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ABSTRACT: Poly(acrylic acid-co-acrylamide) hydrogels were prepared via free-radical solution polymerization, crosslinked with
ethylene-glycol-dimethacrylate, potassium persulfate/ammonium bisulfite as the initiator, and applied in the removal of Cu(II) ions
from aqueous solutions. Molar ratios of acrylamide/acrylic acid moieties and the amount of crosslinking agent were varied to deter-
mine the swelling capacities of hydrogels and maximum metal uptake. Polymerization kinetics was investigated by 'H-NMR. Hydrogel
physicochemical properties were characterized by nitrogen sorption measurements, elemental analysis, FTIR, and X-ray photoelectron
spectroscopy (XPS). Swelling results indicated that hydrogels were swollen up to 27,500%. Hydrogels showed equilibrium Cu(II)
adsorption capacities of 211.7 mg g~ ' and fast kinetics (~20 min). Langmuir isotherm fitted adsorption equilibrium data. FTIR and
XPS results helped in elucidating the presence of monodentate copper complex on the surface of hydrogels. A simple synthesis route
of hydrogels using the redox initiator suggests the potential application in the removal of toxic metals from aqueous streams. © 2013
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39933.
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these ions.*? For example, the toxic effects of Cu(Il) ions to
human health include gastrointestinal disturbances, such as
nausea, abdominal pain, diarrhea, and vomit, and can appear if
water concentrations of this metal exceed 6.0 mg L™'.> Because
of these reasons, the maximum Cu(II) concentration in drink-
ing water has been set to 2.0 and 1.3 mg L™' by the World
Health Organization (WHO) and the United States Environ-
mental Protection Agency (USEPA), respectively.*”

INTRODUCTION

Pollution problems are becoming so diverse and have increased
in magnitude as much as the modern society is becoming more
aware of the risks the pollutants pose to both human health
and environment. One of these problems is the water pollution
by heavy metals, caused in part by an increase in the number of
wastewater discharges from many types of industrial activities,
including chemical, metallurgic, paper, food, and electronics.'
Several techniques have been used to reduce/eliminate heavy
metal concentrations from industrial wastewaters,
include precipitation,'® inverse osmosis,'' electrodeposition,'* and
evaporation,”> among others."*'® However, these techniques pres-
ent several limitations. For instance, precipitation of the metal

In some developing countries, these wastewaters receive little or
null treatment and are discharged to the environment contain- and these
ing large amounts of metal ions such as mercury, chromium,
lead, nickel, and copper.>” The concentrations of these ions are

almost always above the permitted limits established by the reg-

ulations.” Reduction of metal ion concentrations to comply
with regulations is an industrial challenge and it has received
considerable attention due to the high degree of toxicity of
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ions by using hydroxides or carbonates can reduce some metals
to the parts-per-million level.'"”™** This method fails in the pres-
ence of solubilizing agents like ammonia or cyanide that often
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coordinate to the metal ion to form stable soluble complexes and
prevent further metal precipitation®® During evaporation of
wastewaters containing heavy metals, noxious gases such as sul-
fides can be produced.'> Reverse osmosis utilizes a semipermeable
membrane to filter dissolved salts from water under pressures
exceeding the osmotic pressure of the salts in solution. This
process is limited by the capacity of the membrane to support
long-term pressures and to withstand extreme pH.*' Since the
preceding techniques have had limited success and efficiency in
removing metal ions from aqueous streams, exists the need for
alternate methods to remove these metal ions.

Polymeric hydrogels have demonstrated to have high capacities of
Cu(Il) uptake, since they can interact with the functional groups
present along the hydrogel polymeric network.®>'*'®*>* The
metal uptake mechanism by hydrogels has been related to their
high water permeability and to the presence of small solutes such
as heavy metal ions. Specifically, hydrogels composed of acrylic
monomers like acrylic acid (AA) and acrylamide (AM) have dem-
onstrated to be good adsorbents towards heavy metals and some
other multiple applications that are still under investigation.”*’
For instance, Xiao-Jie et al. synthesized an acrylic hydrogel like-
adsorbent material that exhibited good ion recognition for Pb***®
Hyun Jang et al.* obtained acrylic composite hydrogels for Pb>*
removal from aqueous solutions. For these materials, the removal
mechanism was highly dependent on the solution pH. Utfuk Yildiz
et al.,”” synthesized nonionic hydrogels by radical homopolymeri-
zation of N-vinyl-2-pyrrolidone (VP) and by radical copolymer-
ization of VP with methylacrylate (MA) as binding materials for
Cu**, Cd**, Ni?*, and Zn*", obtaining Cu>" binding capacities
of 60-110 mg Cu/g hydrogel at pH values of 2-8 in the case of the
copolymer P(VP-co-MA). Consequently, the design of hydrogels
with improved metal uptake capacities has to be based on the
selection of functional groups, such as carboxylic, amide, etc,
which are known to be good chelating sites to bind metal cations,
as well as the type of both initiator and crosslinking agent.

