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Abstract

In this work, a new resin that can remove cationic dyes like Methylene Blue dye from aqueous solutions will be
introduced. For this, novel kappa-carrageenan/polyvinyl alcohol hydrogel (kC/PVA) composites with modified
pumice were made. Using the freezing-thawing procedure, the mixture of polymers and modified pumice was
cross-linked, and then K+ ions were added. Using SEM, FTIR, and XRD methods, the structure of the resultant
hydrogel composites was identified. Using a batch adsorption technique, the effects of contact time, changed
pumice content, temperature, pH, ion strength, and dye solution salinity on the adsorption of cationic methylene
blue dye on the hydrogel composites were examined. The swelling capacity of the resultant hydrogels was found
to be lower than that of modified pumice-free hydrogels, falling from 780 to 470 %. The number of salts CaCl,
and AICIs in the solution dramatically reduced the adsorption capacity from 24.61 to 19 and 17 correspondingly.
The greatest adsorption capacity of the hydrogel composites achieved was 185.65 mg g-1, and equilibrium dye
adsorption data were also found to follow the Langmuir model. Based on the results of this study, synthetic
hydrogel composites can be used as inexpensive adsorbents to remove colors from aqueous solutions, such as
commercial dye baths.

Keywords: cationic dye removal; methylene blue dye; modified composite hydrogel; adsorption; kappa-
carrageenan; poly (vinyl alcohol); modified pumice.
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1. Introduction

Water resource pollution is a very
quarrelsome issue on a worldwide scale, as it has
long-term or even deadly significances for living
creatures [1]. Water contamination made by dyes is
one of the most regarded of these pollutants since it
causes alterations in the natural appearance of water
even at extremely low quantities.

Dyeing is used in a variety of industries,
including textiles, antioxidants, pulp, paper, paint,
plastics, rubber, tannery, printer ink, food, and
cosmetics [2-8]. There are several dyes available,
with an annual production of around 1.6 million
tonnes [9]. The release of dyes into the environment

harms aquatic life ecosystems and has a detrimental
influence on human health. The effects may cause
aesthetic issues like discoloration and unpleasant
odors and aquatic ecosystems may be disturbed
because of lower sunlight penetration and oxygen
depletion in dirty water. The dangers of dye pollution
to human health include the possibility of developing
skin problems from coming into contact with
contaminated water and digestive issues from
drinking contaminated water, which may increase the
risk of cancer. [10, 11].

Methylene blue (MB), a water dye pollutant,
is used in industrial and household beauty items to
colour paper, cotton, silk, wool, and hair, among
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other things. As a typical cationic organic dye
pollutant, MB dye has been widely investigated for
its ability to sorb to a wide range of adsorbents [12,
13]. This dye has been linked to a variety of health
issues, including ocular, respiratory, digestive, and
mental illnesses [14, 15]. Therefore, the removal of
this type of dye is of paramount from health
perspective as well as environmental perspective[16].

Numerous techniques have been used to study
the exclusion of MB dye from industrial waste, such
as enzymatic processes, photo-degradation reactions,
electrochemical removal, chemical coagulation,
membrane separation, and other physical adsorption
techniques [17].

One of the methods of removing cationic dyes
like methylene blue is the use of hydrogels and
hydrogel composites[18].

Hydrogels are cross-linked  hydrophilic
polymeric polymers that may expand in water
without dissolving or losing structural integrity [19].
Hydrogels in aqueous solution can expand or shrink
due to binding of different ions and- or to the
association, dissociation in their polymer chains [19].

Many materials, such as PVA, kc and pumice,
can be used to create composite hydrogels. Several
researchers used PVA to create hydrogel composites
to PVA /carboxymethyl cellulose(CMC)/ graphene
oxide/bentonite and PVA /CMC/ ZSM-5 zeolite [20,
21]. By a physical cross-linking process that happens
during freeze-thawing cycles, PVA and its mixes may
generate powerful and somewhat stiff hydrogels.
PVA crystallites may develop during these cycles,
and they can firmly bind the polymer chains in a
three-dimensional network [22]. Following many
freezing/thawing cycles, several studies discovered
hydrogen bonding and crystallite formation between
PVA chains. [23-28]. Therefore, PVA and its blends
act as robust matrices for the composite hydrogels.
Hydrogels of PVA are both transparent and
biodegradable while their mechanical properties can
be adjusted by the conditions of the cross-linking
process [29-31]. PVA-based biopolymer hydrogels
are biocompatible, non-carcinogenic, and have
reliable physical characteristics [32, 33].

Despite the fact that using three fundamental
kinds of carrageenan, only iota and kappa are
commonly employed for gel formation [34]. Several
articles have described how KC interacts with cations
including K+, Ca2+, and Na+ to produce ionically
cross-linked helical molecules [35-37]. Carrageenan
bind to different cations, and the degree of
aggregation is highly influenced by the kind and
concentration of salt added to the carrageenan
solution. On the whole, a Domain model previously
examined the mechanism of kC chain crosslinking by
K+ ions. [35], According to this hypothesis, direct
intermolecular connection via double helices is
restricted to the development of tiny independent
domains involving a limited number of chains,
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whereas linkage between helices in distinct domains
results in greater long-range crosslinking [35].

There are other materials that used of the
elimination of cationic ions such as metals, e.g. iron
and manganese ions, from water, and modified
pumice is one of these materials. Modified pumice is
commercialized in the USA as Burgess Iron Removal
Media (or simply BIRM). This material is a
granulated filter medium containing MnO; film on
the surface (catalyst) [38] used mainly for iron and
manganese removal from water. This media is
alumina silicate covered with manganese dioxide,
with an operative size of 0.61 mm and a consistency
coefficient of 1.72. This material may be used as a
substitute media for manganese greensand and is
indicated for lower iron concentrations (up to 6.0
mgl* for Fe?* and 3.0 mgl for Mn2*) and residential
water treatment. When employed as an iron removal
medium, BIRM functions as a catalyst, accelerating
the interaction between dissolved oxygen (DO) and
the iron complexes prevalent in many groundwater
sources [39]. It is also suitable for use in gravity and
pressure filters. Contact with this filter material
causes dissolved iron and manganese to oxidize.
Filtration readily removes precipitated Fe and Mn
hydroxides (pH of 8 to 9 is necessary for Mn
removal) [40].

