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Abstract

In this study, adsorption of two cationic dyes, Toluidine Blue (TB) and Methyl violet 2B (MV 2B) from an aqueous
solution was achieved by using multifunctional composite material. The formulation of the composite (MO@HA) was
obtained by using Moringa oleifera seed hull powder, calcium chloride (CaCl,), and ammonium hydrogenophosphate
(NH,),HPO, salts. Surface morphology, functional groups, specific surface area, and surface charge of the composite were
explored using Scanning electron microscopy (SEM), Fourier Transform infrared spectroscopy (FTIR), BET analysis,
and point of zero charge (PZC), respectively. The composite material resulted in a structural change in the surface of the
adsorbents, increased oxygen vacancies, enhancement of active sites, and a specific surface area of 735.55 m? g~!. Dif-
ferent adsorption parameters such as pH, contact time, adsorbent dosage, and initial concentration were evaluated. The
adsorption study showed that equilibrium was reached after 60 min, and the optimum adsorption pH for both dyes (TB
and MV 2B) was 6. Langmuir, Freundlich, Liu, and Temkin were fitted to describe the adsorption isotherm, both TB and
MYV 2B had best correlation with Liu isotherm. The maximum adsorption capacity of TB and MV 2B were 341.488 and
182.453 mg g™, respectively. Adsorption-desorption cycling studies on the adsorbent confirmed its regeneration and reus-
ability after 5 cycles. A possible adsorption mechanism involving electrostatic interactions, n-n bonding, and hydrogen
bonding was suggested. These findings highlight a new direction in the development of efficient and sustainable adsorbent
in environmental remediation, specifically in the removal of dyes from aqueous solution.
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1 Introduction

Water pollution represents a critical global challenge that
threatens both aquatic environment and human health in
significant ways. Due to the rapid evolution of human indus-
trial activities such as textile, tanning, pharmaceuticals, and
cosmetics, water pollution has resulted to the contamination
of effluents with organic dyes [1, 2] In recent years, textile
industry has emerged as one of the most significant sectors
and a massive income for many countries in the world. It is
estimated that 700.000 tons of dyes and pigments are annu-
ally consumed worldwide, and textile industries represent
two-thirds of the consumption [3]. Unfortunately, because
of their complex aromatic structure, dyes are highly stable
in water and resistant to biodegradation which extends their
detrimental effects in water bodies. Furthermore, most of
dyes are carcinogenic, hazardous, lethal even at low con-
centrations due to their toxicity, and can be discharged into
water and in the environment [1, 4, 5]. Methyl violet 2B
is one of the most used cationic dye characterized by its
intense violet colour in water that hinders the photosynthe-
sis process, negatively affects living organisms, and a wide
range of disorder in human beings [4, 6]. Toluidine Blue
(TB), also known as Tolonium chloride is a basic thiazine
metachromatic dye used in forensic examination, manu-
facturing of chemicals, and in the production of dyestuff.
However, recent studies reported that either ingestion or
direct contact with TB can severely affect human health [7].
Therefore, it is important to remove these contaminants to
safeguard the environment and promote water reuse.
Several approaches such as adsorption [8—10], advanced
oxidation process [11], filtration [12], coagulation and floc-
culation [13], electrochemical [14], photocatalysis [15—17]
have been reported for the removal of organic dye in aqueous
solution. However, compared to other approaches, adsorp-
tion process is more acceptable due to its benefits such as
relatively low cost, simplicity, eco-friendliness, no harm-
ful byproduct, low sludge production, high regeneration,
and reuse performance. Different materials have been used
as adsorbents, however, a critical factor considered in the
choice of materials is sustainability and cost-effectiveness.
Biomaterials derived from agricultural waste have
attracted attention as a new type of adsorbents, because of
the rich presence of polysaccharides and proteins with vari-
ous functional groups such as carboxyl, hydroxyl, and phos-
phates [18]. Consequently, Vallisneria Natans [19], cocoa
shell [10], waste potato peels [20], Lychaete pellucida [21],
ipomoea aquatica [22], banana peel [23], Biochar/Delonix
regia seed gum/chitosan [24], Moringa oleifera seeds [25],
and rice husk [26] are different agro-wastes and aquatic
waste commonly used as adsorbents for dye removal from
textile effluents. Adsorbents such as activated carbons [27],

clay adsorbents [28], zeolites [29], macroporous chitosan
microspheres [30], and composite-based metal oxide-based
adsorbents [6] have also been used in the process of remov-
ing dyes from aqueous media.

