
320 Aliyu Danmusa Mohammed

International Journal of Engineering Technology Science and Research
IJETSR

www.ijetsr.com
ISSN 2394 – 3386
Volume 4, Issue 6

June 2017

Graft Copolymerisation of Acrylic Acid onto Starch using Oxy-
Catalyst/ Aluminium Triflate as Initiators

Aliyu Danmusa Mohammed
Dept. of Chemistry, Umaru Musa Yar'adua University, katsina,

State Nigeria

Abstract
Free radical initiation process was used in the synthesis of starch grafted with acrylic acid. For the first time, oxy-

catalyst as initiator and aluminium triflate [Al(OTf)3] as co-catalyst were used in the synthesis. At optimum conditions,
starch-g-PAA copolymer with add-on % of 47 and GE of 82% was synthesised. Lower grafting parameters, were
however obtained when oxy-catalyst was used without the triflate co-catalyst. The grafting process was found to be time
and temperature dependent at some stage in the experiment. The XRD, SEM and TGA techniques used in the
characterisation of the products provided evidence of both grafting, but showed a marked difference with increase in the
% add-on and grafting efficiency (GE %).
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1Introduction
The choice of an initiator plays a fundamental role in determining how effective a free radical polymerisation
process takes place with respect to the polymer yield, rate and the amount of homopolymers. CAN was found
to be the most efficient initiator in free radical grafting of vinyl monomers onto starch in terms of high yield
and with the least amount of homopolymers [1,2]. In the free radical initiation using CAN, there is a direct
formation of starch macro radicals before the step of propagation; however, because of the metallic nature of
cerium, being a heavy metal which can find its way into the polymer product, and being expensive, other
initiator compounds are preferred [2]. Sughara et al. [3], however, reported that CAN was found to be an
unsuitable initiator in the graft copolymerisation of acrylic acid onto starch. They further reported that acrylic
acid (AA) is the least reactive when compared with other vinyl monomers such as acrylonitrile (AN) and
acrylamide (AM). Alternatively, redox initiators are preferred to other substances for generating free radicals
in grafting vinyl monomers onto natural polymers such as starch, cellulose, and wool [4–6].

In an attempt to get a new and better catalyst to generate ·OH radicals for reaction with acrylic acid, Hydrogen
Link Canada provided us with a proprietary catalyst capable of generating ˙OH radicals from H2O2; No
details of the structure or active components of the catalyst were provided, and due to the agreement, we did
not analyse the catalyst. The oxy catalyst was used in grafting AA onto starch using aluminium triflate as a
co-catalyst in different reaction conditions. The reaction system is found to have some advantages over
ferrous ammonium sulphate (FAS), these include easy recoverability (for reuse) of the initiator and its
insensitivity to pH. In order to improve the grafting yield of the product, aluminium triflate (Al(OTf)3), a
Lewis acid, was used as co-catalyst. Al(OTf)3 is readily applicable in polymer science due to its constituent
properties that allows solubility in water, easy handling, reusability and it is appreciably friendly to the
environment [7].

This work, the first of its kind, explores the synthesis of the starch copolymer of AA (Starch-g-PAA) using
oxy-catalyst/H2O2 and aluminium triflate as co-catalyst at different ratios and under different reaction
conditions. Grafting parameters, (percentage add-on, amount of homopolymers and efficiency) were also
studied in each case. The catalyst was used separately, before the incorporation of the triflate to initiate
grafting onto the starch at different conditions.
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2 Experimental
2.1 Materials
Potato starch, ferrous ammonium sulphate (FAS) and hydrogen peroxide (30 %) (Sigma-Aldrich) were used
as received. Acrylic acid (Sasol) was freshly distilled under reduced pressure before use. Oxy-catalyst (a black
powder) produced by Hydrogen Link Inc. Canada and aluminium triflate (Aldrich) were also used as received
in the synthesis.

2.2 Graft polymerisation procedure
Dried potato starch (5 g) was stirred in water (150 mL) for about 30 min to form a uniform slurry by heating
at 80 °C in a 250 mL three-necked round bottomed flask equipped with a reflux condenser. The mixture was
allowed to cool to 25–30 °C. Nitrogen gas was purged into the mixture to maintain an inert atmosphere. Oxy-
catalyst (0.05–1.5 g) were introduced into the mixture and stirred. AA (10 mL) was gradually added. H2O2 (2
mL) was added to the mixture and stirred for specific periods and temperature. The reaction product was
precipitated with acetone, washed with distilled water and dried at 40 °C in a vacuum oven for 24 h. The same
experiment was repeated using oxy-catalyst (0.25 g) and varying amounts of Al(OTf)3 (0.05–1.5 g), at a
temperature of 60 °C. AA (5–15 mL) were introduced into the mixture and stirred for 4 h. The product was
separated as above and dried to constant weight before analysis. Scheme 1 shows the polymerisation of starch
with acrylic acid.

