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Summary

Radiation techniques have proven particu-
larly suitable for producing hydrogels for 
use in treating wastewater. We have used 
different ratios of polyvinyl alcohol and 
acrylic acid to form hydrogels with different 
doses of gamma radiation. We foamed the 
hydrogel to increase the size and number 
of pores. We characterized the foam using 
Fourier transform infrared (FTIR) spectros-
copy, thermogravimetric analysis (TGA), 
and scanning electron microscopy (SEM). 
Foaming increased the water uptake level 
from 320 percent to 13.3 x 104 percent. 
We conducted this work with surface water 
samples from the Nile River (in Cairo). This 
water was tested before and after treatment 
using the jar test method. Some parameters 
were studied, such as contact time and dif-
ferent ratios of foam/alum. The results of 
our investigations included decreasing tur-
bidity to 32.5 percent, calcium to 16.5 per-
cent, and magnesium to 24.2 percent from 
the original concentrations. Further, we re-
duced the counts of bacteria and fungi colo-
nies/ml (CFU/ml) to 88.9 percent and 99.4 
percent, respectively, after one day of treat-
ment, while both sets nearly disappeared 
after seven days. 

1. Introduction

According to a 2007 World Health Orga-
nization (WHO) report, 1.1 billion people 
lack access to an improved drinking water 
supply, 88 percent of the 4 billion annual 
cases of diarrheal disease are attributed to 
unsafe water and inadequate sanitation and 
hygiene, and 1.8 million people die from di-
arrheal diseases each year. The WHO esti-
mates that 94 percent of these diarrhea cas-
es are preventable through modifications to 
the environment, including access to safe 
water (World Health Organization, 2007). 
The water purification process may reduce 
the concentration of particulate matter, in-
cluding suspended particles, parasites, bac-
teria, algae, viruses, fungi, and a range of 
dissolved and particulate materials. Flocs 
are operationally defined as the aggregated 
suspended sediments composed of inor-
ganic and organic components, as well as 
living organisms (Cantwell and Burgess, 
2001; Droppo, 2001; Scendel et al., 2004); 
flocs form spontaneously because of the at-
traction between negative face and positive 
edge charge. Alum, the most widely used 
coagulant in water treatment (Hammer and 
Hammer, 1996; Mason et al., 2004), serves 
a dual role: (a) acting as a coagulant for sus-
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pended solids removal (Welch and Cooke, 
1999) and (b) reducing or neutralizing the 
electrostatic forces between negatively 
charged particles in water, which leads to 
aggregation and settling (Reynolds and 
Richards, 1995). Alum, shown to be non-
toxic, has a pH in the range of 5.5 to 9. At 
these pH values, the aluminum concentra-
tion is not expected to exceed 50 μgL-1, since 
aluminum hydroxide is highly insoluble in 
this range (Sojka et al., 1998). Previous re-
search found that treating alkaline waters 
with alum should not chronically or acutely 
affect biota.  

Wastewater treatment frequently involves 
the application of polymers to enhance co-
agulation and settling. The polymers aid the 
coagulant by chemically bridging reactive 
groups and increasing floc size (Reynolds 
and Richards, 1995). Polymers can vary in 
charge type (cationic, anionic, or neutral) 
and come in a range of charge densities and 
molecular weights. Polyacrylamide, a syn-
thetic polymer, has been used in soil appli-
cations to reduce erosion (Zhang and Mill-
er, 1996), increase infiltration (Green et al., 
2000), promote flocculation (Laird, 1997), 
and enhance salt removal (Aly and Letey, 
1990; Malik et al., 1991). The charge of the 
polymer and the type of suspended solids in 
the wastewater influence the degree of floc-
culation and the settling rate. Cationic poly-
mers directly adsorb to the negative sur-
faces of the clay particles; anionic polymers 
form flocs by attaching to the clay surfaces 
through the van der Waal forces (Sakairi et 
al., 1998). The nature of the suspended sol-
ids in the water requires assessment to find 
the most effective polymer materials and 
methods.

The present study sought to treat River Nile 
wastewater samples to fit the water for hu-
man consumption. We prepared and physi-
cochemically investigated acrylic acid/
polyvinyl alcohol foams and examined their 

ability to aid coagulation and sorption of 
such pollutants as calcium and magnesium 
ions, bacteria, and fungi. We also investi-
gated the impacts of several parameters, 
such as temperature, contact time, and 
foam/alum ratios.

