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Effective removal of methylene blue dye by a
novel 4-vinylpyridine-co-methacrylic acid
cryogel: kinetic, isotherm, and breakthrough
studies
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Abstract

BACKGROUND: Industrial streams are the source of increasing amounts of textile dye pollution every year. Among the various
adsorbents that have been tested for the removal of dyes, synthetic macroporous polymers are a promising choice due to their
developed structure, the presence of active functional groups, and the possibility of regeneration and reuse for several cycles.
In this work, a 4-vinylpyridine-co-methacrylic acid based cryogel (4-VP-MAAc) was synthesized at -12 °C by the free-radical
polymerization technique, it was characterized using a set of complimentary methods, and then applied for the removal of
methylene blue (MB) from water solutions.

RESULTS: The adsorption of MB was enhanced at pH values higher than 7 due to the presence of anionic functional groups. The
maximum equilibrium adsorption capacity achieved by 4-VP-MAAc was 703.6 mg/g at pH 8. Several kinetics, equilibrium, pH
studies, and fixed-bed column experiments were completed in ultra-pure water to evaluate the performance and the mecha-
nism of interaction of positively-charged dye with the polymer. Among the kinetic models applied, the pseudo-second order
model best fit the experimental observations. The Langmuir model efficiently described the adsorption of MB onto the pre-
pared cryogel, thus indicating monolayer adsorption. The ion exchange of the Na* ions present in the structure of the cryogel
with dye was found to be the main removal mechanism accompanied with a complexation reaction. No loss of adsorption
capacity was observed in four successive adsorption/desorption cycles of 4-VP-MAAc use.

CONCLUSION: This is the first time that a 4-vinylpyridine-co-methacrylic acid based cryogel has been synthesized and success-
fully applied to remove MB from water.
© 2022 Society of Chemical Industry (SCl).
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conventional methods for wastewater treatment.” Consequently,
various techniques, such as coagulation,® photodecomposition,”
flocculation,'® adsorption,'" ion exchange,'? and chemical oxida-
tion,”® have been applied to remove these pollutants from water.
Among these methods, adsorption is one of the physico-chemical
methods that is most widely used due to its economic benefits,

INTRODUCTION

A large number of synthetic dyes has been widely used in the tex-
tile, pharmaceutical, cosmetic, rubber, paper, plastic, leather, and
food industries in recent years." As a result, large amounts of these
dyes are discharged into waste effluents without proper treat-
ment, thus contributing to the water pollution problems faced
by today's society.>* The disposal of these colored wastes into
water bodies does not only negatively affect their recreational
use, but it also inhibits sunlight transmission in the water, leading
to the reduction of photosynthetic activities.* While most syn-
thetic dyes are known to be toxic, methylene blue (MB), a cationic
dye’, poses a higher risk to human health and the environment
due to its physical and chemical properties.® Specifically, exposure
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to MB can cause a rise in heart rate, excessive vomiting, cyanosis,
shock, jaundice, tissue necrosis, quadriplegia, and Heinz body for-
mation in humans.® Dyes, in general, exhibit a synthetic and com-
plex nature because they are designed to withstand certain
conditions, such as exposure to sunlight, soap, water, and oxidiz-
ing agents; therefore, they cannot be easily removed by
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variety of adsorbents, ease of operation, adsorbent reusability,
and environmentally friendly nature.' Adsorption of dyes by
nano- and macroporous particles, bulk materials, and membranes
from wastewater is based on the use of several materials, such as
polymers,'® activated carbon,'® zeolite,'”” and clays,'® as well as
industrial and agricultural wastes.'®

Polymeric materials, such as cryogels, have attracted great
interest due to their outstanding physico-chemical proper-
ties.?’ Cryogels are cryogenically-designed polymeric materials
with diverse applications in environmental engineering, tissue
engineering, medicine, food technology, and biology.?**' They
are synthesized via several methods, including free radical
polymerization, polycondensation reaction, self-assembly
based gelation, enzymatic catalysis, and ionic interaction; they
also contain a three-dimensional (3D) structure that is flexible.
Cryogels normally contain specific functional groups, like
hydroxyl, carboxylic, amine, amide, and thiol, that enable them
to effectively adsorb pollutants into their structure from water.
They have been effectively utilized in the adsorption of cationic
dyes due to their low cost, relative ease of processing and
regeneration, high recovery efficiency, environmentally
friendly nature, highly abundant active sites, and good
mechanical properties.?**

