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ABSTRACT: Poly(N-thydroxymethyl)methacrylamide-1-
allyl-2-thiourea), (poly(NHMMA-ATU)) hydrogels were
synthesized by vy radiation, using ®°Co vy source at different
radiation doses, to change the porosity and crosslinking
density of the hydrogels. The percent of 1-allyl-2-thiourea
(ATU) in the monomer mixture before the irradiation was
varied between 2.5% and 10.0%, to increase the content of
ATU, which was involved in some different applications in
the hydrogels. Fourier transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), elemental analy-
sis, and the swelling experiments were used to characterize
the poly(NHMMA-ATU) hydrogels synthesized in this
study. Characterization results of hydrogels showed that
crosslinking density of the hydrogels was increased by the

increasing radiation dose and ATU content in the irradiated
mixture. Swellability of these hydrogels was found to be
high enough to allow the metal ions and biomolecules get-
ting inside the hydrogels to interact with all active groups
on/in the hydrogels in the adsorption applications. Equilib-
rium swelling ratio of the hydrogels at pH 0.5 is at least half
of the equilibrium swelling ratio of the hydrogels at pH 7.0.
Oscillatory swelling behavior of poly(NHMMA-ATU) hy-
drogels between pH 0.5 and pH 7.0 showed that the hydro-
gels are quite stable at different pH conditions. © 2005 Wiley
Periodicals, Inc. ] Appl Polym Sci 99: 1657-1664, 2006
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INTRODUCTION

Chelating polymeric ligands have been extensively
studied by several authors and many reviews are
available in the field."” Recently, a great deal of inter-
est has been observed in relation to the applicability of
chelating agents for removal and separation of metal
ions from heavy metal contaminated water and pre-
concentration of precious metal ions from different
samples.*"® Among many sorptive materials, various
forms of synthetic polymers containing complexing
molecules which are available at low cost have
emerged as one of the most important matrices for the
synthesis of new sorbents.” In the recent years, in-
stead of chelating resins, some hydrogels having dif-
ferent swelling ratio have been used for different ap-
plications.'®*! Hydrogels are special class of crosslinked
polymers, and they can be prepared by different po-
lymerization techniques. Using radiation technology,
the polymerization procedure, the crosslinking struc-
ture, and also the crosslinking density of the hydro-
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gels could be controlled easily.'? Hydrogels are poly-
meric networks, which absorb and retain large
amounts of water. Hydrogels having different ioniz-
able and hydrogen bonding capacity, show different
swelling behavior in the solution at different pH, tem-
perature, and ionic strength. These behaviors supply
some advantages to the hydrogels in different appli-
cations, especially in drug delivery systems.'>> Be-
cause of their water-absorbing capacity, hydrogels are
subject of investigation of researchers interested in
fundamental aspects of swollen polymeric networks,
and have also found widespread application in differ-
ent technological areas, such as materials for contact
lenses and protein separation, matrices for cell encap-
sulation, removal of metal ions, adsorption of textile
dyes, and devices for the controlled release of drugs
and proteins.'®"?! The advantages of the hydrogels are
easy to obtain with some different polymerization
techniques, and interacting species with the active
functional group on/in to the polymeric sorbent could
be penetrated inside cavities of hydrogel by the
swellability of the hydrogels. Recently, there has
been a substantial interest in the use of radiation-
induced graft copolymerization of functionalized
monomer onto polymeric hydrogels, for chelating
sorbent materials.”> > In the present study, poly(N-
(hydroxymethyl)methacrylamide-1-allyl-2-thio-
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urea) (poly(NHMMA-ATU)) hydrogels were syn-
thesized by ®Co 7y-radiation source at different
radiation doses and different composition of the
two monomers, N-(Hydroxymethyl)methacrylam-
ide (NHMMA) and 1-allyl-2 thiourea (ATU). Fourier
transform infrared spectroscopy (FTIR), thermo-
gravimetric analysis (TGA), elemental analysis, and
swelling experiments were used for the character-
ization of the hydrogels synthesized in this study.

EXPERIMENTAL
Materials

ATU and NHMMA were purchased from Aldrich
(Milwaukee, WI) and used as-received. IR-grade KBr
and NaNO; were obtained from Merck (Germany).
All other chemicals were of reagent grade and were
purchased from BDH (England). All chemicals were
used as-received, without further purification.