2. Materials and methods

2.1. Site and sampling description

We collected surface water samples from 
the Nile River, at Maspero in Cairo, Egypt, 
on August 1, 2008.

2.2.   Materials

We used commercial grades of polyvinyl al-
cohol (PVA) and acrylic acid (AAc) to pre-
pare the copolymer. We used bi-distilled 
water to dissolve PVA (10 percent) and to 
foam the prepared hydrogels. Commercial 
hydrogen gas was used to foam the hydro-
gel. We obtained all chemicals and the gas 
from OPT. Co. (Ortho Para Trade Compa-
ny, Cairo, Egypt) and used them without 
further purification.

2.3. Preparation of hydrogel

We mixed 1g of 10 percent PVA with AAc 
in different ratios. We tested compositions 
of 0.05, 0.09, 0.17, 0.23 and 0.33ml of AAc 
to PVA were applied, whereas copolymer 
hydrogels with smaller ratios showed weak 
texture. We copolymerized the mixture us-
ing gamma irradiation at different doses, 
including 0.5, 1, 1.5, 2 and 2.5 Kilo Gray 
(KGy), and an irradiation dose rate 1.7 Gy/s. 

2.4. Foaming the hydrogel

We performed the experiment in a fuming 
cup hood, and we placed the swollen hydro-
gel in a 15 cm Petri dish filled with water. 
Then, we carefully heated the Petri dish to 
65 ºC during moderate bubbling of hydro-
gen under the water surface for at least 30 
minutes. 
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2.5. Water uptake studies

We studied the water uptake/swelling be-
havior of different ratios of hydrogels and 
foam in water as a function of different 
doses (KGy) and different compositions. 
We also considered other parameters, such 
as contact time and pH. Swollen polymer 
was wiped off with tissue paper and then 
weighed immediately to determine the 
swelling percentage or water uptake per-
centage, which was calculated as:

                                      Weight of swollen hydrogel   -  Weight of dry hydrogel Water Uptake %  =    _________________________________________   x 100
                                                              Weight of dry hydrogel

2.6. Jar test method

We performed all laboratory scale jar tests 
in a 2 L jar apparatus (PB-700; Phippe & 
Bird, Richmond, VA). During preliminary 
studies, we mixed the jar contents and let 
the floc settle for a predetermined amount 
of time. Since the flocs settled quickly, the 
effectiveness of each treatment depended 
on the length of settling time and foam/
alum added. We filled the jars with the wa-
ter samples to the 2 L mark (14.5 cm water 
depth) and collected an initial sample using 
a pipette at a depth of approximately 3.5 cm 
while mixing the water at 300 RPM.  We 
collected samples for turbidity, TDS, pH, 
calcium, magnesium, and colony counting 
for bacteria and fungi at different times.

2.7. Calcium, magnesium and micro-
bial sorption

We studied ion sorption as a function of the 
foam structure and of environmental fac-
tors, like time and foam/water ratios. We 
analyzed the collected 10 ml samples by 
atomic absorption analyzer (Unicam, So-
laar 929, England) to measure calcium and 
magnesium. We used sterile test tubes for 
sampling treated water for microbiologi-
cal investigations. We defined the relation-
ships used to express sorption behavior as:

                              
Total ions in feed - Number of ions rejected

Percent uptake =  ___________________________________   x 100

                                        

Total ions in the feed solution

2.8. Scientific tests     

We used FTIR (Mattson 1000, PYE-Uni-
cam, England) to analyze the functional 
groups of the prepared hydrogels. Inves-
tigation and magnification of the polymer 
surface was carried out by SEM (JEOL-
JSM-5400, Japan). We used the Shimadzu 
TGA -50 (Japan) to characterize the ther-
mal stability of the copolymer hydrogel. We 
performed gamma irradiation using 60Co 
gamma rays with a cylinder irradiation 
chamber. We performed all irradiations at 
ambient temperature (about 45 ºC at the 
chamber) and a dose rate of about 1.22 Gy/
Sec.