Moringa oleifera (MO) also is a polyvalent growing tree
that belongs to the family of Moringaceae, and consists of
different fruits including seeds, seed husks, and pods [31].
MO tolerates semiarid conditions, and thus can easily be
found in sub-Saharan African countries. MO seeds are well
known for their benefits and have been used as a green, ver-
satile, inexpensive and available adsorbent for water treat-
ment [32]. Hydroxyapatite [Ca,;(PO4)4(OH),] (HA) is the
main inorganic component of hard tissues in human body,
which can also be synthesized with calcium and phosphate
salts. Because of its distinctive properties such as non-
toxicity, high surface area, chemical and thermal stability,
biocompatibility, eco-friendliness, and particular crystal
structure, HA has been used as a promising adsorbent for
the removal of organic pollutants and various dyes in solu-
tion [33, 34]. However, HA nanoparticles are prone to form
aggregates in aqueous solution which can significantly
reduce its surface area and removal effectiveness. The
design and choice of modification method play an impor-
tant role in the physicochemical properties and adsorption
capacity of a material [24]. To the best of our knowledge,
there are no reports on the preparation of crosslinked Mor-
inga oleifera seed hull powder with hydroxyapatite (MO@
HA) as a potential adsorbent for the removal of Toluidine
Blue (TB) and Methyl violet 2B (MV 2B) cationic dyes.
Therefore, preparing a composite material may improve the
adsorption properties that each component cannot achieve
separately.

Consequently, the main objective of this study was to
explore the potential of a composite of Moringa oleif-
era seed hull powder, calcium chloride (CaCl,), and
ammonium hydrogenophosphate (NH,),HPO, salts as
an adsorbent for addressing the challenges of environ-
mental pollution by dyes such as TB and MV 2B. The
composite material was characterized by FT-IR, SEM,
BET analysis, and point of zero charge. The adsorption
behaviour was investigated by important parameters
such as contact time, pH, adsorbent dosage, temperature,
and coexisting ions on the adsorption of TB and MV 2B
were studied. The adsorption characteristics of MO@HA
were explored, and the data obtained from the adsorp-
tion isotherms were fitted to different models to better
understand the interaction of the adsorbent with the pol-
lutants. Desorption/regeneration study was performed to
determine the reusability of MO@HA adsorbent.
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2 2. Materials and Methods
2.1 Chemicals

Calcium chloride (CaCl, 97%), ammonium hydrogen phos-
phate ((NH,),HPO,, 98%), hydrochloric acid (HCI, 37%),
sodium hydroxide (NaOH, 98%), sodium nitrate (NaNOj,
99%), toluidine blue (TB), and methyl violet 2B (MV 2B)
(Fig. 1) were purchased from Sigma Aldrich (Germany)
were used as supplied. All solutions were prepared without
any purification.

2.2 Moringa Hulls Harvesting and Preparation

Moringa seed hulls were collected from Goldavi village,
located in the Far North Region of Cameroon. The hulls
were manually separated from the seeds and washed with
distilled water several times to get rid of suspended materi-
als or possible contaminants. The recovered cellulosic mate-
rial was sun-dried for a week, and then dried in an oven at
100 °C for 24 h. Once dried, it was ground by mortar and
pestle, sieved through a 160 pum stainless steel. The obtained
powder was stored in a glass container and labelled MOB.
Subsequently, this powder was treated with sodium hydrox-
ide solution (NaOH, 1 mol L™!) to delignify the material,
increase the number of adsorbent binding sites, and allow
the availability of adsorption sites [10]. Thereafter, 5 g
MOB was introduced into a 200 mL conical flask contain-
ing 100 mL sodium hydroxide (NaOH, 1 M) at 323 K and
stirred continuously at 150 rpm for 90 min. After pretreat-
ment, the mixture was filtered with Whatman filter paper,
washed several times with distilled water until neutral pH
was reached, and dried in an oven at 70 °C for 24 h. The
resulting material was labelled MOA.

2.3 Preparation of Composite

The composite material was prepared as follows: 0.11 g
of CaCl, (0.01 M) was dissolved in a 150 mL beaker con-
taining 200 mL of distilled water and stirred vigorously for
10 min to completely dissolve the calcium chloride salt. To
this solution, 4 g of MOA was added to form a suspension of
a mixture designated as a. In another beaker containing 200
mL of distilled water, 0.66 g of (NH,),HPO, (0.025 M) was
dissolved and stirred until the ammonium hydrogen phos-
phate salt was completely dissolved (about 10 min), and the
mixture formed was designated as . The solutions a and
B were then adjusted to a pH =10.0 using solutions of HCI
(0.1 M) and NaOH (0.1 M). Finally, solution B was added in
dropwise to solution a while stirring continuosly. After 36 h
of incubation, the precipitate formed was isolated and then
washed four times with ethanol (98%) to remove the water
and effectively isolate the precipitate. The resulting precipi-
tate was oven-dried at 90 °C for 24 h to obtain the composite
material labeled MO@HA, and kept in a tight container for
further studies.

