blade; (8) inner streamline blade; (9) driving shaft;
(10) mechanical seal; (11, 12) heavy phase inlet; (13) t-BuOHagq inlet; (14) ethylene inlet; (15) reaction
mixture outlet; (16) thermocouple; (17) sealant water inlet; (18) water outlet; (19) water inlet.



1833

POLYMERIZATION OF ETHYLENE. III

¢

19[[1IYo 197em ‘get # ‘duind 1atem ‘ge1 # ‘dwnd f10 ‘pog A ‘dund juereas ‘gogAl (1030 aNbi0] [10 ‘ZOSIAL ([B9S [BOIUBYDIAUL ‘[QLIA] 19NIP
peq pazipiny ‘L01S ‘1911 dwk[od ‘9o1S ‘uoneyof) e Aq r01eredss ewkod ‘oIS (Burysem sewAjod 1oy raxiw ‘1018 ‘dwnd Aunys ‘pred ‘dund pesy winipawrt ‘¢og #
{rojeayerd wnipew ‘goeH ‘dumd apoArer wnIpawr ‘Fgd Sfuel wnipew ‘GIgA ‘dund wnipow ‘Fged AI0AIOSAT WNIPSW ‘LT A A8suapuod ‘g1ey is jod ‘1T1¢ ‘dund paay
K1mnis ‘11¢J ‘109eredes anssazd-mof ‘9oz # t101eredes ainssaxd-wnipaw ‘vz 1 # (seo1aep Suronpai ainssaxd ‘QIEIA ‘LISIA 19[002 aseyd-Aaeay ‘gogd ‘dwnd Suipphdal
aseyd-Laeay ‘108 ‘Ioreredss arnssaxd-ySiy ‘gog [ # ‘10108al [[em-1om adA1-901N0s [BIIUAD ‘TOEA ‘Iateayald auaiAyle ‘411 # ‘191seare swe]y ‘g1 # ‘dund ap4da1 sus[Ayla
‘qT1 # ‘aossoadwod susjAy3e dnaeyew ‘g1 # ‘10ssaadwioo sua(Ay3d dn-yress ‘11 # ‘syuey 1oyynqg SUalAyIe ‘I # ‘PITH ‘TT11# ‘40sowar Kypruany ‘gOT # (49000 SUSLAYId
‘901 # ‘1oaowar usBAxo ‘coY # ‘s1areay sud[AYIe ‘bOT # ‘COTH ‘g1 # ‘oud[dyje dnayew 10j IoUIBIUOD ‘LOEA ‘ue} sus[Ay1a ‘gogA  :uepd jo1id 8y JO 199Yys MO[] "7 "SI

oI €OEN v0gd v2ed vigd
10ts 20iS 90iIs 201s 3d
Hned %
oo 3 2/\
9'veIEw SO0EA

£0I% S e

L0€EA




1834 TAKEHISA ET AL.

After preparations such as setting up the reactor, gas leakage test, and flushing
the system with ethylene, tert-butyl alcohol aqueous solution (¢-BuOHaq) and
ethylene were initially charged in the high-pressure system to form the light and
heavy phases in equilibrium? at the reaction pressure.

The recycled ethylene from the 10-m? tank V306 was compressed to the re-
action pressure with compressors #112 and # 113, heated to the reaction tem-
perature with # 117, and fed to the reactor V301. The medium, t-BuOHagq, was
flushed with high-purity nitrogen in the medium tanks V315A and B to remove
the dissolved oxygen, heated to the desired temperature with E302, and then
fed to the reactor with pump #205 at a constant flow rate. After stationary
feeding of t-BuOHaq and ethylene, whose composition was similar to that of the
light phase, gamma-ray irradiation was started.

The mixture of ethylene and t-BuOHagq in the reactor formed the light phase
and a small amount of the heavy phase. Polymerization took place in the light
phase, which was mostly composed of ethylene and ¢t-BuOH under gamma-ray
irradiation. The reaction pressure was automatically controlled with the
PRCA-1 instrument. The reaction temperature was controlled by circulating
water in the reactor jacket. The mean residence time of the light phase and its
composition in the reactor were controlled by changing the feed rates and ratio
of ethylene and t-BuOHagq according to a phase diagram.? The dose rate in the
reactor was varied by changing the number of ¢°Co pencils inserted in the
case.