Preparation of poly(NHMMA-ATU) hydrogels

About 1 mL of NHMMA-ATU-water ternary mixture
containing different amount of the monomers and
water was placed in polyvinyl chloride (PVC) straws
of 3 mm diameter and irradiated using a ®°Co 7y source
(Russian-made PX-y-30 Isslodovatelj; 1.97 kGy/h) at
varying dose rates. Hydrogels were taken out from
straws and washed several times with distilled water
to remove all unreacted monomers and low-molecu-
lar-weight polymeric materials. These hydrogels were
first dried in air and then in vacuum oven at 60°C for
5 days, and then stored in desiccators until use.

Characterization of poly(NHMMA-ATU) hydrogels
Water uptake of poly(NHMMA-ATU) hydrogels

Swelling ratio of the hydrogels was obtained using the
following procedure to study the swellability of the
hydrogels. About 0.1 g of dry hydrogels were placed
into the beakers and 0.01M of acetate (NaCH,COO—
CH;COOH) or phosphate (Na,HPO,—NaH,PO,)
buffer solution at different pHs between 3.0 and 7.0
were added into the beakers. Then, the hydrogels
were allowed to swell at room temperature, with oc-
casional shaking. For the acidic solutions having a pH
< 3.0, the pH was adjusted by nitric acid. The hydro-
gels were periodically removed and weighed to cal-
culate the swellability of the hydrogels at different
times. Swelling ratio was calculated by the following
expression:

Swelling Ratio (%) = [(Wawoten = Wary) / Wary] X 100
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Elemental analysis

Elemental analysis of poly(NHMMA-ATU) hydrogels
was performed using an elemental analyzer (CHNS-
932, Leco), for the determination of the amount of
ATU content in the different hydrogels synthesized in
this study, at different monomer mixture ratios and at
different radiation doses. About 1.0-2.0 mg of sample
was placed into the tin capsule and introduced inside
the furnace of the elemental analyzer system and the
percent content of C, H, N, and S were obtained. The
content of ATU in the hydrogels was calculated from
the percent content of sulfur existing only in the chem-
ical structure of ATU.

FTIR spectra

FTIR spectra of the hydrogels synthesized at different
monomer ratios and radiation doses were obtained
using an FTIR spectrometer (Mattson 10000 FTIR
Spectrometer, Unicam, UK). About 0.02 g of poly(N-
HMMA-ATU) hydrogels were dried in vacuum oven
at 60°C for 5 days to remove all adsorbed water, and
then, the powder form of the hydrogels were thor-
oughly mixed with 0.1 g of KBr, to obtain a homoge-
neous mixture. This mixture was pressed to form a
tablet, and then, the FTIR spectra were recorded. In
the second experiment, the synthesized hydrogels
were placed in the sample pan of TGA instrument and
heated up to the final degradation temperature (T of
each degradation peak obtained in TGA curves, such
as, 190, 260, 325, and 500°C under nitrogen atmo-
sphere, to examine the structural changes in the hy-
drogels, and then, cooled to the room temperature for
each period. After the sample pan was cooled to the
room temperature, the sample in the TGA pan was
removed and FTIR spectra of the samples were re-
corded, following the aforementioned FTIR sample
preparation procedure. These experiments were car-
ried out to examine the structural change in the hy-
drogels at different temperatures under inert atmo-
sphere and to characterize the hydrogel structure in
detail.

TGA thermograms

TGA curves of poly(NHMMA-ATU) hydrogels ob-
tained at different radiation doses and from mixture
containing different monomer ratios were examined
by a thermogravimetric analyzer system (TA Instru-
ments, 2050) with thermal advantage control system.
Briefly, about 5-10 mg of the samples were weighed.
The sample pan was placed onto the balance in TGA
and the temperature was increased from 30 to 800°C at
a heating rate of 10°C/min under nitrogen atmo-
sphere at 25 mL/min nitrogen flux. The mass of the
sample pan was continuously recorded as a function



CHARACTERIZATION OF POLY((NHMMA-ATU) HYDROGELS 1659

of the temperature. In a separate experiment, temper-
ature of TGA sample pan was increased to the desired
temperature, after the hydrogels are introduced in
TGA pan, and then, the pan was cooled to room
temperature, to examine the characterization of the
heated hydrogels in FTIR.

