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Abstract 

 Starch-g-Polyacrylic acid hydrogel (Starch-g-PAAc) hydrogel was synthesized from starch and Polyacrylic acid (AAC) via 

gamma irradiation at dose at 20 kGy. The synthesized hydrogel was examined via Fourier-transform infrared spectroscopy 

(FTIR), X-ray diffraction (XRD) and Scan Electron Microscopy (SEM). The swelling properties were studied at different time 

intervals and different pH's values. The biodegradability of hydrogels in Soil Burial and the bioremediation in river Nile 

model of wastewater was investigated over 16 and 4 weeks respectively. Results showed that the biodegradation percent of 

the starch-g-PAAc (4:1 v/v) hydrogel in Soil Burial  85% compared with pAAc  55%  and the bioremediation percent of the 

starch-g-PAAc (4:1 v/v) hydrogel in the previously engineered wastewater exhibited a biodegradation percent (56%) 

compared with the synthetic PAAc with 26% biodegradation rate. These results suggest that the prepared starch-g-pAAc 

(4:1v/v) hydrogels were used as a biodegradable composites and had good better physical characteristics while being more 

environmentally ecologically friendly.  
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1.Introduction  

Every year, synthetic plastic was produced in 

quantities of three hundred million metric tons, of 

which fifty percent were released into the 

environment without any sort of disposal plan [1]. 

Researchers from all around the world have 

repeatedly asserted that synthetic materials will 

persist in the environment ecosystem if they are not 

properly disposed of [2]. Because diverse synthetic 

plastic pollutants can spread throughout our 

ecosystem, it is important to take into account how 

synthetic plastic degrades.The biodegradable 

polymeric materials refers to a category of polymers 

that are designed to degrade through the action of 

living organisms [3-8]. Numerous efforts have been 

made in recent years to graft inexpensive and 

biodegradable natural biopolymers into plastic 

materials, such as cellulose, starch, and chitin etc [9-

13].Due to their biocompatibility, nontoxicity, and 

biodegradability, biodegradable polymers have 

recently gained popularity as an alternative to 

synthetic and traditional plastics [14]. By employing 

polysaccharides and proteins, which are primarily 

sourced from plants, microbial mechanisms can cause 

biodegradation of synthetic plastics.  

Recently hydrogels have been employed to  

prepare biodegradable materials, especially for 

agricultural [15] when polymers biodegrade 

completely ,all of their organic components are 

broken down  [16].Microorganisms must colonise the 

polymer surface of hydrogels in order for them to 

degrade in soil ,because of their water absorption 

capacity, hydrogels have found use in a variety of 

industries, involving medicine ,biomedical 

engineering and agriculture . In agriculture, hydrogels 

have mainly been used for soil water retention, [17-

18] as slow-release materials for fertilizer [19-20] 

and heavy metal remove [21]. As a result ,they serve 

a variety of purposes in agriculture as soil 

supplements. However, there has been discussion 

about the advantages and disadvantages of employing 

synthetic and biological hydrogels as modifications 
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with regard to their biodegradability. Despite the 

arguments supporting a shift to bio-based hydrogels 

(i.e., hydrogels made from natural polymers), few/no 

studies have compared the biodegradability of 

synthetic (i.e., hydrogels made from synthetic 

polymers) and bio-based hydrogels in agricultural 

soils [22].  Recent reviews have focused on the  

usage of synthetic and biological hydrogel in a 

variety of  industries [23].[24] reviewed 

polysaccharide based hydrogels, their features, 

synthesis, and use as controlled nutrient-release 

materials in soil  

 The amount of synthetic plastics used determines 

how toxic and potentially deadly they are, and this 

poses a clear risk to both individuals and the 

environment. [25].The dangerous wastes from 

synthetic plastic resources can be reduced using a few 

different techniques. Although some of these 

synthetic materials can disintegrate quickly, others 

take months. Thermal degradation is unlikely to 

happen for PAAc if not at high temperatures (400°C) 

[26].Mechanisms of degradation under environmental 

circumstances are expected to be mostly driven by 

mechanical, chemical and biological. PAAc generally 

need to be fragmented into smaller fragments by 

abiotic mechanisms by microorganisms [27]. Some 

nominated microorganisms have also been defined to 

successfully degrade cross-linked PAAc under 

complimentary circumstances [28]. Some bacteria 

were found to degrade professionally PAAc, in a 

similar way than the metabolism linked to respiratory 

chains [29]. The rate degradation of acrylate based 

hydrogels in compost after about 500 days was 5.9 % 

under aerobic circumstances.[30] found a 

mineralization rate of 0.12–0.24 % on 6 months for 

PAAc in agricultural soil, confirming their slow 

degradability under common environmental 

circumstances. A loss of weight of 1.77 % after 12 

months was observed by [31] for a PAAc coating in 

agricultural soil. Similarly, the degradation of another 

PAAc waterborne coating resulted in a weight loss of 

1.69 % after 12 months, when buried in the soil of a 

wheat field [31]. [32] stated biodegradation of PAAc 

to range from 1-9 % per year. The authors detailed 

that such decomposition rate was comparable to that 

of natural organic matter in forest ecosystems. Since 

this is comparable to natural humus cycles, SAPs 

(AAc-based) have often been seen like ―artificial 

humus‖ and considered to be eco-compatible and 

thus non-toxic [32]. 

For instance, biodegradable bags are currently in 

demand on the market. The characteristics of 

biodegradable bags are thought to be comparable to 

those of traditional synthetic plastic bags [33]. Even 

though biodegradable materials can occasionally 

have great physical qualities.Agricultural byproducts, 

vegetable and fruit waste, and other renewable 

resources can be used to create biodegradable 

materials [34]. Depending on the sort of natural 

material source or biodegradable plastic being 

utilized, biodegradable polymers can be broken down 

via aerobic or anaerobic microbial processes. 

Maximum researchers have employed cellulose and 

starch as effective substitutes for conventional 

Acrylic acid (AAc) in a variety of applications. Due 

to their enhanced favorable characteristics, Starch, 

Pectin and Chitosan were utilized [35-39]. Other 

polysaccharides, like chitosan and pectin, have 

improved qualities like gas barrier properties and 

ease of handling, which explains why the 

biodegradable composites were created using these 

polymers are environmentally benign [40-42]. 