The mixture of light and heavy phases containing the polymer was transferred
to a 45-liter high-pressure separator ( # 120B) and then separated into two layers.
The heavy phase, which is an aqueous solution of ca. 10 wt % t-BuOH, was re-
cycled with pump P301 from the bottom of the high-pressure separator to the
reactor. A part of the recycled heavy phase flowed down on the wall of the source
case and the other part on the reactor wall to prevent polymer deposit. The
recycling rate of the heavy phase was changed with plunger stroke speed of the
pump. The light phase containing the polymer was removed at the interface
of the two layers in the high-pressure separator and transferred through pres-
sure-reducing devices (M317, M318) to a 45-liter medium-pressure separator
(#120A) at 20 kg/cm?.

In the medium-pressure separator, the light phase containing the polymer was
separated into two phases, the gas phase of unreacted ethylene and the liquid
phase of t-BuOHaq where the polymer was suspended. The unreacted ethylene
was transferred to the ethylene tank and reused. Makeup ethylene from a
container (V307) was supplied when suction pressure of the compressors was
decreased below 20 kg/cm?2.

The polyethylene slurry in the medium pressure separator was removed at
a constant slurry level to a 230-liter low-pressure separator (# 206) where the
dissolved ethylene was vented.

The slurry was then distilled in a pot still (M311) to recover the t-BuOHagq.
The coagulated polyethylene in diluted ¢t-BuOHaq removed from the bottom
was washed in water with a mixer (S101) and separated by air flotation (S102).
This procedure was repeated three times to remove the alcohol from the polymer.
Washed polymer was filtered with S106 and dried at mild temperature with a
fluidized bed drier (S107), and then the fine-powder polyethylene was collected
with a cyclone separator.
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Fig. 3. Time courses of pressure, temperature, ethylene feed rate, medium feed rate, polymer
concentration in slurry, and polymer molecular weight for runs 16 to 19.

Materials

The ethylene used was polymerization grade manufactured by the Maruzen
Petrochemical Co., Ltd. Reagent-grade t-butyl alcohol was used as received
from the Maruzen Oil Co. Ltd. and Dainippon Ink & Chemicals, Inc. Water was
purified by ion exchange resins before use.

Measurement and Analysis

Oxygen in ethylene was measured by a Horiba oxygen analyzer (AE-303). The
oxygen contents in both makeup and recycled ethylene were less than 5 ppm.
Oxygen in the medium was monitored by a Beckman process oxygen analyzer
(Model 778).

The polymer concentration in the slurry removed from the medium pressure
separator was measured by gravimetry after drying. The number-average mo-
lecular weight of polymer was determined by Tung’s equation® from its intrinsic
viscosity in tetralin at 130°C.
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Fig. 4. Appearance of polymer deposit on scraping blades after full two days of normal operation
(runs 16-19).

RESULTS AND DISCUSSION

Pilot Plant Operation

The operations of the large-scale pilot plant were carried out 19 times in the
pressure range of 105 to 395 kg/cm?2, temperatures of 30° to 80°C, dose rates of
4.5 X 10% to 1.9 X 10° rads/hr, ethylene feed rates of 5.5 to 23.5 kg/hr, medium
feed rates of 21 to 102 1./hr, scraping speeds of 0 to 80 rpm, and heavy-phase re-
cycling rates of 0 to 300 1./hr. Several runs under the various reaction conditions
were performed during one operation. Operational results for 40 runs are
summarized in Table I together with the reaction conditions.

Figure 3 shows examples for time courses of the polymer concentration in the
slurry and the polymer molecular weight in runs 16 to 19 together with reaction
conditions. The polymer concentration and molecular weight increased with
reaction time and reached a steady state after a period five to eight times longer
than the mean residence time of the light phase in the reactor. When the reac-
tion conditions were changed, the polymer concentration and molecular weight
shifted to new steady values. The time to reach steady state was almost the same
as that in the 10-liter pilot plant of the heavy-phase recycling process.?

