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ABSTRACT: Acrylic acid was crosslinked with N,N0-
methylenebisacrylamide followed by a reaction with hex-
amethylenetetramine (HMTA) to form a new hydrogel,
Gel (2). Water absorbance rate and retention of Gel (2)
were characterized. At the same time, factors affecting ab-
sorbance rate such as pH, temperature, and ions concen-
tration were studied. The rate decreased with decreasing
pH and increasing ions concentration, whereas increased
with raising temperature. The effect of the hydrogel on
bacterial (Staphylococcus aureus and Escherichia coli) viability
and growth rate was determined. Gel (2) has achieved a 5
log reduction on both E. coli and S. aureus in 2 h while no

cells were detected after 3 h in case of S. aureus and 4 h in
case of E. coli. Lifetime and regeneration of Gel (2) using
both stirred flask and column (a model for a water filter)
methods were determined. Identifying the lifetime using
columns showed that the gel stays active up to 5 and 7 runs
for both E. coli and S. aureus respectively. In addition, it was
recycled successfully up to 10 times, using column and
stirred flask methods, against both types of bacteria. VC 2011
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INTRODUCTION

Polymeric materials such as N-halamine and poly
Quat’s were applied in water filters as disinfectants
(Fig. 1).1–12 N-halamine polymers exchange halogen
ions with the cells of microorganisms resulting in
their death.1–9 Poly Quat’s attracts these cells as the
polymer carries positive charges while cells carry
negative charges at certain physiological state.1,2,12

This results in cells being adsorbed and expired.1,2,12

Quaternary ammonium salts behave in a similar
way like poly Quat’s.1,7,10

New group of quaternary ammonium salts was
prepared in a previous study based on crosslinked
acrylic acid as a form of hydrogels. Acrylic acid was
crosslinked with N,N0-methylenebisacrylamide fol-
lowed by a reaction with five different amino con-
taining compounds to form new hydrogels (Fig. 2).7

The antibacterial activity of these hydrogels was
evaluated against examples of Gram-positive (Staph-
ylococcus aureus) and Gram-negative (Escherichia coli)
bacteria using different methods; agar plates and
columns.7 The author has proved in this study that
one of these hydrogels (Gel 2, Fig. 2) is able to filter
and kill bacterial cells in a column as a model for a

water filter.7 The hydrogel was allowed to absorb
water to full saturation to close gabs in column so
cells were filtered and expired due to the antibacte-
rial action of the gel.7

In this current study, author is trying to determine
some properties of Gel (2), water absorbance rate
and water retention, to study its regeneration possi-
bilities. Moreover, the effect of pH, temperature, and
ions concentration on its rate of water absorbance
was determined. The evaluation of antibacterial ac-
tivity was extended by determining its effect on bac-
terial viability and growth rate using stirred flask
method. This was followed by identifying Gel (2)
lifetime in a column as a model for a water filter.
Gel (2) regeneration (recycling possibilities) was
studied using two different methods; stirred flask
and column, to increase its lifetime and commercial
properties. This full study will support applying
such type of hydrogel in water filters on large scale.
Moreover, the interaction between hexamethylene-
tetramine (HMTA) and crosslinked acid in addition
to its releasing rate is currently under investigation
and date will be published in due course.

EXPERIMENTAL

Materials

Acrylic acid, N,N0-methylenebisacrylamide, and hexa-
methelenetetramine (HMTA) were obtained from
Sigma Aldrich, UK. Ammonium persulfate was
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obtained from El-Naser Co., 10 Ramadan Industrial
Town, Sharkia, Egypt. Nutrient broth was supplied
by Oxoid. Cultures of S. aureus and E. coli were
obtained from the faculty culture collection. Primary
cultures on nutrient agar slopes and subcultures on
nutrient agar plates were stored at 4�C. All chemi-
cals were used as received without any further
purification.

Hydrogel preparation

Acrylic acid (9.2 g) was dissolved in distilled water
(45 mL). N,N0-methylenebisacrylamide (0.06 g) and
ammonium persulfate (0.9 g) were added. The mix-
ture was heated gently at 40�C with vigorous stir-
ring until gelling. The resulting hydrogel was cooled
and grounded to small pieces with average diameter
of 4 mm followed by soaking in distilled water
(120 mL) containing HMTA (17.9 g) for 16 h at 40�C.
The resulting hydrogel, Gel (2), was dried at 90�C
for 24 h (Fig. 2). The diameter of the Gel granules
after this period of drying was 1 mm in average.
Crosslinked acrylic acid, Gel (1), was prepared to be
used as a control (Fig. 2).7

Absorbance rate and water retention

Gel (2, 1 g) was allowed to swell in distilled water
for 24 h. The hydrogel was filtered, dried with

clean filter papers, and weighed at timed intervals
for 24 h (Fig. 3). The samples were allowed to
stay in distilled water for another 24 h to achieve
maximum absorbance. The hydrogel was filtered,
dried with clean filter papers and three samples
were weighed out of it (50 g each) to start the
identification of Gel (2) water retention. These
samples were heated at different temperatures (40,
50, and 60�C) and weighted at timed intervals for
48 h (Fig. 4).

