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Ecofriendly chitosan/Al-MCM-48 (CH/AI-MCM) was synthesized from natural microcline and assessed as a potential adsorbent
of As (V) ions with enhanced capacity. The As (V) adsorption properties of CH/Al-MCM were assessed in comparison with Al-
MCM-41 as a single phase. The studied CH/Al-MCM exhibits 178.6 mg/g as As (V) adsorption capacity which is higher than Al-
MCM-41 (124 mg/g). The adsorption properties were illustrated based on the pseudo-first-order kinetic, Langmuir isotherm, and
monolayer model with one energy site. Based on the recognized steric parameters, CH/Al-MCM displays significant enhancement
in the active sites density (Nm =88.8 mg/g (20°C)) as compared to AI-MCM (Nm = 61.5mg/g). This signifies the role of the
chitosan integration process in enhancing the adsorption capacity by increasing the availability of the present active sites. The
number of adsorbed arsenic ions (2.01 to 2.66) suggests the uptake of 2 or 3 ions per free site by a multi-ionic and physical
mechanism considering the adsorption energy (-16.3 to —16.9 kJ/mol). The thermodynamic functions of entropy, internal energy,
and free enthalpy reflect the spontaneous and exothermic properties of the studied As (V) adsorption system by CH/AI-MCM.
Moreover, the composite displays significant As (V) adsorption capacity in the existence of other dissolved ions.

1. Introduction

The levels of the toxic heavy metal ions in the primary
freshwater resources and water supplies have been increased
to unacceptable values considering the environmental and
health restrictions [1]. This occurred as a result of the sig-
nificant increase in mining, industrial, and metallurgical

activities [2, 3]. Most of the detected metal ions in the water
supply especially at the over concentrations were categorized
as toxic and carcinogenic ions that have high accumulation
properties within the human and animal bodies which
classify them as hazardous pollutants for humans, animals,
and aquatic life [4, 5]. The arsenic ions either the trivalent
arsenic (As (III)) or pentavalent arsenic (As (V)) species
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were categorized as common types of heavy metal pollutants
in the water resources that are of several environmental and
health side effects [6, 7]. The existence of As (V) species at
concentrations higher than 10ug/L has significant carci-
nogenic effects on the kidney, lung, skin, and urine bladder
[8, 9]. In addition, other diseases were reported for the As
(V) concentrations such as vomiting, esophageal cancer,
bloody diarrhea, cardiovascular disease, gastrointestinal
pain, and diabetes [2, 10]. Several recommended methods
were applied to diminish the detected concentrations of As
(V) in water to the acceptable or recommended standards.
These methods involved the membrane filtration, biological
remediation, ion exchange purification, chemical pre-
cipitation, and adsorption [11, 12]. Adsorption de-
contamination of As (V) has been advocated in several
performed studies as a simple, low-cost, and recyclable
technique [1]. The recently studied adsorbents of As (V) ions
included ZnO/zeolite [13], Co-Zn-ZIF [14], MWCNTs [15],
Fe/biochar [9], iron oxyhydroxide [11], goethite [16], and
activated carbon [7]. The preparation cost, availability of
precursors, adsorption capacity, and adsorption kinetic are
essential parameters to select the best adsorbent structures
[8, 17, 18].

The nanoporous structures of silica that are of MCM
species (MCM-41 or MCM-48) were assessed strongly as
potential adsorbents for several species of metal ions and
other dissolved chemicals in the water resources [19, 20].
Structurally, they are of high surficial reactivity and sig-
nificant surface area as a result of their nanoporous
properties and the structural active silanol groups [21].
Unfortunately, the common forms of such structures were
produced based on very expensive chemicals as precursors
which also exhibit toxic properties which reduce the
commercial and industrial value of their different forms
[21]. Therefore, introducing new or alternative precursors
based on the naturally present silicate and silicate-bearing
minerals and rocks was suggested to overcome the ex-
pensive cost of the traditional chemical compounds
during the production of MCM silica [22, 23]. From the
common natural silicate mineral, the different varieties of
teldspar minerals with their alkaline aluminum silicate
composition can be used as raw materials during the
production of MCM nanoporous silica. They are of very
wide distribution in both metamorphic and igneous rocks
representing the most abundant mineral after quartz in
nature [24]. K-feldspar minerals as microcline are of
potassium aluminum silicate chemical structure (KAl-
Si;Og) which qualifies them strongly to be very suitable
precursors for the fabrication of aluminum-rich meso-
porous silica [23, 25].

Moreover, the controlled functionalization of the
silica MCM structures with promising biopolymer chains
is of significant positive impact on the textural and
technical properties of MCM silica in the resulted hybrid
structures [26, 27]. The prepared biopolymer/MCM
composites are of multifunctional active groups, en-
hanced adsorption capacity, enhanced reactivity, en-
hanced biodegradability, and high safety [19, 28].
Chitosan as a common, biodegradable, low-cost, natural,
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and cationic biopolymer was recommended to form an
innovative hybrid structure with MCM silica [22, 29].
Chemically, it is of polyaminosaccharide structure and
exhibits several attractive technical properties such as
high biodegradability, high stability, nontoxicity, high
biocompatibility, and high adsorption capacity [29, 30].
Therefore, the chitosan-based structures and composites
were applied extensively in the water remediation pro-
cesses including both organic and inorganic dissolved
chemicals as well as other medical applications such as
protein delivery, gene delivery, tissue engineering, cos-
metics, and drugs [29, 31].

In our previous studies, we investigate the properties of
chitosan/Al-MCM-41 structure as a potential drug delivery
system with enhanced loading and release properties [22].
Based on the obtained results, the structure was recom-
mended significantly to be applied as effective adsorbents
during the remediation of heavy metals and/or other toxic
chemicals. Consequently, here the study introduces detailed
studies about the adsorption properties of Al-MCM-41
mesoporous silica that was synthesized from natural mi-
crocline mineral and its chitosan functionalized product
(chitosan/Al-MCM-41 composite) during the retention of
the toxic As (V) ions from water. The effect of the chitosan
chains was addressed based on the main experimental pa-
rameters, classic equilibrium studies, and the physical sig-
nificance of advanced equilibrium models of statistical
physics theory considering the number of active sites, oc-
cupied ion per each adsorption site, adsorption energy, and
the thermodynamic functions.

