¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2020.26432

208 (2020) 386-398
December

Effective removal of carcinogenic dye from aqueous solution by

using alginate-based nanocomposites

Azeem Bibi?, Sadig-ur-Rehman®*, Tasleem Akhtar’, Muhammad Imran Shahzad®

“Department of Chemistry, University of Azad Jammu and Kashmir, Muzaffarabad, Pakistan, Tel. +92 3018086819;

emails: srkhattak@gmail.com (S.-u.-Rehman), azeembibi786@gmail.com (A. Bibi)

"Department of Zoology, University of Azad Jammu and Kashmir, Muzaffarabad, Pakistan, email: seemeawan88@gmail.com (T. Akhtar)
‘Nano Sciences and Technology Department, National Center for Physics, Islamabad, Pakistan, 44000-Islamabad, Pakistan,

email: Imran-shahzad®@live.com (M.I. Shahzad)

Received 20 February 2020; Accepted 6 August 2020

ABSTRACT

Significant efforts are applied to prepare novel nanomaterials in which functionalized multi-walled
carbon nanotubes (COOH-MWCNTs) are dispersed in alginate-chitosan network under ultrasonic
waves. Instrumental techniques like scanning electron microscopy, thermal analysis (thermo-
gravimetric analysis/differential scanning calorimetry), Fourier transform infrared spectroscopy,
X-ray diffractometry, and Brunauer-Emmett-Teller are used for characterization of materials.
Nanocomposite films are also evaluated based on swelling behavior. These techniques and mea-
surements indicated the interacted and more stable nature of nanocomposites compared to the
starting materials. The prepared films are used as sorbents to remove the Congo red dye from the
aqueous solution. Various experimental parameters like contact time, temperature, pH, and dos-
age are varied to explore their effect on adsorption capacity. Nanocomposites films are analyzed
for % desorption and recycled in the adsorption process successfully for 12 times. The adsorption
mechanism involved is a pseudo-first-order mechanism. While isothermally, the Freundlich model
appears to fit better than the Langmuir adsorption model. The high adsorption efficiency with more
strength and regeneration suggests nanocomposite films as the best alternative for already existing
petroleum-based membranes.
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1. Introduction

Unfortunately, the community of this planet is inces-
santly facing the problem of inadequate clean potable water
due to rapid industrialization, increasing urbanization,
and environmental changes. These sources insert different
unwanted anthropogenic pollutants in the ecosystems [1].
Textiles dyes are placed at the top of the list in all these pol-
lutants and are considered as highly toxic and carcinogenic
in nature. From the synthetic dyes, the largest colorants
belong to azo groups (60%—70%). These azo dyes are largely

* Corresponding author.

used in the coloring of various substrates like synthetic and
natural fibers, plastics, leather, paper, mineral oils, waxes,
and even with (selected types) foodstuffs and cosmetics [2].
Due to their poor fixation to fabrics, a high concentration
of these dyes is estimated in water and ranging from 5 to
1,500 mg/L [3,4]. Congo red is one of the Azo dyes, very
stable, less biodegraded, and various health problems such
as bladder cancer in humans, splenic sarcomas, cytoplasm
anomalies, and chromosomal aberration in mammalian
cells are caused by this dye [5]. Therefore, it is very import-
ant to treat this industrial effluent before its discharge into
freshwater.
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Many traditional methods like chemical precipitation
[6,7], electrochemical deposition [8], ion exchange, and mem-
brane separation [9] have been applied for the time being
to purify the potable water. Over the past several decades,
there is a growing interest in the development of new water
treatment procedures, where adsorption by various natural
and synthetic polymers play a crucial role [10-13]. The pref-
erable demand of the adsorption method is due to its high
efficiency, cheap adsorbents, easy handling, enhanced sur-
face area, and availability of different adsorbents [3]. Several
natural polymers such as polysaccharides have been sug-
gested to be more efficient because of their low molecular
weights, changeable porosity, biodegradability, non-toxicity,
and easy availability [14,15].

Alginate is one of the natural polymers, obtained from
brown algae and composed of D-mannuronic acid (M) and
L-guluronic acid (G) units. It is most plentiful natural poly-
mer, has been reported to react with other materials due
to large number of active hydroxyl and carboxyl groups
that provide reactive sites and coordination centers for
other materials [16]. Sodium alginate dissolves in aqueous
solution (by dissolving the sodium ions) and crosslinks with
itself as well as with other available ions to form jelly materi-
als. It is biodegradable, biocompatible, renewable, non-toxic,
and widely investigated for adsorption studies. However, a
potential problem with sodium alginate and its derivatives
is poor strength, flexibility, and high hydrophilicity [17,18].
Furthermore, this polymer is fragile in nature, water-soluble,
and less stable to use again and again for the removal of
dyes. So, it is the utmost need to find any material which
improves the strength, insolubility, and porosity of alginate
by maintaining the dye adsorbing ability.

