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Electron-beam graft modification of biopolymers for  
use in surface water treatment 

Mirela Braşoveanu, Monica R. Nemţanu, Liliana Flore, Veronica Anca  

 

Copolymers starch-graft-polyacrylamide (St-g-PAM) were synthesized by electron beam 
irradiation as a free radical initiator to develop new functional materials with application in surface 
water treatment. St-g-PAM loaded with prepared silver nanoparticles was also synthesized. The level 
of grafting rated by monomer conversion coefficient and residual monomer concentration as well as 
intrinsic viscosity were influenced by the irradiation dose, dose rate and presence of silver 
nanoparticles. In the coagulation-flocculation process, the copolymer aqueous solutions showed good 
efficiency to improve different water quality indicators.  

Модификация на биополимери чрез електроннолъчево присъединяване за използване 
при повърхностната обработка на води (Мирела Брашовану, Моника Р. Немтану, Лиляна 
Флор, Вероника Анка). Синтезирани са кополимери присъединено нишесте към 
полиакриламид (ST-g-PAM) чрез облъчване с електронен лъч, като инициатор на свободни 
радикали, за разработване на нови функционални материали с приложение при 
повърхностната обработка на води. Синтезиран е кополимер St-g-PAM при зареждане със 
сребърни наночастици. Нивото на присъединяване оценен чрез коефициентът на мономерно 
преобразуване и концентрацията на остатъчен мономер, както и вътрешения вискозитет са 
повлияни от дозата на облъчване, мощността на дозата и наличието на сребърни 
наночастици. В процеса на коагулация-флокулация, кополимерните водни разтвори показаха 
добра ефективност за подобряването на различни показатели на качество на водата. 

 

 

Introduction 
The fast development of the society of the last 

decades led to the requirement to use the renewable 
raw materials more and more. Thus, modification of 
natural polymers in order to be used in various 
applications such as flocculants for wastewater 
treatment, matrices for controlling drug release, 
rheological applications is a continuous scientists’ 
concern.   

Grafting is an effective way of regulating the 
properties of biopolymers, which can be ‘tailor-made’ 
according to the needs and produce high efficient graft 
copolymers [1]. A graft copolymer combines the best 
properties of both components and has unique 
properties compared to the original components. 

Starch is an abundant and renewable biopolymer 
having various applications in food processing, 
pharmaceutical and cosmetic, papermaking, textile 
industries, etc. The grafting of various monomers onto 
starch is an effective way to improve its properties, 
thereby enlarging the range of its utilization and 

profiting by its biodegradable nature. 
Acrylamide is one of the most grafted vinyl 

monomers onto starch substrates, and their water-
soluble copolymers are good flocculants. A major 
disadvantage of acrylamide and its homopolymer 
(polyacrylamide) is related to the biodegradability. 
Their lack of biodegradability is compensated by 
grafting onto starch backbone. 

Silver nanoparticles (AgNPs) are being considered 
as non-toxic and environmentally friendly 
antibacterial material [2]. 

Electron beam (e-beam) irradiation is an 
ecofriendly tool for synthesis of advanced materials 
that feature unique properties. E-beam induced 
grafting is a fast method and occurs in the absence of 
an initiator or other chemical catalysts and produces 
low byproduct levels and hazards [3]. Additionally, e-
beam processing requires low cost that involves the 
indirect operating costs and the applied irradiation 
dose, which depends on the beam power, the 
efficiency of its use and the conversion factor of the 
beam power from the facility consumption power [4]. 
Scarce information is available about the starch 
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grafting by e-beam irradiation to produce flocculating 
materials. 

The aim of the present work is the synthesis and 
physicochemical and functional characterization of 
starch-based copolymers and a starch-based 
copolymer loaded silver nanoparticles by using 
electron beam irradiation. 

Experimental 

A. Materials 

Unmodified regular corn starch (approx. 73% 
amylopectin and 23% amylose) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA) and acrylamide 
from Alfa Aesar (Germany). Other chemicals were of 
analytical grade and purchased from SC Chimreactiv 
SRL (Romania). 

B. Synthesis of starch-graft acrylamide 
copolymers 

The synthesis of graft copolymers was performed 
by two steps: (1) preparation of solutions containing 
starch and monomer; (2) irradiation of solutions by 
using electron beam. 

In the first step, starch aqueous solutions were 
prepared by dissolving corn starch in distilled water. 
Acrylamide and chloride sodium (7.5%) was added to 
starch aqueous solution with further stirring, resulting 
in a starch:acrylamide (St:AMD weight ratios = 1:10) 
homogenous aqueous solutions. Silver nanoparticles 
prepared ex situ (0.08 mM) were added to one of the 
samples. 