2. Experimental Work

2.1. Materials. Natural microcline samples were collected
from Wadi Zareib, Quseir area, Eastern Desert, Egypt, as the
main precursor in the synthesis of AI-MCM-41 (Figure S1).
Chemically, the microcline sample composed of SiO,
(75.15%), AlLO5 (10.93%), Fe,O5 (2.47%), K,O (3.468%),
Na,O (2.896%), CaO (1.975%), MgO (0.769%), TiO,
(0.308%), P,Os5 (0.307%), and MnO (0.307%). Cetyl-
trimethylammonium bromide (CTAB; 99%), chitosan (CH)
powder (MW 120,000; 85%), sodium hydroxide (97%),
ethanol (95%), and hydrochloric acid (HCI) were delivered
from Sigma-Aldrich, Egypt, as the required chemical during
the synthesis processes. Arsenic (As (V)) standard solution
of 1000 mg/L concentration was used as stock during the
preparation of the polluted solutions at different
concentrations.

2.2. Synthesis of AI-MCM-41. 'The synthesis procedures were
conducted based on the reported method by Chen et al.
[23]. After grinding the microcline sample to a size range
from 15 ym to 100 um, the obtained fractions were heated
for 8h at 850°C as a step to destruct its crystalline
framework. After that, the heated sample (5 g) was treated
with HCI solution (150 mL) of 5M concentration at 85°C
for 4h. After washing the treated sample from the
remaining HCl solution, 0.3 g of the leached fractions were
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mixed with the solid pellets of NaOH (1:1 ratio), and the
mixture was heated at 100°C for 2 h. The fused microcline/
NaOH mixture was ground, mixed with distilled water
(50 mL), and stirred for 12h under room temperature.
Then, the product was mixed with 10 mL of CTAB solution
(0.5 g) at adjusted conditions of pH 9 and 65°C for 2 h. The
new mixture was hydrothermally treated in Teflon lined
stainless-steel autoclave at 110°C for 24 h. After cooling, the
synthetic Al bearing MCM-41 fractions were extracted
from the residual solutions, washed with ethanol as well as
distilled water, and dried at 80°C for about 12 h. Finally, the
synthetic AlI-MCM particles were heated for 6 h at 550°C to
remove used CTAB molecules and the product was labeled
as AI-MCM.

2.3. Synthesis Chitosan/Al-MCM-41 Nanocomposite (CH/Al-
MCM). The integration between the prepared AI-MCM and
chitosan was performed by a simple method based on the
reported procedures by Jiang et al. [19]. About 3 g of the
synthetic AI-MCM was homogenized with a certain volume
of distilled water (50 mL) for 180 min in the existence of
a sonication source (240 W). At the same time, the chitosan
solution was prepared by dissolving 3g of the polymer
powder in acetic acid of 0.1M (50mL). After that, the
chitosan solution was mixed with the AI-MCM suspension
and the resulted mixture was stirred for 12 h under the effect
of the sonication irradiation (240 W). After this period, the
resulted particles of CH/AI-MCM were extracted by a fil-
tration process, washed carefully to avoid the effect of the
rest acetic acid, and finally dried for 12h at 60°C.

2.4. Characterization Techniques. The crystal phases and
crystal structures were studied based on the low angle XRD
patterns (1° to 10°) and high angle patterns (5° to 70°) by X-
ray diffractometer (PANalytical (Empyrean)) to confirm
the successful conversion of microcline into the meso-
porous structure and structural impacts of the integrated
chitosan. The chemical structures were studied based on the
FT-IR spectra of the materials within the determination
frequency range from 400 cm™' to 4000 cm ™' by Fourier-
transform infrared spectrometer (Shimadzu; FTIR-8400S).
This analysis supports the structural findings according to
the XRD analysis as it reflects the possible chemical in-
teraction between the integrated components which cannot
be determined strongly based on the XRD patterns. The
surficial features and the material forms were studied by
scanning electron microscope (Gemini, Zeiss-Ultra 55).
The internal structures and features were addressed by
a high-resolution transmission electron microscope (JEOL-
JEM2100). The morphological studies also confirm the
formation of the composite and support the XRD and
FT-IR findings in addition to their significance on the
textual and microstructural properties. The microstructural
studies such as the surface area and porosity of AI-MCM
and CH/AI-MCM were measured using a surface area
analyzer (a Beckman Coulter SA3100) as essential and
effective parameters during the application of AI-MCM and
CH/AI-MCM as adsorbents.

2.5. Adsorption Studies. The performed tests were designed
according to experimental variables of the batch studies
considering the experimental influence of pH (2-7), dosages
(0.1-0.5g/L), uptake contact time (30-1020 min), temper-
ature (20-40°C), As (V) concentration (50-400 mg/L), and
certain volume (200 mL). Each experiment was repeated
three times, and the determined results were presented in
their averages achieving standard deviations less than 4.7%.
The treated solutions by both Al-MCM and CH/AI-MCM
were acidified using diluted nitric acid (2%), and the rest
concentrations of As (V) were measured by inductively
coupled plasma mass spectrometry (Perkin Elmer). The As
(V) adsorption capacity (Q,) was estimated based on the
following equation:

(Ca _CE)V) (1)

Qe(mg/g) = m

where Q, is the estimated As (V) adsorption capacity in mg/
g, C, is the starting As (V) concentration in mg/L, C, is the
rest As (V) concentration in mg/L, m is the adsorbent dosage
in g, and V is the volume of the As (V) solution in mL. The
determination coefficient (R*) and chi-squared test (XZ) were
assessed during the evaluation of the classic isotherm and
kinetic nonlinear equations (Table S1) considering equations
(2) and (3), respectively.