Chitosan is a cationic polysaccharide having randomly
distributed p-[1 — 4]-linked D-glucosamine and N-acetyl-
D-glucosamine units, forms very stable and water-insoluble
composites with other materials. It is extracted from crabs,
prawns, fungi, and extensively applied for the adsorption
process due to film-forming ability, insolubility together with
a large number of functional groups. Chitosan is flourished
with NH, and OH reactive groups that are responsible for
intermolecular and intramolecular linkages. The positively
charged NH: groups of chitosan has the ability to react with
negatively charged COO- groups of alginate and strong
polyelectrolytic complex is formed at room temperature [3].

Current progress in nanotechnology opens unprece-
dented opportunities to synthesize cheap and very stable
hybrid adsorbents with greater porosity and adsorption
capacity by utilizing the synergistic effect of nanoparti-
cles with polymers [3,19]. Due to small size and large sur-
face area, nanoparticles interact strongly with matrix and
give very promising properties to the implanted materials.
Carbon nanotubes (CNTs) are the nanoparticles that act as
best reinforcing materials and have a large surface area,
greater chemical reactivity, and high aspect ratio, less chem-
ical mass, and greater strength [20]. Several CNTs based
nanocomposites are reported in the literature, in which CNTs
are dispersed and immobilized in the polymeric matrix
and efficiently used to remove water pollution [18,21,22].

Based on the importance of this work, we combined
the synergistic effect of more than one natural polymers
in the presence of nanoparticles. As the different polymers

are crosslinked with each other, a new variety of sorbents
originate with greater functionality, porosity, removal effi-
ciency, reactivity, stability, and recycling property [4,12,23].
Water-insoluble sorbents of alginate with modified poros-
ity are prepared by reacting to the alginate-chitosan blend
with COOH-CNTs under ultrasonic waves. These sorbents
are then modified into various types depending upon the
porosity by adding specific quantity of co-solutes (sur-
factants), that is, sodium dodecyl sulfate (SDS) and cet-
yltrimethylammonium bromide (CTAB) are applied for
adsorption of Congo red dye. The objectives of this study
were to (i) introduce a new water-insoluble nanocompos-
ite films of alginate that contained the stated polymers
and nanofillers; (ii) explore the dye adsorption capacity of
prepared materials; (iii) evaluate the effect of swelling and
porosity on adsorption parameters of synthesized prod-
ucts; (iv) examine the recycling turns in which synthesized
composites can withstand and showed encouraging results.

2. Materials and methods
2.1. Materials

Sodium alginate (from brown algae, purity: 98%, CAS
number: 9005-38-3, molecule weight: 405.2186 g/mol),
chitosan (purity: 99%, >75% deacetylated, CAS number:
9012-76-4, molecular weight: 20,000 g/mol), congo red (dye
content >35%) acetic acid, SDS, cetyltrimethylammonium
bromide (CTAB), dimethylformamide (DMF), potassium
chloride, calcium chloride (dihydrated), sodium hydroxide,
and hydrochloric acid were purchased from Sigma-Aldrich
(UK) and used without further purification. MWCNTs were
synthesized through chemical vapor deposition [24,25]
and were further functionalized through ultra-sonication
(37 kHz) to form COOH-MWCNTs [26]. Deionized water
was used throughout the procedure.

2.2. Preparation of nanocomposite films

Alginate-chitosan/MWCNTs  nanocomposites  were
synthesized by reacting to the CNTs with alginate having
the concentration ratio of alginate (0.9 g) to CNTs (0.016 g)
(56:1). An adequate amount of alginate (0.9 g) was dissolved
completely in deionized water (40 mL) at 40°C by stirring
for 3 h. Chitosan (0.18 g) was separately dissolved in 2%
acetic acid (75 mL) solution by stirring for 1 h at 30°C. The
COOH-MWCNTs (0.016 g) were dispersed in deionized
water (40 mL) in the presence of a trace amount of surfac-
tant (SDS or CTAB) to obtain a clear homogeneous solution.
Complete dispersion of MWCNTs was carried out by son-
icated the solution for 2 h in a bath sonicator (Elmasonic S
30 H, 50-60H, Japan). Alginate-chitosan/CNTs (Cs90) blend
was prepared by sonicated a mixture of alginate (2 mL),
chitosan (75 mL), and COOH-MWCNTs (2 mL) dispersed
in aqueous solution (containing SDS as a surface-active
agent) for further 2 h at 40°C. Similar method was applied
to synthesize other blended nanocomposites, for instance,
Cc90 (containing CTAB as a surface-active agent), CD90
(no surfactant, CNTs are dispersed in DMF instead of aque-
ous solution). After 2 h of sonication, the obtained uniform
mixture solution was poured into Petri plates and placed for
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drying at room temperature. After drying these films were
further washed with ethanol and then dehydrated at 40°C
in the oven for 5 h. The dried alginate-based films were
stored in sealed polyethylene bags for further use.

