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ABSTRACT: Metal—organic frameworks (MOFs), a material known for its multifunctionality, chemical stability, and high surface
area, are now commonly utilized as an adsorbent for water treatment. The MOF (MIL-88(Fe)-NH,) was synthesized and used to
remove the commonly used toxic herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) from water. The MIL-88(Fe)-NH, MOF was
fully characterized using multiple techniques. A systematic investigation was conducted to evaluate the key parameters that impact
the adsorption process, which include coexisting anions, adsorbent dosage, and solution pH. The adsorption isotherm was fitted
using the Langmuir model, while the kinetics were fitted using pseudo-second-order. The adsorption process was both
chemisorption and endothermic. The capacity for adsorption increased with rising temperatures. The MIL-88(Fe)-NH, adsorbent
has a maximum adsorption capacity of 345.25 mg g_1 for removing 2,4-D, significantly higher than previous adsorbents used for this
purpose. The adsorption mechanism could be ascribed to hydrogen bonding, pore filling, 7—n conjugations between the 2,4-D
molecules and the MIL-88(Fe)-NH, adsorbent, and electrostatic interactions. Furthermore, the adsorption capacity of MIL-88(Fe)-
NH, adsorbent showed only a slight decrease after five successive recycles, and it could be easily regenerated through solvent
washing. When used in environmental water samples, especially those containing electronic wastes, the MIL-88(Fe)-NH, adsorbent
demonstrated satisfactory adsorption capacity and reusability. The MIL-88(Fe)-NH, adsorbent is more practical and reusable and
has better adsorption capacity and shorter equilibrium time compared to previously reported adsorbents.

1. INTRODUCTION population.” Overuse of pesticides can lead to the development
of resistance in pests, making them harder to control with the
same pesticides. This can lead to the use of stronger and more
toxic pesticides, which can have even more hazardous effects
on human health and the environment. Environmental
pollution can result from the long persistence of pesticides in

Wastewater contaminated with pesticides can have dangerous
consequences for both humans and the environment. Some
potential hazards include toxicity to aquatic life. Pesticides can
be toxic to fish, insects, and other aquatic organisms.
Accumulation of them in the food chain due to their
introduction through wastewater can cause harm to the
ecosystem.' Pesticides can contaminate surface water and
groundwater sources, which can be used as drinking water.

the environment. They can also be transported over long
distances through air and water, causing contamination in areas

Drinking water contaminated with pesticides can result in Received: August 8, 2023
severe health problems, including cancer, reproductive Accepted:  October 2, 2023
problems, and developmental issues.” When wastewater Published: October 20, 2023

containing pesticides is used for irrigation, it can harm
agricultural crops and reduce the yield. This can lead to
economic losses for farmers and food shortages for the
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far from their original application.” To prevent these hazards, it
is important to properly handle, treat, and dispose of
wastewater containing pesticides. This can include using
effective treatment methods to eliminate pesticides from
wastewater before releasing it into the background or reusing
it for nonpotable purposes. Additionally, reducing the use of
pesticides and adopting alternative pest control methods can
also help to minimize the hazards associated with their
existence in wastewater.’

Exposure to pesticides can cause a wide range of acute and
chronic illnesses in humans. Some of the types of illnesses that
can result from the existence of pesticides include acute
toxici‘cy.6 In severe cases, acute toxicity can cause respiratory
failure, coma, and even death. There is a correlation between
certain pesticides and an elevated risk of cancer in humans.
Certain pesticides, including glyphosate, a widely used
herbicide, have been classified as carcinogenic to humans.
Exposure to pesticides can lead to reproductive and
developmental problems in both males and females. For
example, exposure to some pesticides has been linked to
decreased fertility, miscarriage, stillbirth, and birth defects.
Pesticides can affect the nervous system and lead to symptoms
such as headache, dizziness, confusion, and seizures.” Exposure
to pesticides can cause respiratory problems, particularly in
agricultural workers who are frequently exposed to pesticides.®
Symptoms can include shortness of breath, wheezing, and
coughing. Pesticides can cause skin and eye irritation,
particularly if they come into direct contact with the skin or
eyes.” This can lead to symptoms, such as itching, redness, and
swelling. It is important to note that the severity of pesticide-
related illnesses can vary based on the kind of pesticide, the
dose and duration of exposure, and individual factors such as
age, health status, and genetic susceptibility. Taking steps to
minimize exposure to pesticides, such as using protective
equipment and adopting alternative pest control methods, can
help to reduce the risk of illness.®