In view of our interest in industrial applications of adsorptive
hydrogels that can be obtained under mild reaction conditions, a
simple synthesis route to prepare acrylic acid/acrylamide hydrogels,
is presented here. The aim of this work was to synthesize and char-
acterize acrylic acid/acrylamide-based polymeric hydrogels using a
chemical initiator and different amounts of crosslinking agent
expecting to obtain high ligand densities, improved metal ion
uptake capacities, fast kinetics, and easily swollen structures to
facilitate the entrance of metal ions to chelating sites. The Cu(II)
uptake capacity of the hydrogels was compared with other poly-
meric materials including some biomaterials used for similar appli-
cations. The polymerization reaction evolution of hydrogels was
studied in situ by using 'H-NMR. The synthesized hydrogels were
characterized by Elemental Analysis, N, adsorption measurements,
FTIR, and X-ray photoelectron spectroscopy (XPS). The effect of
monomer ratios used, solution pH, and metal concentrations on
the extent of metal uptake by hydrogels were also investigated.

EXPERIMENTAL

Materials
Acrylic acid (AA, 99%), acrylamide (AM, 99%), and ethylene-
glycol-dimethacrylate (EGDMA, 98%), as the crosslinking agent
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were used as received (Sigma-Aldrich). Potassium persulfate
(98%, Caledon) and ammonium bisulfite (98%, Fermont) were
used as initiators. CuSO,-5H,O at 98% (Sigma-Aldrich) was
used for the metal uptake experiments. Calibration curves and
metal uptake experiments were performed with certified stand-
ard copper solutions of 1000 mg L~' (Sigma-Aldrich) and
deionized water with 18 MQm of resistivity.

Synthesis of Hydrogels

Polymerization by free-radical in solution was employed to synthe-
size poly(acrylic acid-co-acrylamide) hydrogels. In a typical experi-
ment, (AA : AM weight ratio = 50 : 50, equivalent to a AA : AM
molar ratio =1 : 1), 27.7 g of AM (0.39 mol) was dissolved in 55
mL of water and 26.94 mL of AA (equivalent to 0.39 mol) was
added to this mixture with a corresponding amount of EGDMA
(0.55 g for 1 % wt). The resulting solution was fed into a 0.5 L
rectangular reactor and the pH was adjusted to 7 with a 0.2M
KOH solution. This mixture was stirred for 5 min and left to rest
at 268 K for 24 h to control monomers side reactions in the redox
polymerization process.”®>> Then, 3 mL of potassium persulfate
(0.148M) solution and ammonium bisulfite (0.124M NH,HSO53)
were added to the mixture and heated to 318 K for 2 h using a
controlled temperature bath (LAUDA model E100). The resulting
rectangular plate was dried at 333 K for at least 72 h. The dried
hydrogels (xerogels) were thoroughly washed for 72 h with deion-
ized water to eliminate monomer and KOH residues. Hydrogel
samples were identified according to the monomer ratios
employed, as follows: samples from group A corresponded to
an AA : AM molar ratio of 1.2 : 1.0, samples from group B to an
AA : AM molar ratio of 1.0 : 1.0 and samples from group C to an
AA : AM molar ratio of 1.0 : 1.2. All samples in the three groups
used 1, 4, 8, and 16 % wt of EGDMA. Thus, sample Al corre-
sponded to a hydrogel with an AA : AM molar ratio of 1.2 : 1.0
and 1 % wt of EGDMA; sample A4 corresponded to the same AA :
AM molar ratio but with a 4 % wt of EGDMA, and so on. Same
identification procedure was applied to samples in groups B and C.

Swelling Measurements

Swelling capacity of the hydrogels was evaluated through gravi-
metric measurements. Cylindrical-shaped xerogels (ca. 0.7 ID and
3-mm thick) were dried at 313 K and immersed in 500 mL of
doubly distilled water at different times. The weight gained due
to water absorption was registered; the swelling amount of hydro-
gels S reported as percentage and as a function of the immersion
time was calculated by the following equation'®'®**72%;

S(%)= (%) X 100 (1)

where w; and w; represent the weights of dry and swollen
hydrogels, respectively.