In this work, a novel macroporous cryogel containing 4-vinylpyr-
idine and methacrylic acid as main monomers (named 4VP-MAAC)
with attractive physicochemical properties was synthesized by the
free radical polymerization technique under sub-zero tempera-
ture. Surface characterization and functional group determination
techniques were employed to evaluate the physico-chemical
parameters of 4VP-MAAc. The adsorption capacity of the synthe-
sized cryogel was estimated in the adsorption of MB from water.
Various models were applied to evaluate the removal behavior.
This is the first time that a cryogel of such composition was synthe-
sized, fully characterized and used for the removal of methylene
blue dye from water invarious experimental conditions.

MATERIALS AND METHODS

Materials

4-vinylpyridine (4-VP) was purchased from Sigma-Aldrich
(Germany) and purified to remove hydroquinone (inhibitor)
before being used for synthesis. Methacrylic acid (MAAG),
Dimethylacrylamide (DMAAm), N,N,N',N’-tetramethyl ethylene
diamine (TEMED), N,N’-methylenebisacrylamide (BisAAm),
sodium hydroxide (NaOH), and ammonium persulfate (APS) were
purchased from Sigma-Aldrich and used as received. Methylene
blue (MB) dye, with a molecular weight of 319.85 g/mol, was pur-
chased from Acros Organics (New Jersey, USA).

Synthesis of 4-vinylpyridine methacrylic acid cryogel

The cryogel synthesis followed a free-radical polymerization tech-
nique.”® For a typical synthesis route, 4-VP and MAAc were used as
the main monomers, while BisSAAm was used as a cross-linker,
DMAAm as a precursor of functional groups, and TEMED and
APS as catalyzer and initiator, respectively. 4-VP was purified by
vacuum distillation at 100 °C and 150 kPa to remove the
hydroquinone.

The synthesis of the cryogel was performed as follows: 20 mL
of deionized water was degassed by purging nitrogen gas for
about 30 min. BisAAm (0.23 g) was added under continuous
stirring to allow complete dissolution, followed by addition
of 0.246 mL of MAAc and 0.309 mL of DMAAm. 0.319 mL of

pure 4-VP was added under vigorous stirring, which was
accompanied by acid neutralization by means of 5 M NaOH
(0.55 mL) to obtain a pH in the range of 6.5-7.5. After obtaining
a homogenous solution from the above mixture, 0.05 mL
TEMED was added dropwise and 5% APS (0.80 mL) was added
toinitiate the polymerization process. 2 mL of the final mixture
was measured into clean plastic syringes that had already
been placed in the heating-cooling thermostat circulating sys-
tem (Julabo F34, Germany) at —12.0 °C. The reaction mixture
was left in the cooling bath for 24 h for complete polymeriza-
tion to take place.

The synthesized cryogel was then washed several times with
ultrapure water and with a 50% ethanol solution to remove any
unreacted monomers from the monoliths. The washed cryogel
was freeze dried with a tabletop freeze dryer (FreeZone 2.5 L, Lab-
conco) at -54 °C and 50 kPa pressure for 24 h. The obtained dried
cryogel was finally placed in a sealed plastic container for further
analysis and use.

Characterization of synthesized cryogel

The morphological and physico-chemical structures of the syn-
thesized cryogel were characterized by Fourier Transform Infra-
red Spectroscopy (FT-IR). Infrared spectra were recorded in the
range of 4000-400 cm™" with a resolution of 4 cm™" and a scan-
ning speed of 1 cm™' 5™, using a Cary 600 Series FTIR spectro-
photometer (Agilent Technologies) equipped with an
attenuated total reflection (ATR) module. For characterizing
the morphological and elemental compositions of the sample,
a Zeiss Crossbeam 540 Scanning Electron Microscope (SEM) at
5 kV, equipped with a backscattered electron detector and
coupled with Energy-Dispersive X-ray (EDX) spectrometer, was
used. Zeta potential of the cryogel was studied by the batch
equilibration method. Specifically, 10 mg of cryogel was placed
in 10 mL of DI water at an initial pH range of 1-10. The pH was
adjusted using 0.1 M NaOH or HCIl, while the ionic strength
was kept constant. The solutions were placed on a mechanical
shaker (Rotamax 120, Heidolph) and left to reach equilibrium
for 24 h at room temperature. The zeta potential was measured
using Zetasizer Nano (Malvern, UK) instrument. To monitor the
release of sodium ion (Na*) into the mixture, atomic absorption
spectrometry (AAS) (AAnalyst 400, Perkin-Elmer, USA) analysis
was conducted. Prior to analysis, 1% cesium chloride (CsCl)
was prepared by dissolving 1 g of CsCl in 1 L DI water and this
was used in the dilution of mixtures due to its higher concentra-
tion of Na™.

