Indones. J. Chem., 2022, 22 (3), 791 - 804 791

Synthesis of Cassava Starch-Grafted Polyacrylamide Hydrogel by Microwave-Assisted
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properties of CS-g-PAM, such as swelling ratio, water-solubility, and viscosity were
determined as a function of temperature, salt concentration, and aging time. The FTIR
spectra and SEM analysis of the CS-g-PAM confirmed that the polyacrylamide chains
were successfully grafted onto the cassava starch backbone. The results showed that the
increasing amount of acrylamide and the longer irradiation time improved the
properties of CS-g-PAM. Preparation of CS-g-PAM with 10 g of acrylamide and 180 s
of irradiation time resulted in the highest grafting percentage and water solubility,
which was 1565.53 and 96.06%, respectively. Its viscosity also exceeded 97% after 15
days of aging. The results showed that CS-g-PAM expressed properties such as good
thickening, temperature resistance, and salt resistance according to reservoir conditions.
This finding indicated that CS-g-PAM has good potential for oil recovery applications.

Keywords: hydrogel; cassava starch; polyacrylamide; microwave-assisted; enhanced
oil recovery

m INTRODUCTION flooding. The efficiency of polymer flooding ranges from

Enhanced oil recovery (EOR) technology is urgently 0.7 to 1.75 1b of polymer per bbl of remaining oil output

needed in the midst of a worsening energy crisis, such as [3_14]' Everll .at e':xt're‘melyd IO'V; concentrfltlons, @e
declining oil production, high crude prices and ineffective polymer solution is Injected with water to Improve its
primary production methods [1]. In the field of oil viscosity and affect the mobility of the oil and reduce the
production, several methods are used to increase the permeability of the core [5]. Hydrogel is a polymer that

recovery of the amount of oil and gas from the field. The can be used as polymer injection in EOR technology.

most frequently injected fluid into oil wells is water, but However, hydrogel in high temperature and high salinity

water flooding still leaves around 60-70% of the oil environments is usually affected by syneresis problems,

contained in the reservoir [2]. Polymer flooding in the which cause water to escape from the hydrogel phase [6].
EOR system has evolved into a very efficient and cost- Consequently, improving hydrogel stability is key to
effective method. Polymer flooding is a process that has enhancing hydrogel performance for polymer flooding

. . . . applications in difficult reservoir conditions.
been used effectively in various oil fields across the world. bP S teutt reservor tions

Field investigations have indicated that polymer flooding The hydrogel can be made from natural or

can improve crude oil recovery by 5-30% from the syntheiuc plolymers (?rhb(;th. (‘}raftl copol})lfm.erlza‘;lon of
original oil in place (OOIP) and by 3% following water natural polymers with functional synthetic polymers
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results in modified products that combine the desired
features of both the natural and the synthetic polymer in
a single molecule [7]. The synthetic polymer commonly
used for EOR applications is partially hydrolyzed
polyacrylamide (HPAM). Synthetic polymers provide
high flexibility in controlling the chemical structure of the
polymer to increase the strength of the hydrogel and
absorption capabilities [8]. However, the HPAM chain
will collapse and disrupt the three-dimensional network
structure of the polymer solution under high salinity and
high temperature conditions [9]. Therefore, the viscosity
of the HPAM solution will decrease drastically under
difficult reservoir conditions (e.g., high temperature, high
pressure, high salinity) leading to non-compliance with
oilfield engineering application standards [10]. The use of
synthetic polymers also has an adverse effect on the
environment due to the toxicity and carcinogenicity of the
residual monomers [11].

As a natural and renewable raw material with
abundant  supplies and no  contamination,
polysaccharides (xanthan, cellulose, and starch) can be
used as raw materials for hydrogel synthesis and widely
applied Natural
polymers have a greater resistance to salinity and

in polymer flooding procedures.

temperature because of their unusual helical structure
(triple or double), stiffness, and charge-free chains, which
gives them excellent thickening and stability in adverse
conditions reservoirs [11-12]. Natural polymers are
cheap, readily available, biocompatible, biodegradable,
and environmentally friendly [13]. Therefore, the
synthesis of hydrogels from natural and synthetic
materials can be an alternative to polymer synthesis that
is environmentally friendly, inexpensive and has good
resistance to reservoir conditions.

