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ABSTRACT: This research investigated the efficient removal of o Myt
cationic Basic red 46 (BR46) dye from aqueous solutions, by "o "
means of cerium metal—organic frameworks (Ce-MOF) function- ’

alized with glutamic acid to create NH,—Ce-MOF. The NH,—Ce-  aminoterephthalic acid

MOF was easily produced through a postsynthesis functionalization o
strategy and extensively analyzed through numerous methods with o 1 mo
X-ray diffraction (XRD), scanning electron microscopy (SEM), X- " o™

ray photoelectron spectroscopy (XPS), energy dispersive X-ray
(EDX), and N, adsorption/desorption isotherm. The findings
revealed that the synthesized adsorbent had a high surface area of
1158.8 m*/g, a pore size of 1.511 nm, and a pore volume of 0.875
cm’/g. Upon adsorption of the BR46 dye, the surface area
decreased to 872.6 m”/g, the pore size reduced to 1.18 nm, and the
pore volume released to 0.53 cm®/g. The decreases in surface area, pore size, and volume demonstrate the material’s strong ability to
adsorb substances, as the dye molecules can fill the tiny pores. They exhibited an increased adsorption capability of 454.8 mg/g. The
Langmuir isotherm and pseudo-second-order kinetic models performed the best at simulating adsorption isotherm and kinetic
curves, respectively. The exhibition of chemisorption and adsorption energy of 28.4 kJ/mol was supported by various adsorption
driving forces, including hydrogen bonding, electrostatic interaction, 7—7z conjugation, pore filling, and van der Waals force. After
conducting thorough research on the impact of temperature, it was established that the adsorption procedure is both endothermic,
indicated by a positive AH® of 83.7 kJ/molK, and spontaneous, as confirmed by the increase in negativity of AG® with rising
temperatures. Additionally, the increase in randomness with increasing temperatures is evident in the AS°® value of 289.32 J/mol.
Employed Box—Behnken design (BBD) and response surface methodology (RSM) to enhance the results of the adsorption
procedure. The NH,—Ce-MOF proposal is a practical, affordable solution for eliminating BR46 dye from wastewater streams
because the adsorbent was composed of reusable materials and reused over five times with excellent efficiency.
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1. INTRODUCTION and the overall aesthetics of communities. Implementing
To safeguard the environment and public health, industrial effective methods to remove dyes, such as adsorption,
colors must be removed from wastewater. These dyes, which biodegradation, and advanced oxidation processes, helps to
are frequently resistant to biodegradation, bring harmful reduce these risks and ensures that industrial procedures
substances into aquatic environments, causing harm to marine adhere to environmental and health guidelines.’

organisms and upsetting the natural balance by diminishing The textile industry’s industrial processes lead to a
sunlight, lowering dissolved oxygen levels, and hindering the substantial release of dyes into wastewater. It is assessed that
photosynthesis process in water-based plants." Moreover, 10—15% of textile dyes used are missing during manufacturing

numerous dyes are known to cause cancer, creating significant
health hazards if they enter drinking water sources.” Waste-
water containing dyes that has not been treated can result in a
violation of environmental laws, leading to penalties and
tighter regulations for industrial facilities.> In addition,
eliminating dyes creates the opportunity for reusing water,
which conserves fresh water supplies and promotes sustainable
business practices." Dye pollution also detracts from the
natural beauty of bodies of water, negatively impacting tourism

and end up in wastewater, resulting in approximately 280,000
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Figure 1. Schematic drawing of the synthesis of NH,—Ce-MOF and adsorption of the BR46 dye.

tons of textile dyes being released annually into industrial
effluents globally.6 This makes the textile industry the main
contributor, responsible for about 54% of dye effluents
polluting the environment.” These discharges present environ-
mental challenges such as aquatic toxicity and potential human
health hazards, highlighting the necessity for effective waste-
water treatment and dye recovery methods.”

The method of adsorption for eliminating industrial dyes
from wastewater has numerous benefits, which contribute to its
widespread use in treatment procedures.” Its ability to
effectively capture a range of dyes, both organic and inorganic,
even at low levels, ensures successful dye removal. An
important advantage is the cost-efficiency of this method,
which frequently makes use of inexpensive materials such as
activated carbon, biochar, and agricultural waste products, thus
rendering it suitable for widespread use. Adsorption systems
are easy to use and upkeep, often needing only basic
equipment, thus simplifying operations and cutting down on
training needs. This approach is environmentally conscious,
utilizing sustainable and biodegradable adsorbents to aid in
responsible waste management. In contrast to chemical
treatments that could generate hazardous residues or addi-
tional pollutants, adsorption typically yields harmless by-
products, thus reducing its environmental footprint. Its
capability to be used in a wide series of capacities, from
small laboratories to large factories, provides versatility.
Moreover, numerous adsorbents can be reused by being
heated or washed with chemicals, making the process
environmentally friendly and cost-effective in the future.'’
When considered together, these benefits make adsorption a
practical, affordable, and environmentally conscious method
for removing dyes in industrial settings.""

Metal—organic frameworks (MOFs), due to their distinctive
structural characteristics and chemical functionalities, present
themselves as highly favorable options for the adsorption of
dyes.'” In contrast to conventional substrates, such as silica and
carbon, metal—organic frameworks (MOFs) present a
distinctive amalgamation of elevated surface area, adjustable
porosity, and tailor-made chemical properties. This unique
composition facilitates accurate interactions with dye mole-
cules via 7— stacking, electrostatic interactions, and hydrogen
bonding. The materials in question exhibit exceptional
selectivity, enabling the precise elimination of particular dyes.