Recently, There has been a 500-fold growth in the 

consumption of biodegradable plastics made from 

natural polymers worldwide. As a result, extensive 

research has been done to develop biodegradable 

polymers that can be used, for instance, in packaging 

for food safety [43–45], biomedical applications [46-

52], applications in the automotive industry [53]. In 

general, biodegradable sources and natural polymers 

will replace traditional synthetic materials in the 

future [54-61].  

Biodegradation in river water was utilized for the 

investigate of biodegradation of surfactants, acrylates 

products and phenols,[62] Moreover, great attention 

has been paid to the degradation processes of 

chlorinated aliphatic hydrocarbons, in three European 

rivers (the Ebro, Elbe and Danube) [63] and 

polycyclic aromatic hydrocarbons (PAH) in 

simulated nuclear wastewater . Biodegradations of 

synthetic polymers as AAC, PVP and AAm with 

different types of nature waters (river, sea and lake 

waters),[64] vinyl polymers, such as polyethylene in 

river water,[65] its blend and copolymers with natural 

polymers (in activated sludge), [66] poly(ethylene 

glycols) (PEGs)[67] and different polyurethanes [68] 

(both in sea water) were also studied. 

Therefore, we aimed in this study to develop 

biodegradable hydrogel via a clean and cheap source 

of energy like gamma irradiation source without 

using extra crosslinking agents to shortcut costs and 

to create an effective and efficient biodegradable 

composite from starch-based materials as a 

biodegradable composite to enhance the 

microorganisms function to enhance the 

biodegradation process in burial soil environment and 

the novelty in this research paper is the studying of 

biodegradation rate of the synthetic bio-based 

materials through a ―bioremediation process‖ in a 

previously prepared wastewater from the River Nile 

in the presence of the most famous water 

microorganisms, as Escherichia coli (E. coli), 

Pseudomonas, Enterobacter and Anthrobacter to 

enhance the biodegradation rate of PAAc as a model 
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of abundant synthetic polymers . 

 

2. Experimental 

2.1. Materials 

Egyptian Starch and Glucose Company in Cairo, 

Egypt, provided the commercial-grade maize starch. 

Acrylic acid 99%, (Merck, Germany). Distilled water 

was used as a solvent. Additional chemicals, like 

NaOH and HCl were obtained from El-Nasr Co. 

(Cairo, Egypt). Water sample from the River Nile, 

was taken from a location near Zamalek Island, 

Cairo, Egypt. 250g of meat from the Egyptian 

commercial market, 100g of urea ,100 mg of NaCl 

and 25 g of CaCl2 form Lobachemie PVT. LTD, 

Mumbai, India. Luria-Bertani (LB) plate agar. 

 

2.2 Methodology for Starch-g-PAAc hydrogel 

A solution of 3% Starch was obtained by 

dissolving 3g Starch in 97 mL distilled water and 

stirred on a magnetic stirrer for one hour at 80°C with 

the hot plate. After cooling, AAc added to the 

solution where Starch: AAc composition (4 Starch:1 

AAc v/v) and stirring 30 min. Put the obtained 

mixture was added into a glass tube of 5 mm 

diameter and they were exposed to irradiated by a 

Canadian Gamma Cell‐ 40 60Co gamma irradiation 

source at dose 20 kGy. The created polymeric 

cylinders have been eliminated and divide into discs 

with a thickness of 2 mm. All samples were washed 

many times with water at 70 °C to discharge the 

unreacted materials and air dried [69]. 

 

1. Characterization of Starch‑ g-PAAc hydrogel 

The IR spectra of Starch-g-PAAc hydrogel was 

recorded on FT-IR model Bruker, Unicom infra-red 

spectrophotometer, Germany, at 400–4000 cm
−1

 

wavelength [70] 

range.X-ray diffractometer (XRD, Shimadzu XD
-l
) 

with a Cu Ka radiation with (λ= 1.542 Å) at 40 kV 

operating voltage and 30 mA electric current, at a 

scanning speed of 8
o
/min over 2

o
 of range 4

o
 to 90

o
 

was used. SEM (JEOL—JSM 5200 SCANNING 

MICROSCOPE, Japan) was utilized to investigate 

the surface morphology [71]. 

 

4. Swelling at different pH’s 

     At room temperature, hydrogel discs of identified 

weight were dipped in a solution of HCl and NaOH 

in distilled at various pH (2, 4, 6, 8, and 10) for 24 h. 

NaOH and HCl were used for adjustment the pH. The 

extra water on the turgid sample's surface was 

removed using a filter paper then the samples were 

reweighed again. The proportion of swelling was 

analyzed via the following formula: 

Swelling (%) = (Ws -Wd) /Wd x100        (1). 

 

Where Ws is the swollen weight and Wd is the   

dried weight of hydrogel.   

 

5. Biodegradability testing by soil burial 

method 

The biodegradability of created hydrogels was 

investigated using a soil burial approach that was 

carried out at an ambient temperature for 16 weeks. 

Every week I used to add 200 ml distilled water into 

the burial soil container which containing the 

assigned samples. The soil used in the soil burial 

method was taken from the garden. In the soil-filled 

pot, 0.05g of synthesized hydrogels were buried three 

centimeters apart. Samples were removed in order to 

determine each sample's weight. The equation (2) 

gave the percentage of weight loss: 

Weight loss (%) = (Wi-Wt)/Wt X100        (2).   

                                                                                                  

where Wi is initial weight of sample and Wt is  

weight of sample various times following exposure to 

soil. 

6. Wastewater biodegradation (bioremediation 

test) 

 To prepare artificial waste water 2 L of the waste 

water were mixed with 250gm of meat ,100 mg 

urea,100mg of NaCl and 25mg of CaCl2 [72]. 

. Isolated Bacteria added were Escherichia coli (E. 

coli), Pseudomonas, Enterobacter and Anthrobacter. 

Bacterial strains were collected from the Italian 

Hospital in Cairo. For routine use, the cultures were 

maintained on Luria-Bertani (LB) agar. All samples 

of Starch-g-pAAc were put in a mesh, Polypropylene 

mesh thicknesses was 26 mil and the pore size was 

17 mil where (One mil equals 0.0254 mm), then all 

immersed in waste water. The samples were removed 

every one week. Then rinsed by distilled water and 

dried at 40 
O
C until constant weight. Bioremediation 

(%) could be calculated by Equation (2). Then the 

sample re immersed in the fresh artificial waste water 

again until the same constituents for 4 weeks.  

 

7. Determination of microbial numbers  

The microbial colonies were counted using the 

standard plate count method [73], and used to 

determine the number colony forming units (CFUs). 

