
Citation: Radoor, S.; Karayil, J.;

Jayakumar, A.; Lee, J.; Nandi, D.;

Parameswaranpillai, J.; Pant, B.;

Siengchin, S. Efficient Removal of

Organic Dye from Aqueous Solution

Using Hierarchical Zeolite-Based

Biomembrane: Isotherm, Kinetics,

Thermodynamics and Recycling

Studies. Catalysts 2022, 12, 886.

https://doi.org/10.3390/

catal12080886

Academic Editors: C. Heath Turner,

Keith Hohn, Kotohiro Nomura,

Evangelos Topakas, Vincenzo Baglio,

Leonarda Francesca Liotta,

Jean-François Lamonier and Maria

A. Goula

Received: 13 July 2022

Accepted: 11 August 2022

Published: 12 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Article

Efficient Removal of Organic Dye from Aqueous Solution
Using Hierarchical Zeolite-Based Biomembrane: Isotherm,
Kinetics, Thermodynamics and Recycling Studies
Sabarish Radoor 1,*, Jasila Karayil 2, Aswathy Jayakumar 1, Jaewoo Lee 3,4 , Debabrata Nandi 1 ,
Jyotishkumar Parameswaranpillai 5, Bishweshwar Pant 6,7,* and Suchart Siengchin 1,8,*

1 Materials and Production Engineering, The Sirindhorn International Thai-German Graduate School of
Engineering (TGGS), King Mongkut’s University of Technology North Bangkok, Bangkok 10800, Thailand

2 Government Women’s Polytechnic College, Calicut 673009, India
3 Department of Polymer-Nano Science and Technology, Jeonbuk National University, 567 Baekje-daero,

Deokjin-gu, Jeonju-si 54896, Korea
4 Department of Bionanotechnology and Bioconvergence Engineering, Jeonbuk National University,

567 Baekje-daero, Deokjin-gu, Jeonju-si 54896, Korea
5 Department of Science, Alliance University, Bengaluru 562106, India
6 Carbon Composite Energy Nanomaterials Research Center, Woosuk University, Wanju 55338, Korea
7 Woosuk Institute of Smart Convergence Life Care (WSCLC), Woosuk University, Chonbuk,

Wanju 55338, Korea
8 Institute of Plant and Wood Chemistry, Technische Universität Dresden, Pienner Str. 19,

01737 Tharandt, Germany
* Correspondence: sabarishchem@gmail.com (S.R.); bisup@woosuk.ac.kr (B.P.);

suchart.s.pe@tggs-bangkok.org (S.S.)

Abstract: Bio adsorbents have received tremendous attention due to their eco-friendly, cheap and
non-toxic nature. Recently, bio-adsorbent-based membranes have been frequently employed for
water treatment. The work reports the preparation of a novel adsorbent membrane from hierar-
chical zeolite, polyvinyl alcohol, carboxymethyl cellulose and agar. The fabricated membrane was
characterized spectroscopically and microscopically with several techniques such as XRD, UTM,
TGA, optical microscopy and FT-IR, as well as contact-angle studies. The result showed that the
hierarchical-zeolite-loaded membrane is superior in terms of thermal stability, mechanical properties
and surface roughness. The fabricated membrane was investigated for its efficiency in the removal of
Congo red dye in aqueous conditions. The influence of pH, temperature, contact period and the initial
concentration of dye and zeolite loading on the adsorption process are also explored. The adsorption
results highlighted the maximum sorption property of Congo red on agar/zeolite/carboxymethyl
cellulose/polymer biomembrane was found to be higher (15.30 mg/g) than that of zeolite pow-
der (6.4 mg/g). The adsorption isotherms and kinetic parameters were investigated via Langmuir,
Freundlich and pseudo-first order, pseudo-second order and the intraparticle diffusion model, respec-
tively. The adsorption isotherms fitted well for both considered isotherms, whereas pseudo-second
order fitted well for kinetics. The thermodynamic parameter, ∆G at 303 K, 313 K and 323 K was
−9.12, −3.16 and −0.49 KJ/mol, respectively. The work further explores the antibacterial efficacy of
the prepared membrane and its reusability.

Keywords: carboxymethyl cellulose; agar; congo red; ZSM-5 zeolite; bio adsorbent

1. Introduction

Water is an essential resource for the existence of life on planet Earth. However, over
the past few decades a large amount of wastewater has been released into the freshwater
bodies, thus making it unusable for living beings [1–3]. Anthropogenic activities are mainly
responsible for water pollution [4,5]. Municipal waste, industrial waste, agricultural
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effluents and radioactive wastes are some of the main sources of water pollution [6,7].
Natural phenomena (volcanos, earthquakes, etc.) also degrade the quality of fresh water.
In the last few decades, water pollution has been escalating at an alarming pace and
poses a serious threat to the environment [8–10]. One of the major pollutants in industrial
effluents are dyes. Synthetic dyes are toxic, non-biodegradable, carcinogenic and mutagenic
materials which cause serious health problems to both humans and aquatic systems [11,12].
The high stability of dyes is responsible for their strong resistance towards aerobic digestion,
light, heat and oxidizing agents. Therefore, the discharge of dyes from aqueous solution
is one of the toughest challenges faced in recent years. The development of an efficient,
biodegradable and inexpensive route for the removal of effluents from sewerage is most
challenging job. Some of the commonly used techniques for treating dye-laden water are
coagulation, precipitation, filtration, reverse osmosis, photo degradation, ion exchange,
electrochemical techniques and adsorption [13,14]. Because of its high efficiency and high
regeneration capacity, the adsorption technique is considered the prevailing method for
dye-removal studie s [15,16]. Along with activated carbon, several other adsorbents, such as
agricultural wastes, clay, metal oxides, fly ash, cellulose, wood, rice husk and zeolites, have
been investigated for water treatment [17–22]. In recent years, a variety of adsorbents, such
as composite adsorbents and multi-functional materials have been used for dye-removal
studies [23].

