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Abstract

Wastewater exhibits elevated concentrations of heavy metals that pose significant risks to human, animal, and plant health. Using chitosan
and metal-organic framework (MOF MIL (53) Fe), a composite was synthesized by hydrothermal methods to eliminate certain heavy metals
(Cu, Cr, Zn, and Pb) from wastewater. The surface areas of chitosan, MOF, and their composite were evaluated using the Brunauer-Emmett-
Teller (BET) method. The measured surface areas were 16.5 m?g for chitosan, 3.5 m?g for MOF, and 109.038 m?g for the composite,
respectively. The morphological analysis was made using a scanning electron microscope (SEM-TEM); the average size particles of chitosan,
MOF, and composite were observed to be (500 to 20) um, (50 to 10) pm, and (50 to 10) um, respectively. The removal efficiency and the
adsorption capacity for chitosan, MOF, and composite were studied at pH 7, adsorbent dose 0.3 g, initial concentration 5 ppm, and contact
time 60 minutes. The mean removal efficiencies were 97.35% for chitosan, 97.45% for MOF, and 98.145% for the chitosan/MOF composite.
The mean adsorption capacities were 0.81 mg/g for chitosan, 0.811 mg/g for MOF, and 0.817 mg/g for the chitosan/MOF composite. The
Freundlich model more accurately describes the sorption of Cu, Cr, Zn, and Pb compared to the Langmuir model. The manufacturing process
of 10 grams of chitosan costs about 70 Egyptian pounds, while 10 grams of MOF costs 700 Egyptian pounds and 10 grams of composite costs
250 Egyptian pounds.

Keywords: Adsorption; Brunauer-Emmett-Teller (BET); Cost-Effectiveness; Freundlich Isotherm; Hydrothermal Synthesis; Langmuir
model.

1. Introduction

Water is an essential natural resource critical to the survival of humans, animals, and plants. Freshwater constitutes only
2.5% of the global water supply, and the proportion of accessible freshwater is significantly limited as a result of its unequal
distribution. According to the 2021 World Water Development Report published by UNESCO, this disparity poses a
significant challenge to sustainable water management worldwide [1, 2]. Over 80% of sewage generated by human activities
is discharged into seas, rivers, and oceans without treatment, leading to significant environmental pollution. More than 80% of
global diseases and 50% of child deaths are linked to poor water quality [3]. Insufficient water sanitation facilitates the
transmission of diseases like trachoma, cholera, schistosomiasis, and helminthiasis. Moreover, polluted water, which
contributes to inadequate environmental sanitation, induces gastrointestinal illnesses, hinders nutritional absorption, and
results in malnutrition [1, 4].

The Environmental Protection Agency (EPA) of the United States classifies water pollutants into six categories, such as
plant nutrients, pathogens, sediment, toxic organic chemicals, toxic heavy metals, and thermal pollutants [5-7]. Heavy metals
such as manganese (Mn), chromium (Cr), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As),
molybdenum (Mo), cadmium (Cd), mercury (Hg), and lead (Pb) are naturally present in soil and can also be byproducts of
agriculture, mining, industrial wastes, vehicle exhausts, lead batteries, paint products, treated woods, aging water supply
infrastructures, and microplastics wastes in oceans [8]. Heavy metals present in wastewater often derive from sources such as
fertilizers, herbicides, and diverse industrial operations, including plating, tanning, dyeing, textile production, and
electrochemical processes [9-13]. Copper, zinc, and lead can contribute to major health problems such as kidney damage, liver
damage, convulsions, cramps, vomiting, CNS disturbances, and even death in severe poisoning cases [14-18].

As potable water supplies continue to diminish, wastewater treatment has surfaced as a viable compensatory approach,
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resulting in several scientific and technological innovations in treatment methods. Conventional wastewater treatment
technologies include chemical precipitation, membrane filtration, and ion exchange. The chemical precipitation method is
commonly employed because of its straightforward approach. While membrane filtration is also efficient, it involves high
initial operational costs. The ion exchange method works by exchanging anions and cations in the solution medium; however,
it is useless in concentrated metal solutions. Many of these methods share similar drawbacks, such as high expenses,
incomplete removal of specific ions, and the production of sludge, which incurs additional costs for disposal.

In recent years, alternative treatment approaches, including photocatalysis, electrochemical techniques, flotation,
coagulation, and adsorption, have gained considerable interest, as conventional water treatment systems rely on centralized
plants that distribute treated water via dedicated distribution networks, while alternative methods offer decentralized, cost-
effective, and environmentally friendly solutions that can be implemented closer to pollution sources, reducing energy
demand and infrastructure requirements. It should be noted that the treatment process may differ from one country to another,
according to many factors such as the population, weather conditions, and the technology used [19, 20].

Regarding heavy metal elimination from wastewater, many methods are available, such as ion exchange, reverse osmosis,
and precipitation, which are important techniques for removing heavy metals chemically [21-25]. Many of these methods
have limitations, such as high cost, time consumption, logistic problems, and mechanical involvement.

As depicted in Figure 1, chitosan is a biodegradable and non-toxic polymer derived from the deacetylation of chitin. Chitin
is a natural polysaccharide commonly found in the exoskeletons of crustaceans, such as shrimp, and in insects [26]. It has
been widely employed in recent decades due to its multiple functional uses, and it is one of the most functionally versatile
adsorbents since it comprises hydroxyl (-OH) and amine (-NH:) groups. It also possesses antimicrobial capabilities, high
cationic charge density, and a cellulose structure that may be used in a variety of applications. While insoluble in most
solvents, chitosan exhibits slight solubility in diluted organic acids, including acetic, lactic, malic, formic, and succinic acids
[27]. Chitosan was used for water treatment and purification in the past as an adsorbent or a flocculent and coagulant for
removing heavy metals from dyes, pesticides, and biological contaminants from different types of water [28].
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N

Fig. 1. Structure of chitosan.

A novel class of highly tunable hybrid materials is Metal-Organic Frameworks (MOFs) seen in Fig. 2. These crystalline
compounds are composed of metal ions or clusters coordinated with rigid organic molecules, forming one-dimensional (1D),
two-dimensional (2D), or three-dimensional (3D) structures with varying porosity. They are formed from metal ions joined by
organic bridging ligands and have received substantial interest because of their large surface area, open crystalline structure,
and their abundance of adjustable organic groups that allow for easy adjustment of pore size [29]. Additionally, their
application in removing pollutants, such as heavy metals, from water has further increased their appeal [30-32].