Furthermore, they maintain outstanding stability over a broad
spectrum of pH levels, overcoming the drawbacks associated
with silica, which is prone to dissolution under extreme pH
conditions, and with carbon, which suffers from a lack of
functional tenability. Furthermore, the existence of unsaturated
metal sites within metal—organic frameworks (MOFs)
significantly improves their adsorption capability via coordina-
tion or ionic interactions, a characteristic that is lacking in both
silica and carbon materials. Metal—organic frameworks
(MOFs) demonstrate superior performance compared to
traditional materials in terms of their regeneration and
reusability features.'” They effectively preserve their structural
integrity even after multiple operational cycles. Despite existing
challenges associated with cost-effective synthesis and long-
term stability, metal—organic frameworks (MOFs) exhibit
remarkable adsorption efficiency, selectivity, and versatility.
These attributes position MOFs as promising advanced
materials specifically suited for the removal of dyes in
wastewater treatment processes.H’15

Using response surface methodology (RSM) to optimize
industrial dye elimination through adsorption processes has
several benefits.''” This is due to RSM’s ability to
simultaneously modify a wide range of limits, such as
temperature, contact duration, pH, and adsorbent dosage, to
identify the ideal conditions for attaining the maximum degree
of dye removal. This approach saves time and money by
reducing the need for several tests. Furthermore, it enables
researchers to examine how several variables, such as
temperature and adsorbent concentration, interact in a manner
not possible with conventional single-variable approaches. This
gives a more complete picture of how these elements affect the
adsorption efliciency. Furthermore, the predictive power of
RSM makes it possible to improve mathematical models that
forecast adsorption performance under various circumstan-
ces.'®"” This feature makes it possible to choose the best
parameters and simulate various situations without requiring
more experimental testing. Response surfaces and contour
plots from the approach offer a visual depiction of the
relationships between variables and adsorption results, which
aids in comprehending the effects of various aspects and
utilizing this information to enhance the procedure. RSM is
adjustable for a variety of adsorption methods and dye types
due to its scalability and adaptability, which makes it

https://doi.org/10.1021/acsomega.4c10666
ACS Omega 2025, 10, 15096—-15115


https://pubs.acs.org/doi/10.1021/acsomega.4c10666?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10666?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10666?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10666?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

appropriate for both small-scale laboratory use and larger
industrial needs. Because of these benefitsy, RSM is a vital
instrument for wastewater treatment that produces highly
optimized, economical, and eflicient dye adsorption re-
sults.”*!

The novelty of this study was eliminating Basic Red 46
(BR46) dye by synthesized NH,—Ce-MOFs, which are
cerium-based metal—organic frameworks (Ce-MOFs) func-
tionalized with glutamic acid. Glutamic acid functionalization
adds amine groups, which improves the material’s selectivity
and adsorption ability. In order to comprehend their individual
and combined effects, the study looked into a number of
elements that affect the adsorption procedure, such as pH,
initial dye concentration, adsorbent dose, and temperature.
Response Surface Methodology (RSM) is also used to
optimize the adsorption performance, which makes it likely
to regulate ideal circumstances for the highest dye-removal
efficacy. This novel blend of functionalized MOFs and cutting-
edge optimization methods shows great promise for enhancing
dye adsorption efficiency and provides a viable option for
wastewater treatment applications.

2. EXPERIMENTAL SECTION

The Supporting Information (Tables S1 and S2) contains
information about the supplies and tools.

2.1. Production of Adsorbent. 2.1.1. Production of Ce-
MOF. The cerium metal—organic framework was produced by
combining 1.84 g of 2-aminoterephthalic acid in 25.0 mL of
methanol and 0.8 g of cerium chloride hexahydrate in 5 mL of
distilled water. The conventional hydrothermal synthesis
method was employed to mix the solutions after complete
desolvation.”” Inside a Teflon autoclave wall of 100 mL
capacity, the combination was subjected to a gradual increase
in temperature to 100 °C over 24 h. Following this, the
substance underwent centrifugation and was washed twice with
deionized water. Following that, it was dried overnight at 80
°C (Figure 1)

2.1.2. Production of NH,—Ce-MOF. The combination of
Ce-MOF and glutamic acid was evenly mixed in a solution of
DMEF and ethylene glycol and left to stir at room temperature
for 4 h. The resulting mixture was then centrifuged to produce
NH,—Ce-MOF fowder, which was subsequently dried over-
night at 80 °C.”* The mixture was subjected to heating for a
full day at a steady increase of 5 °C/min, reaching a
temperature of 100 °C in a Teflon autoclave with a 100 mL
wall. After cooling, the material went through three washes
with deionized water before being centrifuged. After that, it
was dried at 80 °C for the entire night (Figure 1).

2.2. Removal and Batch Studies of the NH,—Ce-MOF.
The study assessed the efficacy of NH,—Ce-MOF in removing
the BR46 dye from aqueous solutions by analyzing its removal
efficiency and absorption capacity. The influence of varying the
solution’s pH (from 2.0 to 12.0), the quantity of adsorbent
used (0.02—0.50 g), and the duration of adsorption (0—100
min) were investigated. A thermostatic Shaker water bath was
used for batch adsorption investigations at 25 °C by a
predetermined agitation speed of 180 rpm.'”** The ultra-
violet—visible (UV—vis) spectrophotometer was used to
measure the absorbance (at a wavelength of 538 nm) of the
dye at numerous concentrations.'”'” A 250 mL flask enclosing
a fixed volume of BR46 dye was employed for the removal
studies (25 mL).*® Analysis was conducted on the kinetic,
thermodynamic, and isothermal limits and eq 1 was employed

to assess the elimination efficiency and adsorption capability
(4o mg/g). Furthermore, the adsorption capability was
determined by means of eq 2. These calculations were
performed in accordance with the specified formulas

C. — C
%R = M X 100
G (1)
_ (Ci — Ct)V
="M )

where C; (mg/L) is the original dye concentration, C, (mg/L)
is the concentration of dye at any given time £, M (g) is the
mass of the adsorbent, and V (L) is the volume of the solution.

2.3. Experimental Design. Response Surface Method-
ology (RSM) is a typical mathematical and statistical tool that
can be utilized to create, enhance, and streamline processes.
The goal is to maximize a positive outcome that is influenced
by multiple factors. Typically, a complete quadratic equation is
employed in RSM, and the second-order model is represented

by the eq 3
Y=+ Z PXi+ Z ﬂnXiz Z Z By + XiX; (3)

Based on the formula, Y is the anticipated outcome, f, is the
constant coefficient, f; refers to the linear factors, f; denotes
the squared factors, fj; signifies the interaction factors, and X;
and X; are used to denote the independent variables. The
central composite design (CCD) and response surface
methodology (RSM) are well-suited for establishing a
quadratic model to improve key variables and analyze the
relationship and interaction of parameters with a minimal
number of experiments.”’ >’ In this current investigation, a
central composite design (CCD) incorporating three variables
was utilized to demonstrate the association among adsorption
capability between dyes and the factors of adsorbent dose
(X1), contact time (X2), and pH of Basic Red 46 dye solution
(X3).*® The Design Expert Software has compiled extensive
data containing the maximum and minimum values for each
factor (Table S3). The table provides a comprehensive display
of various parameter combinations and their respective results,
including "2n" axial designs, P-center designs, and designs with
2n factorial runs.'” Equation 4 provides a method for
determining the quantity of experimentation that is contingent
on the quantity of input factors

