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ARTICLE INFO ABSTRACT

Keywords: Biomass (Hazel Sterculia seed-HS) was functionalized with chitosan and sodium alginate polymers to synthesize
Hazel sterculia novel sorbent materials for the extraction of anionic reactive red 120 dye molecules from aqueous streams.
Chitosan

Sodium alginate functionalized biomass (HSSA) and chitosan functionalized biomass (HSCS) were generated
using a 1:1 ratio throughout the functionalization process. Characterization techniques (XRD, FTIR, SEM, and
BET) showed that the functionalization process effectively modified the morphological properties of the raw
biomass, including an increase in surface area from 1.03 m?/g to 7.81 m?/g (HSCS) and an increase to 5.58 m?/g
(HSSA). Similarly, batch adsorption studies were conducted with varying starting dye concentrations (10-1000
mg/L), adsorbent dosages (0.05-0.15 g), contact times (0-360 min), agitation speeds (100-500 rpm), and pH
(1-10). The Langmuir and Freundlich isotherm models were used to learn more about the adsorption process.
Maximum adsorption capacities of 79.35 mg/g (HSCS) and 60.27 mg/g (HSSA) were observed for Langmuir
monolayer adsorption, respectively. In addition, kinetic modeling studies showed that pseudo-second order ki-
netics, with a regression coefficient of RZ > 0.99, was a good fit for RR120 adsorption onto HSCS, HSSA. The
thermodynamic properties showed that the adsorption of RR120 onto the selected adsorbents was an endo-
thermic, spontaneous process. Finally, regeneration studies verified that HSCS and HSSA sorbents could be
recycled for three, and two cycles respectively.

Sodium alginate
Reactive red 120
Adsorption

1. Introduction

Global development has caused tremendous water pollution espe-
cially the changing fashion trends among societies inspired textile
manufacturers to use different classes of dyes (Foroutan et al., 2021),
causing serious groundwater table pollution. Apart from textile in-
dustries, pharmaceuticals, food, leather, and paint industries have
parted their ways in using dyes and disturbing the blue planet
(Pashaei-Fakhri et al., 2021). Already humans, and aquatic lives are
seriously endangered due to the consumption of this toxic dye
contaminated water, and at places the water is completely unusable
even for potable consumption. Among which, toxic azo dyes contribute

15-50% of total discharges (80%) from textile effluent streams
(Al-Tohamy et al., 2022). To achieve consistent hues and a low envi-
ronmental impact, synthetic dyes, such as reactive dyes, are widely
utilized for the cotton dying process. The presence of aromatic diazo
groups in the structure of azo dyes like RR120 makes them inherently
stable and resistant to natural degradation, which poses a risk to the
water supply and the food chain that depends on it (Jawad et al., 2020b,
2020c, 2020a; Jawad and Abdulhameed, 2020a, 2020b). The reper-
cussion includes the toxic, mutagenic, and carcinogenic effects have
already been reported for metabolities of reactive triazine dyes (e.g.,
aromatic amines) in laboratory animals exposed to them (Ahmadi et al.,
2022; Foroutan et al., 2020; Mousavi et al., 2023). Further, these
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modern-day dyes replacing the traditional ones were highly resilient to
chemical, photochemical, and biological degradation forcing an addi-
tional separation process. Hence, these synthetic dyes must be extracted
from the effluent streams prior to discharging is much of interest. Ion
exchange, membrane separation, photocatalytic degradation,
coagulation-flocculation, chemical oxidation, and adsorption tech-
niques are being developed to remove synthetic dyes from aqueous
streams. Because its simplicity, affordability, and effectiveness,
adsorption is considered the best option. But the greater challenge lies
with the choice of raw material, and the synthesis of eco-friendly
adsorbent.

Nevertheless, the development of adsorbent is receiving a lot of
focus, and biopolymer materials are an excellent choice for this purpose.
The biopolymer’s potency as an adsorbent stems from the abundance of
active adsorption sites, such as (-OH) and (-NHj) groups (Sutirman
et al., 2018). Chitosan (CS), and sodium alginate (SA) are such polymers
composed of 2-acetamido-2-deoxy-D-glucopyranose and 2-amino-2--
deoxy-D-glucopyranose monomers and the later is composed of homo-
polymeric blocks of (1—4)-linked -D-mannoronate and C-5 epimer
-L-guluronate residues that are covalently bonded together (Gao et al.,
2020). Furthermore, sodium alginate’s carboxyl and hydroxyl func-
tional groups electrostatically bind and chelate with ions, causing the
substance to gel (Mohammed et al., 2022).

On the spin side, biomass based adsorbents invariably outperform
their chemical counterparts due to their superior environmental
friendliness, lower cost, higher surface properties, rich morphological
functional moieties, and least chemical modification treatments (Sargin
et al., 2016). In addition, improper processing of these biomass mate-
rials also results in ecological imbalances. Also, there was a very limited
amount of literature available on the selected biomass waste (Hazel
sterculia shell-HS), and its applicability as a sorbent material.