MOF MIL 53 (Fe) is an organic-inorganic hybrid material composed of iron and terephthalate ligands generating a three-
dimensional (3D) lattice structure with high thermal and hydrolytic stability [33]. MOFs may be integrated into diverse
materials such as nanomaterials and functional materials. They have the potential to be changed to porous carbon materials
and metal oxides/sulphides by several processes such as calcination, sulfurization, and chemical etching.

o
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Fig. 2. Structure of MOF MIL (53) Fe.

Chitosan-coated metal-organic frameworks are chemically and thermally stable, recyclable, and have a high adsorption
capacity. It can be synthesized by the situ growth method and crosslinking between chitosan and metal-organic framework
and used to eliminate heavy metals such as Cu, Cr, Zn, and Pb from wastewater by a very simple process [34, 35].
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Fig. 3. Graphical summary of the heavy metal adsorption by the composite.

The goal of this research is to create composite hydrogel spheres from MIL-53(Fe) and chitosan by covering chitosan with
MIL-53(Fe). The structural and physicochemical characteristics of the composite will be determined utilizing a variety of
methods, including SEM, FTIR, XRD, TGA, BET, and zeta potential analysis. Subsequently, the composite will be used to
remove heavy metals from wastewater.

2. Materials and Methods
2.1. Materials

All of the chemical reagents utilized in this study were analytical grade, including a stock mix solution of 1000 mg/l of
copper, chromium, zinc, and lead with a purity of 99.9%, 98% sodium hydroxide, 68% nitric acid, and 36% hydrochloric acid,
all obtained from Accustandard Company at New Haven in the USA. All the aqueous solutions were prepared by using high-
grade ultrapure water with resistivity (18.2) MQ, the ultrapure water produced from the Millipore Direct-Q-UV device,
France. Also, iron (III) chloride hexahydrate 97%, terephthalic acid 98%, N,N-dimethyl formamide 99.8%, acetic acid 99%,
sodium tripolyphosphate 80%, methanol 99.9%, and acetone 99.5% all were received from Sigma Aldrich company.

2.2. Methods
2.2.1. Preparation of adsorbents

Chitosan was prepared from shrimp shells using 3 kg of Egyptian shrimp from the local market. The shells were dried at
40°C in a ZRD-7080 made in the USA oven for 48 hours, then the dried shells were ground and stored in a plastic bottle at
room temperature. The demineralization process of shrimp shells is then done by soaking in 5% HCI for 24 hours with a solid-
to-ratio of 1:6. After 24 hours, the soft shells were rinsed with water to eliminate acid and calcium chloride, followed by
drying in an oven at 60°C. The procedure was repeated using a 10% HCI solution to verify that the shells were completely
demineralized, yielding 29.5 grams. The demineralized shells were then deproteinized using a 5% NaOH solution for 48 hours
at 60°C, with a solid-to-solvent ratio of 1:10. The residue was washed with distilled water to remove NaOH and dried for 48
hours, yielding 22.38 grams of chitin. The deacetylation method, which transforms chitin to chitosan by removing the acetyl
group, entailed cleaning the decalcified chitin with distilled water before transferring it to a 60% sodium hydroxide solution.
The solution was microwaved for two hours to guarantee full deacetylation. The resulting material was washed with distilled
water and dried at 60°C for 2 hours to provide 15.37 grams of chitosan [36-38].

MOF MIL (53) Fe was synthesized as 10.5 g of iron (III) chloride hexahydrate (FeCls-6H20) was mixed with 5.2 g of 1,4-
benzenedicarboxylic acid and 200 ml of N,N-dimethylformamide. The mixture was then agitated for 30 minutes. The mixture
then was placed in a Teflon-lined steel autoclave and heated in the oven for 15 hours at 120-130°C. A yellow powder was
obtained by filtration and washing with methanol and acetone by a molar ratio of 1:1. MOF MIL53(Fe) was gained by
washing with distilled water and dried overnight in the air [39, 40].

MOF/chitosan composite material was prepared by dissolving 0.12 grams of chitosan in 20 ml of 2 wt. % acetic acid, and
then 0.18 grams of MOF were added. The mixture then was stirred for 3 hours and 10 wt.% NasP3;Oio solution was added
quickly dropwise with constant stirring at room temperature for 15 min. Finally, the MOF/chitosan composite was collected
and rinsed using distilled water, then dried overnight at 80°C [41].
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2.2.2. Preparation of heavy metals stock solution
Preparation of five standard concentrations (100, 50, 25, 10, and 5 ppm) of copper, chromium, zinc, and lead by dilution
from the 1000 ppm standard with ultrapure water.

2.2.3. Adsorbent characterization

The synthesis process of the chitosan, MOF, and MOF MIL (53) Fe/chitosan composite was analyzed using many
techniques. X-ray diffractometer type (X Pert PRO) is used to determine and analyze the phase present in the adsorbent’s
powders. [42, 43]. Brunauer Emmett Teller (BET) surface area, pore volume, and variation in pore size were measured using
the BET instrument model NOV A Station [44, 45]. FTIR spectroscopy was used to identify the adsorbent's functional groups.
It was also used to investigate the spectra of the manufactured samples. The resulting infrared spectra were scanned using
JASCO FTIR-6200 equipment with a range of (4000:400 cm™) [46, 47]. Scanning electron microscope (SEM-EDX) is a well-
established method for the characterization of materials on both microscale and nanoscale. Energy dispersive analysis of X-
rays (EDX) morphological analysis was characterized by a scanning electron microscope type FEI Czech [48]. Bruker
Senterra Raman spectroscopy is a new approach for further characterization and detection of molecular features in many
processes. The frequency accuracy is ~0.1 cm™, and the spectral resolution is <3 cm™!. It operates with three laser excitation
wavelengths: 785, 633, and 532 nm [49]. Raman spectroscopy is utilized to explain the chemical structure and crystalline
nature of nanomaterials to distinguish domain size, bonding type, and internal stress in crystalline and amorphous carbon
material. Transmission electron microscopy (TEM) is a key technique for morphological and compositional characterization
of materials from nanometer to micrometer scales [50-52]. The Zeta Potential Horbia Scientific SZ-100 V2 instrument
measures particle size and particle distribution width using dynamic light scattering (DLS) analysis. It also performs Zeta
Potential measurements between -500 and +500 mV to analyze the stability of colloidal dispersions and estimate the charge of
the adsorbent’s surface [53].