Pesticides are chemicals that are used to control pests,
including insects, weeds, fungi, and rodents. There are many
different types of pesticides, which can be classified based on
their chemical structure, mode of action, and target pest. Some
of the major types of pesticides include: Insecticides are
pesticides used to control insects. They can be further
classified into several subcategories, including organophos-
phates, carbamates, pyrethroids, and neonicotinoids, Herbi-
cides are pesticides that are used to control weeds.'® They can
be classified into several subcategories based on their mode of
action, including selective herbicides, which target specific
plants, and nonselective herbicides, which can kill all types of
plants. Fungicides are pesticides used to control fungal
diseases. They can be classified into several subcategories
based on their chemical structure and mode of action."’

In order to control weeds, the herbicide 2,4-D is extensively
used in agricultural and nonagricultural settings. However, the
use of 2,4-D can have negative effects on the environment and
human health, which make the removal of this chemical
important. Exposure to 2,4-D has also been linked to a range of
other health effects, including reproductive and developmental
problems, neurotoxicity, and endocrine disruption. Environ-
mental contamination: 2,4-D can persist in the environment
and can potentially contaminate soil, water, and air."” This can
have negative impacts on wildlife and ecosystems as well as on
human health through exposure to contaminated water and
food. Overuse of 2,4-D can cause the development of

resistance in weeds, making them harder to control with the
same herbicide. 2,4-D can contaminate surface and ground-
water sources, which can be used as drinking water."

To eliminate 2,4-D from the environment, several methods
can be used, including physical, chemical, and biological
treatments. These methods can help to break down or remove
chemicals from soil, water, and air. Additionally, reducing the
use of 2,4-D and adopting alternative weed control methods,
such as integrated pest management (IPM), can help to
minimize the need for herbicides and reduce the negative
impacts associated with their use. There are numerous
methods that can eliminate 2,4-D from contaminated soil,
water, and air.> These methods include: Biodegradation
involves the use of microorganisms to break down 2,4-D into
less harmful compounds. This method can be successful in
removing 2,4-D from soil and water, but it can be slow and
dependent on environmental conditions. Chemical oxidation
involves the use of chemicals, such as persulfate, ozone, or
hydrogen peroxide, to break down 2,4-D into less harmful
compounds.'* This method can be operational in eliminating
2,4-D from water, but it can be expensive and may produce
harmful byproducts. Photodegradation implies the exploitation
of light, such as ultraviolet (UV) light, to break down 2,4-D
into less harmful compounds. This method can be effective in
removing 2,4-D from water, but it can be slow and dependent
on environmental conditions."> Adsorption involves the
utilization of materials, for example, clay or activated carbon,
to adsorb 2,4-D from contaminated water or air. This method
can be effective in eliminating 2,4-D from low-concentration
solutions and has the advantage of being cheap, simple, and
environmentally friendly.'® Adsorption techniques play a
significant role in eliminating 2,4-D because they are effective,
inexpensive, and eco-friendly. Adsorption can be used alone or
in combination with other techniques to withdraw 2,4-D from
contaminated water or air."”

MOFs are a porous material that is promising for adsorbing
pollutants like 2,4-D. They have several advantages over
traditional adsorbents, including high stability, surface
chemistry, tunable pore size, and high surface area.'® MOFs
possess the ideal properties to effectively remove 2,4-D from
contaminated water or air. Several studies have examined the
adsorption of 2,4-D in MOFs. For example, a study found that
a particular MOF, called MIL-101(Cr), was highly effective in
removing 2,4-D from water. Another study published in the
journal Chemosphere found that a different MOF, called UiO-
66-NH,, was effective in removing 2,4-D from aqueous
solutions.'” The application of MOFs for the adsorption of
2,4-D is a promising technique that has shown great potential
in removing this herbicide from contaminated water or air. The
unique properties of MOFs make them ideal candidates for the
elimination of 2,4-D. In conclusion, MOFs are promising
materials for the adsorption of 2,4-D from contaminated water
or air. The unique properties of MOFs, including high stability,
surface chemistry, tunable pore size, and high surface area,
make them ideal candidates for the elimination of 2,4-D.
However, further research is needed to optimize the
adsorption conditions and regeneration methods for practical
application. With the use of MOFs, we can mitigate the
negative impacts of 2,4-D on human health and the
environment.