Effect of temperature, pH, and ions concentration
on absorbance rate

Gel (2, 1g) was allowed to swell in distilled water at
different temperatures (40, 50, and 75�C) for 24 h.
The hydrogel was filtered, dried with clean filter
papers, and weighed at timed intervals in each case
[Fig. 5(a)].
Similar method was applied to determine the

effect of pH on hydrogel absorbance rate. Gel (2)
was soaked in water at different pH values; 5, 7,
and 9 for 24 h [Fig. 5(b)]. The weight of the hydrogel

Figure 1 Examples of antibacterial polymers: (a) poly
Quat’s and (b) N-halamine polymers.

Figure 2 The prepared hydrogels.

Figure 3 Water absorbance rate with time.

Figure 4 Water retention at different temperatures; (A)
40, (B) 50, and (C) 60�C.
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was identified at timed intervals by filtering the
hydrogel and drying its external surface using clean
filter papers at these intervals.

The effect of ions concentration on absorbance rate
was determined by soaking Gel (2, 1 g) in different
saline solutions with different concentrations; 0.5, 1,
and 3% for 24 h. The hydrogel were filtered, outer
surface was dried with clean filter papers and
weighed at timed intervals [Fig. 5(c)].

Effect of Gel (2) on bacterial viability and
growth rate using stirred flask method

A culture of E. coli was prepared by inoculating one
bacterial colony into 20 mL of nutrient broth. The so-
lution was incubated for 24 h at 37�C. From this bac-
terial suspension 0.1 mL was transferred to a 20 mL
bottles containing 10 mL of fresh medium. A further
five bottles were prepared, so the total number was
six; three used for testing the effect of Gel (2) on bac-
terial growth and the other three to study its effect
on bacterial viability.2

To study its effect on E. coli growth rate, Gel (2,
1 g, allowed previously to swell for 12 h) was added
to the first bottle while Gel (1, 1 g, allowed to swell
for 12 h) was added to the second bottle to act as gel
control and the third was left as a bacterial control.
The three bottles were stirred at 37�C and sampled
at timed intervals for viable count [Fig. 6(a)]. Similar
method was applied against S. aureus [Fig. 6(b)].2

To study the effect of the hydrogel on E. coli via-
bility, the other three bottles were incubated for 17 h
at 37�C, and the number of bacteria was determined
by viable count using the ‘‘Miles and Misra tech-
nique.’’13 Then Gel (2, 1 g, allowed previously to

Figure 5 Effect of (a) temperature, (b) pH, and (c) ions
concentration on water absorbance rate. Where in (a) (A)
¼ ambient temperature, (B) ¼ 40�C, (C) ¼ 50�C and (D)
¼ 75�C. (b): (A) ¼ pH 4, (B) ¼ pH 7, and (C) ¼ pH 9.
(c): (A) ¼ distilled water, (B) ¼ 0.5%, (C) ¼ 1%, and (D)
¼ 3%.

Figure 6 Effect of Gel (2) on growth rate of (a) E. coli and
(b) S. aureus. Where BC ¼ bacterial control, GC ¼ hydrogel
control (Gel 1 effect) and GT ¼ investigated hydrogel (Gel
2 effect).
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swell for 12 h) was added to the first bottle; Gel (1, 1
g, allowed previously to swell for 12 h) was added
to the second, to act as a gel control, and the third
vessel was left as a bacterial control. The three bot-
tles were stirred at ambient temperature and
sampled for viable counts at timed intervals,
Figure 7(a), using ‘‘Miles and Misra" method.13 Simi-
lar procedure was repeated to investigate the effect
of Gel (2) on S. aureus viability [Fig. 7(b)].2

Gel (2) regeneration using stirred flask method

The experiment of determining the effect of Gel (2)
on bacterial (E. coli or S. aureus) viability was
repeated. After the end of the experiment, HCl (1N)
was added until pH 3. Gel (2) was filtered and dried
to full dryness. Gel (2) was recharged with HMTA
using the method described before and allowed to
swell in distilled water for 12 h. The refreshed
hydrogel was examined again against fresh amount
of bacterial suspension. The same method was
repeated up to 10 times [Fig. 8(a,b)] and the results

were compared to hydrogel control, Gel (1), and bac-
terial control.

