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ABSTRACT: The production of biobased copolymers such as poly(styrene-co-butyl
acrylate-co-methacrylic acid) for paints and coating applications is indispensable for the
establishment of sustainable biorefineries, but it is challenging because of the utilization
of fossil-based sources for the syntheses of methacrylic acid (MAA) from biomass. We
have studied the catalytic decarboxylation of biobased itaconic acid, citric acid, and
aconitic acid to MAA. Among different tested catalysts, the spinel BaAl12O19 chemical
substance was found to grant an additional active catalysis, it optimized selectivity, and a
50% synthesis yield of MAA was achieved. The as-synthesized MAA vinyl monomer has
been consequently utilized for the production of a chain-growth poly(St-co-BA-co-MAA)
copolymer, industrially manufactured for coating, adhesive, and paint end-user
applications. The latexes’ physical properties of bio-MAA-incorporated structured
polymers have also been compared with a copolymerized commercial poly(St-co-BA-co-
MAA) terpolymer, fabricated from petroleumbased MAA. The functional group
distribution, measured molecular weight (Mw), determined polydispersity index (ĐM), glass transition temperature (Tg), and
integrated solid content (wS) of copolymerization poly(St-co-BA-co-MAA) constituent units were comparable with benchmarks.

1. INTRODUCTION

The copolymers of styrene (St) and n-butyl acrylate (BA) are
important polymeric materials commercially utilized for the
production of adhesive, coating materials, and paint because of
its excellent physical and chemical properties.1,2 The latex
paints produced from these copolymers exhibited resistance to
weathering and long-lasting color.3 These copolymers are
industrially synthesized by emulsion polymerization, that is an
extensively used process for manufacturing synthetic polymers
today.4 However, the final product produced from this method
exhibited poor optical and thermal resistance.5

During the emulsion polymerization process, acrylic acid
and methacrylic acid (MAA) are added to enhance their latex
properties. It can also make the copolymer pH resistant,
thermal resistant, and improve their mechanical and adhesive
properties.7,8 The presence of the carboxylic group on the
outer surface provides stability to the poly(St-co-BA-co-
carboxylic acid) copolymer.9,10 The main disadvantage
associated with the use of such carboxylic acids is the source
of origin. Industrially these monomers are derived from fossil-
based sources that are finite in nature.11 The transition from
petrol-based to bio-based coating materials is of general
interest to achieve sustainability. However, technical and
economic drawbacks slow down this transition.12

Numerous research works have been done recently to find
feasible solutions in the academic area. On the other hand, not
many generated knowledge was transferred to conventional
coating business. Meeting harsh legislation requirements in
some countries is the main driving force for development and
scale-up of (partly) biobased coatings.13 There are several
known paths to produce bio acrylic acid.11 On the other hand,
commercially available methacrylates are so far almost
exclusively petrol based.
MAA is an industrially important versatile monomer

currently produced by the acetone cyanohydrin process.14−16

However, because of the utilization of unsustainable feed-
stocks, processing of waste acid was problematic.17 To sort out
the aforementioned issues, an improved version was patented
in 1997.18 This improved process did not require the addition
of mineral acids, and hydrogen cyanide can be recycled.
However, the short lifetime of the catalyst and production of
excess amount of side products render the commercialization
of this process.19−21
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Itaconic acid (IA) and citric acid are industrially important
commodity chemicals produced by the fermentation of
biomass.22,23 Interestingly, St and BA can also be obtained
through biomass-derived sugars and biobutanol, respec-
tively.24,25

Heterogeneous catalysts supported on noble metals (Pd/C,
Pd/Al2O3, Pt/C, Pt/Al2O3, and Ru/C) have also been
developed for the production of MAA by using IA as the
feedstock.20 A good yield (68%) of MAA was attained under
relatively mild temperature and pressure conditions with Pt/
Al2O3. However, this process required subsequent addition of
corrosive sodium hydroxide that makes this process unsustain-
able. Additionally, the utilization of noble metal-based catalyst
is not cost competitive. Later, Pirmoradi and Kastne employed
a hydrotalcite catalyst and achieved only 23% yield of MAA
from IA.21