MIL-88(Fe)-NH,, also known as Fe;O(OH)(H,N-bdc); or
simply MIL-88-NH,, is a fascinating and versatile metal—
organic framework (MOF) material. MIL-88(Fe)-NH,, in
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Figure 1. (A) XRD patterns of the MIL-88(Fe)-NH, adsorbent before and after reusing five times. (B) XPS survey scan spectrum of MIL-88(Fe)-

NH, adsorbent.
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Figure 2. (A) BET sorption isotherms and (B) FT-IR spectra of the MIL-88(Fe)-NH, adsorbent before and after reusing five times.

particular, features iron (Fe) ions or clusters coordinated with
amino-functionalized benzene-dicarboxylate (H,N-bdc) li-
gands. In summary, MIL-88(Fe)-NH, is a remarkable
metal—organic framework known for its high porosity and
diverse applications, particularly in areas involving gas storage,
catalysis, drug delivery, and sensing. Its unique structure and
functionalization possibilities make it a promising material for
addressing a wide range of challenges in science and
technology.

The uniqueness of this study lies in the successful synthesis
and characterization of MIL-88(Fe)-NH,, which provides a
high surface area and effectively removes harmful pesticide
(2,4-D) from wastewater with high efficiency. On the contrary,
the adsorbent can be reused up to five times. Our adsorbent
was found to be more effective than others in removing 2,4-D,
as per a comparison with previous studies.

2. EXPERIMENTAL SECTION

2.1. Materials. The Supporting Information provides
detailed demonstrations of all materials and equipment that
are used in this work.

2.2. Preparation of the MIL-88(Fe)-NH, Adsorbent.
The MIL-88(Fe)-NH, was synthesized in a conventional way
using the reported procedures.”” Detailing the process, the first
solution was formed by adding 1.242 mmol of 2-amino-
terephthalic acid to 7.5 mL of dimethylformamide. The second

40777

solution was created by dissolving 2.497 mmol of FeCl; in 7.5
mL of dimethylformamide. A 30 mL autoclave was filled with a
mixture of solution first and second. Washing MIL-88(Fe)-
NH, twice with methanol and deionized water resulted in its
acquisition after it was treated in a 110 °C oven for 24 h.
2.3. Removal Study Using the MIL-88(Fe)-NH,
Adsorbent. The batch system was used to decontaminate
2,4-D from water. Experiments were conducted to examine the
kinetics of adsorption at an initial concentration of 350 mg L™
for 2,4-D. Isotherm tests were carried out at 293, 303, and 313
K with varying initial concentrations of 2,4-D (20—395 mg
L™!). The effects of salt (NaHCO; Na,SO,, NaCl, and
CaCly), MIL-88(Fe)-NH, dosage (5, 7.5, 10, 15, 20 mg),
contact duration (S to 100 min), and pH value (2—10) on the
removal of 2,4-D from aqueous solutions were studied. The
testing involved adding 0.02 g of MIL-88(Fe)-NH, adsorbent
to 25 mL of solution from 2,4-D at a pH value of 6 in an
Erlenmeyer flask. While keeping the temperature constant, the
flask was agitated on a thermostatic shaker with a constant
rotational speed of 130 rpm for 100 min. The MIL-88(Fe)-
NH, adsorbent loaded with 2,4-D was isolated by
centrifugation after the adsorption process. Using a double-
beam UV-—vis spectrophotometer, the concentration of the
2,4-D supernatant was measured at 282 nm. Eqs 1 and 2 were
used to determine the removal efficiency (% Re) at an
equilibrium and adsorption capacity (g,) of 2,4-D.*!
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Figure 3. SEM image of MIL-88(Fe)-NH, (A) before adsorption and (B) after reusing five times.
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3. RESULTS AND DISCUSSIONS

3.1. Characterization of MIL-88(Fe)-NH, Asorbent.
3.1.1. X-ray Dffraction (XRD). The as-prepared MIL-88(Fe)-
NH, adsorbents before and after reusing XRD patterns are
shown in Figure 1. At approximately 9.1°, 12.7°, 12.9°, 16.6°,
18.5° 20.7°, 25.0°, 26.3°, and 29.4°, the main diffraction peaks
of both samples were observed. The diffraction peaks match
those in published data on MIL-88-NH, sin%le crystals,
confirming that a pure product was obtained.”’ It is also
indicated that the stability of the crystal structure of the MIL-
88(Fe)-NH, adsorbent ramained even after multiple uses.