Swelling capacity of cryogel

To check the swelling capacity of cryogels, S, 10 mm diameter
slices of monoliths were carefully cut and used. The mass of a
dry monolith was noted before dissolving each monolith in DI
water. The swelling degree percentage was determined by sub-
tracting the mass of the dry monolith from that of the wet mono-
lith and dividing by the mass of the dry monolith, according to
Eqn (1) below:*®

5 (%)= Vo

Wo

x 100 (M

where w, (g) denotes the mass of the dry monolith and w; (g),
the mass of wet monolith. The cryogel was withdrawn from the
water at specific time intervals and its surface was gently wiped
to get rid of excess water before weighing to obtain the mass of
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the wet cryogel, w; (g). This procedure was repeated until the
weight remained constant.

Effect of pH

To investigate the effect of pH on the MB adsorption capacity of
the synthesized 4VP-MAAc, 10 mg of cryogel was dissolved in
100 mL of a 50 mg/L MB solution at different values of pH (1 to
10). The pH was adjusted with 0.1 M KOH and 0.1 M HCI. After
adjusting to the desired pH, solution mixtures were left on the
mechanical shaker at 100 rpm for 3 h before measuring the resid-
ual MB concentrations. All experiments were done in duplicate.

Batch adsorption kinetics

A volume of 100 mL of 50 mg/L MB solution without pH adjust-
ment (initial pH 8.1) was prepared in a 200 mL beaker. 10 mg
powdered cryogel was added in the solution and carefully stirred
at 50 rpm for an hour, while monitoring the MB removal. To
determine the MB removal with respect to time, about 1 mL of
the sample mixture was periodically withdrawn and sent for
ultraviolet visible spectrophotometric analysis (UV-vis PhotoLab
6600, WTW GmbH). Prior to analysis, a five-point (0.5, 1, 2.5, 5,
and 10 mg/L) calibration curve was prepared for MB solutions
at the wavelength of 664 nm. The residual MB concentration
was calculated from the general equation obtained from the cal-
ibration curve. The adsorption capacity was calculated from
Eqgn (2) below:

Co—C
=0 “lyy (2)

qe m

where C; (mg/L) represents the concentration of dye in aqueous
solution with respect to time (min), C, (mg/L) is the initial dye con-
centration, m (mg) is the mass, and V (L) denotes the total volume
used. All experiments were conducted in duplicate and the stan-
dard deviations are presented.

To further study the mechanism of removal, the pseudo-first/
second order and pseudo-second-order models were applied to
fit the experimental data. The linear forms of these models are

as follows:?”%8

Polymerization

-12°C

In(g.~q,)=Ing.~k:t (3)

t_ 1t @
a kg2 q.

where g and g, are the amount (mg/g) of MB adsorbed at equilib-
rium and at time t (min), respectively. The pseudo-first order con-
stant k; (min™") and g% can be obtained from the slope and
intercept of the In(q."*P — q) versus time graph. The pseudo-sec-
ond order constant k, (g mg™" min™") and g can be calculated
from the t/q, versus time graph.

Batch adsorption isotherm

A measured amount of 10 mg of 4VP-MAAc cryogel was mixed
with 10 mL of MB solution at different initial concentrations rang-
ing from 1-500 mg/L in 15 mL plastic tubes. The solutions were
placed on a mechanical shaking system (Rotamax 120, Heidolph)
operating at room temperature and 100 rpm. Samples were peri-
odically withdrawn and the residual MB concentration was mea-
sured until the maximum value of MB removal by cryogel was
observed. The amount of the adsorbed dye by the cryogel was
calculated from Eqgn (5):

qmaxzw (5)

m
where gmax (Mg/g) denotes the maximum adsorption capacity
(mg/q), C; and C,, represent the initial and equilibrium MB con-
centrations (mg/L), respectively, V represents the total solution
volume (mL), and m represents the total mass (g) of cryogel used.
Adsorption isotherm experiments were conducted in duplicate.
Langmuir and Freundlich isotherm models were applied to fit
the experimental data to examine the MB adsorption behavior
on both homogeneous and heterogeneous surfaces. The linear-
ized form of Langmuir isotherm?®% is expressed in Eqn (6):
Ceq 1 Ceq 1
—=———+—", R = 0
qeq qmaxKL 9 max 1+Co™K,