Z (qe, exp qe,cal)2
Z (qe, exp = Yemean )2

R =1- (2)

2
Z (qe, exp qe,cal) . (3)

X =
Ge,cal

For the studied advanced equilibrium models based on
the statistical physics theory assumptions (Table S1), the root
mean square error (RMSE) was used to detect the fitting
degree according to equation (4) in addition to the values of
correlation coefficient (R?) values.

ZZI (Qical - QieXP)2 (4)

RMSE = ; )
m-=p

where m, Qic,1, Qiexp, and p symbols in the equation denate
the experimental data, As (V) adsorbed quantity, actual As
(V) adsorbed quantity, and number of the assessed variables,
respectively.

3. Results and Discussion

3.1. Characterization of the Adsorbents. Based on the XRD
results, the low angle patterns of both AI-MCM-41 and CH/
Al-MCM declare the existence of three dominant peaks 2.4
(100), 3.65° (110), and 4.52° (200) which signifies the high
order mesoporous structure of MCM-41 (JCPDS 00-049-
1712) (Figures 1(a) and 1(b)). The deviation in these peaks in
the pattern of CH/AI-MCM suggested the effect of the in-
tegrated chitosan chains and their interaction with the
silanol active groups of the AI-MCM substrate (Figure 1(b)).
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FIGURE 1: Low angle XRD patterns of synthetic AI-MCM (A) and
CH/AI-MCM composite (B).

The high angle pattern of the synthetic Al-MCM-based
materials as compared to microcline precursor demon-
strates the successful transformation of the crystalline
structure of microcline into the semicrystalline structure of
MCM-41 (Figure 2). The pattern of Al- MCM, as well as CH/
Al-MCM, appeared as the common patterns of amorphous
silica with a broad peak around 22.5° (Figure 2). The pattern
of CH/AI-MCM shows deviated and much reduced peak at
about 20.2° which identifies the integrated chitosan con-
sidering the pattern of the raw chitosan powder (Figure 2).

The morphological studies declared the formation of Al-
MCM-based microcline in elliptical or spherical forms
which was reported commonly to the mesoporous silica of
MCM-41 type (Figure 3(a)). For the prepared CH/AI-MCM
composite, the AI-MCM particles were recognized to be
coated with fibers or lenticular grains which is related to the
chitosan component of the composite (Figures 3(b) and
3(c)). The TEM images for the spherical grains for AI-MCM
declared the hexagonal pores of MCM-41 (Figure 3(d)). The
HRTEM images of the CH/AI-MCM composite reflect the
existence of the AI-MCM as inclusion within the lenticular
particle of chitosan (Figures 3(e) and 3(f)). The high
magnification of CH/AI-MCM demonstrates the porous
properties of the enclosed AI-MCM grains (Figures 3(e) and
3(f)). The morphological properties have a strong impact on
the textural and microstructural properties. There is a con-
siderable increase in the surface area (935 m*/g for AI-MCM
and 942m’/g for CH/AI-MCM) and the pore diameter
(2.73 nm for AI-MCM and 3.42 nm for CH/AI-MCM). This
signifies the effect of the integrated chitosan as the fibrous
habit of its particles, and the porosity of its polymeric matrix
causes enhancement of the surface area and increases in the
average pore diameter.

The FT-IR spectrum of CH/AI-MCM was compared
with the spectra of chitosan and AI-MCM (Figure 4). The
spectrum of Al-MCM displays the identification band of
mesoporous silica (Si-O-) at 457.1 cm™! in addition to other
common bands at 810 cm™ (symmetric Si-O-Si), 963 cm™
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Figure 2: High angle XRD patterns of synthetic AI-MCM (A),
integrated chitosan (B), and CH/AI-MCM composite (C).

(Si-O-Al), 1075 cm™ (asymmetric Si-O-Si), and 3735 cm™!
(silanol groups) [20, 32, 33] (Figure 4(a)). The spectrum of
CH/AI-MCM (Figure 4(c)) exhibits the same bands but at
shifted positions in addition to other new bands that are
related to the reported chemical structure of the function-
alized chitosan (Figure 4(b)). The recognized chemical
groups that signify the chitosan structure in the spectrum of
CH/AI-MCM are C-O (1084cm™), C-H (1375cm™), and
N-H (1492 cm™) [30] (Figure 4(c)). This reflects the for-
mation of the composite based on the interaction between
the active MCM-41 silanol groups and N-H as well as C=0O
groups of chitosan by forming a chemical complex as the
absorption bands of these groups were consumed strongly
after the integration reactions.

3.2. Adsorption Results

3.2.1. Effect of Adsorption pH. The influence of solution
pH as experimental variable was assessed from pH 2 until
pH 7 at certain values for the other parameters (concen-
tration (100 mg/L), volume (200 mL), time (120 min), dosage
(0.1 g/L), and temperature (20°C)). The determined As (V)
sequestration results either by Al-MCM or by CH/Al- MCM
with the increment in the pH of the solutions up to pH 6
(36.8mg/g (AI-MCM) and 54.6mg/g (CH/Al- MCM))
(Figure 5). Beyond this pH value (pH 6), the addressed
adsorbents display observable adverse behavior, and the
estimated capacities declined significantly (Figure 5). The
previous adsorption behaviors as a function of the solution
pH were illustrated considering the speciation properties of
As (V) ions as well as the surface properties of both AI-MCM
and CH/AI-MCM. The speciation diagram of As (V)
demonstrates its existence in neutral form (H3AsQ,) within
pH range from pH 2 to pH 3 and acidic forms from pH 3 to
pH 12 (H,AsO, (pH 4 to 5.5), HAsO,*", and AsO,>~ (PH7
to 12)) [34-36]. Considering such speciation behaviors of As
(V) and the predicted deprotonation of the reactive
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HRTEM images of the CH/AI-MCM composite (E, F).
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FIGURE 4: FT-IR spectra of the prepared AI-MCM (A), integrated
chitosan (B), and CH/AI-MCM composite (C).