The reaction conditions in Table I are mean values at the steady state. The
space—time yield of polymer was calculated from the polymer concentration and
the discharge rate of the slurry, which was almost equal to the medium feed rate.
Mean residence time and composition of the light phase in the reactor were
calculated from the feed rates of ethylene and t-BuOHaq using a phase diagram.2
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Fig. 5. Apppearance of polymer deposit on scraping blades after stopping the recycle of heavy
phase (runs 22-24).

The mean dose rate in the reactor was obtained from dosimetry at various po-
sitions using clear PMMA plates.*

The polymer concentration at steady state was changed from 2.3 to 23.2 g/1.
mostly by the medium feed rate. As seen in Table I, the polymers with molecular
weights of 1.3 X 104 to 8.9 X 10* were produced with a space-time yield of 4.7 to
16.8 g/1.-hr.

Characteristics of the Process

The pilot plant was satisfactorily operated without troubles, and total oper-
ation time reached ca. 600 hr producing ca. 300 kg powder polyethylene. Re-
cycled ethylene from the medium-pressure separator containing a small amount
of t-BuOHagq could be reused without inhibiting the polymerization. ¢-BuOHaq
was also repeatedly used after distillation.

The amount of deposited polymer on the reactor wall, source case wall, and
scraping blades was less than 1 kg (2% of reactor volume) after a full two days
of normal operation, even in the 50-liter reactor. Furthermore, as shown in
Figure 4, most of the polymer was deposited on the blade surfaces and not on
the walls because of the absence of the recycling heavy phase. When scraping
was stopped for 6 hr (run 27) after 18 hr of operation in runs 25 and 26, deposited
polymer was scarcely observed on the walls. Asshown in Figure 5, a large amount
of polymer was deposited on the scraping blades, especially the inner blades, and
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Fig. 6. Effect of reaction pressure on space-time yield and molecular weight of polymer. Reaction
conditions: temperature, 30°C; dose rate, (1.4 X 10°)—(1.8 X 10°) rads/hr; mean residence time, ca.
0.7 hr; ethylene molar fraction, ca. 0.4.

the deposited amount reached 18 kg by stopping the recycling of the heavy phase
for only 10 hr (run 23) during 26 hr of operation (runs 22 to 24). These experi-
ments showed that the recycling of the heavy phase plays an important role in
the prevention of polymer deposit in the large-scale pilot plant.

The continuous discharge of the polymer slurry and the production of fine-
powder polyethylene were successfully performed in this pilot plant. The unique
properties of the polyethylene powder are a large specific surface area of 30 to
100 m2/g and a small particle diameter of 8 to 20 microns. A problem in the
production of fine-powder polyethylene as polymerized is the formation of a large
amount of wastewater containing a small amount of t-BuOH.
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Fig. 7. Effect of reaction temperature on space-time yield and molecular weight. Reaction con-
ditions: pressure, 300 kg/cm?; dose rate, ca. 1.7 X 105 rads/hr; mean residence time, ca. 0.7 hr; eth-
ylene molar fraction, ca. 0.4.
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20

SPACE-TIME YIELD (g/ihr)

1 i
05 1 2
DOSE RATE (10°rad/hr)
Fig. 8. Effect of dose rate on space—time yield at residence times of 0.36 hr @], 0.75 hr [©], and

1.1 hr [0). Reaction conditions: pressure, 300 kg/cm?; temperature, 30°C; ethylene molar fraction,
ca. 0.4.

Mean dose rates in the reactor filled with 83 wt % ¢-BuOHaq were 5.0 X 104,
1.1 X 10%, and 1.9 X 105 rads/hr for three sources of 3.8, 7.7, and 11.8 kCi, re-
spectively. In the central source-type reactor, the utilization efficiency for ra-
diation energy is much higher than that in the outer source-type reactor,® though
the dose rate distribution in the radial direction is steeper.