(6)

1

() DMAAm
MAAC O TemeD

O aps

Figure 1. Formation of 4-VP-MAACc cryogel.
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Figure 2. FT-IR spectra of the 4-VP-MAAc cryogel before and after MB
removal.

where C.q (mg/L) is the equilibrium concentration of MB in the
aqueous phase, geq and gmax (Mg/g) are the equilibrium and max-
imum MB loadings on the cryogel, respectively, and K. (L/mg) is
the Langmuir constant. R, is a separation factor, while Cy is the ini-
tial concertation of MB. The linear form of Freundlich isotherm is
as follows:*°

1
logqeqzlogKF+HlogCeq 7)

where Coq (mg/L) and q.q (Mg/q) are the concentration of MB in
the solution and equilibrium adsorption capacity, respectively,
while n (dimensionless) and Kr are constants (units depend on
the 1/n).

Fixed-bed column experiment
For dynamic study, 34.4 mg of 4VP-MAAc monolith (with length
1 cm and diameter 0.9 cm) was placed in a vertical tube and
400 mL volume of 50 mg/L MB solution was circulated through
the cryogel using a peristaltic pump (LOIP LS-301) at the rate of
8 mL/min. The absorbance of the residual MB dye concentration
was measured at different time intervals between 1 and 50 min
and the residual concentrations were determined from the cali-
bration curve. All experiments were conducted in duplicate.
Three simplified models, namely the Thomas, Yoon-Nelson, and
Adams-Bohart models, were adopted to fit the breakthrough
data. The Thomas model is one of the most widely used to predict
column performances and it is expressed by Eqn (8):

cw 1

= (8)
Co 1+exp (M—kmCol’)

(3 100 um
Element Line Mass®% Atom®
C K 547740.10 6122+0.11
N K 1602:0.22 1536022
o K 2495+0.19 2093+0.16
Na K 426005 249+0.03
Total 10000 10000

(3 100 pm

Figure 3. SEM and elemental composition according to EDS mapping technique.
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Figure 4. Zeta potential measurements (A) and the maximum adsorption capacity (B) at various pH values.

where Co (mg/L) is initial MB concentration and C(t) (mg/L) is con-
centration at specific time t (min), m is the mass of the cryogel
(mg), F is the volumetric flow rate (mL/min), ky, (mL/mg min) is
the Thomas rate constant, and geq (Mmg/g) is the equilibrium MB
uptake per g of the cryogel.

The Yoon-Nelson's model (Eqn (9)) does not require detailed
data about neither the characteristics of the adsorbate, the type
of adsorbent, nor the physical proportions of the adsorption bed:

C(t) _ explky(t—7)]
G T+explkm(t-7)] ®)

where Cy (mg/L) is initial MB concentration and C(t) (mg/L) is con-
centration at specific time t (min), kyy (mL/min) is the Yoon-Nel-
son's rate constant, and = (min) is time when C(t)/Cq is 0.5.

The Adams—Bohart model is based on the assumption that the
rate of adsorption is proportional to both the concentration of
the adsorbing species and the residual capacity of the adsorbent.
It is only used for the description of the initial part of the break-
through curve and it is expressed in the linear form of Eqn (10):

C(t H
In |:CL0):| =kABCot—kABNU—O

(10)
where Cy (mg/L) is initial MB concentration and C(t) (mg/L) is con-
centration at specific time t (min), kag (mML/mg min) is the Adams—
Bohart's rate constant, H (cm) is a column height, N (mg/L) is sat-
uration concentration, and U, (cm/min) is MB solution flow veloc-

ity. A linear relationship between In [%:)] and time is obtained for

a relative concentration up to %:) = 0.5, and thus, the values of N

and kg were calculated as intercept and slope of the In [%i)] %3

t line.