"H-NMR Experiment

The progress of polymerization reaction was monitored by
'"H-NMR on sample Al, since this sample was the one that
removed the highest amount of Cu(II). The measurements were
made by placing into the NMR tubes, about 0.7 mL of a neu-
tralized solution of monomers AA (0.82 g) and AM (0.27 g),
EGDMA (0.022 g), and 1.1 mL of D,O. Polymerization was
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initiated by means of potassium persulfate and ammonium
bisulfite. "H-NMR spectra of this sample were recorded in situ
at different time intervals (0-90 min) before gelation occurred,
using a 200 MHz spectrometer broadband Varian Gemini 2000.
All spectra were taken at the proton frequency of 199.97 MHz
and at 313 K.

Maximum Cu(II) Uptake and Adsorption Equilibrium
Experiments

To determine the maximum Cu(Il) uptake of hydrogels, an
experiment was conducted on samples Al, A16, Cl, and C16 by
contacting 0.15 g of sample with 25 mL of a 1863 = 30 mg L™
copper initial solution at pHy= 4.4, at 298 K and agitated for
1 h. Suspensions were filtered and the final solution analyzed for
copper concentrations using atomic absorption spectrometry. The
amount of copper adsorbed onto the xerogels g (mg g '),
expressed on a xerogel mass basis, was calculated by a mass
balance between the initial and final solutions and expressed by:

_ CO_CF
T

where C, and Cr represent the copper ion concentrations in the
initial and final solutions (mg L7™'), respectively, V is the
volume of contacting solution (L) containing the metal ions
which remained constant between initial and final solutions,
and m is the weight of the xerogel (g).

Equilibrium adsorption measurements were conducted in the
batch mode on sample Al to determine the maximum Cu(II)
uptake in the pH range 3.0-5.0 to cover the range at which
many industrial wastewaters are disposed.”"***> Previous to
these measurements, hydrogel samples were rasped, ground,
sieved (mesh no. 40) using ASTM II specifications for sieve
trays (1.19-0.21 mm), swollen to maximum, and dried at 312 K
for 72 h until constant weight. Samples obtained from this
process are called xerogel. Several initial solutions with varying
metal concentrations (100-2000 mg L") and fixed pH were
prepared by dilution from a 2000 + 4.5 mg L™' CuSO,-5H,0
stock solution. Xerogel amounts of 0.15 g were contacted with
25 cm’® of initial solution for 1 h (which was the time when the
amount of metal adsorbed remained unchanged) in an
Environ-Shaker Model 3597 water bath at 298 K. Suspensions
were filtered, the pH of initial and final solutions was measured
with a Hanna Instruments model HI 98128 pH meter. Total
copper concentrations in the solutions were analyzed using a
Varian SpectrAA 220 atomic absorption spectrometer (Victoria,
Australia). The amount of copper uptake per unit mass of
hydrogel was determined by eq. (2). Triplicate measurements
were conducted and averaged values are reported.

Kinetics of Copper Uptake by Xerogels

To investigate the effect of both monomer ratio and crosslinking
agent on the Cu(Il) uptake rate, kinetic experiments were
conducted in a batch reactor on four samples (Al, Al6, BI, and
B16) at 298 K by using 20 cm® of a 300 = 1.5 mg L™ copper
solution at initial pH 3. A sample of 0.1 g of xerogel (125-180
um, and previously treated as described in the adsorption equi-
librium measurements) was introduced into a 250 cm’® reactor
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at time 0; solution samples were taken at different times and
filtered prior to the analysis of copper concentrations by atomic
absorption spectrometry. The amount of copper uptake per unit
mass of hydrogel was determined by eq. (2).

Elemental Analysis and N, Adsorption Measurements

The theoretical metal uptake capacity of the hydrogels was
determined by elemental analysis of C, H, N on samples Al,
Al6, Bl y Bl6, with an EA 1108 Fisons Instrument model
EA1108 CHNS. Nitrogen adsorption isotherms were obtained at
77 K on a Micromeritics Model ASAP 2020 (Norcross, GA).
The samples (0.5 g) were heated at 353 K for 12 h under
vacuum to remove all adsorbed species from the surfaces of
xerogels. The BET surface area was calculated using adsorption
data in the relative pressure range of 0.15-0.26 included in the
validity domain of the BET equation.

