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INTRODUCTION

The fact that water is the most important natural 
resource used by mankind defines the importance of 
purification before restoring it into the environment. 
The world population is increasing, while availability of 
potable water is decreasing. Although the relationship 
between water and land on the planet is 3/1, water is 
not easily accessible for the entire population. 
Moreover, the wastewater can not be restored in the 
environment with the quality that results from 
industrial activities. In order to meet the increased 
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requirements for drinking water or water used in 
industry or agriculture, it is necessary to treat 
wastewater and particularly the municipal sewage 
sludge and slimes and industrial effluents [1]. 

Wastewater contains solid particles with a wide 

variety of shapes, sizes, densities and composition. 

Specific properties of these particles affect their 

behavior in liquid phases, and thus, their removal 

capabilities. Many chemical and microbiological 

contaminants found in wastewater are adsorbed on or 

incorporated in the solid particles. Thus, removal of 

solid particles is essential for purification and recycling 

of both wastewater and industrial effluents. The 

removal of solid particles can be achieved by three 

methods: by gravitation, by coagulation, and by 

flocculation [1]. 

The simplest process of removing solid particles is 

by gravity. Solid particles have higher densities than 

water. However, fine particles with diameters on the 

order of 10 µm will not settle out of suspension by 

gravity alone in an economically reasonable amount of 

time. We note that particle sizes in emulsions are still 

smaller, 0.05-5 µm, hence the removal of particles from 

emulsions is even more difficult. The second process to 

remove solids, still widely used, is coagulation. 

Destabilization of colloidal suspensions occurs by 

neutralizing the electric forces that keep the suspended 

particles separated [1]. Aggregates formed in the 

coagulation process are small and loosely bound; their 

sedimentation velocities are relatively low – although 

higher than in gravity separation. Given the nature of 

the process, the results are strongly dependent on pH 

and its variations in treated water. 

Flocculation is caused by the addition of minute 

quantities of chemicals known as flocculants. Both 

inorganic and organic flocculants are in use. Among the 

inorganic flocculants, salts of multivalent metals like 

aluminum and iron are applied most often at high 

concentrations [1]. Inorganic flocculants are used in 

very large quantities, leaving large amounts of sludge, 

and are strongly affected by pH changes. Organic 

flocculants are typically polymeric materials, natural or 

synthetic polymers. In contrast to inorganic ones, they 

are effective even in ppm concentrations. 
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The acrylamide-based polymers and copolymers 
find the greatest utility in water clarification among the 
other polymeric flocculants due to the presence of 
hydrophilic amide pendant groups. Anionic 
acrylamide-based polymers derive their unique 
properties from the density and distribution of 
negative charges along the macromolecular backbone. 
Anionic functional groups can strongly interact with 
suspended charged particles [2]. The acrylamide 
copolymers are used [3-5] as coagulation aids for 
wastewater and potable water treatment (polyacrylamides 
with very low residual monomer contents). 

This paper presents the physical-chemical 
properties of some acrylamide and acrylic acid-based 
flocculants obtained by electron beam irradiation, and 
effectiveness of these polymeric materials in the 
treatment of real wastewater from a wastewater 
treatment plant at a final edible oil factory.

Materials for the Synthesis of AMD-AA Flocculants

In order to obtain flocculants, the following 
materials were used: acrylamide, acrylic acid, sodium 
chloride, sodium hydroxide, sodium formate which 
serves as chain transfer agent in the copolymerization 
process, and potassium persulfate, serving as initiator 
in the copolymerization process. All materials were 
purchased from E Merck, Romania. The following 
analytical reagents are used for characterization of 
polymeric flocculants: potassium bromide-potassium 
bromate KBr-KBrO (solution 0.1N), hydrochloric acid 3 

HCl (solution 16%), potassium iodide KI (solution 20%), 
sodium thiosulphate Na S O  (solution 1N), starch 2 2 3

(solution 1%) and sodium nitrate (solution 1N). 