Thus the objective of the study is to combine the novel features of the
polymer materials (CS, SA) to the rarely explored biomass HS to form the
polymer cross-functionalized biomass adsorbent (HSCS, HSSA) and
applied to treat the anionic dye RR120 from the contaminated aqueous
streams. Further, to the best of the authors knowledge after rigorous
literature there are no studies available for the current choice of cross
functionalization. Furthermore, the efficacy of the newly synthesized
sorbent materials were tested rigorously to optimize the key parameters
of adsorption studies such as solution pH, point of zero charge (pHpyc),
influence of adsorbent dosage, initial dye (RR 120) concentration, and
contact time. Besides, the isotherms (Langmuir, and Freundlich), kinetic
studies (pseudo-first order, pseudo-second order), and thermodynamic
functions namely Gibb’s free energy (AG®), enthalpy (AH®), and entropy
(AS°) were determined. Lastly, the adsorption mechanism of RR 120 dye
onto HSCS, and HSSA adsorbents was proposed and discussed in detail.

2. Materials and methods

The purity of the reagents NaOH and HCI utilized in the current
research was greater than 99%. Chitosan (200-400 MPa.s), sodium
alginate (5-40 MPa.s), CaCl; (anhydrous powder > 97%), RR120 dye (>
50% dye composition), acetic acid (> 99% purity), HNOs, KOH, were
obtained from Sigma-Aldrich, Taiwan. Further, biomass feedstock HS
was prepared in the laboratory. Hazel Sterculia (HS) shells were
collected from the YunTech campus and washed in running water to
eliminate any remaining debris. Further, the shells were dried under
sunlight for three days followed by the furnace drying at 50 °C for 24 h
to eliminate the traces of moisture. Once the shells are completely dried,
they were crushed in fine powder. Using deionized (DI) water and a
calibrated Perkin Elmer UV-Vis spectrophotometer, we analyzed the
adsorption of RR120 onto HSCS and HSSA. All the batch adsorption
studies were performed thrice and the average values were reported.
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2.1. Synthesis of adsorbents

2.1.1. Chitosan-Hazel Sterculia — HSCS

In 50 mL of 5% (m/v) acetic acid, 3 g of chitosan (low molecular
weight, 75-85% deacetylated, Sigma-Aldrich) was dissolved. The gel
was stirred for twenty-four hours to achieve total dissolution (Rorrer
et al., 1993). Further 1:1 ratio of biomass was mixed to the prepared gel
and allowed to thoroughly mix for 4 h on magnetic stirrer. Once the
complete dissolution of HS:Chitosan happened, the mixture was dripped
using micropipette of 1 pL into a NaOH 0.5 mol L™ solution drop wise.

2.1.2. Alginate-Hazel Sterculia - HSSA

To make alginate gel beads, solutions of sodium alginate and calcium
chloride (reagent grade, Fischer-Scientific) had to be made. On a hot
plate at 60 °C with magnetic stirring, 150 mL of deionized water was
used to dissolve 4.5 g of sodium alginate. To get to 200 mL of alginate
solution, more deionized water was added throughout the solution
dissolution process. CaCl; solution was prepared by dissolving 33.3 g of
CaCly in 1.5 L of deionized water with the aid of a stirring magnet. The
mixture was allowed to completely dissolute for 12 h in a magnetic
stirrer. Further, 1:1 ratio of HS to alginate was added slowly and allowed
to dissolute completely after stirring for 6 h. The alginate-HS solution
was then dropped into CaCly solution using a peristaltic pump to pro-
duce alginate beads (Kahya and Erim, 2019). A stirring magnet
continuously agitated the CaCl, throughout the process to prevent the
accumulation of immature alginate beads. After preparing all of the
alginate beads, they were thoroughly rinsed with distilled water. Finally,
the alginate beads were suspended in a glass bottle and chilled to 4 °C in
the refrigerator.

2.2. Preparation of the dye solution

Sigma-Aldrich Taiwan supplied the reactive red 120 (RR120) model
textile reactive dye. RR120 dye was dissolved in 1000 mL of double-
distilled water to prepare a stock solution with a concentration of
1000 mg/L. Sequentially diluting the stock solution with double distill
water yielded dye solutions with concentrations ranging from 10 to 100
mg/L for use in treatment testing.

2.3. Adsorption studies

Adsorption experiments of RR120 utilizing HSCS and HSSA were
conducted at 25 °C. 30 mL of dye solutions at varying concentrations
and the optimal pH were used in each of a series of 100 mL volumetric
flasks for each adsorption experiment. Dye solutions were pH-balanced
with 0.1 N NaOH or 0.1 N HCI before experiments were performed. In
each flask, 0.1 g (HSCS), 0.08 g (HSSA) of adsorbent with a pre-
determined particle size and dosage was introduced and agitated
frequently at 100 rpm (HSSA), 300 rpm (HSCS) until equilibrium was
attained (approximately 12 h). The solution was then filtered under
vacuum, and the intake of RR120 was measured spectrophotometrically
by measuring absorbance at Ayax = 515 nm. The mass balance of the dye
molecule concentration, Eq. (1), was used to calculate the amount of
RR120 dye molecules adsorbed onto the surface of the HSCS, HSSA, and
the percentage of desorption was calculated using Eq. (2).

g =G CW &)
desorbed

—x1
adsorbed x 100

Desorption(%) = 2)

2.4. Characterization of adsorbent

To identify any existing phases and crystallinity, X-ray diffraction
(XRD) patterns were produced using an x-ray diffractometer (Philips
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Fig. 1. XRD spectra of biomass in the scan range of 5-80° a) chitosan functionalized biomass (HSCS) b) sodium alginate functionalized biomass (HSSA).

