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Cationic Hydrogel
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ABSTRACT

In this study, a new multi-stimulus cationic copolymer hydrogel was
developed by bulk photo-polymerization of N-acryloyl-N’-propyl
piperazine (AcrNPP) and poly (ethylene glycol) methacrylate (PEGMA)
with ethylene glycol dimethacrylate (EGDMA) as crosslinker. The effect
of multiple external stimuli, concentration of monomers, and equilibrium
swelling of the hydrogels was studied in detail. The gels swelled in acidic
solutions due to protonation of tertiary amine in the piperazine ring, and
de-swelled in basic solutions. The presence of PEGMA in the hydrogel
enhanced the swelling and imparted water-responsive property, leading
to disintegration at high concentration of 49.85%. The hydrogel was
evaluated as an adsorbent for the removal of an anionic dye, Congo red
(CR) from water. The dye uptake capacity of the hydrogel increased with
increase in the initial dye concentration. Interestingly, the swelling ratio
of the hydrogel decreased at high dye concentration due to the formation
of additional physical crosslinks within the hydrogel matrix. The dye
uptake capacity of the hydrogel decreased with increasing temperature
due to the negative-temperature responsive property of the hydrogel. The
time-dependent adsorption data was fitted with seven kinetic models.
Pseudo second-order model best described the kinetics of adsorption
process, and the adsorption of CR onto the hydrogel could be very well
described with phase-boundary controlled models. The adsorption was a
multistep process with surface adsorption followed by intraparticle
diffusion.
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I. INTRODUCTION

In recent years, pollution of water bodies around the world by toxic industrial waste is one of the serious
ecological and social concern. The use of synthetic organic dyes for coloring purposes is expanding in
textile, food, plastic, and pharmaceutical industries which release a large volume of dye effluents into the
environment [1]-[3]. Among these, textile industries produce a large volume of effluents containing spent
synthetic dyes at various stages of dyeing the textiles. Many of these synthetic dyes are non-biodegradable
and are characterized by complex chemical structures with high molar mass [4]. The presence of synthetic
dyes above the tolerance limit, has detrimental effects on living organisms and the ecosystem. In terms of
human health, these synthetic dyes lead to severe dysfunctions of reproductive systems, brain, kidney, and
the central nervous systems [5]-[8]. Very strict laws are thus in place for the elimination of dyes from
wastewater before its discharge into water bodies or land.

Treatment of industrial effluents by conventional physical and chemical methods such as flocculation
[9], floatation [10], coagulation [11], precipitation [12], ion exchange [13], reverse osmosis [14],
photodegradation [15], oxidation [16], sorption [17], and biological treatments [18] are currently in use.
Among these methods, adsorption or sorption using activated carbon is widely used for dye removal
applications due to its simplicity in design and usage, and the ability to remove a wide range of pollutants
[19]. However, the use of activated carbon as adsorbents is limited due to its high cost, and therefore there
is a need to develop cost-effective alternate adsorbents with sufficient adsorption capacity, and adsorption
rate. A few of the alternatives are renewable raw materials [20], [21], agricultural waste [22], and low-cost
synthetic inorganic and organic materials [23], [24].

Among the low-cost organic materials, synthetic functional polymeric materials have been widely used
as adsorbents for the removal of pollutants such as dyes and heavy metals from wastewater. The polymeric
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adsorbents have many advantages over conventional adsorbents such as activated carbon and ion-exchange
resins, such as simple processing methods, introduction of specific chemical functional groups for target
specific interactions, and effective regeneration of the adsorbent under mild conditions [25], [26]. Further,
polymer-based adsorbents can be developed in various architectures such as hydrogels, microgels, beads,
interpenetrating networks (IPN) and surface grafted resins with well-defined physicochemical properties
[27].

