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Abstract

This study used adsorbent hydrogel beads on chitosan (CS) coated with the commercially prepared metaleorganic
framework and its aminated derivative to chromium (VI) ions from their aqueous solutions. Higher removal (%) and
higher adsorption capacity values were recorded using CS and its aminated derivatives, UiO-66-NH2 (Zr) (0.5% CS)
adsorbent (87% and 95 mg/g, respectively) compared with those using the CS adsorbent (86% and 93 mg/g using 1% CS);
contact time was 180 min, with maximum removal (%) reaching 87% and maximum adsorption capacity of 95 mg/g. The
pH of the studied medium was in the range of 1e8. It was found that the maximum values of removal (%) and adsorption
capacity values were observed at pH 2, and the Cr (VI) concentration was studied in the range of 10e200 ppm. The
highest removal (%) was about 100% using 10 and 25 ppm of Cr (VI), while the maximum adsorption capacity was found
to be 132 mg/g and was recorded using 200 ppm of Cr (VI). Adsorption experiments at 150 rpm were conducted to record
maximum adsorption capacity and higher removal (%) values. The developed adsorbent demonstrated good adsorption
properties, with removal exceeding 60% after six cycles and a maximum capacity of 52 mg/g. In conclusion, the
metaleorganic framework/CS adsorbent beads have the potential to be a novel and effective large-scale adsorbent for
the removal of hazardous Cr (VI) ions from industrial effluents.

Keywords: Aminated chitosan, Conservation, Cr (VI) hexavalent chromium, Land, Metaleorganic framework, Waste-
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1. Introduction

W ater is the most essential source of life on
earth; 97% of the water belongs to the ocean,

while only 1% may be controlled and exploited. Fast
industrialization, increasing urbanization, growing
population, and unregulated use of natural resources
are inflicting permanent harm to the ecosystem
(Bashir et al., 2023). Water pollution is one of the most
serious environmental issues, owing to the contin-
uous release of large quantities of contaminants into
the environment, such as toxic heavy metal ions.
Numerous heavy metals and synthetic organic sub-
stances are among the more dangerous industrial
pollutants. But once more, in high enough doses,
they could pose serious risks to marine life and
human health (Lou et al., 2023).
Water shortages in developing nations, coupled

with population growth, droughts, health regula-
tions, and competing demands, pose challenges to
meeting the global demand for clean and safe water
(Yoo et al., 2023). Industrial wastewater contains
toxic pollutants such as acids, bases, toxic materials,
and suspended solids, as well as surfactants, emul-
sifiers, petroleum hydrocarbons, and trace amounts
of heavy metals (Amir Afshar and Ghaee, 2016).
The three most prevalent types of water pollution

are heavy metals, herbicides, and microbes.
Numerous heavy metals and synthetic organic
substances are among the more dangerous indus-
trial pollutants. But once more, in high enough
doses, they could pose serious risks to marine life
and human health (Lou et al., 2023). Toxic heavy
metal ions in industrial effluent, including Cr (VI),
Ni (II), and Cu (II), have raised environmental is-
sues. Due to the ability of biomagnification, these
devastating metal ions are harmful in high amounts.
Cr (VI) is a high-priority hazardous heavy metal due
to its mutagenesis and carcinogenic properties
(Wang et al., 2016a, 2016b).
The behavior of metals is influenced by the

oxidation state of heavy metal ions. Chromium, a
chemical element that commonly exists in two sta-
ble oxidation states, namely Cr (III) and Cr (IV), is
frequently detected as a pollutant in industrial water
originating from various sectors such as electro-
plating, paint, tanning, pigment production, and
metallurgy (VI). Moreover, it is widely recognized
that although hexavalent chromium (Cr (VI)) is
soluble and poses a threat to human health, triva-
lent chromium (Cr (III)) is considered a crucial
micronutrient for the metabolic processes of
humans, plants, and animals. Chromium atoms are
predominantly observed in chromate and cationic

complexes within natural water systems (Prasad
et al., 2021).
When these ions are present in large quantities,

they can pose significant environmental and health
risks. The ions have a tendency to trap in the
metaleorganic framework (MOF) structure, form
interactions with or replace the existing metal ions,
and are therefore detected. That is why an efficient
approach for detecting very low concentrations of
transition-metal cations is always required (Shafqat
et al., 2023).
Heavy metal ions have been removed using

chemical, physical, and biological processes,
including ion exchange, chemical precipitation,
reverse osmosis, bioremediation, membrane filtra-
tion, flocculation, ozonation, sedimentation,
adsorption, and photocatalysis, among the methods
used to reduce water pollution. Researchers do not
consider procedures such as coagulation, floccula-
tion, ion exchange, and membrane filtration to be
useful due to major drawbacks such as large sludge
volumes and high costs (Bashir et al., 2023).
Over the last two decades, photocatalysis and

adsorption have been regarded as promising
methods for the removal of water pollutants.
Adsorption is an efficient and cost-effective
method. Traditional adsorbents, such as activated
carbon and chitosan (CS), have limited adsorption
capabilities and efficiency. New potential adsorbents
are desperately required (Ihsanullah et al., 2016).
Smart hydrogels are intensively explored in bio-

logical and material domains for their adaptability,
responsiveness, and biocompatibility. Although the
gelator types differ, their mechanisms of action are
mostly the same; they form a 3D network in
response to a specific trigger, such as heat, radiation,
or chemical stimuli. The unique stimulus response
enables their use in various areas and situations,
including active pharmaceutical ingredient distri-
bution in multicomponent drug delivery systems
(Shriky et al., 2022).
CS has gained popularity in recent years due to its

lower cost compared with activated carbon. The
structure contains amino (-NH2) and hydroxy (-OH)
groups. These active sites remove heavy metals
from wastewater. CS has been changed by physical,
chemical, and hybrid approaches to improve its
ability to adsorb heavy metals (Wang et al., 2016a,
2016b).
MOFs are a group of compounds that have gained

attention in recent times. These compounds are
formed by coordinating metal ions or clusters with
organic ligands, resulting in the creation of structures
that can be one-dimensional, two-dimensional, or
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three-dimensional as shown in Fig. 1. Porous coor-
dination polymers are a distinct subset of coordina-
tion polymers that are notable for their frequent
possession of pores. Their exceptional porosity,
tunability, and chemical versatility have established
them as a viable option for a diverse array of appli-
cations, such as gas storage, catalysis, drug delivery,
and notably wastewater treatment (Shafqat et al.,
2023).
The adaptability and adjustability of MOFs render