In collaboration with HELIOS, one of the world’s leading
paint and coating producers, we describe an effective strategy
for the production of biobased poly(St-co-BA-co-MAA)
copolymers by adopting a two-step approach. In the first
step, various heterogeneous catalysts have been tested for the
production of MAA. In the second step, poly(St-co-BA-co-
MAA) copolymers have been prepared by the radical
polymerization of as-synthesized MAA with St and BA.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. The BaAl12O19 catalyst was
synthesized by the previously reported method.26 In a typical
procedure, stoichiometric amounts of barium nitrate (90.03 g)
and aluminium nitrate (5.23 g) were mixed in hot distilled
water (100 mL) to get a clear solution. In this solution, carbon
black (40 g) was added with constant stirring and kept
overnight. Next, the aqueous solution of ammonium carbonate
(96.09 g) was added dropwise into the mixture for 4 h to
produce a gel that was subsequently washed with distilled
water and dried at 110 °C in an oven for 12 h. Finally,
calcination of the obtained white powder was performed at
1250 °C in argon for 5 h. The deposited carbon from the as-
prepared catalyst was removed by calcination of the catalyst at
900 °C for 12 h in air. MgAl2O4, NaAl2O4, and CaAl2O4 were
also prepared from the above-mentioned method.
Pd/BaAl12O19, Pd/MgAl2O4, Pd/NaAl2O4, and Pd/ZrO2

catalysts with 5 wt % metal loading were prepared by the
deposition−precipitation method. Typically, 1 g of the support
was dissolved in the aqueous solution of Pd(NO3)2. Next,
NH4OH was added until the pH reached to 9 followed by
stirring of the reaction mixture at 60 °C for 1 h. The obtained
support was filtered and washed with distilled water followed
by drying at 60 °C for 12 h. Finally, the dried materials were
reduced in a H2 flow at 350 °C for 3 h. The CaMgO catalyst
was synthesized as per the method described in the literature.27

2.2. Catalyst Characterization. X-ray diffraction (XRD)
measurements were conducted on a PANalytical X’Pert PRO
diffractometer with a Cu Kα (λ = 1.5405 Å) radiation source.
N2-physisorption measurements were performed on a Micro-
meritics ASAP 2020 system. Temperature programmed
desorption was performed by using a chemisorption analyzer
(Micromeritics 2920 AutoChem II) with a mass-spectrometry
detector. The morphology of the materials was observed by
using a JEOL, JEM-ARM200CF system equipped with a JEOL
Centurio 100 mm2 energy-dispersive X-ray spectroscopy
system.

2.3. Catalytic Activity Measurement. Catalytic reactions
were performed in a Parr reactor. Typically, 2 g of IA and 1 g
of catalyst were added in 100 mL of distilled water and loaded
into the autoclave reactor. The reactor was sealed, purged
three times with N2, and the desired pressure was adjusted.
Finally, the reactor was stirred (600 min−1) and heated up to
the desired temperature and time. When reaction completed,
the reactor was cooled at room temperature, the pressure was
released, and crude reaction mixture was analyzed by high-
performance liquid chromatography (HPLC).

2.4. MAA Extraction and Purification Procedure. The
purification of crude MAA was performed by following the
reported method.20 In a typical procedure, the crude MAA was
added in a separating funnel and extracted by the addition of
Et2O (3 × 50 mL). The obtained Et2O solution was
evaporated under reduced pressure to get purified MAA. The
purity and structure of the isolated MAA were determined by
NMR spectroscopy. The obtained 1H and 13C NMR spectra
confirmed the extraction of purified MAA with 99.0% purity
(Figures S3 and S4).

2.5. Syntheses of Copolymers. Polymerizations were
carried out in an Optimax (Mettler Toledo) synthesis station
equipped with a mechanical stirrer (4 pitched blade turbine
shape) and a purge condenser for nitrogen equipped with a
thermocouple. In a typical procedure, butyl acrylate (BA)
(53.29 g) and butyl acetate (76.10 g) were added in a 150 mL
round-bottom Schlenk vessel containing styrene (9.57 g). The
mixture was stirred at room temperature to dissolve butyl
acrylate and butyl acetate in styrene. Next, peroxybenzoate
(0.330 g) and MAA (1.0 g) were added to the flask with
continuouss starring. The mixture was degassed by three
freeze-pump-thaw cycles, back-filled with nitrogen, and placed
in an oil bath, followed at 125 °C for 4 h. During the
polymerization after 2 h, the postpolymerization was carried
out by adding butyl acrylate (3.10 g) and tert-butyl
peroxybenzoate (0.18 g) as the initiator, and reaction vessel
was placed in an ice bath to stop the polymerization.