Due to their potential importance in removing
cationic dyes and cations from aqueous solutions, this
article describes the method of preparing kc—PVA-
modified pumice hydrogel composites for the
purpose of removing methylene blue. Methylene blue
was used as a model dye to investigate the adsorption
behavior of manufactured hydrogels. In summary, the
adsorption capacity of such hydrogel composites was
studies in different condition of time, temperature or
salt additions. Further, the structure of hydrogel
composites was studied and the swelling of hydrogel
composites was investigated.

2. Experimental
2.1. Materials

Sigma Aldrich, Germany, provided the
polysaccharide and kappa-carrageenan ingredients,
while Clack Corporation, USA, provided the
modified pumice. This material is manufactured from
natural pumice mineral and covered with a very thin
layer of manganese dioxide. Denka Chemicals
(Japan) provides the poly (vinyl alcohol), PVA,
which has a molecular weight (MW) of 89,000-
98,000 and a degree of hydrolysis of 99%. Difko
Chemical Company (UK) supplied the methylene
blue dye (MB), which was utilized without additional
purification. The chemical structure of MB is shown
in Figure 1, which has a molar mass of 319.85 g mol-
1 color index number is 52015 and maximum peak
absorbance Amax is 664 nm[41, 42].
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Figure 1. The chemical structure of methylene blue
(MB) used in this study.

2.2 Preparation of the hydrogel composites

The following is a general process for the
synthesis of kC-based hydrogel composites. At 70
°C, 1.0 g of PVA was added to 50 mL of double
distilled water. After the PVA was completely
dissolved, 1.0 g of kC was additional to the solution
and agitated until the kC was completely dissolved.
Following this, an appropriate weight of the modified
pumice (Birm), in five different cases (0 g, 0.1 g, 0.3
g, 0.6 g, and finally 1 g), was added to the solution
and was stirred for 20 min at 70 °C. The resulted
solution was then sonicated for 20 min at 80 °C to
obtain a homogeneous solution.

The sonicated solutions containing PVA, kC,
and modified pumice were first cooled to room
temperature before being frozen at -20 °C for 12
hours. The frozen hydrogels were then thawed at
room temperature for 5 hours. For each composite
hydrogel, the freezing-thawing procedure was done
four times. The hydrogels were submerged in 0.5 M
of KCI solution for 5 hours after freezing-thawing
cycles to create mechanically acceptable hydrogels
for subsequent experiments.

For purification, the cross-linked hydrogel
composites were submerged in excess distilled water
for 12 hours. Finally, the hydrogels were cut into
discs with a radius of 0.5 mm and a thickness of 0.4
mm and dried at room temperature until their weights
were stable.

Figure 2 depicts a simple approach for
generating a new semi-interpenetrating polymer
network (semi-IPN) hydrogel composite made of kC
and PVA by the integration of modified pumice
(Birm). To create composite hydrogels, the mixture
was crosslinked in two steps. First, as previously
stated, the freezing-thawing process was used to
crosslink the PVA component. [43]. Based on this,
the PVA molecular chains were entirely connected
during the freezing/thawing process via hydrogen
bonds. Crystallite production may occur as the PVA
chains come into close contact with one other. [23-
27]. As a result of the repeated freezing-thawing
cycles, physical PVA networks develop a non-
degradable three-dimensional structure, resulting in
the production of a compact product with great
mechanical strength.

Hydrogels were placed into KCI solution for
crosslinking of the kC component after four freezing-
thawing cycles. Because anionic sulfate groups on kC
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backbones can bind electrostatically with K* cations
[35-37], this leads to crosslink of kC component.

Stirring

Ultra-sonication

Freezing-Thawing

KC1 solution

Figure 2 Synthesis of kC-PVA/modified pumice
semi-interpenetrating polymer network (IPN)
composite hydrogel proposed methodology.

2.3 Swelling measurements

The swelling capacity of the hydrogels was
changed by using 0.2, 0.4, 0.6, and 1 g of modified
pumice for every gramme of PVA and gramme of
kappa-carrageenan in order to examine the impact of
pumice on the behaviour of the hydrogels when they
swell.

Using dried discs, the water absorption
capacity of composite hydrogels was assessed. By
submerging the Hydrogel composites in 50 mL of
distilled water and allowing them to expand at room
temperature for 10, 40, 70, 100, 160, 220, and 280
minutes, the equilibrium swelling (ES) capacity of
the materials was assessed. After being removed from
the aqueous solutions, they were wiped with filter
paper to get rid of any surface water, and then
weighed. The following equation was used to
determine the percentage ES:

Weight of swollen hydrogel — Weight of dried hydrogel
g ydrog g ydrog x 100 (1)

ES% =
% Weight of dried hydrogel

2.4 Adsorption studies
To achieve MB dye adsorption on the
hydrogel composites, 0.05 g of sample was immersed
in a dye solution containing 50 mL distilled water
and 25 mg L' of MB. All adsorption experiments
were conducted at ambient temperature (25 °C) in
batches and the batches, i.e. the solution and sample,
were stirred using a magnetic agitator at a constant
speed of 120 revolutions per minute. The solution
batches were centrifuged at 3000 revolutions per
minute for 10 min before measurements. The content
of adsorbed dye was calculated using Equation (2):
_ (Co—Cp)v
, = @
where Cy is the initial MB concentration (mg L™); Ct
is the remaining dye concentration in the solution at



24 Ammar M. Mahmoud et.al.

time t; V is the volume of dye solution used (L); and
W (9) is the weight of composite hydrogel.