3.1.2. XPS. The occurrence of N, O, C, and Fe elements in
the MIL-88(Fe)-NH, adsorbent sample was proven by the
XPS survey spectrum, as shown in Figures 1B and S1. The
284.5 eV binding energy peak can be ascribed to the C 1s
bond. The N 1s emission spectrum at 400.1 eV can be ascribed
to C—N bonds. The O 1s emission spectrum appeared at 532.2
eV. Fe 2pl1/2 and Fe 2p3/2 peaks were noted at 725.8 and
711.9 eV, respectively, indicating Fe** binding energy.””

3.1.3. N, Adsorption—Desorption Isotherm. The MIL-
88(Fe)-NH, adsorbent’s textural properties were evaluated
using N, adsorption—desorption experiments, which were
conducted before and after five rounds of reuse (Figure 2A).
At intermediate relative pressure, the H4-type hysteresis loop
was exhibited by the two samples with a type I curve. The
MIL-88(Fe)-NH, adsorbent had a BET surface area of 437 m*
g~ ! before reuse, which decreased to 371 m* g™* after reuse five
times. The MIL-88(Fe)-NH, adsorbent’s pore diameters were
assigned as 0.98 and 0.83 nm before and after it was reused,
respectively, where the Barret—Joyner—Halenda technique was
used to estimate the sample’s porosity (Figure 2). The MIL-
88(Fe)-NH, adsorbent had a total pore volume of 0.13 c¢m?®
g~ before reuse, which declined to 0.1 cm® g™! after reuse, as
shown in Figure S2. The reduce in the surface area, total pore
volume, and the pore diameters of the reused MIL-88(Fe)-
NH, adsorbent may be attributed to the holding of some
molg:ules of 2,4-D on the surface and in the pores after each
use.

3.1.4. FT-IR. FT-IR spectroscopy was employed to character-
ize the MIL-88(Fe)-NH, adsorbent, as indicated in Figure 2B.

It is clear from the spectra that vibrational bands of the —NH,
groups can be seen at around 3485 and 3374 cm™. Protonated
carboxylic groups, typically indicated by a band at around 1710
cm™!, were not observed. The two carboxylic groups in the 2-
aminoterephthalic acid were coordinated with Fe®* after
deprotonation, as suggested by the results. In-plane and out-
of-plane bending of the carboxylic groups are the probable
cause of the bands around 682 cm™.”’ Vibrations related to
(O—Fe—0) appeared as bands at 552, 515, and 463 cm™'.>*

3.1.5. SEM Analysis. Figure 3 illustrates the SEM analysis
conducted to examine the morphology of the MIL-88(Fe)-
NH, adsorbent before and after being used five times. SEM
images (Figure 3A) reveal that the MIL-88(Fe)-NH,
adsorbent is made up of nanoparticles that are both
nonaggregated and monodispersed. According to the images
of the sample, cubic-shaped nanoparticles of varying sizes (250
to 390 nm) were observed.”* After being used five times, the
SEM images (Figure 3B) show that the morphology of the
adsorbent remained mostly unchanged. This suggests that the
adsorbent is stable and can withstand multiple uses without
significant changes in its morphology. Moreover, the images
show that the nanoparticles are still nonaggregated and
monodispersed, indicating that the MIL-88(Fe)-NH, adsorb-
ent can maintain its structural integrity even after repeated use.
This is an important characteristic for an adsorbent as it
ensures consistent performance over time.

3.1.6. Point of Zero Charge. The type of sorbent material
and experimental synthesis conditions play a crucial role in the
electrokinetic performance of the sorbent, as demonstrated by
the measured pHzpc value. The MIL-88(Fe)-NH, has a
positive surface charge when the pH value falls below pHzpc
value 6.75, causing 2,4-D to be negatively charged and
attracted to it. This leads to favorable adsorption below pH
value 6.75, while repulsion occurs above it due to negative
charge formation, according to Figure 4%