functional groups of Al-MCM (silanol units (Si-OH)) and
CH/Al- MCM (Si-OH, N-H, OH, C-N, and C=0) by in-
creasing the pH value, pH 6 achieve the best retention
properties as the structures still exhibit the satisfying positive
charges that can provide effective electrostatic attractive
forces with the acidic As (V) ions. At the neutral to high
pH conditions, the enrichment of the AI-MCM and CH/
Al-MCM structures in negatively charged hydroxyl ions
causes significant repulsion of the interaction As (V) ions
which also are of acidic forms [2].

i Z
FIGURE 3: SEM image of the prepared AI-MCM (A), SEM image CH/AI-MCM composite (B, C), HRTEM image of Al-MCM (D), and

60
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FiGuRre 5: The determined As (V) retention capacities of AI-MCM
and CH/AI-MCM at the different studied pH values.

3.2.2. Kinetic Studies

(1) Time Interval. The As (V) adsorption properties as
a function of the addressed time intervals were studied
within a tested range from 30 min to 1020 min at certain
values for the other parameters (concentration (100 mg/L),
volume (200 mL), pH (6), dosage (0.1 g/L), and temperature
(20°C)). The As (V) uptake processes by AI-MCM and CH/
AI-MCM exhibit observable segmental curves with time
(Figure 6(a)). The segmental form of the curves is related to
two different As (V) uptake rates; the first segment or
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FIGURE 6: The change in the As (V) retention capacities of AI-MCM and CH/AI-MCM with the contact time (a), intra-particle-diffusion
curves of AI-MCM and CH/AI-MCM composite (b), fitting of retention results of As (V) with the kinetic models using AI-MCM (c), and
fitting of retention results of As (V) with the kinetic models using CH/Al-MCM (d).

portion is associated with a rapid As (V) uptake rate which
can be detected up to 540 min either for AI-MCM or CH/
Al-MCM (Figure 6(a)). This is followed by another stage
which appears in the second segment characterized by
a fixed or neglected As (V) uptake rate of no obvious increase
in the actual uptake capacity and attends an equilibration
state (65.6 mg/g (AlI-MCM) and 101.4 mg/g (CH/Al-MCM))
(Figure 6(a)). The retention or adsorption equilibration
states of AI-MCM and CH/AI-MCM were attended as
a result of the significant and continuous occupation of their
effective receptors or active sites with the adsorbed As (V)
ions which reduce the actual retention rates with time until
the full saturation of all the present sites with the adsorbed
metal ions [2].

(2) Intra-Particle-Diffusion Behavior. The plotted intra-
particle-diffusion curves of both AI-MCM and CH/AI-MCM
as applied adsorbents for As (V) ions exhibit observable

segmental properties without detection for the intersection
between the curves and the original points. This suggested
the operation of more than one As (V) adsorption mech-
anism in addition to the diffusion processes of its dissolved
ions [2] (Figure 6(b)). The detected segments can be clas-
sified into three portions considering the slope of the curves.
The initially recognized segment that covers the starting
sequestration intervals is related to retentions of arsenic (As
(V)) by the external or the surficial free active receptors or
sites of AI-MCM and CH/AI-MCM (Figure 6(b)). The
identification of the second segment reflects the significant
vanishing of surficial uptake mechanisms and the operation
of the layered adsorption processes [37] (Figure 6(b)). The
finally detected segment appears to cover the adsorption
intervals of the equilibration stage. The recognition of this
segment demonstrates the operation of interionic attraction
in addition to/or molecular association processes as the
affecting sequestration mechanisms [37].



Nanomaterials and Nanotechnology

(3) Kinetic Modeling. The kinetic behaviors and properties of
Al-MCM and CH/AI-MCM adsorption systems during the
sequestration of arsenic (As (V)) from water were discussed
according to the recognized nonlinear fitting degrees
(correlation coefficient (R?) and chi-squared test ()(2)) be-
tween the uptake results and the kinetic assumptions of
pseudo-first order (P.F) and pseudo-second order (P.S)
models (Figures 6(c) and 6(d)). The recognized values of R?,
as well as y°, validate significant agreement for the uptake of
As (V) by AI-MCM and CH/AI-MCM with the kinetic
assumption of the P.F model as compared to the kinetic
behavior of the P.S model (Figures 6(c) and 6(d); Table 1).
The kinetic assumption and properties of the P.F model
suggest the retention of the dissolved ions by types of
physisorption mechanisms [17, 38]. However, the observed
significant fitting with the kinetic equations of the P.S model
suggests a considerable impact on some chemisorption
processes such as chemical bonding, chemical complexes,
and electron sharing [1].