Synthesis and Characterization of AMD-AA Flocculants

Acrylamide-acrylic acid copolymers (used as 
flocculants) were synthesized in aqueous solution by 
irradiation with electron beam [6-10]. Experiments 
were carried out with an experimental installation 
consisting mainly of the following units: an electron 
linear accelerator (ALIN-10) of 6.23 MeV energy and 75 
mA peak current of the electron beam and an 
irradiation chamber containing the samples of 

EXPERIMENTAL

WASTEWATER TREATMENT EFFICIENCY USING POLYMERIC MATERIALS OBTAINED BY ELECTRON BEAM IRRADIATION AS FLOCCULANTS



270
Leather and Footwear Journal 11 (2011) 4

monomer solution. Electron beam dose rate was fixed 
at 2.4 kGy/min in order to accumulate the working 
doses of 3 kGy [6-10].

For the obtained polymeric materials the 
following characteristics were determined: conversion 
coefficient (C ), residual monomer concentration (M ), c r

intrinsic viscosity (ç ) and the linearity coefficient intr

given by the Huggins' constant (k ). The conversion H

coefficient (C ) and the residual monomer C

concentration (M ) are determined based on the r

bromation reaction of the double-bond [11]. The 
intrinsic viscosity (ç ) and the Huggins' constant (k ) intr H

were determined by the viscosimetry method, using a 
Hoppler BH-2 [11].

Flocculation Studies

In many cases, organic flocculants are used as 
coagulation aids together with inorganic flocculants 
(Al (SO ) , FeSO  and Ca(OH) ). In order to demonstrate 2 4 3 4 2

the efficiency of organic flocculants (AMD/AA) 
obtained by electron beam irradiation the effects of 
different classical treatments with inorganic flocculants 
and the effects of various combined treatments of 
inorganic flocculants and organic flocculants have been 
studied.

For real waste water treatment, our interest was 
focused upon the following quality indicators 
established by the Romanian Standard NPTA-002/2002 
concerning the conditions for wastewater evacuation 
in the urban sewerage system: total suspended solids 

-3(TSS, mg · dm ), fatty matter (substances extractible 
-3with petroleum ether) (FM, mg · dm ), chemical oxygen 

demand by potassium permanganate method (CCO-
-3Mn, mgO  · dm ) and biochemical oxygen demand 2

-3(BOD in mgO  · dm ). Flocculation studies were carried 2

out on wastewater taken from a vegetable oil and 
margarine plant, at room temperature (20-25°C) by the 
standard jar test [12, 13]. Beakers of 1000 mL capacity, 
each equipped with a variable speed agitator (0–100 
rpm) were used. The work procedure was the 
following: in test beakers 500 mL of wastewater was 
taken. In the first stage, controlled amounts of 
inorganic flocculants were added and the mixture was 
stirred for 2 minutes at the speed of 100 rpm. In the 
second stage organic flocculants were added and the 
mixture was stirred for 5 minutes at the speed of 50 
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rpm. After that, the agitator was subsequently stopped 
and the wastewater was allowed to settle for 1 h. A 
measured volume of samples from each beaker 
(wastewater with and without polymeric flocculants) 
was taken to determine the following parameters: total 
suspended solids (STAS 6953-81), fatty matter (STAS 
7587-66), chemical oxygen demand (STAS 6594-82) 
and biochemical oxygen demand (STAS 6560-82).

Characterization of AMD-AA Flocculants

Polyelectrolytes' water solubility and flocculation 
ability are strictly related to their physical and chemical 
characteristics such as: conversion coefficient (C ), c

residual monomer concentration (M ), intrinsic r

viscosity (ç ) and linearity coefficient expressed by intr

Huggins' constant (k ). Conversion coefficient (C ), is the H c

first important parameter in desired polyelectrolyte 
characterization and it is required to be higher than 
90%. A high conversion coefficient is equivalent with a 
high monomer transformation efficiency in 
polymerization process and a substantial reduction of 
residual monomer concentration, M . This is r

particularly important because of the well known 
acrylamide toxicity in the monomer state. For the 
intrinsic viscosity, ç , we expected to obtain values intr

over 6 dl/g, which means a linear polymer, without 
ramifications and with good water solubility. Regarding 
the linearity constant, k , we aim to obtain subunit H

values because only in this case water solubility and a 
h igh  f loccu lat ion  capabi l i ty  are  ensured.  
Polyelectrolyte residual monomer concentration, M , r

has to be less than 0.05% to be in accordance with rules 
established by the IPCS - International Programme in 
Chemical Safety in the document entit led 
"Environmental Health Criteria-49-Acrylamide". Thus, 
the acrylamide concentration in treated water should 
not exceed 0.1 g/L according to the legislation.