Zeolite is one of the naturally available aluminosilicate materials. Owing to its greater
surface area and porous properties, it is highly explored as an adsorbent [24,25]. Con-
ventional zeolites have microporous structure (pore size < 2 nm), and therefore are not
suitable for the adsorption of high-molecular-size dye molecules [26,27]. This problem
could be overcome by the utilization of hierarchical zeolite which contains micro-, meso-
and macropores [28]. Many reports are available on the use of micro/macropore zeolite for
the removal of contaminants from wastewater. In recent years, zeolite-based composite
membranes have become an attractive alternative to the conventional adsorbent method.
The benefits of using membrane technology are its high regeneration capacity, low time
consumption and high adsorption efficiency [29,30].

There are ample reports on zeolite-based polymer membranes for water-treatment ap-
plications [25,31]. To improve its dye-adsorption performance, zeolite has often used in com-
bination with polymers or other nanomaterials [32,33]. A high percentage of dye removal
(96%) was noted for poly(vinylidene fluoride) PVDP/zeolite membrane [34]. Meanwhile,
the complete elimination of a toxic dye, methylene blue (MB), from water was achieved
by a zeolite/PVA/chitosan electro-spun nanofibrous composite. High dye-removal effi-
cacy along with good mechanical and reusable properties make it suitable candidate for
industrial applications [35]. Baheri et al. [36] studied the MB adsorption process of a 4A-
zeolite/polyvinyl alcohol mixed-matrix membrane. Their studies revealed that the zeolite
percentage has positive effect on the adsorption process, which is in agreement with the
previous report [37]. The higher adsorption of 9.18 mg/g was noted for 20 wt% of zeolites.
Abukhadra and co-worker [38] applied three different types of natural zeolite (clinoptilolite,
phillipsite and heulandite) for efficient dye removal (safranin-T) from waste streams. The
comparison of their adsorption capacity revealed that heulandite has the highest safranin
uptake, followed by phillipsite and clinoptilolite. In the case of heulandite, the process
equilibrium was attained after 240 min. The pH-dependent adsorption was also noted, and
the alkaline medium was found to be the most suitable for safranin removal using zeolite.
Zeolite/algae composite (ZAS) was proposed as a substitute adsorber for CR elimination
from contaminated water. Even at a low adsorbent dosage, it displayed 98% removal effi-
ciency [39]. A highly efficient and fast Congo red adsorption was achieved using a ZnO
functional zeolite. Complete dye removal was achieved within 20 min. Dryaz et al. [40]
reported that a Padina gymnospora/zeolite nanocomposite has a sufficient number of
hot spots available for CR adsorption. Maroofi et al. [41] developed zeolitic imidazolate
incorporated-polyvinylpyrrolidone-polyethersulfone composite membranes for malachite
green (MG) dye removal. The high MG removal efficiency (99.6%) of the composite was
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ascribed to the electrostatic interactions between the MG dye and composite, which had
positive and negative charges, respectively. Recently, our group fabricated a series of zeolite-
based composites for various dye-removal studies [20,42]. Our studies revealed that zeolite
played a crucial role in the adsorption property of the polymer membrane.

Carboxymethyl cellulose (CMC) is a naturally occurring anionic polymer which is
explored in the water-treatment process especially for the removal of charged dyes. The
anionic functional group of the CMC increases its affinity for cationic dyes [43]. The
dye-adsorption properties of CMC could be further enhanced by grafting or if used in
combination with graphene oxide, polymers, chitosan, etc. [44]. CMC/k-carrageenan
(KC)/activated montmorillonite (AMMT) composite is highly effective at removing cationic
dye. The dye was removed almost completely within 120 min of contact time [45]. The
electrostatic attraction between the copper oxide (CuO)-CMC composite and the MB is
stated as the reason for the dye-adsorption ability of the CuO-CMC composite. Cellulose-
based graphene oxide hydrogels are reported to be a potential aspirant for the removal of
acid blue-133 from aqueous system [46].

Agar is a polysaccharide extracted from the cell walls of red algae. Agar is used
in food industry as an emulsifying, gelling and stabilizing agent. Agar is composed of
70% agarose, which is a linear polysaccharide, and 30% agaropectin which is a branched
polysaccharide. Agar and agar-based composites are reported to have the ability to remove
various contaminants from water. For instance, the usage of agar for the successful removal
of MB is reported. The mechanism of dye adsorption is proposed as being electrostatic
interaction between the cationic MB and the anionic agaropectin chain of agar. An agar/k-
carrageenan composite displayed good dye-adsorption efficiency. A quantity of 242.3 mg/g
of dye adsorption was noted using MB as the model dye. Good regeneration capacity is also
reported for this hydrogel adsorbent. Moradi et al. [47] demonstrate in their experiment
the adsorption performance of chitosan/agar/SiO2 nano hydrogel for pharmaceutical
contaminants. Even at a low adsorbent dosage, high removal efficiency (91.15%) for
amoxicillin and (99%) for naproxen was noted.