2.4 Characterization of Materials

The samples MOB, MOA, and MO@HA were character-
ized by using different techniques such as scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), BET analysis, and point of zero charge (pHpzc). For
the SEM analysis, the adsorbents were gold plated at 18 mA
for 360 s using a Biorad E5200, and images were acquired
using a ZEISS EVO 15-electron microscope. Fourier trans-
form infrared (FTIR) spectroscopy analysis was performed
using a Tensor 27 spectrometer (Bruker) with a ZnSe ATR
crystal with a scanning range from 4000 to 500 cm™. For

Fig. 1 Chemical structures of a TB and b MV 2B
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each spectrum, 20 scans were recorded with a resolution of
4 cm™!. The evaluation of specific surface area with BET
analysis was achieved using Micrometrics Tristar 11 3000
(USA). The solid addition method determined the pH val-
ues at the point of zero charge (pHpzc) of MOB, MOA, and
MO@HA [8]. The pH values were determined using a Con-
sort C 863 multiparameter electronic analyzer. The initial
pH value (pH;) of 50 mL of NaNO, (0.1 mol L") solution
was adjusted to the pH range of 2 to 12 using 0.1 mol L™!
of NaOH and HCI. Then, 0.1 g of each sample was intro-
duced in a 100 mL conical flask containing 50 mL of NaNO,
solution, then homogeniously stirred for 3 h and stored for
48 h to reach equilibrium at room temperature. The final pH
(pHy) of the solution was recorded, and pHpzc was found at
ApH=0 from a plot of (pH; - pH;) versus pH;.

2.5 Batch Adsorption and Desorption Studies

Numerous adsorption parameters for the removal of TB and
MYV 2B were investigated, including initial (pHi), adsorbent
dosage (m), initial dye concentration (C,), contact time (t),
and temperature (T). For each adsorption experiment, in a
100 mL beaker containing a mass of 0.1 g of MO@HA,
50 mL of dye solutions were introduced with a concentra-
tion ranging from 50 to 300 mg L' and pHi ranging from
2 to 12. The mixture was then stirred at a constant speed of
200 rpm until reaching equilibrium (three equal measure-
ments of the dye concentration in the liquid phase). The
solutions were then analyzed colorimetrically using HACH
DR 3900 spectrophotometer at maximum absorbance wave-
length of 630 nm and 585 nm for TB and MV 2B, respec-
tively. All the experiments were performed in triplicate and
the average are presented in this study.

The effect of pHi on dye removal was carried out over a
pH ranging from 2 to 12, and the adjustment of pHi was done
by adding an aqueous solution of NaOH or HCI (0.1 mol
L™1). The optimal adsorbent mass was obtained by varying
the amount of MO@HA (0.1-0.5 g) in 50 mL of the dye
solutions until equilibrium was reached. The evaluation of
the temperature effect was performed using five beakers of
100 mL, each containing 50 mL of a 100 mg L~" Toluidine
blue or Methyl violet 2B solution and 0.1 g of MO@HA
stirred at different temperatures, including 293 K, 303 K,
313 K, 323 K and 333 K and pHi of 6 for TB and MV 2B,
respectively.

The adsorption kinetics was studied using (0.1 g) adsor-
bent in 50 mL dye solutions at the initial pH with an ini-
tial dye concentration of 100 mg L in 100 mL beakers.
The suspensions were stirred at intervals ranging from 0 to
120 min to reach equilibrium. After a given time, the solu-
tion was filtered and then quantitatively analyzed.

Equilibrium adsorption isotherms were performed to
determine the maximum adsorption capacity (q,,,,) at room
temperature. For this purpose, 0.1 g of MO@HA was mixed
with 50 mL of solutions with different initial pollutant con-
centrations ranging from 0 to 300 mg L"! at initial pH. Then,
the suspensions were stirred for a given equilibrium time.

The adsorption quantities at equilibrium (q, in mg g™
were calculated using Eq. (1), and the percentage of adsorp-
tion (%R) was estimated using Eq. (2):

Co —Ce)V
g, = (07 (1)
C[]_Ce>

%R = .
0

100 2

where C,, and C, are the initial and equilibrium concentra-
tions (mg L), respectively, V is the volume of the solution
(L), and m is the mass of adsorbent used in (g).

The desorption experiments were performed using HCI
solution (1x107> mol L) as an eluent to estimate the
reversibility of MO@HA and the recovery of Toluidine blue
or Methyl violet 2B. The adsorbents were first equilibrated
with the dyes in an aqueous solution with an initial concen-
tration of 100 mg L'!. Then the desorption test was initiated
by mixing in the presence of HCI solution until the equi-
librium time. After the desorption test, the adsorbents were
thoroughly washed with distilled water and reused in the
next round of adsorption experiments. The desorption and
regeneration experiments were performed at room tempera-
ture. The amounts of dyes desorbed (q,,,) and the efficiency
(% des) were determined by Egs. 3 and 4, respectively:

C( es A4
Qdes = : (3)

m

% des — (Cf gfcr >100 (4)

where Cg is the concentration of dyes desorbed (in mg
L"), V is the volume of the solution (in L), m is the mass of
adsorbent (in g), C; is the initial concentration of MO@HA
loaded dye (in mg L), and C, is the final concentration of
MO@HA loaded with dye (in mg L™).