Regeneration/reusability of cryogel

The possibility of regenerating the cryogel after adsorption exper-
iments and reuse it was also studied. Specifically, after each MB
adsorption step, the used cryogel was first washed with 100 mL
DI water, then washed with 100 mL of 0.1 M HNOj; solution, fol-
lowed by 100 mL of water, 100 mL of 0.1 M NaOH, and finally
another 100 mL DI water. The reusability of the as-regenerated
cryogel was investigated in four successive adsorption-desorption

cycles and the regeneration capacity was calculated for each cycle
by Eqn (11):

Co—C
@%:%*100 (11)

o i

where R, denotes the regeneration capacity (%), C, denotes the
initial concentration, C; and C, represent the residual concentra-
tions of MB dye in solution (mg/L) after initial and regeneration
cycles, respectively.

RESULTS AND DISCUSSION

Synthesis and characterization

The ratio of monomers, along with the amount of the cross-link-
ing agent, initiator, and catalyst, are all crucial parameters for
the polymerization reaction and for the successful formation of
cryogels. For example, an insufficient amount of the cross-linking
agent BisAAm leads to a cryogel with a loose structure. The gen-
eral scheme for the synthesis and formation of the 4-VP-MAAc
cryogel is shown in Fig. 1. According to this scheme, 4-VP, MAAc
and DMAAm co-polymerize by crosslinking with BisAAm to form
the interconnected structure of the polymer. Due to the availabil-
ity of various functional groups, the synthesized cryogel

100 - - Z
3
80 -
X
T
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£
2
g 40 4
=
20 4
0 T T T T T T T T T T T T
0 S5 10 15 20 25 30 35 40 45 S0 55 60

time, min

Figure 5. Removal of MB by 4-VP-MAAc cryogel vs. time.
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Table 1. Parameters of kinetic models for adsorption of MB by 4-VP-
MAACc cryogel
Model name Unit Values
Experimental data Jeq™® (Mg/g) 516.1
Pseudo-first order eq™ (Mg/g) 2574
Ky (min™") 18x 1073
R? 0.9865
Pseudo-second order g™ (mg/q) 526.3
K, (g/mg min) 1.0x 1073
R? 0.9998
800
700
600
20 500
[
E; 400
& 300
200
100
0
0 200 400 600 800 1000

MB initial concentration, mg/L

Figure 6. Isotherm of MB removal by 4-VP-MAAc cryogel.

contained carboxylic, amide, and pyridine groups, as well as their
derivatives, and others.

To determine the existing functional groups in the cryogel
structure, the FT-IR spectra were obtained and shown in Fig. 2.

The peak at ~3300 cm™' refers to the stretching vibrations of
-OH groups, while the sharp peak at 2927 cm™" corresponds to
C—H stretching bands. For single bonds of -CH-, -CH,-, and -CHs-
, the absorption spectra are in the region of 2026 cm™',
2167 cm™', and 2358 cm™’, respectively. Double asymmetry
peaks at 1600 and 1542 cm™' were associated with amide(l) and
amide(ll) groups, respectively3' An absorption peak at
1398 cm™' arises due to the -OH bending of carboxylic acid
group. The stretching vibrations bands of C-O-C and C-OH groups
are observed at 1217 cm™', 1132 cm™, and 1051 cm ™" .32

According to the SEM microphotographs, the super-macro-
pores (sizes ranging from 10 to 75 pm) with interconnected chan-
nels formed a 3D-structured polymer network (Fig. 3). The
elemental composition of the polymer was evaluated via EDS
mapping analysis. It was found that the cryogel consisted of
54.77 wt% carbon, 16.02 wt.% nitrogen, 24.95 wt/% oxygen,
and 4.26 wt.% sodium. The detected sodium originated from
the NaOH used in the synthesis of 4-VP-MAAc cryogel.

The swelling experiments showed that the 4-VP-MAAc cryogel
was able to immediately adsorb water, with a swelling of
2100%. This fast swelling was due to the super-macroporous
structure and the presence of hydrophilic functional groups.

Effect of pH

To evaluate the cryogel behavior at different pH environments,
the zeta potential and MB removal were determined (Fig. 4). The
cryogel was negatively charged in the whole range of pH values
(Fig. 4(A)). This can be attributed to the protonation of carboxyl
and sulphate groups from APS. At acidic pH, the zeta potential
was around —12 mV due to the protonation of the pyridine
groups of 4-VP.>* The absolute zeta potential value increased to
—33.4 mV at basic pH values possibly due to the start of proton-
ation of carboxylate groups, while the presence of other acidic
groups increased the negative charge of the polymer. Therefore,
positively charged molecules could be adsorbed throughout the
whole pH range, while increasing pH values further favored the
adsorption capacity.

