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ARTICLE INFO ABSTRACT
Keywords: In the present work, a novel Fe304-GLP@CAB was successfully synthesized via a co-precipitation procedure and
Sodium alginate applied for the removal of methylene blue (MB) from aqueous environment. The structural and physicochemical

Guava leaves powder

characteristics of the as-prepared materials were explored using a variety of characterization methods, including
Magnetic hydrogel beads

PHpzc, XRD, VSM, FE-SEM/EDX, BJH/BET, and FTIR. The effects of several experimental factors on the uptake of
MB using Fe304-GLP@CAB were examined through batch experiments. The highest MB dye removal efficiency of
Fe304-GLP@CAB was obtained to be 95.2 % at pH 10.0. Adsorption equilibrium isotherm data at different
temperatures showed an excellent agreement with the Langmuir model. The adsorption uptake of MB onto
Fe304-GLP@CAB was determined as 136.7 mg/g at 298 K. The kinetic data were well-fitted by the pseudo-first-
order model, indicating that physisorption mainly controlled it. Several thermodynamic variables derived from
adsorption data, like as AG®, AS°, AH° and E,, accounted for a favourable, spontaneous, exothermic, and
physisorption process. Without seeing a substantial decline in adsorptive performance, the Fe304-GLP@CAB was
employed for five regeneration cycles. Because they can be readily separated from wastewater after treatment,
the synthesized Fe304-GLP@CAB was thus regarded as a highly recyclable and effective adsorbent for MB dye.

1. Introduction effluents from the textile industry [1]. These effluents contain various
recalcitrant compounds, toxic chemicals, and organic dyes that

The rapid development in science and technology profoundly revo- compromise aquatic life due to their toxic and carcinogenic nature
lutionized the industry sector. Nevertheless, this boost in industrial [2-5]. Methylene Blue (MB) is a well-known synthetic thiazine cationic
development also poses a toll on the ecosystem. One of the most vital dye, heavily used in the textile industry to dye fabrics. Moreover, it is
examples of this kind is the contamination of water bodies due to also being used in the paper and cosmetics industries for dyeing
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purposes. However, exposure and accumulation of a significant amount
of MB dye in the human body cause allergy, tissue necrosis, nausea,
breathing difficulties, vomiting, skin irritation, mental confusion, and
heart rhythm disturbances [6-9]. Therefore, it is pivotal to eliminate MB
from the aqueous system using suitable removal methods.

In recent decades, several technologies, including bioremediation,
advanced oxidation processes, photocatalytic degradation, ozonation,
membrane filtering, solvent extraction, coagulation, and reverse
osmosis, have been employed to remove dyes from wastewater [10].
Nevertheless, each of these therapeutic options has its own technical and
commercial restrictions, such as expense, limited effectiveness, and
toxicity caused by breakdown products. Nonetheless, the adsorption
technique was assumed mainly owing to its simplicity, high efficiency,
and operational flexibility. In this case, low-cost adsorbents like gra-
phene oxide, activated carbon, and silica were used to remove refractory
organic contaminants. Its uses, however, are severely limited because of
the difficulties of separating after consumption, which may result in
secondary water contamination. As a result, more efforts to investigate
low cost, locally accessible, and valuable materials are required.

Several researchers have been carried out to evaluate the effective-
ness of plant materials in eliminating potentially hazardous dyes from
aqueous solutions [11-16]. Psidium guajava L. (the guava tree) belongs
to the Myrtaceae family. The raw leaves contain various bioactive
compounds such as tannins and flavonoids. Guava leaves are known for
their medicinal value and have traditionally been used for different
human ailments. Guava leaves contain various functional groups like
ester, carboxylic acid, and hydroxyl, which can interact with and adsorb
various pollutants [17]. These leaves are widely and almost freely
available in every season of the year. Therefore, guava leaf powder has
been used as a starting material in its native form in the current study.
Nevertheless, the use of plant materials as biosorbents in their natural
form also suffers from limitations like low specific surface area, leaching
of selective adsorbent components into treated water, low adsorption
efficiency, and difficulty in removing the adsorbent compound after the
adsorption process [18]. Therefore, magnetic sorbents such as magnetite
iron oxide nanoparticles (Fe3sO4) were used in agricultural waste to
overcome these limitations. These nanoparticles increase the surface
area, reactivity, adsorption efficacy, and reusability but at the same time
decrease the intraparticle diffusion rate. Moreover, due to the para-
magnetic property, the iron oxide nanoparticles can be easily removed
from the aqueous environment after their usage by simply exposing
them to the external magnetic field [19,20]. Numerous researchers have
evaluated the use of Fe304 nanoparticles coated biomass as a biosorbent
for potentially toxic dye remediation [21-25].

Sodium alginate is a linear biopolymer known to be a widely used
adsorbent. This adsorbent possesses carboxyl and hydroxyl functional
groups that help the alginate to form complexes with various multiva-
lent ions leading to increased affinity and adsorptive capacity towards
different pollutants [26]. Moreover, alginate is a biodegradable and
abundant polymer available in nature. Due to these, it is a low cost and
eco-friendly sorbent [27]. Therefore, calcium alginate is often used to
encapsulate a variety of nanomaterials, including magnetic nano-
particles is a sophisticated method to minimize loss of mass and over-
come the enormous waste generated after treatment [28]. This will also
assist lower the cost of regeneration and large scale water treatment.

To the best of our knowledge, there has been no research on using
Fe304-GLP@CAB as an adsorbent for removing MB dye. Thus in this
study, Fe304-GLP@CAB was synthesized, characterized, and employed
as a sorbent to eliminate MB. The removal of MB by Fe304-GLP@CAB
and the recovery of the dye from the adsorbent were carried out. Pa-
rameters impacting MB dye removal efficiencies like MB dye concen-
tration, Fe3O4-GLP@CAB dosage, agitation speed, adsorption duration,
temperature, and solution pH were considered. Thermodynamic,
isotherm, and kinetic data were evaluated to explore the sorption
mechanism. The goal of this effort is to develop a perfect biosorbent that
can: (i) demonstrate a significant affinity for MB dye; (ii) be readily
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removed from the solution after treatment; and (iii) be easily and
frequently recycled.

2. Materials and methods
2.1. Chemicals

MB dye (molecular mass: 319.85 g/mol, formula: C16H;gN3SCl, Apax:
665 nm), CaCl, (calcium chloride), FeSO4.7H50 (iron (II) sulfate hep-
tahydrate), NaOH (sodium hydroxide), FeCl3.6H20 (iron (III) chloride
hexahydrate), HCI (hydrochloric acid), CoHgO (ethanol), and CgH;OgNa
(sodium alginate) were all acquired from Sigma-Aldrich. All the reagents
utilized in this investigation were of analytical purity and weren’t pu-
rified before use. Deionized (DI) water was used to make each dilution.

