Biomass Conversion and Biorefinery (2019) 9:411-420
https://doi.org/10.1007/513399-018-0359-x

ORIGINAL ARTICLE

@ CrossMark

Effect of process conditions on the properties of castor oil maleate
and styrene copolymer produced by bulk polymerization

Dayanne L. H. Maia' - Fabiano A. N. Fernandes'

Received: 30 August 2018 /Revised: 16 November 2018 / Accepted: 27 November 2018 /Published online: 5 December 2018

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

This work evaluated the influence of process conditions on the chemical characteristics and yield of polymers based on castor oil.
Castor oil maleate and styrene copolymers (MACO-Sty) were produced by bulk polymerization using benzoyl peroxide (BPO)
and cobalt naphthenate as free radical initiators and reaction accelerators, respectively. The effects of temperature (100 to 140 °C),
molar ratio between styrene and castor oil maleate (2:1 to 4:1), BPO concentration (0.10 to 0.20 wt%), and cobalt naphthenate
concentration (0.10 to 0.20 wt%) were evaluated on the number average molecular weight (Mn), weight average molecular
weight (Mw), dispersity (D), molar fraction of styrene in the copolymer, reaction yield, and viscosity of the copolymer. A wide
range of molecular weights (Mw from 15,809 to 38,656) could be produced, with dispersity ranging from 2.0 to 4.8, and high
yields into copolymers (> 80%). The physical characteristics ranged from resins of low viscosity (1.583 Pa s) to solid polymers.

Keywords Castor oil - Styrene - Copolymerization - Batch reaction - Bulk polymerization

1 Introduction

The development of new polymers using biological sources,
such as vegetable oils, has been the focus of many investiga-
tions. Concerns regarding environmental protection induced
the search for polymers that can be biodegradable or that can
degrade faster than conventional polymers such as polyethyl-
ene and polyvinyl chloride.

Vegetable oils are widely available, biodegradable, rela-
tively cheap, and can be modified to form monomers for po-
lymerization [1-3]. Currently, vegetable oils are used in the
production of polyurethanes, polyesters, polyethers, and poly-
olefin copolymers [4]. Castor oil is comprised of more than
90% of ricinoleic acid, having a more homogeneous compo-
sition than most oils. It presents a hydroxyl group and a
double-carbon bond that are prone to chemical reactions, hav-
ing a higher versatility to be used in different reactions [5, 6].
Castor oil can be modified onto castor oil maleate (MACO) to
present better reactivity towards polymerization reaction [7].
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Castor oil maleate is the product of the reaction of castor oil
with maleic anhydride [8, 9]. This reaction can be carried out
through thermal reaction [8] or free radical reaction [10]. The
thermal reaction produces monomers of castor oil maleate
while the free radical reaction produces a mixture of castor
oil maleate oligomers.

Copolymers produced from castor oil maleate and styrene,
divinylbenzene, vinyl toluene, and methyl methacrylate have
been synthesized [11, 12]. Typical applications for these co-
polymers are as varnishes, paints, and resins [13, 14]. From an
ecological point of view, the hydrophilic characteristic of the
maleate group increases the interaction of the produced copol-
ymer with water accelerating potential biodegradation of these
copolymers [15].

Castor oil maleate copolymers can be produced by bulk,
suspension, and emulsion polymerization using free radicals
as initiators [15, 16]. The choice of reaction system influences
the molecular weight and dispersity of the polymer with con-
sequent effect in the physical, chemical, and mechanical prop-
erties of this copolymer.