2.6. Characterization of Copolymers. Gel permeation
chromatography (GPC) was carried out on a Waters 2690
Separations Module, coupled with a Waters 410 differential
refractometer (RID). Samples were dissolved in tetrahydrofur-
an 0.0025 g mL−1. After 3 days, solutions were filtered through
a 0.45 μm filter, and 100 μL was injected. A Series of three
Styragel columns (HR 4E, HR 5E, and HR 0.5) was used. The
average molecular weight was calculated according to
polystyrene standards with the use of manufacturer software.
FT-IR Nicolet 6700, Thermo Scientific, was used to obtain

Fourier transformed infrared spectra (FT-IR). Samples were
applied in a thin layer on a KBr pellet and let to dry. The pellet
was then inserted, and spectra in the range 400−4000 cm−1

were collected. Volatile compounds were analyzed with the use
of an Agilent 6890N Gas chromatograph (capillary column
HP-5MS UI, helium as carrier gas), coupled with mass
selective detector Agilent 5973. Samples were dissolved in
methylene chloride; n-heptane was added as the internal
standard. Solutions were ultrasonically mixed for 5 min. One
milliliter of the sample was analyzed. Content of each volatile
substance was calculated according to premeasured standards.
Glass transition temperatures (Tg) and thermogravimetric

analysis (TGA) were obtained by Mettler Toledo TGA/DSC
1. Spectra were analyzed with manufacturer software. For
differential scanning calorimetry (DSC) analysis, the dried
samples were weighted and heated (ramp 10 °C min−1) in the
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range of −50 to 150 °C. The results of Tg are reported as an
inflection point value. The total solid content was determined
gravimetrically. Polymer solutions (1−1.5 g) were weighted
into aluminum dishes and put in the oven for 1 h at 125 °C.
Dynamic rheological tests were carried out using a rotational
rheometer (Anton Paar Physica MCR 301), equipped with
fixture PP25 parallel-plate geometry. The shear rate range was
0.01−100 s−1. The acid number was determined by titration
using 0.1 M KOH, according to ISO 2114.

3. RESULTS AND DISCUSSION
3.1. Catalytic Synthesis of Biobased Methacrylic Acid.

It is known from the literature that the noble metal-loaded
catalyst exhibited good yield and selectivity toward MAA.20 In
the initial experiments, we have prepared and tested a variety
of noble metal (Pd, Pt, and Ru) supported heterogeneous
catalysts for the decarboxylation of IA to MAA with water as
the solvent, using 20 bar N2 at 250 °C for 3 h. The detailed
characterizations of the as-synthesized catalysts are available in
the Supporting Information
First, we have performed the screening of the active noble

metal for the synthesis of MAA from IA (Table 1, entry 1−3).

The reactivity of the Pd/C catalyst is higher than those of Pt/C
and Ru/C catalysts, which can be attributed to the positive
stabilization effect of the palladium metal on the itaconate
monoanion that promotes the decarboxylation of IA to
MAA.20 Interestingly, Ru/C catalysts showed totally different
activity with the low MAA yield (1%) and high conversion of
IA (90%) probably because of the deoxygenation of IA and
MAA. It was confirmed from the initial experiments that
palladium is an active metal for the catalytic conversion of IA
to MAA.
In the next set of experiments, we have tested variety of Pd-

based catalysts (Table 1, entry 4−10). The selectivity of MAA
significantly varied for different catalyst supports. The catalytic
activities of acidic supports such as ZrO2, SiO2, and Al2O3 were
lower than the basic support and spinels of MgAl2O4,
BaAl12O19, and CaAl2O4 supports (Table S1). The high acidity
of the catalysts promotes the hydration of IA to citramalic acid.
The further degradation of citramalic acid produced 2-
hydroxyisobutaric acid (2-HIBA) and pyruvic acid; hence,
this reduced the overall yield of MAA.19,21 De Schouwer et al.
recently reported that the catalysts can alter the pH of the
reaction mixture. For instance, the Pd/ZrO2 catalyst yielded a

pH of 3.7, and Pd/CaAl2O4 and Pd/BaAl12O19 yielded neutral
pH, whereas the Pd/MgAl2O4 catalyst yielded a pH of 8.9,
which was obtained when suspended in H2O and stirred for 6
h.28 It was reported in the literature that low or high pH of the
reaction mixture promotes the parasitic reaction pathways and
produced undesired side products such as acetic acid, acetone,
2-HIBA, and so forth.14