In the light of the above discussion, it is understood that the zeolite, CMC and agar, is
a potential candidate for dye-removal process. Hence, the present work aims to prepare a
cost-effective and biodegradable membrane using natural polymers such as PVA, CMC and
agar. The adsorption properties of the membrane were further improved by incorporating
hierarchical zeolite. The biomembrane was tested for Congo red (CR) dye removal from
aqueous streams. The biomembrane was characterized using UTM, SEM, TGA, FTIR and
other techniques. The adsorption properties of the biomembrane were investigated under
various criteria such as altered pH, dye concentration, adsorbent dosage and contact period
as well as temperature. The adsorption isotherm and kinetics of the adsorbent was measured.
A comparative study of biomembrane with the hierarchical zeolite is also reported.

2. Materials and Methods
2.1. Materials

Tetraethyl orthosilicate (TEOS, 99%), tetrapropylammonium hydroxide (TPAOH, 25%
aqueous solution) were procured from Alfa Aesar (Bangalore, India). Aluminum iso-
propoxide (AIP) was purchased from Sigma Aldrich (Bangalore, India). Polyvinyl alcohol
(PVA) and Congo red (C32H22N6Na2O6S2) were provided from Ajax Finechem Pvt. Ltd.
(Bangkok, Thailand). Glutaraldehyde (GA) and hydrochloric acid (HCl) were obtained
from Loba Chemie (Bangkok, Thailand). Carboxymethyl cellulose (CMC) and agar were
procured from Chemipan (Bangkok, Thailand). All chemicals were used without any addi-
tional purification. The chemical structure, molecular weight and wavelength of maximum
absorbance of Congo red is illustrated in Table 1.
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Table 1. The molecular structure and properties of Congo red.

Name MW (g/moL) Group λmax (nm) Structure

Congo red
(CR) 696.66 -SO3- -NH2

-N = N- 492
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2.2. Methods
2.2.1. Surfactant Templated ZSM-5 Zeolite Synthesis

Zeolite synthesis was preceded by mixing the aluminium source (aluminium iso-
propoxide) and structure-directing agent (tetra propylammonium hydroxide) under ap-
propriate conditions [48]. In the next stage, the silica source (tetraethyl orthosilicate) and
template (cetyl trimethyl ammonium bromide) are added and stirred to become a homoge-
nous solution. The resulting solution was kept for hydrothermal treatment and heated
at 80 ◦C for 5 days. The product was then brought to room temperature, filtered and
washed, followed by drying in an oven at 100 ◦C for 8 h and lastly the powdered sample
was calcinated at 550 ◦C at a heating rate of 10 ◦C/min in furnace and later ground with a
mortar into fine powder [49].

2.2.2. Preparation of Agar/Zeolite/CMC/PVA Biomembrane

Here, we adopted a simple and eco-friendly solvent-casting method to fabricate a
polyvinyl alcohol-agar-carboxymethyl cellulose-zeolite biomembrane. The procedure for
the preparation of the biomembrane is as follows. Initially, the required amount of PVA,
CMC and agar were dissolved in water under constant stirring. Varied concentrations of
zeolite (2 to 6 wt%) were then added to the above mixture and stirred again for few more
hours. Later, a crosslinking agent, i.e., GA in HCl, is added and stirred. The crosslinked
solutions were cast in a clean glass petri dish with a thickness of 29 µm and dried at
room temperature for 3–4 days. The membranes containing 0, 2, 4 and 6 wt% of zeolite
were labelled as AG-0, AG-1, AG-2 and AG-3, respectively. The weight percentage of the
samples is given in Table 2, as well as a schematic representation of solution-casting method
(Scheme 1).

Table 2. The composition of the biomembrane.

Samples PVA (wt%) CMC (wt%) AGAR (wt%) ZSM-5 Zeolite (wt%)

