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Abstract
New hydrogels (HG) were synthesized in aqueous medium by free radical polymerization of N,N-dimethylacrylamide (DMAA)
and 2-oxazoline macromonomer (MM) initiated by potassium persulfate (KPS) and catalyzed by N,N,N,N′-
tetramethylethylenediamine (TEMED). In this polymerization, the monomer DMAA was also used as a crosslinker because it
has the ability of self-crosslinking in the presence of peroxodisulfate initiator type. The macromonomer (DP = 24) was a gradient
copolymer of 2-methyl-2-oxazoline and methyl-3-(oxazol-2-yl)-propionate with a styryl end group. 1H high-resolution (HR)-
MASNMR spectroscopy allowed to confirm the structure of hydrogels and to determine the molar content of DMAA andMM in
each of them. Hydrogels (HG-H) containing carboxylic groups were obtained by basic hydrolysis of HG. Hydrolyzed hydrogels
(HG-H) were used for the adsorption of methylene blue (MB) in aqueous medium. It was found that theMB adsorption increased
as the initial MB concentration increased, and maximum adsorption capacities were found. The influence of pH value on MB
adsorption was evaluated, showing that the MB adsorption capacity of the hydrogels was higher at pH value ≥ 5.7. Adsorption
isotherms were studied using Langmuir and Freundlich models. The latter model describes best the process suggesting a possible
adsorption mechanism through electrostatic interactions between MB and HG-H hydrogels. The MB adsorbed inside the
hydrogels, could be removed with an acidic solution and therefore the hydrogel could be applied to adsorb MB again.

Keywords Hydrogels . DMAA self-crosslinking .Methylene blue . Polyoxazoline

Introduction

The use and application of organic dyes in different industries
generally produce polluted and colored wastewater that can
affect aquatic flora and fauna. Treatment and removal of pol-
lutants from wastewater can be carried out using physical,
chemical, and biological techniques [1, 2]. Among these, ad-
sorption techniques stand out due, in general, to their high
colorant adsorption values, a relatively low-cost process, low
complexity, and no release of toxic products [2–4]. In recent
years, there has been a great interest in the investigation of

hydrogels that can generate high adsorption capacity and that
may have different functional groups in their structure that
would allow modifications and, therefore, could make them
selective for certain contaminants [2, 5–11].

One of the most widely used substances in the textile indus-
try for dyeing cotton, wool and silk is methylene blue (MB) [2,
7, 8]. However, its presence in textile wastewater can cause
health damage such as permanent eye damage, tissue necrosis,
shock, cyanosis, heart disease and allergic reactions [7, 8].

Dimethylacrylamide polymers have a hydrophilic and bio-
compatible character and exploiting this fact, a series of
hydrogels have been prepared by polymerizing DMAA with
various monomers, some of which were used to adsorb meth-
ylene blue [7–9]. For example, Hernandez et al. [7], obtained
hydrogels of DMAA and Hydroxyethyl methacrylate
(HEMA), with a macroporous structure, which have a maxi-
mum adsorption capacity of 80 mgMB g−1 HG in 4 h. On the
other hand, Bekiari et al. [9], using DMAA and sodium acry-
late hydrogels found that the adsorption capacity of MB was
higher at basic than at acid aqueous medium and the maxi-
mumMB adsorption value obtained was 783 mgMB g−1 HG
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at pH 12. Normally, conventional crosslinkers have been used
to obtain DMAA hydrogels [6, 7, 9], but Cipriano et al. used
the extraordinary property that DMAA presents known as
“self-crosslinking” [10, 11], which occurs when polymerizing
th is monomer via f ree rad ica l s wi th potass ium
peroxodisulfate-type initiators or photoinitiation with
camphorquinone and diphenyliodonium hexafluorophosphate
[12]. In this way, hydrogels with excellent mechanical resis-
tance and high water absorption were obtained. Which was
attributed to its homogeneous crosslinking and high polarity.