To investigate the effect of catalyst acidity and basicity on
the MAA yield, we have prepare variety of acidic and basic
catalysts. We have started our investigation with heterogeneous
base catalysts (Table 2). It was observed that the catalyst with

high Brønsted basic sites exhibited poor MAA selectivity. For
example, the CaMgO catalyst having high basicity (Table S2)
yielded MAA with 33% selectivity (Table 2, entry 1). Similar
results were obtained when other Brønsted base catalysts such
as NaAl2O4 and CaAl2O4 were tested (Table 2, entry 2−3).
Delightedly, we found that the spinel BaAl12O19 catalyst
showed good MAA selectivity (50%) with complete con-
version of IA (Table 2, entry 4). However, slightly basic
MgAl2O4 catalyst showed relatively low MAA selectivity
(Table 2, entry 4).
Next, we have used variety of acidic zeolites and Amberlyst-

15 catalyst (Table 2, entry 5−10). It was found that the
selectivity of the MAA is inversely proportional to the acidity
of the catalysts. Amberlyst-15 with high Brønsted acid density
demonstrated poor activity with ∼17% selectivity to MAA
(Table 2, entry 10). Whereas, the selectivity of MAA was
partially increased when moderate acidic zeolites were utilized
for the decarboxylation of IA (Table S2, entry 7−10). It was
concluded from our experiments that high acidity or basicity of
the catalyst reduces the yield of MAA by subsequent
decarboxylation and hydration reactions. Compared to the
tested catalysts, the outstanding catalytic activity of BaAl12O19
is because of their large surface area, modest basicity, and the
peculiar-layered structure that promotes the decarboxylation
reaction (Table S2, entry 4).29

Impurities present in the MAA monomer played a vital role
that can alter the properties of the prepared copolymer. We
have detected 2-HIBA as a major side product in the crude
reaction mixture along with the traces of acetic acid and
pyruvic acid. 2-HIBA is produced from the hydration of MAA
that further degraded into pyruvic acid and acetic acid. With
the aim to obtained purified MAA, we have performed the
distillation and solvent extraction process, as reported by Le
Nôtre et al. in 2014.20 As confirmed by the 1H and 13C NMR

Table 1. Screening of Pd and Pt-Based Catalysts for the
Decarboxylation of Itaconic Acid

entrya catalyst conversion (%) selectivity (%)

1 Pd/C 95 32
2 Pt/C 100 25
3 Ru/C 90 1
4 Pd/Al2O3 97 29
5 Pd/SiO2 93 25
6 Pd/ZrO2 87 12
7 Pd/BaSO4 91 34
8 Pd/MgAl2O4 100 17
9 Pd/CaAl2O4 94 40
10 Pd/BaAl12O19 100 46

aReaction conditions: IA, solvent (water, 150 mL), time (3 h),
catalyst (1 g, 5 wt % of the metal), and values were determined by
HPLC.

Table 2. Screening of Heterogeneous Catalysts for the
Decarboxylation of Itaconic Acid

entrya catalyst conversion (%) selectivity (%)

1 CaMgO 97 33
2 NaAl2O4 100 34
3 CaAl2O4 100 36
4 BaAl12O19 100 50
5 MgAl2O4 100 26
6 BEA-300 100 28
7 HY-30 97 25
8 HY-80 94 23
9 ZSM5-30 91 21
10 Amberlyst-15 87 17

aReaction conditions: IA, solvent (water, 150 mL), time (3 h),
catalyst (1 g), and values were determined by HPLC.
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spectrums of purified MAA (Figures S3 and S4), we have
isolated 99.0% pure MAA from the crude reaction mixtures by
following this process.
In the final approach, the scope of the as-synthesized

BaAl12O19 catalyst was further extended toward other biomass-
derived carboxylic acids, and the results are shown in Table 3.