Gel (2) lifetime as a disinfectant in columns
(models for water filters)

Gel (2, 1 g) was backed in a column, 5 cm diameter
and 20 cm length, and allowed to swell by adding
distilled water for 24 h. Bacterial suspension
(50 mL), either E. coli or S. aureus, was perfused
through the column. The filtered cells were left on
the top of the column for 4 h followed by transfer-
ring a sample to a fresh amount of nutrient broth
(10 mL). The broth was incubated for 17 h at 37�C
and the viability was determined by counting using
Miles and Misra technique.13 Several runs (up to 10)
were performed through the same column using
fresh bacterial suspension each time. The same pro-
cedure was repeated to investigate the end of

Figure 7 Effect of Gel (2) on (a) E. coli and (b) S. aureus
viability. Where BC ¼ bacterial control, GC ¼ hydrogel
control (Gel 1 effect) and GT ¼ investigated hydrogel (Gel
2 effect).

Figure 8 Regeneration possibilities of Gel (2) using
stirred flask method against (a) E. coli and (b) S. aureus.
Where BC ¼ bacterial control, GC ¼ hydrogel control (Gel
1 effect) and GT1-GT10 ¼ investigated hydrogel for 10
times of recycling trails (Gel 2 effect).
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antibacterial activity of the column (Fig. 9). Column
control was performed using Gel (1). Bacterial con-
trol was applied by inoculating fresh nutrient broth
using bacterial cells that have no contact with any
hydrogels.

Gel (2) regeneration

The previous experiment, lifetime determination
against both E. coli and S. aureus, was repeated. Af-
ter the end of antibacterial activity of the column,
the column was washed with HCl (1N) and the
hydrogel was dried to complete dryness. The dry
gel was recharged with HMTA as described before.
The hydrogel was transferred back to the column
and the previous experiment (lifetime determination
protocol) was repeated. This procedure was repeated
up to 10 times to investigate the possibility of hydro-
gel recycling. The results were compared to a hydro-
gel control, Gel (1), and bacterial control.

RESULTS AND DISCUSSION

New group of hydrogels were prepared by reacting
crosslinked acrylic acid with some amino containing
compounds such as imidazole, triethanolamine, 2-
aminopyridine, pyridine, and HMTA (Fig. 2).7 The
antibacterial activity of these hydrogels was deter-
mined and the action of one of them as a dis-
infectant in columns (models for water filters) was
studied.7 Hydrogel absorbs water to full saturation
closing gabs between particles in the column.7 Any
excess water will pass through the column resulting
in filtration to any contamination present in this
water; bacterial cells.7

The current study is aiming to investigate the
recycling possibilities of this hydrogel, Gel (2), to
increase its lifetime in water filters. To achieve this
goal some properties of Gel (2), such as water ab-
sorbance rate and water retention, were examined to
understand its swelling behavior in water. In his
previous study, author had proved that the absorb-
ance did not increase with a significant amount after
48 h of soaking the hydrogel in distilled water.
However it was very important to identify the exact
absorbance rate during the first 24 h. So Gel (2) was
allowed to expand in distilled water for 24 h and
the weighing was performed for each 2 h. It was
noticed that the absorbance rate was around 7 g per
hour (Fig. 3). The samples were left for another 24 h
in distilled water to reach to full saturation with
water. Three different samples from the fully satu-
rated hydrogel were heated at different temperatures
(40, 50, and 60�C) to identify their water retention. It
was noticed that increasing temperature has
increased water loss with time. Raising temperature
up to 60�C enables the gel to reach its full dryness
in 30 h (Fig. 4). The temperature (60�C) and time,
required to full drying, were used as a base in the
recycling procedure of Gel (2) during the regenera-
tion trails.
Some other factors that control water absorbance

rate such as temperature, pH, and ions concentration
were studied. Gel (2) was soaked in distilled water
at three different temperatures. The weight of Gel
(2) was determined at timed intervals. It was noticed
that increasing the temperature has increased water
absorbance rate [Fig. 5(a)]. Similarly, pH was
changed to investigate its effect on water absorb-
ance. Gel (2) was soaked in solutions at different pH
values. It was noticed that the highest level of ab-
sorbance was recorded at pH 7 while the lowest was
recorded at pH 4 [Fig. 5(b)]. This could be explained
on the base that in acidic medium a neutralization
reaction converts the hydrogel to its corresponding
crosslinked acid. This may restrict such hydrogel at
low pH values. Moreover, the concentration of ions
present in water affects rate of absorbance. It was

Figure 9 Gel (2) lifetime in columns against (a) E. coli
and (b) S. aureus. Where BCS ¼ S. aureus bacterial control,
GCS ¼ Gel (1) effect on S. aureus (hydrogel control col-
umn) and GTS ¼ Gel (2) effect on S. aureus (investigated
hydrogel column). BCE ¼ E. coli bacterial control, GCE ¼
Gel (1) effect on E. coli (hydrogel control column), and
GTE ¼ Gel (2) effect on E. coli (investigated hydrogel
column).
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noticed that increasing ions concentration has
decreased the swelling ratio [Fig. 5(c)].