3.2.3. Equilibrium Studies

(1) As (V) Concentration. The adsorption behaviors of Al-
MCM and CH/AI-MCM using different starting As (V)
concentrations were assessed within an experimental range
from 50mg/L to 400 mg/L considering the change in the
temperature conditions from 20°C until 40°C. This was
completed at certain values for the other parameters (time
(24h), volume (200 mL), pH (6), dosage (0.1 g/L), and tem-
perature (20°C)). The experimentally measured As (V) re-
tention capacities by Al-MCM and CH/AI-MCM were
enhanced at a remarkable rate at the high starting concen-
trations of the arsenic ions (Figure 7(a)). This enhanced effect
is credited to the expected acceleration in the diffusion and
driving forces of As (V) under the saturation of the solutions
with its dissolved ions which induce the interaction chances
between the surfaces of AI-MCM and CH/AI-MCM and the
arsenic ions [2]. The increment in the AI-MCM and CH/
Al-MCM uptake capacities as adsorbents of As (V) ions was
detected as a function of the tested concentrations until
certain concentrations which are the equilibrium concen-
trations (Figure 7(a)). The equilibrium concentrations for the
uptake of As (V) by AI-MCM are 300 mg/L (20°C and 30°C)
and 350 mg/L (40°C) (Figure 7(a)). For CH/AI-MCM, the
recognized equilibrium concentrations are 250 mg/L at the
addressed three retention temperature values. The de-
termined adsorption campsites of As (V) at these concen-
trations are the maximum capacities that can be achieved
experimentally. The determined As (V) maximum retention
capacities by AI-MCM at 20°C, 30°C, and 40°C are 115 mg/g,
84 mg/g, and 71.2 mg/g, respectively (Figure 7(a)). For CH/
Al-MCM, the estimated maximum capacities are 170.4 mg/g,
110.6 mg/g, and 80.8 mg/g at a studied temperature of 20°C,
30°C, and 40°C, respectively (Figure 7(a)). The previously
reported findings declare a significant positive effect for the
functionalized chitosan on the As (V) adsorption properties
of AI-MCM either by prompting the surface area and/or
providing additional adsorption active functional groups.

(2) Classic Isotherm Modeling. The equilibrium behaviors of
the AI-MCM and CH/AI-MCM adsorption systems of As
(V) were described considering the nonlinear fitting pro-
cesses of the obtained results with the equilibrium and
isotherm assumptions of the commonly studied Langmuir
(L.G) (Figures 7(b) and 7(d)), Freundlich (F.E) (Figures 7(c)
and 7(e)), and Dubinin-Radushkevich (D-R) models
(Figures 7(f) and 7(g)) as well as their theoretical param-
eters. According to the recognized R* and y* values, the
adsorption of arsenic by both AI-MCM and CH/AI-MCM
follows the equilibrium assumption and properties of
Langmuir isotherm rather than the reported properties of
Freundlich isotherm (Table 1). This validates the retention of
the arsenic metal (As (V) in homogenous and monolayer
forms [39]. The estimated theoretical As (V) Qpax values
considering the best reaction temperature (20°C) are
125.4 mg/g and 202.6 mg/g for AI-MCM and CH/AI-MCM,
respectively, (Table 1). Based on the estimated Gaussian
energy as theoretical parameters for the fitting processes of
the As (V) adsorption results with the D-R model, the uptake
reactions either by AI-MCM (4.6-5.3kJ/mol) or CH/
Al-MCM (2.8-4.4 kJ/mol) are within the reported range for
the physisorption processes (<8 kJ/mol) (Table 1) [2].

(3) Advanced Isotherm Models. A monolayer model with one
energy site was assessed to illustrate the equilibrium
properties of the performed As (V) uptake processes either
by AI-MCM (Figure 7(h)) or CH/AI-MCM (Figure 7(i))
according to the advanced assumption of the statistical
physics theory (Table 1). The main mathematical fitting
parameters which were estimated are the steric parameters
(n (number of adsorbed arsenic ions per each site), Nm (the
active site’s density of AI-MCM and CH/AI-MCM), and Qg
(the As (V) uptake capacity during the saturation state of the
used adsorbents)) and energetic parameters (AE (the ad-
sorption energy of As (V)), G (enthalpy), Sa (entropy), and
Eiy (internal energy)) (Table 1).

(i) Steric parameters

(a) Number of adsorbed arsenic ions per site (1): The
number of adsorbed arsenic ions per active site (n
parameter) is of promising significance to the
uptake mechanism in addition to the predicted
orientation and/or forms of the adsorbed arsenic
by Al- MCM and CH/AI-MCM. Generally, the
obtained values of # are higher than 1 either for
Al-MCM  (n=2.02-2.31) or CH/AI-MCM
(n=2.02-2.66) which suggests the orientation of
the adsorbed arsenic ions in vertical or non-
parallel orientation (Figure S1; Table 1). More-
over, there are two or three arsenic ions that can
be adsorbed per effective receptor or site by types
of multi-ionic mechanisms [40, 41]. Regarding
the temperature impact on the values of n pa-
rameters of AlI-MCM, the values increased line-
arly with the elevation in the tested temperature
from 293K (n=2.02) to 313K (n=2.31) reflect-
ing a significant increase in the aggregation af-
finities of the adsorbed arsenic ion (Figure8(a);
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TaBLE 1: The theoretically obtained mathematical parameters of the evaluated kinetic models, classic isotherm models, and advanced

isotherm models.

Materials Models Parameters Values
Kinetic models
K, (1/min) 0.0046
Q (Cal) (mg/g) 69.8
Pseudo-first-order el S
R 0.96
X 1.122
Al-MCM K, (1/min) 41x107°
Qe(cany (mg/g) 92.4
Pseudo-second-order R 0.94
)'g 1.69
K, (1/min) 0.0047
Pseudo-first-order Qe(cal)R(zmg/g) 3267
X2 1.003
CH/AI-MCM K, (mg/min) 2.83x107°
i ) Qe(cany (mg/g) 140.3
Pseudo-second-order e 0.95
X? 1.74
293K 303K 313K
Parameters of the classic isotherm models
Qmax (mg/g) 1254 90.7 82.8
B (L/mg) 0.0054 0.00188  0.0011
Langmuir model R? 0.95 0.93 0.93
b'g 0.98 1.65 1.43
1/n 0.56 0.80 0.89
Freundlich model ke (ng/ 8 4.64 0.83 041
ALMCM R 0.88 0.90 0.91
b'Q 222 24 2.02
B (mol’/kJ*)  0.0236  0.021  0.0177
Q. (mg/g) 113 83.5 72
D-R model R? 0.97 0.96 0.96
b'g 0.57 0.84 0.85
E (kJ/mol) 4.6 4.87 53
Qmax (mg/g) 2026 1832 1025
Lanemuir model B (L/mg) 0.0069  0.004  0.0035
gmu R 0.95 0.90 0.91
'Q 1.47 2.7 1.82
1/n 0.5 0.64 0.66
. kr (mg/g) 7.41 2.87 1.77
CH/AI-MCM Freundlich model R 0.86 0.84 0.85
)'g 3.4 437 2.92
B (mol®/k]*)  0.063  0.048  0.025
Q. (mg/g) 169.2 113.5 82
D-R model R? 0.97 0.99 0.99
X2 0.68 0.15 0.19
E (kJ/mol) 2.8 3.2 44
Steric and energetic parameters of the advanced isotherm model
R? 0998 099  0.997
N 2.02 225 2.31
Nm (mg/g) 61.53 4043  33.54
Al-MCM Qsat (mg/g) 124 91.2 77.8
C1/2 (mg/L)  84.88  116.03 129.03
AE (kKJ/mol) -16.03 -1578 —16.03
R? 0996 0994  0.997
N 2.01 2.66 2.54
Nm (mg/g)  88.86  46.69 38.3
CH/AI-MCM Qsat (mg/g) 178.6 124.2 98.5
C1/2 (mg/L) 7415 83.7 89.58
AE (kJ/mol) -1636 -16.6 —16.98
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FIGURE 8: Schematic diagram for the adsorption mechanism of As (V) by CH/AI-MCM composite.