X'Pert diffractometer) utilizing K radiation of (Cu-Ka) in a Bragg-
Bretano configuration between 5 ° and 80 °, with a duration per step
of 0.02 S. HSCS, HSSA, and Hazel Sterculia (HS) surface morphology
was captured utilizing a field emission scanning electron microscope
(FESEM, JEOL, JSM-7610 F Plus). Using a surface area analyzer, nitro-
gen adsorption isotherms at 77 K were used to determine the surface
characteristics of the HS, HSSA, and HSCS samples (Micrometrics, ASAP
2060). The functional group of the synthesized materials were investi-
gated between 4000 and 400 cm ™! using PerkinElmer Spectrum One
Fourier transform infrared spectrometer (FT-IR). PerkinElmer Lambda
850 double beam spectrophotometer absorption spectra in the UV-
Visible region (400-800 nm) were collected at room temperature,
adjusted against an appropriate baseline, and zeroed off at 515 nm.

3. Results and discussion
3.1. XRD analysis

The crystal structure of the raw biomass (HS), chitosan (CS), sodium
alginate (SA), after functionalizing the chitosan and sodium alginate
onto the biomass were analyzed using the powder X-ray diffraction
(Fig. 1). The adsorption patterns of the adsorbents show typical spec-
trum having main and secondary peaks upon scanning at the 26 range of
5°-80°. From the, figure, the surface morphology of the biomass is
mostly amorphous in nature with a major identification of peak at
20=19.78°. A sharp peak between 18° and 22° owing the presence of
crystalline cellulose in biomass (Awoyale and Lokhat, 2021). Further,
the XRD characteristic peaks of commercial chitosan samples were
found at 20 = 37.82°, 44.06° (Kaya et al., 2014); while for sodium
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Fig. 2. N, adsorption-desorption isotherms (a) raw HS; (b) Chitosan (c) Sodium alginate (d) HSCS (e) HSSA.
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Fig. 3. FT-IR spectrum (scan range of 400 — 4000 cm ™) before and after functionalization of (a) biomass, chitosan, HSCS before adsorption, HSCS after adsorption b)

biomass, sodium alginate, HSSA before adsorption, HSSA after adsorption.

alginate, the peaks were identified at 26 = 13.5°, and 29.8° (Abid et al.,
2021). Upon functionalizing the biomass with polymers (chitosan and
alginate) the XRD diffractogram clearly represents no prominent devi-
ation of the peaks except the intensity. This intensity reduction might be
attributed to the changing the crystallinity to the amorphous phase
otherwise indicating the embedment of the polymer on to the surface of
the biomass adsorbent. Moreover, chitosan molecules readily form
crystalline areas, which may be attributed to the abundance of -OH and
-NHy groups in the structure of chitosan, which can build stronger
intermolecular and intramolecular hydrogen bonds (Kaya et al., 2014).
Therefore, it can be concluded that the intensity was the primary cri-
terion for detecting functionalization, and that functionalization
reduced crystallinity in both chitosan and alginate.

3.2. Pore characteristics

Nitrogen adsorption/desorption isotherms of pre and post function-
alization of biomass with chitosan and sodium alginate along with in-
dividual compounds were presented in Fig. 2. The adsorption isotherms
for these samples are classified as Type II by the International Union of
Pure and Applied Chemistry (IUPAC). These isotherms are typically
observed in adsorbents with a wide range of pore sizes, i.e., micropo-
rous. Type II isotherms have an inflection point that occurs after the first
adsorption monolayer is formed and continues to ascend with increasing
relative pressure until an infinite saturation number of adsorption layers
has been formed (Lowell and Shields, 1991). Besides, the adsorbate
molecules have strong mutual interactions, which leads to a multilayer
adsorption. Further type II isotherms correspond to systems involving
capillary condensation in porous solids tends to dominate at high rela-
tive pressure (P/Py > 0.83). In addition, hysteresis loops were shown to
be associated with the adsorbent’s texture; thus, this phenomenon is
characterized by the H4 hysteresis definition (Anfar et al., 2020). The
presence of micropores and mesopores in a material is indicative of
complexity, as suggested by the H4 hysteresis. The hysteresis loop
closure is characterized by a stepdown in the desorption branch, which
is present in this hysteresis.

3.3. FTIR analysis

The FTIR transmittance spectra of pure biomass, chitosan, sodium
alginate, biomass functionalized chitosan, sodium alginate prior and
after adsorption of RR120 are shown in Fig. 3. The C-O stretching in
cellulose, hemicellulose, and planar polysaccharides elicited strong
peaks in the biomass spectrum at 1041 and 1239 em ™! (Acquah et al.,
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2016). Other intense peaks at 1641 em™ ! (Bekiaris et al., 2020),
1403 cm™! are associated with the C=0 stretching vibration, whereas
peaks at 2854 cm ™! (Nitsos et al., 2018), 2924 cm™! (Liu et al., 2016)
are related with the asymmetric stretching vibrations of the CH; groups.
In the case of pure chitosan, the intense bands at 1418 em™! (Varma
etal.,2021) and 1433 cm ! (Adel et al., 2019) depict CH; bending mode
vibrations, with the other representative bands at 863 (Varma et al.,
2021), 1069 em ™! (Huang andChu, 2013), 1561 em™! (El-Hefian et al.,
2010), and 2919 em ™! (Mishra et al., 2013) denote C-N stretching, C-O
skeletal vibrations, NH bending vibration of amine groups, and C-H
stretching respectively. For pure sodium alginate, only two peaks appear
at 1035 cm™? (Kuczajowska-Zadrozna et al., 2020a) and 1405 em ! (
Kuczajowska-Zadrozna et al., 2020b). The former shows the presence of
—COC groups, while the latter is ascribed to the existence of carboxyl
groups by oscillations of COO™ groups. In addition, the adsorption peaks
in the range of 3200-3600 cm™! were mainly assignable to O-H
stretching vibrations (Sabater i Serra et al., 2020).