On the other hand, poly (2-oxazolines) have attracted the
interest of the international scientific community due to their
special properties such as the biocompatibility of polymethyl-
and polyethyloxazoline and the fact that polymers with a con-
trolled molecular weight can be obtained and furthermore
these macromolecules can be easily functionalized through
appropriate initiators, terminators and monomers. All these
properties are the product of the “living” ring-opening cationic
polymerization of 2-oxazolines [13–15]. A series of hydrogels
have been synthesized from the oxazolines which have prop-
erties to be used in the field of medicine and biotechnology
because they have, for instance, the properties of biocompat-
ibility, antifouling, adsorption of pigments and heavy metal
cations and sensitivity to temperature [13–19]. For example,
recently, Xu et al. synthesized new hydrogels from 2-
isopropenyl-2-oxazoline) and pillar(5)arene with excellent
mechanical properties and adjustable water absorption, which
were able to adsorb different pigments, including methylene
blue, obtaining a maximum adsorption of this dye of
45 mg g−1 hydrogel [17]. Applying the characteristics of the
“living” polymerization of the 2-oxazolines it is possible to
obtain 2-oxazoline macromonomers with predetermined po-
lymerization degree, variable functionality and different chain
end vinyl groups, such as styrene, acrylates, etc. [18, 19].
These materials can be incorporated into various architectures
such as comb polymers, graft copolymers, star polymers, and
hydrogels and these new materials can find application as
surfactants, in controlled drug delivery, surface modification,
adsorption of pollutants, etc. [14, 15, 18].

In the present study, the synthesis and characterization of
new hydrogels obtained from the copolymerization of N,N-
dimethylacrylamide (DMAA) and a 2-oxazol ine
macromonomer (MM) and the adsorption of methylene blue
(MB) for these hydrogels was investigated.

Experimental part

Materials

Chloromethylstyrene (CMS) (Aldrich, mixture of isomers
70 mol% meta and 30 mol% para) and N, N, N′, N′-
tetramethylethylenediamine (TEMED, Aldrich) were purified

by distillation before use. Acetonitrile (Aldrich) was purified
by fractional distillation (Merck). N,N-dimethylacrylamide
(DMAA), potassium persulfate (KPS), methylene blue (MB)
(Aldrich) and solvents were used as received. 2-Methyl-2-
oxazoline (MeOxa) and methyl-3-(oxazol-2-yl)-propionate
(EsterOxa) were synthesized and purified by methods report-
ed in the literature [20–22]. All the solutions were prepared
with ultrapure water, which was obtained from the Thermo
Scientific NANOpure system.

Synthesis of 2-oxazoline macromonomer (MM)

The MM was synthesized using the method described in the
literature [22]. In a round-bottomed flask, 6.89 g (81.0 mmol)
MeOxa, 4.24 g (27.0 mmol) EsterOxa, 1.62 g (10.88 mmol) NaI
were dissolved in 22 mL of acetonitrile. The polymerization was
initiated by 0.828 g (5.4mmol) CMS and carried out at 78 °C for
7 h. (yield: 96%). The molar composition (78 and 22 mol% for
MeOxa and EsterOxa, respectively) and the degree of polymer-
ization (DP = 24) were determined by the analysis of 1H NMR
spectrum. Furthermore, the molecular weight was determined by
gel permeation chromatography (GPC).

1 H NMR (CD 3OD ) δ : 2 . 1 ( CH 3 ) , 2 . 4 – 2 . 8
(COCH2CH2COO-), 3.5 (NCH2CH2), 3.7 (COOCH3), 5.2–
5.3 and 5.7–5.9 (CH2=), 6.7–6.8 (=CH), 7.1–7.5 (Harom).

Synthesis of hydrogels (HG)

The hydrogels (HG) were synthesized using the self-
crosslinking property of the DMAA in the presence of persul-
fate radical initiators such as, potassium persulfate (KPS) [10,
11]. In a typical procedure, 3.35 g (33.8 mmol) DMAA and
0.434 g (0.17 mmol) MM were dissolved in water under ni-
trogen for 45min. Then 0.036 g (0.13 mmol) KPS were added
and the solution was bubbled with nitrogen for further 15 min.
Finally, 0.020 g (0.17 mmol) of TEMED were added and the
final mixture was poured into a glass mold and left at 5 °C
until gelation. The hydrogel formation took place in 15 min.
The obtained hydrogel was purified by repeated washing with
distilled water, dried at 40 °C in vacuum and stored. The
experimental details and results are summarized in Table 1.

