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3. Results and discussion
3.1. Effect of various reaction conditions

XRD pattemns of powders synthesized by the solvothermal
reaction in various alcohols at 250 °C are shown in Fig. 1. All
peaks of the obtained product were comresponding to the
hexagonal wurtzite structure of ZnO with lattice parameters a
and ¢ of 3,24 and 5.19 A, respectively. No peak from either ZnO
in other phases or impurities was observed. This result confirmed
that ZnO was successfully synthesized by the solvothermal
reaction in all alcohols investigated. Nevertheless, it should be
noted that the XRD pattern of the product synthesized in 1-
butanol showed slight splil for all XRD peaks, which suggested
non-homogeneity in the crystal structure of the ZnO product.

Fig. 2a—d show SEM images of the products synthesized in
I-butanol, 1-hexanol, 1-octanol and 1-decanol, respectively. It
was clearly illustrated that morphology of particles synthesized
in these alcohols were significantly different. Nearly spherical
particles were obtained when 1-butanol was used as the reaction
medium, while smooth solid hexagonal rods were observed in
the product prepared in 1-decanol. Therefore, it could be taken
that the product from the solvothermal synthesis in alcohol was
£n0Q nanorods und the length of the rods increased when
alcohol with longer molecule was employed.

Morphology of the primary ZnO panticle was examined from
TEM huoages, as shown in Fig. 3. The resulis confirmed with
SEM ebscivation that nanorods synthesized were straight and
non-porous. The selected area electron diffraction (SAED)
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Fig. 4. The size disiributions for diameter of ZnO nanorods synthesized in: (a)
1-butanol, (b} 1-hexanol, (¢) 1-octanol and (d) 1-decanol.

patterns shown as the inset in Fig. 3 suggested that each primary
particle was a rod-shaped single crystal of ZnO. The observed
morphology was consistent with the hexagonal nanorods grown
in 00 1 direction. It was also found that all synthesized ZnO
nanorods were guite uniform in size. The distributions of
diameter of the rods measured from TEM micrographs are
shown in Fig. 4. According to Fig. 4. it was shown that the
synthesized ZnO nanorods had narrow size distribution,
regardless of the type of alcohol employed. The average
diameter and length as well as the calculated aspect ratio of the
particles are summarized in Table I.

According 1o Table 1, ZnO synthesized in alcohol baving long
carbon chain tended to be nanorods that were longer and had
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Table 1
The crystallite size and aspect ratio of ZnO nanorods
Solvent Synthesis Amount of zinc Average diameter of Average Aspect
emperature (°C) acetate used (g) product (nm) length (nm) ratio
1-Butanol 250 15 107 184 1.7
1-Hexanol 250 15 91 264 29
1-Octanol 200 15 67 284 42
1-Octanol 230 15 75 308 4.1
1-Octanol 250 10 79 316 40
1-Octanol 250 15 84 343 4.1
1-Octanol 250 20 97 385 4.0
1-Octanol 300 15 110 472 43
1-Decanol 200 15 69 392 5.7
1-Decanol 230 15 74 419 5.7
1-Decanol 250 10 76 423 56
1-Decanol 250 15 81 455 5.6
1-Decanol 250 20 91 506 5.6
diameter smaller than those synthesized in short-chain alcohol.
The aspect ratio of the obtained nanorods increased correspond-
ing to an increase in length of the carbon chain of the reaction
medium. When 1-decanol was used instead of 1-butanol, the * Zn(CH;CO2)
length of nanorods increased from 184 to 455 nm, while the
average diameter decreased from 107 to 81 nm. Consequently, s Zn(CH3CO,)2.2H:0
the aspect ratio increased approximately three-fold. 3
Table 1 also summarizes dimension of ZnO particles i A 7100
synthesized under various reaction conditions. It was found that 2
both average diameter and length of the ZnO nanorods £
increased with an increase in either initial concentration of the - :
precursor (i.e. zinc acetate) or reaction temperature. This
observation suggested the increase in crystal growth with ©
number of nuclei sites as well as the energy of the system. (b)
However, it should be noted that the aspect ratio of ZnO — A A (@)
particles was not affected by either the temperature or amount 1015 20 25 30 35 , :: 45 50 55 60 65 70
-thets

of precursor. In the other words, the change in the reaction
conditions did not alter the growth of ZnO nanoparticles into
preferential orientation. Type of alcohol employed as the
reaction medium was the only major factor affecting the aspect
ratio of the synthesized particles.

The aspect ratio of ZnO nanorod was determined from relative
growth rates from various faces of the crystal. The rate of crystal

Aspect ratio

0 T | T T
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Boiling point of alcohol solvent (°C)

Fig. 5. The correlation between boiling points of the employed solvent and
aspect ratio of ZnO products.

Fig. 6. The X-ray diffraction patterns of: (a) the reaction precursor, i.e. zinc
acetate, (b) ZnO synthesized in 1-octanol at 150 °C and (c) ZnO synthesized in
1-octanol at 200 °C.
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Fig. 7. IR spectra of: (a) the reaction precursor, i.e. zinc acetate, (b) ZnO
synthesized in 1-octanol at 150 °C and (c) ZnO synthesized in 1-octanol at
200 °C.




Fig. 8. SEM imagces of ZnO synthesized in 1-octano] for 2 h at {a) 150 °C and (b) 250 °C.

growth from any particular face was controlled by a combination
of internal factors (e.g. intermolecular bonding preference or
dislocation in crystal) and external factors (e.g. supersaturation
condition, reaction temperature and type of solvent) [211. ZnO in
wurtzite structure is a polar crystal with (00 1) facet having
higher-symmetry (C6v) than the other faces. Therefore, crystal
growth along c-axis, or (0 0 1) direction, is a typical behavior
observed from wurtzite ZnQ. Nevertheless, Cheng and Samulski
[4] have reported that the growth rate from each face of ZnO
under the condition of hydrothermal synthesis is also controlled
by properties of solvent that affected the interface—solvent
interactions. The resulis in this work supperted this report. It was
tound that the aspect ratio of the ZnO product was correlated with
physical properties of the solvent. Fig. 5 shows a plot between
boiling points of solvent and aspect ratio of the ZnO product.
Interestingly, a linear relationship was observed. Although direct
relationship between the boiling point of solvent and the
preferential crystal growth may not have scientifically sig-
nificance, the boiling point of alcohol could be used as an index
for “non-polar™ nature of alcohol molecule. For all alcohols
investigated, the hydrogen bonding and the dipole~-dipole
interactions among molecules are roughly the same, but the
van der Waals dispersion forces are stronger in alcohol with
longer hydrocarbon chain amd it results in an increase in boiling
point of alcohol. As the long-~chain alcohol was employed as the
reaction medium, the interaction between the alcohol molecules
and the (0 ¢ 1) facet of the ZnO crystal, which was the slight
positively charged Zn surface, was weak, allowing ZnO crystal to
grow along the preferential ¢-axis.