AG-0 10 1 4 0
AG-1 10 1 4 2
AG-2 10 1 4 4
AG-3 10 1 4 6

2.3. Characterisation

Thermogravimetric analysis of the prepared samples was undertaken with Mettler
Toledo, TGA/DSC 3 + HT/1600 (Greifensee, Switzerland). A required amount of the
sample was placed in an aluminium crucible and the mass loss with respect to temperature
(50–750 ◦C) was recorded. The test was carried out under nitrogen atmosphere at a heating
rate of 10 ◦C/min. The dye-adsorption studies were evaluated by a Jasco V-630 UV–VIS
spectrophotometer Specord (UV-210, Analytik Jena, Jena, Germany) in the wavelength rang-
ing from 200 to 800 nm. The Fourier transform infrared spectra were identified using a FTIR
spectrometer (Invenio S, Bruker, Cambridge, United Kingdom) at 400–4000 cm−1. The sur-
face morphology of agar-carboxymethyl cellulose-zeolite-polyvinyl alcohol biomembrane
was evaluated using an optical microscope (Olympus BX43 series, Hamburg, Germany)
analyser. The X-ray diffraction pattern of the biomembrane was measured using (Rigaku
SmartLab, Raleigh, NC, USA) from 5◦ to 90◦ with the monochromatic radiation of CuKα.
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The mechanical properties of obtained membranes were evaluated as per the ASTM stan-
dard D638-14 using a universal testing machine (UTM) (Cometech QC-508B2, Taichung
City, Taiwan). The mechanical test was performed using a rectangular membrane of di-
mensions 60 mm × 10 mm. The speed of the moving clamp was 10 mm/min, and the
gauge length was 50 mm. N2 adsorption isotherms of samples were performed using a Bel-
sorp mini-analyzer (Bochum, Germany). Before the study, the samples were outgassed at
573 K for 4 h in vacuum. The hydrophilic/hydrophobic character of the biomembrane was
determined by the contact-angle method using Digidrop (Drop Meter SCA data physics,
Stuttgart, Germany). For this, water with a droplet size of 4 µL was placed on the mem-
brane surface. A video of the digidrop recorded the contact angle between the baseline
of the waterdrop and the tangent at the drop boundary. The measurements were taken
in triplicates and the average contact value is stated. To evaluate the swelling ratio, the
biomembrane was cut into equal pieces with dimensions 2 × 2 cm and their initial weight
was recorded. The biomembranes were immersed in distilled water at room temperature
for 48 h. At a certain time interval, the swollen samples were removed, then gently wiped
with filter paper and weighed. The process was repeated until the swollen sample reached
a constant weight [50]. The swelling capacity was estimated using Equation (1)

Swelling ratio =

(
Ws

Wd
− 1

)
(1)

where Wd and Ws are the weights of dry and wet biomembranes.
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Escherichia coli (E. coli, Gram negative) and Staphylococcus aureus (S. aureus, Gram
positive) bacteria were considered to examine the antibacterial property of the biomem-
branes. Initially the biomembrane was cut into circular shape and seeded on a Mueller
Hinton plate Petri B plate inoculated overnight with E. coli and S. aureus bacteria. The
samples were incubated at 37 ◦C for 18 h. After the incubation period, the zone of inhibition
formed around the biomembrane was measured and the diameter of the growth inhibition
zone reported [51].

2.4. Adsorption Experiments

The adsorption of CR on agar/zeolite/CMC/PVA biomembrane was carried out
by the batch method. Initially, 0.05 g of the agar/zeolite/CMC/PVA biomembrane was
immersed in 40 mL of the CR dye solution with constant stirring. The concentration of
dye was varied from 20 mgL−1 to 100 mgL−1. At certain time intervals, the CR solution
was taken out and evaluated using a UV–visible spectrophotometer (Specord (UV-210)) at
λmax = 492 nm. The equilibrium adsorption capacity (qe) and removal percentage (%) was
calculated from the equations below.

qe =
(C0 − Ce)V

m
(2)

R(%) =
C0 − Ce

C0
× 100 (3)

where C0 is the initial dye concentration (mg L−1) and Ce is the final concentration (mg L−1),
respectively; V refers to solution volume (in litres); m is the weight of the biomembrane (in grams).

2.5. Desorption Procedure

The regeneration potential of the biomembranes was performed by successive adsorp-
tion/desorption experiments. Initially, 0.05 g of agar/zeolite/CMC/PVA biomembrane
was added to the aqueous CR solution (20 mgL−1). After 3 h, the biomembrane was washed
with water and mixed with desorbing agent (0.1 N HCl). After desorption, the regenerated
adsorbent was taken out and washed extensively with water and oven dried at 70 ◦C for
8 h for the adsorption tests [52].