2.2. Synthesis of the Fe304-GLP@CAB

Fresh green leaves of guava were gathered locally and washed
frequently with DI water to eliminate dust particles and other adherent
contaminants on the surface. The clean and dust-free leaves were first
sun-dried for 2-3 days and then allowed to dry in an oven at 343 K for
10 h. After that, the dried leaves were grounded into a fine powder using
a mechanical grinder and then passed through 30 mesh sieves. The
obtained product is labeled as guava leaves powder (GLP).

The Fe304-GLP composite was synthesized by a co-precipitation
procedure [10]. During this process, an amount of 10 g GLP was
added into a 400 mL solution containing FeSO4.7H20 (3.80 g) and
FeCl3.6H30 (7.80 g). For 60 min, the aforesaid mixture was constantly
mixed at 343 K. To precipitate Fe304 nanoparticles, NaOH solution (5.0
M) was added dropwise to the reaction mixture until the pH reached
10.0-11.0. The mixture was rapidly agitated for 60 min at 343 K before
maturing for 24 h at 298 K. After removing the black residue from the
solution using an external magnetic field, the solution was washed
repeatedly with DI water and ethanol until the pH approached neutral.
The rinsed product (Fe304-GLP) was dried at 343 K in an oven for 24 h.

In a typical procedure, sodium alginate (3 %) was dissolved in DI
water for 4 h at room temperature by stirring until complete dissolution.
The required quantity (1.0 g) of Fe304-GLP was then infused into the gel
solution. To prevent the production of air bubbles within the viscous
liquor, the solution was gently swirled for 24 h. The mixture was then
dropped gradually into a 4 % aqueous solution of CaCl, using a micro-
pipette tip (1.0 mL). Hence, spherical polymer beads were created right
away. In fact, the exchange of Na for Ca cations causes cross-linkages in
the alginate polymer chains, which leads to the formation of the beads
[29]. The produced beads were left in the CaCl; solution for 12 h. The
beads were then extracted from the solution using an external magnetic
field before being repeatedly rinsed in DI water to eliminate any calcium
and free (unreacted) alginate. The produced hydrogel beads (Fe3O4-
GLP@CAB) were stored in DI water in an airtight plastic recipient for
further use. The procedure for preparing the Fe3O4-GLP@CAB is sche-
matically given in Fig. 1.

2.3. Instrumentation

Field emission scanning electron microscopy (FESEM; JSM7610F;
JEOL; Japan) at 5.0 kV scanning voltages, with an accelerating voltage
of 20 kV, was used to investigate the morphologies of the samples. In
contrast, energy dispersive X-ray spectroscopy (EDX; Oxford In-
struments; UK) was used to determine elemental composition. The
structure and crystallinity of the materials were examined by X-ray
diffraction (XRD; D8 Advance; Bruker AXS GmbH; Germany) equipped
with Cu/Ka radiation (A = 1.542 A) at 20 angular range of 10-80°. The
magnetic characteristics of the synthesized nanocomposites were
measured in a range of +£20 KOe using a vibrating sample magnetometer
(VSM; Quantum Design; MPMS3; USA) at 298 K. Fourier transform
infrared (FTIR; Thermo Nicolet iS10; USA) spectroscopy in the



V.S. Munagapati et al.

International Journal of Biological Macromolecules 246 (2023) 125675

FeCl,.6H,0

FeS0,.7H,0
e

5 M NaOH

Guava leaves Guava leaves powder

b
Dry Fe,0,-GLP@CAB

Fe,0,-GLP

Wet Fe,0,-GLP@CAB

| —

ST

Sodium alginate gel ~ Fe,0,-GLP alginate gel

4 OH 'Y
% | &
N, 7

HO—|

eles!
\‘\00(,/ N \

| 0,
OH %

Fe,0,-GLP@CAB

Cacl, solution

Fig. 1. Schematic diagram of the synthesis of Fe304-GLP@CAB.

400-4000 cm ™! range with a resolution of 2.0 cm ™ in KBr pressed pellet
at 298 K identified the surface functional groups of the synthesized
samples. The pore radius and pore volume were determined by the BJH
(Barrett Joyner Halenda) model using a specific surface area analyzer
(Quantachrome; Autosorb-iQ; USA) at 77 K with relative pressure range
of 0.01-0.999. N, isotherms (adsorption and desorption) were used to
determine the surface area of the materials according to the BET (Bru-
nauer Emmett Teller) model. The pH meter (Thermo Orion Star A214;
USA) was used to measure the pH value of MB solutions. A UV/Vis (V-
750; JASCO; Japan) spectrophotometer with a maximum wavelength of
665 nm was used to analyze the sample concentrations according to
standard procedures.

2.4. Adsorption experiments

1.43 g of the MB dye was dissolved in 1.0 L of DI water to make a
1000 mg/L stock solution. The stock solution was used to set up the
distinctive working solutions. Batch tests were performed in a
temperature-controlled orbital shaking incubator using 50 mL glass vials
containing 30 mL of working solutions. Different adsorption parameters,
for instance, pH (2.0-11.0), dosage (0.2-1.6 g/30 mL), MB dye con-
centration (25, 50, 75, 100, 125, 175, and 250 mg/L), contact duration
(0-300 min), stirring speed (50-350 rpm), and temperature (298-333 K)
were examined to determine their impact on the removal of MB onto
Fe304-GLP@CAB. The adsorption isotherms experiments were per-
formed separately at diverse MB dye concentrations (25-250 mg/L)
under 298, 308, 318, and 328 K. Furthermore, for various contact
duration (0-300 min), the adsorption kinetics of Fe304-GLP@CAB was
studied at an MB dye concentration of 25 mg/L at 298 K respectively.
The pH of working solutions has been attuned by using NaOH and HCl
solutions (0.1 M). After adsorption equilibrium, the Fe304-GLP@CAB
was separated from the adsorbate by an external magnet. A UV-Vis
spectrophotometer measured the MB dye concentration in the remain-
ing solution. Each test was repeated twice, presenting their average as
the final results. The removal percentage R (%), and adsorption uptake,
qe (mg/g) of the MB on Fe304-GLP@CAB was calculated using Eqgs. (1) &
(2), respectively.

R= (C” Ce) x 100% (€]
C{)
_(C,-C)V
qe " (2)

where C, (mg/L) and C. (mg/L) are the concentrations of MB dye in their
initial and equilibrium states, respectively. M (g) is the weight of the
Fe304-GLP@CAB, and V (mL) is the volume of the MB solution.