N,=[2"+(2xm)+P]=[2"+ (2x3)+3]=17
(4)

The letter “p” represents the quantity of required experimental
tests, while “N” indicates the number of procedural factors
impacting the outcomes. The “m” value in the ongoing analysis
is 3.”° The Central Composite design consists of three primary
phases: calculating the model constants, setting up the
investigational design, and forecasting the model’s performance
while assessing the results. After completion, a model is created
by using actual data to examine how the function functions
with various input variable combinations. Table S3 displays the
layout of the experiments, detailing the variable values used in
the calculated matrix. Analysis of Variances (ANOVA) was
used to evaluate the model’s validity. This included a
discussion of R? values, coefficient of difference, and the
accuracy of the response surface model, as determined by lack
of fit (LOF) analysis.
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Figure 2. (a) XRD pattern, (b) N, adsorption/desorption isotherm, (c) pore size distribution, (d) pore radius distribution, (¢) SEM image, (f)
EDX image of NH,—Ce-MOF, and (g) FTIR spectrum of NH,—Ce-MOF.

3. RESULTS AND DISCUSSION

3.1. Description of NH,—Ce-MOF. 3.1.1. X-ray Dif-
fraction Patterns (XRD). The analysis in Figure 2(a) shows
that the NH,—Ce-MOF exhibits a high degree of crystallinity.
By means of the Foolproof and Check Cell tools, it was
determined that the adsorbent organization possesses an

orthorhombic crystal assembly in the P222 space group, as

15099

detailed in Table S4. The crystal dimensions were gained from
the designed limits: a = 893 A, b = 11.52 A, c =683 A, a =
90°, = 90.12°, y = 90°.°°7** The diffraction peaks of NH,—

Ce-MOF remained intact even after adsorption, as gotten in
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Figure 2(a), indicating the exceptional stability of the crystal
structure.””

3.1.2. N, Adsorption/Desorption Isotherm. The N,
adsorption/desorption isotherm exhibited by NH,—Ce-MOF,
which has an initial surface area of 1158.8 m?/ g, a pore size of
1.511 nm, and a pore volume of 0.875 cm®/g, demonstrates
features of a Type I isotherm commonly seen in microporous
materials. The profile of this isotherm indicates quick
adsorption at low relative pressures (P/P,), and then leveling
off as the pores become saturated, demonstrating considerable
microporosity. After the dye BR46 is adsorbed, the surface area
experiences a decrease to 872.6 m*/g, the pore size is reduced
to 1.18 nm, and the pore volume decreases to 0.53 cm®/g. The
decreases in surface area, pore size, and volume emphasize the
substance’s ability to adsorb effectively, as the dye molecules

15100

are able to fill the microspores.”* This suggests that NH,—Ce-
MOF could be used for removing dyes or contaminants
(Figure 2(b)).

The (dv(r)) graph, with the x-axis representing half of the
pore width, depicts the distribution of pore sizes in NH,—Ce-
MOF both before and after the absorption of BR46 dye.
Initially, NH,—Ce-MOF displays a noticeable peak at a half-
pore width of roughly 2 nm, suggesting the existence of
micropores. The peak’s intensity decreases after BR46
adsorption (red curve), indicating that the dye molecules
take up some of the pore space, thereby reducing the overall
accessible pore volume in this range. The reduction in the
peak’s strength following adsorption suggests that BR46 dye is
filling up smaller pores, resulting in a decrease in the overall
micropore volume. This adsorption pattern emphasizes the
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material’s capacity to trap dye molecules, especially within its
microporous framework, which could prove advantageous for
use in contaminant elimination or environmental restoration.*
The small decline in a variety of larger pore diameters also
indicates that only partial adsorption occurs in the mesopores.
This enhances the versatility of the material as an adsorbent for
molecules of different sizes, as shown in Figure 2(c).

Figure 2(d) displays the (dv(r)) graph for NH,—Ce-MOF,
revealing a prominent peak at approximately 1.5 nm. This peak
confirms the presence of a high concentration of micropores
near this radius. Upon adsorption of the BR46 dye, indicated
by the red curve, there is a noticeable decrease in the intensity
of the peak as well as a slight shift toward smaller radii. This
suggests that the dye molecules fill the pores and decrease their
accessibility. The decrease in (dv(r)) values indicates a
reduction in both pore volume and surface area, which aligns
with the initial examination of the material’s ability to adsorb
dye. The disparity between the two curves emphasizes how
extensively BR46 dye molecules infiltrate and fill the
micropores. This supports the conclusion that NH,—Ce-
MOF possesses formidable adsorption abilities for this dye,
rendering it viable for use in environmental cleanup or related
areas concerned with removing contaminants from solutions.*®

3.1.3. SEM Analysis. The scanning electron microscopy
(SEM) image reveals the NH,—Ce-MOF as having a porous
and irregular shape, with particles ranging in size from around
31.48 to 109.5 nm. The presence of visible structures and
particle clusters suggests a rough surface, potentially enhancin
its adsorption capabilities through an enlarged surface area.’
The size of these particles, particularly the existence of tiny
details, corresponds to the material’s microporous and possibly
mesoporous characteristics as seen in the adsorption isotherms
besides pore size distribution information. The observed
variation in particle sizes, ranging from 31 to over 100 nm,
indicates a hierarchical structure that could potentially improve
adsorption effectiveness. The variety of particle sizes and the
rough texture observed are encouraging characteristics for use
in adsorption, as they are likely to offer numerous attachment
sites for dyes or contaminants (Figure 2(e)).

3.1.4. EDX Analysis. The energy dispersive X-ray (EDX)
spectrum attached presents a thorough examination of the
elemental makeup of NH,—Ce-MOF, confirming the presence
and quantities of important elements such as carbon (C),
nitrogen (N), oxygen (O), and cerium (Ce). Carbon makes up
the majority of the composition at 51.88%, indicating its likely
role as the primary component of the organic linkers in the
MOF structure. Nitrogen, comprising 16.59%, aligns with
NH,-functionalization, suggesting the existence of amino
groups that enhance the functionality of the framework. In
smaller quantities, oxygen may play a role as part of the organic
ligands or cerium complexes.”® The 17.59% cerium content is
essential to the framework, acting as the metal node that
connects the organic ligands and ensures structural stability.
The atomic percentages are further depicted in the pie chart,
providing a visual representation of the high concentration of
carbon as well as the attendance of cerium, nitrogen, and
oxygen. The elemental composition of NH,—Ce-MOF is
confirmed by the EDX spectrum, indicating that it could be
useful for adsorption or catalysis because of the combined
presence of cerium and functional NH, groups in the
framework (Figure 2(f)).