Table 1 shows the chemical composition and the 
reaction conditions for obtaining flocculants by 
electron beam irradiation.  

Table 2 shows the chemical characteristics of 
flocculants obtained by electron beam irradiation and 
used in flocculation studies.

RESULTS AND DISCUSSIONS
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Results Obtained in Flocculation Tests

The tested waste water is a part of easily loaded 
waste water, featuring not very high values ??for quality 

-3indicators: suspended solids (TSS: 74 mg · dm ), 
chemical oxygen demand by potassium permanganate 

-3method (CCO-Mn: 191,9 mg O  · dm ), biochemical 2
-3oxygen demand (BOD: 80 mg O  · dm ), but very high 2

values ??of fatty matter (substances extractible with 
-3petroleum ether) (FM: 243 mg · dm ). All these existing 

substances in waste water (especially fatty matter) 
form colloidal systems (liquid-solid heterogeneous 
systems, the dispersed particle diameter is less than 0.1 
mm) which are generally stable systems, difficult or 
even impossible to separate by sedimentation. For 
these types of wastewater, the most commonly used 
inorganic flocculants are: ferrous sulphate (FeSO  · 4

7H O) and aluminium sulphate (Al (SO )  · 18H O), each 2 2 4 3 2

in combination with calcium hydroxide (Ca (OH) 2). The 
role of calcium hydroxide is to accelerate the formation 
of agglomerates and settling of the formed precipitate. 
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This was the reason why we tested both classic 
treatments:

?treatment called classic 1 (TC-1): Al (SO )2 4 3 

together with Ca(OH) .2

?treatment called classic 2 (TC-2): Fe(SO ) 4

together with Ca(OH) .  2

To highlight the efficiency of flocculants obtained 
by accelerated electron irradiation, we treated 
wastewater samples in parallel by two methods:  

?with inorganic flocculants ((Al (SO ) , FeSO  2 4 3 4

and Ca(OH) ): TC-1 and TC-2;2

?with inorganic flocculants together with 
organic flocculants (based on AMD/AA): TC-1+F1 (or F2, 
F3 and F4) and TC-2+F1 (or F2, F3 and F4).

Table 3 presents the treatment types used in our 
study for wastewater treatment.

The results of conventional treatment application 
show that classic treatment TC-2 is more efficient than 
classic treatment TC-1. Thus, TSS are reduced by only 
6.75% by applying TC-1 treatment, while by applying 
treatment TC-2 they are reduced by 18.91%. The results 
regarding CCO-Mn obtained by applying conventional 
treatments are 32.49% by applying TC-1 and 49.17% by 
applying TC-2. BOD quality indicator is less sensitive to 
conventional treatments, 0.37% by applying TC-1 and 
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5.75% by applying TC-2. The most sensitive parameter 
to classical treatments is substances extractible with 
petroleum ether, 34.15% by applying classic 1 and 
48.15% by applying classic 2.

From Figure 1 we cannot observe significant 
changes in terms of suspended solids, TSS removal 
after classical treatments application. A significant 
enhancement was obtained when the organic 
flocculant was added, especially when flocculant F-4 
was used. The latter has the best physical and chemical 
properties: C  (%) = 100%, ç (dl/g) = 9.31 dl/g, k  = 0.19 c intr. H

-3and M *10  (%) = 0. Also, note that although between r

flocculants F-3 and F-4 there are very small differences 
regarding only ç  and k , flocculant F-4 proved twice as intr. H

effective in reducing suspended solids.