The effect of coexisting ions consisted of evaluating the
impact of chemical species such as NaCl and CaCl, in a
range of concentration of 0.01 to 0.1 mg L™! of dye concen-
tration. The experiment was carried out at room temperature
at 200 rpm with 0.1 g of MO@HA at maximum pH solution.
The residual solutions were filtered and the solutions were
then analyzed with the HACH DR 3900 spectrophotometer.

@ Springer



3018 Journal of Inorganic and Organometallic Polymers and Materials (2025) 35:3014-3030

The respective adsorption quantities and removal percent-
ages were obtained from Eqs. 1 and 2.

2.6 2.6 Mathematical Approaches for TB and MV 2B
Adsorption onto MO@HA

Adsorption isotherms are essential for maximizing the prac-
tical use of adsorbents and explaining their interaction with
adsorbates. In this study, adsorption isotherm was performed
at room temperature, and the experimental data were simu-
lated by three well-known isotherms including Langmuir,
Freundlich, and Liu. The following relationships describe
the non-linear form of these isotherms:

_ Qma_\"KL'CE
e = 14+ Kp.C, (5)
a. = Kp.C/™ (6)

Qmax’ (KVT'CG)HL
Qe = ° L 7
1+ (K,.Co)

RT

Qe = In (ArC.) ®)
br

where q, is the adsorbate amount adsorbed at equilibrium
(mg g); C, is the adsorbate concentration at equilibrium
(mg L"); Q. is the maximum sorption capacity of the
adsorbent (mg g™!); K is the Langmuir equilibrium constant
(L mg™"); Ky is the Freundlich equilibrium constant [mg.g™!.
(mg.L'y""F]; K, is the Liu equilibrium constant (L mg™);
ng and n; are the exponents of Freundlich and Liu model,
respectively, (np and n; are dimensionless), A; is the Tem-
kin isotherm (L g'), by is the constant related to the heat of
adsorption ( J mol™), T is the absolute temperature (K), and
R is the universal gas constant (J mol™' K™).

3 Results and Discussion
3.1 Characterization Results
3.1.1 FT-IR Spectral Analysis

The FT-IR spectra of MOB, MOA, and MO@HA are shown
in Fig. 2, which display broad bands around 3373, 3374,
and 3371 cm™!, respectively. These bands are characteris-
tic of the hydroxyl group (-OH) of either carboxylic acids,
alcohols, and/or phenolic groups. The peaks located around
2931 and 2847 cm™! are associated with -C-H and -CH2-
groups, respectively [35]. These groups could be linked

@ Springer

to the structure of the cellulose, hemicellulose, and lignin
contained in the powdered hulls of the moringa seeds. The
peaks around 2338 and 2366 cm™!, which are present only
in the spectrum of the MOA, could be attributed to the
stretching vibrations of the O =C =0 bonds. The bands that
appeared around 1592, 1624, and 1627 cm™" (between 1500
and 2000 cm™') are ascribed to the C-O stretching vibra-
tions and N-H in-plane bending vibrations. These bands are
characteristic of the primary and secondary amide structures
[36]. The vibrational band due to the -C=C- group of aro-
matic compounds appeared around 1423 cm™!, while the
1263 and 1265 cm™! bands present in all three spectra may
be attributed to the C-O vibration of the ester. The more
intense band at 1033 cm™" in the spectrum of MOA is the
shifting of the-C-O bond to a lower frequency. This shift is
confirmatory of the presence of phenolic compounds and
carboxylic acids and also shows the lignocellulosic struc-
ture of the biosorbent [25]. These variations in the functional
groups present in the biomaterial relates to the differences
in the structure of lignin, hemicellulose, and cellulose in the
hulls of moringa seeds. The more intense peak at around
1027 cm™! in the spectrum of MO@HA composite material
is due to the asymmetric stretching vibration of PO,’. The
peak at 963 cm™! is due to the bending vibration of the P-O-
bond and was observed in the spectrum of the composite
material (MO@HA), but was initially absent in the spec-
tra of the pristine material (MOB) and the NaOH-activated
material (MOA). The peak located at around 873 cm™! in
the spectrum of the MO@HA material is assigned to out-of-
plane deformation vibrations of the C-H bonds of the aro-
matic compounds.

3.1.2 Scanning Electron Microscope (SEM)

Scanning Electron Microscopy was used to assess the mor-
phological structure of unmodified and modified cellulose
fibers obtained from Moringa seed hull powder. The micro-
graphs obtained are shown in Fig. 3a-c. The image of MOB
(Fig. 3(a)) reveals a structure with a leaf-like arrangement,
less dense attributed to the irregularly shaped of lignocel-
lulosic fibers. Likewise, the presence of white patches in the
unmodified Moringa oleifera powder confirms the presence
of hemicellulose. On the other hand, MOA (Fig. 3(b)) shows
agglomerated and more densely fibrous structure which
may be due to the pectin, cellulose, hemicellulose, lignin,
and waxes emerging from the partial dissolution of poly-
saccharides components after sodium hydroxide treatment.
The SEM image of MO@HA (Fig. 3(c)) shows a rough and
cracked morphology with pores distributed across a com-
pacted surface which is possibly attributed to the composit-
ing of the MOA with HA layer, and this confirms a good
adhesion of MOA with HA. The SEM microgram of this
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Fig.2 FT-IR spectra of MOB, MOA, and MO@HA

composite reveals some interesting features regarding the
texture and morphology of the material. Also, the composite
material possesses pores, which increase the possibility for
the absorption and trapping of dye molecules on the surface
of the composite.