2.2.4. Batch adsorption experiments

Heavy metal adsorption was carried out in a batch setup using 50 ml of solutions containing 10 mg/L of heavy metal
solution at pH 7 which adjusted using 0.1 M HCI and 0.1 M NaOH solutions, shaken at a speed of 150 rpm at room
temperature. The effect of various operational parameters such as contact time, temperature, initial concentration, pH, and
dosage. The final concentrations were determined by the Agilent (ICP-MS) 7700. The Inductively Coupled Plasma Mass
Spectrometry (ICP-MS 7700) is a cutting-edge analytical technique known for its high sensitivity and precision. This
advanced form of mass spectrometry is capable of detecting both metals and nonmetals in materials at extremely low
concentrations, even below one part per trillion [54]. The impact of mass on the adsorption process was studied by using 0.1,
0.2, and 0.3 grams of each adsorbent: chitosan, MOF, and MOF MIL (53) Fe/chitosan composite and shaking for 60 min. The
impact of contact time on adsorption was investigated by using 0.3 g of adsorbent and shaking it for durations of 5, 20, 40,
and 60 minutes. The effect of the starting concentration was investigated using 0.3 g adsorbent at three different
concentrations: 0.1, 1, and 5 mg/L, with shaking for 60 minutes.

The Adsorption Capacity equation may be used to determine the quantity of adsorbed heavy metals on the adsorbent
surface at any given time (t).

(C-C)V
a m
Where ge is the quantity of adsorbed heavy metals per unit mass of adsorbent (mg/g), Co is the heavy metals' original
concentration (mg/L), Ct is the equilibrium concentration (mg/L), V is the metals solution volume (L), and m is the mass of
the composite (g).
The removal efficiency (Re) % is respectively calculated using the following equation [55, 56].

e

(CO-Ct))
e=—— X

R Co

100

2.2.5. Adsorption isotherms

Different adsorption isotherms were utilized, such as Langmuir and Freundlich, to describe the adsorption equilibrium of
the adsorbate onto the adsorbent. The Langmuir isotherm applies to monolayer chemisorption, while the Freundlich isotherm
is used to describe adsorption on surfaces having heterogeneous energy distribution. The Freundlich linear equation is
expressed as:

log g, = 1/n log ¢, + log k¢
where (kf) (I/mg) and (1/n) Freundlich empirical constant is related to the total adsorption capacity of the solid.
The Langmuir equation is expressed as:
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Ce / Qe = 1/kL qmax t Ce/qmax

where qe (mg/g) is the heavy metal amount sorbed on the composite at equilibrium, qmax (mg/g) is the adsorption
monolayer maximum capacity, kL is a constant related to the affinity between the adsorbate and the adsorbent, and it is
related to the free energy of adsorption, and (Ce) (mg/l) is the concentration of heavy metals in the liquid phase at equilibrium
[57,58].

3. Results and Discussion
3.1. Adsorbents characterization

The pore volumes, specific surface area, and pore sizes of the three adsorbents may be quantified using a BET apparatus at
ambient air pressure and at the boiling point of liquid nitrogen, with a degassing temperature of 200°C [59-61]. The surface
area for the three samples is reported in Table 1.

Table 1: The surface area of the three adsorbents

Adsorbent Surface area Surface area according to the latest
(m?%g) methods and results (m?%g)
Chitosan (16.5) Cu (0.58 and 1.499) [62, 63]

Cr (7.876 to 492.133) [64]
Zn (28.141) [65]
Pb (12.3) [66]
MOF MIL (53) Fe 3.5) Cu (71.93 and 194.41) [67, 68]
Cr
Zn
Pb
MOF MIL (53) Fe / Chitosan composite (109.038) Cu (1.7973 and 27.7) [69, 70]
Cr
Zn

Pb

The surface area of an adsorbent plays a critical role in determining its adsorption capacity, as it directly influences the

number of available active sites for contaminant binding. In this study, the BET surface areas of chitosan, MOF MIL(53) Fe,
and the MOF MIL(53) Fe/chitosan composite were found to be 16.5 m?/g, 3.5 m?g, and 109.038 m?g, respectively. The
relatively low surface area of pristine MOF MIL(53) Fe may be attributed to its compact crystalline structure, which can limit
pore accessibility. Interestingly, the composite exhibited a significantly higher surface area than either of the individual
components, indicating a successful integration of the porous framework of the MOF with the biopolymeric network of
chitosan. This enhancement can be ascribed to the synergistic interaction between the components, which may prevent
aggregation and promote a more accessible pore structure. These findings are consistent with previously reported ranges in the
literature. For instance, chitosan-based materials have demonstrated surface areas ranging from 0.58 to 28.141 m?/g depending
on the target metal ion and synthesis conditions [62-66], while MOF MIL(53) Fe showed reported values from 71.93 to
194.41 m?/g in Cu(lIl) adsorption studies [67, 68]. The MOF/chitosan composite has also been reported to reach surface areas
up to 27.7 m?g in Cu systems [69, 70], although the value of 109.038 m?/g in the present work suggests improved structural
optimization. This substantial increase in surface area highlights the potential of the composite for enhanced adsorption
performance, particularly in the removal of heavy metals from aqueous solutions.
The crystallinity of the samples was assessed using wide-angle X-ray diffraction analysis utilizing an X Pert PRO XRD
apparatus, as seen in Figures 4, 5, and 6. The XRD charts of the chitosan adsorbent exhibit stronger peaks, indicating
enhanced crystallinity. The existence of chitosan was identified from the peaks angle at (26) = (20°) with highest intensity at
(110.54) count, (20) = (8.7°) with intensity at (58.96) count, (20) = (43.76°) at (13.74) count and (20) = (72.29°) with intensity
at (58.88) count, all these angels are the fingerprint of chitosan [71,72]. The appearance of MOF was identified from the peak
angles at (20) = (8.8°, 9.3°, 12.46°, 17.63°, 19.7°, 21.6°, and 26.59°) with high intensities at (237.59, 162.54, 26.31, 108.07,
20.46, 38.63, and 35.57) [73], the XRD patterns of chitosan/MOF composite adsorbent was identified from the peaks angle at
(20) = (7°, 17°,21°,25°nd 37°) with intensities at (51,23,17,14 and 11) [74]. the presence of peak angle at (2) theta with its
high intensities is evidence of successful manufacturing of chitosan, MOF, and chitosan MOF composite.
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Fig. 4. XRD spectra of chitosan.
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Fig. 5. XRD spectra of MOF.
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Fig. 6. XRD spectra of chitosan / MOF composite.

The Scanning Electron Microscope (SEM) was utilized to examine the morphological alterations and structural distinctions
among Chitosan, MOF, and the chitosan/MOF composite, as illustrated in Figures 7, 8, and 9. The SEM images of chitosan
showed a porous crystalline structure with particle aggregation of various sizes as a heterogeneous surface morphology. The
average size of chitosan particles was observed from (500 to 20) um, and the EDX analysis seen in Figure 10 showed that the
weight percentage of (C) was (53.05)% and for (O) was (46.95)% [75]. The SEM images of MOF showed tiny different sizes
of MOF particles that were observed from (50 to 10) pm, and the EDX analysis showed that the weight percentage of (C) was
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(49.53)%, for (O) was (34.9)%, for (Cl) was (2.77)%, and for (Fe) was (12.98)% [76]. The SEM images of MOF-chitosan
showed a heterogeneous surface of various sizes with the average size of MOF-chitosan particles ranging from 500 to 20 um.
The EDX analysis showed that the weight percentage of (C) was (24.89%), (O) was (51.59%), (Na) was (13.37%), and (P)
was (10.15%). Table 2 illustrates a summary of EDX results.