MB equilibrium adsorption results agreed with zeta potential
observations; the adsorption of MB increased with increasing pH
(Fig. 4(B)). At pH 1 and 2, 4-VP-MAAc removed ~57 mg/g, while
with an increase in pH to 3, the maximum removal capacity dras-
tically increased to 312.9 mg/g. With a further increase in pH, the
Omax Started to gradually increase and reached equilibrium at
pH 7, with maximum removal capacity values ranging from
472.4-477.9 mg/g. At low pH, H" competes for the ion exchange
sites of 4-VP-MAACc, preventing the absorption of MB. In addition,
at higher pH values, an excess of hydroxyl ions can cause a strong
electrostatic attraction of positively charged methylene blue mol-
ecules to negatively charged adsorption sites, and this causes a
sudden increase in adsorption capacity.>* Additionally, the con-
centrations of the released Na + from the cryogel to the solutions
with different pH values, without adding MB, were analyzed. The
results showed that concentrations of released sodium were in
the range of 0.43-0.57 ppm, which are close to the values of pure
DI water.

Table 2. Removal of MB by various materials
Initial MB conc, Maximum removal

Type of adsorbent mg/L Initial pH Removal mechanism capacity, mg/g Ref
P(NIPAAmM/IA/Pumice) 150 7 Hydrogen bonding 89 45
Corn stalk/ montmorillonite cryogel 50 7 Chemisorption 49.0 39
Alginate/montmorillonite cryogel 1000 - lon-exchange 559.9 38
GO/alginate quasi-cryogel 1000 - m—r interaction 1223 22
Vinyl hybrid silica hydrogel 350 7 Hydrogen bonding and complexation 1690 23
chitosan-g-poly(acrylic acid) /CNWs hydrogel 2000 6 Chemisorption 1968 46
p(NaVS-AMPS)/Fe30, cryogel 500 7 lon exchange 780 36
P(AMPS-HEMA) cryogel 511 7.1 Chemisorption 1228 37
4VP-MAACc cryogel 50 6 lon-exchange 703.6 This work
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Adsorption kinetics

It is important to carry out both experimental adsorption kinetics
and modelling of cryogels because these provide essential data
on the dynamics of remediation, the efficiency of the cryogel,
and the removal mechanism of removal. As shown in Fig. 5, the
equilibrium removal of MB from water by the 4-VP-MAAc cryogel
was achieved in 40 min. Specifically, a rapid increase of MB
removal was observed in the first 10 min, while adsorption grad-
ually progressed to 97 + 2%.

To further evaluate the reaction kinetics, pseudo first/second
order and second-order kinetics were applied, as shown in Table 1.
Pseudo-second order kinetics better described and fit the adsorp-
tion performance of the cryogel. The model provided an adsorp-
tion capacity of 526.3 mg/g against the experimental one of
516.1 mg/g, with a correlation coefficient R? of 0.9998.

The pseudo-second order kinetics diffusion coefficient, k,, corre-
sponded to 1.0 x 107> g/mg min, which agrees with the experi-
mental observations; it also demonstrated a relatively rapid
removal during the first 20 min that smoothly decelerated towards
the maximum removal capacity or saturation. Although the pseudo-
first order kinetics modelling displayed close values in terms of dif-
fusion coefficient (1.8 x 1073 g/mg/min), it failed to fit the experi-
mental adsorption capacity index since the discrepancy factor d¢
(qeqca'/qeqe"p) between these two was approximately 0.49. The
results obtained were like those previously reported on different
types of cryogels used for MB removal from water.>>3” Hence, it is
assumed that the pseudo-second order model better describes
and fits the experimental results; it might also be applicable for
macroporous materials with a high diffusion profile, such as cryo-
gels. The proposed adsorption mechanisms linked with the adsorp-
tion equilibrium performance are discussed in section 3.6.