them notably pertinent for tackling the distinct
contaminants present in industrial effluents. It is
possible to tailor the organic ligands present in
MOFs to exhibit selective affinity toward heavy
metals and organic compounds, thereby facilitating
their precise and efficient removal from the envi-
ronment. As an illustration, MOFs featuring ligands
containing sulfur have exhibited a notable pro-
pensity for binding heavy metals, including lead
and mercury. Conversely, MOFs containing polar or
aromatic ligands have demonstrated potential for
the sequestration and decomposition of diverse
organic contaminants. Hence, through meticulous
selection of MOF constituents, it could be feasible to
devise customized remedies for the management of
industrial effluents (Garg et al., 2023).
Motivated by the advantages of MOFs, we devel-

oped METAL MOF/AmCHITOSAN beads as a low-
cost adsorbent to remove Cr (VI) from industrial
wastewater and examined the reusability of the de-
veloped MOF/aminated chitosan (AmCS) adsorbent.

2. Materials and methods

2.1. Materials

From the leftovers of shellfish eateries in Alex-
andria, Egypt, shrimp shells were gathered. The
shipment of sodium hydrogel (medium consistency)
came from Sigma-Aldrich Telangana, 500018, India.
Sigma-Aldrich was used to supply acetic vinegar
(purity 99.8%) and ethylene diamine (Germany).
Potassium dichromate (K2Cr2O7) was bought from
Aladdin Industrial Corporation Suite 601, Shanda
Building, No. 196 xinjinqiao Road, Pudong District,

Shanghai 201206, China, and calcium chloride
(anhydrous, 90%) was purchased from Fisher Sci-
entific in Fair Lawn, New Jersey, USA. By dissolving
a suitable amount of the analytical reagent K2Cr2O7

in 1000 ml of deionized water, a stock solution of Cr
(VI) (1000 mg/l) was created. El Nasr Pharmaceutical
Chemicals Company Oubour, Qalyubia, Egypt.
provided sodium hydroxide and hydrochloric acid
with a concentration range of 30e34%, Egypt. In
addition, Sinopharm Chemical Reagent Co. Ltd. in
Germany provided the 1,5-diphenylcarbazide. In
addition, absolute ethanol, formic acid, acetic acid,
and dimethylformamide were produced. Formic
acid, oleic acid, formic chloride, methanol, ethanol,
and potassium hydroxides were purchased from
Sinopharm Chemical 99 Reagent Co., Building 1,
No.801, Hutai Road, Jing'an District Shanghai,
Shanghai, 200002 China and used as received.

2.1.1. Preparation of chitosan
According to the reported deacetylation method,

CS was prepared from the extracted chitin (Mos-
quera, 2013). Chitin was soaked in a solution of 50%
NaOH for 12 h at 100e120 �C. The excess NaOH was
removed by washing the obtained CS many times
using double distilled water.

2.2. Preparation of aminated chitosan

AmCS is a derivative of CS, prepared and purified
according to previously published work (Wang et al.,
2013). First, chitin (4 g) was activated using 50 ml of
4 m mol of p-benzoquinone (PBQ) as a coupling
agent at a pH of 11. The reaction mixture was con-
ducted under stirring for 4 h at 50 �C. PBQ-activated
chitin was collected and washed several times to
remove the unreacted PBQ to ensure the safety of
activated chitin. Next, the activated chitin was
soaked in 50 ml of ethylene diamine solution
(1.8 mm) at 50 �C for 6 h. The resultant aminated
chitin was separated and washed many times with
water to remove the unreacted substances (Nirmal
Kumar and Oommen, 2012). Finally, AmCS was
obtained by deacetylation of the aminated chitin
using a solution of 50% NaOH for 6 h at 100e120 �C.
The produced AmCs were purified and washed
many times with distilled water to remove the
excess NaOH until the pH reached 7, followed by
drying at 40 �C (Kumari et al., 2016).

2.3. Preparation of metaleorganic form

The selection of UIO-66-type structural materials
was based on their superior activity, thermal sta-
bility, and reusability, making them a practical

Fig. 1. Schematic preparation of a metaleorganic framework (Abdel-
razik et al., 2016).
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choice for the production of biodiesel (Cavka et al.,
2008). In an experimental and theoretical investiga-
tion of the reaction between levulinic acid and
ethanol to generate biodiesel, Tambat et al. (2018)
conducted a comparison between UiO-66 (Zr) and
UiO-66 (Zr)eNH2. Previous studies have demon-
strated the enhanced performance of UiO-66 (Zr)e
NH2 in comparison to UiO-66 (Zr) by virtue of its
dual activation mechanism involving both amino
groups (Brnsted base site) and zirconium centers
(Tambat et al., 2018). The authors prepared UiO-66
(Zr) and UiO-66 (Zr)eNH2 using the conventional
method and used them for the esterification of
various fatty acids with different alcohols, using
Lewis's acid site.

2.4. Characterizations

2.4.1. Fourier transform infrared spectroscopy
UiO-66(Zr)eNH2-, MOF/CS, CS, and MOF/AmCs

beads were analyzed by Fourier transform infrared
spectroscopy in the wavenumber range of 4000
e450 cm�1. First, characterization was carried out in
solid state using potassium bromide (KBr) pellets.
Next, the samples were ground in a mortar and
homogenized with KBr. Finally, the mixture was
pressed in a hydraulic press to cast pellets to a thin
thickness; then, a spectrophotometer (Shimadzu
FTIR-8400S, Japan) was used for Fourier transform
infrared spectroscopy studies.

2.4.2. Thermogravimetric analysis
Using a thermogravimetric analyzer (Model 50/

50H; Shimadzu) and a nitrogen atmosphere (30 ml/
min), the thermal behavior of the produced dry
beads was investigated. At a rate of 10 �C/min,
samples were heated from room temperature to
600 �C (Zafar et al., 2022).

2.4.3. Scanning electron microscopy
The surface morphology changes of the prepared

dry beads were investigated using scanning electron
microscopy (SEM) (JOEL JSM-6360 LA; Hitachi,
Japan). First, samples were coated under vacuum
with a thin layer of gold before the examination to
increase the conductivity of the electron beam, and
then introduced into equipment on their holder;
after that, equipment parameters, such as acceler-
ated voltage, focusing, and working distance, were
adjusted for every sample to get the best images.