3.2. Batch Experiments. 3.2.1. Effect of pH. The
adsorption process benefits from adjusting the pH value of
the medium. Adsorbate nature and the adsorbent surface
charge can be influenced by the solution pH value. 2,4-D (pK,
= 2.98) has the ability to exist as molecular or ionized forms in
solution. The illustration in Figure S displays how 2,4-D binds
to polymers under varying pH levels, ranging from 2 to 12.
This relates to the characteristics of the MIL-88(Fe)-NH,
adsorbent, whose pH,,. value is 6.75. According to the result,
the pH value of 6 was the optimum range for extracting 2,4-D
from aqueous solution. Ionic interaction between 2,4-D and
the sorbent is influenced by the pH value. The —NH, group of
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Figure 4. pH of zero negative discharge of the MIL-88(Fe)-NH,
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Figure S. Impact of pH on the adsorption of 2,4-D using the MIL-
88(Fe)-NH, adsorbent.

the sorbent becomes protonated in a strong acid solution,
whereas the ionized forms of 2,4-D in alkaline solution do not
aid in adsorption. Hence, the solution’s gH was set to 6.0 for
the subsequent adsorption examination.”® As the capacity of
the MIL-88(Fe)-NH, adsorbent to take up anionic 2,4-D
adsorbate was increased, its surface characteristics improved
when extra H' ions were found in the medium at minimal pH
value. When the pH value is increased, the hydroxide ions
increase and cause the creation of oxide-containing species on
the MIL-88(Fe)-NH, adsorbent surface. The adsorption
efficiency of the MIL-88(Fe)-NH, adsorbent is decreased by
these species that impede the interaction of functional sites
with 2,4-D. All adsorption eerriments in this study utilized a
pH value of 6 continuously.”

3.2.2. Effect of Dose. Sufficient active sites for adsorbate
removal depend on the adsorbent dosage, making it a basis
factor in the adsorption process.”® At 293 K, the effect of the
MIL-88(Fe)-NH, adsorbent dose on the adsorption of S0 mg
L™ of 2,4-D was studied using 0.02 to 0.25 g of the adsorbent

dosages. The increase of the MIL-88(Fe)-NH, adsorbent mass
from 0.02 to 0.25 g improved the percentage removal (% R) of
2,4-D solution from 57.9% to 97.6%, as shown in Figure 6.
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Figure 6. Effect of dose of MIL-88(Fe)-NH, adsorbent on adsorption
of 2,4-D.

However, at a lower adsorbent dosage, the uptake of 2,4-D
onto the MIL-88(Fe)-NH, adsorbent was higher, while it
decreased from 22.5 to 1.3 mg g™' as the dosage increased. The
explanation for this is a higher adsorbent dosage, which results
in most of the functional sites being occupied and lower
uptake.

3.2.3. Adsorption Isotherm. There are several types of
adsorption isotherms, including Langmuir,29 Freundlich,*®
Dubinin—Radushkevich,”" Temkin,*” Jovanovic, and Redlich-
Peterson.” Each of these isotherms has its own unique
mathematical form and describes different aspects of the
adsorption process.

In general, the procedure of different adsorption isotherms is
foremost for understanding the mechanisms of adsorption and
optimizing the design of the adsorption processes. Each
isotherm gives unique data on the adsorption process and can
identify the best adsorbent material and operating conditions
for a particular application.** The adsorption isotherm models
of 2,4-D onto the MIL-88(Fe)-NH, adsorbent are presented in
Figure 7. Table S1 contains the isotherm parameters.

Increasing the initial 2,4-D concentrations resulted in a
growth of MIL-88(Fe)-NH,’s loading capabilities. The
exhaustion of adsorptive sites on the MIL-88(Fe)-NH,
adsorbent surface and the concentration accretion of the
initial 2,4-D lead to an increase in loading capacity. The exact
opposite happened as the removal effectiveness decreased with
increasing 2,4-D concentrations. Langmuir proved to be a
more consistent isotherm model than the others as per the data
analysis. The actual and theoretical loading capacity values’
correspondence, along with the increased R? supported this.
Each presented study confirmed the monolayer and homoge-
neous adsorption form of the MIL-88(Fe)-NH, adsorbent
surface. The Temkin model suggests that, as the adsorbent
becomes saturated, the adsorption energy will decrease in a
linear fashion, in contrast to the Freundlich pattern
(characterized by Temkin constants A and B). The strong
interaction of 2,4-D molecules with the MIL-88(Fe)-NH,
adsorbent surface is shown by the high A and B values of
65.68 L ¢! and 1.73 kJ mol™". The adsorption energy of 17.82
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Figure 7. Adsorption isotherm models of 2,4-D onto the MIL-
88(Fe)-NH, adsorbent.
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Figure 8. Adsorption kinetic models of 2,4-D onto the MIL-88(Fe)-
NH, adsorbent.

k] mol™! from Dubinin—Radushkevich ;)roved the chemisorp-
tion nature of the adsorption process.’