HG-1 (synthetized only with DMAA): HR-MAS 1H NMR
(D2O) δ: 1.17–1.71 (CH2, DMAA, 2.56–3.04 ppm
(N(CH3)2 + CH, DMAA).

HG-2: HR-MAS 1H NMR (D2O) δ: 1.38–1.80 (CH2,
DMAA), 2.07–2.11 (CO-CH3, MM), 2.63–2.93 (N(CH3)2 +
CH, DMAA), 3.00–3.14 (N-CO-CH2-CH2-COO, MM), 3.53
(NCH2CH2, MM) and 3.68 ppm (OCH3).

Hydrolysis of hydrogels

A 4 g portion of hydrogel HG, swollen in water, was im-
mersed in 85 mL of 0.1 N NaOH solution for 48 h at 35 °C.
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After this time, the hydrolyzed hydrogel (HG-H) was
washed with distilled water until neutrality, dried under
vacuum and stored.

HG-2H: HR-MAS 1H NMR (D2O) δ: The signals were
similar to HG-2, but the signal at 3.68 ppm (OCH3) disap-
peared due to the hydrolysis.

Water absorption degree (Q)

Typical procedure: A portion of dried hydrogel (Wd) was im-
mersed in distilled water (pH= 5.7) at 20 °C for 48 h until reach
equilibrium. Then, the hydrogel was removed from water, dried
on the surface with tissue paper, and finally the swollen hydrogel
was weighed (Ws).Water absorption degree of hydrogel (Q) was
calculated using the following equation (Eq. (1)):

Q ¼ Ws−Wdð Þ=Wd g H2O=g dried hydrogelð Þ ð1Þ

Analytical measurements

The NMR measurements were carried out on a Bruker
Advance III 500 spectrometer operating at 500.13 MHz
for 1H. For hydrogel analysis, a HR-MAS (high resolu-
tion – magic angle spinning) NMR probe with z-
gradient was used. The hydrogel sample was placed in
a 4 mm rotor and was swollen with D2O.

Attenuated Total Reflectance – Fourier transform in-
frared (ATR-FTIR) spectra were acquired in a Bruker
Tensor 27 spectrometer in the range 4000–400 cm-1,
with a resolution of 4 cm-1and accumulation of 32
scans. We have used 20 mg of sample.

Measurements of methylene blue (MB) concentration were
carried out with a Thermo Electron Corporation Helios
Gamma UV-Visible (UV-Vis) spectrophotometer. pH mea-
surements were made with a Mettler Toledo pH-meter
Seven Multi.

SEC analysis of MM was carried out on an Agilent
Technologies LC 1100 apparatus equipped with PL
Oligopore column and RI detector. The molecular weight cal-
ibration was performed with polyvinylpyridine standards and
the sample was eluated with dimethylacetamide containing
2 vol% water and 3 g L−1 LiCl.

Methylene blue adsorption (MB)

Determination of the MB visible spectrum and elaboration
of calibration curve

40mg ofMBwere dissolved in 1 L of water. Then, in the UV-
Vis spectrophotometer, a spectral scanning (400–800 nm) of
this MB solution was performed, which allowed the determi-
nation of the wavelength value ofMB λmax = 664 nm (Fig. S1)
that produce the maximum absorbance. On the other hand, a
125 mg L−1 MB aqueous solution was prepared from which
were obtained, through dilutions, MB standards of concentra-
tions: 2.5, 5.0, 7.5 and 10.0 mg L−1. The absorbance of each
MB standard was measured in the UV-Vis spectrophotometer.
The calibration curve (Fig. S2) was obtained by the plot of
absorbance (Abs) vs MB standard concentration (C):

Abs = 0.1538 C + 0.1885 (Eq. (2)), R2 = 0.9902, where:
Abs: absorbance and C: concentration of MB (mg L−1).