3.1.3 Brunauer Emmett Teller Surface Area

The results obtained from the N, equilibrium adsorption
isotherms at 77 K are presented in Table 1. It was found that
the surface area of crosslinked Moringa oleifera hull seed
was evaluated to be 735.55 m? g~!. However, the values
of unmodified (MOB) and treated Moringa oleifera with
sodium hydroxide (MOA) were found to be 665.20 m* g~!
and 712.04 m? g~!, respectively. The increase of surface area
is attributed to the presence of hydroxyapatite. The largest
surface area suggests a good removal efficiency of dyes.

3.1.4 Point of Zero Charge (pHpzc)

The pH,,, is the pH at which the net surface charge, resulting
from the adsorption of the potential determining ions, H;O*
and OH™ is zero. At this value, the surface of the adsorbent
is neutral (pH=pH,, ), while it turns positively charged
at lower pH values (pH < pH,,) or negatively charged at
higher pH values (pH > pH,,.) [37]. According to Fig. 4(a),
the values of PH,, of MOB, MOA, and MO@HA are 3.5,
7.3, and 5.8, respectively. After basic activation of raw
material (MOB) with NaOH, the pH,,,, increases from 3.5
(point of zero charge of raw material, MOB) to 7.3 (point of
zero charge of activated material, MOA). The higher value
of the alkali-activated material (MOA) is probably due to
the presence of carboxylate and alcohol functions, provided
by cellulose and NaOH base treatment. However, when
the activated material is used to form a composite material
with calcium chloride (CaCl,) and diammonium hydrogen

@ Springer
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Fig.3 SEM images of a MOB, b MOA, and ¢ MO@HA

Table 1 BET analysis results of Moringa oleifera seed hulls powder/
hydroxyapatite framework composite

Samples name Single point surface area BET
m?g™) surface
area (m?
gh
MOB 664.0 665.20
MOA 710.0 712.04
MO@HA 734.3 735.55

phosphate salts, the pH,,. decreases up to 5.8, probably
caused by the acidic nature of calcium.

3.2 TB and MV 2B Adsorption Effectiveness onto
Adsorbents

3.2.1 Study of Adsorbent Choice for TB and MV 2B dye
Removal

Figure 4(b) shows a histogram of TB and MV 2B removal

onto MOB, MOA, and MO@HA. This study demon-
strates that natural MOB is relevant in capturing TB and

@ Springer
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MYV 2B, but the performance of MO@HA is better with
more than 140 mg g~! of dye adsorbed. The poor dye
adsorption observed for MOA could be attributed to the
higher pHpzc of the MOA (7.3) than the pH (6.0) of the
dye [38]. In this case (pHpzc > pH), repulsive interac-
tions may occur between TB, MV 2B (cationic dyes), and
the composite surface, since both dyes and the adsorbent
surface have an overall positive charge. However, the
composite MO@HA shows an increase in the adsorption
capacities from 29.06 mg g~! for MOA to 146.36 mg g~!
for MO@HA on TB dye adsorption. In the case of MV
2B, it shows an increase from 21.49 mg g™! to 148.21 mg
g~!. The high adsorption capacity of MO@HA is due to
the more negatively charged sites on the surface of the
composite material, generated by the salt (NH,),HPO,,
which promotes the adsorption of the TB and MV 2B
cations [39]. Therefore, MO@HA was used as the main
adsorbent material in this study.
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3.2.2 Effect of pH

The pH is an important parameter in the dye sorption process.
It controls the strength of electrostatic charges developed on
the surface of the adsorbent during the dye adsorption [40].
The effect of pH on the adsorption of TB and MV 2B dyes
onto MO@HA surfaces was studied within the initial pH
range from 2 to 10. The experimental parameters such as
contact time (1 h), dye concentration (100 mg L"), stirring
speed (250 rpm), solution volume (50 mL), adsorbent dos-
age (0.1 g), and temperature (303 K) were kept constant. As
shown in Fig. 5(a), the maximum adsorption quantities of
149.45 and 137.16 mg g™ for TB and MV 2B respectively,
take place at pH =6 both for TB and MV 2B. In acidic con-
ditions (pH around 6), the limited increase of adsorption
capacities is due to the excess of H" ions that compete with
the positive charge of dye solutions, resulting in an unfavor-
able optimum removal [38]. Moreover, at pH < pHzpc (5.8),
repulsive interactions could have occurred between the cat-
ionic dyes (TB and MV 2B) molecules and the surface of the
adsorbent since both of them had an overall positive charge.
Furthermore, in acidic environments, the adsorption capac-
ity could be impaired by the competition of H* ions with
TB and MV 2B molecules [41]. At high pH (pH > pHzpc),
the surface of composite MO@HA had more negatively
charged sites, favoring the adsorption of TB and MV 2B on
the sorbent [39]. It is therefore assumed that at pH > pHzpc
the adsorption process takes place without significant loss
of color of TB and MV 2B molecules. Here, pH=6 was
selected because it is close to the pH of natural water and
industrial waste and it corresponds to the maximal adsorp-
tion capacity of MO@HA. Further batch adsorption stud-
ies for the reason that this pH value is higher than pHpzc
(5.8) of the composite MO@HA affected to the satisfactory