We have started our experiment with citric acid, one of the
most versatile and widely available biomolecule industrially
produced by the fermentation of various carbohydrate
sources.30 It can also be upgraded to IA by the surface
fermentation process.31 In our approach, we have achieved a
good MAA yield by the dehydration and decarboxylation of
citric acid. Interestingly, the BaAl12O19 catalyst also demon-
strates high activity, enabling a maximum 50% yield of MAA
under mild reaction conditions (Table 3, entry 2). Similarly,
decarboxylation of aconitic acid (dehydration product of citric
acid) using the BaAl12O19 catalyst gave 51% yield of MAA
(Table 3, entry 3).
We have also performed the catalyst reusability experiment

to test the stability of the BaAl12O19 catalyst under hydro-
thermal conditions (Table 2, entry 4). We have washed the
reused catalyst after each run with distilled water and acetone
and dried in an oven at 60 °C. We have not added fresh
catalyst in the reaction mixture to compensate any mass loss
during the catalyst washing procedure. It was found that the
yield of MAA decreased from 50 to 43% after four consecutive
cycles (Figure S5). This could be attributed to the mass loss
(7%) of the catalyst during the washing procedure.29

3.2. Synthesis and Characterization of the Poly(St-co-
BA-co-MAA)copolymer Latexes. In collaboration with
HELIOS, one of the world’s leading paint and coating
producers, we have used the as-synthesized biobased MAA
to prepare the poly(St-co-BA-co-MAA) copolymer. The
copolymer was synthesized by emulsion polymerization of
styrene and biobased MAA in butyl acrylate with tert-butyl
peroxybenzoate as the initiator (Figure 1). We have also
compared the latex properties of the bio-MAA-based
copolymer with the commercial poly(St-co-BA-co-MAA)
copolymer derived from petroleum-based MAA.
The 1H NMR spectrum of the copolymer (Figure 2) shows

aromatic ring proton signals of styrene at around 6.5−7.4 ppm
(peak a). The peak around 3.7−4.1 ppm (peak f) corresponds
to the hydrogens of the methylene located next to the ester
group. The peak “b” at a chemical shift of around 0.7−0.9 ppm
was assigned to the methyl groups of the MAA. The peaks
around 1.4−2.1 ppm (c, c′, d, e) correspond to the −CH and

−CH2 backbone of poly(styrene), poly(butyl acrylate), and
poly(methacrylic acid), respectively.
The FT-IR spectrum of the copolymer confirmed the

successful polymerization of the MAA monomer into a
copolymer structure (Figure 3). The characteristic peak at
1634 cm−1 in the absorption pattern related to the carboxylic
groups. The aromatic carbon double bond (CC) at 1460
cm−1, C−H out-of-plane bending vibration at 696 cm−1, and
the C−O−C bond at 1160 cm−1 represents the butyl acrylate
and styrene segments within the copolymer chain, respec-
tively.32−34

GPC analysis was carried out to assess polydispersity and to
allow comparison of the bio-MAA-based copolymer and
petroleum-derived MAA-based copolymer. According to the
GPC results (Table S3), the apparent average molecular
weight (Mn) of the biocopolymer is slightly lower than that of
the copolymer prepared from petroleum-based monomers.
The slightly higher molecular weight of the petroleum-based
copolymer could be associated with the formation of gel during
emulsion polymerization.6 Nevertheless, slightly narrower

Table 3. Decarboxylation of Biomass-Derived Substrates to
MAA with the BaAl12O19 Catalyst

selectivity (mol %)

entrya substrates conversion (%) MAA 2-HIBA AA othersb

1 itaconic acid 100 50 18 3 29
2 citric acid 100 50 16 6 28
3 aconitic acid 85 51 18 4 27

aReaction conditions: substrate (2 g), solvent (water, 150 mL), time
(3 h), catalyst (1 g), temperature (250 °C), and pressure (20 bar).
bOthers = pyruvic acid, crotonic acid, acetone, propene, and carbon
dioxide. Values were determined by HPLC. IA is itaconic acid, MAA
is methacrylic acid, AA is acetic acid, and 2-HIBA is 2-
hydroxyisobutyric.

Figure 1. Schematic illustrating the monomer and copolymer
synthesis processes for producing biomass-derived MAA-based
poly(St-co-BA-co-MAA).