Abs ¼ 0:1538Cþ 0:1885 ð2Þ

Table 1 Synthesis of hydrogels
from N,N-dimethylacrylamide
and 2-oxazoline
macromonomer(a)

Hydrogel DMAA (mol%) MM (mol%) %Y(b) DMAANMR
(d) MMNMR

(d)

B B

HG-1 100.0 0 65.5 25 – – –

HG-2 99.56 0.44 64.7 21 49.0 99.7 0.3

HG-3 99.13 0.87 63.5 21 56.0 99.4 0.6

HG-4 98.28 1.72 60.2 23 75.0 98.9 1.1

HG-5 97.37 2.63 71.1 14 39.0 97.9 2.1

HG-6 96.52 3.48 87.9 12 35.0 97.3 2.7

A: Non-hydrolyzed hydrogel, B: hydrolyzed hydrogel
(a) The feed composition is reported. In all experiments, the molar ratio TEMED/KPS was 1.3 and the content of
potassium persulfate (KPS) was 0.4 mol% of the total sum of the monomers
(b) Yield of the polymerization was calculated from Y%= (me/mt) ×100%, me: mass of hydrogel obtained in the
experiment, mt: sum of mass of DMAA and MM, fed to the reactor
(c)Water absorption at 20 °C (at pH 5.7) for the “A” non-hydrolyzed (HG) and “B” hydrolyzed (HG-H) hydrogels
(d)Molar content of DMAA andMM, respectively, in hydrolyzed hydrogel determined from HR-MAS 1H NMR
spectra

Q(c)

A B
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Adsorption experiments

All adsorption experiments were performed at 20 °C
and by immersing swollen hydrogels (previously,
20 mg of dried hydrogel was immersed in distilled wa-
ter for 48 h) in 10 mL of MB solution (50 mg L−1) for
24 h. After this time, the residual concentration of dye
was determined with the calibration curve.

The influence of initial dye concentration on the adsorp-
tion, was studied using MB aqueous solutions of different
concentrations: 15, 36, 55, 80 and 96 mg L−1 (low concentra-
tions range) and 417, 601, 799, 1004 (high concentrations
range). It was possible to determine the values of adsorption
capacity of MB (Qe), which represent the amount of adsorbed
dye per unit mass of dried hydrogel (mg g−1), calculated with
the following equation (Eq. (3)):

Qe ¼
Ci−Cfð Þ � Vsol

mads
ð3Þ

Where Ci and Cf are the initial and final concentrations of
MB aqueous solution, Vsol is the volume used of MB solution
and mads is the mass of dried hydrogel.

The influence of pH on MB adsorption by hydrogel
was studied using a sample of hydrogel immersed in
50 mg L−1 MB aqueous solution adjusted to different
pH values (2, 4, 5.7, 7, 8.5 and 10) using a pH-meter
and solutions of 0.1 N NaOH and 0.1 N HCl, and a
time of 24 h.

Langmuir and Freundlich models (Eqs. 4 and 5), respec-
tively) were applied to determine the model that could best
represent the process of MB adsorption on hydrogel [23–26]:

Ce

Qe
¼ 1

KLQm
þ Ce

Qm
Langmuir modelð Þ ð4Þ

Log Qe ¼ Log Kf þ 1

n
Log Ce Freundlich modelð Þ ð5Þ

Where: Ce is the concentration of MB at equilibrium
(mg L−1), Qe is the amount of adsorbed MB per gram of
hydrogel at equilibrium (mg g−1), Qm is the maximum adsorp-
tion capacity per hydrogel mass unit in the monolayer
(mg g−1), Kf and KL are Freundlich (L g−1) and Langmuir
(L mg−1) constants, respectively, 1/n is a parameter associated
to the adsorption intensity.

Finally, a test was carried out to demonstrate whether it is
possible the desorption of MB in hydrogels. A portion of 3 g
of hydrogel HG-3H (which had adsorbed MB in equilibrium)
was divided into approximately equal parts. The first portion
was immersed in 20 mL of a 0.1 N HCl aqueous solution for
24 h and the second portion was immersed in 20mL of a 0.1 N
aqueous NaOH solution for the same period. This process was
carried out to evaluate the behavior of desorption of MB by
the hydrogel in acid or basic medium.