adsorption process via electrostatic interaction, and it is at
this pH value that we obtain the maximum adsorption quan-
tities for these two cationic dyes.

3.2.3 Effect of Adsorbent Dosage

The effect of the MO@HA (composite) dosage was stud-
ied to investigate the application of adsorbents on TB and
MYV 2B dye adsorption. The different adsorbent doses (0.1,
0.2, 0.3, 0.4, and, 0.5 g) were added into 50 mL of 100 mg
L™! TB and MV 2B dye solution. The solution was adjusted
to the optimum pH of 6, obtained from the previous expe-
rience, at a temperature of 303 K, and a stirring speed of
250 rpm. Then, the adsorption was carried out for 1 h. The
amount of composite material in the range of 0.1 to 0.5 g
on TB and MV 2B adsorption was depicted in Fig. 5(b and
c). As shown in these figures, the amount of TB and MV
2B adsorbed onto the MO@HA decreases respectively with
increasing adsorbent dose. This may be due to many fac-
tors, one of them which is the increase in adsorbent dose
leading to unsaturation of adsorption sites through the
adsorption process. In the case of high adsorbent dosage,
the agglomeration of biosorbent may occur in the solution
and the biosorbent particles obstruct the interaction between
dye molecules and active sites on the composite material
surface [42, 43]. Agglomeration could lead to a decrease
in the total surface area available on the adsorbent and an
increase in diffusional path [44]. This situation could have
negative effects on the adsorption process. As a result, the
amount of composite material (MO@HA) at 0.1 g exhib-
ited high adsorption performance of TB and MV 2B dye
removal. From an economic point of view, this adsorbent
dose is appropriate for further batch experiments.
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3.2.4 Effect of Initial dye Concentration

Figure 5(d) shows the effect of initial concentration on the
adsorption of TB and MV 2B at room temperature. It can
be observed that the adsorption capacity (q,) increases with
increasing initial concentration indicating the higher affinity
between TB and MV 2B with MO@HA. This is because,
a higher adsorbate concentration in the solution increases
the electrostatic repulsion between molecules present in
the medium, thereby increasing the diffusion resistance
for mass transfer inside the solution, but does not increase
the diffusion resistance at the interface [45]. Generally, as
the initial concentration of dye in a solution increases, the
adsorption sites on the adsorbent surface become saturated,
resulting in a decrease of removal efficiency. Also, increas-
ing concentration leads to increase interaction between dye
molecules and MO@HA material, thereby increasing the
adsorption process.
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Initial dye concentration (mg L)

Time=60 min; pH=6; Room temperature); d Initial concentra-
tion onto the prepared composite (V=50 mL; m=0.1 g; pH=6;
Time =60 min; Room temperature)

3.2.5 Effect of Contact Time

The effect of contact time on dye removal by composite
material was studied by variation of the contact time from
15 to 90 min. Figure 6 shows the adsorption capacity versus
the adsorption time at various initial TB and MV 2B con-
centrations at room temperature. This figure shows that the
amount of dye adsorbed on the MO@HA material increases
with time and reaches equilibrium after 60 min. The removal
of TB and MV 2B is faster in the first 15 min of the process
probably due to the abundant availability of active sites
on the MO@HA surface and rapid diffusion through the
composite material pores by mass transfer. However, with
the gradual occupancy of the sites, the sorption of TB and
MYV 2B becomes less efficient. Beyond 60 min, the kinetic
adsorption is slower and the amount of adsorbed TB and
MYV 2B dyes did not significantly change with time, prob-
ably due to the saturation of adsorption sites of MO@HA.
In view of all these, 60 min was taken as the equilibrium
time in batch adsorption experiments.
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Table 2 Adsorption parameters of isotherm models

TB MV 2B
Langmuir
Q. (mgg™h) 252.2143 157.7071
K; (Lmg™") 0.0796 0.1135
R% 0.9987 0.9969
SD (mg g™ 1.8295 2.6461
Freundlich
Ky (mg g! (mg L)1"7F) 25.3243 28.9395
ng 1.5872 23624
R% 0.9968 0.9828
SD (mg g™ 2.9172 6.2305
Liu
Qe (Mg g™h) 341.4881 182.4533
K, (Lmg") 0.0424 0.0782
e 0.8593 0.8303
R% 0.9996 0.9990
SD (mg g™ 0.9784 1.4875
Temkin
Ky, (L mg?) 1.1694 1.3647
by, (J mol™) 54.6000 76.7000
R% 0.9567 0.9886
SD (mg g™ 0.9912 0.9977

3.3 Adsorption Isotherms

The adsorption isothermal equilibrium study was conducted
by fitting the experimental data with the Langmuir, Liu,
Freundlich, and Temkin models. Equilibrium experimental
curves were obtained under the following conditions: tem-
perature (298 K), pH (6), contact time (60 min), adsorbent
dosage 0.1 g, and initial TB, MV 2B dye concentration
between 50 and 300 mg L.