2.4.4. Determination of ion-exchange capacity
The amount of amine on the surface of activated

hydrogel beads was measured using the published
method (Ngah and Fatinathan, 2010); this was done

by measuring the beads’ ion-exchange capacity
(IEC). Crushed samples of MOF/CS and MOF/AmCs
with various CS and AmCs amounts were added to a
0.1 MH2SO4 solution. After filtering and 12 h at room
temperature, the mixture was titrated against a
normal NaOH solution (0.1 M). A control titration
without the inclusion of a sample was also carried
out. IEC was intended to use the following equation:

IEC
�
meq

�
g
�¼ðV2 �V1ÞN

w
ð1Þ

The volumes of NaOH required for complete
neutralization of H2SO4 in the absence and presence
of the tested sample are represented by V1 and V2,
respectively. The variable N denotes the normality
of the sodium hydroxide solution, while W repre-
sents the weight of the sample in grams.

2.5. Adsorption evaluation experiments

2.5.1. Batch adsorption experiments
Initially, a stock solution of Cr (VI) was prepared

by dissolving K2Cr2O7 in distilled water, resulting in
a final concentration of mg/l. Subsequently, batch
tests (10e200 ppm) were conducted by introducing
dried sample beads of MOF, MOF/CS, and MOF/
AmCS (0.025e0.3 g) into 100 ml of Cr (VI) solution.
The adsorption process was conducted using a Lab
Companion model SI-300R shaking water bath, with
temperatures ranging from 25 to 55 �C and a
shaking rate of 25e200 rpm. The pH of the Cr (VI)
solution was altered to a range of 1e8 by using 0.1 M
solutions of HCl and NaOH. The samples were
systematically collected and subjected to filtration at
regular time intervals of 15, 30, 60, 120, 180, 240, and
300 min. Subsequently, the filtrate was scrutinized
for the presence of any residual Cr (VI) ions.
Conversely, the concentration of Cr (VI) ions was
determined by measuring the optical density of the
purple complex formed with 1,5-diphenylcarbazide
at 540 nm using a UV spectrophotometer (Jasco V-
530). The subsequent equations may be used to
compute the percentage of Cr (VI) removal and the
adsorption capacity (q):

Removal%¼Co�Ct
Co

� 100 ð2Þ

qðmg =gÞ¼ðCo�CtÞ � v
m

ð3Þ

where Co and Ct are the concentrations (ppm; i.e.
mg/l) of Cr (VI) at the initial and at time t, respec-
tively; V is the volume (l) of Cr (VI) solution; and m is
the mass of adsorbent sample beads (g).

134 B.M. Ali et al. / Blue Economy 2 (2024) 131e148



2.6. Adsorption kinetics study

The impact of contact time for adsorption was
examined to examine the adsorption kinetics of Cr
(VI) on MOFS and the findings.
The capacity increased rapidly in the initial 60 min

and the adsorption process reached the equilibrium
in 120 min. MOFs are a fascinating class of materials
with highly tunable structures and exceptional
porosity, making them ideal candidates for adsorp-
tion applications. Understanding the mechanism of
adsorption onto MOFs is crucial for optimizing their
performance and designing them for specific targets.
This involves using a combination of adsorption
isotherms and kinetic models (Reddy and Lee, 2013).

2.7. Adsorption isotherms

Isotherms describe the relationship between the
amount of adsorbate (e.g. metal ions, gas molecules)
bound to the MOF surface (qe) and its equilibrium
concentration in the solution (Ce) at a constant
temperature. Different isotherms represent various
adsorption mechanisms, such as Langmuir, Freund-
lich, and Temkin isotherms (Tambat et al., 2018).

2.8. Reusability experiments

The created beads for eliminating Cr (VI) ions
were also created reusable by carrying out the
adsorptionedesorption procedures.

After the adsorption process was complete, the
adsorbent samples were removed from the bulk
adsorption runs and soaked in a solution of NaCl
(1 M) and ethanol (98%) while being continuously
shaken at 250 rpm for 3 h at 25 �C (Bang and
Pazirandeh, 1999). Thus, the ability of the bead
sample to be reused for Cr (VI) removal was con-
ducted for six consecutive cycles.

3. Results and discussion

3.1. Characterization

3.1.1. Fourier transform infrared spectroscopy analysis
The stretching vibration of the eOH groups was

responsible for the broad absorption bands
observed at 3446 and 3443 cm�1 in both MOF and
MOF-CS, as depicted in Fig. 2. In addition, the
sample exhibited unique functional groups char-
acterized by COO-stretching, which were observed
as a wide, asymmetrical band at 1630 and
1627 cm�1. Moreover, C]C stretching bands were
identified at 1410 and 1435 cm�1. Furthermore, it
was observed that two peaks of absorption were
present in the vicinity of 1062 and 1081 cm�1. In
addition, the infrared spectra of CS and AmCS, as
shown in Fig. 3, exhibited stretching vibration
bands at 3448 and 3000 cm�1, respectively. These
bands were attributed to the overlapping stretch-
ing vibrations of the OH and NH2 groups. The
modified polymer, AmCS, displays distinct peaks

Fig. 3. FTIR spectrum of CS-AmCS.

Fig. 2. FTIR spectrum of MOF-activated MOF-CS.
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in these regions that correspond to the augmen-
tation of amine content. The CeH stretching of
methyl for CS and AmCS is represented by bands
at 2930 and 2920 cm�1, respectively, as illustrated
in Fig. 4 by Zabochnicka-�Swiatek and Krzywonos
(2014).

3.2. Thermogravimetric analysis thermographs

Thermal properties of MOF, MOF-PBQ, CS,
MOF/CS, and MOF/AmCS chemically cross-linked
hydrogel beads were evaluated by the thermogra-
vimetric analyzer in a nitrogen atmosphere at a
heating rate of 10 �C/min. It was clear from the
figures that the initial weight loss for all samples
could be attributed to the small amount of moisture.
The weight loss in the case of Alg (Fig. 5) occurs
after 98.94 �C at a relatively high rate up to 230 �C,
where hydrogel lost about 25% of its original weight.
The rate of weight loss slows as the temperature
rises above this level. However, in the case of MOF-
CS (Fig. 5), a distinct behavior was noticed, most
likely as a result of the beads’ increased thermal
stability when compared with MOF beads.
Compared with the MOF beads, the weight reduc-
tion at 230 �C has decreased.