Results and discussion

Synthesis of 2-oxazoline macromonomer (MM)

The MM was synthesized through ring-opening cationic co-
polymerization of 2-methyl-2-oxazoline (MeOxa) and meth-
yl-3-(oxazol-2-yl)-propionate (EsterOxa), initiated by
chloromethylstyrene, and catalyzed by sodium iodide in ace-
tonitrile (Scheme 1). The polymerization proceeds successful-
ly (yield: 96%). The premature polymerization of the vinyl
groups was avoided because a relatively low reaction temper-
ature, short reaction time and a low initiator concentration
(CMS) was used [22]. The obtained macromonomer contain-
ing a styryl group at the end of the polymer chain, presented a
degree of polymerization of 24 units and a molar content of
78.0 and 22.0 mol% of MeOxa and EsterOxa, respectively,
determined by quantitative analysis of 1H-NMR spectrum.
The degree of polymerization (DP = 24, theoretical value:
20) was determined by comparing the integral of the signal
of NCH2CH2 groups of MeOxa and EsterOxa versus the in-
tegral of vinyl group signals (in 5.2–5.3 ppm, 5.7–5.9 ppm
(CH2=) and 6.7–6.8 ppm (= CH)). The molar percentage of
each monomer in MM was determined by comparing the in-
tegral to 2.1 ppm (corresponding to the methyl group of
MeOxa) and the signal to 2.4–2.8 ppm (corresponding to the
two methylene groups of EsterOxa). Mn,NMR: 2550 ±
150 g mol−1 was lower than the Mn,SEC: 3900 g mol−1, where-
by the latter is based on calibration with polyvinylpyridine
standards. Additionally, a low value of polydispersity (1.10)
confirms the living character of the polymerization (Fig. S3).

2-oxazolines polymerize via living polymerization without
termination or transfer reactions [27–29] as already discussed
in a previous publication [22], it is postulated that
iodomethylstyrene (IMS) (formed in situ as a product of reac-
tion between CMS and sodium iodide) initiates the polymer-
ization. According to Bouten et al. [27], there is a preferred

Scheme 1 Synthesis of 2-oxazoline macromonomer (MM)
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incorporation of MeOxa than EsterOxa in the copolymer, the
latter suggests the obtention of a gradient copolymer.

The m,p-vinylbenzyl (or “styryl”) group, at the end of the
macromonomer chains, presents greater stability compared to
acrylate or methacrylate groups, since it does not contain hy-
drolyzable groups like the ester group present in the latters.

Synthesis of hydrogels (HG, HG-H)

The hydrogels were obtained by free radical polymerization of
DMAA and MM, initiated by potassium persulfate (KPS) and
catalyzed by TEMED (Scheme 2). A series of hydrogels was
synthesized varying the molar content of MM (HG-2 to HG-
6). HG-1 was a reference hydrogel synthetized only with
DMAA. The use of conventional crosslinkers was unneces-
sary due to the self-crosslinking property of DMAA. Different
researchers [10, 11] proposed the formation of methylene rad-
icals (consequence of the attack of persulfate radical on a
methyl group of DMAA) which can initiate graft chains and
result in a crosslinking structure.

The hydrogelsHG-2 toHG-6were hydrolyzed under mild
basic conditions (0.1 NaOH, 35 °C, 48 h) in order to hydro-
lyze only the ester groups and to avoid the possible hydrolysis
of amide groups.

The hydrogels produced by this method, in qualitative
terms, presented good mechanical properties (they are elastic)
although these were not measured in the present research. The
good mechanical properties are probably due to the homoge-
neous distribution of the crosslinking points due to the random
self-crosslinking of the DMAA [10].

NMR analysis of hydrogels

The characterization of hydrogels by HR-MAS 1H NMR
spectroscopy allowed to confirm the proposed chemical struc-
ture (Fig. 1 and S4). DMAA-MM (HG-2 toHG-6) hydrogels
result in 1H NMR similar spectra. All hydrogels were hydro-
lyzed, Fig. 1a shows, as an example, spectra of HG-6 and its
respective hydrolyzed HG (HG-6H). From that, it could be
seen the similarity between spectra, however HG-6H shows

Fig. 1 1H HR-MAS NMR spectra of (a) HG-6, HG-6H and (b) ofHG-
2H to HG-6H, swollen in D2O at 25 °C

Scheme 2 Synthesis of hydrogel HG from copolymerization of N, N-
dimethylacrylamide and 2-oxazoline macromonomer
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the disappearance of the methyl ester signal (3.6 ppm) which
corroborates the complete hydrolysis.