Oscillatory swelling

The oscillatory swelling behavior of hydrogels at 25°C
with pH alternating at 0.5 and 7.0 was investigated in
24 h intervals. For this purpose, 0.2 g of the hydrogels
were placed in 20 mL of solution at pH 0.5. After 24 h
swelling period, swollen hydrogels were taken out
and weighed. The same hydrogels were placed into
the second solution that has pH 7.0. This procedure
was repeated at least five times to calculate the swell-
ing at different pH, repeatedly.

RESULTS AND DISCUSSION
Characteristics of poly(NHMMA-ATU) hydrogels

The hydrogels prepared in this study are highly
swellable. The swelling ratio is around 450% at pH 7.0,
when the hydrogels having highest content of ATU
were used in this study. The plain poly(NHMMA-
ATU) hydrogels showed a homogeneous (obtained
from scanning electron microscope images, data not
shown) and highly open pore structure, which may
lead to high internal surface area (meaning high ad-
sorption capacity in the applications) with low diffu-
sional resistance in the matrix. The swelling patterns
of the hydrogels produced in this study by changing
radiation doses and ATU content are shown in Figure
1. As shown in Figure 1(A), the swellability of the
hydrogels is decreasing with increasing the irradiation
doses for the monomer mixture. This is the case of the
high density of the crosslinking in the hydrogel struc-
ture at high radiation doses [Fig. 1(A)]. As shown in
Figure 1(A), the maximum swellability of the hydro-
gels is about 450%, obtained at 0.2 kGy dose for the
hydrogels having the highest ATU content. However,
the swellability of the hydrogels is around 100% at
1.40 kGy dose for the same monomer content mixture
used for the hydrogels preparation. Swellability is
high for the hydrogels produced at low radiation
doses. At low radiation doses, the degree of crosslink-
ing in the hydrogel is less, compared to the hydrogels
obtained at high radiation doses. Low degrees of
crosslinking in the hydrogels allow more water mol-
ecule to penetrate inside the hydrogels and swellabil-
ity of hydrogels could be increased. In Figure 1(B),
swelling behaviors of the hydrogels produced with
mixtures containing 0, 2.5, 7.5, and 10% of ATU at 1.4
kGy radiation dose are shown. As seen from Figure
1(B), when the content of ATU in the irradiation mix-
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Figure 1 Swelling behavior of poly(NHMMA-ATU) hy-
drogels: (A) Swelling of poly(NHMMA-ATU) produced
from 10% ATU containing mixture at different irradiation
doses; (B) Swelling of poly(NHMMA-ATU) produced at
different ATU contents at 1.4 kGy radiation dose.

ture was increased, the swelling ratio of the synthe-
sized hydrogels also increased from 58% to 135%, with
the increasing ATU content in the irradiation mixture
from 0 to 10%. This shows that more ATU in the
hydrogel structure provides higher swellability to the
hydrogels.

To examine the effect of pH on the swellability of
poly(NHMMA-ATU) hydrogels, swelling behaviors
of the hydrogels produced at 0.8 kGy irradiation and
10% ATU in the irradiated mixture solution were ex-
amined at different pHs and were shown in Figure 2.
Equilibrium swelling ratio of the hydrogels are almost
the same between pH 2.0 and 8.0. Below the pH 2.0,
swelling ratio of the hydrogels decreased dramatically
and reached about half of the equilibrium swelling
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Figure 2 Swelling ratio of poly(NHMMA-ATU) at differ-
ent pHs. (A) Swelling behavior with time; (B) Swelling equi-
librium ratio at different pH values. Radiation dose: 0.8 kGy;
ATU content in the irradiation mixture: 10%.

ratio of the hydrogels at pH 0.5, compared to the
equilibrium swelling ratio of the hydrogels at high
pHs. Decrease in equilibrium swelling ratio of the
hydrogels at low pHs is because of the protonation of
hydrogels. If the hydrogels had some charge on their
interior surfaces, hydrogen bonding capacity of the
hydrogels with free water molecules could be de-
creased and so, equilibrium swelling ratio was de-
creased. Equilibrium swelling ratio of hydrogels pro-
duced at 0.8 kGy irradiation and 10% ATU versus pH
is shown in Figure 2(B), to follow the effect of pH on
the swelling ratio of the hydrogels. As can be seen
from Figure 2(B), when the pH was reduced (from 2.0
to 0.5), swelling ratio of the hydrogels decreased dra-
matically and reached almost half of the swelling ratio
at pH 0.5, compared to the swelling ratio of the hy-
drogels at pH 2.0.