Hydrogels are crosslinked polymers with three-dimensional structure that can absorb and retain large
amount of water or aqueous solution without undergoing dissolution. Stimuli-responsive hydrogels or smart
hydrogels swell and shrink in response to changes in external stimuli (such as pH, temperature, salt and
surfactant concentration, light, and magnetic field) is an interesting class of adsorbent material [28]-[31].
During the swelling process of smart hydrogels, the expansion of polymer network allows diffusion of
various molecules (dyes, metal ions) into the matrix, facilitating their removal from the external solution.
In recent years, functional stimuli-responsive hydrogels containing specific functional groups have been
studied as sorbents for removal of pollutants from wastewater [32]-[34]. The presence of specific functional
groups in the hydrogel allows various possible interaction between the functional groups and pollutant.
These materials have significant advantages over other materials in that, they can be synthesized with a
wide range of physicochemical properties and with specific chemical ligands for target-specific removal of
pollutants [35]-[37].

In this study, a new smart cationic copolymer hydrogel based on N-acryloyl-N’-propyl piperazine and
poly (ethylene glycol) methacrylate was synthesized by photo-polymerization in bulk and characterized.
The presence of AcrNPP in the hydrogel imparted pH and temperature responsive properties, while
PEGMA imparted water-responsive and erodible features. The dye adsorption property of the new hydrogel
was studied using an anionic model dye, Congo red (CR), and the adsorption kinetics and mechanism was
modeled using various kinetic models. This study allows for future design and development of erodible
cationic hydrogels with tunable physicochemical properties for versatile removal of pollutants from
aqueous solutions.

Il. MATERIALS AND METHODS

A. Raw Materials

Acrylic acid (Tokyo Chemical Industry), benzoyl chloride (Aldrich), ethylene glycol dimethacrylate
(EGDMA) (Fluka), 2,2-dimethoxy-2-phenylacetophenone (DMPA) (Aldrich), N-propylpiperazine
dihydrobromide (Alfa-Aesar), poly(ethylene glycol) methacrylate (PEGMA, M, = 360) (Aldrich), and
Congo Red (Aldrich) were used as received. Deionized water was used for all aqueous sample preparations.

B. Synthesis of N-acryloyl-N-propyl piperazine (AcrNPP)

Acryloyl chloride was prepared by reacting acrylic acid with benzoyl chloride by following the procedure
reported in the literature [38]. The monomer AcrNPP was synthesized by reacting freshly prepared N-
propyl piperazine with acryloyl chloride in distilled THF at 0 °C under nitrogen atmosphere, according to
the procedure described earlier [29]. N-propylpiperazine dihydrobromide was neutralized with 2M NaOH
and extracted with dry chloroform. The chloroform layer was dried over anhydrous magnesium sulfate for
12 h to remove traces of water. The salt was removed by filtration and the filtrate was concentrated to obtain
N-propylpiperazine as yellow oil and used fresh to prevent oxidation.

N-propylpiperazine (0.095 mol, 12.15 g) and triethylamine (0.095 mol, 9.59 g) were dissolved in 300 ml
of dry THF in a three-neck Claisen flask. The reaction mixture was cooled in an ice bath, stirred using a
magnetic stirring bar and maintained under a nitrogen atmosphere. Acryloyl chloride (0.395 mol, 8.57 g)
dissolved in THF (30 ml) was added dropwise into the reaction over a period of 30 min using a pressure-
equalizing funnel. The reaction mixture was stirred vigorously and was allowed to equilibrate to room
temperature. The triethylamine hydrochloride salt was removed, and the filtrate was concentrated and
distilled under vacuum. The product was obtained as pale-yellow oil at 86 °C at a pressure of 7 mmHg.