HR-MAS 1H-NMR spectra of hydrolyzed hydrogels (Fig.
1b) allowed the quantification of the molar content ofMMand
DMAA in hydrogel (Table 1) by comparing the integrals to
3.4–3.9 ppm corresponding to the NCH2CH2 groups of the
MM macromonomer and the integral to 1.2–1.9 ppm corre-
sponding to the CH2 group of the DMAA monomer. The
content of MM in hydrogels was always lower than in feed
composition (Table 1), this could be explained by the fact that
the MM (due to its greater size) presents a lower diffusion rate
than the DMAA and therefore reacts to a lesser extent [22].

Furthermore, FTIR spectra of the macromonomer MM and
HG-5H were obtained. While the FTIR spectrum of MM
show ester and amide peaks at 1625 and 1734 cm−1 (Fig.
S5) that can be attributed to the amide and ester groups [30].
The ester peak is absent in the FTIR spectrum of hydrolyzed
hydrogel HG-5H (Fig. S6).

Water absorption degree

The synthesized hydrogels absorb water due to high polarity
of MM and DMAA. The values of water absorption degree
(Q) determined at pH = 5.7 are shown in Table 1.

It was determined that the Q values of the non-hydrolyzed
hydrogels (HG-2 to HG-6) were lower than Q values of the hy-
drolyzed hydrogels (HG-2H toHG-6H) (Table 1). This could be
explained due to the presence of polar carboxylic acid and carbox-
ylated groups in hydrolyzed hydrogels, which have a strong inter-
action with water molecules through hydrogen bonds, compared
to the weak interaction of ester and amide groups of non-
hydrolyzed HG (possibly by dipole-dipole forces) with water.
Furthermore, for hydrolyzed hydrogels, as the MM content in
the hydrogel structure increased, the presence of carboxylic acid
polar groups increased, resulting in greater water absorption values
until 2mol%MM(Table 1), but forHG-5 andHG-6 theQ values
slightly decrease. This probably occurs due to the high ionic
charge in HG or to the formation of hydrogen bonds in these HG.

Methylene blue adsorption with hydrogels

First, a spectral scanning of the MB aqueous solution in the
range of 400–800 nm was performed (Fig. S1), and it was
determined that the maximum absorbance was obtained at
λmax = 664 nm, this value is in accordance with the value
(λmax = 663 nm) mentioned in the literature [9]. Therefore, in
this studio all the absorbance values of MB solutions were
determined at 664 nm.

Plotting the absorbances (Abs) of MB aqueous solutions
(concentrations: 2.5; 5.0; 7.5 and 10.0 mg L−1) against each
MB concentration value (C) and performing a linear regres-
sion, leads to obtain the equation: Abs = 0.1538 C + 0.1885,
used to measure concentrations of all MB solutions.

All MB adsorption experiments were performed only with
hydrolyzed hydrogels HG-H because a previous MB adsorp-
tion test with non-hydrolyzed hydrogels showed a very low
adsorption of MB (Fig. 2) compared to relatively high adsorp-
tion by hydrolyzed hydrogels. This is due to the weak inter-
action between non-hydrolyzed hydrogels (HG-2 to HG-6)
and MB (Fig. 3).

Effect of MB initial concentration

The effect of the MB initial concentration on its adsorption on
HG-H was evaluated. It was found, for hydrogel seriesHG-1,
HG-2H to HG-6H in a concentration range of 15 to
96 mg L−1 and pH = 5.7 that the amount of adsorbed MB
(Qe) increased with greater initial MB concentrations
(Fig. 4). A higher concentration of dye in the solution leads
to an increase of cations N+ of dye, which would interact with
the hydrogel active sites (carboxylate anions, COO−) and
therefore greater MB adsorption could occur.