FTIR Analysis

Vibrational behavior of the xerogel samples on Cu-free samples
(Al and A16) and samples saturated with copper (A1-Cu and
Al6-Cu), was studied by FTIR spectroscopy with a Perkin
Elmer Spectrum One spectrophotometer using the potassium
bromide disk technique. The IR spectra were the averages of
150 scans with a resolution of 4 cm™" within a frequency range
of 450-4000 cm ™' at 298 K.

XPS Measurements

The synthesized xerogels were analyzed by XPS to determine the
chemical states of the surface functional groups and to elucidate
the nature of the surface copper complex formed. Measure-
ments were performed with a RIBER XPS spectrometer. The
base pressure in the analyzer was less than 4 X 1077 Pa. XPS
spectra were taken using a dual-anode (Mg and Al) X-ray
source, operating the Mg anode at 300 W (15 kV and 20 mA).
Before the measurements, samples were conditioned for 2 h at
373 K. High-resolution scans were performed over the range
800-1000 eV (Cu2p spectrum) with the pass energy adjusted to
50 eV. Survey scans for Cu 2p, N 1s, Cls, and Ols core-level
spectra were taken on Cu-free samples (Al) and on samples
saturated with copper (A1-Cu). After baseline subtraction, curve
fitting was performed using the nonlinear least squares algo-
rithm and assuming a Gaussian variable-proportion peak shape.
The positions of deconvoluted peaks were determined according
to reports from the literature and empirically derived values.

RESULTS AND DISCUSSION

'"H-NMR Analysis

The polymerization reaction progress was monitored by "H-NMR
measurements at different reaction times (¢ = 0-90 min). Figure 1
shows the results of the AA/AM copolymerization processes using
a mixture of potassium persulfate and ammonium bisulfite as
initiator. As it can be observed, the initial spectrum (¢ = 0) shows
two groups of multiplets due to the mixture of several spin
couplings among vicinal vinyl hydrogens (« and ) of the AA and
AM monomers centered at 5.5 and 5.9 ppm, respectively. More-
over, the most intense signal at 4.7 ppm corresponds typically to
the solvent (DOH), and some weak signals between 1.0 and 4.5
ppm can be attributed to the crosslinking agent. In general, the
polymerization carried out with redox initiators (like potassium
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Figure 1. Polymerization reaction progress (t=0-90 min) for sample A1 monitored by "H-NMR at 40°C.

persulfate and ammonium bisulfite) shows shorter polymerization
times compared to the ones when the acrylic/acrylamide copoly-
mer was obtained using photocatalysts.”” These results make the
synthesis route used in this work more attractive to prepare poly-
meric hydrogels due to an ease of implementation and the use of
room conditions. On the other hand, the '"H-NMR spectra of
Figure 1 shows that the polymerization progress can be appreci-
ated clearly by the broadening of the vinyl hydrogen signals
(0 =5.5 and 5.9 ppm) after 1 min (see spectrum at = 1) and is
almost complete after 20 min (¢ = 20) when the vinyl signals due
to the AA/AM monomers are almost absent. Furthermore, the
broad and weak signal intensity between 1.5 and 3.5 ppm confirms
the formation of the AA/AM copolymer backbone as well as its
poor solubility in the D,O medium. Also, as a consequence of this
polymerization process, the line width of the solvent signal
(DOH) at 4.7 ppm became broader due to the anisotropic effect.
This effect is caused by the different orientation of the water mole-
cules due to organization of the chains in the polymer. The broad-
ening of the DOH signal can reveal how the polymerization is
taking place. In a previous work,>* the anisotropic effect was more
noticeable because the DOH signal in the 'H-NMR spectra
became broader than the polymer shown in the present work.
Based on this comparison, it can be postulated that the polymer-
ization with photoinitiator could trigger the formation of several
intermediate free-radical species attributed to a less organized
polymer matrix’® in comparison with the polymer catalyzed by
our chemical redox initiator.