C. Synthesis of Copolymer Hydrogels

Chemically crosslinked copolymer hydrogels of AcrNPP and PEGMA were synthesized by photo-
polymerization at 25 °C in bulk. The synthesis of hydrogel A9PE1 (containing 90% AcrNPP and 10 %
PEGMA) is described as follows: AcrNPP (1.81 g, 0.0113 mol), PEGMA (0.20 g, 5.56x10~* mol), EGDMA
(0.04 g, 2.01x10* mol), and DMPA (0.5 wt % based on the total weight of monomers and crosslinker)
were dissolved in a glass ampoule (Wheaton). The mixture was degassed by bubbling dry nitrogen gas for
10 min to eliminate any dissolved oxygen. The sealed ampoule was sonicated for 2 min to remove any tiny
air bubbles formed during the degassing process. Polymerization was carried out in a photochemical reactor
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(Rayonet) by UV irradiation (A ~285 nm). The transparent solution turned into a solid gel within 20 min of
irradiation. The solid gel was recovered by carefully cracking the ampoule, and the gel was washed in water
for 3 days. It was then cut into thin rectangular slabs and dried to constant weight in a vacuum oven at
40 °C. Hydrogels of various monomer compositions were similarly prepared. The monomer feed
compositions and visual appearance of the other hydrogels prepared are given in Table I. The chemical
structure of the hydrogel is shown in Fig. 1.
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Fig. 1. Chemical structure of the hydrogel.

TABLE |: MONOMER FEED RATIOS, CONVERSION OF MONOMERS, AND APPEARANCE OF GELS

Monomer feed (mol%) Appearance .

Hydrogel AcCrNPP PEGMA Before polymerization After polymerization Conversion (%)
A9PE1 90.31 9.69 Clear solution Solid transparent gel 97
A8PE2 80.10 19.90 Clear solution Solid transparent gel 97
A5PE5 50.15 49.85 Clear solution Solid transparent gel 97

All hydrogels contain 3 mol % of EGDMA as chemical crosslinker.

D. Equilibrium Swelling and Swelling Kinetics Studies

Equilibrium swelling of the gels was studied gravimetrically to determine their response to pH changes.
The gels were immersed and equilibrated in solutions of various pH at 23 °C for 1 day, and the swollen
weight was recorded after carefully wiping the surface water with a damp lint-free Kim-wipe towel. The
weight swelling ratio at equilibrium WSRE® was calculated using the following equation,

WSRET = % 1)

S

where Ws and W are the equilibrium swollen weight and dry weight of the gel, respectively.

For the swelling kinetics study, the gels were cut into thin rectangular slabs (area = 1.5 cm?, thickness
0.4 cm) and placed in solutions of pH 3 and pH 9 in glass vials at 23 °C. The weight of the swollen gels at
different time intervals (W) was measured gravimetrically. All measurements were repeated three times.

E. Dye Sorption Measurements

For the study of dye adsorption capacity of the hydrogels, Congo red (CR) was chosen as the model
anionic dye. The hydrogels (~0.05 g) were immersed in aqueous CR dye solution of initial concentration
4x10° M for 7 days with gentle magnetic stirring. The amount of residual dye in the external solution was
calculated by measuring the absorbance using a UV-Vis spectrophotometer (Perkin-Elmer Lambda 25) at
a wavelength of 500 nm. From the measured absorbance, the concentration of dye in the external solution
was calculated using the Beer-Lambert law %, The adsorption capacity at equilibrium geq (Mg g), and at
time t, g: (mg g*) was calculated using the following respective equations:

Qeq = G — Ceq) X% (2)
g = (C;— C) X = 3)

where C; is the initial concentration of dye (mg L?), Ce is the concentration of dye at equilibrium
(mg L), Cyis the concentration of dye at time t (mg L), V is the volume of dye solution (L), and m is the
mass of hydrogel (g). The percentage removal of dye by the hydrogel was calculated using the equation,
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Percentage Removal = % x 100 4
t

I1l. ADSORPTION KINETIC MODELS

The dye adsorption mechanism of hydrogels and the rate controlling steps involved was established using
various adsorption kinetic models [40]. The kinetic parameters obtained using these models are useful in
predicting the rate of dye adsorption and modeling of the adsorption processes. In this study, the kinetics
of CR adsorption onto the hydrogels was analyzed using pseudo-first order [41], pseudo-second order [42],
Elovich [43], Avrami [44] and fractional power [45] kinetic models.