Fig. 5 demonstrates the degradation of CS and
AmCS under a nitrogen atmosphere. The first
weight loss starts from ambient temperature to
about 150 �C, which was referred to as imbibing the
polymer's water content trapped by its hydrophilic
groups (hydroxyl and amine groups). The high
moisture content of AmCS (11.15%) compared with
CS (7.2%) was attributed to increasing the hydro-
philic nature of the modified polymer by the ami-
nation process. According to Pawlak and Mucha, the
principal destructive decomposition of the CS
backbone ranged from 220 �C to 350 �C due to the
oxidative decomposition of the pyranose ring. In
this stage, the destruction forms cross-linked frag-
ments that decompose at a higher temperature
(Ni�n~a et al., 2007).
The results indicated that the thermal stability of

CS decreased after the amination process, where CS
lost half its weight (T50

�C) at 347.2 �C compared
with that at 309.4 �C in the case of AmCS. This may
be attributed to the role of amine groups in
enhancing the thermal degradation process. It can
also be anticipated that chemically cross-linked
MOF/CS (Fig. 5) and MOF/AmCS (Fig. 5) beads
exhibit more thermal stability than native MOF, CS,
and AmCS biopolymers. This is due to the presence

Fig. 5. TGA of MOF and MOF-CS.

Fig. 4. FT-IR spectrum of MOF/CS beads e MOF/AmCS beads (0.5% AmCS).
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of covalent bonds resulting from the coupling pro-
cess using PBQ, which enhances beads’ thermal
behavior.
This phenomenon can be explained by consuming

part of hydrophilic amine groups in the cross-link-
ing process. It was noticed that the initial weight
losses in the case of MOF/AmCS were higher than
those in the case of MOF/CS beads, as shown in
Table 1. The presence of extra hydrophilic amine
groups along the chain backbone facilitates the
trapping of moisture molecules into the polymer. In
general, it was clear that the chemical modifications
improved the thermal stability relative to the parent
polymer.

3.3. Scanning electron microscopy analysis

Changes in surface morphology of the prepared
dry beads were investigated using SEM. SEM im-
ages of MOF, CS, AmCS, and MOF/CS and MOF/
AmCS chemically cross-linked hydrogel beads are
shown in Figs. 6e9. It was clear that the morpho-
logical structure of MOF (Fig. 6) was different than
that of the activated MOF with PBQ (Fig. 7), where a
granular surface with a small size was observed in
the case of MOF, which changed to a curly surface
after the activation process by PBQ. However, the
surface of CS (Fig. 8) was changed from a granular

surface to a smooth surface in the case of AmCS
(Fig. 9) after the amination process.
The bead surface morphology of the developed

MOF/CS (Fig. 7) and MOF/AmCS (Fig. 8) was
significantly changed compared with native bio-
polymers, in which a dense and random fibrillar and
rougher surface was formed after cross-linking with
CS and AmCS. Furthermore, the degree of compac-
tionhasbeen increased obviously in the case ofMOF/
AmCS compared with that of MOF/CS.

3.4. Ion-exchange capacity determination

Fig. 10 shows the IEC values for different con-
centrations of CS and AmCS for the chemicallyFig. 6. SEM image of MOF.

Fig. 7. SEM image of MOF-CS.

Fig. 8. SEM image of chitosan.

Fig. 9. SEM image of MOF/AmCS (chemically cross-linked) beads.

Table 1. TGA data of MOF, CS, AmCS, MOF/CS, and MOF/AmCS
chemically cross-linked hydrogel beads (Ni�n~a et al., 2007).

Samples T50% (�C) Weight loss (%)
at RT e 150 �C

MOF 315 25.67
Chitosan 347.22 7.2
Aminated chitosan 309.4 11.15
MOF/CS (chemically

cross-linked)
489 2.677

MOF/AmCS (chemically
cross-linked)

385.1 10.8
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cross-linked MOF/CS and MOF/AmCS beads that
were tested. IEC increased linearly as the CS con-
tent rose from 0.1 to 1%, as was observed. However,
using 1% CS, it steadily increased from 1.88 mEq/g
to a maximum value of 5.12 (mEq/g. In the instance
of AmCS, the same behavior was observed, but the
maximum IEC value was 6.5 mEq/g using just 0.5%
of AmCS. MOF/AmCS IEC values were higher than
Alg/CS values in all ratios. This is explained by the
additional amine groups that are present on the
surface of hydrogel beads compared with CS (pro-
duced by AmCS). The IEC values are unaffected by
an additional rise in AmCS concentration of up to
1%. The saturation of the majority of active locations
with 0.5% of AmCS may help to explain this.

3.5. Swelling studies

The swelling of the desiccated hydrogel beads is
mainly caused by the hydration of the present hy-
drophilic groups of MOFs (OH, COOH), CS (OH
and NH2), and AmCS (OH and excess of NH2)
(Eldin et al., 2012).
Free water molecules enter the network of beads

and occupy the rigid pores within the polymer
network, increasing the degree of swelling. Fig. 11
illustrates the investigation into the degree of

swelling of the produced MOF, MOF/CS, and MOF/
AmCS hydrogel beads. It was clear that the swelling
degrees of MOF/CS and MOF/AmCS samples were
higher than that of MOF beads due to the generated
hydrophilic amine groups using CS and AmCS,
which impart the hydrophilicity of beads.
Moreover, the swelling degree increased gradu-

ally with increasing CS and AmCS concentrations of
up to 0.5% and then decreased with further in-
creases of CS and AmCS concentrations of up to 1%.
This could be explained by the fact that CS and
AmCS are natural hydrophilic polymers, increasing
the affinity of water molecules to penetrate the bead
network. The molecular chains swell, increasing the
number of different amine groups with further in-
creases in AmCS concentrations of up to 1% may
produce a very strong ionic interaction with the
carboxylate ions of the hydrogel through the for-
mation of a polyelectrolyte complex in addition to
the presence of covalent bonds which generated
from the chemical cross-linking.
This resulted in a compact and densely networked

structure with the minimum swelling degree. These
groups do not contribute to the retention of water
molecules within the beads. Then the diffusion rate
of water molecules is reduced (Al-qudah et al., 2014).
From the results, the values of the swelling degree
of MOF/AmCS beads were higher than those of
MOF/CS beads due to the extra hydrophilic groups
generated in AmCS, which enhance the swelling
behavior of beads.