Castor oil and castor oil maleate are biodegradable mate-
rials that have limited application in varnishes, coatings,
paints, and adhesives due to their physical and mechanical
properties. These materials are hydrophobic but are washed
away by water or soap solutions having little application as
resin substitutes. The copolymerization of castor oil maleate
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Table 1T Number average molecular weight (Mn); weight average molecular weight (Mw); and polydispersity index (PDI) of the MACO-Sty
copolymer produced by bulk polymerization of castor oil maleate and styrene initiated by benzoyl peroxide (BPO)

Run Sty/MACO T (°C) BPO (wt%) Mn (g/mol) Mw (g/mol) PDI Molar fraction Yield (%)

(molar ratio) of Styrene

1 2:1 100 0.10 3920 15,809 4.0 0.62 90.5

2 2:1 140 0.10 10,605 25,329 2.4 0.64 72.7

3 4:1 100 0.10 4122 16,330 4.0 0.68 80.7

4 4:1 140 0.10 8578 23,433 2.7 0.75 92.0

5 2:1 100 0.20 11,567 25,396 22 0.61 86.3

6 2:1 140 0.20 12,573 32,997 2.6 0.64 93.9

7 4:1 100 0.20 11,167 25,787 23 0.66 76.6

8 4:1 140 0.20 17,041 34,534 2.0 0.73 86.9
9(C) 3:1 120 0.15 9574 33,865 35 0.73 97.0

10 (C) 3:1 120 0.15 10,484 34,257 33 0.72 95.5

with styrene produces a resin that continues to be hydropho-
bic, but that does not wash away by water or soap solutions,
thus that can be used in paints, coatings, and adhesives.

This work investigates the production of a castor oil male-
ate and styrene copolymer (MACO-Sty) using free-radical
polymerization. This study evaluates the effects of tempera-
ture, the molar ratio between castor oil maleate and styrene,
the weight ratio of castor oil maleate, and free-radical initiator
(benzoyl peroxide) on the molecular weight distribution. The
effect of cobalt naphthenate as co-catalyst in the reaction was
also carried out.

0 2000 4000 6000 8000 10000 12000 14000
Molecular weight (g/mol) (a)

0 2000 4000 6000 8000 10000 12000 14000
Molecular weight (g/mol) (b)

Fig. 1 The molecular weight distribution of a castor oil, and b castor oil
maleate (MACO)
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2 Materials and methods
2.1 Materials

Castor oil was obtained from Olveq Industria ¢ Comércio de
Oleos Vegetais (Quixada, Brazil). Maleic anhydride was pur-
chased from Vetec Quimica Fina (Rio de Janeiro, Brazil).
Styrene (>99%), BPO (benzoyl peroxide), NafCo (cobalt
naphthenate, 6%), and THF (tetrahydrofuran for HPLC, >
99.9%) were obtained from Sigma-Aldrich.

2.2 Synthesis of castor oil maleate (MACO)

Castor oil maleate was produced by reacting castor oil and ma-
leic anhydride at a molar ratio of 1:1. Castor oil (0.16 mol-
150 g), maleic anhydride (0.16 mol-15 g), and benzoyl peroxide
(0.010% w/w) were mixed and fed to a 400-mL stainless-steel
reactor (Metalquim, Brazil). The reaction was carried out for 3 h
at 120 °C, with constant mechanical agitation (800 rpm). These

0 5000 10000

Molecular Weight (g/mol)