Selected IR, v (cm-1): 3260 (O-H), 2919 (C-H), 1015 (C-O), 1700 (C=O)

2.3 Extraction of homopolymer
The dried product obtained above was extracted with methanol in a soxhlet extractor for 24 h to remove PAA
homopolymer. The pure copolymer, starch-g-PAA, was dried in an oven at 40 °C to constant weight.

3 Results and discussion
All the samples of starch grafted with acrylic acid (starch-g-PAA) were characterised using FTIR, XRD, TGA
and SEM analyses. Two samples of the starch-g-PAA and the starch sample were taken to represent the
general behaviour of the polymer with respect to the amount of co-catalyst. From the analytical results
obtained, there isn’t any marked difference in the polymer samples synthesised with 0.00, 0.05, 0.1 and 0.25 g
of Al(OTf)3 as co catalyst. Likewise, the samples prepared using 0.5, 1.0 and 1.5 g of the co-catalyst appear to
have the same pattern of analytical results.

OH

OH

OH

CH2

O

+ n CH2 CH

COOH

OH

OH

OH

O

[ CH

COOH

]nCH2

oxy cat/H2O2

Starch AA Starch-g-PAA

60 °C

]m[ ][ m

O H OCH2

Scheme 1 Grafting acrylic acid onto starch using oxy-catalyst.
3.1 X-ray diffraction analysis
The XRD measurements of the starch and the samples are shown in Fig. 1. Like cellulose, starch contains both
crystalline and amorphous regions. The X-ray pattern of the crystalline polymer shows sharp peaks associated
with the region of three-dimensional order and the diffused features that are characteristics of the molecularly
disordered substances coexisting within it [8]. The semi crystalline structure in the granular starch is due to
the amylopectin ratio in the starch particles [9] and exhibits four sharp characteristic crystalline peaks which
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can be clearly seen in Fig. 1(a). There is also an acute diffraction peaks in the range of 2θ values of 15–25°.
All the grafted products, Fig. 1(b and c), show a broad dispersion peaks at 2θ = 20°. The only noticeable
difference is the intensive peak with higher counts in Fig. 1(b) that arises from the higher % add-on of grafted
PAA onto the backbone. This shows the overall disorientation of the starch structure in the grafting process,
and as a result, the semi crystalline structure of the granular starch is lost to an amorphous polymer after
grafting.

Figure 1 XRD spectra of starch and samples of starch-g-Poly (AA) initiated by Oxy-catalyst at different
amounts of Al(OTf)3; (a)starch (b) Starch-g-PAA, 1.0 g Al(OTf)3 and (c) 0.25 g of Al(OTf)3.

3.2 FTIR analysis
Fig. 2 shows the FTIR spectra of starch and starch-g-PAA samples. In Fig. 2(a) the starch sample shows a
broad band at 3260 and 1631 cm-1 due to O–H stretching and bending mode respectively. While the C–H
stretching and bending modes are observed at 2919 cm-1 and 1074 cm-1respectively. All the grafted starch
polymer samples show additional peaks around 1700 cm-1, even after the removal of the homopolymer (PAA),
due to the C=O stretching vibration from poly(acrylic acid) (PAA).

Wavenumber (cm-1)
Figure 2

FT-IR spectra of ; (a) starch (b) starch-g-PAA, 0.25 g Al(OTf)3 and (c) starch-g-PAA, 1.0 g Al(OTf)3.
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At lower amount of the co-catalyst (0.00 – 0.25 g), the peak attributed to C=O stretching vibration is less
intensive, as can be seen in Fig. 2(b), at 1715 cm-1 . This is due to the low amount of PAA grafted onto the
starch. In Fig. 2(c), an increase in the amount of the co-catalyst from 0.5 –1.5 g, the C=O stretching peak
becomes intensive at 1700 cm-1. Hence, an evidence that large amount of PAA was chemically bound to the
starch

3.3 Thermogravimetric analysis
The thermal stability and the degradation pattern of starch and the starch-g-PAA samples were analysed. Fig.
3 shows the thermal analysis curve of starch which exhibits a three-step degradation pattern. The first stage of
decomposition is due to the evaporation of the absorbed moisture which results in a slight loss in weight. The
second step is rapid and accounts for the highest weight loss (75 %) with a temperature of maximum
decomposition at 300 °C as can be seen in the weight-derivative curve. All the grafted products show a slight
increase in thermal stability with a marked-difference in the decomposition pattern. Fig. 4 shows the thermal
behaviour curve of starch-g-PAA grafted with oxy catalyst and 0.25 g of Al(OTf)3. Due to the low add-on and
grafting efficiency of the grafted product, the polymer shows a similar pattern of decomposition with the
starch, with a temperature of maximum decomposition at 295 °C that results in a weight loss of 45 % and
followed by decomposition at 327 °C. At higher % add-on in Fig. 5 the thermal stability and change in the
decomposition pattern of the sample containing 1.0 g co-catalyst become apparent.