A bacterial culture is gradually diluted in sterile water 

flasks and agar plates" The cultures were maintained 

on Luria-Bertani (LB) agar". To quantify the number 



 E.  M. Abaid et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 67, No. 5 (2024) 

 

 

144 

of microbial colonies related to the concentration of 

the starch content 1 ml samples from the three 

different flasks through 30 days after incubation and 

were transferred with a pipette into 10 ml test tubes 

containing 9 ml of diluent to obtain a 1/10 dilution. 

Subsequent serial dilutions were done to obtain a 

final dilution 1/10
7
. The surface spread method [74] 

was used to enumerate the microbial counts, Spread 

the inoculum using a sterile glass spreader over the 

full surface of each plate beginning with the most 

diluted sample 1/10
7
and moving backward. plates 

should be taped together before being quickly 

inverted to prevent the water from running to one 

side. Keep all plates incubated at 37
o 

C until the next 

laboratory session. Each plate with between 20 and 

200 colonies should have a count of the colonies on 

it. By multiply the total number of colonies by the 

positive exponentiated dilution factor, you may 

determine the plate count. The colony forming units 

(cfu) or cells per milliliter of the liquid under study 

(water, broth media, etc.) is typically used to 

represent The population number microbial count 

were determined for 30 days. 

 

8. Results and discussion 

     8.1. Formation of the hydrogel 

     Gamma radiation ―
60

Co gamma cell irradiator 

at irradiation dose 20kGy and at dose rate of 

1.66kG/h.This source was installed at the National 

Center for Radiation Research and Technology 

(NCRRT), Nasr City, Cairo, Egypt‖ is a good and 

straightforward method for producing hydrogel. 

Radiolysis of water produces (H・) and (OH・) free 

radicals when Starch and AAc are subjected to 

gamma irradiation [75]. The hydroxyl group assault 

the chain of the polymer to produce a macroradical. 

The polymerization of free radicals generated on 

AAc begins. The AAc fractions are attacked by the 

macro radicals, resulting in a network structure with 

crosslinks of Starch-g-PAAc hydrogel. As illustrated 

in Figure (1), CNF molecules can interact with Starch 

to generate a Starch-g-PAAc /CNF hydrogel product. 

Based on earlier research, a 20kGy dose of gamma 

irradiation was utilised to induce crosslinking and 

achieve the required level of crosslinking. High 

irradiation doses are known to cause the creation of 

extremely crosslinked structures with undesirable 

characteristics [76-78]. 

 

Fig.1. A possible formation reaction of Starch-g-PAAc 

hydrogel 

 8.2 .Swelling behavior at different Ph 

Figure 2 illustrates how pH affects the Starch-g-

PAAc hydrogel's swelling (%). By raising pH from 2 

to 10, swelling was improved. The COO
- 

group is 

known to respond to the pH medium. The COO
- 
 

group protonates up to pH 4.6, which is the  PAAc’s 

pKa value , in an acidic media [77] .So, a further rise 

in pH value creates deprotonation of the COO
- 
 

group. More water molecules can be absorbed 

because the negatively charged carboxylate ions repel 

each other. which improves the swelling [79].  

Deprotonation of carboxylic groups increases the 

amount of carboxylates ions (coo-) which 

consequently increases the repulsion force between 

the negatively charged ions, more voids appears 

inside the hydrogel matrix which permits more water 

to diffuse inside the hydrogel matrix as a result the 

swelling percent enhanced. 

 

Fig. 2. Swelling performance of the Starch-g-PAAc hydrogel as a 

function pH. 
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8.3. FTIR Spectrum 

Figure (3) displays the FTIR spectra of pure 

PAAc, Starch and Starch -g-PAAc hydrogel. The 

spectrum of poly acrylic acid (PAAc) typically 

exhibits characteristic absorption bands 

corresponding to various functional groups present in 

the polymer chain. O-H stretching vibration 

carboxylic acid groups (-COOH), which exhibit a 

broad and strong absorption band centered at 3250 

cm
-1

, corresponding to the stretching vibrations of the 

O-H groups. The carbonyl group (-C=O) present in 

the carboxylic acid groups shows a characteristic 

absorption peak around at1754 cm
-1

. The spectrum of 

Starch showed the presence of peaks at 3249 cm
−1

 

and 1640 cm
−1

 due to stretching and bending 

vibrations of intramolecular OH-groups, respectively. 

There is a peak at 2933 cm
−1

 assigned for C–H 

stretching while C–H wagging appears at ~1344 cm
−1

 

[80]. The peak at 1005cm
-1

 due to C-O-C groups. 

The spectrum of the Starch-g-PAAc hydrogel there a 

strong peak at 1700 cm
−1

 due to asymmetric 

stretching in carboxylic group of acrylic acid (AAc) 

which the band at 1435 cm
−1

 confirms corresponds to 

the symmetric stretching mode of the carboxylate 

anion [81]. These findings showed that the COO
-
 and 

COOH groups of hydrogels were positively affected 

by the polymerization of AAc monomers have been 

grafted onto starch, which improved the swelling 

behavior of hydrogels [82]. 

 

 

 
Fig. 3. FTIR spectra of   PAAc, Starch, and St-g-PAAc hydrogels. 

8.4. X‑ ray diffraction analysis (XRD) 

Amylose, a crystalline phase of starch has a linear 

structure whereas amylopectin an amorphous phase 

has a branching structure [83]. The XRD shapes of 

Starch and Starch-g-PAAc are examined in Fig. 4. 

Starch pattern showed main diffraction peaks at 2θ of 

15.4°, 17.5° and 23.5° that corresponds to A- or C-

type crystal [84] After grafting starch with PAAc, a 

broad shape of XRD with diffraction peaks at 2θ of 

14.5°, and 17.0° was observed indicating a decrease 

in the crystallinity of Starch-g-PAAc comparing with 

starch. This might be due to a barrier created by 

hydrogen bonding between starch chains via PAAc 

side groups [83,85]. In the other words, the starch 

structure becomes loosely packed as a result of 

decreased intramolecular hydrogen bonding.  

Identical outcomes were found in prior works [86].  

 
 

Fig. 4. XRD diffraction patterns of Starch-g-PAAc (4:1) hydrogels. 

 

8.5. Scanning electron microscopy  

Figure 5 shows images of Starch-g-PAAc at 

various pH levels. At pH 2, the hydrogels are not 

smooth and have numerous pores and globules, 

whereas, at pH 6, the globules are dimensioned. At 

pH 10, the surface morphology changes to a more 

flaky structure with numerous pores because the 

COO
-
group is sensitive to the pH of the medium. 