Adsorption isotherms were carried out by
soaking 0.05 g of composites for 24 hours at 25 °C in
50 mL of dye solutions containing 25, 50, 100, 150,
and 200 mg L-1 of MB. Additionally, the equilibrium
adsorption capacity of composite hydrogels, ge, was
determined using equation (2). (mg g-1). The
equilibrium dye concentration in solution (Ce) and
equilibrium adsorption capacity (ge), on the other
hand, were used to replace Ct and qt. The pH of the
original dye solution was adjusted as necessary at
room temperature (298K), ambient conditions, by
adding 0.1 M HCI to create an acidic solution or 0.1
M NaOH to create a basic solution in order to
investigate the impact of pH on adsorption.

Since the presence of salt in dye solutions can
affect the adsorption process, we studied the effect of
0.15 M of AICIs, CaCl, and NaCl on MB adsorption,
pH 8, time 1 hour and the temperature was 298 K
(room temperature) at atmospheric conditions.

Because thermodynamic parameters are key
components in the design of an adsorption process, it
was required to describe the change of
thermodynamic parameters in order to determine the
feasibility and mechanism of the adsorption process.
The thermodynamic parameters studied here
including standard Gibbs free energy (AG, kJ molY),
enthalpy change (AH, kJ mol?), and entropy change
(AS, J KT mol?). To calculate the values of standard
Gibbs free energy (AG, kJ mol-1), enthalpy change
(AH, kJ mol-1), and entropy change (AS, J K-1 mol-
1), we estimated Kp which is ratio of concentration of
MB on the hydrogel composites containing 1 g of
modified pumice at equilibrium (ge) to the remaining
concentration of the dye in solution at equilibrium
(Ce). We plotted the logarithm of KD against the
inverse of temperature By measuring the slope of this
plot line with and its intercepts with the axis, we
obtained the values of Enthalpy, AH= 15.715 KJmol*
and Entropy AS°= 85.9 JK-* mol.

These two values were used to measure AG, AH and
AS according to the following equations [44]:

Ln Kp=AS°/R - AH RT ©)
AG® = AH® — T AS° (4)

where Kp is ratio of concentration of MB on
adsorbent at equilibrium (ge) to the remaining
concentration of the dye in solution at equilibrium
(Ce).

To study the adsorption Kinetics, the amount
of adsorbed MB was evaluated using a UV
spectrometer at A max = 664 nm and at time intervals
of 10-150 min. At 25 °C for 24 hours, 0.05 g of the
hydrogel composites were immersed in 50 mL of dye
solutions containing 25, 50, 100, 150, and 200 mg L™
of MB.
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1.5. Instrumental characterization

Fourier transform infrared (FTIR)
spectroscopy was used to investigate the information
on the structure of the kC-PVA-modified pumice
composite hydrogels, scanning electron microscopy
(SEM) was used to study surface morphology of the
hydrogel composites, and X-Ray diffraction (XRD)
was used to identify the atomic and molecular
structure of the materials.

For the FTIR characterization, hydrogel
composites samples were placed as KBr pellets in an
FTIR spectrophotometer (Bruker, Germany) at room
temperature. For identifying the morphology of
hydrogels using SEM testing, the sample powder was
dried for 48 hours at room temperature (25 °C). The
dried sample powder was sputtered with a thin
coating of palladium gold alloy and scanned in a
SEM device equipped with an Energy Dispersive X-
ray Analysis (EDX) Unit, model Quanta 250 Field
Emission Gun (FEG) developed by FEI Company,
Netherlands. The accelerating voltage of this device
was 30 kV, and the magnification range is between
14-10000X.

The materials' X-ray diffraction patterns were
recorded using a Siemens D-500 X-ray diffractometer
at a wavelength of k = 1.54 A0 (Cu-K), a tube
voltage of 35 kV, and a tube current of 30 mA.

3.Results and discussion
3.1. Characterization Results
3.1.1 FTIR analysis

The results of the FTIR spectra are shown in
Figure 3 for (1) the pumice-free hydrogel, (2) the
hydrogel composite containing 0.2 g pumice, (3) the
hydrogel composite containing 0.4 g pumice, (4) the
hydrogel composite containing 0.6 g pumice, (5) the
hydrogel composite containing 1 g pumice, the kC,
the PVA and the modified pumice of this study. This
figure indicates that for each material there are
several bands; some of them are narrow while others
are broad. The narrow bands detected in the kC
spectra at 846, 922, 1043, and 1377 cm-1 can be
ascribed to D-galactose-4-sulfate, 3,6-anhydro-D-
galactose, glycosidic linkage, and ester sulfate
stretching, respectively. The wide band at 3200-3400
cm-1 is caused by stretching of the substrate's -OH
groups.

The FTIR spectrum of the pure PVA shows
the C-O stretching band at 1095 cm, the C—C band
at 1509 cm™®, the —CH band at 2939 cm™ and the
broad band centered at approximately 3600 cm™ due
to —OH stretching.

The characteristic bands in the modified
pumice at roughly 525 and 1052 cm are attributed to
the pumice's Si-O bands. The broad peak at around
3450 cm? is attributed the stretching vibration of
H,O molecules (moisture) in the lattice and also to
—OH groups. The stretching vibration of —OH groups
of water received from the external environment is
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connected with the deformation peak at about 1640
cm,

The characteristic stretching vibrations of -Si-
O and -Al-O groups were examined at 1043 cm™,
whereas the bending modes of groups were detected
between 400 and 500 cm™. The undistorted Si-O-Al
framework is shown by the Si-O-Al stretching
vibration, which was measured at 785 cm.

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3. FTIR spectra of the materials of this study:
kC, PVA, modified pumice, (1) Pure hydrogel
composites without pumice, (2) Hydrogel composite
containing 0.2 g of pumice, (3) Hydrogel composite
containing 0.4 g of pumice, (4) Hydrogel composite
containing 0.6 g of pumice, (5) Hydrogel composite
containing 1 g of pumice.