Figure 3 Thermal analysis curve of starch.
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Figure 4 Thermal analysis curve of starch-g-PAA, 0.25 g Al(OTf)3 .

The initial 3 % loss in weight at 118 °C is due to evaporation of the absorbed moisture, followed by
decomposition at 250 °C resulting in 22 % loss in weight. Decomposition is observed in Fig. 5 at a much
higher temperature, 396 °C, with a weight loss of 50 %. The final stage could be the formation of some
compounds and their decomposition. This trend in the thermal decomposition patterns, apart from proving that
a grafted product was obtained, clearly show that grafted polymers with higher add-on show a relatively
higher thermal stability than those with low add-on.

Figure 5 Thermal analysis curve of starch-g-PAA, 1 g Al(OTf)3 .
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3.4 SEM analysis
The surface morphology of starch and starch-g-PAA are shown in Fig. 6. The irregular oval shape of the
granular starch with a smooth surface can be clearly seen in Fig 6(a and b). After grafting of PAA onto the
starch, the smooth surface changes to a different morphology which is apparently dependent on the level of
grafting. Fig 6(c) shows the surface morphology of the starch-g-PAA with low % add-on as a coarse surface,
but changed to, Fig 6(d), a more definite morphological structure of a thick polymeric coating of PAA onto
the starch when the % add-on and GE were high.

Figure 6 SEM images of (a) starch (b) magnified granular starch surface (c) starch-g-
PAA, 0.25 g Al(OTf)3 and (d) starch-g-PAA, 1.0 g Al(OTf)3.

3.5 Grafting parameters
Table 1 shows the % add-on, GE % and amount of homopolymers (HP) obtained in each synthetic method
under different reaction conditions. It was discovered in this experiment that the use of oxy-catalyst only as
the ˙OH generating species for grafting AA onto starch is quite inefficient. At a lower temperature and a low
amount of the catalyst, no grafted product was obtained between AA and the starch. The grafted product with
a low % add-on, GE % and a high amount of homopolymers could only be synthesised when the temperature
was increased to 50 °C and the amount of catalyst to 0.25 g. These drawbacks and limitations of the catalyst
identified in this experiment triggered the use of Al(OTf)3 as co-catalyst.

Table 2 shows the grafting parameters obtained when the oxy-catalyst is used with Al(OTf)3 as co-catalyst.
0.25 g of the Oxy-catalyst was used throughout the experimental runs because it was found to be the optimum
amount in the first phase of the experiment. Increasing the amount of the Al(OTf)3 facilitated a sequential
increase in the % add-on and efficiency. The highest add-on, 47 %, was obtained when 1.0 g of Al(OTf)3 was
used for 3 h, with GE of 82% and 19% PAA (homopolymer).

3.5.1 Increase in temperature
Table 1 shows the effect of temperature on the grafting parameters. An increase in temperature increases the
percentage grafting and efficiency of the polymerisation process up to a certain level (60 °C) when excessive
heat disfavours the polymerisation reaction. Increase in temperature leads to a more effective mobility of the
monomer species (AA) and causes the swelling of the starch particles [9–10], which causes a more effective
interaction with the active monomers. The rate of surface radical formation becomes high with temperature
increase up to a level when excessive heat causes a higher rate of surface radicals formation which
consequently leads to a premature termination. This explains why at a temperature of 80 °C, in this work, the
grafting parameters are not effectively favoured, as polymer products of low add-on and efficiency are
produced. Generally, an increase in temperature can increase the grafting rate and homopolymerisation at the
same time, but it is noteworthy that the activation energy of grafting polymerisation is much greater than that
of homopolymerisation. Hence, an increase in temperature can improve the grafting efficiency [11]. This is
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why 60 °C is taken as the optimum temperature in the graft copolymerisation involving the co-catalyst in the
second round of the experiment.

3.5.2 Increase in time
The effect of time on the grafting parameters can also be seen in Table 1. At a shorter period of the
polymerisation process, 2 h in this experiment, there was no grafting reaction. This problem is attributed to the
fact that the gradual rise in the temperature to the grafting level (50 °C) requires a span of time for the
particles to be active enough to facilitate the grafting reaction. This is why in this study the shortest expected
time for a free radical polymerisation to yield any product is 3 h, while the optimum time is 4 h. On the other
hand, an increase in the reaction time to a certain level did not facilitate a higher % add-on or GE %. In Table
1, the time increase from 4 h to 8 h shows a levelling off in the grafting parameters with a time increase. The
levelling off property can be explained on the basis of progressive consumption of the monomer and the
initiator with time [1].

Table 1 Effect of oxy-catalyst, time and temperature on graft copolymerisation.