15000 20000 25000

Fig.2 The molecular weight distribution of the styrene-castor oil maleate
copolymer produced by bulk polymerization (140 °C; 4:1 styrene to
castor oil maleate molar ratio; 1 wt% of BPO; 1 wt% wt of NafCO)
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Fig. 3 Scheme of the chemical reaction between castor oil and maleic castor oil maleate copolymer (¢), and propagation of two styrene—castor
anhydride (a), chemical reaction between styrene and castor oil maleate oil maleate chains (d)
using a free radical initiator (b), propagation of styrene in the styrene -
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Table 2 Analysis of perturbation of factors of the bulk polymerization 022
of castor oil maleate and styrene initiated by benzoyl peroxide (BPO) 0.20
Response  Factor Effect Standard ¢ )4 0.18
Error 3
?; 0.16
Mn Mean 9963.3 4734 21.05 0.0002 O o
T 45054 10585 426 0.0238 @ S
Sty/MACO 561.1 1058.5 0.53 0.6328 042 Ei§§§§
BPO 6280.6  1058.5 5.93 0.0096 0.10 < oo
T x StyMACO  659.7  1058.5 0.62 05773 i < d0oo
0.08 1 <2000
T x BPO -1065.5 1058.5  —1.01 03883 9 100 110 120 130 140 150
Sty/MACO x 14732 1058.5 139 0.2582 Temperature (°C) (a)
BPO
Mw Mean 26,773.7 2116.8 12.65 0.0011
T 8242.7 47333 1.74 01800
Sty/MACO 1384 47333 0.03 0.9785
BPO 94534 47333 2.00 0.1397 _
T x StyMACO ~ —3180 47333  —0.07 0.9507 g
T x BPO -69.0 47333  —0.01 09893 o
Sty/MACO x 825.6 47333 0.17 0.8726 &
BPO > 38000
PDI Mean 2.91 0.16  17.73 0.0004 E§§§§§
T -0.68 0.37 —186 0.1599 =pE
< 18000
Sty/MACO -0.05 037 —0.15 0.8939 : <l
90 100 110 120 130 140 150
BPO -0.99 0.37 =270 0.0739 Temperature (°C) X
T x StyMACO ~ —0.07 037  -020 08527 (b)
T x BPO 0.76 0.37 2.06 01316 022
Sty/MACO x -0.19 037 —052 0.6420 -
BPO

Factors in italics represent significant factors at a 75% level of confidence

T temperature, Sty/MACO molar ratio Sty/MACO, BPO mass fraction of
initiator

operating conditions were based on the optimal conditions de-
termined in previous work. [10]

2.3 Synthesis of the MACO and styrene copolymer
(MACO-Sty)

The MACO-Sty copolymer was produced by bulk poly-
merization in a glass reactor inserted in a dry block heater
(Tecnal model TE005/50, Brazil) equipped with a digital
temperature controller. Castor oil maleate, styrene, and
initiator (benzoyl peroxide) were mixed and fed into the
glass reactor. The reaction was carried out for 4 h. Table 1
presents the molar ratio between castor oil maleate and
styrene, reaction temperature, and the weight ratio of ini-
tiator used in the reactions. The experiments were based
on a 2° Box, Hunter and Hunter experimental design. All
experiments were carried out in triplicates. The values for
the operating conditions were based on previous studies
on MACO-Sty production. [15]
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Fig. 4 Surface response plots for number average (a), weight average
molecular weight (b), and dispersity (¢) of the MACO-Sty copolymer

2.4 Synthesis of MACO-Sty using cobalt naphthenate
as a reaction accelerator

The same experimental design was carried out to produce
the MACO-Sty copolymer using benzoyl peroxide and
cobalt naphthenate as co-catalyst. Castor oil maleate, sty-
rene and benzoyl peroxide, and cobalt naphthenate were
mixed and fed into a 200-mL glass reactor. The reaction
was carried out for 4 h. Cobalt naphthenate was added in
a weight ratio ranging from 0.10 and 0.20 g/goiL
(Table 3).
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Table 3 Analysis of variance for
Mn, Mw, and PDI of the MACO-
Sty copolymer produced by bulk

Source

Sum of squares

Degrees of
Freedom

Medium
Square

F}Mc

1?2

polymerization
Mn

PDI

Model
Error
Total
Model
Error
Total
Model
Error
Total

127,601,924
6,722,883
134,324,807
316,232,075
134,425,174
450,657,249
4.12

0.81

493

O LW A O WA O W

21,266,987
2,240,961
0.53
52,705,346
44,808,391

0.69
0.27

9.49

2.55

Fes=22

0.95

0.71

0.84
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Fig. 5 Predicted versus observed values for a number average molecular
weight (Mn); b weight average molecular weight (Mw); and ¢ dispersity

() of MACO-Sty copolymers

2.5 Statistical analysis

The response surface methodology (RSM) was used to
analyze the effects of the operating conditions on the mo-
lecular weight distribution of the copolymer. The data was
handled and analyzed using the software Statistica v13.