Speaking of the spectrum of pumice-free
composite hydrogels, it was shown that the
absorption band which appeared at 3300-3600 cm™*
is attributed to —OH stretching vibrations due to inter-
molecular and intra-molecular hydrogen bonds. Due
to the existence of diverse OH groups in both PVA
and kC, this band may become broader with the
addition of kC content in contrast to the pure PVA
sample. Meanwhile, as a result of the intermolecular
hydrogen bond interactions between PVA and kC,
the distinctive band of 3441 cm™ for pure PVA has
migrated to lower wavenumbers. It is thought that
the addition of kC to the PVA system can prevent
both the collapse of pores and morphology shrinkage
with the structure during lyophilization (freeze
drying). Such an in-depth and detailed understanding
of the molecular interaction based on hydrogen
bonding between PVA and kC, and also the
crystallization behavior of PVA when adding kC
content was needed; therefore, the use of FT-IR
spectrum helped in conducting such an investigation.
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In regard to the hydrogel composite
products containing pumice, it was found that,
compared to pumice-free hydrogel; the intensity of
the sulfate stretching band of kC in the hydrogel
composite has diminished. This has aided in the
creation of hydrogen bonds and crosslinks between
these groups and Si-OH on the pumice surface layer.
Further, it was found that the —CO stretching band of
PVA and the -Si-O band of modified pumice were
slightly overlapped and they became a broader band
at approximately 1048 cm™. It was also found that the
—OH stretching bands of pumice (at approximately
3650 cm™) were shifted to a lower wave number
towards the —OH stretching bands of PVA (at
approximately 3200-3450 cm) and they combined
together to become a broader hydroxyl stretching
band.

In summary, FT-IR spectroscopy of the
materials revealed that incorporating modifying
pumice into kC and PVA chains resulted in
interactions between silanol and functional groups on
polymers.

3.1.2. SEM analysis

Figure 4 shows the SEM images of surface of
(1) the pumice-free hydrogel, (2) the hydrogel
composite containing 0.2 g pumice, (3) the hydrogel
composite containing 0.4 g pumice, (4) the hydrogel
composite containing 0.6 g pumice, (5) the Hydrogel
composite containing 1 g pumice, the kC, the PVA
and the modified pumice of this study.

These images show that the pure PVA sample
had a relatively smooth surface with a porosity
pattern and pore diameters between 0.30 to 0.90 um,
while the modified pumice sample had an even
rougher surface than the PVA sample. In contrast, the
kC sample had a smooth surface with no porosity.
Although the surface of the pumice-free hydrogel
was rather smooth, the SEM micrographs of the
PVA-kC -modified pumice hydrogels clearly show
their porous features. These pores are thought to be
the areas where water permeates and the places where
external stimuli interact with the hydrophilic groups
(-0S0®) of KC.

Due to pumice particles projecting onto the
surface of hydrogel composites containing pumice,
the surface roughness has grown; the roughness has
increased in accordance with the rising ratio of
pumice. Images 2 through 5 show that the pumice
particles are evenly distributed throughout the
hydrogel composite matrix in every example. These
photos demonstrated that the porous samples had
showed a uniform porosity structure.

Fig. 5 showed the energy-dispersive X-ray
(EDX) chart for modified pumice, these certain that
the modified pumice is natural pumice coated with
manganese dioxide.
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Figure 4. SEM images of PVA, kC modified pumice,
(1) pure hydrogel composite without pumice, (2)
Hydrogel composite containing 0.2 g of pumice, (3)
Hydrogel composite containing 0.4 g of pumice, (4)
Hydrogel composite containing 0.6 g of pumice and
(5) Hydrogel composite containing 1 g of pumice.
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Figure 5: energy-dispersive X-ray scan of modified
pumice.

3.1.3.XRD analysis

The results of XRD analysis are shown in
Figure 6 for (1) the hydrogel composite without
pumice, (5) the composites hydrogel with modified
pumice 1 g, kC, PVA and modified pumice (M. Pu).
These charts show that the carrageenan has a strong
characteristic peak at 26 = 8.5° with a basal spacing
of 18 A°. However, this peak is not available for
hydrogel composites without modified pumice (1)
and with modified pumice 1g (5). This suggests a
change in kC characteristics when forming the
composite hydrogel.

The two beaks of pumice at 29° and 52°
became smaller in magnitude in the hydrogel
composite with 1g pumice which suggests a high
dispersion of pumice in the composite material.

The sharp peaks of PVA at 27° and 42° where
shifted to lower angles in the hydrogel composite
without pumice (1) and they have further decreased
more in the case of hydrogel composites containing
1g pumice (5). This may indicate changes to the
characteristics of platelets of modified pumice while
forming the composite hydrogels, they may have
been exfoliated and became thoroughly dispersed in
the polymer matrix after crosslinking and forming a
composite structure.
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In comparison with modified pumice, the peak
of pumice has shifted, with a lower intensity, towards
a lower angle 20 = 29.0° corresponding to a basal
spacing of 23 A°. This suggests that increasing the
pumice content, in addition to exfoliation, may have
resulted in the shift of XRD patterns of pumice and
the hydrogel composites containing 1g pumice (5)
and interlayer space due to polymer molecule
intercalation.

Intensity

Figure 6: XRD patterns of kC, PVA, modified
pumice, (1) pure hydrogel composite without pumice
and (5) Hydrogel composite containing 1 g of
pumice.

3.2. Swelling study

In general, the swelling capacity of hydrogels
is strongly influenced by their chemical composition.
To understand the effect of pumice on the swelling
behavior of the hydrogels, the swelling capacity was
investigated by varying the modified pumice content
from 0.2 up to 1g (Fig. 7).