Swelling Properties of Hydrogels

The hydrophilicity property of the hydrogels was evaluated
through the swelling experiments. The degree of swelling is
used here to take advantage of the polymer chain opening to
provide an easy access to the Cu(Il) ions to the active sites.
Figure 2 shows the results of swelling measurements for the
three sets of hydrogel samples synthesized. It can be observed
that, in general, the sets of curves corresponding to 1%
EGDMA reached swellings of about 25,000% (samples Bl and
C1) and 27,500% (sample Al). It is evident from the three plots
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of this figure that swelling decreases as crosslinking agent
amount increases. This trend is less evident for samples of
group A (which contain an excess of AA), since swelling reached
about 24,600% for sample A16. In the case of samples of group
B (equimolar monomer ratio), the crosslinking agent causes a
swelling decrease from 25,000% (1% EGDMA) to 17,000%
(16% EGDMA). In the case of samples of group C (containing
an excess of AM), swelling decreases to about 12,000% even
with only 4% of crosslinking agent. This behavior has been
attributed to a lower affinity of AM for water molecules com-
pared to the one of AA.*?> The polymeric chains of AA/AM
hydrogels contain pendant carboxyl and amide functional
groups, and depending on the medium (acid or basic), they can
show protonated or deprotonated moieties (ionic form) as well.
These groups are polar in nature and they confer the hydro-
philic property to the hydrogels®?” and interactions are
promoted between these functional groups and water molecules
through hydrogen bonds. The results obtained from the swelling
measurements on our synthesized hydrogels, suggest strong
interactions between water molecules and AA, and they agree
with reports from literature.’*™*® On the other hand, the cross-
linking degree of hydrogels has a significant impact on the
amount of water uptake by these materials by decreasing the
swelling capacity due to structural restrictions in the polymer
chain arrangement. As it was expected, the higher the crosslink-
ing degree obtained the shorter the distances between the cross-
linked points along the hydrogel chains.”® In summary, the use
of a chemical initiator of the polymerization reaction in this
work appears more attractive for metal ion removal applications
when compared to other types of initiators such as photoinitia-
tors and UV light previously reported®> due to the mild
reaction conditions of synthesis used in our work and improved
metal uptake.

Kinetic Measurements

The kinetic results of copper adsorption onto hydrogel samples
with two monomer ratios and varying amounts of crosslinking
agent (Al, A16 and BI1, B16) are shown in Figure 3. From these
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Figure 2. Swelling kinetics of hydrogels synthesized using different AA/
AM ratios, a mixture of potassium persulfate and ammonium bisulfite as
initiator, and several amounts of crosslinking agent (EGDM): (a) Samples
from group A (AA : AM =75 : 25), (b) samples from group B (AA :
AM =25 : 75), and (c) samples from group C (AA : AM =50 : 50). (See
text for group identification).

curves, some points can be addressed: (a) the determining
factor in the sorption process is directly related to the composi-
tion ratio of AA/AM in the hydrogels and not to the copper
ions nature. According to this, the relation between copper
uptake and the nature of the AA/AM hydrogel is mainly driven
by the reactivity of the COOH groups of AA, and to a lesser
extent to the CONH, groups of AM, to undergo replacement
reactions with the copper ions. (b) For the copper concentra-
tion examined, near equilibrium is attained in about 20 min for
all samples. This result is important if the hydrogels are going
to be used in the removal of metal ions from industrial streams.
For all samples, attaining equilibrium at these times reflects the
presence of minimal mass-transfer resistances. (c) The sharp
decreasing trends in copper concentration in the interaction
times are due to a lower crosslinking degree in samples Al and
A16 (higher interchain space).
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sites located between the polymeric chains of hydrogel (mainly
OH groups from the carboxylic acid). The interaction between
the OH groups and copper ions is supported from the FTIR
results. These results are in agreement with reports of research
conducted on hydrogels for similar cations removal.'® It has
been reported that hydrogels with swelling greater than 5000%,

240 |
211.7

Q
2 160 - 1486
o !
2
= 109.8
2 T
o
o 72.9
g sof .
=2

0
At A16 ct c16

Figure 4. Maximum Cu(II) uptake on hydrogel samples Al, Al6, C1, and
C16. Experimental conditions: [Cu(II)]o=1863 =30 ppm, pHf=44,
T=298 K, m=10.15 g xerogel, V=25 cm’, contact time =1 h.
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surface, while the Freundlich isotherm is derived by assuming a
o pH=33 heterogeneous surface with a nonuniform distribution of heat
200 - x 4 pH=42 of adsorption over the surface and can express multilayer sorp-
] - E:n;:]Zir tion. The Langmuir and Freundlich isotherms may be expressed
3 ---- Freundlich respectively as:
g q=K Gmax C/(1+KC) (3)
£ 100 |-
2
3 q=aC1/ " (4)
g
e where g is the maximum amount of copper adsorbed
oL ] (mg gfl), K is the sorption equilibrium constant (L mgfl),
C is the equilibrium concentration of the copper ions in the
. . . solution (mg L"), a is a constant representing the sorption

0 ' 700 ' 1400

Equilibrium concentration mg L’
Figure 5. Adsorption isotherms for copper uptake by hydrogel sample Al
at three different solution pH values and fittings to Langmuir and
Freundlich adsorption isotherms. Experimental conditions: solution vol-
ume = 25 cm’; hydrogel weight =0.15 g; T=298 K.

have polymer chains open and functional groups exposed, creat-
ing active sites with more possibility of interacting with the
heavy metal ions.*'>!'>!?2 A study is in progress to investigate
if there is a correlation between the amount of metal uptake
and the degree of swelling of hydrogel.