2.5. Desorption and reusability

Five different desorbing eluents (DI water, 0.2 M HNOs, 0.2 M NaOH,
0.2 M (CH3)2CO, and 0.2 M CyHsOH) were used to investigate the
desorption of MB from Fe304-GLP@CAB. For this purpose, after per-
forming adsorption tests using Fe3O4-GLP@CAB under optimal condi-
tions, a magnet separated the spent sorbent from the liquid phase. It was
then placed in various desorption eluents (30 mL) under an orbital
shaker at 250 rpm for 90 min. The Fe304-GLP@CAB was separated after
agitation, and the dye concentration in the adsorbate was evaluated
using a UV-Vis spectrophotometer. The Fe304-GLP@CAB were cleaned
with DI water and dried to explore their reusability. Five cycles of cyclic
adsorption/regeneration were investigated. After each cycle, the reus-
ability of Fe304-GLP@CAB was determined. The % of desorption was
calculated using Eq. (3):

Dye desorbed

—— X 100
Dye adsorbed

Desorption (%) = 3

2.6. Statistical analysis

The suitable models that fit the experimental data were selected
based on kinetic and isotherm studies, non-linear regression analysis,
and the values of the correlation coefficient (R?) as well as the error
functions, such as the SSE (sum of squares) and the XZ (mean square), for
which the calculation equations are provided below. The related
model’s goodness of fit is shown by high R2, lower SSE, and y? values.
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i=1

where g, ca is the calculated quantity sorbed given by the model, ge, exp
is the experimental quantity sorbed at equilibrium, and n is the number
of observations.

3. Results and discussion

3.1. Characterization (FTIR, FE-SEM/EDX, VSM, XRD, BET-BJH, and
DPHpzc)

FTIR spectroscopy is often used to recognize the functional groups on
a surface, and functional groups play a crucial role in the dye sorption
process. FTIR spectra of GLP, Fe304-GLP, CAB, Fe304-GLP@CAB, and
MB dye-loaded Fe304-GLP@CAB were shown in Fig. 2. In the spectrum
of GLP (Fig. 2a), the intense peak at 3284 em ™! which corresponds to the
stretching vibration of hydrogen-bonded alcoholic and phenolic -OH
groups in GLP [30,31]. The 2916 and 2847 cm™! peaks were related to
C—H stretching vibrations from-CHs/-CHy/-CH in hemicellulose,
lignin, and cellulose, respectively [32]. The band at 1733 cm~! could be
assigned to the stretching vibration of C=0 groups like carboxylic acids,
ketones, and aldehydes. The peak at 1626 cm ™! can be attributed to the

(e)
(d)
:\c\ W
(D)
2 (c)
8 M
g
7}
a
=
—~
(a)
. T s I B I ) T * T . T ® I
4000 3500 3000 2500 2000 1500 1000 50

Wavenumber (cm™)

Fig. 2. FTIR images of (a) GLP, (b) Fe304-GLP, (c) CAB, (d) Fe;0,-GLP@CAB,
() MB/Fe30,-GLP@CAB.
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stretching vibration of -C=0 bond in carbonyl group [33,34]. The peak
at 1540 cm ™! was assigned to alkanes’ -C=C- stretching vibrations. The
1440 and 1370 cm ™! peaks were attributed to C=C (aromatic ring) and
—C-H stretching vibrations of the lignin structure in GLP [35]. The peaks
at 1313 and 1029 cm™! corresponded to the C—0 and C-O-C stretching
of cellulose present in GLP. The band at 1236 cm ™! belongs to the C—O
stretching vibration of the acetyl group in hemicelluloses [32]. In the
spectrum of Fe304-GLP (Fig. 2b), some peaks in GLP disappeared (2916,
2847,1733,1540, 1440, 1370, 1236 cm’l), and some peaks are at 3284,
1626, 1313, and 1029 cm ™! were slightly shifted to 3361, 1629, 1318,
and 1065 cm L. The sharp peak observed at 551 cm ™! corresponds to the
stretching of Fe—O bonds in the crystalline lattice of FesO4 [36]. This
characteristic band confirms the Fe304 nanoparticles were successfully
loaded in the GLP. For CA B (Fig. 2c), the peak at 3267 cm L is related to
the —OH stretching vibrations of the hydroxyl groups of calcium alginate
[37]. The absorption peaks appearing near 1590 and 1411 cm™! were
associated with symmetric and asymmetric stretching of the carboxylate
(-COO™) groups of Ca-alginate, respectively [38]. The peak at 1018
em™! is identified as a characteristic peak for the —C-O and —C-O-C
stretching on polysaccharides [18]. FTIR spectrum of Fe304-GLP@CAB
(Fig. 2d), the peak observed at 3281 cm™! corresponding to the -OH
groups of carboxylic acid [39]. The peaks around at 2923, 2849, and
1034 cm™! are the symmetric, asymmetric stretching of ~CH, groups
and C-O-C stretching vibrations, respectively [36]. The absorption band
at 1710 cm ™! can be assigned to the carboxylate groups bonded onto the
surface of Fe304-GLP@CAB. The band at 1633 cm ™ corresponded to the
stretching vibrations of the C=0 group. The peaks at 1536 and 1409
em™! correspond to -COO™~ symmetric & asymmetric stretching vibra-
tions [29]. The band at 1239 cm™! is attributed to the stretching of the
C—O group. The peak at 546 cm™! represented the characteristic
stretching of Fe—O from nanoparticles of Fe3O4-GLP. However, all the
absorption peaks confirmed that the Fe3O4-GLP nanoparticles were
successfully incorporated into the sodium alginate beads. The FTIR
spectrum of MB dye-loaded Fe304-GLP@CAB (Fig. 2e) gave similar
characteristic peaks to those that appeared for Fe304-GLP@CAB; how-
ever, the peaks at 3281, 2923, 2849, 1633, 1409, 1034, 546 cm ! were
slightly shifted to 3220, 2921, 2848, 1636, 1430, 1048, and 568 cmfl,
respectively. Three bands at 1710, 1536, and 1239 em ! disappeared
after dye adsorption. These changes indicated the strong interactions
between the Fe304-GLP@CAB and MB dye through hydrogen bonding or
electrostatic interactions.

The magnetic properties of Fe304-GLP and Fe3O4-GLP@CAB were
determined by the VSM, where the obtained magnetic hysteresis loops
are depicted in Fig. 3. The Ms. (saturation magnetization) of Fe304-GLP

[
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1()
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Fig. 3. Magnetic hysteresis curves of (a) Fe304-GLP and (b) Fe304-GLP@CAB.
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was 35.1 emu/g while Fe304-GLP@CAB was 7.8 emu/g. Compared to
Fe304-GLP, this decrease in the magnetic properties of Fe304-GLP@CAB
was due to the presence of a non-magnetic substance (Ca-alginate) on
the surface of magnetic particles [40]. However, the magnetism of the
Fe304-GLP@CAB was sufficient for fast separation and reuse using an
external magnetic field.