A. Lagergren Pseudo-First Order Kinetic Model
The pseudo first-order kinetic model described by Lagergren [41] is expressed as,

In(q. — q¢) = Inq, — kqt (5)

where, g is the amount of dye adsorbed at equilibrium (mg g%), g: is the amount of dye adsorbed at time t
(mg g%), and k; is the rate constant for the pseudo-first-order adsorption (min). A plot of In (ge- q:) against
t at different concentrations gives a linear plot with a negative slope. The values of ki and gca are obtained
from the slope and intercept, respectively.

B. Ho Pseudo-Second-Order Kinetic Model
The pseudo second-order kinetic model described by Ho [42] is given as,

f_ 1,10

ac ka2 dqe

(6)

where, k is the pseudo-second order rate constant (g mg= min'). A plot of t/g: against t gives a linear plot
with positive slope. The values of k; and ge are obtained from the slope and intercept, respectively.
C. Elovich Kinetic Model

The Elovich model [43] is used to describe second-order Kinetics assuming that the actual solid surface
of the adsorbent is energetically heterogeneous. The model describes a chemisorption process and is given
by the following equation:

gc = 5In(a B) + 7 1nt (7)

where, o is a constant related to rate of chemisorption and B is a constant related to the extent of surface
coverage of the adsorbent. A plot of g: versus In t is linear, and the constants o and 3 are obtained from the
intercept and slope, respectively.

D. Avrami Kinetic Model

The linear form of Avrami kinetic model [44] is given by the following equation as,

In [ln (Qeq—e%)] =Ny Inkyy + Ny Int (8)

where, kay is the Avrami adsorption kinetic constant, and nay is the Avrami model exponent time, which is
related to the change in mechanism of adsorption. A plot of In[In(ge/qe — qr)] versus In t is linear, and the
constants kay and nay are obtained from the intercept and slope, respectively.

E. Fractional Power Kinetic Model
The linear form of the fractional power kinetic model 31 is given by the following equation as,

log q; =logk + vlogt 9)
where, k and v are constants. The value of n is usually less than 1 if the adsorption kinetic data fits the

power functional model. A plot of log q: versus log t is linear, and the constants k and v are obtained from
the intercept (antilog) and slope, respectively.
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IV. ADSORPTION MECHANISM

The mechanism of dye adsorption by the hydrogels was investigated using the intra-particle diffusion
model (Weber and Morris model) [46], and pore-diffusion model (Bangham model) [47].

A. Intraparticle Diffusion Model
The intraparticle diffusion model by Weber and Morris [46] is given by the equation as,

qr = kaigg Y2+ C (10)

where g; (mg g*) is the amount of dye adsorbed by the hydrogels at time t, and Kqirr (Mg g™ min"?) is the
rate constant for intraparticle diffusion. The value of the slope C provides information on the thickness of
the boundary layer, and the value of the intercept gives information on boundary layer effect. A large
intercept suggests a large boundary layer effect.

A plot of gcversus t“2 is either linear or multilinear. A linear trend indicates that intraparticle diffusion is
involved in the adsorption process, and a multilinear trend indicates that the adsorption is governed by two
or more steps. A linear plot with the plot passing through the origin indicates that the entire rate-limiting
step of the adsorption process is solely by intraparticle diffusion [48].

B. Pore-Diffusion Model

The Bangham model [47] evaluates if the adsorption process is pore-diffusion controlled, and is given
by the equation as,

ij

2303V

Log log (Q—Cm) = log( ) + alogt (11)

where, C; is the initial concentration of the dye solution (mg L), V is the volume of dye solution (mL), m

is the mass of adsorbent (g). A plot of Log log (Ci/C; — g m) versus log t is linear, and the constants « and
Kj are obtained from the slope and intercept, respectively.