Although the erystallization phenomenon of ZnO nanorod is
unambiguously demonstrated by the presented correlation
shown in Fig. 5, the detailed mechanism of the crystal growth is
still under investigation. However, the behavior shown in Fig. 5
should prove useful in practical application, since the
correlation allows and estimation of the aspect ratio of ZnQO
nanorod from type of alcohol used.

3.2. Imvestigation of reaction mechanism

To understand the reaction mechanism, the reaction
temperature in ocianol was decreased to 200 and 150°C,

respectively. Fig. 6 shows the XRD patterns of thus-obtained
products. It was found that the powder prepared at 150 °C was a
mixiure of zinc acetate and zinc oxide. No shift in XRD pattern
was observed. IR spectra of the product as shown in Fig. 7 also
confirmed the existence of zinc acetate in the product
synthesized at 150 °C without the presence of functional
groups corresponding to alcohol. These results indicated that no
intermediste was formed from the reaction between zinc
acetate and alcohol.

Fig. 8 shows SEM images of the as-synthesized products
prepared at various temperatures. The product prepared at
150 “C was composed of two types of particles, i.e. the particles
with irregular shape, which was assigned to be zinc acetate and
rod-shaped particles of ZnO. The elemental mapping showed
that carbon atoms were distributed only on the irregular-shaped
particles. The content of carbon decreased dramatically at the
boundary between the irregular-shaped particles and rod-like
particles. This SEM observation. together with XRD and FTIR
results, indicated that ZnO rods grew from the ZnO seeds
formed via the direct decomposition of zinc scetate.

To further investigate the reaction mechanism, the solvent
recovered afier the reaction was collected and analyzed by gas
chromatography. Ester and water were detected in the
remaining solvent. Therefore, it was proposed that the
interaction between zinc acetate and alcohol under ithe
solvothermal conditions resulted in esterifaction recaction,
which proceeded to form ZnO, ester and water, according to
the following reaction:

Zn{CH3CO0); +2R-OH — Zn0 + 2CH;-CO-R + H;0

Cnce the ZnO seeds were formed, further reaction resulted
in crystal growth of ZnO nanoparticles. The size and shape of
the particles were controlled by the reaction condition., as
discussed previously.

4. Conclusion

Zinc oxide nanorods were successfully prepared by one-step
solvothermal reaciion of zinc acetate in alcohols. The as-
synthesized ZnO was found to be an aggregation of nanorods
having aspect ratios of 1.7, 3, 4 and 5.6 when 1-butanol, 1-
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hexanol, 1-octanol and 1-decanol, respectively, was used as the
reaction medium. The interesting linear relationship between
boiling point of the solvent used and aspect ratio of the product
obtained was observed. This plot can be used to select the
appropriate solvent for the preparation of zinc oxide nanorod
with desired aspect ratio.
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ABSTRACT: The effect of aging on synthesis by the graft
copolymerization of styrene onto random ethylene-propyl-
ene-diene monomer with benzoyl peroxide (BPO) as the
Initiator is described. Results showed that yields of graft
copolymer are increased in the first 10 min. After 10 min,
the total polymer produced has a maximum at about 25
min. However, the portion of the graft copolymer is
decreased and the portion of the pure polystyrene is
increased. In addition, the influence factors, such as reac-

tion time, temperature, BPO concentrations and styrene
concentrations, effect of solvents on the extent of graft
copolymerization were discussed. The extent of grafted co-
polymerization was verified by hexane and acetone Soxh-
let (solvent extraction). © 2006 Wiley Periodicals, Inc. ] Appl
Polym Sci 102: 4809-4813, 2006

Key words: EPDM/styrene graft copolymer; benzoyl per-
oxide; aging effect

INTRODUCTION

Graft copolymer of styrene (St) with ethylene-propyl-
ene—diene monomer (EPDM) has been widely studied
in recent years. Among the several attempts to improve
the weak points of high impact polystyrene (HIPS), the
substitution of EPDM for butadiene has been widely
investigated."” The usual method is to replace the buta-
diene with EPDM because it has long been known that
EPDM has outstanding resistance® to heat, light, oxy-
gen, and ozone because of its nonconjugated diene
component.® In this study, St monomers were grafted
onto EPDM under argon atmosphere in the presence of
benzoyl peroxide (BPO) as an initiator. Various varia-
bles were observed to maximize the yield of product co-
polymer, such as aging of the solution, the concentra-
tion of St and others. The previous BPO reaction on
EPDM and St monomer has been preliminary studied.®
However, effects of aging the solution before mixing
with St has not been mentioned earlier, which could
further increase the yield of the copolymer. The excel-
lent properties of the copolymer are that the EPDM-g-
PS has a good miscibility between blends with PS® than
the normal EPDM and can be distributed in small do-
main size.”

The effects of the reaction time, temperature, ini-
tiator concentration, solvents, and aging time on the
graft reaction were investigated. The yields of graft

B Correspondence to: S. Thongyat (tsupakan@chula.ac.th).i
Contract grant sponsors: Thailand Research Fund (TRF);
TITTP-.