The FE-SEM/EDX analysis provides information about the
morphology of the surface and the composition of elements of the ma-
terials. FE-SEM images of GLP, Fe304-GLP, CAB, Fe304-GLP@CAB, and
MB dye-loaded Fe304-GLP@CAB are shown in Fig. 4. The GLP had an
irregular and smooth surface morphology (Fig. 4a). After loading Fe304
particles in GLP (Fig. 4b) the surface morphology was converted to be
rougher, irregular, and heterogeneous. The external shape of the CAB,
Fe3O4-GLP@CAB, and MB-loaded Fe304-GLP@CAB was spherical
(Fig. 4c, d, and e). The CAB had a relatively smooth surface, whereas the
Fe304-GLP@CAB surface was rougher due to incorporating FesO4-GLP
particles into the CAB. The surface roughness plays a significant role in
dye ions binding since it enhances the contact area, which made the
surface easier for dye sorption. After MB adsorption, the surface of the
Fe304-GLP@CAB became smoother because MB dye molecules covered
the surface of the Fe304-GLP@CAB. The EDX spectrum and elemental
composition data of GLP, Fe304-GLP, CAB, Fe304-GLP@CAB, and MB
dye-loaded Fe304-GLP@CAB are shown in Fig. 5. The EDX spectrum of
GLP as seen in Fig. 5a that displays the presence of C, O, Mg, S, Cl, K and
Ca. The EDX spectrum of GLP-Fe304 reveals the presence of C, O, Na, S,
Cl, and Fe elements. The existence of a new Fe peak in the spectrum
(Fig. 5b), which confirmed the deposition of Fe3O4 nanoparticles on the
GLP surface. The O, Na, Cl, and Ca were the major elements observed in
the EDX spectrum of CAB (Fig. 5c¢). The EDX spectrum of Fe3Ogy-
GLP@CAB contained elements of C, O, Al, Si, Ca, and Fe (Fig. 5d).
Compared to the CAB spectrum, the new C, Si, and Fe peaks appeared in
the spectrum of Fe304-GLP@CAB, which confirms the successful
incorporation of Fe3O4-GLP particles into the CAB. The S peak was
observed in the EDX spectrum of MB dye-loaded Fe3O4-GLP@CAB
(Fig. 5e), which confirmed that the MB dye was bound onto the Fe304-
GLP@CARB surface after the adsorption process.

YUNTECH

100um HCHUZ
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One of the primary techniques for examining crystal structure and
identifying phases is X-ray diffraction analysis. Fig. 6 presents the XRD
patterns of the GLP, Fe304-GLP, CAB, and Fe304-GLP@CAB. The XRD
patterns of GLP (Fig. 6a) show the presence of a set of peaks at an
angular position at 15.1°, 21.3°, and 30.1° & 38.4°. The diffraction peak
of GLP at 26 around 15.1° was assigned to the crystalline plane of (110)
for cellulose and those at 20 = 21.3°, and 30.1° & 38.4° were attributed
to the crystalline planes of (200) and (004), respectively, which attrib-
uted to the typical cellulose [41]. The XRD pattern of the Fe3O4-GLP
composite (Fig. 6b) showed characteristic diffraction peaks at 20 values
of 30.6°% 35.9° 43.7°, 54.1°, 57.4° and 63.1°, corresponding to the
crystal planes of (220), (311), (400), (442), (511), and (440), respec-
tively. Both angular positions and intensity of these summits were very
well-matched with the standard JCPDS file No. 19-06290 of magnetite
(Fe304) [42]. The Fe304-GLP diffraction peaks confirmed that the Fe3O4
nanoparticles were successfully loaded in the GLP. The XRD pattern of
the pure CAB displays three weak diffraction peaks at 20 = 13.5°, 21.5°,
and 38.8° without any other prominent sharp diffraction peak (Fig. 6¢),
which indicates the semi-crystallinity of the biopolymer [43]. The XRD
pattern of Fe304-GLP@CAB material (Fig. 6d) displays that major
diffraction peaks are in the same position as the synthesized Fe3O4-GLP
composite but with a slightly lower intensity, which indicates the suc-
cessful incorporation of Fe3O4-GLP particles inside alginate hydrogel
beads.

The adsorbent’s porosity and specific surface area significantly
impact its adsorption characteristics, which may give critical informa-
tion on sorption properties. As a result, it is critical to assess structural
factors such as surface area and porosity using the BET adsorption
technique. The Fe304-GLP@CAB BJH and N, adsorption-desorption
plots (Fig. 7) matched with the type-IV diagram in the IUPAC classifi-
cation, indicating a mesoporous structure. On the basis of Ny isotherm
(adsorption/desorption) and BJH pore size distribution, the values of
surface area, pore radius, and pore volume of GLP, Fe304-GLP, CAB, and
Fe304-GLP@CAB were determined and listed in Table 1. From Table 1,
the surface area of GLP was 6.79 mz/g. After FesO4 modification, the
surface area of Fe304-GLP was significantly increased to 62.81 mz/g 9.3

100pm NCHUZ
3.0kV WD iimm

100pm NCHUZ
3.0kv WD 1imm

Fig. 4. FE-SEM images of (a) GLP, (b) Fe;0,4-GLP, (c) CAB, (d) Fe;0,-GLP@CAB, (d) MB,/Fe;0,-GLP@CAB.
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Fig. 6. XRD pattern of (a) GLP, (b) Fe304-GLP, (c) CAB, (d) Fe304-GLP@CAB.

times higher), primarily attributed to forming Fe3O4 particles [44].
Introducing Fe304-GLP nanoparticles into CAB leads to Fe3Og4-
GLP@CAB with a higher BET surface area than pure CAB, which is
attributed to the cracks due to Fe304-GLP inclusion, and therefore,

Fe304-GLP@CAB could improve the beads’ ability to adsorb pollutants
[45]. The surface area of Fe304-GLP@CAB is less than that of the Fe3Og4-
GLP composite encapsulated in the CAB because alginate occupies the
mesoporous of Fe3O4-GLP. However, the Fe304-GLP@CAB has a good
surface area, pore volume, and pore radius has a strong adsorption up-
take for MB, which will be very beneficial in water treatment.

The pHpyzc (point of zero charge) of Fe304-GLP@CAB was deter-
mined by using the solid addition procedure [10]. For that, 0.01 M so-
lution of NaCl (30 mL) in 50 mL glass vials was adjusted to different pH
values of 2.0-11.0 (initial pH) using HCl and NaOH (0.1 M) solutions.
After, an exact amount of 1.0 g of Fe304-GLP@CAB was added to
different vials and kept at 250 rpm in an orbital shaking incubator at
298 K for 24 h. Following incubation, the pH of each vial was measured
and recorded as the final pH. The variance between the initial and final
pH values was calculated and plotted against the initial pH values (ApH
= final pH-initial pH). The pHpzc value may be calculated by plotting the
curves when the pH is zero and intersecting them with the X-axis
(Fig. S1).