The results of the swelling capacity at
equilibrium conductions (ES) are shown in Figure 7.
This figure indicates that the ultimate swelling
capacity at equilibrium has decreased as the modified
pumice content has increased. This observation can
be described by the interaction between the modified
pumice layers and polymeric chains through
formation of hydrogen bonding [45]. This interaction
may lead to increases in the crosslinking points and
therefore may it result in decreased swelling capacity
[46]. These results are expected to happen although
increasing the content of modified pumice may
increase the surface area of the resulting composite
hydrogels. However, the resultant products obtained
without applying repeated freezing—thawing cycles
were found not to possess good dimensional stability;
therefore, the strength of swollen gel is not sufficient
to be considered as a real cross-linked polymeric
network.
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Figure 7. The swelling behavior of the pure hydrogel
and the hydrogel composites with various content of
modified pumice: (1) pumice-free composite
hydrogel, (2) Hydrogel composite containing 0.2 g of
pumice, (3) Hydrogel composite containing 0.4 g of
pumice, (4) Hydrogel composite containing 0.6 g of
pumice, (5) Hydrogel composite containing 1 g of
pumice.

3.3. Dye adsorption study
3.3.1. Effect of pH on dye adsorption

The pH of the initial dye solution is an
important factor in adsorption process. This
behaviour arises from the nature of the active centres
on the adsorbents [47]. To investigate the adsorption
of MB dye on adsorbents, the pH of the initial dye
solution was changed between 2 and 10 and the
results are shown in Fig. 8.

The results of effect of pH on the adsorption
of MB dye are shown in Figure 8. This figure shows
that the ratio of adsorbed MB dye to the initial
content of this dye is generally high and reaching as
high as 97.48 %. Additionally, as the content of
pumice increases, this ratio of adsorbed MB dye also
increases, though marginally. It also shows that as the
degree of pH increases, from 2 to 8, the ratio of
adsorbed MB dye also increases, though marginally.
However, interestingly, strong alkali solutions where
pH=10 and strong acidic solutions where pH=2 have
resulted in exact adsorption ratios of MB. These
results are understood as follows.

Removal (%)

z 3 4 H s 7 H s 10 1
pH

Figure 8. Effect of pH of initial dye solution on MB
adsorption: (1) pumice-free composite hydrogel, (2)
Hydrogel composite containing 0.2 g of pumice, (3)
Hydrogel composite containing 0.4 g of pumice, (3)
Hydrogel composite containing 0.6 g of pumice, (5)
Hydrogel composite containing 1 g of pumice.
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During adsorption, the existence of anionic
sulfate groups is necessary for the interaction of
hydrogel composite with positively charged MB
molecules, as is simply shown in Figure 9. Compared
to hydrogels carrying carboxylate pendants, the
adsorption capacity of kC-based hydrogels for MB
was only changed marginally in the pH range of 2—
10. This behavior originated from the pKa of anionic
sulfate groups on kC. According to literatures, the
pKa of these anionic sulfates is around 2 and its
ionization occurs above this value [48, 49]. At pH 2,
a small reduction in dye affinity for hydrogels was
seen and this may be attributed to the screening effect
of the counter ions (H*) that restricts the approaching
of cationic dye to sulfate groups. In fact, in the
overall pH range, these sulfate groups are in the
dissociated form. Lower adsorption of MB at the
strong acidic solutions is explained by the presence
of excess H* ions competing with the cation groups
on the dye for adsorption sites. The highest
adsorption at pH 8 and pH 6, which are close to
neutral pH, is explained as follows. At Low pH
values, the high percentage of hydrogen cations
within the solution creates an electrical cloud around
the prepared hydrogel composite and this in turn
leads to electric repulsion of the cationic MB dye.
However, at higher pH levels, MB dye uptake
decreases because some of the dye precipitate.

Hydrogel
composite

Figure 9. Electrostatic interactions between negative
and positive functional groups of the hydrogel
composite and cationic methylene blue (MB) dye
molecules.

3.3.2. Effect of pumice content and contact time on
cationic methylene blue dye adsorption

The effect of both modified pumice content
and contact time on the adsorption of MB on
hydrogel composite is shown in Figure 10. This
figure confirms the finding in Figure 9 and it also
shows that the adsorption capacity of the hydrogel
composites increased with time and content of
modified pumice. The increase in MB adsorption
with the content of pumice may be attributed to both
the negative surface and large specific surface area of
modified pumice. This means that the higher the
content of modified pumice in the hydrogel
composites with a constant weight ratio of kC and
PVA, the higher the concentration of negative
charges on the surface of the composite hydrogels.
Since MB is cationic dye, this increases its attraction
to the negative pumice charges in the composite
hydrogels. In fact, modified pumice is already
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reported as good adsorbents for various adsorbates
due to these two reasons. Figure 10 also demonstrates
that, given the experimental conditions of this study,
the adsorption capacity of MB was increased by
increasing agitation time up to 90 min. However,
further increases in the agitation time had no effect
on ge. It is obvious that increasing adsorption time
provides high opportunity for interaction between the
adsorbent and the adsorbate, within limits. That is,
equilibrium was attained after 90 min, within the
concentration range studied.

246

245

244 -

(qe, mg g-1)

243

2424

(Time, min)

Figure 10. Effect of content of modified pumice and
contact time on MB adsorption on composite
hydrogels: (1) pumice-free composite hydrogel, (2)
Hydrogel composite containing 0.2 g of pumice, (3):
Hydrogel composite containing 0.4 g of pumice, (3)
Hydrogel composite containing 0.6 g of pumice, (5)
Hydrogel composite containing 1 g of pumice.

3.3.3. Effect of salt solution on dye adsorption

The effect of different salts on adsorption of
MB on hydrogels is presented in Figure 11. This
figure indicates that the the adsorption capacity of
hydrogels has decreased when salts were introduced
to the MB dye solution. The degree of reduction is
related to both the type of salt and the amount of
pumice within the composite hydrogels. As the
content of pumice increases, the reduction percentage
decreases.