Therefore, homogenous aqueous solutions 
prepared in step 1 were exposed to electron beam 
irradiation. The irradiations were carried out at 
ambient temperature and pressure by using linear 
electron accelerator ALID-7 (INFLPR, Bucharest-
Magurele, Romania) of mean energy of 5.5 MeV with 
different irradiation doses (1.0 - 1.2 kGy) and dose 
rates (0.7 - 0.8 kGy/min). 

C. Characterization of graft copolymers  

The physicochemical properties of synthesised 
copolymers were evaluated through chemical analysis 
and rheology, while the functionality as flocculant 
agents was examined on wastewater from meat 
industry. 

Level of Grafting   

The yield of monomer conversion to polymer 
(Conv) and the concentration of the unreacted 
monomer (Mr) were determined based on the 
bromination reaction of the double-bond [5]. 

Viscosity   

The determination of intrinsic viscosity [ηi] was 
performed on diluted copolymer solutions (<1%) 
using 1N sodium chloride solution as a solvent. The 
prepared solutions were subjected to the 
measurements with Hoppler type BH-2 viscometer at 
25oC and the intrinsic viscosity was obtained by the 
linear curve extrapolation of the reduced viscosities 
calculated as a function of the selected concentrations. 

Flocculation  

 Flocculation performances of the graft copolymers 
were evaluated in coagulation-flocculation 
experiments on surface water collected from a meat 
processing plant. This water loading depends very 
much on the type of production and facilities, and this 
kind of water has a high strength in terms of 
biochemical oxygen demand, chemical oxygen 
demand, suspended solids, fatty matters (fat, oil and 
grease), nitrogen and phosphorus, compared to 
domestic waters [6, 7]. In the present study, 
flocculation performances of the graft copolymers 
were evaluated in coagulation-flocculation 
experiments at the laboratory level, using inorganic 
coagulants (600 mg/L CaCO3 and 600 mg/L 
Al 2(SO4)3) and a dosage of 8 mg/L of flocculant (graft 
copolymer).  

Quality parameters such pH, total solid 
suspensions (TSS), chemical oxygen demand (COD), 
biochemical oxygen demand (BOD5), fatty matters 
(FM), and total phosphorous (P) were measured in 
accordance with standardized methods to investigate 
the effect of the polymer addition on the degree of 
purification of tested water. The flocculation 
efficiency (FE) for each quality indicator was 
calculated according to the formula: 

(1) (%) 100
0

0 ×
−

=
C

CC
FE  

where: C0 and C are the concentrations (in mg/L) of 
the respective parameter before and after the tested 
water treatment.  

Statistics   

The results reported are expressed by means of 
values ± standard deviation of three measurements, 
except the flocculation study.  

Results and Discussion 
The synthesised copolymers were evaluated from 

the physicochemical and functional points of view.  
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Table 1 
Synthetic details of the irradiation and grafting parameters for graft copolymers 

Sample 
Irradiation dose 

[kGy] 
Dose rate 
[kGy/min] 

Conv 
[%] 

Mr 
[%] 

[ηi] 
[dL/g] 

kH 

Set 1 
St-g-AMD 1  0.7 

0.7 
91.6 ± 0.3 2.8 ± 0.1 7.9 ± 0.1 0.2 

St-g-AMD 2  1.0 96.6 ± 0.5 1.1 ± 0.2 7.3 ± 0.0 0.3 
St-g-AMD 3  1.2 95.3 ± 0.3 1.5 ± 0.1 7.8 ± 0.6 0.7 
Set 2 
St-g-AMD 4  

1.0 
0.5 95.3 ± 0.4 1.6 ± 0.1 7.0 ± 0.2 0.4 

St-g-AMD 5  0.6 96.1 ± 0.4 1.3 ± 0.1 7.4 ± 0.1 0.7 
St-g-AMD 2  0.7 96.6 ± 0.5 1.1 ± 0.2 7.3 ± 0.0 0.3 
Set 3 
St-g-AMD 5  

1.0 0.6 
96.1 ± 0.4 1.3 ± 0.1 7.4 ± 0.1 0.7 

St-g-AMD5(AgNPs) 96.5 ± 0.3 1.2 ± 0.1 9.0 ± 0.2 0.2 

 

A. Level of Grafting 

A high conversion coefficient reflects a high 
efficiency of monomer transformation in 
polymerization process and a considerable reduction 
of residual monomer concentration.  

Some characteristics of the graft copolymers 
synthesized under electron beam field by varying the 
irradiation dose (free radical generator) and dose rate 
are displayed in Table 1. 

The monomer conversion coefficient Conv 
exceeded 90%, having values about 96%. The results 
indicated that the highest value of conversion 
coefficient was obtained by using a dose of 1 kGy at a 
constant dose rate of 0.7 kGy/min (Set 1). The 
variation of dose rate by using a constant irradiation 
dose of 1 kGy (Set 2) led to slightly decrease of 
monomer conversion coefficient as the decrease of 
dose rate. Consequently, the residual monomer 
concentration followed a similar pattern to the 
conversion coefficient. Thus, the copolymers 
synthesised at an irradiation dose of 1 kGy and dose 
rates of 0.6 and 0.7 kGy/min, respectively, had the 
lowest values of residual monomer concentration.  