In an environment of acidic medium, the carboxylic 

group protonates up to pH 4.6. Thus, a further rise in 

pH causes deprotonation of the carboxylic group. 

New holes and voids can emerge because of the 

negatively charged carboxylate ions' repulsion, which 

enhances the equilibrium of the swelling [87,88]. 

 

8.6 Soil Burial Biodegradation 

The potential applications of polymers depend on 

their biodegradability. Solid waste buildup and 

environmental issues can be solved by using 
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biodegradable materials, according to experts. The 

biodegradability of the synthesized starch-g-PAAc 

(4:1) hydrogel and AAc were examined via the soil 

burial method by estimating the percentage of weight 

loss over 16 weeks,[89] as characterized in Figure (6) 

 

 
 

 
 

 
 

Fig.5.  Scanning electron micrograph of Starch-g-PAAc; (a) 

pH=2, (b) pH=6, (c) and pH=10. 

 

The records of weight loss is an main method to 

examine the character of biodegradation and the 

degradation rate of polymeric sources during a soil 

burial process. (1) Diffusion of water into the 

hydrogel matrix samples after preparation causes 

network swelling and promotes microbial growth on 

the hydrogel threads, and (2) The weight loss and 

disintegration of the hydrogel samples are brought on 

by enzymatic and other types of degradation [89] The 

percentage of weight loss of the synthesized starch-g-

PAAc hydrogel and AAc shown a recorded 

degradation, and the increased rate of deterioration 

clearly in the primary 10 weeks. Next that the process 

of biodegradation continued at a significantly lower 

rate until the end of the experiment. The weight loss 

% of the starch-g-PAAc (4:1) hydrogel and AAc 

were 85% and 55% respectively after 16 weeks. It is 

suggested that the process of soil burying involves 

two stages of degradation: (1) Diffusion of water into 

the hydrogel matrix samples after preparation causes 

network swelling and promotes microbial growth on 

the hydrogel threads, [91] and (2) The weight loss 

and disintegration of the hydrogel samples are 

brought on by enzymatic and other types of 

degradation. In the first four weeks of the burying 

procedure, it was noted that the created hydrogel's 

color changed from white to yellow. Reddish brown 

then replaced the previous coloration. These findings 

concur with a number of other research that 

documented the biodegradation of the manufactured 

starch hydrogels [92,93].  

 
Fig. 6. Biodegradability of the starch-g-PAAc (4:1) hydrogel 

and AAc over 16 weeks. 

 

8. 7. Wastewater biodegradation. 

The results of monitoring biodegradation 

(bioremediation) of the starch-g-PAAc (4:1) hydrogel 

in the model of the river wastewater are mentioned 
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below in fig (7) which indicates the mass loss in the 

the starch-g-PAAc (4:1) hydrogel was significantly 

high compared with the synthetic PAAc. The mass 

loss come from the solubility of starch and 

degradation of the starch by microorganisms which 

developed in the wastewater during the experiment 

[94].  The biodegradation process initiated by the 

diffusion of water into the hydrogel matrix resulting 

in a network swelling and promotes microbial growth 

on the hydrogel chains which includes starch.  

 

 
Fig. 7. Biodegradation of the starch-g-PAAc (4:1) 

hydrogel and AAc over 4 weeks in wastewater 

model. 

 

8. 8. Determination of microbial numbers  

During the biodegradation test in the Starch -g-

PAAc hydrogel (4:1) as shown in Table 1 the number 

of microorganisms increased in the first three days 

which attributed to the starch availability. Starch will 

be dissolved in water which enhance the 

microorganisms’ counts. After the three days the 

available starch decreased by time, the starch 

availability in water remained so close till days 14
th

. 

After 14
th

 day the microorganisms counts start to 

decline due to the availability of starch are declined 

which may be consumed by time or entrapped with 

the internal copolymer chains and microorganisms 

could not reach to it.  

 

8.9. Biodegradation Mechanism 

 The biodegradation mechanism started by 

microorganisms attack on starch species. After of the 

consumption of the starch content  the intermolecular 

spaces between AAc moiety starts to appears, which 

will enhance the PAAc chains to dissolved faster so 

PAAc degradation process enhanced[95-98]. 

 

 

Table 1.Number of colonys Log (CFU/ML-1) of Starch -g-

PAAc      (4:1) over 28 days. 

 

9. Conclusion 

Biodegradable hydrogel was prepared from Starch 

and AAc by Gamma irradiation at dose 20 kGy. The 

synthesized hydrogel was examined by FTIR, XRD 

and SEM. The swelling properties were studied at 

different time intervals and different pH's. The 

biodegradability of hydrogels in Soil Burial 

Biodegradation and bioremediation in river Nile 

model of wastewater was investigated over 16 and 4 

weeks respectively. Results showed that the 

biodegradation percent of the starch-g-PAAc (4:1 

v/v) hydrogel in Soil Burial  85% compared with 

pAAc  55%  and the bioremediation percent of the 

starch-g-PAAc (4:1 v/v) hydrogel in the previously 

engineered wastewater exhibited a biodegradation 

percent (56%) compared with the synthetic PAAc 

with 26% biodegradation rate. These results suggest 

that the prepared starch-g-pAAc (4:1v/v) hydrogels 

were used as a biodegradable composites and had 

good better physical characteristics while being more 

environmentally ecologically friendly. 

 

 10. REFERENCES 

[1] Ogunola, O.S., Onad, O.A., &Falaye, A.E., 

(2018). Mitigation measures to avert the impacts 

of plastics and microplastics in the marine 

environment (areview).  Environmental Science 

and Pollution Research, 25,9293–310. 

[2] Stompson, R., Moore, C., Andrady, A., 

Gregory, M., Takada, H., & Weisberg, S., 

(2005). New directions in plastic debris. 

Science, 310,1117–18. 

[3] Shiga, T., Hirose, Y., Osada, A., &Kurauchi, 

T.,(1993).Electricfieldassociated deformation of 

polyelectrolyte gel near a phase transition point.  

Journal of Applied Polymer Science ,47,113. 

[4] Shogren, R. L., Doane, W. M., Garlotta, D., 

Lawton, J. W., & Willett, J. L. (2003). 

Biodegradation of starch/polylactic 

acid/poly(hydroxyester -ether) composite bars 

in soil. Polymer Degradation and Stability, 

79(3), 405–411. 