V. RESULTS AND DISCUSSIONS

A. General Characteristics of Hydrogels

The hydrogels were prepared by photo-polymerization in bulk at 25 °C, and transparent solid gels were
obtained within 20 min of reaction. The conversion ratio of monomer (CM°") was estimated based on the
following equation,

cMon (o) = % x 100 (12)
m

where, W and Wy are the total weight of monomers before polymerization and dry weight of gel after
polymerization, respectively. The conversion ratio of monomers was almost 97 % for all the monomer
feeds. This high conversion of monomers indicates an efficient crosslinking reaction between the monomers
and the difunctional crosslinker. As the conversion ratio was 97%, the mole ratio of monomer units in the
resulting gels was assumed to be equal to the initial monomer feed composition [24].

B. Effect of PEGMA on the Swelling of Gels in Water

The effect of hydrophilic comonomer PEGMA, on the swelling behavior of the gels was studied in water
(pH 6.5) at 23 °C. The time-dependent swelling behavior of the gels is shown in Fig. 2.

Two significant swelling profiles (an initial rapid increase followed by a decrease) are observed for all
the three gels as function of time. The initial rapid increase (overshooting effect) in swelling ratio is
attributed to the hydrophilic nature of PEGMA in the gel which facilitates rapid diffusion of water
molecules into the gel matrix. Upon reaching the maximum swelling ratio, the elasticity of the gel network
diminishes leading to the physical breaking (formation of small cracks) of the gel. This leads to the observed
decrease in swelling ratio of the gels above the maximum swelling ratio. In general, polymers prepared by
bulk polymerization are glassy with low elasticity, and as a result do not swell to high swelling ratios 4.
Hydrolysis of the ester functional group of PEG blocks by the adsorbed water molecules is another factor
that leads to disintegration of the gel, leading to a decrease in swelling ratio [49].
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Fig. 2. Effect of PEGMA content on the swelling of hydrogels in water at 23 °C.

The gel ASPES5 containing the highest amount of PEGMA shows the maximum swelling ratio of 3.5
followed by the gels ABPE2 and A9PEL. Also, the gel ASPE5 reaches the maximum swelling ratio at 50
min followed by A8PE2 at 60 min, and A9PE1 at 80 min. The time taken to reach the maximum swelling
ratio in water is thus dependent on PEGMA content in the gels. This water-responsive property is attributed
to the hydrophilic nature of the ethylene oxide blocks of PEGMA, which facilitate the formation of
hydrogen bonding with surrounding water molecules [50]. Hydrogels containing PEGMA is widely used
in drug delivery systems owing to this PEGMA dependent swelling and biocompatibility [51]. The
maximum swelling ratio of the gels decrease in the following order ASPE5 > A8PE2 > A9PEL. The gel
AS5PES5 containing the highest amount of PEGMA (49.85 mol %) disintegrates faster followed by A8PE2
(19.90 mol %) and A9PE1 (9.69 mol %) containing lower amounts of PEGMA. This disintegration is
attributed to the hydrolysis of ester linkage of PEGMA units in the hydrogel [49], [52]. As the gel A9PE1
exhibited maximum swelling at longer time without any disintegration, this gel was chosen for further
study.