As shown in Table 2, the correlation coefficients (Rzadj)
of the nonlinear form for Liu’s model of TB and MV 2B

Table 3 Comparison of MO@HA adsorbent performance with other
adsorbentsfor the removal of TB and MV 2B

Adsorbents Qmax  PH  References
(mg
gh

TB dyes

Orange peel waste
Giombo persimmon seed

313.40 6.0 [50]
3473 8.0 [51]
[

Macroporous chitosan microspheres  187.69 6.0  [30]

karaya gum 149.64 7.0 [52]
MO@HA 34149 6.0 Present work
MYV 2B dyes

Modified mangosteen pericarp
Activated carbon of oak with ZnO

4775 60 [53]
48.59 9.0 [6]

and Fe,04

Modified carobs 62.50 9.0 [54]
Cross-Linked Chitosan-Genipin/ 7190 84 [2]
Algae

Glutaraldehyde Crosslinked
Chitosan-Algae-Montmorillonite

9830 83 [4]

Chitosan-grafted salicylaldehyde/
algae

115.60 8.04 [55]

Food-grade algae modified Schiff
base-chitosan

Coal-Based Activated Carbon
Treated Okoume sawdust
MO@HA

126.51 8.68 [56]

134.10 9.12 [57]
102.00 9.0 [58]

182.45 6.0 Present work

dyes are 0.9996 and 0.9909 respectively, and the low stan-
dard deviation (SD) values of TB and MV 2B are 0.9784
and 1.4875 respectively, indicating that, the Liu model iso-
therm is consistent for the two dyes. The equilibrium data
for TB and MV 2B adsorption on the MO@HA adsorbents
are well correlated. The maximum adsorption capacities
(Quay)> Shown by Liu’s model are 341.49 and 182.45 mg g™!
for TB and MV 2B, respectively. This model predicts that
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the active sites of adsorbents cannot have the same energy
[46].

The separation factor (R ) value obtained from the Lang-
muir isotherm model decreased with increasing the initial
dyes concentration and it lies in the range (0 <R < 1) sug-
gesting the suitability of the prepared adsorbents for the
adsorption process of TB and MV 2B dyes from aqueous
solutions [47].

The value of n determines the affinity of the process,
chemisorption (np < 1), or physical adsorption (np > 1).
From Fig. 7(c), the Freundlich plot gives a n value of 1.587
and 2.362 for TB and MV 2B dyes respectively, indicat-
ing that physical adsorption occurs [48]. Generally, physi-
cal adsorption is driven by the presence of van der Waals
bonds between the adsorbate and adsorbent. The difference
between these two values is (0.775), and this low variation
demonstrated the heterogeneous surfaces of MO@HA com-
posite material and the high favourability of TB and MV 2B
adsorption onto the prepared adsorbent [47].

The adsorption energy terms by, for TB and MV 2B
determined according to the Temkin model were 76.7 and
54.6 J mol ™!, respectively. These energy values are positive,
indicating that the adsorption reaction is exothermic [49].

Analysis of Table 3 reveals that the MO@HA compos-
ite material developed in this work presents a better perfor-
mance on TB and MV 2B removal compared to the different
adsorbent materials listed.

3.4 3.4. Effect of Co-existing lons

One of the elements that regulates the electrostatic and
non-electrostatic interactions between the adsorbate and
the adsorbent surface is the solution’s ionic strength [59].
Apart from dyes, wastewater from the textile and dye-
producing sectors contains a variety of suspended and dis-
solved chemicals that might be regarded as contaminants in
the dye-removal process. Usually, the most prevalent metal
ions found in wastewater containing dyes are cations, such
as Na*, K*, Ca’*, Cr’*, and Cu®* [60]. High ionic strength,
which is caused by the presence of ions, can have a major
impact on how well the biosorption process works. In this
study, the effects of ionic strength and co-existing ions on
the adsorption quantity of TB and MV 2B dye using MO@
HA composite were investigated using NaCl and CaCl,
solutions at concentrations ranging from 0 to 0.1 mol L.
As depicted in Fig. 8, the effect of ionic strength examined
in this study showed a decreasing trend in removal capac-
ity with increasing salt concentration in the solution. The
outcomes demonstrated that the elimination of TB and MV
2B dye was less effective in the presence of Na*™ and Ca’*
ions in aqueous solutions. The hydrated ion radius may be
the cause of this decline in decontamination of efficiency

@ Springer

because smaller ions may compete with larger dye mole-
cules for space on the adsorbent’s surface, decreasing the
effectiveness of the adsorption process [61]. Furthermore,
it should be mentioned that Ca®* has a greater capacity
than Na't to decrease the TB and MV 2B dye adsorption
efficiency. The ionic radius, molecular weight, and electric
charges of Ca®* ions may be the fundamental causes [6].