Several previous studies have reported hydrogel
synthesis from a combination of natural and synthetic
polymers for potential EOR. Previous studies have
reported the synthesis of guar gum-based hydrogel by
and 2-
acrylamido-2-methylpropane sulfonic acid (AMPS) and

graft copolymerization using acrylamide
cross-linked using N,N’-methylene bisacrylamide (MBA)
and potassium persulfate (KPS) as initiator. Guar gum-

based hydrogel showed higher thermal stability than the
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native guar gum [14]. Composite from rice straw waste,
acrylamide (AM), vinyl methacrylate (VMA) was
synthesized by free-radical emulsion polymerization
using MBA as crosslinker and KPS as initiator. According
to flooding experiments, the obtained composite has
good resistance to thermal and ionic degradation [15].
Chitosan-modified polymer was synthesized by free
radical polymerization with acrylic acid (AA) and
acrylamide (AM). The solution properties of the
polymer obtained showed better thickening ability and
temperature and salt resistance than HPAM [16]. All
syntheses mentioned above were done by polymerization
using conventional thermal heating. Previous studies
showed that natural and synthetic polymer modification
successfully improved hydrogel stability.

According to several previous studies, grafting was
performed by utilizing microwave energy, and the
obtained hydrogel, CS-g-PAM hydrogel, may have the
potential to be a candidate for EOR application. It has
never been reported previously. The use of microwave
increases the formation of copolymers, resulting in
higher polymer products with a very short time required
for polymer formation compared to conventional
heating methods. To control the percentage of grafting,
the microwave power and irradiation exposure time are
controlled electronically [17].

In this study, we explore the influence of
acrylamide amounts and irradiation time on the
tolerance of reservoir properties of CS-g-PAM obtained
as indicated by the swelling ratio of the hydrogel in water
with various salt concentrations and temperatures, the
viscosity of the polymer solution under reservoir
conditions as a thickening agent, and the viscosity
resistance of the polymer solution for 15 days. The
successful grafting of polyacrylamide chains onto the
backbone of cassava starch was characterized using
Fourier-transform infrared (FTIR) and Scanning
Electron Microscopy (SEM) analysis.

m EXPERIMENTAL SECTION
Materials

Cassava starch was obtained from a local market in
Surakarta, Indonesia. Acrylamide (> 99%) and K,OsS,
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(KPS) (> 99%) were purchased from E. Merck, Germany.
Acetone (technical) was purchased from Saba Kimia,
Surakarta, Indonesia. Sodium chloride (technical) was
purchased from PT. Polimikro Berdikari Nusantara,
Surakarta. All chemicals and reagents are used without
additional treatment.

Instrumentation

FTIR analysis was conducted on a Frontier FTIR
spectrophotometer (Shimadzu, IRSpirit). The surface
morphology was determined by JEOL Benchtop Scanning
Electron Microscopy JCM 7000. Viscosity measurement
was carried out on the Brookfield Viscometer DV2T.

Procedure

Synthesis of cassava starch-grafted polyacrylamide
In this experiment, hydrogel polymer was
synthesized by reacting cassava starch and acrylamide
using KPS as the initiator and utilizing energy from
domestic microwave radiation (Krisbow 20 L). CS-g-
PAM was synthesized by varying the amount of
acrylamide and the irradiation time, as shown in Table 1.
One gram of cassava starch was added in 50 mL distilled
water, then a certain amount of acrylamide and 0.3 g of
KPS were added. The solution mixture of cassava starch,
acrylamide, and KPS was put into a 1000 mL beaker and
irradiated by microwave at 364 W. Microwave irradiation
was carried out for 30 s until the solution approached the
boiling temperature at < 70 °C, then the solution was
cooled by immersing the beaker in cold water until the
solution approached room temperature. Microwave
irradiation - cooling cycle was repeated until a gel was
formed and the irradiation time was determined (180 s or
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6 cycles). There were 2 types of irradiation time. The first
was stopped when the gel was formed and changed
according to the amount of acrylamide. The second was
the determined irradiation time (180 s), which was the
same for all acrylamide amounts. The microwave
irradiation - cooling cycle was carried out to minimize
homopolymer formation reactions and to avoid vapors
containing acrylamide monomers. After the microwave-
assisted grafting process was completed, the gel material
was allowed to stand for 24 h to complete the grafting
reaction process. The gel material in the reaction vessel
was soaked with excess acetone until a precipitate was
formed. The CS-g-PAM precipitate was dried in an oven
at 50 °C for 24 h. The percentage of grafting of CS-g-