Journal of Applied Polymer Science, Vol. 102, 48094813 (2006)
©2006 Wiley Periodicals, Inc.

copolymer were analyzed by hexane Soxhlet and
acetone Soxhlet. The hexane will dissolve EPDM or
the short branch chain of EPDM-g-PS, while acetone
will dissolve the polystyrene formed.”

EXPERIMENTAL
Materials

The Dupont EPDM 4640 rubber used was donated by
S.K. Polymer Co., Thailand. The St monomer used to
prepare the copolymer was manufactured by Fluka
Chemie A.G., Switzerland, and purified with NaOH
and distilled under vacuum before use. The BPO, as a
free radical initiator, was manufactured by Merck,
Muchen, Germany, and recrystallined in ethanol before
use. The solvents such as n-hexane, heptane, THF, and
toluene were of analytical purity and used as received.

Preparation

EPDM (~ 5 g) was dissolved in 50 mL of toluene and
heated at 80°C. The solution was stirred until the
EPDM was completely dissolved. Free radical initiator
used was BPO, which was recrystallined in ethanol to
remove the impurities. St monomer was extracted with
NaOH solution (5% w/w) in distillated water, and
then was further purified by distilling over sodium
under vacuum atmosphere before use.

Graft copolymer polymerization

The copolymerization was conducted in a 250-mL
three-neck flask equipped with stirrer, under argon
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atmosphere. The graft reaction was carried out in
toluene solvent at 60 or 90°C. To stop the polymer-
ization reaction, excess acidic methanol was added
to the reaction solution. The precipitated polymer
was washed with methanol and dried under vac-
uum. The unreacted EPDM was extracted in hexane
Soxhlet extractor and the produced polystyrene was
further extracted in acetone Soxhlet extractor® for 12
h and the remaining graft copolymer of EPDM and
St (EPDM-¢-St) was obtained after drying.

RESULTS AND DISCUSSION

The purpose of this work is to limit the optimum
condition in the synthesis of graft copolymer of
EPDM and polystyrene to improve the properties of
the obtained polymer blends. Therefore, this section
provides information about some preliminary results
concerning the reaction conditions such as polymer-
ization time, polymerization temperature, concentra-
tion of initiator, condition of synthesis, effect of
solvent as a synthesis medium, and effect of aging
for initializing the synthesis. The characterizations
of graft copolymer were conducted by NMR and
DSC.” Moreover, the tensile strength tests have been
used to investigate the mechanical properties report-
ed elsewhere.”

Effect of time on synthesis of graft copolymer
of EPDM and St

The etfect of reaction time was investigated by vary-
ing the time for polymerization of EPDM and St in
the range of 14 h while using BPO as the initiator.
The copolymerization was performed in toluene at

0

WONGLERT, THONGYAL AND PRASERTHDAM

90°C using ~ 5 g of EPDM, 1.50 x 10 7 t0 2.08 x 103
mol/L BPO concentration, with total St concentra-
tion of 2.49 mol/L. The influence of time on the syn-
thesis of graft copolymer is shown in Figure 1.

From the previous data of Sheng,5 the yield of the
copolymer will increase as time goes by and slightly
increase after 1 h of polymerization. In a trend simi-
lar to that in Sheng’s work, the copolymer formed
(after extracting with acetone) has the tendency to
saturate at certain yield. However, when the poly-
merization time reaches 4 h, the portion that did not
dissolve in acetone (the moderate branch EDPM-¢-
PS) starts to increase abruptly, which indicated that
the growth of the side chains exceeds the solubility
limit in hexane (EDPM and short branch EDPM-¢-PS
will dissolve in hexane), while the quantity of PS
formed (that dissolved in acetone) is quite constant.
The experiments ceased after 4 h because the activity
of the catalytic process are not worth to perform.
The difference between Sheng’s data and our data is
the properties of the EDPM and reaction conditions
used, which might lead to different results; but,
however the tendency of the graph is very similar.

Effect of BPO initiator concentration on the
synthesis of graft copolymer of EPDM and St

The effects of the initiator concentration were inves-
tigated under 3 h polymerization times. The concen-
tration of BPO initiator was varied in the range of
2.08 x 1072 to 6.25 x 1072 mol/L. The polymeriza-
tions were performed in toluene at 90°C using ~ 5 g
of EPDM, with St concentration of 2.49 mol/L. The
influence of BPO concentration on synthesis of graft
copolymer is shown in Figure 2.

=~ Yicld {*%) (hexane)
60 B
- Yieh (%) {acttone)
50| =4~ Yield (%) (Jisg Sheng, 1996)

Yickt of geatt copolymer (%)

s r "

o [ i 1S 2 25 3 3s 4 435
Time (hrs)

Figure 1 Yield of graft copolymer at different times. Polymerization conditions: EPDM, 3-5 g; [St], 2.49 mol/L (20 mL);
BPO, 1.50 x 1072 to 2.08 x 1072 mol/L; solvent, toluene; polymerization temperature, 90°C.
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Figure 2 Yield of graft copolymer at different BPO concentrations. Polymerization conditions: EPDM, 5.687 g; [St], 2.49
mol/L (20 mL); time, 3 h; solvent, toluene; polymerization temperature, 90°C.

.

As shown in Figure 2, the yield of the synthesized
graft copolymer increased with increasing concentra-
tions of BPQO, leading to a maximum value at about
4.67 x 107% mol/L. When the percent of BPO was less
than the maximum value, the amounts of monomer
radical, polymer radical, and graft copolymer radical
increased with increasing concentrations of BPO,
which increased the probability of interaction of radi-
cals. When the percent of BPO was in excess, the graft-
ing percent of St onto EPDM was decreased because
the reaction of BPO by itself gradually increases. The
viscosity of polymerization was increased with syn-
thesis time, and because of the increasing concentra-
tion of BPO, which was evident, the movement of rad-
icals was more difficult.” The trend of the results can
be compared with Sheng’s, but the ditferences arise
due to the dissimilar reaction conditions. (In Sheng’s
work, concentration of EPDM was 60 g/L, St concen-
tration was 0.3 mol/L, and time of reaction was 2 h.)