3.2. Effect of pH, initial MB dye concentration, agitation speed, Fe304-
GLP@CAB dosage, and contact duration

The pH of the MB solution obviously influences the sorption effi-
ciency of the Fe304-GLP@CAB. So, the impact of pH value on the MB
adsorption process was studied in the pH value range from 2.0 to
11.0.0.1 M NaOH/HCI solutions were used to adjust the pH of the dye
solutions. As seen from Fig. 8a, the removal efficiency of MB raised from
12.9 to 95.2 % with an increase in pH values from 2.0 to 10.0, after that
the removal efficiency was almost constant. This tendency mainly de-
pends on the electrostatic interaction between the MB dye and Fe3Oy4-
GLP@CAB. The higher removal efficiency of MB on Fe304-GLP@CAB
was found at pH 10.0. The pKa value of MB dye is 3.8. The MB dye
molecule dissociates at pH > pKa while remaining in its molecular state
at pH < pKa. The pHpyc of Fe3O4-GLP@CAB was 6.8. At pH below
pHpzc, the Fe304-GLP@CAB surface is +vely charged (X-OH3, X-
COOH3) owing to an abundance of H ions which promotes electrostatic
repulsion between the cationic MB dye and the Fe304-GLP@CAB,
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Table 1
Textural properties of the prepared adsorbents.

Adsorbent BET Surface area (m?>/  Pore volume (cc/ Pore radius
g) 2) (nm)
GLP 6.79 0.0087 1.5773
Fe304-GLP 62.81 0.1782 1.7127
CAB 1.11 0.0092 1.4921
Fe304- 27.97 0.0529 2.1663
GLP@CAB

therefore resulting in low removal efficiency. At pH above pHpyc, the
Fe304-GLP@CAB surface was -vely charged and the MB dye was
dissociated, and the removal efficiency increased due to deprotonation
of the functional sites at the Fe304-GLP@CAB surface (X-O~, X-COO ),
resulting in a more —vely charged surface, attracting the MB cations
more efficiently than at lower pH of the solution. Thus, the movement of
MB cations towards the —vely charged Fe3O4-GLP@CAB was facilitated
by electrostatic interaction. Similar findings have been observed in
previously published literature when the removal of the MB has been
investigated [46-48]. Based on the findings, 10.0 was fixed as the
optimal solution pH for all the subsequent adsorption experiments.

The influence of the initial dye concentration on the removal of MB
by the Fe304-GLP@CAB was examined by changing the concentration
from 25 to 250 mg/L at 298 K. As displayed in Fig. 8b, the removal
effectiveness of MB declined steadily from 95.1 to 52.3 % when the
starting concentration raised from 25 to 250 m/L. This may be attributed
to the adsorbent’s restricted number of active sites as the solute con-
centration rises. Generally, the sorption process is primarily monolayer
at low starting dye concentrations, which is then expanded to multilayer
until the equilibrium stage is attained at high solute concentrations.
Furthermore, at high dye concentrations, the driving power needed is
more significant to overcome the mass transfer barrier of solute mole-
cules between the solid and liquid stages [49]. The maximal removal
efficiency of MB dye was found at 25 mg/L; hence all the further tests
were conducted using a concentration of 25 mg/L.

Agitation speed is a significant factor in the sorption process which
influences the distribution of the solute and adsorbent in the bulk

solution. The impact of agitation speed on the removal of MB by Fe304-
GLP@CAB was tested at various stirring speeds ranging from 50 to 350
rpm, as shown in Fig. 8c. The results revealed an increase in agitation
speed, the removal effectiveness rose up to 250 rpm. Therefore, it was
hypothesized that with the rise in agitation speed, the randomness of the
dye molecules increased and got efficiently adsorbed onto the pores of
the Fe304-GLP@CAB. Further increase in agitation speed had no influ-
ence on the removal percentage, which suggested the occupancy of all
the surface pores of Fe304-GLP@CAB and steric hindrance of adsorbed
dye molecules with the unadsorbed ones [50]. Thus, 250 rpm was
considered the optimum speed and maintained for further study.

The adsorbent dose is a crucial element in an adsorption process and
significantly impacts the rate of dye removal. By varying the quantity of
sorbent from 0.2 to 1.6 g, as shown in Fig. 8d, the effect of Fe3O4-
GLP@CAB dose on the removal efficiency of MB dye was examined. It
was shown that, up to 1.0 g of adsorbent, the percentage of dye removal
initially rises with an increase in Fes04-GLP@CAB quantity; however,
beyond this dose, the removal percentage stays relatively constant. This
is explained by the fact that when adsorbent doses rise, more accessible
adsorption sites become available. It was noticed that beyond 1.0 g,
there were no appreciable changes in adsorption capabilities. Addi-
tionally, using adsorbent in excess or outside of recommended limits
might cause dye molecules to aggregate at accessible adsorbent sites or
result in an unpleasant interaction between the dye and adsorbent [51].
Based on the above results, the maximal removal efficiency of up to 95.2
% was achieved at a 1.0 g/30 mL dosage which can be considered an
optimum dosage for further studies.

The contact period between the adsorbent and the adsorbate is a
crucial variable for determining the effectiveness of a sorption process,
especially at the industrial scale. The impact of MB adsorption contact
time on the Fe304-GLP@CAB was studied from 0 to 300 min at 25 mg/L.
As demonstrated in Fig. 8e, the dye removal efficiency was initially
quick, then decreased until equilibrium. Initially, more binding moiety
sites for dye ions binding were present, so the dye was removed fast at
the start, resulting in a rapid dye capacity. Alternatively, as the reaction
time advances, the active binding sites become occupied, resulting in
competition for remaining dye molecules; as a consequence, dye
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removal was hampered later on [52]. The equilibrium time was attained
in 90 min, and no substantial change was detected after that. As a result,
90 min was identified as the optimal contact duration for further
research. The results of this study are used to compute the kinetic factors
of adsorption and predict the characteristics of the sorption process.

3.3. Adsorption kinetics

The kinetic analysis of the sorption experiment is critical and
deserving of attention in order to categorize the sorption rate, reaction
pathway, effectiveness of the sorbent, and reaction rate of the system.
The kinetic evaluation of the adsorption of MB by Fe304-GLP@CAB has
been performed by fitting the equilibrium data into well-known PFO
(pseudo-first-order), PSO (pseudo-second-order), and Elovich models.
PFO, PSO, and Elovich model non-linear equations are represented as
follows:

g =q.(1—¢™) (6)
2
q, kzt
=4kl 7
U= gkt 2
1
q = Eln(l +apt) 8)

where q; (mg/g) and q. (mg/g) are the quantities of MB adsorbed at
equilibrium and at time t, respectively. ko (g/mg min) and k; (1/min)
are the reaction rate constants of PSO and PFO, respectively. o (mg/g
min) is the starting rate of adsorption, and p (g/mg) is the constant of
desorption. The fitting findings of non-linearized PSO, PFO, and Elovich
models are depicted in Fig. 9, and the recovered variables evaluated
from PFO, PSO, and Elovich models, along with correlation coefficients,
are listed in Table 2. The R? of the PFO model (0.9931) was higher than
that of the PSO (0.9631) and Elovich (0.9123) models. Moreover, the
calculated q. of the PFO model (71.79 mg/g) was consistent with the
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Fig. 9. Non-linear kinetic plots for the adsorption of MB onto Fe304,-GLP@CAB
at 25 mg/L.

experimental q. (70.43 mg/g), but the calculated ge of the PSO model
(82.99 mg/g) was not in accordance with the experimental data. The
higher R?, lower SSE, and 2 values confirmed that the PFO model is the
most fitted kinetic model to define the sorption mechanism of MB onto
F8304-GLP@CAB.