PAM obtained was calculated by the Eq. (1):

%grafting =

mass of polyacrylamide grafted cassava starch —mass of cassava starch < 100% (1)
0

mass of cassava starch
The details of the synthesis of CS-g-PAM hydrogel are
shown in Table 1.

Fourier transform infrared spectroscopy

FTIR spectra of cassava starch and CS-g-PAM (A-
F) were analyzed on a Frontier FTIR spectrophotometer
(Shimadzu, IRSpirit). CS-g-PAM obtained from various
conditions was analyzed directly without forming pellets
with KBr.

Scanning electron microscopy

The surface microstructure of cassava starch and
CS-g-PAM (A-F) was determined by using JEOL
Benchtop Scanning Electron Microscopy JCM 7000. The
specimens were coated with gold and observed at 500-
5000x magnification. The cassava starch had been
gelatinized before SEM measurement.

Table 1. Various compositions for the synthesis of CS-g-PAM hydrogel

Mass of cassava

Mass of acrylamide Mass of KPS

Irradiation time

Code starch (g) (@ @ ) % Grafting
A 1 2 0.3 300 112.20
B 1 2 0.3 180 71.25
C 1 5 0.3 60 360.29
D 1 5 0.3 180 575.58
E 1 10 0.3 30 1237.32
F 1 10 0.3 180 1565.53
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Swelling test

The dried CS-g-PAM was weighed and recorded as
W, (g). The swelling test was determined by soaking W,
in 100 mL of distilled water with various swelling times,
NaCl concentrations, and temperatures according to
reservoir conditions. The swollen CS-g-PAM was
measured as W, (g). The swelling ratio was calculated
using Eq. (2):
W -W

W

S= (2)
Water solubility measurement

One gram of CS-g-PAM was mixed in 100 mL of
distilled water for 1 h, then filtered. The precipitated filter
paper was dried in an atmospheric oven at 50 °C to a
constant weight. The percentage of CS-g-PAM solubility
in water was calculated by Eq. (3).

—-W.

W,
Water solubility %(w/w)= % (3)

0
where W, is the initial weight of the CS-g-PAM (1 g), and
Wins is the weight of dried precipitated CS-g-PAM.

Thickening ability

The dried CS-g-PAM was powdered and dissolved
in distilled water at room temperature. The viscosity of
polymer solutions with a concentration of 1 wt.% was
NaCl
temperatures according to reservoir conditions. After

measured in various concentrations and
preparing the polymer solution, viscosity measurement

was carried out on the Brookfield Viscometer DV2T.

Anti-aging ability

The viscosity of polymer solutions with a
concentration of 1 wt.% was measured for 15 days in
distilled water. Apparent viscosity was measured with a