2.6 Chemical characterization

The molecular weight distribution of the MACO-Sty co-
polymer was determined by gel permeation chromatogra-
phy (GPC). The analysis was carried out in a Varian GPC
system equipped with a refraction index detector (IR—
Varian model Pro Star 355, USA), a Rheodyne-
automated sample injector, and a column heater. A TSK
Gel G2500HHR column (30 cm x 7.88 mm, 5 um) was
used. THF was used as a solvent at a 1-mL/min flow rate.
The temperature of the column was set at 30 °C. The
molecular weight distribution was determined based on a
calibration curve built using five polystyrene standards
(266 to 45,500 g/mol).

The molecular structures of the copolymers were analyzed
by Fourier-transform infrared spectroscopy (FTIR). The FTIR
spectra were collected using a Cary 630 FTIR equipment
(Agilent, USA) within the wavelengths from 400 to
4000 cm 'ata 1 cm ! spectral resolution. All samples were
applied directly to the spectrometer without any previous
treatment.

2.7 Reaction yield

The yield of the reaction was calculated based on the FTIR
peak absorption measurements at wavelength 910 cm ™',
which corresponds to the CH=C-H out of plane bending vi-

brations of styrene.

_ ARGMACO
Abs(t)—Abs ) ™ (1)

Y (%) = <AbsSty—AbsMACO
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Table 4 Number average

molecular weight (Mn); weight Run  Sty/MACO T BPO NafCo Mn Mw PDI  Molar fraction  Yield
average molecular weight (Mw); (molar ratio) O Wt%)  (wt%) (g/mol)  (g/mol) of Styrene (%)
and polydispersity index (PDI) of
the MACO-Sty copolymer pro- 1 21 100 010 0.0 5019 20066 40  0.63 9522
duced by bulk polymerization of 2 21 140 010 0.0 15161 38,656 25  0.63 938
castor oil maleate and styrene 3 4l 100 010 0.0 4021 19293 48 074 925
initsed by benzoyl peroxide. 5 31 0 02 00 S5 2iss 43 06 550
Szi%fyns‘: Eﬁg?g(gap hthenate as - o4 140 020 020 14949 38857 26  0.64 953
7 4:1 100 0.20 0.20 5096 22,217 4.4 0.74 92.5
8 4:1 140 0.20 0.20 9348 26,334 2.8 0.73 91.3
9 3:1 120 0.15 0.15 11,250 33,450 3.0 0.72 95.7

where Abs(t) is the absorbance at 910 cm ' of the sample

collected at time ¢, AbsMACO is the absorbance at 910 ¢cm ™
of castor oil maleate (MACO); Abs®™ is the absorbance at
910 cm ' of styrene.

2.8 Viscosity

The viscosity measurements of the copolymer resins were
carried out by the Quimis digital display viscometer (model
Q860M21, Brazil) coupled with a small sample adapter at
30 °C. The rotation speed of the viscometer and spindle were
selected according to the viscosity of the sample.

Table 5 Viscosity of the MACO-Sty copolymer produced by bulk po-
lymerization of castor oil maleate and styrene initiated by benzoyl perox-
ide (BPO) and cobalt naphthenate as co-catalyst (NafCo)

Run Sty/ T BPO NafCo Viscosity

MACO °C) (Wt%) (Wt%) (Pa s)

(molar

ratio)
1 2:1 100 0.10 - 1.583
2 2:1 140 0.10 - 5.270
3 4:1 100 0.10 - 2.036
4 4:1 140 0.10 - 3.995
5 2:1 100 0.20 - 5.773
6 2:1 140 0.20 - 4.555
7 4:1 100 0.20 - 4458
8 4:1 140 0.20 - 7.446
9 3:1 120 0.15 - 5.500
10 2:1 100 0.10 0.10 3.864
11 2:1 140 0.10 0.10 Solid
12 4:1 100 0.10 0.10 1.983
13 4:1 140 0.10 0.10 Solid
14 2:1 100 0.20 0.20 2.059
15 2:1 140 0.20 0.20 12.841
16 4:1 100 0.20 0.20 2214
17 4:1 140 0.20 0.20 3.691
18 3:1 120 0.15 0.15 Solid