Typically, most dyes have hydrophobic
structure, and the solubility of these dyes is reduced
in the presence of salt. This reduction in the solubility
of dyes originated from increasing in polarity of the
solution. The results of which is mainly an
enhancement in dye adsorption is observed [50],
however, in the case of adsorbents with ionic
pendants, often a reduction in dye adsorption is
obtained. Therefore, in our study, by introducing
NaCl in dye solution, the adsorption capacity of
hydrogels was slightly decreased.

The neutralisation or screening of anionic
sulphate (-OSO3-) groups on kC by metal ions is
responsible for the corresponding reduction in the
dye adsorption capability of hydrogel composites [50,
51]. The electrostatic interactions between anionic
sulphate groups on the adsorbent and cationic dyes
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may be lessened as a result of this effect. The
adsorption capacity of hydrogels for MB dye in dye
solutions containing CaCl2 and AICI3 salts was
substantially lower than in NaCl solution. The Ca2+
and Al3+ ions' interaction with the anionic centres of
hydrogels is what causes this phenomenon. These
compounds might cause hydrogels to swell less and
hence have less surface area. Such a decrease in
hydrogels' surface could therefore result in dye
adsorption capacity.

This reduction in the solubility of dyes is
originated from increasing in polarity of the solution.
In contrast, in the adsorbents with ionic pendants,
often a reduction in dye adsorption is obtained.

T AICI3

[0 CaCl2

I NaCl
264 [ Distilled Water
244
224
20
184
16
5 14]
£ 12]
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44
24
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Resins

Figure 11: Effect of salts with the MB dye solution
on their adsorption on composite hydrogels: (1)
pumice-free composite hydrogel, (2) Hydrogel

composite containing 0.2 g of pumice, (3): Hydrogel

composite containing 0.4 g of pumice, (4) Hydrogel

composite containing 0.6 g of pumice, (5) Hydrogel
composite containing 1 g of pumice.

3.3.4. Effect of temperature on dye adsorption:
Relevant thermodynamic parameters

By plotting the logarithm of Kp against the
inverse of temperature Figure 12 has resulted. This
plot indicated a strong linear relationship as indicated
by the value of Coefficient of Determination R?
=0.9741.

45 - Ln K, = -1890.2 (1/T) + 10.332
2 =

1d ] R2 = 0.9741
a 4.3 -
b4
S 42 -

41 -

4 m
380031 00032 00033  0.0034
1/TK?

Figure 12. Plot of Ln Kp versus 1/T for the hydrogel
composites containing 1 g of modified pumice.
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Table 1 displays the computed thermodynamic
parameters for the adsorption of MB dye. The
absence of AG® values at the examined temperatures
shows that the MB dye adsorption on the hydrogel
composites is spontaneous and possible from a
thermodynamic perspective [52]. Additionally, the
AG® values fell from 298 to 318 K, indicating a high
driving force and, thus, a larger adsorption capacity at
higher temperatures. Additionally, as the adsorption
is endothermic in nature as indicated by the positive
values of AH°® [53], the process may be more
advantageous at higher temperatures. However, the
increased unpredictability of the adsorbed dye
molecules on composite surfaces is indicated by the
positive AS° value. [53].

Therefore, due to electrostatically interactions
between anionic sulfate groups of kC and cationic
MB molecules, the adsorption is spontaneous and
endothermic due to differences in electrical charges
and thus creating the conditions for electrical
attraction.

Table 1 Thermodynamic parameters for the
adsorption of MB onto hydrogel composites
containing 1 g content of modified pumice:

o
o

50 100

Time, min

T (K) Thermodynamic parameters
2
AG° AS° AH° R
(kJ mol ) (Ktmol?) | (kJmolh)
298 -9.88
308 -10.74 85.9 15.715 0.974
318 -11.6

3.4. Adsorption kinetics

The Kinetic parameters can be used to forecast
the rate of adsorption, which is crucial information
for adsorption effectiveness. Therefore, faux first
order and pseudo second order kinetic models were
employed to illustrate which model was most
appropriate for the experimental kinetic data. The
pseudo-first-order rate equation's linear version is
given as [54]
Ln (Qe - gr) = LN Qe - kat

where ge and gt are the amounts of MB
adsorbed (mg g*%) at equiliorium and at a
predetermined time (t), respectively. ge1 and ki (min
1) show the theoretical equilibrium adsorption and
rate  constant of  pseudo-first-order  Kinetic,
respectively. The linear form of the pseudo-second-
order rate equation is expressed as[54]:

t/qt =1/ kzqzez +t/ Je2 (6)

where k2 (g mg™* min*) is the pseudo-second-
order rate constant and ge2 is the theoretical adsorbed
dye (mg g* ). To obtain model calculations for
pseudo-first-order and pseudo-second-order Kinetics,
we plotted Ln (ge-q:) against t and t/gt against t (Fig.
13,14). The obtained Kkinetic parameters and
correlation coefficients (R?) are summarized in Table
2.
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Fig. 13 Plots of Ln (ge - q) vs. time in pseudo-first-
order equation for the hydrogel composite containing
1 g content of modified pumice.

4
y = 0.0406x + 0.0062
3 4 RZ=1
- 2 A
(=2
)
1 4
0 T 1
0 50 100
Time, min

Fig. 14 Plots of t/gt vs. time in pseudo-second-order
equation for the hydrogel composite containing 1 g
content of modified pumice.

The fits of experimental Kkinetic data to the
above-mentioned rate models were evaluated by R2.
The values of R? for the pseudo-second-order model
were 1 for all samples, and the adsorption capacities
calculated (ge2) by this model were also closer to
those determined by experiments (Qeexp). These
findings suggested that the pseudo-second-order rate
model suited the adsorption process of MB on
hydrogel composites better than the pseudo-first-
order rate model. In actuality, the pseudo-second-
order model is predicated on the premise that the
rate-determining step might be chemical sorption
involving valence forces via electron sharing or
exchange between adsorbent and adsorbate.