Brookfield Viscometer DV2T.
m RESULTS AND DISCUSSION

Synthesis of Cassava

Hydrogel

Starch-Polyacrylamide

The mechanism of the microwave-assisted grafting
method consists of initiation, propagation, termination,
and homopolymer formation (side reaction) [18]. The
initiation phase occurs when a certain amount of initiator
is added, and a microwave irradiates the reaction mixture.
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The formation of complexes between the hydroxyl
groups of polysaccharides and oxidants occurs due to
the KPS mechanism that produces free radicals.
Microwave radiation twists and stretches the bonds of
acrylamide molecules. The electrons from the pi bond,
where the C-C double bond will be extended, split into
two locations (i.e., the free radical side of the constituent
carbon atom). When free radical sites are formed in
cassava starch (i.e., polymer backbone), monomers are
added by chain propagation until the free radical sites
are terminated via the termination step [19]. The
termination step occurs when acetone is added to form
a precipitate of the resulting CS-g-PAM. Here,
microwave selectively excited polar bonds unlike heat
energy and high energy radiation [18,20]. CS-g-PAM
was synthesized through the interaction between free
radical sites generated in the cassava starch backbone (by
KPS) and free radical sites generated in acrylamide (by
microwave radiation) through free radical reactions.

The microwave-assisted method with various
initial conditions is shown in Table 1, where we can see
that the irradiation time required for the gel to form
decreased as the amount of acrylamide increased. The
irradiation time required for the gel formation decreased
from 300 to 30 s as the content of the acrylamide
monomer increased from 2 to 10 g. Meanwhile, for the
case of CS-g-PAM C, D, E, and F, when the irradiation
time was extended to 180 s, the percentage of grafting
obtained also increased. For the case of CS-g-PAM A
and B, it had not yet formed a gel when the irradiation
time was 180 s. Therefore, the irradiation time was
extended, and the gel formation time was 300 s. The
higher amount of acrylamide and the longer irradiation
time increased the grafting percentage. The grafting
percentage increased from 71.25 to 1565.53% as the
amount of acrylamide increased from 2 to 10 g. The
increase in grafting percentage and the decrease of
irradiation time for the gel formation was due to the
availability of excess monomer molecules to be grafted
onto the polymer backbone at the propagation step.

In addition, because the proportion of cassava
starch was smaller than acrylamide, the percentage of
grafting was quite high. More homopolymerization
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reactions occurred, and some of the homopolymers and
grafted products were overlapped, entangled, or even
twisted. Acetone extraction could not entirely remove
these homopolymers [21].

Fourier Transform Infrared Spectroscopy

The FTIR spectra of cassava starch (CS) and CS-g-
PAM are shown in Fig. 1. The FTIR results of CS show the
main absorption peaks, including: 3304.71 cm™ (OH
strain vibration), 2916.76 cm™ (CH strain vibration), and
C-O-C strain vibrations at 1141.03 cm™, 1069.72 cm™,
and 1016.94 cm™.

All grafted products displayed identical profiles on
the FTIR spectrum. Therefore, the discussion was carried
out for CS-g-PAM A only as a representative for the entire
grafted sample. In CS-g-PAM A, the O-H strain vibration
of the starch hydroxyl group and the N-H strain vibration
of the PAM amide group overlapped and led to a peak at
3356.06 cm™ and a shoulder peak at 3197.74 cm™. A small
peak at 2929.60 cm™ is associated with the C-H strain
vibration. The peak at 1019.80 cm™ is assigned to the C-
O-C strain vibration. The appearance of a sharp peak at
1645.99 cm™ is associated with C=0 stretching while the
peak at 1596.02 cm™ is associated with N-H. Furthermore,
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another additional peak in the graft product at
1336.43 cm™', indicates C-N stretching.

Fig. 1. shows that the peaks of O-H groups in CS-
g-PAM is not as sharp compared to the CS. It was similar
to FTIR spectra of starch-g-polyacrylamide [22] and
cassava starch-polydiallyldimethylammonium chloride
(polyDADMAC) [23]. It may be explained that the
presence of O-H groups was replaced by polyacrylamide
chains [22]. The presence of strain vibrations C=0,
N-H, and C-N at -CONH; also indicates the success of
the grafting process. The FTIR spectra shown in Fig. 1.
show that the graft copolymer is generated by the
interaction between the free radical generated in the
backbone of CS and polyacrylamide through the free
radical reaction mechanism.