@ Springer

3 Results and discussion
3.1 Castor oil maleate

The GPC analysis of the castor oil maleate produced by the
method applied herein showed the production of a mixture of
castor oil maleate and castor oil maleate oligomers (Fig. 1), pre-
senting an Mn of 2200 g/mol, Mw of 4614 g/mol, and dispersity
of 2.1. The reaction of castor oil with maleic anhydride was
carried out to provide a carboxylic acid functionality with male-
ate unsaturation, that may result in a plasticizing effect, improve-
ment of polymer adhesion and that can be copolymerized with
vinyl monomers. The production of castor oil maleate dimer,
trimer, and small chain oligomers were also reported by Wang
and collaborators [9], which obtained a castor oil maleate with
about 16 to 20% of dimers, trimers, and oligomers.

3.2 Production of castor oil maleate-styrene
copolymer using BPO as free-radical initiators

The polymerization, under the conditions applied herein, pro-
duced polymers with Mw ranging from 15,809 to 34,534 g/
mol and dispersity ranging from 2.0 to 4.0 (Table 1). GPC
analysis indicated that the polymerization product comprised
of a mixture of polymer chains (Fig. 2). The lower molecular
weight compounds of the mixture are comprised mostly of
castor oil maleate bonded to short styrene chains, while the
higher molecular weight compounds are comprised by long
chains of castor oil maleate bonded by styrene “bridges”
(Fig. 3). All copolymers presented molecular weight distribu-
tions such as the distribution presented in Fig. 2. The number
average molecular weight of the copolymers produced herein
was lower than the reported by Mamat and collaborators [15],
which obtained copolymers ranging from 27,300 to 44,800 g/
mol in emulsion polymerization using higher styrene to castor
oil maleate molar ratio and lower concentration of initiator.
An increase in the polymerization temperature (from 100 to
140 °C) increased both Mn and Mw of the copolymer. The
increase was proportionally higher in Mn than in Mw,
resulting in a decrease in the dispersity. An increase in the
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Table 6  Analysis of perturbation of factors on the mass polymerization
of castor oil maleate with styrene initiated by BPO in the presence of
cobalt naphthenate as co-catalyst

Factor Effect Standard Error ¢ P

Mn Mean 7703.00 775.65 9.93 0.0000
T 5369.61 1266.63 4.24 0.0038
SMACO —544.28 1266.63 —0.43 0.6803
BPO 6280.65 1551.30 4.05 0.0049
NafCo — 4487.65 1551.30 -2.89 0.0232

Mw Mean 23,737.61 1157.89 20.50 0.0000
T 9058.83 1890.82 4.79 0.0020
SYMACO —1890.73 1890.82 —1.00 0.3506
BPO 9453.38 2315.77 4.08 0.0047
NafCo —2428.61 2315.77 -1.05 0.3292

PDI Mean 3.40 0.19 17.84 0.0000
T - 1.00 0.31 -3.23 0.0145
SYMACO 0.01 0.31 0.05 0.9641
BPO -0.99 0.38 -2.59 0.0357
NafCo 1.24 0.38 3.24 0.0142

T is the temperature; Sty/MACO is the molar ratio between styrene and
MACO; BPO is the mass fraction of free radical initiator; and NafCo is
the mass fraction of the co-catalyst. Factors in italics represent significant
factors at a 95% level of confidence

polymerization temperature tends to increase all reactions
rates (initiation, propagation, and termination). On conven-
tional polymerization, the increase in the initiation rate tends
to generate more polymer chains. When castor oil maleate is
used, the increase in the initiation rate may increase the num-
ber of radicals in the castor oil maleate molecule leading to an
increase of both Mn and Mw. The temperature increase
allowed greater mobility of the monomers, due to the lower
viscosity of the reaction media, increasing the propagation
reaction rate, and therefore the molecular weight of the copol-
ymers. This trend may have been followed by a higher in-
crease in the termination reaction rate than in the propagation
reaction rate, favoring the formation of a larger amount of
short polymer chains, leading to a higher increase in Mn and
lower increase in Mw.