Effect of solvents on synthesis of graft copolymer
of EPDM and St

The effects of solvents were investigated by using
polymerization time of 1 h. The temperature for poly-
merization of EPDM and St was 60 and 90°C. The

TABLE 1
Yield of Graft Copolymer of Each Solvent at 60°C
Yield (%) Activity
Solvent (hexane) (g of polymer/(mol of BPO) h
Toluene 1.65 147.83
Hexane 0.24 21.357
Heptane 2.71 203.25
THF 0.03 272

polymerizations were performed using ~ 5 g of
EPDM, 1.507 x 107 to 2.039 x 107> mol/L BPO con-
centrations, with total St concentration of 1.24 mol/L.
The influences of solvent on synthesis of graft copoly-
mer are shown in Table I for the reaction at 60°C and
in Table II for the reaction at 90°C.

As shown in Table I, at 60°C, yields of graft copoly-
mer were increasing from THF, hexane, toluene, and
heptane respectively. However, at the temperature of
90°C, toluene gave more yield than heptane and eight
times higher yield from the same solvent at 60°C
(Table I). The nature of solvent may also affect k; (rate
of thermal decomposition).” Therefore, rate of thermal
decomposition of BPO to give free radical depends on
various solvents and temperature, as can be seen.
Therefore, at temperature of 90°C, cyclic solvent gives
higher initiator radical than linear solvent in the pro-
cess of high grafting polymer.

Effect of temperatures on the synthesis of graft
copolymer of EPDM and St in toluene solvent

The effect of temperature was mvestlgated by usm§
BPO concentrations of 1.507 x 107> and 2.039 x 10

mol/L at 1 h for polymerization of EPDM and St.
The polymerizations were performed in toluene and
using ~ 5 g of EPDM and 1.24 mol/L concentration

TABLE I
Yield of Graft Copolymer of Each Solvent at 90°C
Yield (%) Activity
Solvent (hexane) (g of polymer/{mol of BPO) h)
Heptane 25.57 191576
Toluene 29.30 219296

Polymerization conditions: EPDM, 4-5 g, [St], 1.24 mol/L
(10 ml) BPO, 1.507 x 1072 to 2.039 x 1073 mol/L; poly-
merization temperature, 60°C.

Polymerization conditions: EPDM, 4-5 g, [St] 1.24 mol/L
(10 ml); BPO, 1.507 x 107 to 2.039 x 10~ mol/L; poly-
merization temperature, 90°C.
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Figure 3 Yield of graft copolymer at different temperatures. Polymerization conditions: EPDM, 4-5 g; [St], 1.24 mol/L
(10 mL), BPO, 1.507 x 107° to 2.039 x 107> mol/L; solvent, toluene.

of St. The influence of temperature on synthesis of
graft copolymer is shown in Figure 3.

As shown in Figure 3, yield of graft copolymer
increased with increasing temperature, yielding a
maximum value at 90°C and then decreased at the
same time, presumably because of the reduction of
the half-life of BPO with rising temperature,'® which
would increase the number of BPO radicals. When
the temperature of the reaction was more than 90°C,
the ¢xtent of grafting decreased because the number
of radicals was decreased while increasing velocity

of decomposition of BPO.? Thus, most of the reac-
tions are commenced at 90°C.

Effect of aging time on synthesis of graft
copolymer of EPDM and St

The effect of aging time was investigated by using BPO
as the initiator. The time for polymerization of EPDM
and St was set at 2 h. The copolymerization was per-
formed in toluene at 90°C using ~ 5 g of EPDM, BPO
concentration about 1.50 x 10" to 2.08 x 107> mol/L,

60
=Y el (%} (hexane)
50 ~—- Yield (%} (acetanc)
9
‘g 40
g
=
S
g 301
;’:
E
2]
3 20
=
2
e
10 4
0 Hi 20 30 40 50 o0 10
Aging Time (mins)

Figure 4 Yield of graft copolymer at different aging times. Polymerization conditions: EPDM, 3-5 g; BPO, 1.5 x 107% to
2.08 x 10 > mol/L; solvent, toluene; polymerization temperature, 90°C; polymerization time, 2 h.
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with total St concentration of 2.49 mol /L. The influence
of aging time on synthesis of graft copolymer is shown
in Figure 4.

As shown in Figure 4, yield of graft copolymer
increased with increasing aging time, yielding a
maximum value at 10 min (acetone) and 30 min
(hexane). After 10 min, the portion that can be dis-
solved in acetone is increased, which indicates that
more polystyrene is formed and can be detected by the
portion that dissolved in acetone. However, the aging
time is important for the reaction because the initial
reaction solutions were very viscous and the reaction
of the free radical is impeded by the viscosity of the
solution. However, the BPO free radical can be
decomposed by as many processes’ and too long
aging may cause adverse effects on the reactions,
which can be clearly seen in Figure 4.

* CONCLUSIONS

This research revealed the importance of aging time
besides all the process parameters. The increase of
the aging time to an appropriate amount will
increase the vield of EPDM-¢-PS to a larger extent.

4813

However, too much aging time will cause adverse
effect on the polymerization reaction. All the process
parameters were elucidated, which also comply with
the results of Sheng.5 Effect of solvents at different
temperatures were stated, and in this reaction, tolu-
ene is the best solvent.
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ABSTRACT: In this research, the reinforcement of poly-
propylene (PP) was studied using a new method thatis more
practical for synthesizing polypropylene-block-poly(ethyl-
ene-propylene) copolymer (PP-co-EP), which can be used as
a rubber toughening agent. This copolymer (PP-co-EP) could
be synthesized by varying the feed condition and changing
the feed gas in the batch reactor system using Ziegler-Natta
catalysts system at a copolymerization temperature of 10°C.
The 1’C-NMR tested by a 21.61-ppm resonance peak indi-
cated the incorporation of ethylene to propylene chains that
could build up the microstructure of the block copolymer
chain. Ditferential scanning calorimetry (DSC), scanning
electron microscopy (SEM), and dynamic mechanical analy-
sis (IDMA) results also confirmed these conclusions. Under

these conditions, the morphology of copolymer trapped i
PP matrix could be observed and the copolymer T, woul
decrease when the amount of PP-co-EP was increased. DM,
study also showed that PP-co-EP is good for the polypropy.
ene reinforcement at low temperature. Moreover, the PP-cc
EP content has an effect on the crystallinity and morpholog
of polymer blend, i.e., the crystallinity of polymer decrease:
when the PP-co-EP content increased, but tougher mechan
cal properties at low temperature were observed. © 200
Wiley Periodicals, Inc. ] Appl Polym Sci 103: 3609--3616, 2007