Table 1). The predicted augmentation in the ar-
senic aggregation validates the impact of the
thermal or energetic activation on the adsorption
system prior to the chemical interactions between
AS (V) and the reactive receptors of Al-MCM. For
CH/AI-MCM, the values of the n parameter in-
creased significantly with the temperature from
293K (n=2.01) to 303K (n=2.66) and then de-
clined again after adjusting the temperature at the
higher value (313K; n=2.54) (Figure 8(a);
Table 1). This behavior might be related to the
expected changes in quantities and types of the
effective receptors of the arsenic ions with the
experimental change in the temperature condi-
tions [41, 42].

(b) Density of the occupied active sites (Nm): The

Nm steric mathematical parameter denotes the
occupied active site densities of AI-MCM and
CH/AI-MCM during the sequestration of dis-
solved arsenic (As (V)). The recognized Nm
values of CH/AI-MCM at all the inspected
temperature (Nm = 88.8 mg/g (293 K), 46.9 mg/g
(303K), and 38.8 mg/g (313K)) are higher than
Al-MCM (Nm=61.5mg/g (293K), 40.4mg/g
(303K), and 33.5mg/g (313K)) (Figure 8(b);
Table 1). This reveals the enhancement impact of
the functionalization process with chitosan
chains on the quantities of free and effective
receptors by providing the formed structure of
new types of active functional groups. Regarding
the actual impact of the adsorption temperature,
the recognized Nm values either for AI-MCM or
CH/AI-MCM declined strongly with the eleva-
tion in the tested temperature from 293 K until
313K (Figure 8(b); Table 1). This behavior is
a predicted result of the remarkable increase in
the arsenic aggregation properties and the pre-
dicted deactivation effect of high-temperature
conditions (313 K) on the chitosan active site [41].

(c) Adsorption of arsenic at the saturation state (Qg,):

The As (V) Qg values of AI-MCM and CH/
Al-MCM are controlled by the reported numbers
of the adsorbed arsenic and/or the active sites’
densities. Generally, the Qg values of both Al-
MCM and CH/Al- MCM declined strongly by
increasing the experimental temperature values
from 293K to 313K (Figure 8(c); Table 1). The
determined values by Al-MCM are 124.3mg/g,
91.2mg/g, and 77.8 mg/g at the studied temper-
ature of 293K, 303K, and 313K, respectively,
(Figure 8(c); Table 1). The obtained values using
the CH/Al- MCM composite are 178.6 mg/g,
1242 mg/g, and 98.5mg/g at temperatures of
293K, 303 K, and 313 K, respectively, (Figure 8(c);
Table 1). The recognized variations in the calcu-
lated values of Qg values with the studied ex-
perimental temperature exhibit the same trends of
the Nm values. Therefore, the arsenic adsorption
capacities of AI-MCM and CH/AI-MCM depend
mainly on the quantities of the distributed effective
receptors. This illustrates the reported higher As
(V) uptake capacity of CH/Al-MCM than Al-
MCM as single components.

(i) Energetic Properties

(a) Adsorption energy (AE): The adsorption energies

(AE) of AI-MCM and CH/AI-MCM adsorption
systems for As (V) reflect the controlling
mechanism. The adsorption energies were cal-
culated based on equation (5) where the pre-
sented symbols of AE, R, T, S, and C denate the As
(V) adsorption energy, gas constant, absolute
temperature, the solubility of As (V) salt, and the
concentration of the arsenic ions at the half-
saturation state [41].

AE = RTln(%). (5)
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The adsorption systems that display AE less than
40kJ/mol elaborate the operation of physical
mechanisms including hydrogen bonding
(<30kJ/mol), van der Waals forces (4-10 kJ/mol),
hydrophobic bonding (5kJ/mol), coordination
exchange process (40 k]J/mol), and dipole bond-
ing forces (2-29 kJ/mol) [41, 43]. The obtained
AE values of AI-MCM (15.8 to 16.03 kJ/mol) and
CH/AI-MCM (16.3 to 17 kJ/mol) are within the
reported range for the physical adsorption pro-
cesses (Table 1). Also, the values suggested
complex hydrogen bonding (<30kJ/mol) and
dipole bonding forces (2-29 kJ/mol) as the ef-
fective mechanism. The negative signs of the
estimated AE values of AI-MCM or CH/AI-MCM
during the arsenic adsorption validate the exo-
thermic properties of the two systems [44]. The
suggested retention mechanism of As (V) by CH/
Al- MCM was presented graphically in Figure 9
considering the main effective chemical groups.