Elemental analysis results

After all hydrogels were dried in vacuum oven at 60°C
for 5 days, elemental analysis of all hydrogels irradi-
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ated at different doses and synthesized with different
ATU content was carried out. From the nitrogen stoi-
chiometry, and especially sulfur stoichiometry, of the
hydrogels, percentage of ATU in the synthesized hy-
drogels was calculated [Figs. 3(A, B)]. In Figure 3(A),
percent of ATU in the hydrogel was followed by
changing the ATU percentage in the irradiation mix-
ture. When the ATU percent in the irradiation mixture
was increased, the percentage of ATU also increased
and reached 4.6% at 10% of the ATU in the irradiation
mixture at 0.4 kGy/h radiation dose. Effect of irradi-
ation dose on the percentage of ATU in the hydrogel
structure was also investigated [Fig. 3(B)]. When the
7.5% ATU containing monomer mixture was irradi-
ated at different doses with the same irradiation
source by changing the irradiation time, the ATU per-
centage increased and reached 6.45% ATU in the pro-
duced hydrogels at 1.4 kGy radiation doses. All of
these results showed that by increasing irradiation
dose and percentage of ATU in the irradiation mono-
mer mixture, percentage of ATU in the synthesized
hydrogels was increased.

FTIR spectra of poly(NHMMA-ATU)

For investigation of the production of poly(NHMMA-
ATU) hydrogels, FTIR spectra of two monomers and
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Figure 3 ATU content in the produced hydrogels: (A)
Changing the ATU content in the polymerization mixture at
0.4 kGy; (B) Changing the irradiation dose for the hydrogel
synthesis for 7.5% ATU.
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Figure 4 FTIR spectra of the monomer and hydrogels: (A)
NHMMA,; (B) ATU; (C) Hydrogel synthesized from mono-
mer mixture containing 7.5% ATU. Irradiation dose: 1.4 kGy.

hydrogels were recorded. FTIR spectra of NHMMA,
ATU, and poly(NHMMA-ATU) hydrogels are given
in Figures 4(A)-4(C). The broad absorption band be-
tween 3100 and 3600 cm ™! corresponds to N—H and
O—H stretching absorption bands of NHMMA [Fig.
4(A)]. The broadening of this band is due to the exis-
tence of intermolecular hydrogen bonding. The other
absorption bands at 1687, 1636, and 1062 cm ™! char-
acterize the existence of C=0, C=C, C—N, and C—O
bonds. In the FTIR spectrum of ATU, characteristic
absorption bands in the FTIR range are at 3439, 3270,
3231,1640, 1542, and 447 cm ™}, representing asymmet-
ric N—H vibration in NH, functional group, overtone
band of NH, group, N—H vibration of —NH—
group, C=C vibration, C=S, and SCN scissor absorp-
tion bands [Fig. 4(B)].*° After the polymerization,
mainly broad bands appeared on the FTIR spectrum
of the polymer [Fig. 4(D)]. The adsorption band be-
tween 3050 and 3700 cm ' is really broad in the hy-
drogel structure due to many functional groups from
two different monomers having hydrogen bonding
capability. C=C double bond onto the two different
monomers disappeared after the polymerization and
amide C=0 vibration absorption band wavenumber
shifted to high wavenumber value. This absorption
band is broad compared to the amide C=O vibration
absorption band wavenumber of free NHMMA. Also,
absorption bands wavenumber of C=S shifted to
short wavenumber value because of the hydrogen
bonding via sulfur atom in ATU. The absorption band
at 1062 cm ™' is dominant in the polymer structure.
Mainly, this absorption band corresponds to C—O
vibration onto the NHMMA. This is a reasonable ef-
fect because of the high content of NHMMA in the
hydrogel. This will be discussed in the Elemental
Analysis section. After the hydrogel samples are
heated up to different temperatures (such as 190, 260,
325, and 500°C) under nitrogen atmosphere in the
TGA pan, FTIR spectra were recorded from these sam-
ples after cooling the sample to the room temperature,