2.3. Characterization techniques

Advanced instrumental techniques are applied to char-
acterize the nanocomposite films. The surface morphology
of nanocomposite films was visualized using scanning
electron microscopy (SEM, Joel JSM-6510LV, Japan) and
compared with starting materials. The accelerated voltage
applied for SEM measurement was 20 kV. The sorts of inter-
actions between components are identified by using Fourier
transform infrared spectroscopy (FTIR; Perkin Elmer spec-
trum 100 series spectrometer, Korea) working in the range
of 4,000-400 cm™ at 2 mm/s rate. The thermal stability of
composites was determined by thermogravimetric analysis/
differential scanning calorimetry (TGA/DSC) techniques
using a thermal analyzer (TA SDT Q600) at the temperature
range of 0°C-700°C and heat flow -5 to 15 W/g. The sur-
face area and porosity of synthesized materials are visual-
ized by the Brunauer-Emmett-Teller (BET, Quantachrome
Nova 2200 e) technique using -0.045 g of the sample at
273 K. The shape, geometry, and pattern of arrangement
in polymeric chains were determined by X-ray diffraction
(XRD) technique using JDX-3532 diffractometer working at
the voltage of 2040 kV. The X-rays used were of 1.5418 A to
diffract the materials with a scanning range of 0°-160°.

2.4. Measurement of swelling capacity

Synthesized materials were evaluated by swelling abil-
ity in neutral water, saline solutions, and in solutions hav-
ing variable pH. For such evaluation, a specific quantity of
sample (14 mg) was dipped in vials containing 100 mL of
each solvent. After specific time intervals, the samples were
weighted by removing extra surface solutions. This immer-
sion and removing of films in respective solutions take place
for that time until an equilibrium swelling was obtained.
Swelling capacity was calculated by using Eq. (1) [27].

. 81_ (V\/s _Wd)
Swelling [8] =W 1)

d

Here, W_is the swollen weights of films at time ¢ and
W, is dry weights of films, respectively.

2.5. Batch adsorption studies

For adsorption studies, an anionic dye Congo red (1 g)
was dissolved in distilled water to form a stock solution of
dye. Firstly, nanocomposite films were ground to form small
pieces of sample to increase the surface area of the adsor-
bent. For adsorption studies, a known amount (0.020 g) of
nanocomposite film was placed in a flat-bottom flask having
25 mL of dye solution (5-700 mg/L) and stirred in a hot plate
at 200 rpm for 24 h. The concentration of adsorbate in filtered
solution was measured by UV-vis spectrophotometer (UV-
1601 SHIMADZU, Korea) and the adsorbed amount can be

calculated by using an adsorbing expression. The adsorption
capacity and the percentage of dye removal were calculated
by using the following mathematical relationships [28].

(C,-C)xV
7= @
R:@Xmo (3)
C

where g, is the amount of dye (mg g™') adsorbed at the sur-
face of nanocomposite films, R represents the percentage
of dye removal (%), W is the weight (g) of sorbents used, V
is the volume (L) of dye solution, and C, C, and C, are the
concentrations of dye solutions at initial time, at different
time intervals, and at equilibrium, respectively.

For kinetic studies, a series of experiments were done
by varying contact time from 1 to 240 min at an initial
concentration of dye was 50 mg/L. The effect of the adsor-
bent dose was studied by changing the concentration
from 0.02 g to 1.0 g at an initial concentration of adsor-
bate C; = 50 ppm and the contact time was 3 h at 25°C.
The relationship between adsorption capacity and adsor-
bate concentration was also examined by changing the
concentration of adsorbate from 5 to 700 ppm. Similarly,
for thermal analysis, adsorption experiments were car-
ried out by varying temperatures range from 10°C to
60°C and pH range 2-13 at an initial concentration of
adsorbate C, =50 ppm and contact time was 3 h.

2.6. Desorption and regeneration

To study the desorption process, films loaded with
adsorbate were washed with distilled water three to four
times and put in a flat-bottomed flask having 25 mL of
0.1 molar solution of each from KCl, CaCl,-2H,0, CH,COOH,
HCl, NaOH, and distilled water. The solution in the flask
was stirred for 1 h to desorb the adsorbate which was then
measured by the UV spectrophotometer. The percentage
of desorbed quantity can be calculated as:

% D=Mi 100 )
M

a

where M, is the quantity of desorbing dye and M, is the quan-
tity of adsorbing dye.