The quality indicator called chemical oxygen 
demand, CCO-Mn, is 40% lower after classic treatment 
application. However, the application of a combined 
treatment based on inorganic and organic flocculants, 
obtained by EB irradiation, raises organic substances 
reduction efficiency over 70%. As it can be seen from 
Figure 2, the most effective treatment to reduce CCO-
Mn is based on the TC-1 toghether with organic 
flocculant F-1. The latter has the following physico-
chemical characteristics: C  (%) = 97.07%, ç (dl/g) = c intr. 

-36.85 dl/g, k  = 0.3 and M *10  (%) = 4.97; it was H r

deliberately chosen as having more modest properties 
than the other three used in experiments.
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Regarding biochemical oxygen demand quality 
indicator BOD, Figure 3 shows that it is not improved 
after applying any of the two classic treatments. Only 
the combined use of TC-2 together with flocculant F-1 
determines a reduction by almost 50% of BOD. This 
result indicates that flocculant F-1 is the best to reduce 
the load of raw water by organic substances. 

WASTEWATER TREATMENT EFFICIENCY USING POLYMERIC MATERIALS OBTAINED BY ELECTRON BEAM IRRADIATION AS FLOCCULANTS



276
Leather and Footwear Journal 11 (2011) 4

Figure 4 shows that although quality indicator 
called substances extractible with petroleum ether, 
FM, is the most difficult to bring to the value 
established by law, in our case it was the most sensitive 
to the combined treatment based on inorganic and 
organic flocculants. The most efficient treatment 
proved to be the one in which TC-2 with flocculant F-4 
was used. The physico-chemical properties of the latter 
are C  (%) = 100%, ç (dl/g) = 9.31 dl/g, k  = 0.19 and c intr. H

-3M *10  (%) = 0 and it has been considered the best in r

terms of its characteristics. Applying this combined 
treatment led to a 90% reduction of the fatty matter 
quality indicator.

The role of inorganic flocculants (obtained by EB 
irradiation) to induce an advanced coagulation process 
and thus to fit the quality indicators of wastewater 
within the limits imposed by legislation was proved by 
experiments on wastewater from an edible oil plant. 
Our research results demonstrated that flocculants 
with the same conversion coefficient CC, and residual 
monomer concentration M , but different intrinsic r

viscosity ç  and Huggins' constant k  give different intr H

CONCLUSIONS
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results for the same waste water quality indicators. 
After applying the classical treatment (TC-1 or TC-2) it 
was noticed that none of them has managed to 
perform a significant reduction of waste water quality 
indicators under discussion. But the combined use of 
the classic treatment TC-2 together with organic 
flocculants F-4 and F-1 achieve a significant reduction 
in three of the four quality indicators under discussion. 
Thus, for reduction of suspended solids quality 
indicator, the most effective treatment was the one in 
which the organic flocculant F-4 was used along with 
classic TC-2. The most efficient treatment for organic 
substances reduction was found to be the one based on 
the combination of flocculant F-1 with each of the two 
classical treatments, TC-1 for reduction of chemical 
oxygen demand (COD-Mn) and TC-2 for biochemical 
oxygen (BOD) reduction, respectively. From our past 
experience, the most difficult to comply with the limits 
of law is the indicator of fatty matter. None of the 
conventional treatments cannot achieve its reduction, 
but all combined treatments were shown to be highly 
efficient. The best result was obtained using classic 
treatment TC-2 together with flocculant F-4.

For industrial waste water treatment, the 
acrylamide-acrylic acid flocculants are used in the 

3range of 4 to 8 g per 1 m  of waste water. A vegetable oil 
and margarine plant, which processes 100.000.000 kg 

3 per year of sunflower oil, produces about 1,260,000 m
per year waste water. The required quantity of organic 
flocculants (the acrylamide-acrylic acid copolymer) for 
remediation of waste water in this plant is in the range 
of 5,040-10,080 kg per year. Using this technology, this 
quantity can by achieved in a very short time span, from 
2.8 h to 5.6 h.
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