Fig. 9. SEM images of Chitosan / MOF composite.
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Table 2: The EDX analysis of chitosan, MOF, and chitosan/MOF composite.

Element (Wt. %) C (0] Cl Fe Na P

Chitosan 53.05 46.95 o o o o

MOF 49.53 34.9 2.77 12.98 _ _

Chitosan / MOF composite 24.89 51.59 _ _ 13.37 10.15

The FTIR spectra were recorded in the range of 500 to 4000 cm™, as illustrated in Figures 11, 12, and 13. These spectra
demonstrate an abundance of functional groups, including carbon, nitrogen, and oxygen. The spectrum shows that the
distinctive peaks of chitosan are consistent with those described in other investigations. A significant spectrum between 500
and 3291 cm™ correlates to N-H and O-H stretching, in addition to intramolecular hydrogen bonding. Absorption bands near
2921 and 2872.32 cm™! are associated with C-H stretching, which is in agreement with the spectra of polysaccharides such as
Xylan. The existence of residual N-acetyl groups was confirmed by the bands at (1652.73) cm™ (C=O0 stretching of amide I)
and (1312.5) cm™ (C-N stretching of amide IIT). A small band at (1540.34) cm™ corresponds to N-H bending of amide II, a
band at (1586.38) cm™ corresponds to the N-H bending of the primary amine, and the CH: bending and CHs were confirmed
by the existence of bands at around (1423.52) and (1374.45) cm ™. The absorption band at (1149.91) cm™ corresponds to the
C-O-C bridge. The bands at (1065.210 and (1026.73) cm™ correspond to C-O stretching. The signal at (894.73) cm!
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corresponds to the CH bending out of the plane of the ring of monosaccharides. The broad band at (3600 to 4000) cm™
indicates the existence of adsorbed water on the material. The presence of all transmittance peaks indicates the successful
synthesis of chitosan [77]. The spectrum of MOF MIL (53) Fe shows the Fe-O bond between the carboxylic group of the
ligand and Fe (III) was observed at (527.73) cm™.. C-H bending vibration of benzene rings of the linker is a sharp peak that
was observed at (732.03) cm™.. The broad bands at (1387.03 and 1509.49) cm™ were stretching vibrations of C-O bonds in
the carboxylic group. The peak at (1678.82) cm™ can be annotated to the C=0 stretching the carboxylic group [78, 79]. The
FTIR spectrum of chitosan/MOF shows absorbance peaks at (2872.32, 1558.55, 1374.34, 1031.49, and 514.62) cm™, which
correspond to C—-H, N-H, C-H, C-O, and Fe—O bonds, respectively. The FTIR spectrum of the Chitosan/MOF MIL-53(Fe)
composite displays typical peaks with less intensity and a shift toward greater wave numbers, showing that Fe ions were
successfully incorporated into the composite. Peaks at 1631.3 and 1692.5 cm™ indicate the creation of coordination bonds
between carboxylic groups and the Fe metal ion. The low strength of these peaks verifies the composite's homogeneity [80].

110

N\

- LA NS
S 100 200863 W o
“w 4
i) 329128
¢
~ 3360.21
¥ 9
L 137448 165273
< 158658
o 12
- 80 1540 34
e
70 114991
1065.21
1026.73
o0
S00 1000 1500 2000 2500 3000 3500 4000
Wave length cm-1
Fig. 11. FTIR spectra of Chitosan.
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For Raman spectrum analysis of chitosan, a succession of linked signals may be detected in the range (500-4500) cm™
[81], as shown in Figures 14, 15, and 16. The peaks can be annotated as CH stretching vibration at (2877) cm™'. The CO
amide (I) stretching vibration at (1626) cm™'. The NH amide (II) stretching vibration at (1588.5) cm™, amide (III) at (1359)
cm'l, and the CC stretching region (1005.5-1186) cm™t. The CNH bending region (1203) cm™. G peak is higher than D peak,
which means that all carbons are sp3, the ID/IG = 0.5771 [82, 83]. For MOF MIL (53), Fe signals C-H bonds at (620, 871)
cm ! and C-C bonds at (1147.5) cm™ of benzene rings. O-C-O bonds at (1432.5, 1492.5) cm™! of acid groups that support the
structural consolidation of MOF MIL-53 (Fe) [84]. The presence of O-H groups on the MOF surface caused a wide band of
about (3200-3600) cm™! due to water adsorption. C-O stretching of dicarboxylate linkers may be verified as sharp vibrations at
(1422) cm™, carboxylate ligand (C=0) was visible at (1608) cm™, and C-H at (858) cm™ that belongs to the carboxylate’s
aromatic rings. Coordination bonds between (Fe) III and -OOC-C6H4-COO- carboxylate anions were found at a low
wavenumber of 436.5 cm™.
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Fig. 14. Raman Spectra of Chitosan.
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Fig. 16. Raman Spectra of Chitosan/MOF composite.
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The presence of a Fe-O bond in the structure of MOF MIL (53) Fe indicates that the crystals of MOF MIL were effectively
produced. G peak is higher than D peak, which means that all carbons are sp3, the ID/IG = 0.2605 [85, 86]. MOF/Chitosan
composite peaks are the D band at (1392) cm™! and the G band at (1573.5) cm™!. These two bands confirm that the composite
was successfully synthesized. If carbon material is fully oxidized, that means all carbons are sp3, but if the D peak is higher
than the G peak, the sp2 bonds are broken, which means that there are more sp3 bonds and more transition from sp2 to sp3
material. In our composite, the G peak is greater than the D peak, indicating that all carbons are sp3, with ID/IG = 0.9148 [87].

The shape and size of the three adsorbents were investigated using an F200I transmission electron microscope (TEM), as
illustrated in Figures 17-19. TEM was utilized to examine the morphological alterations and structural differences between
chitosan, MOF, and chitosan/MOF composite. A TEM micrograph of chitosan revealed a smooth enamel surface with a
regular pattern, as well as excellent and random dispersion of the chitosan matrix. It discovered a porous crystalline structure
with particle aggregation of varying sizes as a heterogeneous surface appearance. The typical chitosan size ranged from 50 to
1000 nm. The MOF TEM pictures were extremely clear; they showed a good shape of conical particles, indicating a variety of
MOF particle sizes collected together, resulting in the successful production of the MOF MIL 53 (Fe). The mean size of MOF
particles ranged between 50 and 1000 nm. The MOF MIL 53(Fe) crystals exhibit a consistent size distribution, as do the
particles [88]. The TEM images of the chitosan/MOF composite showed excellent aggregation between chitosan particles and
conical particles of MOF, forming a homogenous layer of cross-linked crystals with various sizes as a heterogeneous surface
morphology, which gives excellent evidence about the successful fabrication process of the composite. The mean size of the
chitosan/MOF composite ranged from 20 to 500 nm.