3.1.5. FTIR. The distinctive bands in the NH,—Ce-MOF
Fourier Transform Infrared (FTIR) spectrum are associated

with the organic ligand (Figure 2(g)). The overlapping v(OH)
and v(NH) vibrations are responsible for the broad absorption
band, which reaches its maximum at 3345 cm™*. On the other
hand, the C—H group’s stretching asymmetric and symmetrical
vibrations were attributed to the two distinct bands located at
3131 and 2971 cm™}, respectively. Two bands at 1616 and
1376 cm™" that correspond to the symmetric and asymmetric
stretching modes, respectively, define the carboxylic group.
The band at 1540 cm™ represents the carboxylic groups’ C=
O stretching vibrations. This peak at 1424 cm™ is ascribed to
the C=C group’s stretching vibration. The band at 1260 cm™"
was associated with the ligand’s aromatic —CH. The peak seen
at 495 cm™' confirmed the presence of Ce—O.

3.1.6. XPS. The XPS survey spectrum of the NH,—Ce-MOF
offers a thorough depiction of the material's elemental
composition through the display of peaks associated with
different binding energies. The marked high points are
indicated as Ce 3d, O 1s, N 1s, and C 1s, which correspond
to the key components found in the arrangement, cerium (Ce),
oxygen (O), nitrogen (N), and carbon (C).

The X-ray Photoelectron Spectroscopy (XPS) analysis of the
C 1s peak in the NH,—Ce-MOF reveals specific peaks
indicating different carbon bonding settings and oxidation
states present in the material. The dominant peak at 285.09 eV
is linked to C—C or C—H bonds, which are indicative of
aliphatic carbon within the structure. The peak at 286.46 eV is
indicative of C—O or C—N bonds, potentially stemming from
amino (—NH,) or hydroxyl (—OH) groups connected to the
MOF. Meanwhile, the peak near 288.94 eV points to carbonyl
(C=0) or carboxylate (O=C-0) functionalities, likely
originating from bonding within the MOF framework or
minor oxidation®' (Figure 3).

The XPS data display two clear peaks in the N 1s area of the
NH,—Ce-MOF spectrum, which indicate the presence of
diverse nitrogen bonding settings within the material. The
main peak, which appears at 400.8 eV, is commonly linked to
nitrogen present in amine (—NH,) or imine (C=N) groups,
signifying the presence of amino functionalization on the MOF
structure.'®*” The secondary peak, with slightly lower binding
energy, could indicate nitrogen atoms involved in more
intricate bonding, such as metal—nitrogen interactions (N—
Ce) or potentially minor deviations resulting from structural or
environmental factors within the MOF. The colored areas
under the peaks illustrate the presence of fitted components,
offering valuable information about the nitrogen’s nature and
integration in the material. This confirms the existence of
amino functionalities and suggests )possible coordination
interactions with cerium in the MOF.**

The analysis of the XPS spectrum for the O 1s region of the
NH,—Ce-MOF demonstrates the presence of three prominent
peaks, with each peak corresponding to a unique oxygen
bonding state within the structure. This indicates the existence
of distinct oxygen bonding states within the NH,—Ce-MOF, as
revealed by XPS analysis. The primary peak at 529.91 eV is
usually linked to metal—oxygen (M—0) connections, which in
this scenario are probably related to cerium—oxygen
interactions (Ce—Q) within the MOF structure.””*' The
appearance of a second peak at approximately 531.76 eV could
be linked to the presence of oxygen in hydroxyl (O—H) groups
or potentially in C=O0 bonds. This suggests the existence of
functional groups that affect the chemical makeup of the
framework. The presence of a smaller peak at approximately
533.9 eV is commonly indicative of the presence of oxygen
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atoms in adsorbed water or weakly bonded hydroxyls. These
may result from environmental exposure or minimal hydration
of the material. The colored areas on the various fitted
components offer valuable information about the bonding
structure and composition of oxygen species within the NH,—
Ce-MOF (Figure 3).

The XPS examination of the Ce 3d region in NH,—Ce-
MOF reveals several distinct peaks, providing insights into the
oxidation states and electronic landscape of cerium in the
material. The intricate arrangement of peaks in the spectrum,

15102

spanning a wide range of binding energies (around 880—930
eV), indicates the existence of both Ce>* and Ce*" states. The
peaks with higher energy values (around 916—920 eV) are
commonly connected to the Ce*" 3d** and 3d*? states, which
signify the presence of oxidized cerium. On the other hand, the
peaks with lower energy levels (approximately 880—890 eV)
are associated with Ce®, indicating the presence of reduced
cerium in the structure. A mixed-valence state, which is typical
of cerium-based MOFs and is advantageous for catalytic and
electronic applications, is implied by the combination of these
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states. The shaded sections beneath the individual peaks
demonstrate the components that have been fitted, helping to
differentiate the precise distribution of Ce®" and Ce**, which is
crucial for comprehending the redox characteristics and
durability of the NH,—Ce-MOEF.*®

3.2. Batch Experiments. 3.2.1. Effect of pH and Point of
Zero Charge. The pH of the solution has a major effect on an
adsorbent’s ability to remove contaminants. This is because it
affects the adsorbent’s functional groups’ surface charge
characteristics, ionization state, and degree of dissociation.
By taking into account the pH values at the adsorbents’ zero
charge sites (pHp;c), the behavior can be explained. The pH
value of 4.5 was determined for NH,—Ce-MOF in Figure 4(a).
When the pH of the solution is lesser than the pHp,c (pH <
4.5), the hydrogel beads of NH,—Ce-MOF become positively
charged (due to excess H"), which results in strong repulsion
with dye molecules of similar charge, ultimately reducing the
efficiency of adsorption. For pH values higher than the pHp,c
(pH greater than 4.5), the beads’ surface is mainly covered
with negative charges. This makes it easier for cationic dyes
(such as BR46) to be attracted to the beads, resulting in the
most effective absorption of this dye within those pH ranges.
The impact of the pH level of solutions on how effectively the
dye BR46 dye is removed was observed within a pH series of 2
to 12, as depicted in Figure 4(b). Conversely, with the rise in
solution pH, the NH,—Ce-MOF adsorbent surface saw a
gradual deprotonation of functional groups (hydroxyl and
carboxylate), resulting in an increased retention of dye
molecules.*