Key words: polypropylene-co-poly(ethylene-propylene
copolymer; synthesis; rubber toughening; Ziegler-Natt:
polypropylene

INTRODUCTION

Isotactic polypropylene (iPP) is a typical semi-crystal-
line polymer that has been used to produce various
products. However, it has a mechanical properties
limit. It is well known that iPP has poor mechanical
properties in the low-temperature range (0°C in the
normal refrigerator) under its glass transition temper-
ature (T;). The general method to improve the me-
chanical properties of iPP is to blend iPP with a rub-
bery material such as poly(ethylene-propylene), co-
polvmer {EPR), ethylene-propylene-diene terpolymer
(EPDM), or any other copolymer."” The iPP/EPR
blends, called toughened polypropylene, have been
widely used in consumer products and automotive
industry. However, the strong incompatibility of EPR
and iPP has presented a considerable problem in the
modification of mechanical properties of iPP/EPR
blending systems/methods.*

Copolymers are interesting alternatives as impor-
tant materials to improve mechanical properties of
iPP. The propylene-co-poly(ethylene-propylene) co-
polymer is one of the polymers that can be used
for the rubber toughening of PP. Examples of the

Correspondence to: S. Thongyal (tsupakan@chula.ac.th).
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DISCOVIR SOMITNING GREAY

syntheses and characterization of PP-co-EP have beer
reported.” !

Coates and colleagues® reported the synthesis of .
syndiotactic  polypropylene-block-poly(ethylene-prc¢
pylene) with a metallocene catalyst system. Fukui anc
Murata® also reported the synthesis of polypropylene
block-poly(ethylene-co-propylene), using metallocern
catalyst systemns. However, these catalysts are nc
only expensive but are also rapidly deactivated b;
moisture and oxygen. Until now, the metallocen
catalysts have remained difficult to operate and us
practically.

Nitta et al.” reported that the PP/EPR blends an
polypropylene-block-poly(ethylene-co-propylene) ca
be synthesized by a short-period polymerizatios
method. Mori et al.® reported the synthesis of a poly
propylene-block-poly(ethylene-propylene) by high
pressure-type and stopped-flow polymerization meth
ods using the Ziegler—Natta catalyst.

However, the short-period polymerization ant
stopped-flow polymerization methods are not practi
cal and are too complicated in polymer synthesis fields
as they must be controlled by a computer to generat
sudden changes in gas feed conditions in0.2s.

Fan et al.® reported that fraction of structure an:
properties of iPP/EPR in situ blend was synthesize:
by spherical Ziegler-Natta catalyst in two stages: th
liquid phase propylene homopolymerization, and thel
the gas phase ethylene-propylene copolymerization.
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However, all the above-mentioned methods are not
practical to use in the industrial applications. To over-
come the problem, this work presents a new and sim-
ple method for the synthesis of polypropylene-co-poly
(ethylene-propylene) (PP-co-EP) copolymer, using the
Ziegler—Natta catalyst for industrial production. The
nuclear magnetic resonance (NMR) results confirmed
the corporation of ethylene (E) in the molecule of pro-
pylene (P). The results of differential scanning calo-
rimetry (DSC) and dynamic mechanical analysis
(DMA) show that less pure P and pure E are pro-
duced in the PP-co-EP polymers. The copolymer
obtained can be used for the rubber toughening of
polypropylene. The DMA results show the advantage
in the low temperature range below T} of the pure PP
in the blending of PP with PP-co-EP polymers.

EXPERIMENTAL
Materials :

Ethylene and propylene (polymerization grade) and
triethylaluminum (AlEt;; TEA) were obtained from
Bangkok Polyethylene Company (Bangkok, Thailand).
TiCl; was purchased from Merck. Anhydrous MgCl,
was supplied by Sigma-Aldrich; phthalic anhydride,
diethylphthalate (DEP, used as an internal donor) and
n-decane were purchased from Fluka Chemie A.G.
(St. Gallen, Switzerland). Hexane was donated by
Exxon Chemical Thailand (Bangkok, Thailand).

The solvents were distilled over sodium/benzophe-
none under argon atmosphere before use. Ultra-high-
purity (UHP) argon (99.999%) was obtained from Thai
Industrial Gas Company (Bangkok, Thailand) and was
further purified by molecular sieves —3 A, BASF cata-
lyst R3-11G, NaOH, and phosphorus pentoxide (P2Os),
to remove traces of oxygen and moisture. Commercial-

THANYAPRUEKSANON, THONCYAI, AND PRASERTHDAM

grade polypropylene was donated by the Thai Poly-
plastic Industry Public Company (Bangkok, Thailand).

All chemicals were manipulated under purified ar-
gon. All operations were carried out under an inert
atmosphere of argon, using a vacuum atmosphere
glove box and/or standard Schlenk techniques.

Preparation of catalyst

Anhydrous magnesium chloride (MgCl,), n-decane,
and 2-ethyl-1-hexanol were put into a Schlenk tube
and heated to 130°C for 2 h under magnetic stirring
and argon atmosphere. Then phthalic anhydride was
introduced into the solution and stirred until MgCl,
was completely dissolved. The resulting uniform solu-
tion was cooled to room temperature, and wholly
dropped wise of titanium tetrachloride (TiCl,), kept
stirring at —20°C. The temperature was then raised to
110°C, and diethylphthalate was injected in. The mix-
ture was maintained at this temperature for 2 h. After
the 2-h reaction, the solid portion was collected from
the reaction mixture and again suspended in 20 mL of
titanium tetrachloride and reacted at 120°C for
another 2 h. It was then collected and later washed
with n-decane and n-hexane for 2 and 3 times, respec-
tively. The resulting solid was next vacuum dry to
form a powder in gray color which must to be stored
under argon atmosphere.