To evaluate the reusability and recycling of samples,
the bath experiment is repeated for several times. In a typ-
ical procedure, a weighed quantity (0.020 g) of each sam-
ple was immersed in a dye solution (50 ppm) and stirred
this solution to reach an equilibrium (for 1 h). The color
of the dye solution is decolorized after —40-45 min. After
reaching the equilibrium adsorption, the adsorbents were
separated and rinsed with distilled water to remove the
surface dye. Afterwards, the samples were immersed into
desorption solution and stirred until the desorption reach
balance. Then, the adsorbents were separated from the solu-
tion, washed with distilled water, and left to dry for further
reusing experiments.
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3. Results and discussions
3.1. Characterization techniques

The sorts of interactions in alginate (algi), alginate +
chitosan (algi+chito), and alginate + chitosan/MWCNTs
(algi+chito/MWCNTs) are determined by FTIR and com-
pared with each other (Fig. 1a). The algi film has only the
characteristic peaks of its constituents whereas, nanocom-
posite films also revealed absorption bands of chitosan
and MWCNTs in addition to alginate. A prominent peak
at 3,000-2,850 cm™ is attributed to C-H bonds (-CH,) that
appeared in algi, algi+chito, and in nanocomposites. The
broadband of H-bonded OH groups at 3,484-3,010 cm™
is present in algi and algi+chito [29]. While, in nanocom-
posite this band appeared in slightly low intense form,
suggesting some sorts of interactions between polymeric
matrix and nanofillers. These interactions may be due
to the COOH of MWCNTs or by N-H of amide func-
tional groups. The bending vibrations appeared at 1,565—
1,550 cm™ correspond to the N-H bond of amide functional
groups present in nanocomposite films and absent in start-
ing materials. The presence of MWCNTs in nanocomposite
films is confirmed by the C=C stretching frequencies of the
graphene sheet that appeared at 1,642-1,641 cm™. The C-O
bond of carbohydrate rings in all composites appeared in
the form of an intense peak at 1,031-1,010 cm™. FTIR spec-
tra of nanocomposites further reveal that in the absence
of surfactants (i.e., in CD90) a peek at 1,738 cm™ appears
which is attributed to the C=O group of naked COOH-
CNTs. While in the case of surfactants, this absorption
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is absent. It may be due to counterion micelles around
CNTs by the addition of surfactants.

The uptake of Congo red by nanocomposites is illus-
trated by FTIR spectra as shown by Fig. 1b. It is indicated
that there are some interactions between dye and nanoma-
terials. As the presence of Congo red is shown by additional
peaks (S=O, N=N) in adsorption spectra of materials. It is
further investigated that the interactions of Congo red with
nanofillers (CNTs) and polymer matrix are grater in CD90
as compared to Cc90 and Cs90, which appeared in the form
of the disappearance of S5=O and C-O bonds. These sorts
of interactions are also indicated in the form of greater
adsorption capacity of CD90 as compared to Cs90 and Cc90.

Surface area, pore volume, and pore width of samples
are measured by the BET technique and tabulated in Table 1.
From these results, it is indicated that all nanocomposite
materials are more porous than the alginate. Furthermore,
the nanomaterials containing surfactants are more porous
in nature than non-surfactant materials, it may be due to
the involvement of co-solutes in polymeric structure and
formation of micelles, which give greater porosity to the
polymeric structure. However, in CD90 film (do not contain
surfactant) has less quantity of pores with greater pore vol-
ume and width. So, this type of nanocomposite has a less
specific surface area as a specific surface area depends upon
pore size as well as the number of pores per gram. Similar
results were found by another group of researchers [30].
The more porous and stable nature of synthesized nano-
composite films suggests applying as a selective adsorbent
in water purification.

{Cs90]

Transmittance (%)
™

1708
3480 !

1738 135

4000

000 3500

30 3000 2|00 2000 1500 1000 500 ol e B

s !
Wavenumber (em”) Hieverommbés (e’

CD90

1218 875

Transmittance (%)

1419
1000

3500 3000 2500 2000 1500 500

Wavenumber (tm'lj

Fig. 1. FTIR spectra of samples (a) before adsorption and (b) after adsorption.
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Table 1
Surface area (BET) analysis data of samples

Samples Specific surface area (m?/g) Pore volume (cm®/g) Pore width (nm)
Cs90 8.436 0.007 3.179

Cc90 8.195 0.033 3.537

CD90 7.854 0.036 19.902

Algi 0.778 0.236 1.259
Algi+Chito 3.612 0.042 2.162

The thermal behavior of prepared films is analyzed by
TGA/DSC and results are indicated in Fig. 2a. It is known
from thermal graphs that three types of films (Cs90, Cc90,
and CD90) have almost similar behavior at various tem-
perature ranges. The first deflection in mass has appeared
at —20°C-70°C which is due to the evaporation of small
free molecules, like water, that entrapped in nanocompos-
ites scaffolds. This endothermic evaporation process is also
confirmed by depression in DSC curves at a similar tem-
perature. The area of peaks at -20°C-70°C indicates that a
very small quantity of water molecules is entrapped due to
little availability of free functional groups suggesting greater
interactions between functional groups.