3. Result and Discussions
3.1. Characterisation of Agar/Zeolite/CMC/PVA Biomembrane

The porosity of synthesized hierarchical zeolite was examined by nitrogen adsorption
isotherm (Figure 1). The synthesised zeolite had a display-type IV isotherm with a broad
hysteresis loop from P/P0 = 0.70 to 1. Our result was in accordance with previous reports
and indicates the presence of both micro- and mesopores. The BJH pore size distribution
of the zeolite further confirms the presence of mesopores in the range of 10–20 nm. The
removal of the templating agent from the framework is responsible for the formation of
mesoporosity. A similar observation was observed in our previous studies of cellulose-
modified ZSM-5 zeolite [49]. The successful addition of filler (zeolite) in the polymer matrix
was assessed using XRD, FTIR and morphological analysis. The XRD spectrum of the
zeolite and zeolite-loaded biomembranes is presented in Figure 2. Zeolites are known
to give diffraction peaks at 2θ = 7.92◦, 9.04◦, 13.59◦, 14.19◦, 15.14◦, 15.91◦, 23.38◦, 24.16◦,
25.63◦ and 30.18◦ attributed to [101], [111], [102], [112], [131], [022], [051], [313], [323] and
[062] planes, which is an MFI pentasil structure of ZSM-5 zeolite equivalent to the JCPDS
card no. 89-1421. (Figure 2 (inset)) [53]. The presence of the aforementioned peaks in
the agar/zeolite/CMC/PVA biomembrane is indicative of the successful dispersion of
zeolite in the biomembrane. It is also noted that, on increasing the percentage of zeolite,
the peak intensity of the 2θ = 19.4◦ was reduced. This implies the development of a strong
interaction between filler and the polymer [54–56]. We have also calculated the mean
crystalline size of the samples using the Debye–Scherrer equation. The average crystalline
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of the samples ZSM-5 zeolite, AG-0, AG-1, AG-2 and AG-3 are 19.32, 1.49, 4.17, 7.57 and
10.63 nm, respectively. Meanwhile, the FTIR result shows that the biomembrane displayed
major peaks at 3289 cm−1 and 2926 cm−1 for -OH and -CH stretching; 1730 cm−1 for C=O
stretching; 1615 cm−1 (asymmetric stretching of -COOH), 1420 cm−1 (symmetric stretch-
ing of -COOH), 1100 cm−1, 835 cm−1 and 545 cm−1 (symmetrical stretching vibration
of Si-O and Al-O bond of zeolite) (Figure 3) [57,58]. Due to the availability of hydroxyl
groups, hydrogen-bond interaction is possible between the zeolite and the carboxyl group
of CMC and hydroxyl group of agar (Scheme 2). This chemical interaction is reflected in
the FTIR spectra (Figure 3b). A major red shift of the main zeolite peak (3450 cm−1) is
considered as a strong indication for zeolite and polymer interactions. Chen et al. [59]
employed FTIR to comprehend the chemical interactions between the Cr(V) and polypy-
role/sugarcane bagasse composite. A shift in the characteristic FTIR adsorption peak of
polypyrole/sugarcane bagasse confirms the binding of Cr (VI) with the functional group of
the composite. Zhu et al. [60] also observed a shift in peak position on the dye-adsorbed
membrane. The authors thus suggested that the mechanism of adsorption is electrostatic in
nature. Taken into account the above observation, we compared the FTIR of membrane
before and after dye adsorption. It is evident that the peak intensity at 3270 cm−1 increased
after dye adsorption (Figure 3c). The said peak is the characteristic peak of CR and is
associated with the stretching vibration of the -N-H group [61,62]. Meanwhile, the intensity
peaks at 2900, 1426, 1215 and 1100 cm−1 diminish, and a small red shift was noticed for the
characteristic band at 1600 cm−1. The FTIR analysis thus confirms electrostatic attraction
between CR and the biomembrane [13]. The adsorption of dye on the biomembrane is
further confirmed by UV analysis. The UV spectrum of the biomembrane before and after
adsorption is examined and the result is shown in Figure 4a,b. It is obvious from Figure 4a
that after dye adsorption, the new peak obtained at 513 nm is the characteristic peak of the
CR. The intensity of this characteristic peak increases with an increasing zeolite concentra-
tion. Thus, it can be confirmed that a biomembrane loaded with a high concentration of
zeolite is a potential adsorbent for CR [34].
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The thermogravimetric and derivative curves of varied-zeolite-percentage loaded
agar/CMC/PVA biomembranes are shown in Figure 5. The initial weight loss of 6–13%
at 30–170 ◦C is attributed to the loss of moisture content and other contaminants. The
second weight loss starts from 180 to 370 ◦C, attributed to the degradation of polymers
(PVA, CMC and agar) and the final weight loss of 29–34% at 380–650 ◦C is related to the
decomposition of zeolite. [63]. Table 3 summarises the degradation of the polymer at
different temperatures. From the table, it is observed that, with an increasing percentage
of zeolite content, the amount of degradation decreased from 86.36 to 68.28%. Hence,
a zeolite-anchored biomembrane has a high thermally stability, which is desirable for
adsorption studies. For comparison the thermogravimetric and differential thermal analysis
curves of ZSM-5 zeolite are shown in Supplementary Materials (Figures S1 and S2). The
biomembrane was further tested for its mechanical properties and the results obtained
from the universal testing machine are displayed in Table 4. Upon incorporation of zeolite,
both tensile strength and the elongation at break of the biomembrane decrease. The zeolite
particles disturbed the homogeneous structure of the polymer by intermolecular hydrogen
bonds, which was confirmed through FTIR analysis [57]. The contact-angle values of
the membrane are displayed in Figure 6a. Water contact-angle values increased with
zeolite content. Being rich in hydroxyl groups, the agar/CMC/PVA biomembranes have
great affinity for water molecules. Therefore, they tend to spread the water droplets and
consequently have a high water contact angle (70◦). However, with the addition of zeolite,
the water-wetting ability of the biomembrane is reduced. This is in accord with the fact
that a high-silica zeolite has a low hydrophilic nature and therefore repels water molecules.
The water contact angles observed for the 2 wt%, 4 wt% and 6 wt% samples are 73.3◦, 78.4◦