To support our data, the comparison of the FTIR
spectra between CS-g-PAM A and other hydrogels from
previous studies is shown in Table 2. In the FTIR spectra
of the synthesis of cassava starch-graft-polyacrylamide
using the reactive blending method, there was a stretch
of the C=0 bond associated with a peak at 1667 cm™,
and the same vibration for the N-H and C-N bonds was
associated with a peak centered on 1611 and 1407 cm™
[24].
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Fig 1. FTIR of CS and CS-g-PAM (A-F)
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Table 2. Comparison FTIR spectra between CS-g-PAM hydrogel and previous report
Peak (cm™)
Spectrum - -
CS-g-PAM A Cassava starch-graft-polyacrylamide [24] Polyacrylamide grafted xanthan [25]
Cc=0 1645.99 1667 1675
N-H 1596.02 1611 1615
C-N 1336.43 1407 1410
In the FTIR spectra of the synthesis of Scanning Electron Microscope

polyacrylamide grafted xanthan there was a stretch of the
C=0 bond associated with a peak at 1675 cm™, and the
same vibration for the N-H and C-N bonds was
associated with a peak centered on 1615 and 1410 cm™
[25]. These peaks appeared in the FTIR spectra of CS-g-
PAM (A-F). Thus, the presence of additional peaks in the
case of CS-g-PAM (A-F) compared to CS confirmed the
success of grafting acrylamide chains in the backbone of
CS.

The microstructure of the surface of CS and CS-g-
PAM can be determined by SEM. The SEM photographs
of CS and CS-g-PAM are shown in Fig. 2. The SEM of
CS-g-PAM that it has different
morphology compared to CS.

The SEM image of CS-g-PAM showed smooth,
coarse and rough surfaces. The SEM of CS-g-PAM (B,
D, F) with a higher amount of acrylamide, appeared to

shows surface

have a more rough surface. Likewise, with CS-g-PAM (C

Fig 2. SEM images of CS and CS-g-PAM hydrogel (A-F)
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and D or E and F) with a longer irradiation time. This
observation indicated that the higher the amount of
acrylamide and the longer irradiation time, the more
polyacrylamide chains were grafted onto the backbone of
CS.

The SEM of images CS-g-PAM C and E have similar
surface morphology, which was caused when the
irradiation time stopped and the gel mass was formed.
However, E had a rougher surface than C because of the
higher amount of acrylamide. The SEM image of CS-g-
PAM D and F showed more rough surfaces when the
irradiation time was extended to 180 s. The higher the
acrylamide amount and the longer the irradiation time
caused more polyacrylamide to be grafted onto the
backbone of CS, causing more rough surfaces in the
morphology results.

The SEM images of CS-g-PAM A and B show that
these with
irregularities, consisting of a number of faces (polyhedric)

materials contained granules shape
and relatively sharp edges. Although most of the granules
were still separated, some of the granules were connected
to each other via the outer layer of the grafted
polyacrylamide chain. The irregular structure in the form
of connected grains and sharp edges was due to the low
acrylamide content. The polyacrylamide grafted onto the
backbone of CS was low [26].

The binding of hydroxyl groups, which establish
hydrogen and covalent connections between starch chains,
causes granules to aggregate, allowing the development of
pores suitable for water absorption [27]. CS-g-PAM has a
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coarse and broad network and slightly rough surfaces.
Coarse, rough and porous surfaces seem to be related to
water absorption abilities [24]. The SEM photographs of
CS-g-PAM exhibit a coarse and broad network with a
rough surface. It was similar to the SEM photograph of
chitosan-grafted-polyacrylamides [28]
waste pulp-acrylamide [29]. The morphological
differences between CS and CS-g-PAM further
supported the successful grafting of polyacrylamide side

and cassava

chains onto the starch backbone.
Swelling Ratio Measurement

The swelling ratio of CS-g-PAM in distilled water
is shown in Fig. 3. The swelling ratio increased from 0 to
120 m of swelling time. The longer irradiation time and
the higher amount of acrylamide improved the swelling
ratio. The measurement of the swelling ratio aims to
determine the potential of hydrogels to decrease
reservoir heterogeneity, hence enhancing sweep efficiency
during profile improvements in a typical reservoir [30].