The second step of thermal decomposition occurred
at about 75°C-195°C. The loss of mass corresponded to
this decomposition is exothermic dehydration reaction.
Linkages of bonded water break and degradation of car-
boxylic groups occurred at this temperature [31]. The next
predominant stage of thermal decomposition is appeared
at about 200°C-400°C. The process of depolymerization,
breakage of glycosidic, polyelectrolytic, and interionic
electrostatic linkages present between alginate-chitosan
and COOH-MWCNTs. The process of deacetylation and
deamination in chitosan polymer is also reported in this
temperature [32]. On comparison of the thermal stability
of alginate-chitosan mixture with the prepared materials, it is
known that prepared materials remained stable up to about
400°C, while composite of alginate-chitosan degraded at
300°C suggesting the interactions between polymeric blends
and nanofillers [31]. The last step of mass loss attributed
to a highly exothermic degradation reaction that occurred
at 400°C-570°C. The process of destruction and degrada-
tion of mannuronic acid, guluronic acid, and gluconic acid
of alginate-chitosan blend lead to the formation of ace-
tic acid, formic acid, and butyric acid along with series of
fatty acid is responsible for this mass deflection [33]. The
decarboxylation and complete destruction of functionalized
CNTs have also occurred at this temperature [31]. At about
570°C complete (100%) thermal degradation occurred.

The amorphous or crystalline nature of synthesized
nanomaterials is determined by the XRD technique and
results are included in Fig. 2b. Results obtained by these
spectra indicate that prepared materials showed an amor-
phous nature. However, a small level of crystallites and
dense packing is also present. The interaction of poly-
mer matrix and nanofillers develop some sort of arrange-
ment pattern in the constituents and crystallites may
develop. These crystallites are indicated in the form of
some peaks in corresponding spectra. For instance, the

Cc90 nanocomposite film showed a smaller peak at around
20° =24°, 34° Cs90 at about 20° = 35.8°, 62.8°, and 74.4° and
CD90 at 20° = 35°, 52°, and 63°. These peaks indicate the
presence of some crystallites in polymers.

The surface morphology of prepared samples having
surfactants and without surfactants is examined by SEM
analysis (Figs. 3a—e). It is known that the surfaces of films
without nanofillers (algi and algi+chito) have smooth sur-
faces. While the films of nanocomposites having polymeric
matrix and nanofillers showed different surfaces contain-
ing the images of dispersed nanoparticles. From the SEM
analysis, it is also investigated that solvating media did
not affect the dispersion, that is, two dispersing media
showed almost similar behavior of dispersion. Additionally,
drying, washing, and film-forming procedures did not dis-
turb the uniform distribution of CNTs in algi+chito matri-
ces, thus give the indication of strong interactions between
polymeric matrix and nanofillers [18, 34]. The images of
opaque objects which appeared in the form of agglomerated
particles are in fact undissolved matrix particles.

3.2. Swelling measurement

Prepared nanocomposites films are evaluated with respect
to swelling behavior and compared with starting materials.
The results of swelling behavior are included in Fig. 4. It is
known that in distilled water, synthesized nanocomposites
showed lower swelling values than the algi and algi+chito
and is attributed to the sign of utilization of hydrophilic
functional groups by the CNTs particles. The interaction
between nanofillers and polymeric materials are also con-
firmed by the stability of nanocomposite films, while the
starting materials are fragile in nature. Nanocomposite films
also showed a different nature from the staring materials
at variable pH and at various saline solutions.

In changing the pH from acidic to basic followed by neu-
tral, swelling capacity also vary and appeared as decreased
form in acidic and basic medium while maximum in neutral
pH. Protonation of COOH, NH,, and OH groups in acidic
pH and screening effect of counter ions in basic pH squeeze
the polymeric chains, and as a result swelling capacity
decreased. While in neutral pH, deprotonation of COO- ions
and non-perfect anion-anion (COO") repulsion caused the
polymeric chains to swell [16].

Charge density of various ions effects on swelling behav-
ior of synthesized materials. It is noted that ions of external
solution did not screen appreciably the functional groups
of nanocomposites which is explained on the attribution to
inherent crosslinking of COOH-MWCNTs with polymeric
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Fig. 2. (a) TGA and DSC graphs of nanocomposites and (b) XRD spectra of nanocomposites.

matrix compared to starting materials. Effect of divalent
ions (Ca®) to react with polymeric chains is greater than
monovalent (K*') and trivalent ions (Fe*, Bi®). It may be due
the formation of egg-box model formed in alginate gel by
incorporation in alginate-chitosan framework [16].

3.3. Adsorption of dye

In this study, prepared films were applied to adsorb
Congo red from aqueous solution. The adsorption capac-
ity of synthesized films was evaluated by changing the
parameters like contact time, the effect of pH, tempera-
ture, and dosage of adsorbate as well as of adsorbent.
The effects of these factors are illustrated here.