and 89◦, respectively [63,64]. The above result is justified by swelling studies. The swelling
behaviour of the biomembrane as a function of zeolite content is exhibited in Figure 6b.
A pure agar/CMC/PVA biomembrane has a good affinity for water and therefore swells
to almost double its initial weight. However, the biomembranes embedded with zeolite
have less tendency to attract water molecules and therefore possess a low swelling ratio.
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The optical microscopic images of the zeolite-incorporated biomembranes is shown in
Figure 7. The photographic images of the inhibition zone formed around the biomembrane
are provided as Figure 8. In the absence of zeolite, the biomembrane did not show any
antibacterial activity. However, after the addition of zeolite, a small inhibition zone was
formed around the membrane. The addition of zeolite increased the total surface area
and thereby enhanced the antibacterial activity of the membrane. It can be also noted that
maximum zone of inhibition was observed against Gram-positive bacteria. This is due to
the difference in the features of Gram-positive and Gram-negative bacteria. Gram-positive
bacteria have a single-layered cell wall, while Gram-negative possess a double-layered one.
Gram-positive bacteria lack the outer membrane, but a thick outer membrane is present
for Gram-negative bacteria. Previous reports showed that the Gram-positive bacteria
are quite vulnerable to attack compared to Gram-negative bacteria. Hence, the active
components of the agar/zeolite/CMC/PVA membrane can penetrate inside the cell wall of
the Gram-positive bacteria, disrupt the cell metabolism and eventually destroy them.
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Figure 5. (a) Thermogravimetric (TGA) and (b) differential thermal analysis (DTA) curves of
agar/zeolite/CMC/PVA biomembrane.

Table 3. The result of thermogravimetric results.

Samples Code Weight Loss of Biomembrane at Different Temperature Total Weight
Loss (%)

30–170 ◦C 180–370 ◦C 380–650 ◦C

ZSM-5 9.13 19.56 6.26 34.95
AG-0 13.43 38.07 34.86 86.36
AG-1 10.21 34.61 30.98 75.80
AG-2 10.65 32.14 29.01 71.80
AG-3 6.82 32.05 29.41 68.28

Table 4. Mechanical properties of filler-incorporated systems.

Samples Code Tensile Strength (MPa) Elongation at Break (%)

AG-0 35.87 ± 3.35 69.72 ± 3.71
AG-1 31.75 ± 2.40 30.66 ± 5.24
AG-2 29.41 ± 5.04 25.71 ± 3.28
AG-3 23.29 ± 0.46 19.37 ± 4.97
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Figure 7. Optical microscopy images of biomembrane: (a) AG-0; (b) AG 1; (c) AG-2; (d) AG-3.
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3.2. Congo Red Removal Performance of Agar/Zeolite/CMC/PVA Biomembrane

Initially, the dye-adsorption efficiency of ZSM-5 was investigated. A quantity of 0.05 g
of zeolite was mixed with CR solution and the adsorption capacity was noted at different
time intervals. The dye-removal efficiency achieved for ZSM-5 zeolite was only 6.4 mg/g.
Therefore, we have systematically studied the consequence of various experimental pa-
rameters on the adsorption efficiency of agar/zeolite/CMC/PVA biomembranes. The
influence of contact time on the dye-removal efficiency of the membranes was investigated
at different time intervals, while keeping all other parameters constant (initial CR con-
centration of 20 mg/L, 6 wt% dosage, RT) (Figure 9a). In the beginning of the analysis,
we could observe a rapid increase in the adsorption rate attributed to the large number
of free adsorption sites present on the membrane surface. With the progress of time, the
number of free sites on the biomembrane decreased, resulting in a slow rate. The flattening
of the curve at a high contact time indicates the saturation point. A similar trend was
noted by other researchers for CR adsorption [65,66]. Almost 70% removal efficiency was
noted in initially, i.e., 20–30 min. The rapid diffusion of dye molecules and the high surface
interaction is responsible for the high removal percentage at the initial contact time. The
optimization of the adsorbent dosage is essential for its application purpose. Therefore, in
the present study, the adsorption efficiency was assessed at different adsorbent dosages
(2 to 6 wt%) (Figure 9b). With increased zeolite content, the active sites on the membrane
surface were multiplied and favoured the adsorption process. However, after the optimum
concentration was reached (>6 wt%), the surface become saturated with dye molecules and
thus the removal percentage did not undergo any enhancement after 6 wt% of zeolite. This
is in consonance with the study of Alver et al. [67]. The initial dye concentration highly
influences the dye-removal efficiency of the biomembrane. Rida and group [68] mentioned
a high adsorption capacity at 40 mg/L methylene blue (MB) concentration. A similar obser-
vation was made by Alorabi and group [69]. The effect of C0 on the adsorption performance
of an agar/zeolite/CMC/PVA biomembrane is presented in Figure 9c. The experiment was
carried out at 6 wt% adsorbent dosage for a contact time of 3 h at pH = 2. On increasing
the CR concentration from 20 mg L−1 to 100 mg L−1, the adsorption capacity was also
enhanced and reached a maximum value of 64.50 mg/g. The large concentration gradient
of dye between the surface and the bulk solution encourages dye adsorption and maximum
adsorption capacity was noted when C0 = 100 mg/L. The pH of the medium influences the
adsorbent charge and therefore plays an important role in the adsorption process. The effect
of pH on dye adsorption is presented in Figure 9d. In an acidic medium, the adsorbent
surface become positive and hence high electrostatic interaction exists between the CR
dye molecules and the biomembrane. Meanwhile, in the basic medium, there will be an
unfavourable repulsive interaction between CR and the hydroxyl ion due to their negative–
negative charges. A similar trend was noted for surfactant-impregnated chitosan beads by
Chatterjee et al. [70]. Our result was in compliance with the above reports. From Figure 9d,
it is evident that a low pH favours the adsorption of CR on the agar/zeolite/CMC/PVA
biomembrane. The influence of temperature on adsorption activity was carried out at
an acidic pH (Figure 9e). It is obvious that temperature and CR dye adsorption on the
biomembrane are inversely related. A similar trend was reported by Jaseela and group [71]
for a mesoporous titania (TiO2)/polyvinyl alcohol (PVA) nanocomposite system. According
to the authors, thermal energy weakens the attraction between the adsorbate and adsorbent
which consequently reduces the removal efficiency. The decrease in the adsorption property
with higher temperature also indicates the exothermic nature of the adsorbent [72].
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Figure 9. Effect of contact time (a), adsorbent loading (b), dye concentration (c), pH (d) and tempera-
ture (e) on CR uptake capacity (experimental condition: adsorbent dosage 6 wt%, concentration of
CR solution 20 mg L−1, pH 2, contact time 3 h and temperature 25 ◦C).