Starch -g-PAAc (4:1) 

Days 1 3 7 14 21 28 

Log (CFU/ML -1) 6.5 9 8 6 3 1 



 E.  M. Abaid et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 67, No. 5 (2024) 

 

 

148 

[5] Degli-Innocenti, F., Bellia, G., Tosin, M., 

Kapanen, A., & Itavaara, M., (2001). Detection 

of toxicity released by biodegradable plastics 

after composting in activated vermiculite. 

Polymer Degradation and Stability, 73,101. 

[6] Koenig, M,F., & Huang, SJ., (1995). 

Biodegradable blends and composites of 

polycaprolactone and starch derivatives. 

Polymer, 36, 1877. 

[7] Darwis, D., Mitomo, H., &Yoshil, F., (1999). 

Polymer Degradation and Stability, 65,279. 

[8] Oda, Y., Asar, H., Urakami, T., &Tonomura, 

K., (1995). Journal of Fermentation and 

Bioengineering, 80,265. 

[9] Psomiadou,E., Arvanitoyannis, I., Biliaderis, 

C.G., Ogawa, H., &Kawasak, N., (1997). 

Biodegradable films made from low density 

polyethylene(LDPE), wheat starch and soluble 

starch for food packaging applications. Part 2. 

Carbohydrate Polymer , 33, 227–242. 

[10] Ishiaku, U.S., Pang, K.W., Lee, W.S.,& Ishak, 

Z.A.M., (2002). Mechanical Properties and 

Enzymic Degradation of Thermoplastic and 

Granular Sago Starch Filled Poly(ε-Caprolactone). 

European Polymer Journal , 38,393. 

[11] Abou-Zeid, D. M., Müller, R. J., & Deckwer, 

W. D. (2001). Degradation of 

natural and synthetic polyesters under anaerobic 

conditions. Journal of Biotechnology, 

86(2),113-126. 

[12] Orhan, Y., & Buyugungor, H., (2000). 

International Biodeterioration & 

Biodegradation, 45,49. 

[13] Cao, A., Okamura, T., Ishiguro, C., Nakayama, 

K., Inoue, Y.,Masuda, T., (2002). Studies on 

syntheses and physical characterization of 

biodegradable aliphatic poly(butylenesuccinate-

co-ε-caprolactone)s, Polymer ,43,671. 

[14] Mostafa, Y, S., Alrumman SA, Alamri SA, 

Otaif KA, Mostafa MS, Alfaify AM (2020). 

Bioplastic(poly-3-hydroxybutyrate) production 

by the marine bacterium Pseudodonghicola 

xiamenensis through date syrup valorization and 

structural assessment of the biopolymer. 

Scientific Reports, 10,1–13. 

[15] Van Der Zee, M., (2011). In Handbook of 

BiodegradablePolymers:Synthesis,Characterizat

ion and Applications (Eds: L. Andreas, 

S.Adam), Wiley-VCH-Verlag GmbH & Co, 

KGaA, Weinheim,Germany, Ch. 11. 

[16] Zumstein, M. T., A. Schintlmeister, T. F., 

Nelson, R., Baumgartner, D., Woebken, M., 

Wagner, H.-P. E., Kohler, K., &McNeill, M., 

Sander, (2018). Science Advances. 4, eaas9024. 

[17] Saha, A., Rattan, B., Sekharan, S.,& Manna, U., 

(2020). Superabsorbent hydrogel (SAH) as a 

soil amendment for drought management: A 

review. Geoderma,368, 114310 

[18] Adjuik, T. A., Nokes, S. E., Montross, M. D., 

&Wendroth, O., (2022). Lignin-based Hydrogel 

for Water Retention in Silt Loam Soil. Polymer, 

14, 4721. 

[19] Majeed, Z., Ramli, N. K., Mansor, N., &Man, 

Z., (2015). A comprehensive review on 

biodegradable polymers and their blends used in 

controlled-release fertilizer processes. Chemical 

Engineering Journal,31, 69. 

[20] Ramli, R. A. (2019). Slow release fertilizer 

hydrogels: a review, Polymer Chemistry. 10 

(45), 6073-6090. 

[21] Hou, X., Li, Y., Pan, Y., Jin, Y., &Xiao, H., 

(2018). Controlled release of agrochemicals and 

heavy metal ion capture dual-functional redox-

responsive hydrogel for soil remediation. 

Chemical Communications.54, 13714. 

[22] Grima, S., Bellon-Maurel, V., Feuilloley, P.F., 

& Silvestre, J., (2000). Aerobic Biodegradation 

of Polymers in Solid-State Conditions: A 

Review of Environmental and Physicochemical 

Parameter Settings in Laboratory 

Simulations.Journal of Polymers and the 

Environment, 8, 183. 

[23] Ahmed, E. M., (2015). Hydrogel: 

Preparation,characterization,and applications: A 

review, Journal of Advanced Research, 

6(2),105-21. 

[24] Guilherme, M.R., Aouada, F.A., Fajardo, A.R., 

Martins, A.F., Paulino, A.T., Davi, M.F.T., 

Rubira, A.F. & Muniz, E.C. (2015) 

Superabsorbent Hydrogels Based on 

Polysaccharides for Application in Agriculture 

as Soil Conditioner and Nutrient Carrier: A 

Review. European Polymer Journal, 72, 365-

385. 

[25] McNeill, I. C., & Sadeghi. S. M.T., (1990) 

Thermal Stability and Degradation Mechanisms 

of Poly(Acrylic Acid) and Its Salts: Part 2-

Sodium and Potassium Salts. Polymer 

Degradation and Stability, 30 (2). 



 BIOREMEDIATION OF SYNTHETIC POLYACRYLIC ACID VIA RADIATION  .. 
__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 67, No. 5 (2024) 

 

149 

[26] Hayashi, T., Hiroi, N., Kouichi, S., & Yoshiki, 

T., (1994) .Microbial Degradation of Poly 

(Sodium Acrylate).    

Bioscience,Biotechnologyand Biochemistry, 

58(2). 

[27] Mai,C., Schormann,W., Andrzej, M., & Alois, 

H., (2004).Degradation of Acrylic Copolymers 

by White-Rot Fungi. Applied Microbiology and 

Biotechnology. 65 (4), 479–87.  

[28] Fusako, K.,(2007). Proposed Mechanism for 

Microbial Degradation of Polyacrylate. Journal 

of Macromolecular Science, Part A 32(4),835–

38. 