The molar ratio between styrene and castor oil maleate had little
effect at low temperature (100 °C). Small changes in Mn and Mw
were observed when the molar ratio increased from 2:1 to 4:1.

The effect of the concentration of benzoyl peroxide (BPO) on
the molecular weight distribution was significant. An increase in
the concentration of initiator (from 0.1 to 0.2% wt) increased
both Mn and Mw but reduced the dispersity. On traditional
free-radical polymerization, an increase on the concentration of
initiator results in a decrease on both number average and weight
average molecular weight because more chains will polymerize
at the same time competing for the available monomers. Castor
oil maleate may contain one, two, or three maleates in the castor
oil chain. Thus, the molecule may have three polymerization
points. The increase on the initiator concentration increased the
number of radicals in each castor oil maleate molecule, resulting
in larger copolymer chains.

The analysis of perturbation of factors corroborated with the
observations made previously. Table 2 presents the statistical
analysis of the independent variables (temperature, the molar
ratio between styrene and castor oil maleate, and weight fraction
of BPO) on the dependent variables (Mn, Mw, and D).

The weight fraction of initiator was the variable that pre-
sented the highest effect on the production of the MACO-Sty
copolymer, followed by the effect of temperature. The con-
centration of the initiator has a direct effect on the production
of'the copolymer by initiating the polymerization process. The
molar ratio between styrene and castor oil maleate did not
show any statistical significance. The lack of significance of
this variable may be due to the substantial difference of the
molecular weight of these two monomers. The statistics show
that the control of the molecular weight distribution of the
copolymer can be achieved preferably by controlling the con-
centration of initiator and temperature.

Figure 4 presents the surface plots for the number average,
weight average molecular weight, and dispersity of the MACO-
Sty copolymer. Based on the surface plots, a statistical correla-
tion for the molecular weights and dispersity was obtained using
the surface response methodology (Egs. 2 to 4).

Mn = —10837.7-3908.5M + 143.1T + 82539.11
+ 16.5MT + 14732.2MI-532.7TI (2)

Mw = —12110.3-215.2M + 235.1T + 73906.01-8.0MT
+ 8256.4MI-34.5TI (3)

D =2.9-0.1M—-0.7T—1.0I-0.1MI-0.2MT + 0.8TI (4)

where [ is the initiator mass fraction; M is the molar ratio
between styrene and castor oil maleate; and T the temperature.

The statistical F' test was applied to evaluate the suitability
of the correlations presented by Egs. 2 to 4. Table 3 presents
the ANOVA for Mn, Mw, and D. The correlations were sig-
nificant at a 95% level of confidence for Mn and B and a 75%
level of confidence for Mw. Figure 5 presents the observed
and predicted values obtained by applying the statistical mod-
el for Mn, Mw, and D after 4 h of polymerization.

The yield into the copolymer was higher than 80%. The
increase in the reaction temperature increased the yield into
the copolymer. The increase in BPO concentration and styrene
concentration in the reaction did not affect the yield
significantly.

The molar ratio of styrene to castor oil maleate in the feed
was the most significant variable on the content of styrene in
the copolymer chain. The molar fraction of styrene in the
copolymer was higher than 0.5 indicating that styrene has
been effectively incorporated in the polymer chain.
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Fig. 6 Effect of temperature, BPO and NafCo (Cat) on the number average molecular weight (a, b); weight average molecular weight (¢, d); and
dispersity (e, f) of the MACO-Sty copolymer produced by bulk polymerization using BPO and NafCo as a reaction accelerator

3.3 Production of castor oil maleate-styrene
copolymer using BPO as a free-radical initiator
and cobalt naphthenate as a reaction accelerator