3.6. Adsorption evaluation

3.6.1. Effect of CS and AmCS concentrations
The impact of varying concentrations of CS and

AmCS on the adsorptive elimination of Cr (VI) was
examined under constant adsorption conditions, as
depicted in Figs. 12 and 13. These conditions included
an adsorbent dose of 0.1 g, a Cr (VI) concentration of
50 ppm/100 ml, a pH of 2, an adsorption temperature
of 25 �C, a shaking speed of 150 rpm, and a contact
time of 180 min. The results indicate a substantial
increase in the removal of Cr (VI) through the use of
MOF/CS beads, with removal rates rising from 27 to
86%. Furthermore, the concentrations of CS exhibited
an increase from 0.1 to 1% concomitant with the rise
in adsorption capacity from 35 to 93 mg/g. The MOF/
CS beads have demonstrated an adsorption capacity
of 15 mg/g; however, the removal efficiency has been
determined to be merely 18%. In contrast, the find-
ings indicate that MOF/AmCS exhibited higher
removal (%) and adsorption capacity values
compared with MOF/CS beads. The maximum

Fig. 11. Swelling degree values for MOF and MOF/CS beads with
different concentrations of CS (at constant swelling time of 3 h, room
temperature, and 0.1 g sample).

Fig. 10. IEC values for MOF/CS and MOF/AmCS beads.
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removal achieved using only 0.5% AmCS was 87%,
while themaximumadsorption capacity was 95mg/g.
The observed outcomes could be attributed to the

existence of supplementary amine (-NH) clusters on
the exterior of MOF/AmCS beads. The cationic
amine clusters exhibited remarkable efficacy in
eliminating anionic Cr (VI) ions from their respec-
tive solutions. After the near-complete adsorption of
all Cr (VI) ions through the use of 0.5% of AmCS,
any further augmentation in AmCS concentrations
beyond the aforementioned percentage did not
exert any noteworthy influence on the removal
percentage and adsorption capacity. Consequently,
Alg/AmCS beads, containing 0.5% AmCS, were
deemed suitable for the supplementary batch
adsorption investigations.

3.6.2. Effect of contact time
Under controlled conditions, where the adsorbent

dose was 0.1 g, the concentration of Cr (VI) was
50 ppm 100/ml, the pH was 2, the adsorption

temperature was 25 �C, and the shaking speed was
150 rpm, the impact of contact time (15e300 min) on
the removal (%) of Cr (VI), and the adsorption ca-
pacity is illustrated in Fig. 14, using Alg/AmCS
beads (0.5% AmCS). The results obtained from the
study indicate that the extension of contact time
from 15 to 180 min resulted in a significant
improvement in the removal rate and enhancement
of the adsorption process. Consequently, there is a
diffusion of a greater number of Cr (VI) ions
through the fluid that encompasses the adsorbent
particles, leading to a gradual rise in removal effi-
ciency, reaching a maximum of 87% along with a
maximum adsorption capacity of 95 mg/g. The
adsorption rate of Cr (VI) remained constant even
with an extended contact period of up to 300 min,
after attaining equilibrium adsorption at 180 min.
The depletion of active adsorption sites occurred
gradually, resulting in the occupation of said sites by
Cr (VI) ions. Consequently, a contact time of
180 min was selected as the optimal duration for
adsorption in further batch experiments.

3.6.3. Effect of pH of the medium
The adsorption behavior of Cr (VI) ions is influ-

enced by the pH level of the fluid. The adsorption
mechanism of Cr (VI) by MOF/AmCS beads can be
elucidated through the application of surface
chemistry principles in an aqueous phase. Reddy
and Lee (2013) described the remarkable capacity of
adsorbents containing amino groups to eliminate Cr
(VI) ions from wastewater. In addition, under con-
ditions of solid acidity, the amino (-NH2) groups
undergo facile protonation to yield ammonium
(-NH3+) moieties, which confer advantageous
binding properties toward complex anions
including Cr2O72-, CrO42-, and HCrO4-.

Fig. 13. Effect of AmCS concentrations on the adsorptive removal of Cr (VI) using MOF/AmCS beads at a constant adsorbent dose of 0.1 g, Cr (VI) of
50 ppm 100/ml, pH ¼ 2, adsorption temperature of 25 �C, shaking speed of 150 rpm, and 180 min as a contact time.

Fig. 12. Effect of CS concentrations on the adsorptive removal of Cr (VI)
using MOF/CS beads at a constant adsorbent dose of 0.1 g, Cr (VI)
(50 ppm/100/ml), pH ¼ 2, adsorption temperature of 25 �C, shaking
speed of 150 rpm, and 180 min as a contact time.
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The investigation of the impact of pH variation on
the adsorptive removal of Cr (VI) ions using MOF/
AmCS beads with 0.5% AmCS was conducted
within the pH range of 1e8, as depicted in Fig. 15.
The experimental conditions involved the simulta-
neous maintenance of an adsorbent dose of 0.1 g, a
Cr (VI) concentration of 50 ppm 100/ml, an
adsorption temperature of 25 �C, a shaking speed of
150 rpm, and a contact duration of 180 min. The
results indicate that an increase in pH from 1.0 to
2.0 led to a corresponding increase in both the
adsorption capacity and removal efficiency (%) of
Cr (VI). However, a subsequent increase in pH to
8.0 resulted in a decline in both parameters. The
observed decrease in adsorption capacity at pH 1 in
comparison to pH 2 can be attributed to the
transformation of Cr (VI) species, leading to the
formation of neutral H2CrO4 at pH levels of less

than 2. The NH2 groups that were positively pro-
tonated and the Cr (VI) ions that were negatively
charged exhibited a slight attraction toward each
other. The study conducted by Nomanbhay and
Palanisamy (2005) showed a decrease in both
adsorption capacity and percentage of Cr (VI)
removal. Is it possible to obtain test samples that do
not contain any adsorbent material? Is it possible
for a portion of chromium to be eliminated through
precipitation?
The MOF/AmCS bead surface had NH2, COOH,

and OH groups that were protonated at pH 2 to
create a less negatively charged surface. As a
consequence, the adsorptive removal of Cr would
be improved by the stronger positiveenegative
charge attraction (VI). Moreover, the following
equation can be used to describe the electrostatic
interaction between negatively charged Cr (VI) ions
and protonated species:

�NH3þ : eNH3
þþHCrO4

e/eNH3
þ
……HCrO4

�

ð4Þ
Also, eNH3

+ can bind with Cl� (generated from
hydrolysis of acidic HCl), and then the ion-exchange
process takes place between HCrO4

� and Cl� anions
as presented in the following equation:

H2CrO4
�þ7Hþþ3e�/Cr3þ þ 4H2O ð5Þ

It has been reported that the production of neutral
H2CrO4 occurred at a pH of 2, concomitant with the
reduction of certain negatively charged Cr (VI) ions
to positively charged Cr (III) ions, as indicated by
the equations. The decreased adsorption capacity
observed at a pH of 1 in comparison to a pH of 2
may be ascribed to the transformation of Cr (VI)
entities (7, 8). Consequently, a minimal attraction
existed between the negatively charged Cr (VI) ions

Fig. 15. Effect of pH variation on the adsorptive removal of Cr (VI) using
MOF/AmCS (0.5% AmCS) beads at a constant adsorbent dose of 0.1 g,
Cr (VI) of 50 ppm 100/ml, adsorption temperature of 25 �C, shaking
speed of 150 rpm, and contact time of 180 min.