[29]  Burkhard,W.,Bai,M.,Lindenstruth,B. Bach,M., 

Rezaie, Z., Hans, G. F.,& Lutz, Breuer., (2014). 

Biodegradability of a Polyacrylate 

Superabsorbent in Agricultural Soil. 

Environmental Science and Pollution Research. 

21 (16), 9453–60. 

[30] Liang, D.,Changwen, D., Fei, M., Yazhen, S., 

Ke, W., & Jianmin,Z., (2019) .Interaction 

between Polyacrylate Coatings Used in 

Controlled-Release Fertilizers and Soils in 

Wheat-Rice Rotation FieldS. 286 , 1–8. 

[31] Hüttermann, A., Lawrence, J., Orikiriza, B., & 

Agaba, H., (2009). Application of 

Superabsorbent Polymers for Improving the 

Ecological Chemistry of Degraded or Polluted 

Lands. Clean - Soil, Air, Water 37 (7), 517–26.  

[32] Gerritse, J., Leslie, H.A., Caroline, A., Devriese, 

L.I., &Vethaak, A.D., (2020). Fragmentation of 

plastic objects in a laboratory seawater 

microcosm. Scientific Reports,10,1–16. 

[33] Fernández-Braña, Á., Feijoo-Costa, G., & Dias-

Ferreira, C., (2019). Looking beyond the 

banning of lightweight bags: analyzing the role 

of plastic (and fuel) impacts in waste collection 

at a Portuguese city. Environmental Science and 

Pollution Research, 26,35629–47. 

[34] Yaradoddi, J.S., Hugar, S., Banapurmath, N.R., 

Hunashyal, A.M., Sulochana, M.B., Shettar, 

A.S.,& Ganachari, S.V., (2019). Alternative and 

renewable bio-based and biodegradable plastics. 

In: Martinez LMT, Kharissova OV, Kharisov 

BI, editors. Handbook of eco materials. 

Springer, Chamistry,2935-2954.  

[35] Bonilla, J., Talón, E., Atarés, L., Vargas, M., & 

Chiral,A.,(2013). Effect of the incorporation of 

antioxidants on physicochemical and 

antioxidant properties of wheat starch–chitosan 

films. Journal of Food Engineering,118, 271–

78. 

[36] Campos, C.A., Gerschenso, L.N., &Flores, S.K., 

(2011). Development of edible films and 

coatings with anti-microbial activity. Food 

Bioprocess Technol,4,849–75. 

[37] Mali, S., Grossmann, M.V.E., Garc  a, M.A., 

Martino, M.N., Zaritzky, N.E.,& Barrier (2004). 

Mechanical and optical properties of plasticized 

yam starch films. Carbohydrate 

Polymer,56(129),135. 

[38] Versino, F., Lopez, O.V., Garcia, M.A., 

&Zaritzky, N.E., (2016). Starch-based films and 

food coatings: an overview. Starch-Stärke 

,68,1026–37. 

[39] Taranathan, R. (2003). Biodegradable films and 

composite coatings: past, present and future. 

Trends in Food Science and Technology,14,71–

78. 

[40] Vieira, M., da Silva, M.A., dos Santos, L.O., 

&Beppu, M.M., (2011). Natural-based 

plasticizers and biopolymer films: a review. 

European Polymer Journal,47, 254–63. 

[41] Jacob. J., Loganathan, S.,& Tomas, S., 

(2020).Chitin-andchitosan-based biocomposites 

for food packaging applications. Boca Raton: 

CRC Press.  

[42] Attaran, S.A., Hassan, A.,& Wahit, M.U., 

(2017). Materials for food packaging 

applications based on bio-based polymer 

nanocomposites: a review. Journal of 

ThermoplasticComposite Materials.30,143–73. 

[43] Youssef, A.M., El-Sayed, S.M., Salama, H.H., 

El-Sayed, H.S., &Dufresne, A., (2015). 

Evaluation of bionanocomposites as packaging 

material on properties of of white cheese during 

storage period. Carbohydrate Polymer,132,274–

85. 

[44] Tomas, S., Mishra, R.K., & Asiri, A.M., (2019). 

Sustainable polymer composites and 

nanocomposites. Berlin Springer. 

[45] Pérez-Gómez, E.O., Cruz, G,J., García-Rosales, 

G., Serafín-Díaz, K., Mejía, M.d.R., González-

Torres, M., Gómez, L.M., Alvarez-Mejía, L., & 

Olayo, M.G., (2020). Synthesis by plasma of 

potentially biodegradable oxidized polyethylene 

obtained from ethanol. Polymer Bullet,77,6017–

27.  

[46] Mondal, S. (2017). Preparation, properties and 

applications of nano cellulosic materials. 

carbohydrate polymers,163,301–16. 



 E.  M. Abaid et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 67, No. 5 (2024) 

 

 

150 

[47] Safari, R.., Lopresti, F., D'Arrigo, M., Marino, 

A., & Nostro, A., (2018). Efficacy of poly(lactic 

acid)/carvacrol electrospun membranes against 

Staphylococcus aureus and Candida albicans in 

single and mixed cultures. Applied 

Microbiology and Biotechnology,102,4171–81. 

[48] Sittipummongkol, K., Chuysinuan, P., 

Techasakul,S., Pisitsak, P.,& Pechyen, C., 

(2019). Core-shell microcapsules of neem seed 

oil extract containing azadirachtin and 

biodegradable polymers and their release 

characteristics. Polymer Bullet,76, 3803–17. 

[49] Prajapati, S.K., Jain, A., &Jain, S., (2019). 

Biodegradable polymers and constructs: a novel 

approach in drug delivery. European Polymer 

Journal.  120,109-91. 

[50] Koc,F.E.,&Alt ncekic,T.G.,(2020).Investigation 

of gelatin/chitosan as potential biodegradable 

polymer films on swelling behavior and 

methylene blue release kinetics. polymer 

bullets. 78(2).  

[51] Francisco, W., Ferreira, F,V., Ferreira, E,V., 

Cividanes, L.S., Coutinho, A.R.,& Thim, 

G,P.,(2015). Functionalization of multi-walled 

carbon nanotube and mechanical property of 

epoxy-based nanocomposite. Journal of 

Aerospace Technology and Management,7,289–

93. 

[52] Naskar, A.K., Keum, J.K., &Boeman. R.G., 

(2016). Polymer matrix nanocomposites for 

automotive structural components. Nature 

Nanotechnology,11,1026–30. 