3.2.2. Effect of Dose. Batch studies were carried out using
25 mL of BR46 dye solutions at 400 mg/L, adding varying
quantities of adsorbent from 0.20 to 0.25 g in order to assess
the ideal quantity of crude clay to add to an aqueous dye
solution (Figure 4(c)). It was discovered that while the
adsorption capability failed with increasing adsorbent dose, the
removal efficiency rose. This suggests that an increased mass of
the adsorbent led to a greater amount of adsorption sites. This
can be because there are extra adsorption sites and the
adsorbent has a higher surface area.*’

3.2.3. Effect of the BR46 Dye Concentration. Figure 4(d)
depicts how the original dye concentration affects the rate at
which the BR46 dye is adsorbed at pH 8 and 293 K. When the
original dye concentration increases, so does the adsorption
capacity. The adsorption capacity of dye on NH,—Ce-MOF
fluctuates from 39.6 to 454 mg/g as the original dye
concentration increases from 35 to 560 mg/L. This implies
that the original dye concentration has a main influence on the
dye’s adsorption capability. Furthermore, when the mass
transfer driving force increased, the barrier to dye uptake
reduced, resulting in a higher initial rate of adsorption for
higher initial dye concentrations.™*

3.2.4. Effect of Contact Time and Temperature. The
influence of temperature on the effectiveness of NH,—Ce-
MOF in removing BR46 dye was designed within the range of
20 to 45 °C, and the findings are represented in Figure 4(e,f)
in relation to contact time. Both figures clearly show that as the
temperature rises the dye-removal process also rises. This
indicates that the adsorption technique is endothermic and
that higher temperatures have a positive impact on the
formation of radical species and their interactions."

3.3. Adsorption Isotherm. Utilizing adsorption isotherm
models such as Langmuir,46 Freundlich,”” Dubinin—Radush-
kevich (D—R),*” and Temkin greatly aids in studying BR46

dye adsorption onto NH,—Ce-MOF, as each model presents a
unique view of the adsorption behavior."® The Langmuir
isotherm assumes monolayer adsorption on a homogeneous
surface, helping to determine the maximum adsorption
capacity (qma) of NH,—Ce-MOF essential for managing dye
loads and industrial scaling. The Freundlich isotherm, suited
for nonuniform surfaces, provides insights into adsorption
intensity (1/n) and illustrates how surface variability influences
the process, shedding light on NH,—Ce-MOF’s capacity for
BR46 dye at various concentrations.*”* The D—R isotherm
assesses the average adsorption energy (E), distinguishing
between chemical and physical adsorption mechanisms, which
aids in determining whether the interaction with BR46 is weak
physisorption or stronger chemisorption, informing optimiza-
tion. The Temkin isotherm evaluates heat changes during
adsorption, helping to identify if the process absorbs or
releases heat, crucial for determining the optimal dye-removal
temperature. Together, these models yield extensive insights
into adsorption capacity, interaction intensity, energy charac-
teristics, and thermodynamics, enabling precise management of
the operational conditions. This combined approach enhances
NH,—Ce-MOF’s efficiency for BR46 dye removal, improving
the predictability and effectiveness of wastewater treatment
processes.”’

The Langmuir adsorption isotherm model explains the
interaction between BR46 dye molecules and NH,—Ce-MOF,
positing monolayer adsorption on a uniform surface with
identical sites as shown in Table SS5. Key model parameters
reveal insights into the adsorption process’s effectiveness.*’
The Langmuir constant (K) is 0.017 L/mg, reflecting a
moderate attraction between NH,—Ce-MOF and BR46,
suggesting an effective interaction. The maximum adsorption
capability of 454.8 mg/g indicates a strong dye-removal
capacity, establishing NH,—Ce-MOF as efficient for adsorp-
tion applications. Additionally, the dimensionless separation
factor at 0.56 supports the favorable nature of the adsorption,
as (R,) ranges from O to 1, confirming NH,—Ce-MOF’s
capacity to adsorb BR46 effectively. These findings highlight
NH,—Ce-MOF as an ideal adsorbent for BR46 dye removal in
wastewater treatment (Table S6).

The Freundlich adsorption isotherm model provides crucial
insights into the adsorption behavior of BR46 dye on NH,—
Ce-MOF. It highlights how the heterogeneous surface of
NH,—Ce-MOF, with its varied adsorption sites, interacts with
the dye. The Freundlich constant (Kg) of 49.61 (mg/g) (L/
mg) /" signifies that NH,—Ce-MOF exhibits a high adsorption
capability, particularly at low dye concentrations, showcasing
its effectiveness in capturing the dye. A high K value suggests
strong attraction to BR46 dye, enabling significant absorption
of dye molecules in low-concentration solutions. The intensity
parameter (n = 2.33) supports the favorable adsorption
process, with a value of over 1 indicating enhanced efficiency
at lower dye concentrations and reduced intensity at higher
levels. This suggests NH,—Ce-MOF efficiently captures BR46
dye, particularly when concentrations fluctuate, as it effectively
attracts and binds the dye at low levels."> The Freundlich
model emphasizes surface heterogeneity, indicating that NH,—
Ce-MOF has multiple active sites with different affinities,
enabling effective management of the BR46 dye at various
concentrations. Thus, NH,—Ce-MOF is a versatile and
effective adsorbent, reliably removing BR46 dye from waste-
water, even with changing concentrations. It proves suitable for
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practical wastewater treatment applications, as illustrated in
Figure 5(a)."’

The Dubinin—Radushkevich (D—R) model examines the
adsorption of BR46 dye onto NH,—Ce-MOF, focusing on
adsorption capacity, interaction energy, and mechanism.>”
NH,—Ce-MOF shows a high D—R saturation capacity (Qpg)
of 403.16 mg/g, indicating its effectiveness for wastewater
treatment with high dye concentrations. The D—R constant
(Kpg = 7.4 % 107> mol® kJ™) reflects a moderate interaction
energy, suggesting a balance between stability and strength in
the adsorption, allowing for possible desorption if necessary.
The average adsorption energy (E,) of 28.4 kJ/mol implies
chemisorptive characteristics since values over 16.0 kJ/mol
indicate chemical, rather than physical, adsorption. In
conclusion, the D—R model confirms that NH,—Ce-MOF is
a reliable adsorbent for BR46 removal due to its high capacity
and stable chemisorptive binding, making it suitable for
effective wastewater dye removal.”