3.3. Thermodynamics

The thermodynamic study will provide the information about the entropy (∆S), en-
thalpy (∆H) and free energy (∆G) of the reaction. The negative value of free energy
indicates spontaneous adsorption. Meanwhile, positive value suggests non-feasibility of
the process [73].
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The Gibbs free energy (∆G) is calculated using the expression

∆G = −RT In Kc (4)

where Kc is the adsorption equilibrium constant

∆G = ∆H − T∆S (5)

The values ∆H and ∆S are obtained from the intercept and slope of the plot (ln Kc vs.
1/T) (Van’t Hoff), respectively.

The thermodynamics of CR adsorption at three different temperatures, i.e., 303 K,
313 K and 323 K, are displayed in Figure 10 and the obtained parameters are illustrated in
Table 5. The negative ∆G (−9.129, −3.16 and −0.49) implied that the CR adsorption process
on agar/zeolite/CMC/PVA biomembrane is thermodynamically feasible. Meanwhile, the
negative enthalpy (−83.6) confirms that the exothermic nature of adsorption process, and thus
complies with the temperature study. The high negative value of entropy implies that the dyes
were adsorbed in an orderly fashion on the adsorbate surface. The decrease in randomness
at the adsorbent–dye interface has previously been reported by many researchers.
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Table 5. Thermodynamic parameters for adsorbent agar/zeolite/CMC/PVA biomembrane.

∆G(kj/moL) ∆H(kj/moL) ∆S (j/moL K)

303 K 313 K 323 K
−9.129 −3.16 −0.49 −83.6 −257

3.4. Adsorption Kinetics

The adsorption mechanism of CR on the agar/zeolite/CMC/PVA biomembrane was
described by pseudo-1st order (PFO), pseudo-2nd order (PSO) and intra-particle diffusion
models (IPD) [74–76].

The linearized form of the aforementioned model are stated below.

log
(
qe − qt

)
= log qe −

K1t
2.303

(6)
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t
qe

=
1

K2q2
e
+

t
qe

(7)

qt = Kidt1/2 + C (8)

Here, qt (mg g−1) and qe (mg g−1) are the adsorption capacity at time ‘t’ and equilib-
rium, respectively. K1 and K2 are the PFO and PSO rate constant which is expressed in
min−1 and g mg−1 min−1. Kid is the intraparticle diffusion constant (mg min1/2 g−1) while
C is the intercept.

The kinetic parameters were calculated from the linear plot of PFO (log (qe − qt) vs. t),
PSO (t/qt vs. t) and intraparticle diffusion model (qt vs. t1/2) (Figure 11a–c). The kinetic
parameters (K1, K2 and Kid), along with the correlation coefficient, are recorded in Table 6.
From Figure 11 and Table 6, it is evident that the experimental value fits better with
the PSO model. The correlation coefficients obtained for PFO, PSO and intraparticle
diffusion models are 99, 99.5 and 95, respectively. All these results suggest that PSO is more
convenient for describing CR adsorption on the agar/zeolite/CMC/PVA biomembrane.
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concentration of CR solution 20 mg L−1, pH 2, contact time 3 h and temperature 25 ◦C).
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Table 6. Kinetic fitting constants of CR on agar/zeolite/CMC/PVA biomembrane.

Kinetic Models

PFO
qe (mg g−1) 3.7

KL/min 0.0376
R2 99

PSO
qe (mg g−1) 18.2

R2 99.2
K2 (g mg−1 min−1) 2.38 × 10−3

IPD
C (mg g−1) −1.14

R2 95
Kid (g mg−1 min1/2) 1.65

3.5. Isothermal Studies

The adsorption isotherm is usually used to identify the adsorption mechanism. The
CR equilibrium adsorption on the agar/zeolite/CMC/PVA biomembrane was explained
using the Langmuir and Freundlich isotherm model [77,78].

The non-linearized expression of the Langmuir model is expressed as follows.

qe =
qmKLCe

1 + KLCe
(9)

where qe represents the equilibrium adsorption capacity of the adsorbate (mg g−1),
qmax (mg g−1) indicates the maximum monolayer adsorption capacity, and Ce is the equi-
librium concentration of the adsorbate (mg L−1). KL represents the Langmuir constant
(L mg−1) and is connected to adsorption energy. The linear form of the Langmuir isotherm
model is presented in Equation (10).