3. Results and discussion

3.1. Characterizations of the hydro-
gel and foam

3.1.1. FTIR characterization

We obtained evidence of copolymerization 
and network formation by characterizing 
the synthesized hydrogel and foam. In the 
FTIR spectrum shown in Figure 1, the peak 
at 3400 cm-1 is due to the O-H stretching vi-
bration band. Some broadness in OH, due to 
intermolecular hydrogen bonding between 
the hydroxyl groups, participated along the 
chains of the copolymer network structure. 
The stretching vibration band appearing at 
2500 cm-1 was for anhydride structure, re-
sulting in an interaction between two car-
boxylic groups participating in two parallel 
chains of the copolymer structure. Also, the 
presence of the intense characteristic band 
at 1560 cm-1 occurred due to C=O asym-
metric stretching in the carboxylate anion, 
which was reconfirmed by the symmetric 
stretching mode of the carboxylate anion  
causing another sharp peak at 1434 cm-1. 
The band appearing around 1730 cm-1 con-
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stitutes the evidence of the presence of the 
carbonyl group C=O in some ester forma-
tions, which resulted from the interaction 
between the COOH group of acrylic acid and 
the OH group of polyvinyl alcohol. In addi-
tion, increasing the intensity of the stretch-
ing vibration band of the C-C group at 1450 
cm-1 provides evidence of a crosslinking co-
polymerization reaction due to free radical 
copolymerization. We saw these later char-
acteristic peaks with both foam (Figure1-b) 
and hydrogel (Figure1-a), which provides 
evidence that no chemical effect occurred 
through the foaming of the hydrogel; the 
foam’s peak had greater intensity than the 
hydrogel, as Figure 1 shows, which may 
be due to the hydrogen actively interact-
ing with the polymer net matrix (El-Toony, 
2007).

3.1.2. Thermogravimetric analysis (TGA)

As a result, the weights of the polymer 
specimens decreased. The determination of 
this loss in weight is the principle of differ-
ent variant of thermogravimetric analysis 
(TGA). The temperature at which the poly-
mers lose weight is called the thermal resis-
tance of polymer (Korshaki, 1997; Wang et 
al., 2003). The initial weight loss occurred 
between 180 ºC to 190 ºC. These temper-
atures represent the difference between 
foam and hydrogel due to the weight loss of 
volatile compounds, as can be seen in Fig-
ure 2. After that, the second step shown in 
the thermogram was accompanied by some 
deformation of the hydrogel backbone skel-
eton structure. In this step, the hydrogel lost 
significant weight at temperatures ranging 

Figure 1: FTIR spectra of PVA/AAc at 0.17% acrylic acid and 1 KGy irradiation dose; a) hydrogel, b) 
foam.

Figure 2: Thermogravimetric analysis of PVA/AAc at 0.17% acrylic acid and 1 KGy irradiation dose; 
a) hydrogel, b) foam.
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from 190 to 420 ºC; the foam showed that 
the weight loss in the second step occurred 
in two stages: the first stage occurred from 
190 to 280 ºC and the second stage from 
260 to 380 ºC. Clearly, the foam composite 
structure was more stable thermally than 
the hydrogel copolymer.

3.1.3. Scanning electron microscope (SEM) 
investigation

We saw obvious spatially scattered gaps due 
to the foaming of the hydrogel. Big pores, in-
between spaces, and long arms have been 
shown to differentiate between the foam 
and hydrogen (Sugino et al., 2008). There-
fore, the foam material showed higher pore 
content on its surface than the hydrogel, 
proving that foam has a greater capacity for 
adsorption than the hydrogel copolymer. 
We observed a distribution of light zones 
over dark ones in a regular manner while 
whitish to grayish colors also appeared, 
which may be due to complete homogeni-
zation of the synthesized foam, while in 
the case of hydrogel regular distribution of 
white spots irregularly distributed over a 
dark matrix showed less homogeneity.

3.2. Water uptake studies

Copolymerization of a hydrophilic mono-
mer (acrylic acid) onto a hydrophilic poly-
mer (polyvinyl alcohol) leads to a hydro-
philic copolymer. We studied the water 

uptake of hydrogels and foam as a function 
of composition, gamma irradiation doses, 
various contact times, and the water’s pH; 
we assigned 1 KGy as the optimal dose for 
water uptake.

Foaming of the hydrogel caused a dramatic 
4,000-fold change in water uptake. We may 
attribute this a larger net surface area of the 
foam’s water-capturing matrix, caused by 
increases in pore number, pore size, and the 
dimensions of the constructed foam.