to get more information about the hydrogel structure.
These temperatures were chosen by checking the deg-
radation peaks in the TGA curves. After each degra-
dation temperature, sample was cooled and FTIR
spectrum was recorded in the separated experiments
and given in Figure 5. In Figure 5(A), FTIR spectrum
of the hydrogel obtained after heating the hydrogel up
to 190°C was shown. In this spectrum, there was no
significant change, compared to the original spectrum
of the hydrogel. Only intensity of the absorption band
at around 3370 cm ™' was found to be decreased be-
cause of the releasing of water molecules retained in
the hydrogels, during normal drying processes at low
temperature in vacuum oven. When the FTIR spec-
trum was recorded for the hydrogel after heating up to
260°C under the nitrogen atmosphere, the absorption
bands at 1235, 1005, and 948 cm ™' disappeared and
the others did not change [Fig. 5(B)]. These absorption
bands were assigning to the absorption bands of free
ATU retained in the hydrogels, even if the hydrogels
were rinsed many times with water after the synthesis.
The broad absorption band at 3370 cm ™! in the origi-
nal spectrum of hydrogel [see Fig. 5(A)] was splitted
to some absorption bands such as 3585, 3388, 3241,
and 3100 cm ™!, when the temperature was increased
up to 325°C [Fig. 5(C)]. This behavior might be be-
cause of the loosing of water from hydrogels. In this
manner, hydrogen bonding capacity of the hydrogels
decreased and free absorption bands of NH and NH,
groups appeared in the spectrum. Also, absorption
band wavenumber of amide C=0O stretching shifted
from 1665 to 1693 cm ™! because of water elimination
and reduction in the intrahydrogen bonding capacity
of hydrogels. However, the absorption band at 1154
cm ™! that corresponds to —NH, absorption band of
ATU shifted to 1216 cm™'. When the hydrogel was
heated up to 500°C, all absorption bands of the origi-
nal FTIR spectrum of the hydrogels almost disap-
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Figure 5 FTIR spectra of poly(NHMMA-ATU) synthesized
from monomer mixture containing 7.5% ATU, after heated
up to 190°C (A), 260°C (B), 325°C (C), and 500°C (D).



1662

120 - 12
428°C A
100 e
Los <
-~ ¥ S
2 Lbs E
i - 301°C ¥
ks kot =+
- 18°C Ln‘ :
89°C -
4 L0
] T T T T LH
L] 100 400 (1] 00
I’mptral:lrﬂ"t'l
120 - 1.2
' 418 °C C '
100 | | i
t 3
| )
. =N E
i Los :l;.
E o0 91°C t *
= R4 7
“ |
i} £
; !
10+ - = 0.0
0 . . . E— 1
1] 200 dik} Gl Wb

Trmperatare 1.“( ¥

SAHINER ET AL.

425°C B l
160 4 ! Fo
Los &
~ N o |_ F3
= A
- FO6 2
"i i - L L -g
Kt 300°C | -
= Fo4
- 1] »
= 230°C For ¥
98 °C §81°C r -
20 - bae
L T T y—— T -4}
0 bt (] diy G0 ki
Temperature "0
120 - L2
asc D
100 L
08
- - [ #
T Llj.ﬁ 3
I 6~ |. <
3 285°C Fos 2
= - b £
Lor £
| =
Ll [-u.u
o T 1 1 1 : il‘
0 100 Sk 0 $00
'lmprnl-n{"{']

Figure 6 TGA and DTG curves of poly(NHMMA-ATU) hydrogels. Hydrogels synthesized from 7.5% ATU containing
monomer mixture at 0.2 kGy (A), 0.4 kGy (B), 0.8 kGy (C), and 1.4 kGy (D).

peared and the structure of the hydrogels destroyed
completely [Fig. 5(D)].