Fig. 14. Effect of contact time on the adsorptive removal of Cr (VI) using MOF/AmCS (0.5% AmCS) beads at a constant adsorbent dose of 0.1 g, Cr
(VI) of 50 ppm 100/ml, pH ¼ 2, adsorption temperature of 25 �C, and shaking speed of 150 rpm.
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and the positively protonated amine groups (NH3+).
The study conducted by Sharma et al. (2017) showed
a decline in both the adsorption capacity and the
percentage of Cr (VI) removal.

H2CrO4
�þ7Hþþ3e�/Cr3þ þ 4H2O ð6Þ

Cr2O7
2�þ14Hþþ6e�/2Cr3þ þ 7H2O ð7Þ

Conversely, an increase in pH of up to 8 results in
a reduction of Cr (VI) removal from 87 to 34%, and a
decrease in adsorption capacity from 97 to 35 mg/g.
According to Sikder et al. (2014), the adsorbent
surface experiences a decrease in positive charges
due to the existence of an increased number of OH-
ions in the adsorption medium.
The decrease in removal efficiency and adsorption

capacity can be attributed to the attenuation of
electrostatic interactions between the adsorbent and
Cr (VI) ions of opposite charge.
Considering the circumstances, a pH value of 2

was designated as the optimal pH medium for
subsequent adsorption experiments. Furthermore,
the present study revealed congruent findings with
prior research examined by Yang et al. (2022).
The adsorption mechanism can be examined by

identifying the point of zero charge on the adsor-
bent surface. A pH over pHzpc improves cation
adsorption, while a pH below pHzpc improves anion
adsorption. Results indicate that the adsorbent has a
pH of 2 (zpc). This indicates that the adsorbent
surface had a neutral or zero charge at pH ¼ 2. The
study found no significant variance in the pH range
of 3e8. However, the anionic environment can

change the structure of Cr (VI). pH 2 (neutral for
metal ions and adsorbent) was determined as the
optimal pH (Zarei et al., 2018).

3.6.4. Effect of initial Cr (VI) concentration
The study conducted experiments using different

concentrations of Cr (VI) within the 10e200 ppm
range while keeping all other adsorption parame-
ters constant. The objective was to examine the in-
fluence of the initial Cr (VI) concentration on the
adsorption process, as illustrated in Fig. 16.
The study showed a positive correlation between

the concentration of Cr (VI) and the adsorption ca-
pacity, as the former increased from 10 to 200 ppm,
the latter also exhibited a gradual increase from 19
to 132 mg/g. This hypothesis could be attributed to
the failure to attain a state of adsorbent surface
saturation at lower concentrations of 10 and 25 ppm.
Conversely, with an increase in Cr (VI) concentra-
tion, there was a corresponding increase in
adsorption capacity due to the progressive occupa-
tion of adsorption sites. The observed phenomenon
could potentially be attributed to the resolution of
the mass transfer resistance at the interface between
the solid and liquid phases, as a result of the
growth-promoting influences stemming from the
concentration gradient. It is plausible that the di-
mensions of the adsorbent particles may also play a
role in this process. The justification of potential
mass transfer restrictions is deemed significant, as
posited by Khan et al. (2022a, 2022b).
The findings indicated that diminished concen-

trations exhibited total elimination (100%) due to the
surplus use of adsorbent in comparison to the

Fig. 16. Effect of Cr (VI) concentrations on the adsorptive removal of Cr (VI) using MOF/AmCS (0.5% AmCS) beads at a constant adsorbent dose of
0.1 g), pH of 2, adsorption temperature of 25 �C, shaking speed of 150 rpm, and contact time of 180 min.
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requisite amount for the absorption of Cr (VI) ions.
The complete removal of Cr (VI) ions was achieved
due to the facile capture of these ions by the
adsorption sites. At elevated concentrations of 100
and 200 ppm, the reduction in droplet percentage
may be attributed to the limited availability of
adsorption sites on the MOF/AmCS beads’ surface.
This is due to the saturation of these sites by specific
concentrations of Cr (VI). Furthermore, it is plau-
sible that heightened concentrations of Cr (VI) may
result in the emergence of intensified intermolec-
ular forces among solute molecules in both solid
and bulk phases. Consequently, a reduced number
of Cr (VI) ions were eliminated (%).
Exposure to concentration gradients of Cr (VI) of

up to 200 ppm may cause the driving forces result-
ing from the concentration gradient to outweigh the
resistance to mass transfer between the liquid and
solid phases, which will increase the values of the
adsorption capacity (Khan et al., 2022a, 2022b).

3.6.5. Effect of adsorbent dose
The effects of the initial adsorbent dose variation

on Cr (VI) removal (%) and the adsorption capacity
under the same adsorption circumstances are
shown in Fig. 17. The outcomes showed that as the
dose of MOF/AmCS (0.5% AmCS) beads was
increased from 0.05 to 0.3 g, their adsorption ca-
pacity steadily declined from 119 to 33 mg/g. This is
due to the fact that according to the equation used to
calculate adsorption capacity, adsorption capacity
(q) is negatively proportional to the adsorbent dose.
However, the dose was increased to 0.2 g and the
removal (%) rose noticeably from 36 to 100%. These
findings could be explained by the existence of more

open adsorption sites, which would increase the
adsorbent dose and, in turn, increase the elimina-
tion (%). However, as all Cr (VI) ions were
completely removed (100%) using 0.2 g and 95%
removed using 0.1 g, an additional rise in the
adsorbent dose from 0.2 to 0.3 g does not affect the
removal (%) (Khan et al., 2022a, 2022b).