3.3. Turbidity

The coagulation process traditionally oc-
curs by adding aluminum ions (Hering et 
al., 1996). In this process, fine particles in 
water first aggregate into coagulates, since 
adding aluminum ions strongly reduces the 
absolute values of the particles’ zeta po-
tentials. Metal ions, organic particles, and 
microbial cells, etc. then coagulate, thus 
concentrating in a floc. The aggregative sta-
bility of colloidal suspensions is due to the 
existence of a potential energy barrier pre-
venting the particles from coming into prox-
imity. Research into this stability yielded 
the Derjaguin-Landau-Verwey-Overbeek 
(DLVO) theory (Verwey and Overbeek, 
1948), which asserts that the potential en-
ergy barrier arises as a result of the inter-
acting energies of the electrical double layer 
and the van der Waals attraction. In a sus-

Figure 3: SEM of PVA/AAc copolymer; a) hydrogel, b) foam.      
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pension of heterogeneous particles, we can 
express the potential energy of the electrical 
double layer interaction between two het-
erogeneous spheres (VR) (Wang, 1991) as: 

 
[1]

    V
R  =  32 πξoξr 2a1a2/a1+a2 (KT/ev)2  ...

                                      
...  tanh(evψ1/4KT)tanh(evψ2/4rt)exp(-kh)

where a1 and a2 are the radii of particles 
1 and 2, respectively; ξo is the vacuum di-
electric permittivity; ξr is the relative di-
electric permittivity of the medium; k is 
the Boltzmann constant; T is the absolute 
temperature; e is the elementary charge; v 
is the ionic valence of the electrolyte; ψ1 and 
ψ2 are the outer Helmholtz plane (OHP) 
potentials or zeta potentials of particles 1 
and 2, respectively; k is the Debye recipro-
cal length; and h is the shortest separation 
between the two particles.

The potential energy of the van der Waals 
interaction between two heterogeneous 
particles (VA) is expressed by: 

[2]      VA = a1a2
 / a1+a2  x  A123

 / 6h

where A123 is the Hamaker constant of par-
ticles 1 and 2 in medium 3, which may be 
obtained by (Israelachvili, 1992):

[3]       A123 = (√A11 -√A33 ) (√A22 -√A33)

where A11, A22 and A33 are the Hamaker con-

stants of particles 1 and 2 and of medium 3 
in a vacuum.

In this work, the Hamaker constants of the 
floc and foam/alum are larger than water; 
i.e., A11 

> A33 and A22 < A33. So, A123 < 0 ; 
thus, VA < 0 according to Eqs. (2) and (3), 
indicating an attractive interaction of van 
der Waals between the two heterogeneous 
particles. In the range of pH = 4.9 to 9.3 at 
28 ºC, ψ1 < 0 (Floc), and tanh (ev ψ1 / 4kt) 
< 0, and tanh (ev ψ2 / 4kt) > 0; thus, VR < 
0 according to Eq. (1). Hence, the electrical 
double layer within the interaction can be 
active between the two heterogeneous par-
ticles, floc and foam/alum applied. There-
fore, in this pH range, the total potential 
energy of interaction established between 
the floc and the foam/alum particles was 
attractive at every distance. In other words, 
no potential energy barrier existed between 
the two particles (Song et al., 2005), and a 
strong coagulation should take place.

This mechanism forms small flocs, as shown 
in Table 1 (a and b).  

We used jar tests to measure turbidity re-
ductions to determine the removal effi-
ciency of sediment in the Nile. Subsequent 
increases in stirring speeds increased tur-
bidity, although turbidity levels generally 
remained lower than they were during set-

Figure 4: Water uptake of PVA/AAc copolymer at 0.17% acrylic acid; a) irradiation dose on hydrogel, 
b) contact time on foam.
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tling. It is important that this floc remain 
settled, so as to not resuspend sediment 
load in the Nile. Relative to the control, 
adding alum actually increased the turbid-
ity during the settling period at 300 RPM. 
The slightly higher turbidity is explained as 
the formation of the colloidal Al(OH)3. Al-
though this floc increased turbidity at high 
speed, alum reduced the turbidity to that 
seen in the foam water with no stirring. The 
mixing speed, or power input, can be de-
scribed by the G value (velocity gradient):