Upon functionalizing biomass with chitosan and alginate, the FTIR
spectra was saliently altered, with the disappearance of some peaks and
the development of other peaks, indicating the exchange of functional
groups. For chitosan-functionalized biomass, four additional spikes were
identified at 865 cm™! (Abdolrahimi et al., 201 8), 1436 em~! (Gaabour,
2017), 2849 ecm™! (Heba and Ali, 2023), and 2919 ecm™! (Mishra et al.,
2013), confirming the C-N stretching, C-O skeletal vibrations, NH
bending, C-H stretching. Further, adsorption of the RR 120 dye onto the
surface there observed a shift and the intensity of the peaks confirms the
sorption phenomenon. In the case of biomass functionalized with so-
dium alginate, however, a significant difference was detected with the
emergence of new peaks at 1033 and 1023 cm™! corresponding to the
C-O stretching vibrations of polysaccharide pyranose rings. The further
peaks at 1419 cm! (Pereira et al., 2011), 1594 cm ! (Sarwar et al.,
2021), and 2924 em~! (Li et al., 2021) represent the stretching vibra-
tions of COO groups, COO™ asymmetric stretching, and —CH stretching
vibrations, respectively. Similarly after the adsorption the critical in-
tensity of some of the peaks were reduced and while some others were
increased alongside the minor shifts indicating the interaction of dye
and sorbent. In summary of the FTIR spectra, the exchange of functional
groups across the biomass, chitosan, and sodium alginate was
established.

3.4. Scanning electron microscopy

The SEM images of the pure biomass, chitosan, alginate and biomass
functionalized chitosan, sodium alginate composite derivatives prior
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Fig. 4. SEM micrographs (magnification range of 25- 500 X) of (a-b) raw biomass (HS); and (c-d) HSCS prior and after adsorption; (e-f) HSSA prior and

after adsorption.

and after adsorption of RR120 dye are shown in Fig. 4. The structural
changes on the raw biomass had a smooth intact with a fibrillary
morphology. Additionally, HS particles have no discernible shape and
are widely dispersed, uneven, and heterogeneous (see Fig. 4a) (Golla-
kota et al., 2022a). Pure Chitosan have a membranous phase that was
smooth and contained dome-shaped openings, micro fibrils, and crys-
tallite (see Fig. 4b). It is possible that the loss of water during the drying
process of chitosan is responsible for the crystal beads smooth texture
and uneven surface (Bat-Amgalan et al., 2021). In case of the sodium
alginate beads, the appearance resembles the golf ball with rough sur-
face, and small dimples attributing the inter connected pore structure
due to the hydration (see Fig. 4b) (Mansfield et al., 1999). Upon func-
tionalizing the biomass with the chitosan, the morphological change was
notable with relatively rough surface compared to pure chitosan (see
Fig. 4c). In addition, the beads had wide pores that may have resulted
from the incorporation of air during the production process (Kim, 2021).
Moreover, after the adsorption of RR120 onto the surface there was an
impressive change observed in the morphology of the sorbent material
seems a smooth layer representing the total filling of adsorbent surface
pores (see Fig. 4d). Similarly, the alginate functionalization on biomass
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resulted rough morphology with wide pore openings when compared to
the pure alginate beads prior to the adsorption (see Fig. 4e). Whereas
Fig. 4f represents the formation of layer and the change on the
morphology clearly indicates the surface was occupied by the RR 120
dye and confirms the adsorption phenomenon. This indicates that the
functionalization substantially altered the surface morphology of
biomass that is lineated with the FTIR analysis. The newly formed
morphology helps to expedite the interaction with the RR120 and its
uptake on to the surface of the adsorbent molecules.

3.5. Influence of pH

pH is an influential parameter to check the efficiency of the bio-
sorbents for the exclusion of dye from aqueous media, since it affected
the solution chemistry as a well as the sorbent surface. Besides, the pH
value of adsorption is a crucial parameter for determining the strength of
the electrostatic charges existing in the solution or carried by the ionized
dye particles present in the solution. At low pH values, it was discovered
that the removal ratio for positive dyes drops and increases for negative
dyes, as depicted in Fig. 5a. In the range of pH 1-3, the maximum
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adsorption capabilities of RR120 were obtained upon adsorption with
HSCS. This may be because of the electrostatic interaction between the
dye and chitosan molecules. The degree of deacetylation and neutrali-
zation of the amine groups also affects the pKj, of chitosan. Below pH 6.5,
the majority of the amine groups were protonated, and this protonation
is strongly considered to be responsible for the attraction of anionic
sulphonic groups (Szygula et al., 2008). Sorption effectiveness dropped
dramatically beyond pH 3, as the density of accessible sorption sites
decreased.