The copolymer loaded silver nanoparticles (Set 3) 
showed similar values of the monomer conversion 
coefficient and residual monomer concentration, 
respectively. Therefore, the addition of silver 
nanoparticles to the initial solution subjected to 
irradiation had no influence on the grafting level of 
the copolymer.  

B. Viscosity 

Synthesized graft copolymers were soluble in cold 
water unlike native starch. Viscosity is strongly 
related to the molecular weight of polymers, 

influencing the functionality of the final product.  
All graft copolymers had high intrinsic viscosity 

values ([ηi]>7 dL/g) and kH below unity. For 
copolymers synthesized by using a constant dose rate 
0.7 kGy/min (Set 1), the highest value of intrinsic 
viscosity was connected with the worst values of 
monomer conversion coefficient and residual 
monomer concentration, respectively. The copolymers 
prepared by using a constant irradiation dose of 1 kGy 
and varying the dose rate (Set 2) showed better 
intrinsic viscosity values for dose rates of 0.6 and 0.7 
kGy/min, respectively. These results were correlated 
with the highest values of monomer conversion 
coefficient and the lowest values of residual monomer 
concentration. 

The copolymer loaded silver nanoparticles (Set 3) 
showed a significantly higher value of the intrinsic 
viscosity (9.0 ± 0.2 dL/g) in comparison with the 
unloaded copolymer (7.4 ± 0.1dL/g). These findings 
indicate that the addition of silver nanoparticle the 
initial solution subjected to irradiation leads to the 
formation of copolymers with higher intrinsic 
viscosity.  

C. Flocculation investigation 

The functionality of graft copolymers as flocculant 
agents was examined on surface water collected from 
the meat processing industry. Flocculation 
performances of the inorganic coagulants and their 
combination with flocculant (graft copolymer) are 
presented in Table 2. All synthesized copolymers 
showed good performances in coagulation-
flocculation process. 

The pH value decreased slowly from 7.1 to the 
value of 6.9 by adding floculant to the inorganic 
coagulants in the water treatment.  
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Table 2 
Results of the flocculation study at laboratory level 

Sample pH 
TSS 
[%] 

COD 
[%] 

BOD5 
[%] 

FM 
[%] 

P 
[%] 

Raw water  8.5      
Inorganic coagulants  7.1 54.9 80.2 71.4 17.0 93.8 
Set 1 
St-g-AMD 1  6.9 82.4 86.8 75.2 49.1 96.6 
St-g-AMD 2  6.9 80.2 82.8 73.3 43.4 93.3 
St-g-AMD 3  6.9 71.4 82.4 71.4 37.7 93.8 
Set 2 
St-g-AMD 4  6.9 78.6 83.5 73.0 46.1 93.1 
St-g-AMD 5  6.9 79.1 83.2 73.3 45.3 93.0 
St-g-AMD 2  6.9 80.2 82.8 73.3 43.4 93.3 
Set 3 
St-g-AMD 5  6.9 79.1 83.2 73.3 45.3 93.0 
St-g-AMD5(AgNPs) 6.9 83.5 85.5 75.2 47.2 94.8 

 
The copolymer presence increased the yield of the 

total solid suspensions from 55% for inorganic 
coagulants to approximately 80%. A TSS yield of 
83.5% was reached by using St-g-AMD5(AgNPs) 
copolymer in the coagulation-floculation process. 

The yield of the fatty matters reached 17% when 
only inorganic coagulants were used and increased to 
approximately 45% by adding the synthesized 
copolymers. The samples St-g-AMD1 and St-g-
AMD5(AgNPs) showed the best values of FM yield. 

The yields for the other investigated indicators 
(COD, BOD5 and P) were improved only slightly by 
adding copolymers to the inorganic coagulants in the 
water treatment.  

An essential feature of wastewater flocculation is 
the elimination of suspended solids and as much 
organic material as possible [8]. Therefore, our graft 
copolymers displayed promising flocculating ability 
by reduction of environmental concerned parameters 
(TSS, COD, BOD5 and FM) from water collected from 
a meat processing plant. Among the series of graft 
copolymers, the copolymer loaded silver nanoparticles 
St-g-AMD5(AgNPs) had superior performance by 
considerably reducing the overall organic load (TSS, 
COD, BOD5 and FM) of the tested water.   

Conclusions 
‘Green’ starch-graft copolymers having ecofriendly 

approaches can be rapidly produced with good yields 
by simultaneous electron beam irradiation using low 
irradiation doses and dose rates, and no additional 
chemicals. Further studies should be focused on 
optimization of irradiation processing parameters as 
well as the flocculant dosage, followed by 

coagulation-flocculation tests on pilot scale. 
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