Table 4 presents the molecular weight distribution for the
synthesis of the MACO-Sty copolymer by bulk polymeri-
zation using BPO as a free-radical initiator and cobalt
naphthenate (NafCo) as a reaction accelerator. The effect
of the temperature followed the same trend observed when

@ Springer

only BPO was applied. An increase in the polymerization
temperature increased both the number average and weight
average molecular weight and decreased the dispersity.
The use of cobalt naphthenate induced a lower variability
on the molecular weight distribution of the polymer at each
processing temperature. At 100 °C, the Mn ranged from 4000
to 5000 g/mol, and the Mw ranged between 19,000 and
22,000. When cobalt naphthenate was not used, the Mn
ranged from 3500 to 11,500 g/mol at this same temperature.
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Table 7 Analysis of variance (ANOVA) of the correlations for the
molecular weight distribution of MACO/Sty copolymer produced using
BPO and NafCo as co-catalyst

Source Sum of squares df Medium Square Fy R?
Mn Model 171,120,575 4 42,780,144 8.89 0.84
Error 33,691,360 7 4,813,051
Total 204,811,935 11
Mw Model 449,727,891 4 112,431,973 10.48 0.86
Error 75,079,317 7 10,725,617
Total 524,807,208 11
PDI Model 6.45 4 1.6l 5.55 0.76
Error  2.04 7 029
Total  8.49 11 Fy7=4.12

Considering that the number average molecular weight
is highly influenced by the number of chains being
formed, the presence of cobalt naphthenate showed a
more significant influence in the initiation of polymer
chains.

The dispersity of the copolymer increased with the
addition of cobalt naphthenate, which may have been
influenced by a gel effect. The reaction mixture showed
a higher viscosity when cobalt naphthenate was used,
resulting in lower mobility of the molecules, especially
the large castor oil maleate and its oligomers (Table 5).

The analysis of perturbation of factors showed that
temperature, BPO weight fraction and cobalt
naphthenate weight fraction were essential variables
influencing the molecular weight distribution (Table 6).
This statistical analysis corroborates with the observa-
tion that the use of cobalt naphthenate significantly in-
fluenced the molecular weight distribution and can also
be used to control it.

Figure 6 presents the surface plots for the number
average, weight average molecular weight, and
dispersity of the MACO-Sty copolymer produced using
BPO and NafCo. Based on the surface plots, a statisti-
cal correlation for the molecular weights and dispersity
was obtained using the surface response methodology
(Egs. 5 to 7).

Mn = —14766.5-272.1M + 134.2T
+ 62806.51-22438.2C (5)

Mw = —13568.5-945.4M + 226.5T
+ 94533.81-12143.0C (6)

b =7.2640.0IM —0.03T—9.90I + 6.18C (7)
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Fig. 7 Predicted versus observed values a number average molecular
weight (Mn); b weight average molecular weight (Mw); and ¢ dispersity
(D) of MACO-Sty copolymers produced using BPO and NafCo as co-
catalyst

where C is the co-catalyst mass fraction; / is the initiator
mass fraction; M is the molar ratio between styrene and castor
oil maleate; and 7 the temperature.

The statistical F test was applied to evaluate the suit-
ability of the correlations presented by Egs. 5 to 7.
Table 7 presents the ANOVA for Mn, Mw, and D.
The correlations were significant at a 95% level of con-
fidence. Figure 7 presents the observed and predicted
values obtained by applying the statistical model for
Mn, Mw, and D after 4 h of polymerization.

@ Springer
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4 Conclusion

This work showed that the production of styrene—castor oil
maleate copolymer is possible using benzoyl peroxide as a
free-radical initiator. The range of molecular weights and dis-
tributions produced by different operating conditions (styrene
to castor oil maleate molar ratio, temperature, BPO concentra-
tion, and cobalt naphthenate concentration) allowed the
obtention of both liquid resins (with different viscosities)
and solid polymers. The use of cobalt naphthenate as reaction
accelerator allowed a new degree of freedom to control the
molecular weight and dispersity of the polymer.
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