Figures 20, 21, and 22 show that the zeta potential of chitosan was -27.5 mV, that of MOF was +37.8 mV, and that of the
chitosan/MOF composite was -42.8 mV. A zeta potential value of more than +30 mV or less than -30 mV is often regarded as
indicative of excellent vesicle stability. A positive zeta potential implies that the dispersed particles in the suspension are
positively charged, whereas a negative zeta potential indicates negatively charged particles. Zeta potential values ranging from
30 to 60 mV in absolute terms are regarded as good to excellent stability, which was observed for all three adsorbents [89-91].

Size |Exp |Mag | Spot | HT Pixel size | Fov size | Exp | Mag Spot | HT Pixel size | Fov
2048 |15 190 kx | 5 200 kV | 153.5 pm | 314.5 nm 2048 | 1s | 74000 x |5 200 kV | 395.8 pm | 810.6 nm

size | Exp | Mag Spot | HT ze | Fov » i Exp | Mag Spot | HT Pixel size | Fov Defocus | 1um
2048 | 15 | 22500 x | 5 200 kV | 1.303 nm | 2.669 um 2048 |15 | 7000 x | 5 200 kV | 4.146 nm | 8.491 um | 41 um Ceta

Figure 17. TEM image of chitosan.
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Figure 18. TEM image of MOF.
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Figure 19. TEM image of chitosan/MOF composite.
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Fig. 22. Zeta potential mean of Chitosan/MOF composite.

3.2. Sorption experiments
3.2.1. Effect of solution pH

The solution pH has a major effect on chitosan solubility and electrical charges. Chitosan is soluble in inorganic acids at
ambient temperature with a pH less than 6. During this investigation, chitosan was tested at pH levels of 4, 7, and 10. The
maximum removal efficiencies observed were 92.2% for Cu, 90.8% for Cr, 82.2% for Zn, and 91.2% for Pb. The highest
removal efficiency for copper, chromium, zinc, and lead occurred at pH 7. Additionally, the maximum adsorption capacities
were 2.3 mg/g for Cu, 2.27 mg/g for Cr, 2.05 mg/g for Zn, and 2.28 mg/g for Pb. Again, pH 7 had the best sorption capacity
and removal efficiency for all four metals. MOF (Metal-Organic Framework) is generally recognized as an iron carboxylate
framework with notable stability in water. The influence of pH on the stability of MOF in water was studied at pH values 4, 7,
and 10. The highest removal efficiencies were recorded for Cu (99.58%), Cr (99.76%), Zn (99.8%), and Pb (99.6%). The
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greatest sorption capacities for Cu were 2.48 mg/g, Cr 2.494 mg/g, Zn 2.495 mg/g, and Pb 2.49 mg/g. Similar to chitosan, pH
7 has the maximum sorption capacity for chromium, copper, zinc, and lead. At pH values of 4, 7, and 10, the Chitosan/MOF
MIL-53(Fe) combination achieved the highest removal efficiency of 94.95% for Cu, 93.4% for Cr, 88.62% for Zn, and
94.31% for Pb. The greatest sorption capacities were 2.37 mg/g for Cu, 2.33 mg/g for Cr, 2.21 mg/g for Zn, and 2.35 mg/g for
lead. Once again, pH 7 demonstrated the best sorption capacity for chromium, copper, zinc, and lead [92] as seen in Figures
23 and 24.

3.2.2. Effect of adsorbent doses

To investigate the effect of adsorbent dosages, we employed three different adsorbent doses (0.1, 0.2, and 0.3 grams). The
greatest Cu removal efficiency was 99.48%, Cr 96.2%, Zn 99.54%, and 99.9% for Pb. The maximum removal efficiency for
copper, chromium, zinc, and lead was attained with a 0.3 mg adsorbent dosage. Cu had the highest sorption capacity of 2.472
mg/g, followed by Cr at 2.34 mg/g, Zn at 2.479 mg/g, and Pb at 2.43 mg/g. 0.3 mg adsorbent dosage achieved the maximum
sorption capacity for copper, chromium, zinc, and lead, respectively [94]. The greatest Cu removal efficiency for MOF was
85.4%, Cr 99.6%, Zn 93%, and 99.8% for Pb. The greatest sorption capacity of Cu was 1.95 mg/g, Cr 2.475 mg/g, Zn 2.185
mg/g, and 2.48 mg/g for Pb. The sorbent dosage at (0.3) had the best removal efficiency and sorption capacity for copper,
chromium, zinc, and lead, respectively [95]. Using Chitosan/MOF MIL (53) Fe composite, the greatest removal efficiency of
Cu was 98.4%, Cr 98.6%, Zn 96.2%, and 99.8% for Pb. The greatest sorption capacity for Cu was 2.345 mg/g, Cr 2.375 mg/g,
Zn 2.325 mg/g, and 2.46 mg/g for Pb. The sorbent dosage of 0.3 resulted in the best removal efficiency and sorption capacity
for copper, chromium, zinc, and lead, as shown in Figures 25 and 26.

3.2.3. Effect of concentration

Using various heavy metal concentrations of 0.1, 1, and 5 ppm, the greatest removal efficiency was 99.47% for Cu,
99.62% for Cr, 99.52% for Zn, and 99.97% for Pb. The greatest sorption capacity was 0.828 mg/g for Cu, 0.83 mg/g for Cr,
0.829 mg/g for Zn, and 0.833 mg/g for Pb. The metal at 5 ppm resulted in the maximum elimination efficiency and sorption
capacity for copper, chromium, zinc, and lead, respectively. For MOF, the greatest removal efficiency was 80.74% for Cu,
99.22% for Cr, 82.6% for Zn, and 99.48% for Pb. The greatest sorption capacity was 0.672 mg/g of Cu, 0.826 mg/g for Cr,
0.688 mg/g for Zn, and 0.829 mg/g for Pb. The concentration of 5 ppm had the maximum removal efficiency and sorption
capacity for copper, chromium, zinc, and lead. Using the Chitosan/MOF MIL (53) Fe composite at various concentrations, the
greatest removal efficiency was 96.4% of Cu, 97.04% for Cr, 94.52% for Zn, and 99.78% for Pb. The greatest sorption
capacity was 0.803 mg/g for Cu, 0.808 mg/g for Cr, 0.787 mg/g for Zn, and 0.931 mg/g for Pb. The concentration of 5 ppm
had the maximum removal efficiency and sorption capacity for copper, chromium, zinc, and lead, as seen in Figures 27 and
28.