3.3.1. Effect of contact time

The adsorption capacity of prepared samples with
respect to time is shown in Fig. 6a. The obtained values
of nanocomposites were compared with starting materi-
als, that is, algi and algi+chito. The maximum adsorption
capacities were 40.1 and 39.89 mg/g for algi and algi+chito,
while for Cs90, Cc90, and CD90 these values lie in the range
of 53.45, 50.77, and 55.34 mg/g, respectively. It is illus-
trated from experimental data that adsorption of Congo
red dye is very rapid in the initial stages of experiment
and on reaching the equilibrium, the process of adsorp-
tion becomes constant. The attainment of equilibrium is
explained by the presence of a large number of active cen-
ters at the surface of nanomaterials, and at equilibrium
fully saturation of these centers takes place. In this study,
the optimum time examined to obtain the equilibrium for

algi was ~80 min, algi+chito was ~130 min and for sam-
ples (Cc90, Cs90, and CD90) were ~240 min, respectively.
The algi and algi+chito films are disintegrated after 80 and
130 min, respectively and all adsorbed dye desorb in water,
while the synthesized films remained stable after 240 min.
Additionally, the maximum adsorption of Congo red was
achieved by CD90 (55.34 mg/g) which is maybe due to max-
imum interactions between dispersed CNTs and dye and
by uptake of wide pores [35]. The next highest value is of
Cs90 (53.45 mg/g) and Cc90 showed adsorption capacity
in the range of 50.77 mg/g. These relatively lower values
of adsorption of films having surfactants are may be due
to the narrow pore size and embedded nature of CNTs
by micelles and as a result, bonds between the graphene
sheet and Congo red are weakened. When Congo red dye
adsorbs on the surface of nanocomposite films, the possible
sorts of interactions between adsorbate and adsorbent are
represented by Fig. 5.

To determine the maximum adsorption capacity of pre-
pared materials and the mechanism of adsorption involved
in this process, two models are involved. These are pseudo-
first-order and pseudo-second-order kinetic models.
The basic assumptions of pseudo-first-order are that the rate
of adsorption is proportional to the number of available sites.
While pseudo-second-order based on a hypothesis that the
adsorption rate is proportional to the number of square roots
of vacant sites. The applied kinetic and adsorption models’
equations are shown in Table 2. The fitness of the applied
model in adsorption capacity of prepared samples depends
upon the value of the correlation coefficient (R?) of linear
regression. It is obtained from Figs. 7a and b and Table 3 that
the theoretical values obtained from pseudo-first-order are
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Fig. 3. SEM images of (a) algi, (b) algi+chito, (c) Cc90, (d) CD90, and (e) Cs90 films.

very close to experimental values than pseudo-second-order
with greater values of R

3.3.2. Effect of temperature

Temperature also largely effects the adsorption capac-
ity. It is illustrated that increasing the temperature adsorp-
tion capacity is increased and results are shown in Fig. 6b.
The maximum adsorption capacities of synthesized films
reached the values up to 67.11, 63.867, and 60.983 for Cs90,
CD90, and Cc90, respectively at 60°C, and up to this limit,
the films highly swell and become fragile in nature. These
comparatively higher values of adsorption are due to greater
mobility of adsorbate at a higher temperature. Furthermore,
by increasing temperature, the active sites of adsorbent
become more open by increasing activation energy (due to
disruption of intermolecular forces) and thus become more

accessible for adsorbate [36]. While in the case of algi and
algi+chito, the highest adsorption capacity reaches the values
of 33.002 and 45.83 mg/g respectively, and films at a lower
temperature (40°C) swell and disintegrate. This swelling and
disintegration at a lower temperature is an indication of the
instability of films because of the absence of nanofillers.

3.3.3. Effect of pH

Adsorption capacity is also varied by changing the pH,
it is found that all these films showed similar behavior in
acidic, neutral, and basic medium. Synthesized films showed
maximum adsorption ability in neutral pH and showed less
adsorption capacity in acidic as well as in basic medium.
In acidic pH, due to the formation the H-bonding, films col-
lapse, and decrease the surface area, which results in decrease
adsorption capacity. In a neutral medium, the protonated
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Table 2
Applied adsorption kinetic and isotherm models equations
Kinetic models Linear equations Plot Calculated coefficient
Pseudo-first-order In(q,-q,)=9q, -kt In(q,—q,) vs. t k, =-slope
qe = eintercept
Pseudo-second-order t/qt = 1/k2q§ + t/qt t/qt vs. t k,= slope?/intercept
q,=1/slope
Isotherm models Linear equations Plot Calculated coefficient
Langmuir Clg,=1/q K +CJq, C/q,vs.C, K, = slope/intercept
q, = 1/slope
Freundlich logg, =1ogK, +1ogC /n logg, vs. logC, K, = 10mtercept

n=1/slope
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COOH groups ionized, and resulting COO- groups repel
each other and cause expansion. While in basic medium (>8)
decrease in adsorption capacity of all the synthesized films is
due to the “charge screening effect” [37]. Where counterions