Similar trends were reported for biomass cross-linked sodium algi-
nate i.e., the dye sorption was reported maximum under acidic condi-
tions (pH 5) and decreased in alkaline medium. Resin networks shrank
under highly acidic conditions (pK, 3.2), indicating that dyes cannot
readily adsorb to them. This happened when the pH of the surrounding
environment falls below 3. Fig. 5a demonstrates that the composite and
dye molecules were more likely to form hydrogen bonds when the pH
increased from 3 to 5. This was because the composite’s carboxyl and
sulfonic acid groups existed as -COOH and —-SOsH at these pH levels
(Zhu et al., 2017). In addition, the impact of pH and surface charge
fluctuations on the adsorption process can be evaluated using point of
zero change analysis (pHp,c). The process was clearly stated (Gollakota
et al., 2023) and have implemented the same for the present studies.
Fig. 5b represents the point of zero charge analysis of the polymer
(chitosan, sodium alginate) functionalized sorbent (biomass) materials.
The infliction point of HSCS was reported to be 5.23; whereas it is 5.78
in case of HSSA which is greater than the actual pH for the adsorption of
RR120. It is known that the solution pH less than the point of zero charge
indicates that the net surface charge on the solid surface for the adsor-
bent becomes positive due to protonation of ions. These positive and
negative charges favored the adsorption of anionic dye RR120 under
acidic conditions indicating the electrostatic attraction, and other
banding forces, such as hydrogen bonds and van der Walls forces too
(Bensalah et al., 2017).

670

3.6. Influence of agitation speed

The effectiveness of the adsorption process is enhanced by the
agitation speed by distributing the solute throughout the solution phase
and creating an outer boundary layer. Further, the increase in the
sorption with the increasing speed represents the better contact between
the sorbent and sorbate at higher speeds. To a large extent, the rate of
agitation governs the rate of mass transfer across the solid-liquid inter-
face by affecting the density of the external flow separation and the
distribution of solute particles in the solution (Patra et al., 2022). This
was investigated by testing the effects of changing the agitation speed
from 100 to 500 rpm on the adsorption of RR120 onto the surfaces of
HSSA and HSCS at pH 5, and 3 respectively, at room temperature.
Maintaining other conditions constant, the effect of changing the
agitation speed on the adsorption process is seen in Fig. 5c. The highest
percentage of RR120 dye removal from the solution was seen at 200 rpm
speed which is 25 mg/g for HSSA and 35 mg/g for HSCS at 300 rpm.
Adsorption is diminished at lower rpm values because mass transfer
between the adsorbate and adsorbent is reduced as the rpm is increased.
This is because the film boundary enclosing the particles is reduced
(Geethakarthi and Phanikumar, 2011). The boundary layer becomes
extremely thin and, at high agitation speeds, approaches the laminar
sub-layer when the value of the external diffusion coefficient grows
(Gollakota et al., 2021).

3.7. Effect of adsorbent dosage

High dye concentrations are predicted to yield superior adsorption
results. The adsorption process was studied in the 0.05-0.15 g range
while maintaining the other adsorption parameters at 300 mg/L dye
concentration, pH 5 (HSSA), 200 rpm (HSSA), and pH 3 (HSCS), 300
rpm (HSCS) agitation speed. From Fig. 5d, it was found that the dye
uptake tendency increased from 15 to 36 mg/g for HSCS from 0.05 to
0.08 g dosage. Similar trend was observed i.e., increasing dye adsorp-
tion capacity from 10 to 27 mg/g for HSSA in the range of 0.05-0.1 g of
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Fig. 6. Non-linear adsorption isotherm model studies with RR120 initial dye Concentration ranging between (10-100 mg/L) (a) HSCS; (b) HSSA.

dosage. The reason beyond the increasing adsorption rate with dose is
primarily associated with the increasing number of available vacant
adsorption sites on the surface of the adsorbent (Pourjavadi et al., 2015).
Further increasing the dosage rates led to the declining trend of the dye
adsorption which might be due to the fact that the substantial portion of
the accessible adsorption sites remain exposed, favoring less per gram
adsorption (Singh and Choden, 2014). In other words, when the amount
of adsorbent in grams increases, the total surface area accessible for the
adsorption of RR120 decreased due to site overlap or aggregation.

3.8. Effect of initial dye concentration

There is a theoretical limit to how different adsorbate species can be
held by a given adsorbent. As a result of its high initial concentration,
the dye is able to penetrate the solid phase, where it can then stay
permanently despite the mass transfer obstacle between the aqueous and
solid phases (Gollakota et al., 2021). Experiments were conducted with
varying initial concentrations of RR120 while keeping all other pa-
rameters constant to assess the influence of starting dye concentration
on adsorption efficiency. Adsorption capacity of RR120 was shown to
increase with increasing concentration, suggesting that the initial dye
concentration greatly affects the adsorption of RR120 onto HSCS, and
HSSA. Since dye molecules must first traverse the liquid film from the
bulk solution to the adsorbents external surface before entering the
adsorbents pores, the amount of dye that was adsorbed onto the
adsorbent is directly proportional to the concentration of the dye solu-
tion (Bazrafshan et al., 2013). Adsorption capacity is proportional to the
amount of adsorbent present, hence for a given dose, the number of
accessible sites does not change drastically. It makes sense that a higher
proportion of active desorption sites would be available at a lower
concentration for particles. Consequently, the adsorption capacity in-
creases as the dye concentration rises. Hence, for the present adsorption
studies the initial dye concentration of 30 mg/L was considered
throughout the study.