Synthesis of polypropylene-co-poly
(ethylene-propylene) copolymer

Polymerization was carried out in a 100-mL stainless
steel autoclave reactor with magnetic stirrer in hex-
ane, using a MgCl,/DEP/TiCl,~TEA catalytic system.
The polymer was synthesized in a two-stage reaction
process. First, the solvent, co-catalyst, and catalyst

i (EEE),

Figure 1

Journal of Applied Polymer Science DOI 10.1002/app

13C.NMR spectrum of PP-co-EP copolymer (polymer 5).
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TABLE 1T
Characteristics of Polymer Blend and Polypropylene
Heat 1° Heat 2° Cool®
Polymer® Mn MWD Ty T AH T, T AH T. AH
EPOO 35,283 10.47 —0.22 165.96 97.18 -1.45 165.96 96.59 106.92 96.54
EPO5 — — —7.48 167.07 95.76 ~8.42 165.21 94.03 109.08 95.61
EP10 56,474 4.09 —10.54 167.82 91.91 —11.13 167.79 91.68 108.70 91.64
EP15 — — -13.98 166.31 89.13 -14.82 165.21 88.69 109.75 88.88
EP20 70,676 4.96 —16.14 164.18 83.53 -16.34 16213 83.33 110.17 83.38

* EPQO, EPOS, EP10, EP15, and EP20, referring to PP, were added PP-b-EP 0%, 5%, 10%, 15%, and 20%, respectively.
" Ramp rate = 40°C/min both heating and cooling; heating 1 ~ cooling — heating 2 from —60° to 200°C, AH = k] /g.

were coated with gold particles by ion sputtering de-
vice to provide electrical contact for the specimens.

Dynamic mechanical properties of blending poly-
mers were characterized, using Perkin-Elmer DMA-
Pyris Diamond. The entire experiment was operated
at 1 Hz in tension mode over a temperature range of
- 140°C to 150°C with 1.5°C/min; sample sizes were
10 x 50 x 0.5 min, using liquid nitrogen as the cryo-
genic medium.

The molecular weight and molecular weight distri-
bution were finally determined using gel permeation
chromatography (GPC, Waters 2000) with Styragel
HT6E column at 135°C with 1,2 4-trichlorobenzene as
the solvent.

RESULTS AND DISCUSSION
Synthesis of copolymer

Figure 1 shows a typical ""C-NMR spectrum of the
synthesized PP-co-EP (polymer 5). The chemical shift
assignments for C resonances are similar to those
reported by Fukui et al.° The mole fractions of pro-

pylene/ethylene unit (P/E unit) in the block copoly-
mer were determined as 37/63 mole% from the peak
areas of methylene and methyl carbons.”>"** From the
BC-NMR spectrum, the peak at 21.61 ppm showed
the characteristic of propylene (P) that has the ethyl-
ene (E) laid in the adjacent of PPPPE, indicating the
cooperation of E in the P chain. Because only the pure
propvlene was allowed in the reactor at the begin-
ning, the first polymerization product in the reactor
was the propylene pure chains only (for a duration
of 10 min) The second step of polymerization allowed
E to react in the reactor for a duration of 30 min,
so that the discovered E incorporated in the P chain
would support the formation of the block copolymer
of PP and EP in the second stage. This shows that
at least some of the PP chain will survive through
the second stage of the reaction, with E incorpora-
tion as the consequence. Unfortunately, because of
the batch reactions, the variation in the partial pres-
sure of propylene and ethylene changed with time
during the synthesis prevailed against the exact quan-
titative calculations of the cooperation of E in the P
chain.

Heat Flow Endo Up

EP10

EPOS

EP0OO

-40 -20 0 20 40 60

80 100 120 140 160 180

Temperature (°C)

Figure 3 DSC curves of EP00, EP05, EP10, EP15, and EP20.
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T, of PP according to the incorporation of E in these
systems also supports the incorporation of E onto PP
chains without substantial termination of the active
site of PP.

In polymer 6, only the P was allowed in the reactor,
and the polymer formed is the PP only. Because the
time for PP to react is the same as other samples
before the supply of E to the reactor, the polymer
formed will represent the PP chains before the cooper-
ation of E. The clear Ty of PP was observed at ~9°C,
which was clearly higher than the T, of the corporate
polymer with E. The molecular weight of PP6 and the
T confirm the high quality of PP produced. If we fur-
ther corporate E onto this PP, the polymer formed will
have substantial characteristics of PP. Moreover, the
higher T,,, of pure PP in polymer 6 than in the other
cooperation of E samples shows that the crystals of
pure PP were affected by the cooperation of E, and no
clear separated peak T, for pure PP was observed
again after cooperation with E.

According to the DSC results, the appearance of the
rubbery phase of the block copolymer can be seen in
SEMs of polymer fracture [Fig. 2(a)]) The minor phase
of EP can be seen as the phase separated droplets in
the fracture surface picture. In the pure PP micro-
graphs [polymer 6, Fig. 2(b)], the droplet characteris-
tics cannot be observed. These appearances support
the DSC results that represent the two phase charac-
teristics.

Polymer blend

The influence of PP-b-EP incorporated in commercial-
grade polypropylene on Tg, Ty, and T, of polymer
blend is shown in Table II. The suffix number at the
name of the blend stands for the weight percentage of
the PP-co-EP added to the blend. As can be seen, T,
value decreases with an increase of the PP-b-EP con-
tent (from 0% to 20%), while Ty, and T, values are not
clearly affected. Generally, T represents an amot-
phous part of polymer. The T; value of pure polypro-
pylene is approximately 0°C (EP00) and the T of the
blend with PP-co-EP decreases with the increase of the
PP-b-EP copolymer content.” The T, of polymer blend
ranges from that of PP and synthesized PP-b-EP. The
Tm and T, results suggest that EP molecule does not
substantially affect the crystallinity of polypropyl-
ene.'® Moreover, AH indicated the crystallinity of
polypropylene. It was found that AH decreased with
an increase of PP-b-EP content. Thus, the addition of
PP-b-EP can reduce the crystallinity of polypropyl-
ene.’” Qur results confirm the previous work on the
blend of PP and EP;”**17 thus, our PP-co-EP can affect
the properties of the PP like other references but is
better in that it has an easier preparation. Figure 3
shows heat 2 DSC curve of PP (EP00) and polymer

blend in which the T,,, of the polymer blend was simi-
lar to PP.