Ce

qe
=

(
Ce

qm

)
+

(
1

KL∗qm

)
(10)

The slope and the intercept of the plot of Ce/qe vs. Ce (Figure 12a) gives the values of
qm and KL, respectively. Another important parameter is the Langmuir separation factor
(RL), which is mathematically expressed as follows:

RL =
1

1 + KLC0
(11)

The RL is related to the feasibility and reversibility of the adsorption process. The
adsorption process is favourable if RL comes in the range of zero and one. On the other
hand, unfavorable adsorption is noted if the RL is greater than one.

The linear representation of the Freundlich isotherm is given by

In
(
qe
)
= InKF +

1
n
∗In(Ce) (12)

KF and n are Freundlich adsorption isotherm constants and are graphically obtained
from the linear plot of the Freundlich isotherm (Figure 12b). The value of 1/n is used to
discover the favourability of the adsorption process. If the 1/n value falls under one, it
indicates a favourable adsorption. Meanwhile, a value equal to or below zero represents an
unfavourable and irreversible adsorption process.
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Adsorption isotherm data from experimental studies are corelated with the isotherm
curves and the Langmuir and Freundlich models. The fitted parameter along with the
correlation coefficient (R2) is exhibited in Table 7. A good agreement of the experimental
adsorption capacity is noted for both models (Langmuir and Freundlich isotherms). The
result indicates that both multilayer and monolayer adsorption were involved in the
adsorption capacity process.

Table 7. Langmuir and Freundlich isotherm parameters for anionic dye adsorption.

Isotherm Models

Model Parameters

Langmuir qm (mg g−1) 73
KL (L mg−1) 0.248

R2 98

Freundlich KF (mg g −1) 16.8
R2 98
n 0.436

Scheme of Dye Adsorption

It is evident from FTIR and pH analysis that the surface functional group and its
charge plays a major role in dye removal. In addition to this, the zeolite dosage was also
found to perform an essential role in CR adsorption on the biomembrane. Our result
thus suggests that CR adsorption on the agar/zeolite/CMC/PVA biomembrane is mainly
physicochemical in nature. (Scheme 3). The physicochemical nature of dye adsorption is
further confirmed by adsorption isotherm and kinetic studies.
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3.6. Reusability and Regeneration Studies

For industrial application, a proper understanding of reusability of the spent adsorbent is
required. The reusability of the agar/zeolite/CMC/PVA biomembrane was conducted using
HCl (0.1 N) followed by a water wash. As shown in Figure 13, the removal efficiency of CR is
reduced from 95 to 89% in the fifth cycle. The reduction in the adsorption cycle is due to the
incomplete removal of dye from the biomembrane, probably due to the formation of robust
bonds between the CR molecules and the active sites present on the biomembrane.
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3.7. Comparison of Agar/Zeolite/CMC/PVA Biomembrane with Other Adsorbents for CR Adsorption

The adsorption efficiency of the agar/zeolite/CMC/PVA biomembrane is compared with
hierarchical zeolite as well as with previously reported adsorbents (Table 8). From the table, it
can be noticed that the agar/zeolite/CMC/PVA biomembrane exhibits a higher adsorption
capacity than the other reported adsorbents. The high surface area and presence of mesopores
in the system is primary factor for the high adsorption property of the biomembrane.

Table 8. Comparison studies of previous work on CR dye on various adsorbents.

Adsorbents qe (mg/g) References

Coir pith carbon 6.7 [76]
Kaolin 5.6 [79]
Zeolite 4.3 [79]

Cabbage waste powder 1.78 [80]
Roots of Eichhornia crassipes 4.81 [81]

Red mud 4.05 [82]
Australian kaolins 5.58 [83]

Bagasse fly ash 11.88 [84]
Rice husk ash 7.047 [85]

Tamarind fruit shell 10.5 [86]
Nilgiri bark 12.4 [87]

Agar/zeolite/CMC/PVA 15.30 This work
ZSM-5 zeolite 6.4 This work

4. Conclusions

In the present study, a carboxymethyl cellulose-agar-polyvinyl alcohol-zeolite biomem-
brane with efficient adsorption capacity for Congo red is demonstrated. The surface prop-
erties of the biomembrane were evaluated using XRD, contact angle, FTIR SEM and TGA
analysis. The membrane loaded with 6 wt% of zeolite displayed good thermal stability
(68.28% weight loss), high hydrophobicity (89◦) and high dye-adsorption performance
(96%). The adsorption results revealed that supreme dye-removal efficiency (96%) was
achieved at Co (20 mg/L) with an adsorbent dosage of 6 wt% in an acidic environment
(pH 2). The kinetic results showed that the PSO is more fitted than other model with maxi-
mum adsorption capacity (18.2 mg/g). The data showed that the adsorption performance
of Congo red on carboxymethyl cellulose-agar-polyvinyl alcohol-zeolite biomembrane fol-
lows both Langmuir and Freundlich isotherms. The negative free energy (−9.129 KJ/mol)
further confirmed the feasibility of the adsorption process. The membrane was also supe-
rior in recycling performance. Nearly 90% dye-removal efficiency was noted even after
five cycles. Therefore, it can be concluded that the carboxymethyl cellulose-agar-polyvinyl
alcohol-zeolite biomembrane is a potential candidate for wastewater management.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12080886/s1, Figure S1: Thermogravimetric (TGA) of ZSM-
5 zeolite. Figure S2: Differential thermal analysis (DTA) curves of ZSM-5 zeolite.
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