It can be seen from the previous data that water
with high level of ions and low pH value will not be
suitable to work with Gel (2) as it will restrict its
expansion. Full dryness of Gel (2) was achieved at
60�C for 30 h. Soaking Gel (2) in water for 24 h is
enough to close gabs between gel particles. Raising
temperature may support fast swelling in distilled
water.

Taking these results in mind, recycling possibil-
ities of Gel (2) was performed using two different
methods; stirred flask and columns. Using stirred
flask method has required determining the effect of
Gel (2) on bacterial viability and growth rate. This
was achieved by stirring Gel (2) with bacterial sus-
pensions (either E. coli or S. aureus, previously
grown cells). It was noticed that Gel (2) achieved a 5
log reduction in 2 h against both types of bacteria
while complete disinfection was reported after 3 h in
case of S. aureus and 4 h in case of E. coli [Fig.
7(a,b)]. At the same time, determining the effect of
Gel (2) on growth rate was performed by growing
bacteria in presence of Gel (2). It can be seen from
Figure 6 that no bacterial growth was reported for
both types of bacteria in presence of Gel (2).

To determine the recycling possibilities using
stirred flask method, Gel (2) was stirred with bacte-
rial suspension (either E. coli or S. aureus, previously
grown cells) until the end of its antibacterial action
followed by decreasing pH to 3 using 1N HCl. Addi-
tion of HCl helps in disinfecting any bacterial cells
that may still be alive and remove any remains of
HMTA that may still be connected to the crosslinked
acid. Gel (2) was filtered, dried to full dryness, and
recharged again with HMTA followed by repeating
the stirring process with another amount of fresh
bacterial suspension. It was noticed that after repeat-
ing the previous method several times (up to 10
times) Gel (2) is still able to kill bacterial cells [E. coli
or S. aureus, Fig. 8(a,b)]. This encourages further
studies to the regeneration possibilities using other
methods; column.

To identify the regeneration possibilities of Gel (2)
using column method the lifetime of the gel in col-
umns was determined [Fig. 9(a,b)]. The gel was
placed inside a closed column and allowed to swell
for 24 h in distilled water. The column was opened
to remove excess water. Bacterial suspensions of ei-
ther E. coli (1.3 � 103 cfu/mL) or S. aureus (2.4 � 103

cfu/mL) were perfused through the column. The fil-
tered cells on the top of the column were allowed to
have a contact time up to 4 h with the gel. Samples
of the filtered cells were transferred to a fresh
amount of nutrient broth. The broth was incubated
at 37�C for 17 h and the growth was determined by
counting. After the end of the contact time (4 h)

another run through the column was performed
using fresh amount of bacterial suspension and the
method was repeated again. It was noticed that the
column stay active in case of E. coli up to 5 runs and
for 7 runs in case of S. aureus.
To determine the recycling possibility of the col-

umn, it was run to the end of its lifetime in both
cases; E. coli and S. aureus. Gel (2) was then washed
with 1N HCl followed by drying to full dryness. The
hydrogel was recharged with HMTA and lifetime
experiment was repeated again. This protocol was
repeated up to 10 times. It was noticed that the col-
umn was recycled successfully for both E. coli and S.
aureus without a significant change in all trails which
encourages applying Gel (2) in water filters and
increases its commercial values.
The previous results indicated that Gel (2) is able

to kill and stop bacterial growth. It could be recycled
several times without significant change in its
activity which increases its commercial value and
encourages applying it on large scale. Further efforts
are currently running to extend the research about
this type of hydrogels, data will be published in due
course, such as the interaction between crosslinked
acid and HMTA in addition to its releasing rate.
Moreover, porosity and surface area of the hydrogel
and their effect on cells filtration were determined in
addition to the interface between the cells and the
hydrogel.

CONCLUSIONS

The effect of some factors (pH, temperature, and
ions concentration) on swelling behavior of a new
prepared, Gel (2), was identified. The swelling rate
of the hydrogel has decreased with decreasing pH
and increasing ions concentration. At the same time
increasing temperature has increased the swelling
rate. The antimicrobial activity of the hydrogel was
identified using stirred flask method. Gel (2) has
achieved a 5 log reduction on both E. coli and S. aur-
eus in 2 h while complete disinfection was reported
in 3 h for S. aureus and 4 h for E. coli. The effect of
Gel (2) on bacterial growth was investigated and it
was found that no bacterial growth was reported in
presence of Gel (2). Moreover, the lifetime of the gel
in columns was identified. The column stands for
up to 5 runs for E. coli and 7 runs for S. aureus. The
gel was recycled successfully up to 10 times for both
types of bacteria using two different methods;
stirred flask and column encouraging its application
in water filters on large scale.
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