The swelling ratio of CS-g-PAM A and B increased
from 1.39 to 2.83 g/g as irradiation time increased from
180 to 300 s. The swelling ratio of CS-g-PAM C, D, E,
and F increased as the irradiation time for the gel to form
was extended to 180 s. These results showed that the
swelling ratio of CS-g-PAM is affected by irradiation time.

In the case of CS-g-PAM B, D, and F with an
irradiation time of 180 s, the swelling ratio increased
from 1.39 to 9.58 g/g as the amount of acrylamide
increased from 2 to 10 g. This phenomenon indicated

30 40 50 60 70

80 90 100 110 120

Time (min)

Fig 3. Swelling ratio of CS-g-PAM hydrogel (A-F) in distilled water
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that the swelling ratio of CS-g-PAM is influenced by the
amount of acrylamide.

The highest swelling ratio was obtained in CS-g-
PAM F at 9.58 g/g. The longer irradiation time and the
higher amount of acrylamide, the more polyacrylamide
will be grafted onto CS. It can be proven in the
morphology results that F had the roughest and broadest
surface compared to the other products.

Preformed particle gel (PPG) that was synthesized
from

acrylamide-N,N-dimethyl acrylamide-2-

acrylamido-2-methylpropane sulfonic sodium salt
(AMPSNa)-N-vinylpyrrolidone as a plugging agent in
reservoirs had a swelling ratio of about 28 g/g in distilled
water at room temperature [31]. Hydrogel synthesis from
lutensol AT 25 E - methacrylate as chemical enhanced oil
recovery (CEOR) had a swelling ratio of 3.1 g/g [32]. From
the previous studies of the swelling ratio of CS-g-PAM for
EOR applications that have been carried out, it is proven
that CS-g-PAM can be applied for EOR.

According to reservoir conditions, the swelling ratio
was measured at NaCl concentrations from 0 to 250,000
ppm [31]. The swelling ratio of CS-g-PAM at various
concentration of saline water (NaCl) are shown in Fig. 4.
The swelling ratio decreased as the NaCl concentration
was increased from 0 to 250,000 ppm.

The decrease of the swelling ratio of CS-g-PAM as

the NaCl concentration was increased, was indicated by

12.00

10.00
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the interaction between the negatively charged groups
and the hydrophilic groups connected to the backbone
of CS. When the salt content is increased, the contact
between the negatively charged polymer chains with the
cationic metal results in incomplete electrostatic
interactions, which reduces the osmotic pressure
difference between the hydrogel network and the
external solution [31-32]. Thus, the swelling ratio of CS-
g-PAM decreased at high salinity concentrations.

This
observed in ionic hydrogel swelling. The presence of

well-known phenomenon is frequently
amide groups influences hydrogel swelling (non-ionic).
The high charge screening effect and complexing with
cations resulted in a decreased swelling capacity in the
salt solution [33]. Thus the production of homopolymer
decreases the swelling ratio significantly. In the case of
CS-g-PAM E and F, the increase in the amount of
acrylamide and irradiation time could also promote the
production of homopolymers and decrease the swelling
ratio more significantly than other CS-g-PAM.
According to reservoir conditions, the swelling
ratio was measured at temperatures from 25 to 90 °C in
laboratory experiments. The swelling ratio of CS-g-PAM
in distilled water at various temperatures is shown in Fig.
5. The swelling ratio of CS-g-PAM decreased from the
temperature of 25 to 90 °C. The behavior of decreasing
swelling ratio of CS-g-PAM in high temperatures can be
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(=]
2 B
® 6.00 c
2 D
E —e—FE
2 400
2 F
200 ‘\’\y\_._‘.
oo | . . . . .
0 50000 100000 150000 200000 250000

NaCl concentration (ppm)

Fig 4. Swelling ratio of CS-g-PAM hydrogel (A-F) at various NaCl concentrations (Swelling time = 120 min)
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Fig 5. Swelling ratio of CS-g-PAM hydrogel (A-F) at various temperatures (Swelling time = 120 min)
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Fig 6. Effect of concentration on CS and CS-g-PAM (A-F) viscosity in distilled water

significantly affected by hydrogen bonding. With
increasing temperature, the water molecules trapped in
the network are exposed freely when the hydrogen bond
interactions become weak or disintegrate and the

group
completely dominant [31,34].