3.2.4. Effect of contact time

At varying contact durations of 5, 20, 40, and 60 minutes, the greatest removal efficiencies were 97% for copper, 97.6% for
chromium, 96.8% for zinc, and 98% for lead. The greatest sorption capacities were 0.808 mg/g for Cu, 0.813 mg/g for Cr,
0.806 mg/g for Zn, and 0.816 mg/g for Pb. The contact duration of 60 minutes yielded the best removal efficiency and
sorption capacity for copper, chromium, zinc, and lead, respectively. The greatest removal efficiencies of Cu, Cr, Zn, and Pb
for MOF were 97.98%, 97.62%, 95.8%, and 98.4%, respectively. The greatest adsorption capacity was 0.816 mg/g for Cu,
0.8135 mg/g for Cr, 0.798 mg/g for Zn, and 0.82 mg/g for Pb. The contact period of 60 minutes resulted in the maximum
removal efficiency and sorption capacity for copper, chromium, zinc, and lead. Using Chitosan/MOF MIL (53) Fe composite
at various concentrations, the greatest Cu removal effectiveness was 98.4%, 97.8% for Cr, 96.8% for Zn, and 99.58% for Pb.
The greatest sorption capacity of Cu was 0.82 mg/g, 0.815 mg/g for Cr, 0.806 mg/g for Zn, and 0.829 mg/g for Pb. The
contact period of 60 minutes resulted in the maximum removal efficiency and sorption capacity for copper, chromium, zinc,
and lead (see Figures 29 and 30).

120 - 99,58 99.56 Cu
X 100 -
a ’v\ 79.2
S 80 -
£ 81.4 92.2
@ 60 - ’ .
= === Chitosan
>
8 40 1 —#—MOF
& 20 1.8 MOF-Chitosan
0 T T T T T T T T T 1

Egypt. J. Chem. 68, ST: Z. M. Nofal (2025)



REMOVAL OF CU, CR, ZN, AND PB FROM WASTEWATER BY USING A COMPOSITE..

719

120
iZUu 7

100
iUV

80

Removal efficency %

(@]
g

(@]
|
N
w -
IS
o
o

~l|
[oe]
(o
=

=

N

(=]
J

100

1UuU 7

[9.e]
(]
L

[e1]
o
I

moval efficency %
>
o]

N
1

[

\E.l

e}

]
it
NG
W -

«
it
f=)

(@]
[N
\®]

Fig. 23. Effect of pH on removal efficiency.

Cu

—o— Chitosan
—=— MOF

—#— MOF-Chitosan

3 —
> 2.48
£ m 247
s 2 - 1.98
S w 2.03 [VALUE]
c s
o oo
g g€ 1
5 [VALUE]
-g O 0'045 T T 1
4 7 10
PH

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



720 Sameh M. Fouad et.al.

Cr
A1 )
491
|
. 1.94
R ¢

IVALUE] —o—Chitosan

@)

™~
=

)
N
.

5 . - ==
= 9 20
L PApes o )
2 8, 1.03
LVALUL] I
1 4
n
[» 1
- rv
3
Z 4

[§] = 1
4 7 10
Fig. 24. Effect of pH on adsorption capacity.
99.48 Cu
< 110 98.9 99.2
> e - - ® [Y VALUE]
g 90 [Y VALUE] [Y VALUE]
7}
2 85.4 .
£ 70 78 80.74 —ao— Chitosan
© —=—MOF
8 50 T T T T 1
g 0 0.1 0.2 0.3 0.4 —*—MOF-Chitosan
(3
Dose g

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



REMOVAL OF CU, CR, ZN, AND PB FROM WASTEWATER BY USING A COMPOSITE..

721

aa 1n ~

110 QQ JJ LL as 1
w T1Y 1 - [r VHLUEJ 6
X ; " m oryaarien
> LA | A V/-w—v ivy VALUL]
e 24 ar s
< ! 93.6 85 96.2
b | A litAcan
= 70 —<—L{nilgsan
= |
= l —m__ NNE
= 50 - : =—MO:
5 0 0.1 0.2 0.3 0.4  —4—MOF-Chitosan
£ - Vet Vel V.3 0
& Dose g

110
X 99.18 99.4 99.54 Zn
> - N .
§ % Jvad M [Y VALUE]
&= [ [Y VALUE]

87.4
E 90.26 —o— Chitosan
S 70 -
o —— MOF
£
2 —#— MOF-Chitosan
) : : : ‘
0 0.1 0.2 0.3 0.4
Dose g

Remaval &

c

it

]

N

je

oo T
C

B

Fig. 25. Effect of adsorbent doses on removal efficiency.

Adsorption capacity
mg/g
—
(9]

0.829

2.472

1.24

[VALUE]

Cu

[VALUE]
1.95

—o— Chitosan
—m— MOF

—#— MOF-Chitosan

[VALUE 1.009
0.711
0.1 0.2 0.3
Dose g

Egypt. J. Chem. 68, SI:

Z. M. Nofal (2025)



722 Sameh M. Fouad et.al.

r=
i
&0
-
= 3
t =
>2.5
=
S 7 -
S naz
~ 0.83
1 -
=2 7 0.801
o i
- VY T
e a1 a2 a3
@ G.1 .2 0.3
<
Necn o
wuuoT 5
39 ) -
- 2.479 7n
= 25 o
‘g “ AL LIET
© LVALUL]
= 2
W 2

n ¢
mg/g
[EY
w
Il

o
w

Fig. 26. Effect of adsorbent doses on adsorption capacity.

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



REMOVAL OF CU, CR, ZN, AND PB FROM WASTEWATER BY USING A COMPOSITE..

723

emoval efficency %
N
p)

Cu
120 - A oA oo A7
e 4V PR 97.4 SS.47
oN P ol.07 N
- 100 - , ——=& vV VALUF]
o _ 7 Ivuarie] ————— — en7a
€ 80 49|V VAIUEI Y5 e - OU./%&
v ) e — P
= 60 A s —o— Chitosan
&= - L
Q A0 522 59.2 [,
-_ T~ T = IVIUr
v
] <Y wame ALt
=4 - —=— MOF-Chitosan
1 (V) T T T 1
= U i pA 3 4 5 5]
Concentration nom
Concentration pom
120 -

-

Removal efficens

€ 0
0 1 2 3 4 5 8
~_ __ _ _ _a___a®_ — e e e
120
N 96.7
_ 100 - A
= _s

o i Z 3 5 6
120 Pb
© 1 g 98 99.97
> 100 - [Y VALUE]
S 80 - [Y VALUE] 99.48
K]
£ 60 —o— Chitosan
9 4 60.8
< 50.8 —#—MOF
>
o 20 -
1S —#— MOF-Chitosan
[J] 0 T T T T T 1
4
0 1 2 3 4 5 6

Concentration ppm

Fig. 27. Effect of concentration on removal efficiency.