Figure 2. 1H NMR spectrum obtained for the bio-MAA-based
poly(St-co-BA-co-MAA) copolymer.
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molecular weight distribution (MWD) at the biocopolymer is
favorable in almost all types of coatings.35 The polydispersity
indexes (PDI = Mw/Mn) of copolymers are in the range of
1.45−1.54. Such a broad MWD confirmed that along with the
chain transfer to the chain transfer agent, transfer to the
polymer has also been the main termination event.36

According to the GPC traces in Figure 4, the MWDs of
both copolymers were in good agreement.

The stabilities of as-synthesized copolymers at high
temperature were evaluated by DSC and TGA. Table S3
shows the results of TGA for copolymers, and it was found that
both biobased and petroleum-based copolymers are thermally
stable. The TGA of copolymers showed two-step decom-
position regions (Figure 5). The first weight loss region (10%
weight loss) at around 250−280 °C (T10) may be because of
the decarboxylation and/or other reactions of side-chain
units.37 The secondary exo-effects occurred at around 400
°C (Td) with maximum decomposition (62% weight loss) of
copolymers. This could be due to the decomposition of side
chain or from the scission of the random chain in the
backbone.38

Furthermore, according to the DSC measurements both the
copolymers showed only one glass transition region (Tg = ∼24
°C). This phenomena suggested that both copolymers follow a
monomer-starved semibatch feed policy that produces
copolymers with homogeneous compositions (Table S3,
Figure 6).39

We have studied the shear viscosity of biobased and
petroleum-based copolymers, which were dependent on the
shear rate.
The viscosity of the copolymer is an important property that

decides the quality of the final industrial product. It was
observed that when the shear rate increased or decreased,
viscosity behavior of petroleum-based and biobased copoly-
mers remained almost constant. Newtonian viscosity behavior
between 4.50 and 6.50 Pa s at 25 °C laid a good foundation for
usage in coating applications. The conventional polymerization
with a high solid content (>60%), low viscosity and with film-
forming ability can be obtained for the emulsion polymer-
ization. Table S4 compares technical data sheet parameters
required for the formulation of synthetic resin in the industries.
As evident, all the requirements are met. The solid content and
viscosity similarity promises practically the same application
properties of the paint.
As can be observed from Figure 7, both polymer solutions

exhibit the Newtonian behavior, which is well-known
characteristic for solvent solutions.40 Pendent carboxyl groups
are important adhesion promotors via hydrogen-bonding
mechanism between the substrate and coating.41 Because of
the only source of −COOH groups in a formulation of MAA,
comparable adhesion is expected. The importance of the color
index is governed with the shade of the coating.

Figure 3. FT-IR spectra of bio-MAA-based poly(St-co-BA-co-MAA)
with assigned characteristic peaks.

Figure 4. GPC spectrums of bio-MAA-based (A) and petroleum-
derived MAA-based (B) poly(St-co-BA-co-MAA) copolymers.

Figure 5. TGA thermograms of weight change as a function of
temperature for bio-MAA-based (A) and petroleum-derived MAA-
based (B) poly(St-co-BA-co-MAA) copolymers.

Figure 6. DSC thermograms for bio-MAA-based (A) and petroleum-
derived MAA-based (B) poly(St-co-BA-co-MAA) copolymers.
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4. CONCLUSIONS
In summary, we have prepared biomass-derived MAA from IA,
citric acid, and aconitic acid by using variety of heterogeneous
catalysts. Besides the conventional noble metal-based catalysts,
a series of heterogeneous acid and base catalysts were
screened. Among different heterogeneous catalysts, the
BaAl12O19 catalyst exhibited superior activity, giving a
maximum 50% yield of MAA under mild reaction conditions.
Furthermore, biobased citric acid and aconitic acid were

successfully converted to MAA in one-pot reaction over the
BaAl12O19 catalyst. Further, the biobased MAA used for its
radical polymerizations afforded partially biobased copolymers
with a good control of Mn and moderate PDI values. The
poly(St-co-BA-co-MAA) copolymer produced from biobased
MAA showed thermal stability, Tg values of around 26 °C,
which are similar to the petroleum-based copolymer. The shear
flow of copolymers whereas Newtonian viscosity behavior
between 4.50 and 6.50 Pa s at 25 °C laid a good foundation for
usage in coating applications.
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