Table 3
Kinetic and isotherm parameters for congo red adsorption on
prepared samples

Samples Cs90 Cc90 CD90 Algi Algi+Chito

Pseudo-first-order

g, (cal.) mg/g 106 95 109 88 97
k, x 10 (1/min) 4.5 5.2 4.7 5.3 5.2
R? 0.992 0991 0.995 0.991 0.993

Pseudo-second-order

g, (cal.) mg/g 96.64 926 99.89 71 80

k,x10? (g/mg/min) 1.32 130 114 132 129

R? 0.983 0.87 0.89 0976 0.973
Freundlich

; 423 257 327 1053 2275

n 0515 0.52 0.532 0.587 0.501

R? 0.993 0.998 0.997 0.993 0.998
Langmuir

q, 138 136 144 123 126

K, x107 2.6 2.2 2.5 8.9 9.9

R? 0.829 0.807 0.884 0.941 0.865
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(Na* ions) surround anions from all the direction, resulting
in shrinkage of jell, and adsorption capacity is decreased.
The effect of pH on the adsorption capacity of samples is
included in Fig. 6d.

3.3.4. Effect of dosage

The effect of concentration of adsorbent and adsorbate
on adsorption capacity (mg/g) is also evaluated. The amount
of adsorbent is varied from 0.020 to 1 g and the concentra-
tion of adsorbate is changed from 5 to 700 mg/L. It is inves-
tigated that by increasing the concentration of adsorbent,
the removal efficiency is increased but adsorption capacity
is decreased (shown in Figs. 6e and f). This decreased value
is attributed to aggregation of adsorbent, and consequently,
the available adsorption sites may decrease as well due to
the adsorption density [38]. While, by increasing the con-
centration of adsorbate from 5 to 700 mg/L, the adsorption
capacity is also increased and reached up to the maximum
values (Fig. 6c). This well-known phenomenon can be
ascribed to a large number of accessible Congo red near the
adsorbent and a high driving force for mass transfer before
the adsorption-desorption equilibrium [39]. In the case of
algi and algi+chito films, the adsorption capacity lies in com-
paratively lower values. These lower values are due to the
absence of nanoparticles as well as by the fragile nature of
films. In fact, the soft and open structures of films do not
bear the load of adsorbed dye and as a result, desorption of
dye takes place. Furthermore, due to the absence of CNTs,
forces of attraction which present between CNTs and dyes
are also absent in algi and algi+chito films and hence attach-
ment of dyes is not favorable.
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of the adsorption of Congo red on the synthesized samples.

Two adsorption isotherms namely Langmuir model
and Freundlich model were used to determine the maxi-
mum adsorption capacity of synthesized adsorbents (Figs.
7c and d). Langmuir model assumes that on the homoge-
nous surface, the adsorption process takes place while the
assumptions of the Freundlich model based on the het-
erogeneity of adsorbent. The equilibrium adsorption data
applied in two models and results are listed in Table 3. The
q,... obtained by applying the Langmuir model is 144, 136,
138, 123, and 126 for CD90, Cc90, Cs90, algi, and algi+chito,
respectively. However, the correlation coefficient (R?) from
the plot of the Freundlich model is nearly equal to 1, which
indicates the best fitting of the Freundlich model with the
assumption that the adsorption of Congo red takes place
on the heterogeneous surfaces of synthesized materials.

3.3.5. Desorption and regeneration

To obtain a better understanding of the adsorption-
desorption mechanism on nanocomposite films and by
considering the reusing and recovering of films, sequential
desorption experiments were carried out in 0.1 M solutions
of each from KCl, CaCl,2H,0, CH,COOH, NaOH, HC],
and distilled water. Desorption data for these solvents are
illustrated in Table 4. It is shown that, from all the prepared
nanocomposites, the best desorption is from CD90. While
in the case of films having surfactants (i.e., Cs90 and Cc90),

the minimum desorption is from the film having a cationic
surfactant (Cc90), while the film having anionic surfactant
has intermediate desorbing ability between two extremes. It
is also investigated that the maximum desorption is carried
by CH,COOH in each film and the second-highest desorb-
ing value is carried out by HCl. While in the case of deion-
ized water, the desorbing capacity has a minimum value.
The highest desorbing ability of CH,COOH and HCl is may
be due to the attainment of new H-bonding between acid
and composite film and collapsing of the structure of films
which leads to desorb the adsorbed dye [37]. The CD90
film has a maximum desorbing ability which is maybe due
to the attainment of new interactions between CNTs and
desorbing solvent and as a result, remove the adsorbed dye.
As in CD90 the naked and exposed dispersion of CNTs is
investigated [37]. While in case of any surfactant, the case is
reversed, here, adsorbed Congo red is also linked with sur-
factant molecules, and maximum desorption does not take
place. The presence of counterions also plays an import-
ant role in collapsing the films and desorbing capacity is
increased. It is investigated that the next highest desorb-
ing values are obtained in the presence of a base (NaOH)
which caused charge screening effect and de-swelled
the films.