[4]       G = √W / μ 

where W is the power imparted to the wa-
ter per unit volume of the basin and μ is 
the absolute viscosity of the water (Reyn-
olds and Richards, 1995). The value of W 
depends on the container, paddle geom-
etry, and paddle speed. The G-value is the 
common variable for comparing mixing 
between the jar tests and larger-scale flows, 
like furrows or drains. The corresponding 
G-values associated with paddle speeds of 
25 and 50 RPM are 18 and 45 s-1 (at 22 ºC), 
respectively. These paddle speeds resulted 
in efficient collisions and effective bridging 
interactions for floc formation between the 

suspended solids. Any G-value above these 
limits destabilized the floc (Young et al., 
2000). The alum treatment, however, re-
quired slower mixing speeds (<5 RPM) for 
proper floc settling (G<10 s-1).

Although alum and foam can reduce tur-
bidity at different G-values, mutual imple-
mentation could improve turbidity removal 
compared to the application of either treat-
ment alone, as shown in Table 1-a . Table 
1-b lists the effective times corresponding 
to applied ratios at which we obtained max-
imum turbidity removal. Other researchers 
have demonstrated that higher molecular 
polymers enhance flocculation by better 
bridging between particles (Verwey and 
Overbeek, 1948). Also, many authors claim 
that polyvalent cations, like calcium, mag-
nesium, and aluminum, encourage cation 
bridging between polymer and clay (Peng 
and Di, 1994).    

In our work, we kept the pH in the range of 
7 to 8.5 throughout the treatment process; 
we also kept the temperature between 30 
and 33 ºC. 

Table 1: a) Effect of alum/foam (PVA/Acc) on TDS, turbidity and pH on Nile water samples at 28 oC 
temperature after 30 minutes of shaking. b) Effect of time (hour) on TDS, turbidity and pH on Nile water 
samples at 28 oC temperature treated with 20 mg foam:26 mg alum.
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3.4. Microbial populations (Bacte-
rial, fungi and molds)

The composition and structure of the water-
sediment interface show sensitivity to en-
vironmental conditions, largely to biologi-
cal components (e.g., bacteria and fungi). 
Moreover, the density and diversity of mei-
ofauna decrease with the decreasing oxygen 
penetration caused by eutrophication of the 
overlying waters (La Rosa et al., 2001). This 
may explain the elevated population esti-
mates below fish farms in comparison with 
points away from aquaculture sites (Herwig 
et al., 1997). The high concentration of bac-
teria within flocs reflects the importance of 
microbial activity in the transport and loss 
of aquaculture wastes, the adhesion of these 
suspended particles (Tlusty et al., 2000; 
Austen et al., 2002).

Both alum and foam play important roles 
in eliminating the water pollution caused 
by microbial populations; they act by ad-
sorbing charged bacterial cells to negatively 
charged polymers or positively charged tri-
valent aluminum. Floc formation via the 
alum/foam system also removed the mi-
crobial populations. Time is a critical fac-
tor in the removal of fungi and bacteria. 
Fungi showed remarkably more sensitivity 
towards the implanted system of treatment, 
as shown in Table 2. We also found that 
seven days suffices to completely remove 
fungi, while it takes ten days to reduce bac-
teria populations below 50 CFU/ml.

3.5. Calcium and magnesium ions

Researchers have noticed different trends 
for calcium and magnesium (Mg) within 
the sediment. The flocs contain much high-
er levels of available Mg than of other met-
als found. This most likely results from the 
abundance of diatoms commonly found in 
flocs (Droppo, 2001). Calcium, however, 
presents a different scenario; two studies 
(Sugiura et al., 1998; Storebakken et al., 
2000) assessed the apparent absorption of 

various elements from fish feed. Both stud-
ies found a possible negative adsorption of 
calcium caused by fecal excretion.