Figure 4 shows the effect of PP-b-EP on the dynamic
mechanical properties of the polymer blend. The
result indicates that both PP and peolymer blend have
similar values of E within the range of —140-150°C
[Fig. 4(a}]. As shown in Figure 3(b), the E of polymer
blend is higher than PP at a temperature of < 0°C.
This means that the polymer blend can dissipate more
energy than pure polypropylene (EP00) at low tem-
perature (< 0°C). Figure 4(c) shows the value of tand,
which is determined by E”/E’. The tand of polymer
blend is higher than that of the pure polypropylene. It
can be said that the toughness of the polymer blend
increases within the range of low temperature, while
PP-co-EP only presents in the polypropylene blend. In
addition, the Tp peak, ascribed to glass transition in
amorphous part, is present in polymer blend [Fig.
4(c)]. The broader Tj peak resulted from the incorpo-
ration of EP molecule in the amorphous PP region.'
Moreover, the T of E at ~ —100°C was not observed.
This may suggest that the samples have too small an
amount of PE molecules generated in amorphous
phases to be detected by DMA.

As shown in Figure 5, SEM confirmed that the poly-
mer blend has greater toughness than PP. From the
room temperature fracture surface of polymer blends,
these pictures show a rubbery morphology in addi-
tion to the PP matrix. The blends have an additional
rubbery phase that stretches and binds the PP to-
gether. The more PP-co-EP added, the more the
stretched rubbery phase can be observed. This rub-
bery phase might be responsible for the low-tempera-
ture toughness of the blends.

CONCLUSION

The results presented show that the PP-co-EP can be
synthesized by a simple method. The ethylene content
in the copolymer chain increased while increasing the
ethylene fed pressure. The *C-NMR result indicated
incorporation of ethylene in the propylene chain, DSC
and SEM showed the rubbery material of the copoly-
mer resulting from lowering the T, of the blends fur-
ther than the T, of pure PP in the copolymers. The
convenient condition shown in the present work for
the synthesis PP-co-EP is 30 psi of propylene feeding
and 70 psi of ethylene feeding pressure at a 10°C
copolymerization temperature. The results of PP/PP-
b-EP blends show a relationship among the PP-b-EP
content with toughness, T,, and crystallinity. DSC,
DMA, and SEM indicated that the PP-b-EP included
in the amorphous region of PP and the polymer
blends have lower T, and crystallinity, but higher
toughness, than commercial-grade PP within the low-
temperature range. We can conclude that PP-b-EP is a

Journal of Applied Polymer Science DOI 10.1002/app
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good rubber toughening agent for polypropylene
reinforcement at low temperature that can be simply
prepared, using the method described.
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Interfacial Adhesion Enhancement of
Polyethylene-Polypropylene Mixtures by Adding
Synthesized Diisocyanate Compatibilizers
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TABLE ]
Characterizalion of Polymer

Healing 1 (°C)"

Cooling ("C)™ Heating 2 (¢

Polymer Mw® (2107Y MwD* Ty s Ty

AHy Tal -Tw AMy Ten Twx T, AW

PEOM 11732 7.5 145 Nd Nd
PPOH 395 8.7 Nd 156 -5
PE-b-PE Na Na 135 Nd Nd
rrb-rp Na Na o3 158 -7
PE-b-PP 583 15 130 153 —~6
PE/PP 324 n.1 135 151 -6
A%PEDIY MNa Na 136 163 Nd
GRPENPP Na Na 138 166 Nd
12%PEbIPP Na Na 138 165 Nd
2L PEDPP Na Ma 137 164 MNd

1814 110 Nd 123.6 137 Nd Nd 1188
a7 100 Nd 58.8 Nd 154 ~5 51.4
2554 108 Nd 83.2 132 Nd Nd 81
325 102 Nd 28.7 Nd 153 -8 297
717 113 120 96.7 129 152 -7 B3
658.3 a8 110 671 135 151 —b (4.7
131.6 11 Nd 133.7 134 1641 Nad 137.3
137.9 10 Nd 1347 ] Jend Nd 157.8
122.9 s Nd 1223 136 163 Nd 1223
1199 119 Nd 120:5 136 16l Nd 113.9

Na, not-available.
Nd, not detected.

* Determined by gel permeation chromatography, PS standard.

* Determined by DSC, AH = (1/g).

of the melted blend of pure PE/PP is lower than all of
the PE-b-PP addition samples, and this implied that
the cystallinity of melted blend of pure FE/PP is
mceeased when added with PE-B-PP. In other words,
the copelymer enhanced the crystallization of both FE
and PP in the melted blend of PE/PP. From the high-
est AH, the largest percent of crystallinity is at 6% PE-
b-PP in PE/PP. This may result in the best mechanical
properties because of the formed crystal and contrib-
ute to the highest tensile strength. In addition, portion
of T,, that represented the PP erystal in PE/PP were
increased from pure PE/PP in all the composition of
added PE-B-PP. Usually, T, describing the quality of
crystallinity in polymer blend form crystalline and
decrease the entanglement in polymer blead), This

can be concluded that the-addition of our PE-D-PP al-

ter both the quality and'quantity'of the erystalliniéy of *
PE/PP.

The chain structure of polymer blend and block co-
polymer was studied by DSC analysis of crystalline-
sepregated samples. After stepwise annealing of the
samples at different temperatures, the Jong PP and PE
segments can form crystalline lamellae of different
thickness according to their sequential lengths, and
these lamellae will melt at different temperatures.*
By recording the endothermic curves of the polymer
blend and block copolymer in a DSC scan, we are
able to identify the sequential contribution of PE/PP
blend and effects of the synthesized PE-b-PP in crys-
taliinity of PE/PP.