The regeneration and recycling of synthesized films
are performed by repeating the bath experiment to deter-
mine the reusability of films for dye removing. It is noted
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Table 4

Desorption capacity of synthesized materials in the presence of desorbing materials

Types of solutions Cs90 (%desorption) Cc90 (%desorption) CD90 (%desorption)
HCl 79 71 94
NaOH 64 56 83
CH,COOH 88 67 98
KCl 44 46 47
CaCl, 48 47 50
D.H,0 18 15 23
Table 5
Number of recycling turns in which synthesized compounds used as sorbents
No. of recycling Cs90 (mg/g) Cc90 (mg/g) CD90 (mg/g)
1 53.8 50.6 54.8
2 53.3 50.6 50.9
3 52.7 51.6 51.8
4 50.6 50.2 50.4
5 54.5 52.3 51.6
6 53.3 50.1 52.3
7 49.2 48.1 53.2
8 50.0 49.0 50.2
9 474 49.3 50.3
10 48.4 46.4 49.6
11 48.4 50.4 50.4
12 43.8 48.8 49.7
13 18.6 16.5 19.6
Table 6
Comparison of Congo red adsorption capacities of some other adsorbents
S.No Type of adsorbents Maximum adsorption References
capacity (mg/g)
1 N, O-carboxymethyl-chitosan/montmorillonite 96 [40]
2 Chitosan/CNTs 450 [36]
3 Carbon nanotube/mixed metal oxides 1,250 [34]
4 Graphene oxide/chitosan/silica 294 [38]
5 Xanthan gum/silica 209 [4]
6 Maghemite 208 [2]
7 Mixed iron and aluminum oxide 498 [15]
8 Algi+Chito/CNTs 144 This work

that the synthesized films are successfully applied for 12
times and the red color of dye is completely decolorized
for up to eleven times, and for 12th time partially decolor-
ized, which is the indication of the establishment of equi-
librium. This attainment of equilibrium is also confirmed
by UV absorbance and adsorption capacity measurement.
The adsorption capacity of the films for each time is calcu-
lated and shown in Table 5. From this data, it is estimated
that synthesized films can successfully apply 12 times. After
12th time, composite films remain stable but adsorbing

ability is reduced due to the saturation of dyes molecules.
On the comparison of synthesized films with starting mate-
rials films (i.e., algi and algi+chito), films partly solubilize
and disintegrate in the first cycling process. Due to fragile
nature, they break and are not used again and again. It is
illustrated that; nanocomposites can be used for much more
time and do not become fragile due to inherent strength.
Furthermore, it is also investigated that a dye that is more
concentrated (i.e., 700 ppm) is more adsorbed than a diluted
dye solution. Similarly, a film that already adsorbs some
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dyes is more efficient (decolorization takes place in lesser
time) for further adsorption than the naked film. This behav-
ior is may be due to some sort of wander walls interactions
that exist between dye molecules. Similar behavior is also
studied by another group of researchers [20].

On the comparison of adsorption capacity of synthe-
sized nanocomposites with reported sorbents (Table 6), it is
known that prepared materials are very efficient and eco-
friendly sorbents. Although the adsorption capacity is of
moderate level, however, their predominance is the number
of recycling turns. The recovery of any sorbent is one of the
important factors to utilize in industry. Due to the strong
polyelectrolytic complex of alginate-chitosan complex, syn-
thesized nanocomposites (Cs90, Cc90, and CD90) having
various cavities and channels are successfully applied for
12 times.

4. Conclusion

Very efficient sorbents algi+chito/CNTs nanocompos-
ites are prepared by the greener method in the absence of
any crosslinker. Advanced instrumental techniques like
SEM, FTIR, XRD, TGA/DSC, and BET are used to deter-
mine the morphological, structural, and thermal behav-
ior of nanocomposites. Prepared sorbents are applied
for the removal of Congo red from an aqueous solution.
Adsorption of Congo red dye on nanocomposite films is
examined by the FTIR technique which indicated the dye
adsorbed on films. The adsorption capacity (g,) of prepared
nanocomposite materials (Cs90 138 mg/g, Cc90 136 mg/g,
and CD90 144 mg/g) increased from starting materials
due to the interaction of Congo red dye with CNTs and
large surface area (8.4, 8.19 m%/g, 7.85 m?/g, respectively) of
nanocomposites.

The adsorption kinetics of prepared samples in the
adsorption of Congo red dye is consistent of the pseudo-
first-order model. Furthermore, based on the correla-
tion coefficient (R?), the Freundlich model fitted well than
the Langmuir isotherm model. Thus, the nanocomposite
films are very stable, technically feasible, and cost-effective
sorbents that have the potential to use 12 times for removing
of the Congo red from aqueous solution.
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