Run Oxy-catalyst
(g)

Time
(h)

Temp. (°C) Add-on (%) GE (%) HP (%)

1 0.05 2 30 0.0 0.0 0.0

2 0.10 2 30 0.0 0.0 0.0

3 0.25 2 30 0.0 0.0 0.0

4 0.50 2 30 0.0 0.0 0.0

5 1.00 2 30 0.0 0.0 0.0

6 0.25 3 30 0.0 0.0 0.0

7 0.10 3 50 0.0 0.0 0.0

8 0.25 3 50 6.0 34 65

9 0.50 3 50 6.0 36 63

10 0.25 3 60 9.0 45 55

11 0.25 3 80 7.0 40 62

12 0.25 4 60 14 59 41

13 0.25 5 60 14 60 40

14 0.25 8 60 15 62 37

3.5.3 Amount of catalyst and co-catalyst
The first phase of the experiment shows the general trend of grafting ability of the oxy-catalyst when it was
used without the co-catalyst. Since it was observed that its efficiency is relatively low, the amount at which
the amount starts levelling off (0.25 g) is used throughout in the further experimental runs along with the co-
catalyst (Al(OTf)3). Table 1 shows the initial increase in the add-on and GE % on the grafting level with a
varying amount of the catalyst. At certain amount of the catalyst, the grafting parameters start to level off.
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Table 2 Effect of Al(OTf)3 on graft copolymerisation; 4 h reaction time; at 60°C.

Run Amount of
Al(OTf)3 (g)

Colour of the
dry product

Add-on (%) GE (%) HP (%)

1 0.00 Green 14.1 59.4 41.6

2 0.05 Green 13.9 59.6 40.4

3 0.10 Green 16.5 63.8 36.1

4 0.25 Light-green 30.5 75.1 24.9

5 0.50 Light-green 39.8 80.3 19.7

6 1.00 Pale-yellow 47.0 82.8 17.2

7 1.50 Brown 42.7 80.5 19.5

In Table 2, a similar trend was observed where an initial increase in the amount of co-catalyst led to a higher
% add-on and GE % before they started decreasing. 1.0 g of Al(OTf)3 was the optimum level discovered in
this experiment. A % add-on of 47 and GE% of 82 were obtained. When the amount of the co-catalyst was
adjusted to 1.5 g, the add-on and the GE dropped down. This trend can be explained from the fact that a high
amount of the catalyst would release more free-radicals which would make hydrogen abstraction and chain
transfer reaction at a faster rate, hence more GE and add-on. At a higher amount of the catalyst and co-
catalyst, the rate of termination increases whereby the growing chains on the starch became terminated by the
excess initiators or by the reaction of the free radicals of the starch with either the catalyst or the Al(OTf)3 and
therefore leads to a lower % add-on and GE %.

3.5.4 Amount of AA
Table 3 shows the effect of the starch to monomer ratio on the GE, add-on and the amount of homopolymers
produced along the starch-g-PAA. A gradual increase in the amount of AA increases both the GE and % add-
on, as the grafting yield and rate depends on the supply of the monomer molecules to the starch substrate. That
is why at a lower concentration of the monomer (AA), there is more homopolymer formation than the add-on
and the GE. In this study, the highest percentage of homopolymers, the lowest % add-on and GE % were
obtained when the AA amount is lowest. The add-on, GE and the amount of homopolymers in the run were
17.1%, 64.2% and 34.5 %, respectively. On the other hand, an excessive amount of monomer to starch ratio
decreases the GE and % add-on and more homopolymers are produced. This drawback could result from the
high rate of collision between the AA molecules which could block further grafting of the AA onto the starch
by forming a layer of PAA onto the starch backbone.

Table 3 Effect of amount of monomer on graft
copolymerisation.

Starch:AA
ratio

Add-on (%) GE (%) HP (%)

1:1 17.1 64.2 34.5

1:2 23.3 70.8 27.7

1:3 47.1 82.3 19.2

1:4 40.4 73.9 26.1
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4 Conclusions
Starch grafted with AA was synthesised using an oxy-catalyst as initiator and Al(OTf)3 as co-catalyst. At
optimum conditions, starch-g-PAA copolymer with an add-on % of 47 and GE of 82% was synthesised.
Lower grafting parameters, however, were obtained when the oxy-catalyst was used only. The grafting
process was found to be time and temperature dependent at some stage in the experiment. The analytical
techniques used in the characterisation of the products provided evidence of both grafting, but showed a
marked difference with an increase in the % add-on and GE %. Although the true chemical behaviour of the
catalyst was not disclosed, in comparison with other free radical initiators, a polymer product with lower
grafting parameters was synthesised. The study, however, proved that the catalyst could serve as a substitute
for ferrous ammonium sulphate as an initiator catalyst in free radical formation.
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