1.5. Adsorption isotherms

The relationship between the amount of dye
that has been adsorbed on the adsorbent and the dye
concentration that is still present at equilibrium is
expressed by the adsorption isotherm. In order to
describe the adsorption process in this work, the
experimental data from adsorption isotherms were
fitted to non-linear Langmuir and Freundlich
models[55, 56]. The monolayer adsorption of the
adsorbate on certain homogenous sites inside the
adsorbent is described by the Langmuir model. The
expression of this non-linear model is in Eq. (7) [57]:
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qe = QoKLCe / 1 + KLCe (7)

Langmuir  adsorption  parameters  were
determined by transforming the Langmuir equation
(8) into linear form.
1/ge = 1/Qo + 1/ Qo K Ce (8)

where C. is the equilibrium dye concentration
in the solution (mg L ), K. is the Langmuir
adsorption constant related to the energy of
adsorption (L mg? ), and Q, is the maximum
adsorption capacity (mg g) Dimensionless constant
adsorption parameter RL as one of the vital
characteristics of the Langmuir isotherm is expressed
as follows [58]:

RL=1/1+kico 9)

where K is the Langmuir constant (L mg™?)
and G, is the initial concentration of dye. In fact, the
RL value describes the type and shape of the
isotherm [58] as summarized in Table 3.

In distinction to the Langmuir model, the
Freundlich model uses multilayer sorption to adsorb
the adsorbate on a heterogeneous surface. Here is
how the non-linear Freundlich model is defined [57]:

Qe = KF Cel/n (9)
Linearizing the above equation, we have:
log Qe = log Kg +1/n log Ce (10)

where Ke is the equilibrium adsorption coefficient
(mg g) (L mg™* )Y and 1/n is the empirical constant.
The n value depicts the favorability of adsorption
process and Kk is related to the adsorption capacity of
adsorbent.

0.25 -+
02 | y=0.0208x-0.0009
o R? = 0.9957
g 0.15
-
0.1 -
0.05 -
0 B, T T 1
0 5 10 15
1/Ce

Fig (15). Langmuir Adsorption Isotherm

27/

y =0.7433x + 1.5883
R? = 0.9288

Log Qe
\

(en]

Log Ce

Fig (16). Freundlich Adsorption Isotherm

Egypt. J. Chem. 66, No. 12 (2023)

The extreme hydrogel adsorption capability
determined by the Langmuir model was largely
consistent with experimental results. This fitting
demonstrated that dye is adsorbed on hydrogel
adsorbents in a monolayer. The values of RL for
hydrogels were also estimated using the Langmuir
model, and they were discovered to be advantageous
adsorption system values between 0 and 1. (see also
Table 3). Finally, Table 6 compares the maximal
adsorption capacity of the current study to other dye
adsorbents described in the literature. These data
show that the hydrogel composites created for this
investigation had an adsorption capacity that was
comparable to that of other adsorbents.

Temkin Isotherm

This isotherm has a component that obviously
accounts for the interactions between the adsorbent
and adsorbate. The model makes the assumption that
the heat of adsorption (a function of temperature) of
all molecules in the layer will drop linearly rather
than logarithmically with coverage by disregarding
the extremely low and high concentration values
[[59].[60]]. By graphing the amount sorbed qe
against In Ce, it was possible to demonstrate that, as
predicted by the equation, its derivation is
characterized by a uniform distribution of binding
energies (up to some maximum binding energy). The
constants were then derived from the slope and
intercept. Using the following equation, the model is
provided.[59]:

ge = RT/b In (A1 Ce) (12)

ge = RT/br In At +(RT/bIn Ce) (13)

B =RT/br 14)
ge=BInAr+BInC; (15)

At =Temkin isotherm equilibrium binding constant
(L/9)

bt = Temkin isotherm constant

R= universal gas constant 8.314 (J/mol/K)

T= Temperature at 298K.

B = Constant related to heat of sorption(J/mol)

200 -
150 -
100 -
& y = 38.946x + 69.489
/59/ R?=0.9377
I T O T 1
-4 -2 ) 2 4
_50 i
In Ce

Fig (17). Temkin Adsorption Isotherm
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Table 2 Constants of pseudo-first order and pseudo-second-order rate models for MB adsorption onto hydrogel

composites

First-order Kinetics Second-order Kinetics Qe.exp
Samples ki1 x| R? Qe1 k2 x 10 R? Qe2

10°®
pumiceOg (1) | 61.8 0.9474 1.147 141.58 1 24.57 24.51
Pumice 0.2g (2) | 49.9 0.9756 0.6977 174.37 1 24.57 24.525
Pumice 0.4g (3) | 39.9 0.9401 0.6435 158.5 1 24.63 24.564
Pumice 0.6g (4) | 39.6 0.9347 0.4389 219.79 1 24.63 24.573
Pumice g (5) | 30.3 0.8764 0.3132 274.74 1 24.63 24.59

Table 3: RL values and isotherms

From the Temkin plot shown in fig 13, the

RL value Type of isotherm
RL>1 Unfavorable
RL=1 Linear
0O<RL<1 Favorable
RL=0 Irreversible

following values were estimated: At = 5.95 L/g,

B=38.946 (J/mol) which is an indication of the heat
of sorption indicating a physical adsorption process

and the R%=0.94.