3.2.4. Adsorption kinetics. The rate at which a solute is
adsorbed onto a surface can be described using mathematical
equations called adsorption kinetic models. There are several
types of adsorption kinetic models, like pseudo-First-order
kinetic (PFORE),* pseudo-second-order kinetic (PSORE),””
intraparticle diffusion (IPD),*® Elovich,* and Avrami. Each of
these models has its own unique mathematical form and
describes different aspects of the adsorption process. To gain
insights into the mechanisms of adsorption and optimize
adsorption processes, it is important to employ adsorption
kinetic models. The application of diverse adsorption kinetic
models is crucial to comprehending adsorption mechanisms
and improving adsorption process design. The models offer
distinct insights into the adsorption process and can help to
find the most suitable adsorbent material and operating
conditions for a specific use. Figure 8 illustrates the kinetic
models of adsorption of 2,4-D onto the MIL-88(Fe)-NH,
adsorbent. Table S2 contains the calculated kinetic parameters.

PFORE, PSORE, IPD, and Elovich models were used to
assess the impact of interaction time and order on the diffusion
rate of 2,4-D and the controlling step in adsorption kinetics.
PSORE suggested that the adsorption process is controlled by
electron transfer or sharing between the adsorbent and
adsorbate surface, while assuming that the rate is proportional
to the difference between g, and q,. Figure 8 demonstrates the
accurate assessment of the model’s adequacy through the use
of nonlinear regression. The conclusion is easily drawn that the
PSORE model was the most suitable for matching the results
of 2,4-D adsorption onto MIL-88(Fe)-NH, by comparing R?
values in Table S2 and Table $3.*

Three main processes must be undergone by the adsorbate
to move from bulk solution to the solid surface as per theory.
(i) The MIL-88(Fe)-NH, surface (film diffusion) receives 2,4-
D molecules from the bulk solution externally. (ii) Diffusion of
2,4-D molecules through MIL-88(Fe)-NH, pores leads to
intraparticle diffusion and occupation of adsorptive sites. The
regular distribution of 2,4-D molecules on the surface of
positively charged MIL-88(Fe)-NH, leads to strong binding.
To investigate the rate-limiting steps in the adsorption process

of 2,4-D, researchers employed the IPD model (Figure 9). The
adsorption process on a porous adsorbent consists of three

Mass Transfer steps:

(i) External diffusion

(i) Internal diffusion

(i) Adsorption on active sites

Figure 9. Diffusion mechanism of 2,4-D onto MIL-88(Fe)-NH,.

primary stages: mass transfer through the liquid film outside,
movement of adsorbate molecules within the particle, and
attachment to the internal or external sites of the adsorbent
through physical or chemical bonding. The adsorption rate is
expected to be most affected by film or intraparticle diffusion,
given the assumption that the final step is rapid. To understand
the adsorption process mechanism, g, was plotted against £
by modifying IPD. IPD is the sole regulation mechanism for
adsorption if the illustrated line equals zero mathematically, as
indicated here. In the event that the source is unsuccessful,
other approaches, such as liquid film diffusion, can be used to
handle the adsorption process. The behavior of the multilinear
plots of g, versus t*° can be primarily divided into three linear
zones, as shown in Figure 8. The rate of the adsorption process
did not seem to be limited by intraparticle diffusion. The
increased rate constants in the first stage could be due to the
exterior film diffusion of the MIL-88(Fe)-NH, adsorbent. The
equilibrium stage follows progressive intraparticle diffusion, as
confirmed by negative X values in stage one. The diffusion in
meso- and micropores regulates uptake kinetics during later
stages. The Elovich equation was introduced to explain how
adsorption energies vary among adsorptive sites, which are
linked to their heterogeneous nature. The excellent efficiency
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of MIL-88(Fe)-NH, toward 2,4-D is clearly indicated by the
anticipated initial adsorption (&) and desorption (f) rates of
59.29 and 0.012 g mmol™" for 2,4-D, which are perfectly
presented in Table $2.*'