The Temkin adsorption isotherm model analyzes the
adsorption of BR46 dye on NH,—Ce-MOF, focusing on the
interactions between the dye and adsorbent affecting
adsorption energy as surface coverage varies."® The Temkin
constant by of 15.84 J/mol indicates a moderate heat of
adsorption, reflecting balanced interactions without an
excessive energy release. Consequently, the adsorption
proceeds steadily as the dye covers the surface. The K value
of 0.23 L/mol shows NH,—Ce-MOF’s decent affinity for BR46
dye, facilitating effective capture, particularly at lower
concentrations. This equilibrium constant suggests moderate
efficiency, and these parameters indicate a stable adsorption
process with controllable energy and reliable binding strength,
enabling effective dye removal. NH,—Ce-MOF remains
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efficient even at higher surface saturation, making it a
consistent and stable material for wastewater treatment with
BR46 dye across various concentrations.>*

The Jossens adsorption isotherm model enhances our
understanding of BR46 dye adsorption onto NH,—Ce-MOF,
focusing on the capacity, affinity, and interaction strength.
With a high adsorption affinity constant of 57.83, NH,—Ce-
MOF shows a strong attraction and significant capacity for
capturing BR46 dye, even at varying concentrations. The
moderate bonding strength indicated by the adsorption
intensity constant (J = 0.05) suggests effective retention of
BR46 dye molecules while allowing potential release for
restoration.””>> This balance between strong affinity and
moderate interaction intensity makes NH,—Ce-MOF an
effective, reusable adsorbent for sustainable wastewater treat-
ment.*

3.4. Adsorption Kinetics. Applying models of adsorption
kinetics such as pseudo-first-order,”” pseudo-second-order,>®
intraparticle diffusion,”” and Elovich offers insights into BR46
dye elimination via NH,—Ce-MOF.®” These models elucidate
mechanisms, with pseudo-first-order linked to physisorption
and pseudo-second-order indicating chemisorption, allowing
accurate predictions of adsorption rates and contact durations.
The Intraparticle Diffusion model highlights the effect of
diffusion limitations, while the Elovich model reveals the
reactivity of diverse surface sites. This analysis aids in
optimizing the structure and conditions of NH,—Ce-MOF,
enhancing the efficiency.

Utilizing the pseudo-first-order adsorption kinetic model to
study BR46 dye elimination with NH,—Ce-MOF shows clear
advantages. It provides a straightforward means to evaluate the
adsorption rate, especially when physisorption predominates.57
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This model helps predict the rate at which BR46 is absorbed
onto NH,—Ce-MOF, assisting in optimizing contact times and
dosing for effective dye removal. The low-rate constant (K; =
0.034 min~" X 107%) suggests a gradual adsorption process.
Optimizing factors such as the adsorbent’s surface area and
environmental conditions (pH and temperature) can enhance
adsorption efficiency. Overall, this model aids in understanding
adsorption kinetics and improving NH,—Ce-MOF’s practical
application in dye removal (Table S5).

Utilizing the pseudo-second-order model, particularly the
adsorption kinetic model, yields valuable insights into the
elimination of BR46 dye by NH,—Ce-MOF. The model’s
results, including a rate constant of K, = 5.32 X 107 (g mg™"
min~") X 107> and an equilibrium adsorption ability of g, =
457.8 mg/g, suggest that the adsorption procedure may be
primarily subjective by chemisorption. This includes electron
distribution or conversation among BR46 and the active sites
of NH,—Ce-MOF. The substantial (q.) value indicates that
NH,—Ce-MOF is highly effective in adsorbing BR46 due to its
significant adsorption capacity, as shown in Figure S(b).
Additionally, the pseudo-second-order model offers precise
consideration of the rate and capability of adsorption, enabling
exact fine-tuning of the process variables like the amount of
adsorbent and duration of contact to attain optimal
efficiency.”® This particular model is valuable for creating
and expanding the process in real-world situations. It helps to
guarantee consistent and effective adsorption performance
under different conditions, which is crucial for water treatment
systems (Table S7).

Employing the adsorption kinetic model, specifically the
Intraparticle Diffusion model, delivers significant benefits in
studying the adsorption and elimination of BR46 dye through

NH,—Ce-MOF. This is especially evident with an intraparticle
diffusion rate constant (K, = 49.05 mg g~' min'?) and
intercept (X = 26.22 mg/ g).49 This model is used to determine
whether the rate of adsorption is governed by the diffusion
process within the pores of the NH,—Ce-MOF material. The
parameter (K;) represents the speed at which the BR46 dye
moves into the pores, and the intercept (X) indicates the
presence of a boundary layer effect that may impact the
adsorption process. Through the examination of these figures,
scientists are able to fine-tune the physical characteristics of
NH,—Ce-MOF, including pore size and surface area, in order
to increase the rate of diffusion and enhance the effectiveness
of dye removal.>”

Utilizing the Elovich model within adsorption kinetics to
examine the adsorption and elimination of BR46 dye by NH,—
Ce-MOF offers significant insights. The Elovich parameters (f
at 123.6 g/mg) and (a at 0.03 mg g~' min~") are crucial in this
analysis. The Elovich model is advantageous for heterogeneous
adsorption systems, as it accounts for variations in adsorption
energies across different surface sites. The high (f) indicates a
reduction in adsorption rate with increased surface coverage,
while the low (a) suggests a slower initial adsorption rate. This
model assesses the activity of the NH,—Ce-MOF surface and
identifies various active sites with different affinities for BR46
dye. It provides a precise portrayal of adsorption on diverse
surfaces and helps fine-tune parameters such as temperature
and dye concentration for optimal efficiency. Understanding
this is essential for developing NH,—Ce-MOF materials that
effectively capture BR46 dye, ensuring scalable dye removal in
water treatment processes.

3.5. Diffusion Mechanism. The phase that controls the
rate and mechanism of diffusion during adsorption is better
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understood thanks to the diffusion models.””> The four distinct
phases of adsorption kinetics are (i) Mass transfer is how the
adsorbate moves from the bulk solution to the adsorbent’s
exterior; (ii) The way molecules propagate across the layer at
the border; (iii) The movement of adsorbate molecules from
the adsorbent material’s outer surface to its interior pores; and
(iv) Coverage of the binding places of the adsorbent can be
observed in Figure 5(c,d).