To obtain a quantitative understanding of the adsorption phe-
nomena of Cu ions on the synthesized hydrogels, Langmuir and
Freundlich isotherms have been used to model the sorption
process. The Langmuir isotherm assumes monolayer coverage of
the adsorbate over homogeneous surface and equal sorption
activation energy for the sorption of each molecule onto the

capacity (mg'~"" LY" g™'), and n is a constant depicting the

sorption intensity. Figure 5 shows the sorption isotherms of
copper ions on sample Al, since this sample showed the highest
copper uptake; the Langmuir and Freundlich regressed constants
are given in Table I. The regressed values of model parameters
indicate that the proposed Langmuir model can predict the
copper adsorption phenomena satisfactorily at pH 4.20 and
4.70. Overall, the correlation coefficients R*> are closer to 1 in
the case of the Langmuir equation than the corresponding ones
using the Freundlich isotherm at these two pH values. However,
predictions are less accurate at the acidic pH value of 3.30 for
the Freundlich case. This result can be explained on the basis of
poor chain-opening caused by EGDMA, which blocks the access
of the copper ions to the adsorption sites.

To explore possible applications of hydrogels as adsorbent mate-
rials, a comparison was made of hydrogels synthesized in this
work with others that could remove copper ions. Table II shows
a quantitative comparison with other acrylic polymeric func-
tionalities. Among the materials shown in the table, hydrogels

Table I. Regressed Parameter Values of Langmuir and Freundlich Isotherms on Hydrogel Sample Al

Langmuir Freundlich

pH K({Lmg? Gmax (Mg g™?) R2 n A (mgttin | g1 R2
8.310 0.017 104.17 0.4198 3.85 12.73 0.4249
4.20 0.004 263.16 0.9541 3.95 33.00 0.9333
4.70 0.006 294.12 0.9697 2.88 2513 0.9009
Table II. Comparison of Copper Uptake for Different Materials
Hydrogel Chelating group(s) Cu(ll) uptake (mg g™ References
Poly(vinylpyrrolidone/acrylic acid) —COOH 23 16
Poly(acrylic acid-co-itaconic acid) —COOH 0.5-99.0 37
Poly[acrylamide/N-vinyl pyrrolidone/3-(2-hydroxyethyl —COOH, —OH 46 41
carbamoyl)acrylic acid]
Poly(vinylpyrrolidone)/poly(vinylpyrrolidone- —N—, —COOH 35-70 (pH=2) 27
co-methylacrylate)

75-130 (pH=5)

92-170 (pH =8)
Poly(acrylic acid-co-acrylamide) —COOH, —NH2 72.9-211.7 This work
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Figure 6. FTIR spectra of hydrogel samples: (a) Al, (b) Al-Cu, (c) AlS6,
and (d) Al16-Cu.

with vinylpyrrolidone/acrylic acid are the least efficient in
removing copper whereas a hydrogel synthesized by UV photoi-
nitiation shows copper removal capabilities comparable to those
of our Al sample. Our materials have improved copper uptake
capacities and show potential to be used in aqueous effluents
separations.

FTIR Spectroscopy

Information about the complexation interactions between cop-
per ions and the chelating groups of hydrogels (e.g., —OH and
—NH,) can be obtained from the FTIR spectra before and after
copper uptake. In Figure 6, the FTIR spectra of the fresh hydro-
gels Al and A16 [spectra (a) and (c), respectively], as well as
with copper adsorbed A1-Cu and A16-Cu [spectra (b) and (d),
respectively] are shown. Common characteristics are readily
apparent from the spectra. In the case of fresh hydrogels (Al
and A16), bands are observed at 3400 cm™' due to stretching
vibrations of the —OH groups from both the carboxylic acid of
the acrylic monomer and from water molecules adsorbed on
the surface of hydrogel, as well as the N—H bond from acryl-
amide.*>™*® Another band is present in the spectra of these two
samples at 2942 cm~ ' due to the stretching vibrations of C—H
bound related to the hydrocarbon backbone of the polymer
(possibly methylene —CH,— groups). The presence of these
groups is also confirmed by a band at 1450 cm ™" attributed to
the bending vibration of these moieties.* In the same spectra,
two bands are observed in the region between 1500 and 1700