hydrophobic  carbon interactions become

In general, the solubility of the polyacrylamide
network decreases with increasing temperature and as a
consequence the network collapses and the swelling
ability is reduced [35]. In the case of CS-g-PAM E and F,
the decreasing swelling ratio is significantly caused by the

production of homopolymer.
Water Solubility Measurement

Solubility in the water of CS-g-PAM improved by
increasing the amount of acrylamide. Water solubility

increased from 26.72 to 96.06% as the amount of
acrylamide increased from 2 to 10 g. The solubility in
water also increased with a longer irradiation time. The
solubility in water of CS-g-PAM E and F increased from
81.51 to 96.06% with increased irradiation time from 30
to 180 s. Increasing acrylamide concentrations and
irradiation time cause improved solubility of the
polyacrylamide side chains that lead to a less aggregated
and stable grafted starch solution [36].

Thickening Ability

The viscosity of the polymer solution is an
important feature for mobility control. The polymer
solution can improve water viscosity and decrease the
water-oil mobility ratio, enhancing sweep efficiency
[37]. The viscosity of CS and CS-g-PAM that gradually

Maudy Pratiwi Novia Matovanni et al.



800

improved with the concentration of polymer solution are
shown in Fig. 6. The polymer in the solution exists as
single molecules in the dilution zone, and the viscosity
gradually increases. Polymer molecules entangle and even
create network structures as polymer concentration
increases. The internal frictional motion of the molecules
also increased, resulting in increased flow resistance and
a significant increase in the viscosity of the polymer
solution [16].

The viscosity of the polymer solution increased as
the amount of acrylamide and irradiation time increased.
The viscosity of CS-g-PAM was several times higher than
the viscosity of CS, in the whole polymer concentration
that
polyacrylamide chains onto the CS backbone led to a

range was investigated. Therefore, grafting
viscosity increase of the polymer solution. The addition of
polyacrylamide increases the viscosity and hence the
hydrodynamic volume of CS-g-PAM in water, which may
be expressed by destroying the strong intra-hydrogen
bonds between the acrylamide units [38].

The viscosity of CS-g-PAM B was slightly higher
than the viscosity of CS solution, indicating the small
amount of polyacrylamide grafted onto the backbone of
CS. This might also indicate that CS-g-PAM B had lower
water solubility than the other CS-g-PAM, with water
solubility obtained at 26.72%.

The viscosity of the CS-g-PAM solution at various
concentrations of NaCl is shown in Fig. 7. For all samples

of CS-g-PAM solution, the viscosity decreased with
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increasing NaCl concentration. This phenomenon
occurred as a result of the addition of a small molecule
electrolyte to the system, which modified the polarity of
the solution and protected the electrostatic attraction
forces within the molecules [16].

CS-g-PAM solution containing polyacrylamide in
a low ratio (A, B, C, D) showed a relatively stable
viscosity profile compared to NaCl concentration. For
CS-g-PAM solution containing polyacrylamide in a high
ratio (E, F), a decreasing trend was significant as NaCl
concentration was increased. This is due to the “salt out”
effect of NaCl on the homopolymer unit of the CS-g-
PAM, which causes a shrinkage of the hydrodynamic
volume of the polymer and thus lowers the viscosity [38].

A similar observation of the decreased viscosity of
polymer solution in saline water is found in the
literature, such as the viscosity of the chitosan-AA-AM
polymer that decreased from 100 to 20 cp with increasing
NaCl concentration from 0 to 40000 mg/L [16]. Starch-
g-(PAM-co-PNIPAM) viscosity decreased from 300 to
100 cp with increasing NaCl concentration from 0 to
100,000 ppm [38], which further supports our finding.