[53] Kargarzadeh, H., Mariano, M., Huang, J., Lin, 

N., Ahmad, I., Dufresne, A., Thomas, S.,(2017). 

Recent developments on nanocellulose 

reinforced polymer nanocomposites:areview. 

Polymer,132:368–93. 

[54] Patil, A.Y., Banapurmath, N.R., Yaradoddi, J.S., 

Kotturshettar, B.B., Shettar, A.S., Basavaraj, 

G.D., Keshavamurthy, R., Yunus Khan, T.M.,& 

Mathad, S.N.,(2019). Experimental and 

simulation studies on waste vegetable peels as 

bio-composite fillers for light duty applications. 

Arabian Journal for Science and 

Engineering,44,7895–07. 

[55] Pfaendner, R. (2010). Nanocomposites: 

industrial opportunity or challenge .Polymer 

Degradation Stability,95,369–73. 

[56] Cerruti, P., Santagata, G., Gomez, d’Ayala G., 

Ambrogi, V., Carfagna, C., Malinconico M.,& 

Persico, P.,(2011). Effect of a natural 

polyphenolic extract on the properties of a 

biodegradable starch-based polymer. Polymer 

Degradation Stability,96,839–46. 

[57] Moreno, O., Atarés, L., &Chiral, A.,(2015). 

Effect of the incorporation of anti-

microbial/antioxidant proteins on the properties 

of potato starch films. Carbohydrate 

Polymer,133,353–64. 

[58] Pelissari, F. M., Grossmann, M.V., Yamashita, 

F.,& Pineda, E.A.G., (2009). Anti-microbial, 

mechanical, and barrier properties of cassava 

starch−chitosan films incorporated with oregano 

essential oil. Journal of Agricultural and Food 

Chemistry,57,7499–504. 

[59] Engel, JB., Ambrosi, A., &Tessaro, IC., (2019). 

Development of biodegradable starch-based 

foams incorporated with grape stalks for food 

packaging. Carbohydrate Polymer,225,115-234. 

[60] Shellikeri, A., Kaulgud, V., Yaradoddi,J.,  

Ganachari,S.,Banapurmath,N.,&Shettar,A.,(201

8). Development of Neem Based Bioplastic for 

Food Packaging Application. In IOP 

Conference Series: Materials Science and 

Engineering, Proceedings of International 

Conference on Advances in Manufacturing, 

Materials and Energy Engineering. 376, 

012052. 

[61] Tamayo, L., Azócar, M., Kogan, M., Riveros, 

A., &Páez, M., (2016). Copper-polymer 

nanocomposites: An excellent and cost-effective 

biocide for use on antibacterial 

surfaces.Materials Science and Engineering 

;C,69,1391-1409. 

[62] Szymanski, A., Jaroszynski, J., Jeszka, P., 

&Lukaszewski, Z., (1996). Tensammetric 

studies of biodegradation of Marlipal 

1618&25 in the river water Die-Away test Water 

Research. 30, 2465-71. 

[63] van der Zaan, B., de Weert, J., Rijnaarts, H., de 

Vos, W. M., Smidt, H.,& Gerritse, J., (2009). 

Degradation of 1,2-dichloroethane by microbial 

communities from river sediment at various 

redox conditions. Water Research 43, 3207–

3216. 

[64]  Ohura, T., Aoyagi, Y., Takagi, Y., Yoshida, K., 

Kasuya, K.,& Doi, Y, (1999). Biodegradation of 

poly(3-hydroxyalkanoic acids) fibers and 

isolation of poly(3-hydroxybutyricacid)-

degrading microorganisms under aquatic 

environments. Polymer Degradation and 

Stability. 63 , 23. 



 BIOREMEDIATION OF SYNTHETIC POLYACRYLIC ACID VIA RADIATION  .. 
__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 67, No. 5 (2024) 

 

151 

[65] Chiellini, E., Corti, A.,& Antone, S.D., (2007). 

Oxo-biodegradable full carbon 

backbonepolymers–biodegradation behaviour of 

thermally oxidized polyethylene in an aqueous 

medium. Polymer Degradation and Stability, 92, 

1378-1383. 

[66]  Bikiaris, D.,& Panayiotou, C., (1998). 

LDPE/starch blends compatibilized with PE-g-

MA copolymers. Journal of Applied Polymer 

Science. 70, 1503. 

[67] Bernhard, M., Eubeler, J. P., Zok, S., 

Knepper,T.P.,(2008).Aerobic biodegradation of 

polyethylene glycols of different molecular 

weights in wastewater and seawater.Water 

Research, 42 , 4791. 

[68] Rutkowska,M., Krasowska, K., Heimowska, A., 

Steinka, I.,& Janik, H., (2002). Degradation of 

polyurethanes in sea water. Polymer 

Degradation and Stability. 76 , 233. 

[69]  Moura, I. (2010). Sythesis and characterization 

of biodegradable grafted copolymers. Semana 

da Escola de Engenharia, 1-6. 

[70] Bourtoom, T.,& Chinnan, MS., (2008). 

Preparation and properties of rice starch-

chitosan blend biodegradable film LWT - Food 

Science and Technology,  41, 1633-1641.  

[71] Gautam, J. (2011). Thermal and electrical 

properties of acrylic acid grafted onto starch by 

ceric ammonium nitrate and potassium 

permanganate initiator. International Journal of 

Plastics Technology, 15, 188-198. 

[72] Nikolic, V., Velickovic, S.,& Popovic, A., 

(2014). Biodegradation of polystyrene-graft-

starch copolymers in three different types of 

soil. Environmental Science and Pollution 

Research . 21(16),9877-86.  

[73] Zuberer, D. A. (1994). Methods of Soil 

Analysis,Part2.MicrobiologicalandBiochemical

Properties, Soil Science Society of America, 

Madison, WI, USA, Ch.8. 

[74] Buck, J.D., & Cleverdon, R.C., (1960). The 

spread plate as a method for the enumeration of 

marine bacteria. Limnology and Oceanography, 

5, 78–80. 

[75] Sayed, A., Hany, F., Abdel-Raouf, M. E.-S., 

&Mahmoud,G.A.,(2022).Gamma irradiation 

synthesis of pectin- based biohydrogels for 

removal of lead cations from simulated 

solutions. Journal of Polymer Research, 29, 372. 