3.4. Adsorption isotherms

Isotherm analysis is an essential adsorption model for evaluating the
interaction between adsorbate and adsorbent, analyzing the sorption
process, and calculating the adsorbent’s adsorption capacity. This study
explored the batch adsorption results using Freundlich, Langmuir, and
D-R (Dubinin-Radushkevich) isotherm models at various temperatures.
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Table 2
Kinetic parameters for the adsorption of MB on Fe304-GLP@CAB at 25 mg/L.
Kinetic model Parameters Values
Experimental e, exp (Mg/8) 70.43
Pseudo-first-order Qet, cal (Mg/g) 71.79
ky (1/min) 0.0328
R? 0.9931
$? 5.45
SSE 2.28
Pseudo-second-order Qe2, cal (Mg/g) 82.99
ky (g/mg min) 0.0005
R? 0.9631
» 14.49
SSE 6.752
Elovich a (mg/g min) 5.9082
f (g/mg) 0.0564
R? 0.9123
$? 26.69
SSE 11.585

The Langmuir isotherm describes monolayer sorption on a homog-
enous surface. It is likewise based on the premise that the adsorption
energy is the same at all surface points and that there is no interaction
between the adsorbate molecules adhering to the surface. The non-linear
form of the Langmuir model can be defined as:

_ qmuxKLCe

qe = TKLCE (C)]

where q. (mg/g) is the sorption uptake at equilibrium, qmax (mg/g) is the
sorption uptake, Ce (mg/L) is the equilibrium dye concentration, and K,
(L/mg) is the Langmuir constant. According to data obtained from ex-
periments, the qmax decreased (136.7 to 116.2 mg/g) with raising so-
lution temperature (298 to 338 K), suggesting that the adsorption of MB
by Fe304-GLP@CAB was exothermic (i.e., the MB — Fe304-GLP@CAB
interaction was more energetic at low temperature).

The feasibility of adsorption can also be obtained from the funda-
mental characteristics of the Langmuir isotherms by a dimensionless
equilibrium Ry, (separation factor), which is described by the following
equation:

R, =1/(1+K,C,) (10)

The Ry, is used to evaluate the adsorption behavior of adsorbate on
the adsorbent, where Ry, = 0, Ry, > 1, R, = 1.0, 0 < Ry < 1.0, and R
signify irreversible, unfavourable, linear, and favourable adsorption,
respectively [53]. The obtained R; values (Table 3) were within the
range of 0 to 1 at different temperatures, confirming the favorability of
MB’s adsorption onto Fe304-GLP@CAB.

The Freundlich isotherm model presupposes that sorption takes
place on a heterogeneous surface with interactions between molecules
that have been adsorbed. The adsorption may be used for multilayer
adsorption since it is not limited to the generation of monolayer
adsorption. Additionally, this model contends that when the adsorption
process is complete, adsorption energy does not remain constant but
instead drops exponentially. The non-linear form of the Freundlich

Table 3
Dimensionless constant separation factor (Rp) values at different initial
concentrations.

Initial MB concentration (mg/L) Ry, values at different temperatures [K]

298 308 318 328
25 0.22 0.265 0.313 0.385
50 0.12 0.153 0.185 0.238
75 0.084 0.107 0.132 0.172
100 0.064 0.083 0.102 0.135
125 0.052 0.067 0.083 0.111
175 0.038 0.049 0.061 0.082
250 0.027 0.035 0.043 0.059
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equation is expressed as follows:

g = Kl an

where K¢ (ng/g) is the Freundlich constant refers to the sorption uptake,
and n is the sorption intensity (strength). The reduction in K¢ values with
rising temperature demonstrated that the MB adsorption onto Fe3O4-
GLP@CAB was exothermic. The values and magnitude of n indicate the
adsorption favourability. The values of n = 1.0, n < 1.0, and n > 1.0
indicate a linear, chemical-unfavourable, and physical-favourable pro-
cess of adsorption [52,54], respectively. The n values (3.672-3.169)
were >1 at all temperatures, which implies the physical and favourable
adsorption process.

The D-R isotherm model is generally applied to express the sorption
mechanism and estimate the adsorbent’s porosity properties and the
adsorption’s apparent energy. The non-linear form of the D-R model is as
follows:

e = quexp(— pe’) (12)

where q. (mg/g) and g, (mg/g) signify the equilibrium and maximal
adsorption uptake, respectively. ¢ is the Polanyi potential and p (mol%/
J?) is the activity coefficient. The & value was calculated as follows:

&= RTln(l +CL> 13)

e

where C, (mg/L) is the dye concentration at equilibrium, R is the gas
constant, and T is the ambient temperature. When an adsorbate mole-
cule is brought to the surface of a solid from infinity in a solution, the
constant [} gives the mean free energy E (kJ/mol) of adsorption per
molecule, which can be calculated using the relationship.

E=1/V2 a4

The magnitude of E can predict the mechanism of the sorption re-
action. If the E value is <8.0 kJ/mol, 8.0-16.0 kJ/mol, and > 16.0 kJ/
mol, then the sorption process takes place by physisorption, ion-
exchange process, and chemisorption [55], respectively. The calcu-
lated E values (Table 4) were <8.0 kJ/mol at various temperatures,
which means that the adsorption of MB by Fe304-GLP@CAB proceeded
via a physisorption mechanism.

The plots of the non-linear equation of the D-R, Freundlich, and
Langmuir isotherm models at various temperatures are illustrated in
Fig. 10, and all parameters, together with correlation coefficients, R?,
SSE, and Xz, are given in Table 4. According to Table 4, lower Xz, SSE,
and higher R? values show that the Langmuir model is the best match
compared to the D-R and Freundlich models. As a result, the Langmuir
model may represent MB adsorption, indicating that MB molecules are
adsorbed on homogeneous sites of the Fe304-GLP@CAB surface,
resulting in monolayer adsorption.

3.5. Comprehensive comparison

A comparison between the maximum adsorption efficiency of Fe3Oa4-
GLP@CAB in this study to those of other materials in the literature
[56-69] is provided in Table 5. Fe304-GLP@CAB showed superior per-
formance to other adsorbents, indicating that it is a promising material
for removing MB from liquid media.

3.6. Effect of temperature and thermodynamics

Temperature is another crucial component that influences the
adsorption behavior [70]. It influences dye molecule diffusion at the
interface of the adsorbent’s outer boundary layer and dye molecule
diffusion inside adsorbent pores. The adsorption process may be endo-
thermic or exothermic, considering the type of dyes and adsorbent. The
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Table 4
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Isotherm parameters for the adsorption of MB on Fe304,-GLP@CAB at different temperatures.