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



724

Sameh M. Fouad et.al.

S
o
©
o
S
"‘UU
=]
S £
- =
=
s
w)
=
<

[N

(@]
[

(=)}

~

o
(¥

(o)

LVALU

—i— MOF-Chitosan

>
bt
=]
©
&

LA

=]
(] =

w
[}

0.1 1 5
Concentration ppm
1 0.833 DL
rv
08 [VALUE]
S 0.829
[S)
8 06
@
o
5 %“OA —e—Chitosan
B 0.1633
S 02 [VALUE] #—MOF
2 — 0.101 ~—#— MOF-Chitosan
S 0.0084 143
< 0 T 1
0.1 1 5

Concentration npom

Fig. 28. Effect of concentration on adsorption capacity.

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



REMOVAL OF CU, CR, ZN, AND PB FROM WASTEWATER BY USING A COMPOSITE..

725

Removal efficency %

Cu
110 - Cu
i vazar el fvayvsat ol vyvariicl P AIAL LT
LY VALUL] [V VALUL] LT VALUL] 1Y VALUE]
100 _ .
10U
. PR
aQ | Qg A 57.54 J/.56
o 95.4 T o o e
Qg 2 96.04 g7 —o—Chitosar
80 4 9385 T
—=—MOF
70 -
S PR Y VoV ol A I
TR VIV UL AT
£§0
[o1¥)

FAL LI

N yviaiiicl AVAYY. VRN Ty ariel Frsvrms s s
PRy, lY V/—\LUEJ LT vALUL ] LY vALuwL ] lY V LUtJ
1U 1 _ o
— i =
A oA oa A s a7 29 Q7 62
a0 | 96.14 96.94 97.38 87.62
o ae so a75
96,44 Jb.48 T
8C -
70 -
60
0 10 20 30 50 60

Y
-

Removal efficency %

109 (vvawue (v vawue [Y VALUE] [Y VALUE]

100 - ’_:_ ——=

g0 | 952 96.8 97.4 98 —a— Chitosan
—m—MOF

70 -
~#— MOF-Chitosan

60 T T T T T T 1

0 10 20 30 40 50 60 70
Time m

Pb

Fig. 29. Effect of contact time on removal efficiency.

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



726

Sameh M. Fouad et.al.

o

zZ 2 -

a8 ..

m 1.5 -

u_u'g Fijmiiirc Tiimaiiii fyvimiiiicd

c VAL LUF] IVALUE] iVALUE] iVALUE] .

o £ 4 A wa 0803 aa1o —e—Chitosan

s oe + U.735 Rt U.ciz

o = T - = _aanr

= A 970 n 702 el \1 1

S nc | 0.779 0.793 v

- s MOF_Chitgsan

d - ViV “Giliwwoadaii
0

(@)
-

(%2
o
—
=

o2
¥
X
o}
>
(¥

N
)

W

Ad

Pb

.
(8]
5}
2 15 -
O
= [VALUE] [VALUE] [VALUE] [VALUE] .
SE1- 0.813 0.815 0.816 0.8y  —+—Chitosan
o | 7% LA ™
S s 0.793 0.806 0.811 0.816 —®—MOF
(2] .
g —— MOF-Chitosan
0 ‘ | | |
5 10 15 _.20 30 45 60 70

Time m

Fig. 30. Effect of contact time on adsorption capacity.

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



REMOVAL OF CU, CR, ZN, AND PB FROM WASTEWATER BY USING A COMPOSITE.. 727

3.3. Adsorption isotherms

The adsorption behavior of Cu, Cr, Zn, and Pb was evaluated using both the Freundlich and Langmuir isotherm models, and
the resulting parameters are shown in Figures 31-36. In the Freundlich model, the adsorption constants (Kf) for Cu, Cr, Zn,
and Pb were found to vary across different adsorbents. Specifically, in Figure 31, Kf values were 1.2422, 0.3086, 0.48, and
1.8, with corresponding R? values of 0.7839, 0.8281, 0.8069, and 0.7951, indicating a moderate to good fit. In Figure 32, Kf
values decreased to 0.209, 0.1259, 0.0228, and 0.1351, with improved R? values of 0.927, 0.9971, 0.8686, and 0.8194,
respectively. Figure 33 continued this trend with Kf values of 0.1096, 0.1739, 0.0978, and 0.2567 and corresponding R?
values of 0.8783, 0.9124, 0.9485, and 0.9994, indicating strong correlations and suggesting a good applicability of the
Freundlich model.

In contrast, the Langmuir model yielded lower R? values in most cases. For instance, in Figure 34 (chitosan), the Langmuir
constants (KL) were 0.1435, 0.0797, 0.0832, and 0.1851, but the R? values were considerably lower (0.2808 to 0.3819),
suggesting poor fit. Figures 35 and 36 show some improvement in R? values (up to 0.9932 and 0.9943), but even in these
cases, the Freundlich model often demonstrated a better overall correlation. This is particularly evident for Pb in Figure 33,
which had a Freundlich R? of 0.9994, compared to a Langmuir R? of 0.7237 in Figure 36. Overall, the Freundlich model
consistently showed higher R? values than the Langmuir model for all metals studied across the three adsorbents. This
indicates that the Freundlich isotherm better represents the adsorption process, suggesting a heterogeneous surface with
multilayer adsorption. Therefore, the adsorption of Cu, Cr, Zn, and Pb in this study is better described by the Freundlich
model rather than the Langmuir model, which assumes monolayer adsorption on a homogeneous surface.
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Fig. 31. Chitosan Freundlich isotherm plot for Cu, Cr, Zn and pb.
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3.4. Comparison between chitosan, MOF and MOF/chitosan