C. Effect of pH on the swelling of gel

The time-dependent swelling of the gel A9PE1 containing 90.31 mol % of AcrNPP in solution of pH 3.1
and pH 9.1 was studied, and the results are shown in Fig. 3. The gel swells more in acidic solution than in
basic solution with initial rapid swelling during the first 10 min. The tertiary amine containing monomer
unit AcrNPP is primarily responsible for higher swelling at pH 3.1. Under the acidic condition, the tertiary
amine nitrogen is protonated leading to the formation of fixed charges on the gel network. This in turn
causes electrostatic repulsion between the charged polymer network leading to the expansion of gel network
thereby facilitating diffusion of water into the matrix. The pKa of AcrNPP is 4.1 [24], [29] and below this
(at pH 3.1) the tertiary amine nitrogen is fully protonated. As a result, the gel exhibits a high weight-swelling
ratio of 7 in acidic solution with an equilibrium water content of about 97%. At pH 9.1, (pH > pKa) the
protonation of tertiary amine nitrogen is insignificant and swelling ratio of the gel is only 4, which is solely
due to water diffusion into the glassy matrix of the gel [52], [53]. This important property of ionization by
tuning the external pH allows to develop pH-responsive gels with tunable swelling properties.
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Fig. 3. Effect of external pH on the swelling of hydrogels at 23 °C.
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D. Effect of Temperature on the Swelling of Gel

The temperature-responsive swelling of the gel A9PE1 in water (pH 6.5) was studied and the results are
shown in Fig. 4.

6.5 -
6.0
5.5 - §
&
5.0
=
4.5
4.0 ¥
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25 30 35 40 45 50 55

Temperature (°C)

Fig. 4. Effect of temperature on the swelling of hydrogel A9PE1 in water.

The swelling ratio decreases steadily with increase in temperature and is more significant above 35 °C.
This decrease in swelling ratio with increase in temperature is a fundamental property of thermo-shrinking
gels or negative-temperature responsive gels [54]. The linear polymer, poly(N-acryloyl-N’-propyl
piperazine) (PAcrNPP) exhibits a lower critical solution temperature (LCST) at 38 °C in water [29]. For
the linear copolymer of AcrNPP with PEGMA of composition 90:10, the LCST was determined to be
44.75£0.5 °C. The LCST of this random copolymer is higher than that of PAcrNPP, due to the presence of
hydrophilic PEGMA units along the polymer backbone. The hydrogel of this polymer is thus expected to
shrink around this temperature in water due to hydrophobic interactions.

E. Effect of Initial Dye Concentration

The effect of initial concentration of the dye on the uptake by the hydrogel A9PE1lis shown in Fig. 5. As
expected, the dye uptake capacity of the hydrogel increases with increase in concentration of the dye
solution. This indicates that the initial concentration of dye plays an important role in the quantity of dye
adsorbed by the hydrogel. The initial rapid increase in the quantity of dye adsorbed is attributed to the
swelling of gel and contact of the dye molecules with the available surface adsorption sites. Interestingly,
the swelling ratio of the hydrogel deceased with increase in dye concentration. This is due to the formation
of additional physical crosslinks between the dye molecule and the polymer chains, which prevents further
swelling of the hydrogel [55].

|Fm—10x10°™
—e—2.0x10°M

25x10°M
{Fv—3.0x10°M .
40x10°M

q,(mg g
w
1

Time (days)
Fig. 5. Effect of dye concentration on the dye uptake capacity of hydrogel A9PE1 at 23 °C.

F. Effect of Temperature on Dye Adsorption
The effect of temperature on the adsorption capacity of the hydrogel A9PEL1 at 25 °C, 35 °C, and 45 °C

was studied, and the results are shown in Fig. 6. It is evident that the amount of dye adsorbed by the hydrogel
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decreases with increase in temperature. The decrease is significant above 35 °C due to the dominance of
hydrophobic interactions above this temperature. The hydrophobic interactions cause the formation of a
‘skin’ like texture on the surface [24], [30] of the hydrogel which prevents the diffusion of dye and water
molecules into the gel matrix thereby decreasing the dye adsorption capacity of the hydrogel.

4.0

3.8

3.6

q,(mg g?)

3.2

3.0 H E

2.8 T T T T T T T
25 30 35 40 45 50 55

Temperature (°C)

Fig. 6. Effect of temperature on the dye uptake capacity of hydrogel A9PE1.