(ii) Thermodynamic Functions

1 Entropy (Sa): The entropy (Sa) of the arsenic
uptake reactions using Al-MCM and CH/
Al-MCM as adsorbents considering the assessed
As (V) concentration as well as the experimental
temperature validates significantly the order and/
or disorder properties of the inspected adsor-
bents. The obtained values of entropy were es-
timated directly from equation (6) [44].

&l (e))

— = Nm{ln( 1+

Ky Cun

) n( C ) In(C/C 112 }
Cam/ 1+ (C/C(m))n

The estimated trends of Sa values at the addressed
As (V) concentrations decrease at a remarkable
rate with testing the high arsenic concentrations
(Figures 8(d) and 8(e)). This reflects recognizable
intensification in the surficial disorder properties
of AI-MCM and CH/AI-MCM during the in-
teractions between their surfaces and the arsenic
ions. Moreover, this suggests significant docking
of the adsorbed arsenic on the effective and free
receptors of AI-MCM and CH/AI-MCM at the
tested low concentrations of As (V) [41, 42]. For
Al-MCM,, the entropy exhibits its maxima values
at equilibrium concentrations of 91.8 mg/L
(293K), 143mg/L (303K), and 144.58 mg/L
(313K) (Figure 8(d)). For CH/AI-MCM the
maxima entropy values were recognized at the
equilibrium concentrations of 87.3 mg/L (293 K),
91.95mg/L (303K), and 94.4mg/L (313K)
(Figure 8(e)). The previous values are close to
recognized concentrations of arsenic at the half-

saturation (C1/2) states of Al- MCM as well as
CH/AI-MCM. This proves the full saturation of

(6)
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these effective receptors with the adsorbed As (V)
at these equilibrium concentrations and in turn
no more jons might be docked into these sites.
Beyond the previous concentrations, the Sa
values declined strongly reflecting the remarkable
drop in the effective receptors and diffusion
behavior of As (V) ions as well as their freedom
degrees [40].

(2) Internal Energy (E;,,) and Free Enthalpy (G): The
internal energies of AI-MCM and CH/AI-MCM
adsorption systems for As (V) were determined
based on equation (7) considering the translation
partition value per unit volume (Z,) [44].

Ew _ [((C/C(m))”ln(C/ZV)>

KBT 1+ (C/C(l/z))n

_ <”ln(C/C1/2) (C/CI/Z)H>:|.

1+ (C/C(I/z))n

The obtained internal energies (E;,,) of AI-MCM
and CH/AI-MCM display negatively signed
values which are associated with the reactions
that exhibit spontaneous properties at all the
assessed As (V) concentrations and experimen-
tally adjusted temperature (Figures 8(f) and
8(g)). The distinguished diminution in the Ej,,
values with the uptake temperature from 293 K to
313K proves the adsorption of As (V) by exo-
thermic  reactions either by Al-MCM
(Figure 8(f)) or CH/AI-MCM (Figure 8(g)). In
addition, determining the free enthalpy (G) based
on equation (8) as negative values at the assessed
arsenic concentrations and experimental tem-
perature values confirm the previously recog-
nized findings according to the E;,, values
(Figures 8(h) and 8(i)). The uptake of dissolved
arsenic ions by both AI-MCM and CH/AI-MCM
occurred by spontaneous reactions. Moreover,
the recognized decline in the calculated G values
with the experimental temperature reflects a sig-
nificant fall in the feasibility properties of the
arsenic uptake reactions at high-temperature
conditions (Figures 8(h) and 8(i))

G In(C/Z,)

N, ) 8
KT~ e (Cip/C) ®

3.2.4. Effects of Coexisting Ions. The As (V) adsorption ef-
ficiency by CH/Al-MCM was studied considering the effects
of the other dissolved metals (Cd (II), Pb (II), Ni (II), and Co
(I1)) and chemical anions (NO~, PO 7, SO*", and CO*").
The experimental variables were adjusted at 24h as equi-
librium time, 400 mg/L as tested concentration, 200 mL as
the studied volume, 0.1 g/L as the used CH/Al-MCM dosage,
20°C as the temperature of the test, and pH 6. The de-
termined results demonstrate neglected or slight adverse
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FIGURE 9: The theoretical variation in the adsorbed As (V) per site (a), change in adsorption sites density (b), change in the As (V) Qsat
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the internal energy of AI-MCM adsorption system (f), change in the internal energy of CH/Al-MCM adsorption system (g), change in the
enthalpy of AI-MCM adsorption system (h), and change in the enthalpy of CH/AI-MCM adsorption system (i).

impact of the studied chemical anions (NO~, SO*~, PO’
and CO*") on the efficiency of CH/AI-MCM as adsorbent
for As (V) ions (Figure 10(a)). The high competitive effect
was detected during the existence of PO’ as well as CO*~
chemical anions as compared to both NO™ and SO*~ anions
(Figure 10(a)). This is credited to the physicochemical
similarity between them (As (V) and PO*") and the tendency
of the adsorbed phosphate to create strong inner-sphere
complexes [8, 34]. The similarity between CO?” anions and
As (V) in the chemical molecular structure is the main

reason for the detected carbonate competitive effect on the
surface of CH/AI-MCM composite [34]. The low compet-
itive effect of the NO™ and SO®™ anions was assigned to the
adsorption of these anions by types of outer-sphere com-
plexes as compared to the As (V) ions that are commonly
adsorbed by stable inner-sphere complexes (Figure 10(a))
[34, 45].

Regarding the actual impacts of Cd (II), Pb (II), Ni (II),
and Co (II) cations, they are of strong side and competitive
effects on the affinity of the composite for the arsenic ions
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(Figure 10(b)). The determined As (V) adsorption capacity
declined significantly to 50.8 mg/g, 103.4 mg/g, 76.8 mg/g,
and 116.5 mg/g during the coexistence of Cd (II), Ni (II), Pb
(II), and Co (II) within the adsorption system (Figure 10(b)).
However, the coexisting of such metal ions are of significant
adverse impact, the recognized As (V) adsorption results
qualify the prepared CH/AlI-MCM composite to be applied
to realistic remediation of the water resources considering
the tested concentrations of the metals.