This study presents the development and evaluation of a novel chitosan/MOF MIL(53) Fe composite for the efficient
removal of heavy metals (Cu, Cr, Zn, and Pb) from wastewater. Compared to the individual components, the composite
exhibits superior performance characterized by smaller particle size, significantly larger surface area (109.038 m?g), and
higher adsorption capacity. The production technique for the chitosan/MOF composite is much less expensive than the
separate expenses of chitosan and MOF in the worldwide market. The composite exhibits several advantages: smaller particle
size, larger surface area, higher removal efficiency, and greater adsorption capacity than either chitosan or MOF alone, as
detailed in Table 3. Given its superior qualities, the composite is extremely cost-effective, combining the benefits of chitosan
and MOF. Isotherm modeling revealed a better fit to the Freundlich model, indicating multilayer adsorption on a
heterogeneous surface. Biodegradation tests confirmed that chitosan decomposes within 14 days according to OECD
guideline 301, while the MOF component can be regenerated via thermal (e.g., hot inert gas) or non-thermal methods (e.g.,
UV, microwave). MOF can be regenerated and reused through thermal and non-thermal methods. The thermal method
involves using hot inert gas or steam, while the non-thermal method employs microwave heating, UV radiation, or electric
currents [96]. The combination of chitosan’s biodegradability and low cost with MOF’s high porosity and tunable chemistry
yields a stable, environmentally friendly, and scalable composite. The synthesis method is economical, pollutant-free, and
suitable for large-scale application, making the composite a strong candidate for practical use in industrial wastewater
treatment. In addition to confirming the composite’s effectiveness, this work highlights its sustainability, cost-effectiveness,
and potential for further optimization and real-world deployment.

Table 3: Comparison between chitosan, MOF, and MOF/chitosan composite

Items Chitosan MOF Chitosan/MOF composite
Manufacturing | It costs about (70) Egyptian | It costs about (700) Egyptian | It costs about (250) Egyptian
process price of | pound for (10) g pound for (10) g pound for (10) g
(10) gram and (1100) Egyptian pound if | and (45000) Egyptian pound if

we bought it from the market we bought it from the market
Average (50) nm (50) nm (20) nm
particles size
Surface area (16.5) m?/g (3.5) m¥g (109.038) m?/g
Removal % at | 92.2 90.8 88.2 91.2 99.58 | 99.76 | 99.8 99.6 9495 | 934 | 88.62 | 94.31
pH7
Adsorption 23 2.27 2.05 2.28 2.48 2494 | 2495 | 2.49 237 |233 2.21 2.35
capacity mg/g
at pH7
Removal 99.48 | 96.2 99.54 | 99.9 85.4 99.6 93 99.8 984 | 986 |962 |99.8
efficiency % at
03¢g
Adsorption 2472 | 2.34 2479 | 243 1.95 2475 | 2.185 | 2.48 2345 | 2.375 | 2.325 | 2.46
capacity mg/g
at03g
Removal 99.47 | 99.62 | 99.52 | 99.97 | 80.74 | 99.22 | 82.6 99.48 | 96.4 | 97.04 | 94.52 | 99.78
efficiency % at
S ppm
Adsorption 0.828 | 0.83 0.829 | 0.833 | 0.672 | 0.826 | 0.688 | 0.829 | 0.803 | 0.808 | 0.787 | 0.931
capacity mg/g
at S ppm
Removal 97 97.6 96.8 98 97.98 | 97.62 | 95.8 98.4 984 | 978 96.8 | 99.58
efficiency % at
60 minutes
Adsorption 0.808 | 0.813 | 0.806 | 0.816 | 0.816 | 0.813 | 0.798 | 0.82 0.82 | 0.815 | 0.806 | 0.829
capacity mg/g
at 60 minutes
Freundlich 1.242 | 0.308 | 0.48 1.8 0.209 | 0.125 | 0.022 | 0.135 | 0.109 | 0.173 | 0.097 | 0.2567
adsorption
constant k¢
Freundlich 0.783 | 0.828 | 0.806 | 0.795 | 0.927 | 0.997 | 0.868 | 0.819 | 0.878 | 0.912 | 0.948 | 0.9994
Correlation
coefficient R?
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Langmuir 0.143 | 0.079 | 0.083 | 0.185 | 0.033 | 0.05 0.043 | 0.059 | 0.043 | 0.053 | 0.044 | 0.0744
adsorption
constant ky,

Langmuir 0.280 | 0.381 | 0.339 | 0.306 | 0.984 | 0.841 | 0.829 | 0.394 | 0.972 | 0.993 | 0.994 | 0.7237
Correlation
coefficient R?

5. Future work

While the MOF MIL (53) Fe/chitosan composite has shown promising results in terms of surface area and heavy metal
adsorption capacity, several avenues for future research could further enhance its performance and practical applicability. One
potential direction involves optimizing the synthesis parameters—such as pH, temperature, and MOF-to-chitosan ratio—to
achieve a more uniform distribution of active sites and improved structural stability. Additionally, incorporating functional
groups (e.g., thiol, amine, or carboxyl) onto the composite surface could enhance selectivity and affinity toward specific
heavy metal ions. Exploring the regeneration and reusability of the composite is also essential to assess its long-term
operational feasibility in real-world water treatment systems. Moreover, performance evaluation under dynamic flow
conditions, using actual industrial or municipal wastewater, would provide critical insights into scalability and real-life
effectiveness. Finally, developing hybrid composites by integrating other materials, such as magnetic nanoparticles or carbon-
based nanomaterials, may further improve separation efficiency, recyclability, and adsorption kinetics. These future
improvements could pave the way for designing cost-effective, high-performance adsorbents tailored for a wide range of
environmental remediation applications.

6. Conclusions

The goal of this article is to create chitosan, a metal-organic framework (MOF), and a chitosan/MOF composite and use them
to remove copper, chromium, zinc, and lead from wastewater. The results showed that the three adsorbents' production
techniques were effective. Chitosan, MOF, and chitosan/MOF composite had surface areas of 16.5, 3.5, and 109.038 m?/g,
respectively. The particle sizes of chitosan, MOF, and the chitosan/MOF composite were 500-50 um, 50-10 um, and 500-50
um, respectively. The production costs for 10 g of chitosan, MOF, and chitosan/MOF composite were around 70 Egyptian
pounds, 700 Egyptian pounds, and 250 Egyptian pounds, respectively. The best results were obtained under the following
conditions: pH 7, 0.3 g of adsorbent, a 5-ppm starting concentration, and a 60-minute contact duration. The mean removal
efficiencies were 97.35% for chitosan, 97.45% for MOF, and 98.145% for the chitosan/MOF composite. The mean adsorption
capacities were 0.81 mg/g for chitosan, 0.811 mg/g for MOF, and 0.817 mg/g for the chitosan/MOF composite. The
chitosan/MOF composite had the best removal efficiency and adsorption capacity. Based on the isotherm data, the Freundlich
isotherm model was shown to be more effective than the Langmuir isotherm model in removing copper, chromium, zinc, and
lead from wastewater. In conclusion, the chitosan/MOF composite is a good adsorbent for removing heavy metals from
wastewater due to its large surface area, great removal efficiency, superior adsorption capacity, and low manufacturing cost.
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