G. Adsorption Kinetics Studies

The study of dye adsorption Kinetics of any new material is important as it gives vital information about
the nature and mechanism of the adsorption process. In this study, seven kinetic models [41]-[47] were
employed to best understand the dye adsorption process and mechanism of adsorption by the new
hydrogels. The adsorption kinetic parameters obtained from the respective plots are summarized in Table
1.

TABLE II: ADSORPTION KINETICS PARAMETERS OBTAINED FROM VARIOUS KINETIC MODELS FOR ADSORPTION OF CR ONTO THE
HYDROGEL. INITIAL CONCENTRATION OF CR =4x10"°M

Kinetic model Kinetic parameters Regression
Pseudo first order e cal. (mg/g) = 4.58 ki (min™) =1.86 x 10 R?=0.9952
Pseudo second order ge cal. (mg/g) = 4.36 k, (g/mg min) =0.134 R?=0.9991
Elovich a (mg/g min) = 1.05 x 107° B (g/mg) = 1.43 R%=0.9967
Avrami Nay = 2.182 Kay (Min~t) =3.03 x 103 R?=0.9903
Fractional power V (min-t) = 0.298 k (mg/g) = 0.418 R?=0.9936
Intra-particle diffusion* C (mgl/g) =2.10 kqitr (Mg/g min*?) = 0.044 R?=0.9830
Pore-diffusion o =117 x 10°* ki(g) = 1.98 R? = 0.9940

* data obtained from linear regression fit.

0.4

0.2

0.0

log (a,-g)

-0.2 4

-0.4 -
| |

T T T T T T T T T T
1000 2000 3000 4000 5000 6000
Time (min)

Fig. 7. Dye adsorption kinetics fitted with Lagergren pseudo-first order kinetic model. The solid red line corresponds to the model-
fit on the experimental data.

The plot based on pseudo first-order model is shown in Fig. 7. As expected, the plot is linear with a
negative slope. However, the linear regression coefficient (R?) is 0.9952 which indicates that the adsorption
of CR by the hydrogel does not follow a first-order kinetic process. The plot based on pseudo second-order
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model is shown in Fig. 8. The plot is linear with a positive slope with a regression coefficient of 0.9991.
The initial adsorption rate (h) defined as, h = k, X g2 was 0.667 min~* for the initial CR concentration of
4x10™* M. The g value obtained from this model was 4.98 mg/g which is in good agreement with the
experimentally observed value of 5.63 mg/g. These results suggest that the adsorption of CR onto the
hydrogel follow a pseudo-second order kinetic process.

1800

1600 4 o
1400 7
1200 - e
1000 - o~ -
800 - M
600 - s

400 &

t/ql (min/mg/g)

200 -

0 T T T T T
0 2000 4000 6000 8000 10000

Time (min)

Fig. 8. Dye adsorption kinetics fitted with Ho second order kinetic model. The solid red line corresponds to the model-fit on the
experimental data.

In addition, many hydrogels swell in water following a second-order swelling kinetics [24], [30], [31].
In the adsorption of CR by the hydrogel, the rate-limiting step appears to be a chemical interaction involving
exchange and sharing of electrons between the tertiary amino moiety of AcrNPP and the dye molecule [32],
[55]. Similar adsorption process has been observed for cationic hydrogels based on dimethylaminoethyl
methacrylate [56], [57].

6.5

6.0 [ ]

5.5 1

5.0 1

q, (mg/g)

4.5 ]

4.0 4

3.5 1

T T T T
7.0 7.5 8.0 8.5 9.0 9.5
Int

Fig. 9. Dye adsorption kinetics fitted with Elovich kinetic model. The solid red line corresponds to the model-fit on the experimental
data.

Fig. 9 shows the plot based on Elovich kinetic model. The plot is linear with a regression coefficient of
0.9967. The constant 3, obtained from the slope of the plot, which is related to the extent of surface coverage
was 1.433 g/mg for the initial dye concentration of 4x10~* M. In general, this value increases with increase
in initial dye concentration. The constant o, that is related to the rate of chemisorption was —6.862 mg/ g
min. This low value indicates that the adsorption of CR by the hydrogel follow more than one adsorption
mechanism [2], [3].