The removal of calcium and magnesium 
depends on the pore size of the membrane 
filter disks used for coagulation (Han et al., 
2003), since coagulates smaller than the 
pore size can pass through the filter and re-
main in the bulk water. We created a closed 
system in a container to perform chelation 
using two arms of the carboxylic group 
of acrylic acid and the hydroxyl group of 
polyvinyl alcohol. Using foam with a large 
surface area and wide pore sizes increased 
the likelihood of adsorption. Time is a de-
pendent factor for controlling the sorption 
of calcium and magnesium; increasing the 
contact time increased the removal percent-
age of each metal ion, as shown by Figure 5. 
Magnesium showed a greater removal per-
centage, perhaps due to its smaller ionic ra-
dius (72 Pm; 1 Å = 100 pm), than calcium, 
which has a larger radius (100 Pm). A foam/
alum system also reduced TDS, which re-
sulted from the settlement of charged parti-

Table 2: Effect of contact time (hours) on the re-
duction of bacterial and molds colonies count in the 
treatment of Nile water samples with 20 mg foam 
and 26 mg alum. 
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cles (organic and inorganic). When stabiliz-
ing such floc by adding foam, we considered 
the adsorption of such charged particles. As 
Table 1a makes obvious, time played an im-
portant role in reducing such values.  

4. Conclusion

We used gamma irradiation to prepare 
PVA/AAc hydrogel and performed hydro-
gen foaming to improve the physicochemi-
cal characteristics of the copolymer. We 
found that a hydrogel with 17 percent AAc 
and 1 KGy were factors that optimized the 
improvement of real Nile river water pollu-
tion. 

To reduce TDS, turbidity, calcium, magne-
sium, and microbial populations at a con-
stant pH in River Nile water samples, we 
can recommend using foam/alum at a ratio 
of 20 mg foam:26 mg alum. Twelve hours 
allows sufficient time to attain very good 
results and to achieve a reduction in the 
mass of alum added to treat the intake wa-
ter (from 40 or 50 mg/l to 26 mg/l). This 
adsorption of excess aluminum by the ap-
plied foam creates water quite safe for hu-
man consumption. This system reduces the 
levels of chlorine needed to disinfect the 
water, limiting its adverse impact on health 
and its corrosive effect on the municipal 

potable water networks while keeping hu-
man health safe and protecting water pipes 
against corrosion. We found that ten days 
of treatment with this system complete-
ly eliminated fungi and bacteria, a much  
more safe method than chlorine added for 
disinfection purposes.   
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Discussion with Reviewers

Hosnia Abu-Zeid1: Why did you not study 
water samples from different depths in the 
same site, and in different seasons not only 
summer season?
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M. M. El-Toony, Nabil A. El-Kelesh and 
Hussien I. Abdel-Shafy: As my work aims 
to synthesis of polyelectrolyte which could 
replace the chlorine adding and safe alum 
which add with extensive ratio to reduce 
turbidity to human consumption accept-
able range. Characterization is also an im-
portant factor to confirm their availability 
for application on real water sample which 
has been taken in front of maspero which is 
enriched by pollution especially in summer 
season.

Abu-Zeid: Why the authors did not com-
pare their results with those obtained with 
other authors?

El-Toony, El-Kelesh and Abdel-Shafy: I 
put a target which is reaching to that WHO 
acceptable ranges for human consump-
tion water, and throughout my work I do 
my best to achieve these ranges. There are 
many works purified American rivers from 
turbidity sulfur compounds and other pol-
lution they start from more pollution than 
that present in our river. Some authors used 
commercial polyelectrolyte which is less ef-
ficient than that mentioned in my work as 
it has less effect on microorganism, calcium 
and magnesium as well.

Abu-Zeid: There are many other sites on the 
Nile River across Cairo city needs study sim-
ilarly to get valuable conclusion, why these 
sites were not taken into the considerations 
of the authors besides Maspero region?

El-Toony, El-Kelesh and Abdel-Shafy: I 
thank the auditor for such intelligent no-
tice, that it must take in our consideration 
to be treated in the future work. You know 
that many efforts were offered to prepare 
the polyelectrolyte foam and fit the ratio to 
attain optimal results which could be met 
the WHO accepted range for men consump-
tion.

Abu-Zeid: Which type of γ-gamma radia-
tion source is used in this study?

El-Toony, El-Kelesh and Abdel-Shafy: Irra-
diations were carried out using 60Co gamma 
rays with a cylinder irradiation chamber. 
All irradiations were performed at ambient 
temperature (about 45oC at the chamber) 
and a dose rate of about 1.22 Gy/Sec. and I 
add them to the manuscript.

1 Physics Department, University College for Wom-
en, Ain Shams University, Cairo, Egypt