>

53 w - wn
= 4 = 1=

—
=

MB residual concentration, mg/L

Table 3. Parameters of isotherm models for adsorption of MB by 4- Table 4. Parameters of breakthrough models for adsorption of MB
VP-MAACc cryogel by 4-VP-MAAc cryogel
Model name Unit Values Model name Unit Values
Experimental data Amax P (mg/q) 703.6 Experimental data Gexp [Ma/a] 388
Langmuir model qm (Mg/g) 625.0 Thomas model krn, [mL/mg min] 6.1x1073
K. (L/mg) 0.0401 G [mg/g] 3427
R 0.9615 R 0.991
R? 0.9958 Adam-Bohart model kag [mL/mg min] 6.1%x 107"
Freundlich model 1/n 0.6467 N [mg/cm] 1209
Ke 29.5 R? 0.937
R? 0.9786 Yoon-Nelson model kyn [mL/min] 26x 107"
7 [min] 29.7
R 0.999

Adsorption equilibrium

To elaborate on the adsorption performance of the cryogel, the
batch adsorption isotherm was studied (Fig. 6). The 4-VP-MAACc
cryogel had an equilibrium adsorption capacity of 703.6 mg/g,
which is comparable with similar polymer-based hydrogels and
cryogels studied for MB removal from water, as shown in Table 2.

For example, Sezen et al.>® recently prepared a composite of
alginate and montmorillonite based cryogels by a one-step cryo-
gelation technique that demonstrated an adsorption capacity of
559.94 mg/g. Similarly, Balkiz et al?? synthesized graphene
oxide-alginate based quasi-cryogels that were produced via an
effective quasi-cryogelation method, wherein the observed max-
imum adsorption capacity was 122.26 mg/g. On the other hand,
Ma et al.3° produced hydrogels via an aqueous solution polymer-
ization approach under ultrasonic treatment with functional
monomers and organic montmorillonite, but the adsorption
capacity was considerably lower at 49.01 mg/g.

Both Langmuir and Freundlich models demonstrated accept-
able correlation coefficients: 0.9958 and 0.9786, respectively
(Table 3). However, the Langmuir isotherm model provided an
adsorption capacity equal to 625 mg/g, which is close to the
experimental value of 703.6 mg/g. Therefore, it could be sug-
gested that the adsorption of MB onto cryogel followed the Lang-
muir model, thus indicating monolayer adsorption. The high
value of K_ (0.0401) indicated a high rate of adsorption of dye
on the cryogel, while the separation factor (R,) value of 0.9615
denoted a favorable adsorption. These results agreed with the
adsorption kinetics, where rapid adsorption was observed at the
beginning with a gradual decline over time that could be possibly

(B)

100 +
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MB removal, %
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0 10 20 30 40
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Figure 7. Breakthrough curve for 4VP-MAAc cryogel (A) and MB removal during four adsorption/desorption cycles (B).
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Figure 8. Concentration of released Na* ions at various concentrations of MB (A) and mass of released Na* vs adsorbed MB vs. time (B).

related to the saturation of the monolayer. Even though the
Freundlich model did not fit the experimental data as efficiently
as the Langmuir model, it led to the same qualitative conclusions;
the value 0.6467 of 1/n lying between 0.1 and 1 also indicated a
favorable adsorption, while the high K¢ value of the model sug-
gested an easy adsorption of MB from water.*°

Similar studies on cryogels modified with magnetite
nanoparticles®® and cryogelic composites based on alginate/
montmorillonite®® have also indicated that the Langmuir model
better described the adsorption of MB in the macroporous struc-
ture. These modified cryogel and cryogelic composites displayed
a high degree of fitting in the Langmuir model. Dragan and
Loghin*' synthesized cryogels via radical polymerization in the
presence of anionic polyelectrolytes derived from potato starch.
According to their findings, the Langmuir model showed a good
agreement with the experimental values, revealing a maximum

500pm

<onm
500pm

adsorption capacity of 639 mg/g and a correlation coefficient of
0.979. Zhou et al.** produced a nanocomposite of polyacryl-
amide/cellulose nanocrystals impregnated into a hydrogel matrix
via a partial hydrolysis reaction. The produced nanocomposite
also showed a high degree of fitting with the Langmuir isotherm
model (correlation coefficient of 0.997), with the experimental
and calculated adsorption capacities being 326.08 and
358.42 mg/g, respectively. These results were supported by the
regeneration experiments of MB-loaded cryogels, which are pre-
sented in the next paragraph (Table 3).