3.5 3.5. Desorption and Reusability

In order to recover the dye adsorbed on the MO@HA sur-
face and regenerate the adsorbent for future use, 1072 mol
L~! of HCI solution was used as the eluent to protonate
the acid sites of MO@HA and remove the dyes. As can be
seen in Fig. 9, the amount of desorbed pollutants decreases
with time. This is explained by the fact that pollutants are
released from the material as the desorption time increases.
In both cases, the desorption quantities of 1.190 mg g~! of
TB and 1.508 mg g~! of MV 2B were reached at 480 min.
The very low dye desorption indicates that the dye mole-
cules are bound through strong interaction [10, 62].

In order to avoid the useless economic cost of the adsorp-
tion process, the reuse of adsorbents is a great importance.
Following the TB and MV 2B dye adsorption process onto
the composite material MO@HA), 50 mL of HCl solution
(1x10 mol L!) was added to the adsorbents for 1 h to
perform chemical regeneration. The results showed that
after five cycles, the adsorption efficiency decreased slightly
(Fig. 10).

This decrease could also be due to the degradation of
the adsorbent during the process on one hand, and the loss
of small quantities of the adsorbent during the filtration on
the other hand. The MO@HA composite performed well in
removing TB and MV 2B from the aqueous solution, based
on the results.

3.6 3.6 Adsorption Mechanism

Cross-linking Moringa oléifera seed hull powder with CaCl,
and (NH,),HPO, is a chemical process designed to improve
the powder’s properties and make it more effective for vari-
ous applications. The cross-linking mechanism steps can be
explained as follows: Moringa oleifera seed hull powder
contains functional groups such as hydroxyls, carboxyls and
amines. Thus, the CaCl, reacts with the hydroxyl groups in
the powder to form calcium bonds, and then (NH,),HPO,
reacts with carboxyl groups in the powder to form phos-
phate bonds. The calcium and phosphate bonds create a
three-dimensional network that links the powder particles
together. The FTIR spectra displayed an abundance of
functional groups such as hydroxyl and phosphate groups
available at the surface of composite material which drive
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the adsorption process. The interactions between functional
groups and the dye molecules are represented in Fig. In an
aqueous medium where pH > pHpzc, the functional groups
are negatively charged, therefore a strong electrostatic
attraction is established with the positively charged MV 2B
molecules, contributing to the adsorption process as shown
in Fig. 11. Moreover, the hydrogen bonds interactions play
an important role in the adsorption process. Nitrogen het-
eroatoms of MV 2B dye molecules interact with hydrogen
atoms on the surface of MO@HA to generate hydrogen
bonds. Finally, the interaction between oxygen groups on
the composite material and the arene rings of MV 2B gen-
erate n-m interactions that enhance the overall adsorption
capacity.

In the case of Toluidine Blue dye, hydrogen-binding
interactions may take place between hydrogen atoms of
MO@HA and heteroatom (N and S) at the surface of the
TB dye molecule. Moreover, the positive and negatively
charged species of TB and MO@HA might also be involved
during the adsorption process. The n-m interaction may
occur between heteroatom-containing the composite mate-
rial and aromatic rings of TB.

H,C

Hc & CH

N

4 4 Conclusion

The effective removal of dyes toluidine blue (TB) and
methyl violet 2B (MV 2B) using an MO@HA composite
is a new process used that is reported in this work. Accord-
ing to the characterization analyses, the prepared composite
material exhibited characteristics such as porosity, func-
tional groups, and surface charge which can optimize the
adsorption capacity of cationic dyes. Batch method experi-
ments were realized at room temperature to study the effect
of different parameters on the adsorption of TB and MV 2B
onto MO@HA material. The results showed that the opti-
mal pH of the adsorption medium for both dyes (TB and
MYV 2B) is 6 with a maximum adsorbent dosage of 0.1 g for
an equilibrium time of 60 min. The maximum adsorption
capacity (q,,c) obtained for TB and MV 2B were 341.488
and 182.453 mg g™, respectively. The study of the effect of
coexisting ions showed that Ca®* has a greater capacity than
Na* to decrease the adsorption efficiency of TB and MV2B
dyes on MO@HA material when in the same medium. It
was shown that the sorbents can be regenerated in solu-
tions of acids of which HCl is the most effective. The dye
adsorption-desorption cycle study on the MO@HA material
was performed efficiently for five (05) cycles. The prepared
composite material proved to be an economical, renewable,
and high-performance adsorbent.
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Fig. 11 Suggested adsorption mechanism for the removal of TB and MV 2B by MO@HA
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