In Fig. 4, it could be also observed that despite the increase
of molar content of MM in hydrogel series HG-2H - HG-6H
(from 0.3 to 2.7 mol%), there is no significant difference in the
Qe values of the hydrogels, however, when a highest concen-
tration range was evaluated (417 to 1004 mg L−1), higher Qe

values as the MB concentration were obtained as the MM
content increases in hydrogels (Fig. 5). The maximum values
of Qe (Qe,max mg MB/g dried HG) were determined: 79.1,
158.2, 189.1 and 226.4 for hydrogels HG-3H, HG-4H, HG-
5H, and HG-6H, respectively. These values are higher than,
for example, the value obtained by Hernandez-Martinez et al.
[7], who used nonionic hydrogels from DMAA and HEMA.

Furthermore, HG-1 showed the lowest Qe values, because
it is only composed of DMAA and possibly its amide groups
interact with the positive charge (N+) of the MB through

Fig. 2 Methylene blue adsorption on (a) non-hydrolyzed and (b) hydro-
lyzed hydrogels (adsorption time: 24 h), Blank: MB initial solution with-
out hydrogel (50 mg MB mL−1)
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dipole – dipole or similar forces. Those forces are weak com-
pared to the strong electrostatic interactions of negatively
charged carboxylate groups of HG-H hydrogels and the cation
N+ of MB (Fig. 3).

Effect of pH

The influence of pH on MB adsorption was studied (Fig. 6). A
50mg L−1MB standard solution was used at 20 °C.MB adsorp-
tion by hydrogels HG-2H, HG-4H and HG-6H showed an
increment, when the pH value was increased from 2 to 5.7. In

acidic conditions, the values of Qe were low (lowest Q value at
pH= 2). This probably occurs due to a competition for hydrogel
active sites (carboxylate groups), between H+ ions (of the medi-
um) and N+ ions (of the dye). It would prevent the occurrence of
a high MB adsorption on the material.

The highest and constant values of adsorption capacity (Qe)
were obtained at equal or greater pH values than 5.7 because
in this state exist equal or more than 50 mol% of carboxylate
groups (pKa = 5.6 for MM was previously determined in lit-
erature [29]) and the negative charges of the hydrogel would
interact strongly with the positive charge of the MB. ForHG-

Fig. 3 Possible mechanism of
interaction between hydrogels
and methylene blue (MB)

0

50

100

150

200

250

0 200 400 600 800 1000

Q
e

(m
g 

M
B 

g-
1 
dr

ie
d 

H
G

-H
)

C (g L-1)

HG-1
HG-3H
HG-4H
HG-5H
HG-6H

Fig. 5 Effect of MB concentration (55 to 1004 mg L−1) on its adsorption
by hydrogels HG-H (C: MB initial concentration, adsorption time: 24 h,
pH = 5.7)

0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40 50 60 70 80 90 100

Q
e

(m
g 

M
B 

g-
1 
dr

ie
d 

H
G

-H
)

C (mg L-1)

HG-1

HG-2H

HG-3H

HG-4H

HG-5H

HG-6H

Fig. 4 Effect of MB concentration (15 to 96 mg L−1) on its adsorption by
hydrogels HG-H (C: MB initial concentration, adsorption time: 24 h,
pH = 5.7)

Page 7 of 10     263J Polym Res (2020) 27: 263



1 there is a little variation of MB adsorption with different pH
because this hydrogel does not present polar carboxylate
groups in its structure.

Adsorption isotherms

Adsorption isotherm can give evidence of the interaction mech-
anism between the adsorbent (HG-H hydrogels) and adsorbate
(MB molecules), when the adsorption process reaches a state of
equilibrium. Adsorption isotherms were evaluated by Langmuir
model, plotting the Ce/Qe vs. Ce (Fig. 7) and by Freundlich
model, plotting the Log Qe values vs. Log Ce (Fig. 8), where
Ce is the concentration of MB at equilibrium (mg L−1) and Qe is
the amount of adsorbedMB per gram of hydrogel at equilibrium

(mg g−1). Calculations of both isotherms were performed in the
concentration range of 15 to 96 mg L−1.