3.6. Thermodynamics. One important aspect affecting a
substance’s capacity to absorb dyes is temperature. The
absorption of BR46 dye by NH,—Ce-MOF was calculated at
three dissimilar temperatures, 298, 308, and 318 K. Table SS
exhibits the thermodynamic values, such as standard enthalpy
AH®, standard entropy AS° and Gibbs free energy AG®,
determined by means of eqs S9 and S10 (Table S5).°" The
absorption of BR46 dye onto NH,—Ce-MOF is shown to be
endothermic based on the positive AH® value in Table S8 and
Figure 6(a,b).*>** The adsorbent surface and BR46 dye
interface exhibit greater disorder, as suggested by the positive
AS° values. With rising temperature, the AG® value declines,
resulting in an increase in the reaction’s spontaneity.”> This
implies that increased temperatures contribute to the
progression of the reaction shown in Figure 6(c). It can be
inferred that the bonding of BR46 dye to NH,—Ce-MOF can
be categorized as chemical bonding given its average
adsorption energy E of 35.1 kJ/mol and Gibbs free energy
AG°.% In the case of BR46 dye adsorption, it is typical for the
NH,—Ce-MOF to demonstrate a natural and heat-absorbing
reaction, as indicated in Table S8.

3.7. Interaction Mechanism. Theories on the mecha-
nisms of BR46 dye adsorption onto NH,—Ce-MOF may be
developed in light of the results of the adsorption
investigations in Figure 7(a). As per the text, BR46 dye
adsorption in slightly basic conditions is driven by electrostatic
attraction. This suggests that the main mechanism driving this
process is the electrostatic attraction.”® The composite material
primarily involves the adsorption of N¥ ions due to the
electrostatic interaction. The protonated COO™ groups of the
glutamic acid component play an important role in facilitating
the adsorption of N* ions over electrostatic attraction.”* The
primary shape of the BR46 dye molecules is determined in
large part by the pH of the solution. By serving as locations for
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the binding of positively charged N* ions, the COO™ groups
enhance the overall electrostatic interaction between the
adsorbent and the adsorbate. In weakly basic conditions with
a pH of 8.0, the BR46 dye primarily consists of positively
charged N* jons that interact in a favorable manner with the
negatively charged places on the NH,—Ce-MOF. Maximizing
the effectiveness and efficiency of adsorbent materials requires
an understanding of how electrostatic attraction functions in
the adsorption process.”> Figure 7(b) presents the FTIR
spectra for both NH,—Ce-MOF and BR46@NH,—Ce-MOF,
revealing significant changes in the vibrational patterns of
functional groups upon the adsorption of the BR46 dye. This
observation implies that an effective interaction has occurred.
Specifically, the hydroxyl (—OH) stretching band within the
3200—3500 cm ™' range exhibits a decrease in intensity, which
suggests the formation of hydrogen bonding between BR46
dye and NH,—Ce-MOF. Additionally, the peaks associated
with C—H stretching, located between 2800—3000 cm ™', show
minor shifts and fluctuations in intensity, which can be
attributed to interactions with the aromatic components of
BR46 dye.” The carbonyl (C=0) stretching vibrational peak,
typically observed in the range of 1700—1750 cm ™}, exhibits a
notable shift along with a decline in intensity, which
emphasizes its significance in the adsorption process of BR46
dye. Similarly, the C=C aromatic stretching vibrations within
the 1500—1600 cm™ range demonstrate marked alterations,
indicative of 7—x interactions with BR46 dye. Furthermore,
shifts and reductions in intensity are evident in bands related
to C—N stretching and -NH deformation (1200—1400 cm™),
as well as C—O—C ether groups (1000—1250 cm™),
suggesting underlying chemical interactions at play. The
fingerprint region (600—900 cm™') also indicates additional
structural changes resulting from the interaction with BR46
dye. The n—r interaction is also involved in the adsorption of
BR46 dye.”” Hydrogen bonding plays a role in the NH,—Ce-
MOF’s capacity to adsorb BR46 dye by forming hydrogen
bonds among the oxygen besides nitrogen atoms in the BR46
dye molecules and the hydroxyl groups (—OH) of NH,—Ce-
MOF, influencing its adsorption abilities.”® Pore filling occurs
after the process of adsorption, resulting in a reduction of pore
volume besides surface area.
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Figure 8. (a) Regeneration efficiency of NH,—Ce-MOF, and (b) XRD pattern of NH,—Ce-MOF and regenerated.

3.8. Reusability. The adsorbent was retrieved, and its
recyclable nature was inspected in an effort to lower the cost,
making, and sustainable use of natural conservation pos-
sessions. The BR46 dye solution (25 mL, 300 mg/L) and the
adsorbent dose of NH,—Ce-MOF (0.02 g) were added to a
conical flask, which underwent shaking for the repeatability
testing. Next adsorption equilibrium, the quantity of remaining
BR46 dye was measured. The BR46 dye molecules were
extracted from the adsorbent surface using 0.1 mol/L of HCI
following the process of washing and rinsing of the filtered
NH,—Ce-MOF with ethanol. After that, the pH was carried to
7. After neutralization with pure water, the finished adsorbent
was freeze-dried for further use. The outcomes of the trials that
were repeated are shown in Figure 8(a). After five testing
cycles, the composite’s adsorption efficacy may still be higher
than 889%.%” This suggests that in addition to having a
considerable amount of reuse capacity, the adsorbent has an
outstanding BR46 dye molecule adsorption capacity. This
suggests that in addition to having a significant reusability
efficiency, the adsorbent has a good BR46 dye molecule
adsorption ability. Following five screening cycles, XRD was
used to prove the structure and crystallinity of the adsorbent
substantially. Though it was created to be intact, XRD
displayed that the element percentages remained constant,
representing the adsorbent’s resilience during the adsorption
procedure. This study validates the high rate of recovery for
NH,—Ce-MOF (Figure 8(b)).>°

3.9. Comparison with Other Adsorbents. The contrast
of the maximal monolayer sorption capabilities (mg/g) of
several adsorbents for the adsorption of BR46 dye is displayed
in Table S9. It is clear that the adsorbents utilized in this
investigation have a higher maximum ability to absorb than the
others do.