3.2.5. Influence of the Dosage. The experimental effect of
CH/AI-MCM dosage on the actual removal of As (V) was
followed from 0.1 g/L to 0.5 g/L. The experimental variables
were adjusted at 24 h as equilibrium time, 100 mg/L as the
tested concentration, 200 mL as the studied volume, 20°C as
temperature, and pH 6. The determined As (V) in the
treated samples by different dosages of CH/AI-MCM de-
clared a strong increase in its removal percentages with the
regular increase in the solid dosages from 0.1 g/L (12.7%) to
0.7g/L (100%) (Figure 11). This enhancement impact
demonstrates an increase in the surface area of CH/
Al-MCM at the water interface as well as the quantities of
the reactive sites [21].

3.2.6. Recyclability. The recyclability or reusability of CH/
Al-MCM particles is a serious factor during the commercial
assessment of the product and realistic applications. The
spent particles of CH/Al-MCM were washed with 20 mL of
dilute alkaline solution (0.05 M NaOH) for 120 min at a fixed
temperature of 20°C. After that, the washed particles were
rewashed with distilled water four times and each run
consumed 10 min to avoid the effect of the excess NaOH and
then dried overnight at 60°C. The previous washing steps
were repeated after each reusability test. The experimental
variables were adjusted at 24 h as equilibrium time, 400 mg/L
as the tested concentration, 200 mL as the studied volume,
0.1g/L as the used CH/AI-MCM dosage, and 20°C as

Removal of As (V) (%)

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Dosage (g/L)

FiGure 11: The changes in the As (V) removal percentages as
function of the applied CH/Al-MCM dosage.

temperature, and pH 6. The prepared CH/AI-MCM ad-
sorbent exhibits remarkable recyclability and stability
considering the number of the investigated cycles as well as
the studied concentration (Figure 12). The measured As (V)
adsorption capacities by CH/AI-MCM for the investigated
six recyclability cycles are 170.4 mg/g (Cycle 1), 169.6 mg/g
(Cycle 2), 166.3mg/g (Cycle 3), 160.4mg/g (Cycle 4),
152.2 mg/g (Cycle 5), and 143.3 mg/g (Cycle 6) (Figure 12).
The observed slight diminution in the measured As (V)
uptake capacity by CH/AI-MCM with repeating the recy-
clability cycles might be assigned to the expected and regular
increment in the created chemical complexes between the
sequestrated metal ions and the reactive functional groups.

3.2.7. Comparison Study. The determined Q, values of As
(V) by the synthetic structures were assessed in comparison
with the other investigated materials in previous studies
(Table 2). The structures exhibit higher capacities than most
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TaBLE 2: The determined Qg, values of As (V) by the synthetic
structures in comparison with the other investigated materials in
previous studies.

Adsorbent Q(max) (Mg/g) Reference
Goethite/goethite P 34.1 [16]
ZnO/AISBA-15 123.9 [13]
MWCNTs OCH,CO,H 250 [15]
ZrO(OH),/CNTs 124.5 [46]
0.26,-Fe,03/SBA-15 23 [47]
Chitosan-coated biosorbent 96.4 [48]
FeOx-GO 113 [49]
MWCNTs 200 [15]
Fe-MWCNTs 250 [50]
GONRs 155.6 [51]
Zirconium-nanoscale carbon 110 [52]
Iron oxide nanoparticle 22.9 [53]
GO/CuFe,0,4 foam 124.6 [54]
Silica-sand/cationized-starch 76.6 [55]
Al-MCM 124 This study
CH/Al-MCM 178.6 This study

of the presented adsorbents, especially for the composite
(CH/AI-MCM) (Table 2). This validates the high technical
and commercial values of the presented hybrid structure as it
was produced from natural raw materials by simplistic
synthesis steps in addition to its remarkable safety and
environmental value. Therefore, the addressed CH/Al-MCM
structure can be escalated to be used effectually in realistic
and actual removal of As (V) from industrial wastewater and
drinking water.

4. Conclusion

Chitosan/Al-MCM-48 (CH/AI-MCM) was produced by
a simple synthesis method as an enhanced and ecofriendly
adsorbent structure of the dissolved As (V) ions in the
aqueous ecosystem. It achieved As (V) adsorption capacity
of 178.6 mg/g which has enhanced values as compared to Al-
MCM-41 (124 mg/g). These uptake reactions exhibit the

Nanomaterials and Nanotechnology

pseudo-first-order kinetic behaviors and classic Langmuir
isotherm properties. The theoretically estimated steric pa-
rameters reflect a significant enhancement in the density
values of the active sites after the functionalization step with
chitosan (Nm =88.8 mg/g for CH/AI-MCM and 61.5 mg/g
for AI-MCM). Also, the observed values of the estimated n
parameter (2.01 up to 2.66) reveals the possible uptake of 2
to 3 As (V) ions per effective site of CH/Al-MCM by types
of multi-ionic mechanisms. The determined As (V) ad-
sorption energy (-16.3 to —16.9kJ/mol) demonstrates the
physical uptake of the metal ions (hydrogen bonding
(<30kJ/mol) and dipole bonding forces (2-29kJ/mol)).
The recognized behaviors of entropy and internal energy as
well as the free enthalpy declared the adsorption of As (V)
by spontaneous and exothermic processes. Moreover, the
composite displays promising reusability and As (V) ad-
sorption capacity either as free ions or under the influence
of other dissolved ions.

Data Availability

The data used to support the findings of this study are
available from the corresponding authors upon reasonable
request.

Additional Points

Recommendation. Further studies will be conducted to
follow the kinetic and isotherm properties of the structure as
adsorbents of some metal ions considering different values
of the solutions pH. This will involve the advanced equi-
librium modeling and molecular modeling structure.
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