The T, of the block copolymer should exhibit the
glass transition of each of the respective homopolymer
component as same as polymer blends."*'* According
to Table I, the T of PPY around —5°C indicate the
cooperation of PP in the compatibilizer. Unfortunately,
because of the low T, of PE at —110°C,' it cannot be
detected in these DSC experiments. However, the crys-
talline melting characteristic of PE-D-PP shows the com-
bination characteristics of both PE and PP. The melting

Jowrnal of Applied Pelymer Science DOI 10.1002/app

peak at about 130-T40°C corresponds to the melting
temperature of PE crystal and the peak above 140°C
correspends to the melting temperature originate from
PP crystal. The appearance of the curves of PE/PP
blend and PE-b-F'P is similar. In the cases of adding PE-
PP to PE/PP blend, the melting temperatures of PP

in PE/PP increase about 10°C (as shown in Table 1).

This may confirm the appearance of the synthesized
PE-B-PF and the consequence of the addition of block
copolymer:.

Morphology

Acm;ﬁ?ﬁg o SEM picturg, it clearly shows the differ-
ences of the rough surface particles and the bridge
formation with PR'matrix of PE/PP blend, which con-
tinuously changed according to the concentration of
PE-b-PP. The addition of PE-b-PP to PE/PP blend viv-
idly shows the smaller phase particles size as increased
concentrations. Many studies'® " on polymer alloys
have shown that for multiphase polymer systems, the
toughening effect is determined by two factors. First,
the smaller the particles and the narrower the particles
size distributions are, the better impact the strength is.
Second, the stronger the adhesion between particle and
the matrix, the betier is the impact properties.

The SEM micrographs of compatibilized PE/PP
blends (3, 6, 12, and 20% PE-b-PP) are shown in Fig-
ures 2 and 3. Figure 2 shows the tensile fracture of
PE/PP and compatibilized PE/PP, while indicated
that the interfacial adhesions, and therefore the com-
patibility of the PE and PP phases is better than the
uncompatibilized PE/PP. In room temperature frac-
ture experiments, the PE is in the form of tough rub-
bery polymer compared to PP. These might be shown
as the stretch rubbery structure in the blends. The
cryogenic fracture of the similar blends in Figure 3
will result in the clear domain size because at the

- B N IR O B B . S O .
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Figure 2 SEM of tensile fracture surface of (a) PP, (b) PE/PP blend, (c) PE/PP+ PEbPP3%, (d) PE/PP+ PELPP6%, (e}
PE/PP+ PEbPP12%, and (f) PE/PP+ PEbPP20%.

cryogenic temperatuse both PE/PP are in the glassy In Figure 3, the cryogenic fracture of PE/PP and
states and the fractures cut directly to the cross sec-  compatibilized PE/PP indicated clearly decrease in
tions of the segregation size in the blends. domain sizes (dispersion of PE in PP} and finer parti-

Jowrnal of Applied Polymer Scence DOI 10,1002/ app
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Teraka Sass (FPa
-

Thgury 4 Adddiies offoet of PE-FP o PEAET Blend an
sbres-arrain bohesvor nn 25°C

Thizse samphis have lower tensile propertics thin ihe
i wi = PE-PT, These phenomens can confinm moe-
chpnical proporibes resuliz

Mechanical properies

Thie resiilts of fensili siress fosts are shown n ngn:'
A4 aml Tolde 11, As the conceniration of PE-L-PR in
melind Llond of pure PESFF increased, bedh the tens

wile strangth and the: elosgation ot break incransed,

These show thm the addiion of PE--PP o PE/PP
FE iy the relnioroemistit ol 'Puij'lﬂl!f b}p‘ |evcriska-
by, ihe anieriics] ndbicsia 1
6% PE-L-PP in PE/PP, the B
blend ocourred, whichiresulted, (rom
and toughness of the spmples. Thus, the
erties of PE-S-FP i PE/PPF were in agrecnsent with
A0 sesnlis a8 we diseussed sarfler that the 6wl %
PR has e most cenforcement chamclermsbics.
The reasans of d irneile atrength and hongn-
fion at break at 12 and 20% PE-»-PP conients might be
Bovibie of thelower percent orystal In the sampies io-
ﬁult‘u-r wlih the increase of PE. PP pure froom FE--PP
yiit have ithe higher moloculsr weight than the com-
mercinl PE/PP, The nmount of high moleciilar weight
might result in the more Incompatibie of PE/TP. As

5

usial, the portion of high mobecular weight in the
bl will resull in phise separation of the high mo
eculnr welght: specics easier than thir low modecalar
welghi portions" The SEM reguilis supporbed whil
can b found in tensile fosfing. As the consdquence,
this can be concluded that the addition of ver FE-b-
P will hisve the optimuim at 6 wi 5 PE-PP.

COMNCLUSIONS

A pew synthesls method of FED-PP copolymer by
converling the H-terminated chain ends o hydnsoyls
tormiatéd ones and blocking with dilgocyinate i
periormed by the effective compatibilizer for immisci
Ele blewl of PE/TT. The diisocyanale linkages of PE-
bPT copolvinens were confirmed Ly IR which indi-
cated that PE-I-PH copalymers oeciirred 1 the Block-
ing ronction. The effects of PE-B-FP copolymers on the
muorphology of PE/FT blends were invistigaled by
BEM with image analysis The presence of the bloeck
ciopilymer dramatically reduced the phake sz, Fup-
thermore, the mechanical prispertics, sich s sl
strongily clohgation at break, and crvetallinity, have
Leen imprived because of PE-PP copulymers, The
phasgbinding phenomeéna happenad booaisse the PE
LT contained PE and PP ammments, which; atinched
angd bounad the PESPP segregato phase blend,; lending
i superior propertios vis changing morphology than
it normal mixkng blend without PE-D-PF. As con-
firmed by DSC, the compatiblized blends showed the

i i cystallinity peree . The optimiim £on-

den itiger is PE--FP, which shows.
LS ! s DEC, ensile tests, and
SEM resy -
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