DOI: http://dx.doi.org/10.24018/ejchem.2022.3.1.86 Vol 3| Issue 1 | January 2022



RESEARCH ARTICLE

European Journal of Advanced Chemistry Research
www.ej-social.org

124

0.6

0.3

In [In(a./9,-9)]

0.0

-0.3 4

T T T
7.0 75 8.0 8.5 9.0

Int
Fig. 10. Dye adsorption kinetics fitted with Avrami kinetic model. The solid red line corresponds to the model-fit on the
experimental data.

The plot based on Avrami kinetic model is shown in Fig. 10. The plot is linear with a positive slope and
low regression coefficient of 0.9903. The low regression coefficient suggests that the adsorption of CR by
the hydrogel does not follow the Avrami model.
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Fig. 11. Dye adsorption kinetics fitted with fractional power kinetic model. The solid red line corresponds to the model-fit on the
experimental data.

The plot of fractional power kinetic model is shown in Fig. 11. The plot is linear with a regression
coefficient of 0.9936. The constant v obtained from the plot is 0.2977 which is less than unity, and this
indicates that kinetic data fits well with power function model.

H. Adsorption Mechanism
The plots based on intraparticle diffusion model (Weber-Morris model) and pore-diffusion model
(Bangham model) are shown in Fig. 12 and 13, respectively.

7 — Linear fit
- - - - Polynomial fit

q,(mg g”)

0 T T T T T
0 20 40 60 80 100

Time"? (min*?)
Fig. 12. Dye adsorption fitted with intraparticle diffusion model. The solid red line corresponds to the model-fit on the experimental
data.
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Fig. 13. Dye adsorption fitted with pore-diffusion diffusion model. The solid red line corresponds to the model-fit on the
experimental data.

The plot of intraparticle diffusion model is not linear (R = 0.9830) but multi-linear. The linear fit does
not pass through zero, which clearly indicates that the adsorption does not follow single diffusion
mechanism and the sole rate-determining step is not intraparticle diffusion [2]. The multi-linearity thus
indicates that multi-steps are involved in the adsorption of CR by the hydrogel. The initial linear portions
of the curve do not pass through the origin of the curve, indicating that intraparticle diffusion is not the only
rate limiting step. The slope of this line is sharper (Kinitir = 0.059 mg g h/2) which suggests that boundary
layer diffusion of dye molecules (fast surface uptake) takes place during the initial stage of adsorption. The
second linear region of the plot (Kiaer = 2.070 mg g h™/2) is less steep and this is attributed to the diffusion
of the surface adsorbed dye molecules within the porous matrix of the hydrogel, where intraparticle
diffusion becomes the rate limiting step. Similar adsorption mechanism has been reported for cationic
hydrogels based on DMAEMA and Karaya gum [58], and for Rhodamine B dye adsorption onto Raphia
hookerie fruit epicarp [2].

The plot based on Bangham model (Fig. 13) is linear with a regression coefficient of 0.9940, suggesting
that pore diffusion is also involved in the uptake of CR by the hydrogel. Deviation from linearity is observed
at longer time which further suggests that adsorbate pore diffusion is not the only rate limiting step in this
adsorption [2], [32], [56]-[58].

VI. CONCLUSIONS

New multiple stimuli responsive copolymer hydrogels based on PAcrNPP and PEGMA were synthesized
by UV-light initiated bulk polymerization. The amount of PEGMA in the hydrogels played a significant
role affecting many properties such as swelling, dye adsorption, and erodibility. This material shows
promising applications in the removal of anionic dyes from water and the stimuli-responsive property can
be used as an on-off switch. The adsorption of dye was a multistep process with surface adsorption followed
by intraparticle diffusion.
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