When submitting isotherms to the Langmuir model, the
obtained curves present low values of correlation coefficients
squared (R2: 0.01–0.75) and an adequate linearization is not
achieved, reason why this model was discarded. However,
when applying the Freundlich model, straight lines were ob-
tained with relatively high values of correlation coefficients
squared (R2 > 0.95) and therefore it was determined that this
model was the one that could best represent the adsorp-
tion process of MB on hydrolyzed hydrogels (Table 2).
This would indicate, as Freundlich model postulates that
MB adsorption occurs on the heterogeneous hydrogel
volume, with multiple sites available for adsorption
[24–26]. Table 2 shows the parameters of the equations
obtained for Freundlich curves of hydrogels 2H, 3H,
4H, 5H, and 6H. Values of n greater than 1 were
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Table 2 Freundlich
model applied to MB
adsorption by
hydrolyzed hydrogels
(HG-H)(a)

Hydrogel R2(b) Kf
(c) n(d)

HG-2H 0.9503 0.331 1.005

HG-3H 0.9984 0.441 1.003

HG-4H 0.9944 0.680 1.112

HG-5H 0.9979 0.775 1.149

HG-6H 0.9945 0.830 1.157

(a) The parameters Kf and n, obtained by
the equation: Log Qe = Log Kf + 1/n Log
Ce, are reported
(b) Correlation coefficient squared
(c) Freundlich constant
(d) Freundlich parameter, if its value is
greater or equal than 1, it would indicate
a physisorption process
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obtained (Table 2) and can be related to a physisorption
process, which would be in agreement with the fact that
the MB adsorption process on HG-H hypothetically oc-
curs mainly through the electrostatic interaction of car-
boxylated groups (COO−) of the hydrogels and the cat-
ion (N+) of the MB (Fig. 3).

To demonstrate the possible desorption ofMB from hydro-
gel, a desorption test was performed in acidic and basic aque-
ous media with hydrogel HG-3H. The results showed that
hydrogel desorbed theMB completely under acidic conditions
(0.1 N HCl), the hydrogel becomes colorless again and the
solution acquires the blue color of the MB (Fig. 9). On the
contrary, the hydrogel does not desorb the MB under basic
conditions and remains blue. This was to be expected because
hydrolyzed hydrogel is composed of negative carboxylate
groups, that would interact preferentially with protons of me-
dium, and allow easy release of the dye.

For a next publication, we plan to make an in-depth research
of the adsorption and desorption cycles of MB from the hydro-
gel, the parameters that influence this phenomenon, and the ef-
fectivity of using HCl in aqueous solution as an eluent.

Conclusions

New hydrogels were synthesized by free radical polymerization
of DMAA and MM, catalyzed by TEMED, in aqueous medium
andwithout the employment of a conventional crosslinker owing
to the self-crosslinking ability of the DMAA in presence of po-
tassium persulfate. It was determined by 1H high-resolution
(HR)-MAS NMR spectroscopy that the macromonomer was a
gradient copolymer with a degree of polymerization (DP) of
24 units, and a molar content of 78.0 and 22 mol% for MeOxa
and EsterOxa, respectively. This technique also allowed to de-
termine the complete hydrolysis of HG.

MB adsorption on HG-H hydrogels possibly occurs owing
to the presence of carboxylate groups. Under basic pH values,
the materials showed higher MB adsorption capacity values
(Qe) compared to acid pH values due to electrostatic interac-
tions between carboxylate anions of hydrogel and cation of
MB. It was obtained the maximum adsorption values Qe,max

(mg MB g−1 dried HG-H):79.1, 158.2, 189.1 and 226.4 for
hydrogels HG-3H, HG-4H, HG-5H and HG-6H, respectively.

The dye adsorption process was well described by Freundlich
model, indicating that the adsorption possibly occurs on the het-
erogeneous volume of the hydrogel. Besides, from this model,
the obtained values of parameter “n” greater than one unit,
allowed to conclude that possibly the adsorption mechanism
would be governed by a process of physisorption based on elec-
trostatic interactions between the MB and the hydrogel.

It was demonstrated that the hydrolyzed hydrogel HG-3H
could desorb MB under acidic conditions. This indicates that
the synthesized materials could be potentially applied for MB
adsorption in wastewater.
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