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

39933 (7 of 11)

Applied Polymer

CIENCE

cm~ ' due to the C=O bond: the band at around 1666 cm ™'
corresponds to the stretching vibrations of carbonyl group from
amide group and the band at 1566 cm™' is attributed to
carboxylate groups (formed during the neutralization step with
KOH in the hydrogel synthesis). Additionally, the C—N and
C—O stretching vibrations from amide and carboxylic moieties
are observed in the bands located at around 1400 and 1323
cm !, respectively.>***® When the spectra of the samples Al
and A16 are compared, significant changes are observed in the
intensities of bands at 1666 cm ™' and 1566 cm™' due to the
different percentages of EGDMA used as crosslinking agent as
well as to the different monomeric ratios used in the synthesis
of these samples. In fact, sample A16 (with the highest amount
of EGDMA) shows contributions to these carbonyl bands from
the ester part at around 1660 cm™ ' of this crosslinking agent.
On the other hand, the copper uptake by samples Al-Cu and
Al6-Cu [Figure 6(b,d)] produces changes in some of the band
patterns compared to the fresh hydrogels [Figure 6(a,c)]. For
example, the band at around 3400 cm ' in both hydrogels
appears wider (i.e., less intense and different shape) due to cop-
per influence. This absorption band that appears modified in
both samples corresponds to stretching vibrations of hydroxyl
groups of the carboxylic acid (—OH) and the —NH groups of
the amide as it was assigned above. The influence of the Cu in
the hydrogels is also extended to carbonyl bands (1667 and
1566 cm™') averaging to a broader band at 1625 and 1661
cm” ! in the samples A1-Cu (b) and A16-Cu (d), respectively.
In the case of the band at 1625 cm ™" (spectrum b), this emerg-
ing band could be related to the classical signal known as amide
I, whereas the band at 1661 cm™ (spectrum d) due to the
presence of the C=0O from amide seems not to be completely
affected by the copper. In contrast, the intensity of the last two
bands at 1402 and 1323 cm™ ! (C—N and C—O, respectively)
was clearly affected as a consequence of the Cu ions adsorption.

Results of Elemental Analysis and N, Adsorption
Measurements

Elemental analysis was conducted on hydrogel samples Al, Al6,
C1, and C16 to confirm the formation of copolymer through
the C/N ratio. The chemical composition of the copolymer was
done through the quantification of the nitrogen amount (from
acrylamide) that is related to the copolymer network and asso-
ciated to the total amount of carbon contained in the original
monomers and the crosslinking agent.” It can be observed
from Table IIT a decrease in the C/N ratio between samples A
and C, corresponding to AA : AM molar ratios of 1.2 : 1.0 and
1.0 : 1.2, respectively. These results confirm that samples from
group C contain the highest amount of nitrogen. Moreover, the
results obtained for all samples are in agreement with the stoi-
chiometric values used when hydrogels were synthesized. In the
case of samples A, the results are also supported from the FTIR
results where formation of hydrogels is confirmed. On the other
hand, to determine the presence of pores, nitrogen adsorption
and desorption measurements were conducted on the synthe-
sized dry (sample Al). The results of these measurements
showed a negligible BET surface area of 0.5947 = 0.0686 m*/g
for sample Al and absence of pores with small dimensions
(calculated by the BJH method).*®** These results indicate that
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Table III. Elemental Analysis Results on Hydrogel Samples A1, Al6, Cl,
and C16

Sample %C %H %N %0 CIN
Al 47.32 6.46 4.28 41.94 11.05
A1-T® 50.23 5.96 491 38.90

Al16 46.64 5.40 6.68 4112 6.98
A16-T? 51.59 6.10 4.26 38.05

C1 45.72 6.06 11.17 37.05 4.09
C1-T® 51.59 6.10 14.63 28.03

C16 4537 6.18 11.08 37.37 4.09
Ci16-T° 51.86 6.72 12.74 28.58

2T = theoretical value obtained from the stoichiometry of the polymeriza-
tion reaction.

polymer chains within the dry hydrogels are compacted, impair-
ing the nitrogen molecules to penetrate the internal structure of
hydrogel during these measurements.