3.2.5. Adsorption Thermodynamics. To comprehend the
sorption process, the impact of environmental temperature on
the sorption profile of 2,4-D onto the MIL-88(Fe)-NH,
adsorbent was analyzed at multiple temperatures. At elevated
temperatures, the affinity of the MIL-88(Fe)-NH, adsorbent
for 2,4-D increased significantly, with the equilibrium sorption
capacity rising from 301.2 mg g~' (RE % = 62.9%) to 401.7 mg
g ' (RE % = 93.8%) as the temperature rises from 293 to 323
K. By utilizing the MIL-88(Fe)-NH, adsorbent, the
endothermicity of 2,4-D sorption is confirmed in an intuitive
manner. The MIL-88(Fe)-NH, adsorbent has a high tendency
for 2,4-D molecules, which is enhanced at higher temperatures
due to a thinner boundary layer and increased binding activity.
Figure 10 suggests that the movement of 2,4-D molecules,
interaction with free binding centers, and their diffusion within
sorbent pores were facilitated.*>*

1.55 99

T
©
©
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Figure 10. Influence of temperature on the 2,4-D adsorption onto the
MIL-88(Fe)-NH, adsorbent

The sorption mechanism of 2,4-D molecules onto the MIL-
88(Fe)-NH2 adsorbent can be explained through thermody-
namics studies.**

Equation S1 was employed to calculate K, the adsorption
equilibrium constant, which was then used in combination
with the van’t Hoff equation S2 and traditional thermodynamic
equations S3 and S4 to assess the sorbent’s thermodynamic
constants.

By observation of the plot of In K, versus 1/T, as depicted in
Figure 9, the slope and intercept can be used to find the values
of thermodynamics functions for the adsorption process, and
the results are displayed in Table S4. The spontaneous nature
of 2,4-D sorption onto the MIL-88(Fe)-NH, adsorbent
increases with elevated temperatures, indicating a decrease in
AG° values from 298.0 to 328.0 K. The endothermic sorption
of 2,4-D onto the MIL-88(Fe)-NH, adsorbent was confirmed
by the positive value of AH®. From Table S4, the AH® value
was 27.9 kJ mol™'. The randomness system of sorption
increased during the equilibrium of 2,4-D sorption onto the
MIL-88(Fe)-NH, adsorbent, as evidenced by the positive AS®
value of 97.11 J mol™ K™%

3.2.6. Mechanism of Interaction. The possibility of cation
interactions in n—x interactions is expected due to the
presence of an aromatic ring in the structure of both the
MIL-88(Fe)-NH, adsorbent and the 2,4-D molecule. More-
over, it is expected that conventional hydrogen bonds will be
formed between the neutral 2,4-D and adsorbent. The —NH,
could also interact with the OH of 2,4-D and create a hydrogen
bond to aid in the removal of 2,4-D. However, as depicted in
Figure 2, the surface area and pore volume decreased after
adsorption, suggesting that some adsorption took place within
the pores of the adsorbent. The potential interactions between
the MIL-88(Fe)-NH, adsorbent and the 2,4-D are summarized
in Figure 11.%

Interaction involved 2,4-D
adsorption

/ O. OH
O Electrostatic interaction f

o~ Cl1
=1 Hydrogen bonding

)
& Pore filling
#

lon exchange
MIL-88(Fe)-NH, 24D g

Figure 11. Mechanism of interaction between the MIL-88(Fe)-NH,
adsorbent and the 2,4-D molecule.

3.2.7. Effect of Salinity. The presence of competing
molecules or ions in effluents from industry makes the
influence of ionic strength on sorption processes highly
important. The MIL-88(Fe)-NH, adsorbent showed 96.13%
RE with 2,4-D at the lowest NaCl concentration (5.0 g L™")
which decreased as the NaCl concentration increased, as
shown in Figure 12. The following various mechanisms can be
used to show this inhibitory phenomenon: (i) Competition
between background electrolytes such as Na* and Cl™ and 2,4-
D lowers the electrostatic potential of the MIL-88(Fe)-NH,
adsorbent surface, (ii) the MIL-88(Fe)-NH, adsorbent surface
repels 2,4-D due to the compression of the double electric

100
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Figure 12. Impact of concentration of NaCl (ionic strength) on 2,4-D
sorption.
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layer and electrostatic forces, and (iii) the activity coefficient of
2,4-D in the solution is greatly affected by the ionic strength.
However, the MIL-88(Fe)-NH, adsorbent’s potential for
further wastewater treatment applications was demonstrated
through the unexpected validation of its resistance to ionic
interference.””**