Polymerization Rate and Polymer Molecular Weight

Effect of Reaction Pressure. As shown in Figure 6, both the space-time
yield and the molecular weight of the polymer increase with reaction pressure
ranging from 105 to 395 kg/cm? at 30°C. Accordingly, the number of polymer

20

[=]
T

MOLECULAR WEIGHT (10%)
T

1 1 )
05 1 2
DOSE RATE (10°rad/hr)

Fig. 9. Effect of dose rate on polymer molecular weight at various residence times. Reaction
conditions and symbols are the same as in Figure 8.
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Fig. 10. Effect of ethylene molar fraction in light phase on space-time yield and molecular weight.
Reaction conditions: pressure, 300 kg/cm?; temperature, 30°C; dose rate, 1.7 X 10° rads/hr; mean
residence time, ca. 0.7 hr.

chains is almost independent of the pressure. These results are mainly due to
the increase in propagation rate with reaction pressure. These results are similar
to those in both small-scale batch experiments® and 10-liter pilot plant opera-
tion.2

Effect of Reaction Temperature. Figure 7 indicates that the space-time
yield slightly decreases, whereas the polymer molecular weight rapidly decreases
with reaction temperature at constant pressure. This is because the transfer
reaction is more pronounced at higher temperature.

Effect of Dose Rate. The space-time yield at various residence times of the
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Fig. 11. Effect of mean residence time on space-time yield and molecular weight at 30°C [0, @]
and 80°C [0, m]. Reaction conditions: pressure, 300 kg/cm?; dose rate, 1.7 X 10° rads/hr; ethylene
molar fraction, ca. 0.4.
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Fig. 12. Effect of scraping speed on space-time yield and molecular weight. Reaction conditions:
pressure, 300 kg/cm?; temperature, 30°C; dose rate, 1.7 X 10° rads/hr; mean residence time, ca. 0.7
hr; ethylene molar fraction, ca. 0.4.

light phase in the reactor increases with dose rate, as shown in Figure 8, simply
because the rate of initiation increases with dose rate. Figure 9 indicates that
the polymer molecular weight decreases with dose rate as expected from kinetics
assuming bimolecular termination.

Effect of Composition of Light Phase. With changing light-phase com-
position, the space-time yield and the molecular weight vary, as shown in Figure
10. The space-time yield is maximum at an ethylene molar fraction of ca. 0.5,
whereas the polymer molecular weight monotonously increases with ethylene
fraction. These results are similar to those in the 10-liter pilot plant operation?
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Fig. 13. Effect of heavy-phase recycling rate on space-time yield and molecular weight. Reaction
conditions: pressure, 300 kg/cm?2; temperature, 30°C; dose rate, 1.7 X 10° rads/hr; mean residence
time, ca. 0.7 hr; ethylene molar fraction, ca. 0.4.
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and are explained by the increase in propagation rate and decrease in initiation
rate with increase in ethylene fraction.

Effect of Mean Residence Time. By changing the feed rates of ethylene
and ¢t-BuOHagq, the mean residence time of the light phase in the reactor was
changed from 0.33 hr to 1.36 hr. If the reaction is carried out at 30°C, as shown
in Figure 11, both the space-time yield and the polymer molecular weight in-
crease with residence time, whereas at 80°C they become almost independent
of the time. This means that the polymerization proceeds almost steadily at
80°C but nonsteadily at 30°C. This behavior is consistent with that in the batch
experiment.’

Effect of Scraping Speed. While scraping, the light phase is agitated, which
probably affects the reaction.8 As shown in Figure 12, the space—time yield and
the polymer molecular weight decrease with scraping speed. The extent of the
change is less than that observed in the 10-liter pilot plant operation using a
shaftless anchor-type scraper.? This is so because the steamline blade brings
about less turbulence.

Effect of Heavy Phase Recycling Rate. As shown in Figure 13, the
space-time yield and the polymer molecular weight are almost independent of
the recycling rate in the range of 50 to 300 L./hr.
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