3.9. Isotherm studies

The adsorption process of the HSCS, and HSSA adsorbents were
modeled using an adsorption isotherm. The equilibrium amounts of dye
in the solution and the dye adsorption onto the solid phase are also
related by the isotherms. In addition, the experimental data was char-
acterized using an isotherm analysis, which works best when the cor-
relation coefficient (R?) is close to 1. R? values close to one indicate
agreement between the experimental data and the modeled isotherm.
Both the Langmuir and the Freundlich isotherm models were applied to
equilibrium adsorption data in order to determine the maximum
adsorption capacity and the average free energy of adsorption. The non-
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Table 1

Equilibrium modeling data for the removal of RR120 dye onto HSCS, and HSSA
at variable initial concentration ranging between 10 and 100 mg/L.

RR120 dye
Material Isotherm Parameters Value R?
HSCS Langmuir qm (mg/g) 79.35 0.99
K;, (L/mg) 0.02
Freundlich K¢ (mg/g) 4.00 0.96
n 1.24
HSSA Langmuir qm (mg/g) 60.27 0.99
Ky, (L/mg) 0.97
Freundlich K¢ (mg/g) 4.16 0.95
n 1.79
Table 2
Literature pertaining the separation of RR120 dye using various adsorbents.
Adsorbent pH Qe (mg/ Reference
g)
Ch-Fe 3.6 361.9 (Demarchi et al., 2013)
Chitosan/modified montmorillonite 5 5.610 (Kittinaovarat et al.,
2010)
CHS-ECH/ZL 6 284.2 (Jawad et al., 2020b)
Chitosan nanodispersion 5 910 (Momenzadeh et al.,
2011)
Chitosan beads 10 129.9 (Mubarak et al., 2017)
Sodium alginate/poly(N-vinyl-2- 3 116.8 (inal and Erduran,
pyrrolidone) 2015)
Fouchana-HDTMA 6 163.9 (Nejib et al., 2015)
Bentonite modified CTAB 3.5 51.2 (Rubai et al., 2021)
Cotton shell 6.5 33.3 (Ashadevi et al., 2011)
Neem bark 6.3 34.3 (Ashadevi et al., 2011)
HSCS 3 79.35 Present Study
HSSA 5 60.27

linear forms of Langmuir (Langmuir, 1918) and Freundlich (Freundlich,

1907) equations are as follows:

K. C.
Langmuir isotherm model : q, = lqm-&-iKL[Ce 3
Freundlich isotherm model : q, = KfC;/ n 4

Ce is the equilibrium concentration in milligrams per liter, q. is the

amount absorbed per unit of adsorbent in milligrams per gram, Kj, is the
volumetric capacity of the adsorbent in liters per gram. The initial
concentration of RR120 was adjusted in the range of 10-100 mg/L with
pH 3 (HSCS), 5 (HSSA) at 325 °C. Fig. 6 shows the non-linear graphs of
the equations corresponding to the analyzed isotherm models (a-b).
Table 1 displays the determined values of the constants, isotherm
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Table 3
Kinetic modeling of data for the separation of RR120 using HSCS, and HSSA at the dye concentration of 50 ppm and variable temperature ranges between 298 and
318 K.
Adsorbate T (K) Pseudo-first order kinetic model Pseudo-second order kinetic model
Qe, exp Qe1, cal ky R? Qe2, cal ko R?
(mg/g) (mg/g) (1/min) (mg/g) (g/mg min)
HSCS 298 38.11 33.38 0.04 0.96 39.50 0.02 0.99
308 40.18 36.51 0.55 0.97 41.22 0.28 0.99
318 42.94 39.74 0.10 0.97 43.15 0.85 0.99
HSSA 298 26.51 31.32 1.21 0.96 27.83 0.62 0.99
308 30.68 35.17 0.94 0.95 31.49 0.38 0.99
318 34.27 39.08 0.92 0.97 35.35 0.30 0.99
30 o0 ® HSCS, T=318 K
a) HSCS, T-298 K b) HSCS, T=308 K 0 © s
40 _
s L
) - P C)
B 0 2 ]
E E E
& 20 = 2
° Experimental
10 — — — Pseudo first order kinetics
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0 0
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Ce (mg/L) Time (min) Time (min)
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Fig. 7. Nonlinear kinetic studies on separating RR120 dye onto HSCS, HSSA at variable temperatures between 298 and 318 K.

parameters Qp, and Kj. The Langmuir model is preferable than the
Freundlich model for describing the adsorption equilibrium of RR120
dye onto HSCS, and HSSA because it has a higher R? value (0.99 vs.
0.94). This suggested that the adsorption occurs as the monolayer
(Armbruster and Austin, 1938) dyes adsorbed onto the homogeneous
adsorbent surface. In addition, Table 2 provides an overview of the
research on RR120 adsorption utilizing different media.