[76] Manas, D., Ovsik, M., Mizera, A., Manas, M., 

Hylova,L., Bendnarik, M.,&Stanek, M., 

(2018).The Effect of Irradiation on Mechanical 

and Thermal Properties of Selected Types of 

Polymers. Polymers,10(2),158. 

[77] Gehring, J., & Zyball, A., (1995). Radiation 

crosslinking of polymersstatus, current issues, 

trends and challenges. Radiation Physics and 

Chemistry ,46(4–6),931–936. 

[78] Makuuchi, K., & Cheng, S., (2012). Radiation 

processing of polymer materials and its 

industrial applications. John Wiley & Sons, 415. 

[79] Radwan, R. R., Mohamed, H. A., Ali, H. E., & 

Mahmoud, G. A., (2018). Radiation preparation 

of L-arginine/acrylic acid hydrogel matrix patch 

for transdermal delivery of propranolol HCl in 

hypertensive rats. Drug Delivery and 

Translational Research, 8, 525-535. 

[80] Chang, M., Li, X.u., Wang, X., Peng, F., & Ren, 

J., (2021). Mussel-inspired adhesive hydrogels 

based on biomass-derived xylan and tannic acid 

cross-linked with acrylic acid with antioxidant 

and antibacterial properties. Journal of Materials 

Science, 56, 14729-14740. 

[81] He, F., Zhou,Q.,Wang,L.,Yu,G., & Feng, 

J.L.,(2019). Fabrication of a sustained release 

delivery system for pesticides using 

interpenetratingpolyacrylamide/alginate/montm

orillonite nanocomposite hydrogels. Applied 

Clay Science, 183,  105347. 

[82] Mahmoud, G. A., Abdel‐ Aal, S. E., Badway, 

N. A., Abo Farha, S. A.,  & Alshafei, E. A.,  

(2014).Radiation synthesis and characterization 

of starch‐ based hydrogels for removal of acid 

dye. Starch‐ Stärke, 66, 400-408. 

[83] Bahadoran Baghbadorani, N., Behzad, T., 

Karimi Darvanjooghi, M. H., & Etesami, N., 

(2020).Modelling of water absorption kinetics 

and biocompatibility study of synthesized 

cellulose nanofiber-assisted starch-graft-

poly(acrylic acid) hydrogel nanocomposites. 

Cellulose, 27, 9927-9945. 

[84] Haq, F., Yu, H., Wang, Y., Wang, L., Haroon, 

M., Khan, A., Mehmood, S., Bilal Ul, A., & 

Lin, T., (2020) Synthesis of carboxymethyl 

starch grafted poly (methacrylic acids) (CMS-g-

PMAAs) and their application as an adsorbent 

for the removal of ammonia and phenol. Journal 

of Molecular Structure, 1207, 127752. 

[85] Liu, J., Wang, X., Yong, H., Kan, J., Zhang, 

N.,&Jin,C.,(2018).Preparation,characterization, 

digestibility and antioxidant activity of 

quercetin grafted Cynanchum auriculatum 



 E.  M. Abaid et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 67, No. 5 (2024) 

 

 

152 

starch. International Journal of Biological 

Macromolecules, 114, 130-136. 

[86] Noivoil, N., & Yoksan, R.,(2020). Oligo (lactic 

acid)-grafted starch: A compatibilizer for 

poly(lactic acid)/thermoplastic starch blend. 

International Journal of Biological 

Macromolecules, 160, 506-517. 

[87] Weerapoprasit, C., & Prachayawarakorn, J., 

(2019). Characterization and properties of 

biodegradable thermoplastic grafted starch films 

by different contents of methacrylic acid. 

International Journal of Biological 

Macromolecules, 123, 657-663. 

[88] Chang, M., Liu, X., Wang, X., Peng, F., & Ren, 

J., (2021). Mussel-inspired adhesive hydrogels 

based on biomass-derived xylan and tannic acid 

crosslinked with acrylic acid with antioxidant 

and antibacterial properties. Journal of Materials 

Science, 56, 14729-14740. 

[89] Chiulan, I., Panaitescu, D.M., Radu, E.R., 

Vizireanu, S., Sătulu, V., Bi¸tă, B., Gabor, R.A., 

Nicolae, C.A., Raduly, M.,&  Răditoiu, V., 

(2021). Influence of TEMPO oxidation on the 

properties of ethylene glycol methyl ether 

acrylate grafted cellulose sponges. Carbohydrate 

Polymer, 272, 118458. 

[90] Sharma, K. A. (2014). study of the 

biodegradation behaviour of poly (methacrylic 

acid/aniline)-grafted gum ghatti by a soil burial 

method. RSC Advances, 4, 25637-25649.  

[91]  Lu, D. (2009). Starch-based completely 

biodegradable polymer materials. Express 

Polymer Letters, 3, 366-375. 

[92]  Motomatsu, M. (1997). Microstructure study of 

acrylic polymer-silica nanocomposite surface by 

scanning force microscopy. Polymer, 38, 177-

182. 

[93] Xu, A., Wang, Y., Gao, J., &Wang, J., (2019). 

Facile fabrication of a homogeneous 

cellulose/polylactic acid composite film with 

improved biocompatibility, biodegradability and 

mechanical properties. Green 

Chemistry,21,4449. 

[94] Yang, Y., Zhang, H., Wang, P., Zheng, Q., & 

Li, J.,(2007). The influence of nano-sized TiO2 

fillers on the morphologies and properties of 

PSF UF membrane. Journal of Membrane 

Science,288,231-238. 

[95] Nikolic, V., Velickovic, S., & Popovic, A., 

(2014). Biodegradation of polystyrene-graft-

starch copolymers in three different types of 

soil. Environmental Science and Pollution 

Research, 21(16),9877-86. 

[96]  Vudjung, C., & Saengsuwan, S., (2017). 

Synthesis and properties of biodegradable 

hydrogels based on cross-linked natural rubber 

and cassava starch. Journal of Elastomers & 

Plastics, 49(7), 574-594.  

[97] Sahoo, P. K., & Rana, P. K., (2006). Synthesis 

and biodegradability of starch-g-ethyl 

methacrylate/sodium acrylate/sodium silicate 

superabsorbing composite. Journal of Materials 

Science, 41(19), 6470-6475.  

[98] Adjuik, T. A., Nokes, S. E., & Montross, M. D., 

(2023). Biodegradability of bio‐ based and 

synthetic hydrogels as sustainable soil 

amendments: A review. Journal of Applied 

Polymer Science, 140(12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