Isotherm model Parameters Temperature (K)
298 308 318 328
Langmuir Qmax (Mg/g) 136.7 131.2 122.7 116.2
K, (L/mg) 0.1460 0.111 0.088 0.064
R? 0.9984 0.9969 0.9943 0.9941
$? 4.2 6.9 10.7 9.4
SSE 2.04 2.94 3.87 4.058
Freundlich K¢ (mg/g) 38.78 33.18 28.92 23.29
n 3.672 3.473 3.414 3.169
R? 0.9496 0.9372 0.9254 0.9293
Xz 127.97 140.7 130.9 112.4
SSE 19.31 33.86 24.85 13.59
Dubinin-Radushkevich qs (mg/g) 113.77 106.84 101.78 93.92
K (mol?/J?) 0.011 0.035 0.057 0.081
E (kJ/mol) 6.76 3.77 2.96 2.49
R? 0.8319 0.8679 0.8994 0.8957
x2 309.78 210.76 161.9 182.6
SSE 88.56 57.82 36.63 47.68
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Fig. 10. Non-linear fitting of adsorption isotherms at different temperatures (a) 298 K, (b) 308 K, (c) 318 K, (d) 328 K.

adsorption effectiveness of Fe304-GLP@CAB on MB in solution was
examined in this study at four different temperatures. As shown in
Fig. 8f, the removal percentage decreases from 95.1 to 82.4 % with the
rise of temperature from 298 to 328 K, which indicates that the
adsorption of MB onto Fe304-GLP@CAB is exothermic. The reduction in
removal efficiency with a rise the temperature can be due to the

10

reduction of surface activity and weakening of the physical forces be-
tween the MB molecules and Fe304-GLP@CAB with increasing tem-
perature [71]. Hence, 298 K was chosen as the optimum solution
temperature.

The thermodynamic study was performed to gain detailed informa-
tion regarding MB adsorption onto Fe304-GLP@CAB further to
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Table 5
Comparison of the maximum adsorption uptake of other materials for MB adsorption.
Adsorbent pH Dosage Initial dye concentration Time Qmax (Mg/ Reference
® (mg/L) (min) )
Zeolite/ferrite nickel/alginate nanocomposite 8.0 0.025 10-50 120 54.05 [56]
Magnetic carbonaceous - 1.0 51.2-510.36 500 163.93 [571
ACSO/Fe304 7.0 0.15 10-100 50 60.6 [58]
Fe-modified banana peel - 2.5 5-20 50 28.1 [59]
Fe304 loaded biochar 6.0 0.6 25-200 240 156.4 [60]
Coconut leaves 8.0 1.5 20-100 920 87.82 [61]
mCMNPs 10.0 0.01 5-80 100 37.52 [62]
G-Fe304/CA 9.0 0.025 10-50 60 51.64 [63]
Ocimum sanctum — Fe304 7.0 2.5 10-60 60 23.8 [64]
Fe304@SiO5-CR 11.0 - 3-27 10 31.44 [65]
Graphene oxide/calcium alginate composite 5.4 0.05 30-80 420 181.8 [66]
Alginate/almond peanut biocomposite 7.0 0.1 10-50 240 22.8 [671
Clin/Fe304 (powder form) 10.0 1.0 10-50 60 45.662 [68]
Alginate/Clin/Fe304 nanocomposite beads 10.0 2.0 10-50 60 12.484 [68]
Magnetic alginate beads 11.0 1.0 20-300 90 106.38 [69]
Magnetic Fe304 nanoparticles loaded guava leaves powder impregnated into
calcium alginate hydrogel beads 10.0 1.0 25-250 90 136.7 Present
study

understand the feasibility and mechanism of the sorption process. The
thermodynamic factors, like as AH® (enthalpy change), AS®, (entropy
change), AG® (Gibbs free energy), and E, (activation energy) were
calculated using the following Egs.:

InK; = —[AH® /RT] + [AS° /R) 15)
C{) - Ce
Ki = C (16)
AG° = —RTInK, a7)
AG’ = AH’ — TAS° (18)
AH(} . A 0
AS® = G 19
T
In(1—0) = Ina — £ (20)
n = ln. RT

where R (8.314 J/mol K) is the gas constant, Kq is the distribution co-
efficient, and T is the temperature of the solution in K. The intercept and
slope of the linear plot of 1/T against In K4 are calculated for calculating
the AS°® and AH° values (Fig. S2a). The estimated values of thermody-
namic factors at various temperatures are listed in Table 6. The
adsorption process proceeded spontaneously and grew more hostile with
lowering the temperature, according to the negative values of AG°
(—7.2999 to —4.0257 kJ/mol), suggesting that increasing temperature
was not favourable for adsorption [72-74]. The lower degree of freedom
of the deposited MB ions was reflected in the negative AS® value
(—106.7 kJ/mol), which also indicated a reduction in the randomness of
the solid/liquid interface during the MB ion adsorption process in Fe3O4-
GLP@CAB [72]. The fact that exothermic nature of the MB adsorption
onto Fe304-GLP@CAB is shown by the negative value of AH® (—38.98
kJ/mol) and the decreasing sorption efficiency with raising the tem-
perature. Additionally, the value of AH° contains details on the
adsorption process type. For physisorption, the value of AHC is often

Table 6
Thermodynamic parameters for the adsorption of MB on Fe304-GLP@CAB.
Temperature [K]  AG° (kJ/ AS°(J/molK)  AH° (kJ/ E, (kJ/
mol) mol) mol)

298 —7.2999
308 —5.8942 -106.7 —38.98 29.4
318 —5.0887
328 —4.0257
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between 0 and - 42 kJ/mol, but for chemisorption, the value is generally
between —42 and — 125 kJ/mol [75,76]. Therefore, the value of AH®
(—38.98 kJ/mol) shows that a physisorption mechanism controls the
adsorption process.

The E, (kJ/mol) was calculated from the slope of the plot of 1/T vs. In
(1-0) (Fig. S2b). The magnitude of the E, indicates whether the sorption
is primarily chemical or physical. Larger activation energies (40.0-800
kJ/mol) indicate chemisorption, whereas lower activation energies
(5.0-40.0 kJ/mol) indicate physisorption [77]. The value of E, for the
removal of MB onto Fe304-GLP@CAB was determined to be 29.4 kJ/
mol, indicating that physisorption was the primary mechanism
involved.