3.10. Effect of contact time

For the purpose of defining the equilibrium contact time, we added
30 mg/L of RR120 solution to each fraction and maintained the chito-
san, alginate modified biomass adsorbent quantity at 0.08 g (HSCS) and
0.10 g (HSSA). Because of the higher concentration of the RR120 dye
and the availability of the unoccupied sites, the adsorption phenomenon
was observed to be rapid during the first phase (0-45 min). Further
increasing the residence time to 60 min, the adsorption tends to stabilize
or seems to be linear attaining maximum filing up of the vacant sites
thereby attaining equilibrium (see Fig. 5(e-f)). Further checking the
progress of the adsorption time beyond 60-360 min, there seems to be
an equilibrium pattern with no change identified attributed to saturation
of active sites. Similarly, the sodium alginate functionalized biomass
reported the similar patterns of the increasing during the initial phase i.
e., 0-90 min; and attained equilibrium thereafter (90-360 min). This
suggests that the 60 min is optimal for HSCS, and 90 min for HSSA and

672

the same has been used throughout the adsorption experiments.
3.11. Kinetic studies

Kinetic studies are required to comprehend the adsorption mecha-
nism and evaluate the performance of HSCS and HSSA adsorbents for
RR120 adsorption. Dye RR120 adsorption capacity was shown to in-
crease with time until equilibrium was reached, which occurred within
60 min (HSCS), 90 min (HSCS), and 120 min (HSCS) (HSSA). Within
60 min (HSCS), 99% of the RR120 dye was removed, and no further
alterations were seen after that. Two common models for analyzing
solid-liquid adsorption are the pseudo-first order (Lagergren, 1989) Eq.
(5), and pseudo-second order (Ho and McKay, 1999) Eq. (6) kinetic
models.

PFO kinetics : q, = q.; (1 —exp( —kit) ) 5)
PSO kinetics : q, = dekat 6)
$140= 1+ qc2k2t

Where ki, ky (g/mg min) determines the rate constants of kinetic
models, and q; (mg/g) represents the sorption of RR120 onto the unit
mass of sorbate surface respectively. Table 3 lists the comparison of
experimental and model fit data. From Fig. 7(a-f) and Table 3, higher R?
value for the pseudo-second order (0.99) kinetic model was reported
than that of the pseudo-first order model for both the sorbate (HSSC, and
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Fig. 8. Adsorption mechanism of RR 120 dye on HSCS, HSSA at optimal adsorption conditions.

HSSA) indicating adsorption of RR120 onto HSCS, HSSA is well
described by a pseudo-second order equation demonstrates that chem-
ical adsorption is the rate-limiting step (Vergara-Sanchez et al., 2009).

3.12. Adsorption mechanism

Physical adsorption, precipitation, complexation, and ion-exchange
are all methods that can be used to extract dyes from water. Adsorp-
tion rates, however, depend on whether or not the poly-bio composites
surface features any functional groups or activation sites (Manyatshe
et al., 2022). The adsorption mechanism of the RR120 dye on the HSCS,
HSSA surface involves both the electrostatic interactions, and hydrogen
bonding. Electrostatic repulsion was created between the protonated
amino (-NH3) and hydroxyl (-OH) groups on the HSCS, HSSA surface
and (SO3) functional group of the RR120. Fig. 8 presents a detailed re-
action mechanism between the polymer functionalized biomass (HSCS,
HSSA) and the dye molecule RR120.

Further, under acidic conditions (pH<7) there are more free protons
to protonate the amino groups of chitosan molecules, forming -NHZ,
which strengthens the electrostatic contacts between the negatively
charged dye anions and the positively charged adsorption sites (Britto
et al., 2021). Moreover, the high density of hydrogen bonds in chitosan
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is responsible for the broad adsorption band between 3000 and
3600 cm ™!, which is created by the superposition of the stretching vi-
bration of the adsorption peaks of -NH; and —~OH (Jiang et al., 2022).
After being functionalized onto the surface of the biomass, the intensity
of the peak was changed indicating that the hydrogen bonds of the
chitosan molecules were altered by the addition of the biomass.

When the pH of sodium alginate is lowered, the hydroxyl and
carboxyl groups become ionized, and the carboxyl groups become more
protonated, increasing interactions with anionic dyes and strengthening
the adsorption phenomena. Hydrogen bonding between sorbate and
sorbent molecules is facilitated by the presence of C-H and —~OH bonds,
thus enhancing the adsorption process (Gollakota et al., 2022). How-
ever, the contact forces between sodium alginate molecules are greater
due to the strength of the hydrogen bonds between them (Isogai et al.,
2011). It is possible that the interaction between alginate and biomass
(HSSA) occurs via intermolecular hydrogen bonds, as the peak at
3600-3200 cm™! (O-H stretching vibration) (Sabater i Serra et al.,
2020) was slightly shifted to lower wave numbers and widened after
alginate was incorporated into biomass. The presence of hydrogen bonds
between oxygen-containing groups in alginate chains and biomass, as
shown in FTIR spectra, provided more evidence for the close relation-
ship between alginate and biomass. This provided an overview of the
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Fig. 9. (a) Thermodynamic studies on the adsorption of RR120 dye onto HSCS, HSCA, (b) Van’t Hoff plot for the adsorption of RR120 dye onto HSCS, HSSA.
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Table 4
Thermodynamic aspects on adsorption of RR120 dye onto HSCS, and HSSA.
Adsorbate T (K) AG® AH° AS°
(kJ/mol) (kJ/mol) (J/mol K)
HSCS 298 -1.51 19.90 71.88
308 -1.98
318 -2.72
HSSA 298 -2.29 16.51 63.12
308 -2.72
318 -3.62

chemistry and mechanism involved in the adsorption in functionaliza-
tion of chitosan, sodium alginate onto the surface of the biomass towards
the separation of RR120 dye involved a complex phenomenon of both
electrostatic attraction and the hydrogen bonding of HSCS, HSSA to-
wards the RR120.