Characterization by TGA

To investigate the effect of the different radiation
doses on the production of poly(NHMMA-ATU) hy-
drogels, TGA was performed. For the characterization
of the stability of the polymeric hydrogels, TGA re-
sults were obtained for all types of polymeric hydro-
gels. TGA and derivative thermogravimetric (DTA)
curves of the hydrogels are shown in Figure 6 with
changing radiation doses. At low radiation doses, the
conversion of the monomers to the poly(NHMMA-
ATU) hydrogels was not completed and some higher-
order oligomeric forms were retained in the hydro-
gels, even if the hydrogels were rinsed many times. In
Figure 6(A), beside two main degradation peaks, two
other peaks occurred from the degradation of higher-
order oligomeric species. The main degradation peaks
maxima observed at 301 and 428°C are because of the
existence of two different monomers in the hydrogel
structure. The other peaks on the DTA curve at 89 and
228°C characterize the water releasing process and
oligomeric species degradation. When the radiation
dose was increased from 0.2 to 1.4 kGy [Figs. 6(A-D)],

only two main degradation peaks remained and the
other low-intensity peaks that correspond to the water
releasing and oligomeric degradation disappeared be-
cause of the complete conversion of the all monomer
to the hydrogels at high radiation doses.

Ionic strength effect on the equilibrium swelling
ratio

The equilibrium swelling ratio was examined by
changing the ionic strength between 1 X 107> and
2.5M in the swelling solution, using NaNO; at two
different pHs, 0.5 and 7.0 (Fig. 7). At pH 0.5, equilib-
rium swelling ratio of the hydrogels increased (but not
dramatically) to about 7.0% between 1 X 107> and
0.1M and then it decreased to about 5.0%, when the
ionic strength reached 2.5M. At pH 7.0, the equilib-
rium swelling ratio remained unchanged between 1
X 1072 and 0.1M ionic strength, but increased about
10.0% when the ionic strength reached 0.1M. All of
these results showed that there was no critical incre-
ment when the ionic strength of the swelling solution
changed in the wide range of 1 X 102 and 2.5M. This
means that there was no high degree of the charged
functional groups onto the hydrogels except very low
pHs.
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Figure 7 Swelling behavior of poly(NHMMA-ATU) hydrogels in different ionic strength solution at two different pH values.
Irradiation dose: 1.4 kGy; ATU content in the irradiation mixture: 7.5%.

Oscillatory swelling behavior

The response of the hydrogels against swellability, by
repeatedly changing the pH of the medium from 0.5 to
7.0, was examined and shown in Figure 8. For these
experiments, the same hydrogel was replaced in to the
solution at pH = 0.5 and kept the hydrogels in this
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Figure 8 Oscillatory swelling behavior of poly(NHMMA-
ATU) hydrogels at pH 0.5 and 7.0 in the 24 h intervals.
Irradiation dose: 1.4 kGy; ATU content in the irradiation
mixture: 7.5%.

solution for 24 h. After this period, hydrogels were
taken out and weighed to find the equilibrium swell-
ing ratio. Then, the same hydrogels were placed into
the other solution having pH 7.0, for another 24 h. This
process was repeated more than five times. In each
case, equilibrium swelling ratios were found to be
around 86% + 1% at pH = 0.5 and 97% + 1% at pH
= 7.0. The results of these experiments showed that
pH-sensitive poly(NHMMA-ATU) hydrogels are
quite stable at different pH conditions, showing no
structural change in the hydrogels resulted from harsh
pH values. Also, the results confirm the reversibility of
the swelling process.

CONCLUSIONS

In this communication, synthesis and characterization
of poly(NHMMA-ATU) hydrogels synthesized by a-
radiation at different radiation doses and different
monomer ratios in water solution was reported. At
high radiation doses and also at high ATU content,
rigid hydrogels containing high amount of ATU were
managed to obtain. Thiourea-type functional group
polymeric sorbent could be used for the selective re-
covery of precious metal ions beside the high concen-
tration of the other metal ions, at low pH values. The
hydrogels synthesized in this study have open pore
structure to allow the metal ions and also biomol-
ecules penetrate the internal cavities of the hydrogels
and increased the adsorption capacity of the adsor-
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bents on/in the hydrogels. It was also noted that
hydrogels produced at high radiation doses had rigid
and swellable structure for the adsorption applica-
tions even in the harsh conditions. The precious-met-
al-ion recovery from geological samples onto these
hydrogels is currently under study.

The authors acknowledge Prof. Renato Zenobi from ETH,
Ziirich, Switzerland, for his help to get the elemental anal-
ysis results.
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