3.6.6. Effect of shaking speed
As shown in Fig. 18, the impact of shaking speed

(rpm) on removal (%) and adsorption capacity was
evaluated while maintaining all other adsorption
conditions constant for a duration of more than
180 min. The obtained findings showed that the
adsorption process is positively impacted by
increasing the shaking speed to up to 150 rpm. The
removal (%) increased steadily from 46 to 87% as a
result, and the adsorption capacity rose from 49 to
95 mg/g. These results could be attributed to
enhancing the distribution of solute in the bulk solu-
tion and improving the diffusion of Cr (VI) ions to-
ward thebead's surfacewith increasing shaking speed
to up to 150 rpm, resulting in the highest removal (%)
with maximum adsorption capacity. Nevertheless, a
further increase in the speed of up to 200 rpm in-
creases the desorption tendency of Cr (VI), resulting
from the deformation of the stationary film? If this is
true then chromium is not strongly linked to the
adsorbent which is opposite to the previous observa-
tions. Consequently, the removal (%) and adsorption
capacity have decreased (Yang et al., 2022).

3.6.7. Effect of medium temperature
As shown in Fig. 19, the influence of adsorption

temperature on both elimination (%) and adsorption

Fig. 17. Effect of adsorbent dose on the adsorptive removal of Cr (VI) using MOF/AmCS (0.5% AmCS) beads at a constant Cr (VI) of 50 ppm 100/ml,
pH of 2, adsorption temperature of 25 �C, shaking speed of 150 rpm, and contact time of 180 min.
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capacity was investigated in the range of 25e55 �C.
The outcomes showed that Cr (VI) ion removal (%)
improved from 87 to 97%. However, as the tempera-
ture rose from 25 to 35 �C, the adsorption capacity
grew from 95 to 105 mg/g. These could be brought on
by greater segmental motion, which increases the
diffusion rate of Cr (VI) ions over the external
boundary layer of MOF/AmCS beads at higher tem-
peratures of up to 35 �C. The adsorption process is
affected and the removal (%) and adsorption capa-
bility decline as the temperature is raised further, up
to 55 �C,which is related to the occurrence ofmaximal
surface area inMOFs around 35 �C. The fluctuation in
Cr (VI) removal seems to be consistent based on the
surface area (Kar and Equeenuddin, 2019). These re-
sults couldbeexplainedby the fact thatmoreenergy is
needed to improve Cr (VI) ion migration onto the
surface of thebead.As a result, the likelihoodof theCr
(VI) ions attaching diminishes, which triggers the
desorption process and reduces the adsorption ca-
pacity and Cr (VI) removal (%). Adsorption in general
is exothermic and it is reduced by the temperature!

The initial increase in temperature is strange e it
needs better justification with literature references
(Yang et al., 2022).
At pH 2 and 25 �C, the greatest adsorption ca-

pacity for removing Cr (VI) was 119 mg/g with an
adsorbent dosage of 0.025 g. These values are
significantly higher than the previously reported
results of CS (93.6 mg/g) at pH 2 and temperature
40 �C (Wang et al., 2016a, 2016b). Previous studies
have shown that CS (78 mg/g) can effectively
remove Cr (VI) (Schmuhl et al., 2004).

3.7. Kinetic models

Kinetic models explore the rate at which adsorp-
tion occurs. By fitting experimental data to these
models, we can gain insights into the rate-deter-
mining step and the type of adsorption:

(1) Pseudo-first-order model: assumes the rate of
adsorption is proportional to the number of
vacant sites on the MOF surface and the
remaining adsorbate concentration. It suggests
physisorption as the dominant mechanism.

(2) Pseudo-first-order and pseudo-second-order ki-
netic models were used to investigate the adsorp-
tion mechanism. The linear forms of pseudo-first-
order and pseudo-second-order models:

ln
�
qe � qt

�¼ lnqe � k1t ð8Þ

t
�
qt ¼ 1

��
k2qe 2

�þ t
�
qe ð9Þ

where k1 (min�1) and k2 (g/mg/min) are the rate
constants of pseudo-first-order and pseudo-second-
order models, respectively, while qt (mg/g) and qe
(mg/g) are the capacities at time t (min) and equi-
librium. The values of k1, k2, and qe (qe cal) can be

Fig. 19. Effect of temperature on the adsorptive removal of Cr (VI) using
MOF/AmCS (0.5% AmCS) beads at a constant adsorbent dose of 0.1 g,
Cr (VI) of 50 ppm 100/ml, pH ¼ 2, shaking speed of 150 rpm, and
contact time of 180 min.

Fig. 18. Effect of shaking speed (rpm) on the adsorptive removal of Cr (VI) using MOF/AmCS (0.5% AmCS) beads at a constant adsorbent dose of
0.1 g, Cr (VI) of 50 ppm 100/ml, pH ¼ 2, adsorption temperature of 25 �C, and contact time of 180 min.
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determined from the intercept and the slope of the
linear Eqs. (8) and (9). Moreover, to find the most
reasonable model, the residual sum of squares
(RSS) is commonly used and defined as

RSS¼
X

i
�
qexp i � qmodel i

�2 ð10Þ

where qi exp and qi models are the experimental
and model calculated values of the capacity qi. The
smaller the RSS value, the more reasonable the
model. The results are given. The correlation coef-
ficient (R2) of the pseudo-second-order model was
higher than that of the pseudo-first-order model,
and the RSS value of the pseudo-second-order
model was less than that of the pseudo-first-order
model, which means that the fitting curve of the
pseudo-second-order model was closer to the
experimental points. These suggested that the
pseudo-second-order model was more suitable for
the adsorption of Cr (VI). Hence, the adsorption was
mainly controlled by a chemical process (Fig. 20).

(1) Pseudo-second-order model: proposes that the
rate of adsorption is controlled by the collision
between adsorbate molecules and unoccupied
sites. It often indicates chemisorption as the
limiting step.

(2) Elovich model: accounts for a decreasing adsorp-
tion rate with time due to surface heterogeneity
and blocking effects. It suggests chemisorption
involving activation energy barriers (Fig. 21).

3.8. Adsorption isotherms

3.8.1. Langmuir isotherm
The Langmuir isotherm assumes monolayer

adsorption with homogeneous binding sites and no

interaction between adsorbed molecules. It suggests
specific and energetically uniform binding, often indi-
cating chemical adsorption (chemisorption) (Fig. 22).

3.8.2. Freundlich isotherm
This isotherm describes heterogeneous surfaces

with a distribution of binding energies. It implies
multilayer adsorption and is often associated with
physisorption (Fig. 23).

3.8.3. Temkin isotherm
Temkin considers the decrease in binding

enthalpy with surface coverage. It suggests an in-
direct interaction between adsorbate molecules and
is indicative of chemisorption with lateral repulsion
(Fig. 24).