Fixed-bed column and regeneration/reusability study

A fixed bed column was used for studying the dynamic sorption
of cryogel and the results are shown in Fig. 7(A), as the depen-
dence of the residual dye concentration at the outlet of the col-
umn versus the process time. The data show that during the first

o
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Figure 9. EDS mapping images of elemental composition (Carbon: red dots, Oxygen: yellow dots, Sulfur: blue dots) of MB-adsorbed 4VP-MAAc cryogel.
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18 min of the 50 ppm methylene blue solution flow through the
cryogel (at a rate of 8 mL per minute), the cryogel adsorbed all
of the passing dye. As the polymer was saturated with the dye,
the concentration of the non-adsorbed MB gradually increased,
with complete saturation of the sample being observed after
approximately 45 min.

The proper configuration and operation of a fixed-bed column
system requires the prediction of the breakthrough curve for
the adsorbate. Therefore, the breakthrough curve for the removal
capacity of the cryogel was studied using the Thomas, Adams—
Bohart, and Yoon-Nelson models by applying linear regression
analysis. The comparison between the obtained model parame-
ters and the experimental values of adsorption capacity are pre-
sented in Table 4.

The correlation coefficient for the Thomas and Yoon-Nelson
models were nearly comparable (0.991 and 0.999, respectively),
and higher than the values obtained for the Adams—Bohart model
(R? = 0.937). The adsorption capacity calculated by means of the
Thomas model was close to the experimental value. According
to the Yoon-Nelson model, the half time of the breakthrough is
29.7 min.

Regeneration and reuse of the adsorbent for several cycles is
one of the most important aspects from an economic point of
view when using adsorbents on an industrial scale. The MB
removal efficiency of the cryogel after each of the four successive
cycles is shown in Fig. 7(B). It is clear that the desorption/adsorp-
tion process was effective in all four cycles, with the adsorption
capacity remaining at almost 100% in all cases.

Mechanisms of removal

One of the proposed removal mechanisms involves the ion
exchange process between H* and/or Na* in the cryogel phase
with MB* from the solution phase, along with van der Waals force
and hydrogen bonding interactions with the functional groups.
The trends of the release of Na* ions and adsorption of MB at dif-
ferent initial dye concentrations are presented in Fig. 8(A). At low
dye concentrations, a small release of sodium ions was observed,
while at full saturation, the concentration of the released sodium
ions also increased. These findings were also proven in fixed-bed
column experiments (Fig. 7(A)), where the curve of the released
Na* ions had a similar shape as that of the adsorbed MB (Fig. 8
(B)), showing that ion-exchange of sodium with MB was the main
removal mechanism.

The EDS mapping (Fig. 9) of cryogel after the MB removal also
confirmed the disappearance of sodium ions from the surface of
the cryogel with the simultaneous appearance of sulfur and
increased content of carbon coming from the MB structure.

Despite the ion-exchange mechanism of Na*/MB* interaction,
the molar ratio of the released sodium and dye was not equal.
The other possible mechanism of adsorption is the complexation
of positively charged MB with the functional groups of the
polymer.

The FT-IR spectrum of MB-loaded cryogel in comparison with
that of the pure polymer was provided in Fig. 2. It can be clearly
observed that -OH stretching frequency at ~3300 cm™' at the
parent cryogel shifted to lower frequencies (~3240 cm™Y), indicat-
ing the interaction of MB with the surface of the cryogel. The peak
of amide(l) group at 1600 cm™" in 4-VP-MAAC was shifted to lower
frequencies by 18 cm™' with an increase in the intensity of MB-
adsorbed cryogel. Additionally, the peak of -OH bending coming
from carboxylic acid group was shifted from 1398 to 1386 cm™"

due to the interaction of the positively charged dye with the neg-
atively charged functional groups.****

CONCLUSIONS

A novel macroporous 4-vinylpyridine-co-methacrylic acid-based
cryogel was synthesized, characterized, and studied in the
removal of methylene blue dye from water. The results of batch
adsorption kinetics showed a rapid removal of dye of around
90% within the first 20 min that reached almost 100% in the next
10 min, corresponding to an equilibrium capacity of 516.1 mg/g.
The experimental results were well described by a pseudo-second
order kinetics model.

Fixed-bed column experiment results revealed that the
obtained cryogel could be used in four successive adsorption/
desorption cycles without any loss of adsorption capacity. The
MB removal was found to take place through an ion exchange
and complexation reaction with functional groups of polymer
mechanism.
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