3.13. Adsorption thermodynamics

The first principle of thermodynamics states that in a closed system,
energy is conserved and entropy always rises as a result of irreversible
reactions. To quantify the adsorption process, the reaction temperature
must be considered. As a result, the reaction temperature is a major
factor in determining how well to predict adsorption phenomena. As a
result, many series of experiments were performed on the adsorption
process of RR120 dye molecules onto the surface of HSCS, HSSA ad-
sorbents at temperatures ranging from 298 to 318 K while holding all
other adsorption factors constant. Fig. 9(a-b) displays an increase in
adsorption capacity with increasing temperature, indicating that at
higher temperatures, the adsorbent, adsorption sites, and activity were
all undergoing chemical changes. Because of this, there was a greater
rate of mass transfer from the molecular volume to the limit layer on the
molecular surface of the sorbent (Blackburn, 2004). This was due to the
fact that the temperature had affected the way in which sorbate mole-
cules diffuse. Elevating the temperature promoted intermolecular in-
teractions between the adsorbed and adsorbed molecules, allowing one
to test for improved mobility towards the adsorbing surface. The eval-
uation of the Gibbs free energy change, enthalpy, and entropy can shed
light on the practicability, spontaneity, and heat change of the bio
sorption process. Expressions in mathematics for these thermodynamic
variables are as follows:

AG" = —RTInK, @

_ CAe

K
¢ C.

(8)
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AG" = AH? — TAS? 9
AG® AH® AS°
K= -7~ "RT TR (10)

Where R and T represent the universal gas constant (J/molK), T repre-
sents the absolute temperature (K), K. represents the distribution coef-
ficient, and CA. and C, represent the equilibrium concentrations (mg/L)
of the RR120 dye molecule on the sorbents HSCS and HSSA, respec-
tively. In Fig. 9b, the slope and intercept of a plot of In Kc vs I/T reveal
the thermodynamic parameters (AG®, AH?, AS®) which are detailed in
Table 4. The endothermic adsorption process of RR120 is demonstrated
by the positive values of AH®, and the increased disorderness of the
solid-liquid interface is revealed by the positive value of AS® (Abdul
Hassan et al., 2022). Further, having a negative Gibbs free energy, AG®
indicates that the dye adsorption process was spontaneous and ther-
modynamically favorable, also supported by the positive value of AS? i.
e., demonstrated by an increase in InK, upon increasing the temperature.

3.14. Desorption and regeneration studies

Adsorbent efficiency is measured, in part, by its ability to be regen-
erated, which is important from practical, economic, and environmental
perspectives. Adsorbents with excellent adsorption and desorption ca-
pabilities enhance adsorption process efficacy. Furthermore, desorption
rate is proportional to driving force, therefore desorption kinetics were
critical for modeling contaminant movement. It is also economically
significant to identify a suitable solvent for reusing the adsorbent, as
well as to identify environmentally acceptable and/or low-cost adsor-
bents. Separate dye-saturated HSCS and HSSA solutions were added to
the eluent, and the mixture was then shaken for a predetermined period
of time to facilitate the desorption process, at which point the dye is
removed onto the eluent. The desorbed reactive dye concentration was
determined after extraction and adsorbent separation by filtration. For
this study, we used NaOH, HNOgs, and HCl, and KOH as acidic, and
alkaline eluents respectively, to conduct adsorption and desorption tests
(see Fig. 10a). Figure shows that the desorption of HSCS and HSSA from
the sorbate (RR120) dye solution is much enhanced in an alkaline me-
dium. NaOH is a more effective eluent for desorbing RR 120 since the
dye was anionic. This indicated that desorption of HSCS, HSSA from
RR120 dye solution was enhanced by increasing the OH™ ion in the
aqueous solution (Choi, 2017) with a greater concentration of NaOH.

The subsequent phase of regeneration is reusability, which is once
again tied to economics and provides vital information regarding the
adsorption mechanism. Thus, the test for reusability was conducted
using HSCS and HSSA in five adsorption/desorption cycles at ideal pH,
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Fig. 10. (a) Desorption of RR120 dye using different eluents (b) regeneration cycles.
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temperature, dose, agitation speed, concentration, and time conditions.
After each adsorption process, the saturated adsorbents (HSCS, HSSA)
were removed from the dye solution and oven-dried at 60 °C for 12 h.
Then, it was utilized for the subsequent run under identical conditions
(see Fig. 10b). The graph reveals that HSCS adsorbent demonstrates
superior performance for the first three cycles, after which the separa-
tion efficiency decreased. While HSSA was reported to be effective for
two cycles, its efficacy decreased subsequently.

4. Conclusion

Polymer (chitosan (CS), sodium alginate (SA)) functionalized
biomass Hazel sterculia seed (HS) adsorbent was prepared to adsorb
reactive red 120 dye molecule from effluent streams. Batch sorption
studies showed that monolayer adsorption dominated RR120 absorption
onto the HSCS, HSSA. Nonlinear analysis of HSCS, HSSA adsorption
kinetics, and equilibrium data showed that the pseudo-second order
model fits experimental data. Moreover, the thermodynamic studies
confirmed the endothermic and spontaneous adsorption reaction
mechanism. Besides, alkaline eluent (NaOH) promoted sorbent mole-
cule desorption and reuse during RR120 uptake and the sorbent HSCS
can be reused for three cycles, HSSA for two cycles respectively. This
suggested that functionalizing polymers onto biomass may be a new way
to generate innovative sorbent materials for treating effluent streams
with cationic and anionic dyes.
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