3.2.8. Removal of the 2,4-D from Real Water Samples.
The sorption performance of MIL-88(Fe)-NH, was assessed
against real aqueous matrices to verify its practicality as a toxic
collecting material such as 2,4-D, bearing in mind the system’s
complexity as a result of its many components (like biological
constituent, natural minerals, organic matters, and inorganic
cations/anions). The MIL-88(Fe)-NH, adsorbent was used to
treat the wastewater sample. The 2,4-D was effectively
captured from actual effluents (wastewater from farm at the
port, Egypt) by the MIL-88(Fe)-NH, adsorbent with minimal
loss in removal efficiency (RE %), from 88.61% (e.g, 5.0 mg
L™ of 2,4-D concentration) to 74.6% (e.g.,, 20.0 mg L™" of 2,4-
D concentration). The outcomes validated the remarkable
effectiveness of cost-effective MIL-88(Fe)-NH, adsorbent in
polluted industrial situations.””*’

3.2.9. Reusability. A used sorbent’s ability to absorb
gradually decreases during the sorption process until it is
completely depleted. The regeneration scenario of the
saturated sorbent determines the economic and environmental
benefits of future practical applications. Table 1 and Figure 13

Table 1. Five Re-adsorption Cycles of the 2,4-D onto the
MIL-88(Fe)-NH, Adsorbent Surface

Cycle g, (adsorption) (mg g™') q. (desorption) (mg g™*) Des. (%)
Cydel 348.56 342.28 98.2
Cycle 2 342.28 320.44 93.62
Cycle 3 320.44 294.2 91.82
Cycle 4 294.2 256.84 87.3
Cycle 5 256.84 216.77 84.4

100
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80
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Figure 13. Reusability of MIL-88(Fe)-NH, adsorbent.

display the results of an evaluation of the desorption property
of the MIL-88(Fe)-NH, adsorbent. It experienced a decrease
in RE % to 84.4% after 5 cycles of sorption—desorption. The
reduction in RE % was possibly due to several reasons,

40782

including the loss of sorbent material, deformation in the MIL-
88(Fe)-NH, adsorbent network, and blockage of functional
molecules on occupied adsorbent surfaces. However, the MIL-
88(Fe)-NH, adsorbent demonstrated a significantly higher
recyclability (84.4% regeneration efficiency) after the fifth cycle
than other sorbents. For industrial wastewater treatment
applications,”*>*”%° the regenerated MIL-88(Fe)-NH, ad-
sorbent can be suggested as a highly convenient and cost-
effective material due to its admirable adsorbability, rapid RE
% rate, and high sorption capacity.

3.2.10. Comparative Analysis with Other Adsorbents.
Table S5 contrasts the MIL-88(Fe)-NH, adsorbent’s maximal
sorption capabilities with a number of values taken from the
literature. The challenge of directly comparing the sorption
performance arises from varying experimental setups. It should
be noted that the MIL-88(Fe)-NH, adsorbent has a significant
advantage due to its quick kinetics. The strong MIL-88(Fe)-
NH, adsorbent sorption capacity toward 2,4-D suggests that
the sorbent may be useful in removing 2,4-D from wastewater.

4. CONCLUSION

In this study, MIL-88(Fe)-NH, was synthesized, examined,
and used for adsorbing 2,4-D from aqueous environments.
Based on the characterization analysis, it was determined that
the surface area was 437 m* g~', which is high. Also, it was
observed that a pH value of 6 and an adsorbent mass of 0.8 g
per liter of solution were effective conditions for atrazine
adsorption. At 298 K, the equilibrium data was best modeled
by the Langmuir model with a maximum adsorption capacity
of 44525 mg g, and the kinetics were in line with the
pseudo-second-order. Adsorption mechanisms included sur-
face adsorption through hydrophobic and 7—x interactions, as
well as pore filling. The 44525 mg g~' of 2,4-D removal
capacity can be reached under ideal conditions with
synthesized MIL-88(Fe)-NH, adsorption. The adsorbent can
go through five cycles based on its regeneration efficiency. The
study showed that synthetic MIL-88(Fe)-NH, can serve as a
more affordable substitute adsorbent for eliminating 2,4-D.
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