3.7. Desorption and reusability studies

Adsorbent regeneration and recovery of valuable adsorbates is an
essential part of the adsorption process, which also relates to limiting
adsorbent waste. Suppose pollutants can be collected during the
desorption process. In that case, they may be used as valuable resources
for reuse, lowering the cost of the treatment method after a sufficient
number of adsorption-desorption cycles. The reuse of Fe304-GLP@CAB
was investigated by measuring the MB sorption efficiency after treat-
ment with five various eluents. To determine the optimal eluent for MB
dye desorption, five different eluents (DI water, 0.2 M HNO3, 0.2 M
NaOH, 0.2 M (CH3)2CO, and 0.2 M CyHsOH) were tested, and the
findings are displayed in Fig. S3a. The greatest percentage adsorption of
MB under optimum circumstances for fresh Fe304-GLP@CAB was found
to be 95.1 % (control). In Fig. S3a, NaOH and HNOs solutions show the
lowest (18.4 %) and highest (68.1 %) MB desorption percentages,
respectively. The physical nature of the interactions between the Fe304-
GLP@CAB and MB dye may account for the adequate performance of the
HNO3 solution. The presence of H ions in the solution contributes to
adsorbent protonation, resulting in electrostatic repulsion between
+vely charged sites on the Fe304-GLP@CAB and cationic MB dye mol-
ecules. As a result, the best cationic dye desorbing agents are those that
can create more cations in the solution, particularly H' ions [78]. The
effect of HNO3 concentrations ranging from 0.2 M to 1.0 M on the un-
treated Fe304-GLP@CAB is shown in Fig. S3b. It can be shown that
raising the eluent concentrations from 0.2 M to 0.8 M boosted the
desorption efficiency. When 0.8 M HNO3 was utilized as the eluent, the
greatest percentage of desorption was determined to be 91.3 %. The
higher desorption efficiency might be attributed to the excess of H' ions
in concentrated HNO3 solution, causing more dye to desorb from Fe304-
GLP@CAB. However, MB adsorption was somewhat reduced when the
Fe304-GLP@CAB was treated with 1.0 M HNOs. Fig. S3c shows the
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results of a five-cycle cyclic adsorption/regeneration test of the Fe3Oy4-
GLP@CAB. After five cycles, the MB dye adsorption decreased margin-
ally from 95.1 % to 78.9 %, showing that HNO3 successfully regenerated
the majority of the sorption sites on the adsorbent. The existence of a
proportion of unrecovered sorbed MB molecules that occupied a fraction
on the surface of sorption sites explains the reduction in the percentage
of MB uptakes. As a result, in terms of reusability, Fe304-GLP@CAB has
a higher possibility for MB removal.

3.8. MB Dye adsorption in real wastewater

The effectiveness of Fe304-GLP@CAB for MB dye elimination was
investigated in water samples taken from various sources such as a river,
lake, pond, tap water, and DI water. Adsorption tests were carried out by
adding 1.0 g of Fe304-GLP@CAB to 25 mg/L dye concentrations made
using various water samples. The removal efficiency of Fe304-GLP@CAB
for MB dye was found to be somewhat lower in real water samples
compared to DI water (Fig. S4). It might be owing to the existence of
other frequent competing cationic species in actual water samples, such
as Zn?*, Na*, Ca?*, K, Fe®*, and Mg?*.

3.9. MB dye adsorption mechanism

The adsorption of MB dye is affected by numerous process factors,
including pHpyc, solution pH, surface functional groups, and adsorbent
porosity. MB adsorbs onto Fe304-GLP@CAB through liquid-solid phase
interaction, which might be pore diffusion, hydrogen bonding, and
electrostatic interaction. MB dye may have adsorbed onto the Fe3O4-
GLP@CARB as following mechanism and interaction:

e MB dye molecules are electrostatically attracted towards the -vely
charged Fe304-GLP@CAB. At pH > pHpyc, the surface of the Fe3O4-
GLP@CAB was covered with -vely charged —O and -COO™ groups
which electrically bonded or interacted with +vely charged (N*
atoms) groups of MB dye molecules. The possible schemes of MB dye
adsorption onto Fe3O4-GLP@CAB are given in Fig. 11. This electro-
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e H-bonding is also involved in the adsorption of MB by Fe3Os-
GLP@CAB. At pH < pHpyc, the -OH and -COOH groups on the surface
of Fe304-GLP@CAB may be provided H-atoms to commence H-
bonding with the polar N-atom of MB (Fig. 11). At basic pH, H-
bonding contributes less than electrostatic interaction.

e The Fe304-GLP@CAB porous structure suggests the possibility of

adsorbed MB dye molecules via pore diffusion and the physical

process.

The surface functional groups of the Fe3O4-GLP@CAB interacted

with the MB dye molecules by electrostatic contact and hydrogen

bonding, according to FTIR analyses of the Fe304-GLP@CAB before
and after MB dye adsorption.

4. Conclusions

In this work, novel Fe304-GLP@CAB was successfully synthesized by
a simple and inexpensive method and employed to remove MB from an
aqueous solution. Characterization approaches (BET/BJH, FTIR, VSM,
FE-SEM/EDX, pHpyzc, and XRD) proved the successful incorporation of
Fe304-GLP into the CAB. The Ms. value of the Fe304-GLP@CAB was 7.8
emu/g, which confirms the high separation capability of the Fe304-
GLP@CAB by a magnet. The MB removal depends on temperature,
dosage, solution pH, contact duration, MB dye concentration, and stir-
ring speed. The maximum removal efficiency of MB (95.2 %) on the
Fe304-GLP@CAB occurred at pH = 10.0, dosage = 1.0 g/30 mL, MB dye
concentration = 25 mg/L, agitation speed = 250 rpm, contact duration
= 90 min, and temperature = 298 K. Considering the values of ¥2, SSE,
and Rz, the adsorption of MB on Fe304-GLP@CAB best fitted to the
Langmuir isotherm model. The maximal adsorption efficiency by the
Langmuir model is calculated to be 136.7 mg/g at 298 K. As the tem-
perature increased, the adsorption efficiency decreased. PFO kinetic
model better described the adsorption kinetics. Various thermodynamic
factors were obtained from the adsorption process, revealing that the
adsorption process was exothermic. The negative values of AS® (—106.7
J/mol K), AH® (—38.98 kJ/mol), and AG® (—7.2999 to —4.0257 kJ/mol)
demonstrate that the adsorption of MB onto Fe304-GLP@CAB was

static interaction made a stronger link between them. random, physical, and spontaneous within the experiment
pH < pHpze pH=6.8 = pHp;¢ pH > pHp;¢
* OHy' OO\M
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-
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Fig. 11. Possible interaction and mechanism of MB dye adsorption onto Fe;04-GLP@CAB.
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temperatures. The adsorption mechanism of MB on Fe304-GLP@CAB
occurred through electrostatic interaction, pore diffusion, hydrogen
bonding, and physisorption. Desorption and regeneration of MB could
be attained by using 0.8 M HNOs eluent, and the recyclability results
showed that Fe304-GLP@CAB was very appropriate for the removal of
MB from the liquid phase after five cycles. These results designated that
Fe304-GLP@CAB could be employed as an efficient and environmentally
friendly sorbent for the elimination of MB from an aqueous
environment.
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