The viscosity of CS-g-PAM solution at various
temperatures is shown in Fig. 8. The viscosity of CS-g-
PAM solution decreased with increasing temperature.
Water molecules' thermal mobility increases as the
temperature rises and chemical bonds in molecular
chains are easily disrupted. Furthermore, the internal
rotation of the single bonds in the molecule increased,
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Fig 7. NaCl effects on CS-g-PAM (A-F) viscosity
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causing the molecular chain to bend and the associated
hydrodynamic radius to decrease [16]. On the other hand,
CS-g-PAM solution is susceptible to hydrolysis at high
temperatures, which causes a decrease in the viscosity of
CS-g-PAM solution. This thermo-responsive behavior is
related to breaking strong intra-molecular hydrogen
bonds at high temperatures, which is promising for
hydrodynamic volume improvement [38].

In the case of CS-g-PAM solution containing
polyacrylamide at high ratios (E and F), a decreasing trend
was significant as the temperature increased. When the
amount of acrylamide and irradiation time in the grafting
process are increased, the network between monomers

and CS is strengthened. As a result, the value of grafting
percentage increased. However, the increase in the
amount of acrylamide and irradiation time could also
accelerate the formation of homopolymers and reduce
viscosity significantly [39].

A similar observation of the decreased viscosity of
polymer solution at various temperatures is found in the
literature, such as the viscosity of chitosan-AA-AM
polymer that decreased from 350 to 220 cp with
increasing temperature from 30 to 90 °C [16]. Starch-g-
PAM viscosity decreased from 100 to 60 cp with
increasing temperature from 24 to 80 °C [34], further
supporting our finding.
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Fig 9. Anti-aging of CS-g-PAM (A-F) solution
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Anti-aging Ability

The viscosity of CS-g-PAM solution in 15 days is
shown in Fig. 9. The viscosity of CS-g-PAM solution
decreased with increasing aging time. The viscosity of CS-
g-PAM solution at 15 days for CS-g-PAM A was 77.66%,
CS-g-PAM B was 62.24%, CS-g-PAM C was 88.42%, CS-
g-PAM D was 91.24%, CS-g-PAM E was 94.20%, and CS-
g-PAM F was 97.85% of CS-g-PAM solution on the first
day. This showed that CS-g-PAM F has a good anti-aging
ability. The main reason for decreasing the viscosity is that
the long molecular polymer chains are broken in the
polymer degradation process [40]. As can be seen, with
the higher acrylamide amount and longer irradiation
time, the viscosity of CS-g-PAM solution was constant
with an increasing number of days. Thus, grafting
polyacrylamide onto the CS backbone gives a copolymer
that has a high and stable viscosity. In other words,
grafting polyacrylamide onto starch greatly provides
starch resistance to biodegradation [36].

m CONCLUSION

The synthesis of CS-g-PAM by microwave-assisted
grafting method and KPS as the initiator has been
performed. The FTIR spectra and SEM morphology of CS
and CS-g-PAM confirmed the success of polyacrylamide
grafted onto the CS backbone by utilizing energy from a
domestic microwave.

The results showed that the increasing amount of
acrylamide and irradiation time improved the swelling
ratio, water-solubility, thickening ability, and anti-aging
ability of CS-g-PAM. The data indicated that CS-g-PAM
has good thickening, temperature resistance, and salt
resistance properties.

CS-g-PAM F prepared with 10 g acrylamide and 180
s of irradiation time exhibited the highest performance
compared to the other CS-g-PAM samples. CS-g-PAM F
had the highest grafting percentage and water solubility,
which was 1565.53 and 96.06%, respectively. CS-g-PAM
F had the highest swelling ratio in distilled water which
was 9.58 g/g, and still offered the highest swelling ratio at
various NaCl concentrations and temperatures. The
viscosity of CS-g-PAM F also showed the highest result
compared to the other CS-g-PAM samples and exceeded

Indones. J. Chem., 2022, 22 (3), 791 - 804

97% after 15 days of aging, which indicated that CS-g-
PAM F has a good performance as a thickening agent
and has a good anti-aging ability.

Considering the inexpensive CS, easy synthesis,
and resistance of CS-g-PAM NaCl
concentrations and temperatures according to reservoir
conditions, CS-g-PAM can be a good candidate for EOR
applications.
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