3.9. Combined approach

By analyzing both isotherms and kinetic models,
we can build a comprehensive picture of the
adsorption mechanism:

(1) Dominant adsorption type: depending on the
best fitting isotherm and kinetic model, we can
identify the primary type of adsorption (phys-
isorption or chemisorption).

(2) Interaction forces: specific isotherms like
theTemkin suggest additional interactions suchas
electrostatic attraction or hydrogen bonding.

(3) Rate-determining step: kinetic models reveal
whether diffusion, surface reaction, or both
control the adsorption rate.

(4) Surface heterogeneity: Freundlich isotherm and
Elovich model indicate a nonuniform surface
with varying binding energies.

Fig. 20. (a,c) Pseudo-first- order and (b,d) pseudo-second order kinetic model for MOF adsorption.
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Fig. 22. Langmuir isotherm for MOF adsorption.

Fig. 21. Elovich model for MOF adsorption.

Fig. 23. (a) Langmuir and (b) Freundlich isotherms for MOF adsorption.
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3.10. Example

Consider the adsorption of Cr (VI) onto a Zr-
based MOF. Langmuir isotherm and pseudo-sec-
ond-order kinetic model provide the best fit, sug-
gesting specific and energetically uniform binding
through strong chemisorption. This might involve
the formation of stable metaleCr (VI) complexes on
the MOF's open metal sites.

3.11. Benefits of using models

(1) Predicting adsorption capacity and rate: models
can help optimize MOF design and operating
conditions for specific applications.

(2) Understanding interactions: we can gain insights
into the nature and strength of binding forces
between the MOF and the adsorbate.

(3) Developing new MOFs: model-based insights
can guide the design of MOFs with tailored
properties for targeted adsorption.

3.12. Reusability study

Economically speaking, the adsorbent's reus-
ability is important because it directly impacts the
production costs of the adsorbents. Adsorp-
tionedesorption experiments were carried out in
this research to examine the prepared MOF/AmCS
adsorbent's potential for reuse in the adsorption of
Cr (VI). The results of these experiments are shown
in Fig. 25. According to the findings, the MOF/
AmCS adsorbent still possesses excellent adsorption
characteristics after undergoing six repetitions of
the adsorptionedesorption cycle (60%) with a
maximum adsorption capacity of 52 mg/g. This
demonstrates how effectively removing Cr (VI) ions

from their aqueous solution could be done while
also being environmentally friendly and reusable.

3.13. Conclusion

This research successfully prepared and used
new, inexpensive adsorbent hydrogel beads based
on CS and its aminated derivatives to remove Cr
(VI) ions from their aqueous solutions.
Chemical structures of the developed beads were

described using FTIR, and their thermal stability
was examined using thermogravimetric analysis. In
comparison to the parent polymers, the findings
showed that chemical cross-linking had increased
the thermal stability of MOF/CS and MOF/AmCS
beads. However, SEM analysis was used to find
variations in surface morphology brought on by the
formation of hydrogel beads.
By measuring the IEC, the amine content on the

adsorbent's surface was determined (IEC). Because
different amine groups were generated, it was
discovered that the IEC values of the MOF/AmCS
beads were greater than those of the MOF/CS
beads. The IEC readings have risen as the AmCS
concentrations have reached 0.5%. In addition, the
swelling behavior of the developed beads under the
MOF/AmCS condition was more pronounced than
under the MOF/CS conditions, and it steadily
increased with increasing AmCS concentrations of
up to 0.5%.
Using batch adsorption experiments, the adsorp-

tion evaluation analysis of Cr (VI) ions was also
carried out. A higher clearance (%) was discovered
when CS, MOF/CS, and MOF/AmCS beads were
used to compare the adsorptive removal of Cr (VI)
ions. In comparison to the MOF/CS adsorbent (86%

Fig. 25. Reusability cycles of the MOF/AmCS (0.5% AmCS) adsorbent
at a constant adsorbent dose of 0.1 g, Cr (VI) of 50 ppm 100/ml, pH ¼ 2,
adsorption temperature of 25 �C, shaking speed of 150 rpm, and contact
time of 180 min.

Fig. 24. Temkin isotherm for MOF adsorption.
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and 93 mg/g using 1% CS) and Alg beads (18% and
15 mg/g), the MOF/AmCS adsorbent observed
higher adsorption capacity values (87% and 95 mg/g
using 0.5% AmCS).
The effects of CS and AmCS concentration, initial

contact time, starting Cr (VI) concentration, pH,
adsorbent dose, adsorption medium temperature,
and shaking speed on the adsorption process were
investigated (rpm). The inferences that can be
drawn are the following:

(1) The removal (%) and adsorption capacity
reached maximum values (87% and 95 mg/g)
using 0.5% of AmCS.

(2) The equilibrium contact time for adsorption was
180 min.

(3) The maximum values of removal (%) and
maximum adsorption capacity values were
observed at a pH of 2.

(4) The highest removal (%) was estimated (100%)
using 10 and 25 ppm of Cr (VI). At the same
time, the maximum adsorption capacity was
recorded using 200 ppm of Cr (VI).

(5) The maximum adsorption capacity was 119 mg/g
using an adsorbent dose of 0.025 g, while the
highest removal was 100% using 0.1 g of the
prepared adsorbent beads.

(6) Maximum adsorption capacity and higher
removal (%) values were recorded at 35 �C as the
medium adsorption temperature (i.e. 109 mg/g
and 97%).

(7) Maximum adsorption capacity and higher
removal (%) values were recorded by conducting
the adsorption experiments at 150 rpm.

(8) The MOF/AmCS adsorbent beads demonstrated
good adsorption properties, with a removal rate
exceeding 60% after six cycles, making them
effective for removing toxic Cr (VI) ions from
industrial wastewater.

Based on our findings, MOFs offer a potential
pathway for the progression of wastewater treat-
ment methodologies. Notwithstanding their poten-
tial, the use of MOFs in the context of wastewater
treatment is still in its nascent phase, necessitating
additional research to comprehensively compre-
hend and enhance their efficacy. The present article
will center on the amalgamation and characteriza-
tion of MOFs and their potential utilization in the
remediation of industrial effluents.

3.14. Future work

Researchers may more readily and effectively
model and simulate reticular systems with the use

of computational tools, applications, and AI. No
matter where they are in the world, researchers can
now investigate and study MOFs, covalent organic
frameworks, and other reticular structures thanks to
technological breakthroughs.
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