Table 4: Parameters for plotting Langmuir, Freundlich, Temkin and Dubinin-Radushkevich Adsorption Isotherms

for MB adsorption onto hydrogel composites

Co Ce Qe Ce/Qe 2

SIN | iy | moy | YCe | LogCe | LnCe | 5y | 1/Q: | LogQe | LnQ: oL €

1 0 0 0 0 0 0 0 0 0 0 0
2 5 0103 | 9709 | -0.987 | -2273 | 4.897 | 0204 | 0.689 1589 | 0.021 | 3.45x10’
3 15 0.267 | 3745 [ 0573 | -1.321 | 14.733 | 0.068 | 1.168 2690 | 0018 | 1.49x107
4 25 0525 | 1.905 | -0.279 | -0.644 | 24475 | 0041 | 1.389 3198 | 0.021 | 6.98x10°
5 50 0.935 | 1.069 [ -0.029 | -0.067 | 49.065 | 0.020 | 1.691 3.893 | 0019 | 3.25x10°
6 100 1.85 0540 | 0.267 0.615 | 9815 | 0010 | 1992 4586 | 0019 | 1.15x10°
7 200 1435 | 0069 | 1.157 2.664 | 18565 | 0.005 | 2.269 5224 | 0.077 | 2.79x10*

Table 5: Langmuir, Freundlich, Temkin and Dubinin—Radushkevich Isotherm constants for the adsorption for
MB adsorption onto hydrogel composites.

LANGMUIR ISOTHERM FREUNDLICH IOSTHERM
Qo (mg/g) KL (L/m g) RL R? 1/n n Kf (mg/g) R?
11111 0.0433 0.3287 0.9957 0.7433 1.345 38.753 0.9288
TEMKIN ISOTHERM DUBININ - RADUSHKEVICH ISOTHERM
At (L/g) br B R? gs (mg/g) Kad (Mol2/KJ2) E (KJ/mol) R?
5.95 63.616 38.946 0.9377 87.226 9x10-8 0.16667 0.8449
Table 6 Comparison of sorption capacity of (MB) on various adsorbents.
Adsorbent Initial dyes Maximum adsorption
Adsorbent name dosage concentration capacity References
(9/L) (mg/L) (mg/g)
Poly(vinyl alcohol)/
carboxymethy! cellulose/ 15 200 172.14 [61]
graphene oxide/bentonite
Poly(vinyl
alcohol)/carboxymethyl 1.25 10 7.8 [62]
cellulose/ZSM-5 zeolite
Modified polysaccharide 0.5 50 48 [63]
Hydrolyzed Oak sawdust 2.5 300 67.78 [64]
Activated carbon 5 25 8.77 [65]
cotton stalk 4 825 111.36 [66]
Water Hyacinth Root Powder 1 10 8.04 [67]
Pea shells (Pisum sativum) 1 350 246.91 [68]
kC-PVA/M. pumice 1 200 185.65 Present
work
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Where Bpr is denoted as the isotherm constant. Meanwhile, the parameter € can be calculated as:
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Dubinin—-Radushkevich isotherm model

On a heterogeneous surface, the Dubinin-
Radushkevich isotherm is usually used to describe
the adsorption mechanism with a Gaussian energy
distribution[69, 70] . The results from the
intermediate range of concentrations and high solute
activity have frequently been well fit by the model.

Qe = (as)exp (-Kaq €2) (16)

In ge = In (Qs) — (Kag £2) a7
Where g. = amount of adsorbate in the adsorbent at
equilibrium (mg/g); s = theoretical isotherm

saturation capacity (mg/g); and € = Dubinin—-
Radushkevich isotherm constant (mol?/kJ?). The
method was frequently used to differentiate between
the physical and chemical adsorption of metal ions
with its mean free energy, E per molecule of
adsorbate (for removing a molecule from its location
in the sorption space to infinity), which may be
calculated by the connection[71, 72].

E=[ 172K ] (18)
€=RT In [1+ 1/C¢] (19)

where R, T and Ce represent the gas constant (8.314
J/mol K), absolute temperature (K) and adsorbate
equilibrium concentration (mg/L), respectively. One
of the unique features of the Dubinin-Radushkevich
(DRK) isotherm model lies on the fact that it is
temperature-dependent, which when adsorption data
at different temperatures are plotted as a function of
logarithm of amount adsorbed (In ge) vs €2 the
square of potential energy, all suitable data will lie on
the same curve, named as the characteristic curve
[73]. The equation (16) is linearized to equation 17
which is used in the plot of DRK graph in figure 14.
The constants such as gs, and Kaa were determined
from the appropriate plot using equation 17 above.
From the linear plot of DRK model, qs was
determined to 87.23 mg/g, the mean free energy, E=
0.167KJ/mol indicating a physio sorption process and
the R2=0.84 lower than that of Temkin.

6
y =-9E-08x + 4.4685

4 R?=0.8449
)
g
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Fig (18). Dubinin—Radushkevich adsorption Isotherm

Conclusion

In the current investigation, a new hydrogel
composite of kappa carrageenan and poly(vinyl
alcohol) was synthesised by freezing—thawing
technique in the presence of modified pumice (Birm).
Particular interactions of modified pumice (Birm)
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with functional groups of kC and PVA through
hydrogen bonding were estimated by FTIR. Also,
XRD showed a layered morphology due to the
penetration of polymer chains into modified pumice
(Birm) silicate layers. According to XRD results, the
modified pumice (Birm) showed intercalated and
exfoliated structure. The modified hydrogel
composite was then used for removal of methylene
blue from aqueous solution. The adsorption capacity
of composites was found to vary with content of
modified pumice (Birm) , pH, salt solution, and
contact time as well as temperature of solution.
Thermodynamic parameters also indicated that the
adsorption was spontaneous and endothermic in
nature.

Moreover, the fitting of experimental kinetic
data to rate models showed that the pseudo-second-
order model was the best fitted than the pseudo-first-
order model in adsorption of MB onto composites.
Besides, the data indicated that the MB adsorption
onto the hydrogel composites obeys the Langmuir
isotherm model. According to this model, maximum
dye adsorption capacity was achieved 185.65 mg g-1.
Overall, the obtained results suggested that the
hydrogel composites synthesized in this work could
be used as an effective adsorbent for adsorption of
MB in the field of wastewater treatment.
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