XPS Analysis

XPS analysis was employed here to study the chemical surface
composition of the synthesized hydrogels before and after
copper adsorption. The high-resolution of core-level spectra
(C 1s, O 1s, N 1s, and Cu 2p) resolved into individual compo-
nent peaks, are shown in Figure 7 for sample Al. The transition
window of C Is in the case of fresh hydrogel Al [Figure 7(a)]
consists of a strong signal of graphitic carbon at 284.5 eV*’
which corresponds to the ubiquitous carbon found by the XPS
technique mixed with carbon linked to hydrogen atoms.”® The
shoulder at higher BE is fitted with two signals: one at 286.1 eV
which is a typical value for carbon in C—0* or C—N°' frag-
ments, whereas the signal at 288.0 eV rises when the carbonyl
group (C=0) is present.**>' When the hydrogel was contacted
with the copper ions solution (sample A1-Cu), the carbon spec-
trum was fitted with three curve components [Figure 8(a)],
similar to the sample before copper adsorption, but in this case
the intensity at 288.0 eV increased indicating a higher content
of carbonyl carbon. This carbonyl observed by XPS corresponds
to the carboxylic group and to the deprotonated carboxylate
groups.”®” In the case of the Ols core level of sample Al
[Figure 7(b)], three components were required to reproduce the
spectrum with positions at 532.9, 531.5, and 529.8 eV. The first
signal has a typical value for oxygen in carboxylic acids,”* and
represents the protonated hydroxyl regions of the hydrogel. The
second signal is associated to carbonyl oxygen in carboxylic
acids™® and amides.> The signal at 529.8 eV can be assigned to
the amide oxygen, while the spectrum with BE of 531.5 eV
would correspond to carbonyl oxygen of the protonated carbox-
ylic groups and the ionized carboxylate form.’*>® Furthermore,
the analysis of the O 1s spectra of sample Al, shows that the
signal intensity at 529.8 eV of carbonyls increased, and achieved
an area close to that of the —OH (532.9 eV) when this sample
was treated with the copper sulfate solution [Figure 8(b)]. This
fact suggests a protonation of the carboxylate moieties likely
due to acidification during the copper retention experiments,
even though, there are remaining carboxylate groups (detected
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Figure 7. XPS high-resolution spectra collected for sample Al. a) C Is, b)
O 1s, ¢) N 1s. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

by FTIR) available for copper retention. The spectrum for N 1s
was fitted with only one curve whose binding energy (BE)
matches with the energy found in nitrogen atoms from amide

groups5 L3 i1 the case of sample Al [Figure 7(c)] and remained
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Figure 8. XPS high-resolution spectra collected for sample A1-Cu. a) C 1s, b) O 1s, ¢) N 1s, d) Cu 2p. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

almost invariant in sample Al-Cu [Figure 8(c)]. These results
suggest that copper did not affect the chemical environment of
the amide group; however, the nitrogen center has a pair of
electrons and then a negative partial charge that could be stabi-
lized by copper (II) cations. The Cu 2p spectra of sample
Al-Cu [Figure 8(d)] shows the presence of copper, whose split
spectrum from the 2ps, and 2p;, core level was fitted with
only one curve. The position of the 2ps/, signal at 933 eV indi-
cates the divalent character of the copper cation,”® which is
likely coordinated to the carboxylate groups since this deproto-
nated form predominates over the carboxylic groups. In addi-
tion to XPS information, the FTIR spectroscopy suggested that
the carboxylate groups coordinated the copper cations through
one oxygen via a monodentate coordination.*®

CONCLUSIONS

Hydrogels were synthesized employing acrylic (AA and AM)
monomers and applied in the removal of copper ions from
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aqueous solutions. Hydrogel samples from group A (with high
content of acrylic acid) showed the maximum swelling capacity
(27,500%). This swelling degree is advantageous for copper
uptake due to a higher exposure of pendant functional groups.
Completed polymerization reaction and the absence of residual
monomers were demonstrated by "H-NMR which is a desirable
feature if the hydrogels are to be used for industrial applica-
tions. The use of redox initiators in the synthesis route demon-
strated a significant improvement in polymerization times
compared to the ones when photocatalysts were used. These
results make the synthesis route used in this work more attrac-
tive to prepare polymeric hydrogels due to an ease of imple-
mentation and the use of room conditions. Short copper uptake
times of 20 min were obtained from kinetic measurements and
a maximum of 2 h of contact time reflecting the presence of
minimal mass-transfer resistances. Results showed equilibrium
adsorption capacities higher than the corresponding of other
materials found in the literature. Complexation interactions
between copper ions and the chelating groups of hydrogels and
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the presence of a monodentate copper-carboxylate moiety of
synthesized hydrogels were determined based on the FTIR and
XPS results. A simple synthesis route for the preparation of
hydrogels with high copper uptakes and enhanced physical
properties were demonstrated in this work.
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