3.10. Experimental Design Modeling and Response
Surface Analysis. 3.70.1. Statistical Analysis. Statistical
modeling is an essential part of researching the effects of
independent factors, including pH, contact time, NH,—Ce-
MOF dose, and their interactions. Using data collected from
experiments from the modulation RSM-BBD approach, a
second-order mathematical polynomial quadratic model has
been developed in this respect.”” An illustration of the
polynomial regression model for the colorant BR46 dye
adsorption procedure on NH,—Ce-MOF is provided here. The
coded equation is eq S

q, = 312.908 — 56.4476 X A + 144.982 X B

— 44554 X C — 38.385 X AB + 10.3033 X AC
+ 17.5571 X BC + 19.7181 X A> — 129.274 x B?
— 324919 x C* (s)

The equation, which is written in terms of coded factors, can
be used to predict the amounts of each reactant. By default, the
components’ high and low levels are denoted by the numbers
+1 and —1, respectively. The impact of each ingredient can be
ascertained using the coded equation by comparing the factor
coefficients.”® While the actual equation was eq 6

q, = 18.4223 + —296.538 X A + 9.42629 X B

+ 11.191 X C + —3.36711 X AB + 8.58604 X AC
+ 0.0739244 X BC + 342.328 X A®
— 0.0572958 X B* — 1.29967 x C* (6)

Concentrations of each element and the reaction can be
predicted using the equation provided in terms of actual
factors. In this case, each aspect’s levels should be stated in
their original units. Because the coefficients are scaled to suit
the units of each element and the intercept is not at the center
of the design space, this equation should not be used to
calculate the relative influence of each variable.”” Additionally,
the relationship between the actual and projected values for the
colorant BR46 dye adsorption capability is displayed in Figure
9(a)b). This graphic makes it evident that the data are
distributed to the right, proving without a reasonable question
that the experimental findings and statistical projections are
properly correlated. Therefore, a good assessment and analysis
of the colorant BR46 adsorption on the absorbent surface
NH,—Ce-MOF are provided by the created model.”

The Box—Cox plot identifies the optimal power trans-
formation for data, aiming to improve normality, homosce-
dasticity, or linearity. Here, the X-axis represents the power
parameter (4), where values near zero indicate a logarithmic
transformation, and the Y-axis (Ln(Residual SS)) shows the
log of residual sums of squares, with lower values suggesting a
better fit. The minimum point on the plot, marked by a green
vertical line, likely indicates the optimal (1), close to zero, with
red and blue lines around it, suggesting a confidence interval
for effective transformations. For adsorption data of BR46 dye
onto NH,—Ce-MOF, applying this optimal (1) transformation
could improve data distribution symmetry and stabilize
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the rate of response (for A: pH, B: dose, and C: time), and (f) adsorption capability optimization over graphics.

variance, aiding accurate model fitting Figure 9(c). The image
shows residuals vs. run plot, which is useful for checking the
randomness of residuals across different runs, indicating
whether there might be any patterns or issues in the data or
model. Here, the X-axis characterizes the run number, and the
Y-axis demonstrates the externally studentized residuals, which
measure the difference between observed and predicted values,
standardized to account for variability.”” The plot includes
horizontal red lines at +4.81963, indicating the threshold for
identifying outliers; any points outside these lines are potential
outliers. The data points appear to fluctuate randomly around

zero without any clear pattern, suggesting that the model likely
fits the data well and that assumptions of independence and
homoscedasticity are likely met. In the context of BR46 dye
adsorption on NH,—Ce-MOF, this randomness in residuals
indicates a well-fitting model with no systematic error across
different runs (Figure 9(d)).

The perturbation plot illustrates the impact of three variables
((A, B, and C)) on the adsorption capacity (q.) (mg/g) for
BR46 dye onto NH,—Ce-MOF, with the X-axis on behalf of
nonconformity from a reference point in coded components
and the Y-axis presentation (gq.). Each line corresponds to a
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Table 1. Analyzing the Fitted Models’ Variance

source sum of Squares de mean square F-value p-value
model 2.787 x 10% 9 30970.21 2224 0.0002 significant
A-dose 25490.67 1 25490.67 18.31 0.0037
B-time 1.682 x 10% 1 1.682 x 10% 120.77 <0.0001
C-pH 158.80 1 158.80 0.1140 0.745$
AB 5893.63 1 5893.63 423 0.0787
AC 424.63 1 424.63 0.3050 0.5980
BC 1233.00 1 1233.00 0.8855 0.3780
A? 1637.07 1 1637.07 1.18 0.3142
B? 70364.90 1 70364.90 50.53 0.0002
c 4445.14 1 4445.14 3.19 0.1171
residual 9747.09 7 1392.44
lack of fit 9747.09 3 3249.03
pure error 0.0000 4 0.0000
Table 2. Sum of Squares for Sequential Models
source sum of squares de mean square p-value adjusted R* predicted R*
linear 94,670.74 9 10,518.97 0.0018 0.5961 0.3877
2FI 87,119.48 6 14,519.91 0.8325 0.5168 —0.2411
quadratic 9747.09 3 3249.03 0.0010 0.9228 0.4594 suggested
cubic 0.0000 0 1.0000 aliased
pure error 0.0000 4 0.0000

variable: Variable A green line (adsorbent dose) shows a
negative trend, indicating that increasing its value reduces (q.);
Variable B blue line (contact time) displays a positive trend,
suggesting that higher values enhance (g.); and Variable C
gray line (effect of pH) remains relatively flat, implying a
minimal effect on (g.) within this range. This plot highlights
Variable B as having a favorable impact on adsorption capacity,
while Variable A has an adverse effect, aiding in identifying
which adjustments optimize adsorption efficiency for the BR46
dye onto NH,—Ce-MOF (Figure 9(e)).

The image shows a three-dimensional (3D) cube plot
illustrating the effects of three variables, pH (A), dose (B), and
time (C) on the adsorption capability (q.) of BR46 dye onto
NH,—Ce-MOF. Each corner of the cube represents a unique
combination of these variables, with corresponding (g.) values
(mg/g) labeled at each point. This cube plot helps visualize
how different levels of each variable impact adsorption
capacity, highlighting ideal parameter combinations for
maxirgizing BR46 dye adsorption on NH,—Ce-MOF (Figure
9(f)).

3.10.2. ANOVA. Using the ANOVA data in Table 1 as
evidence, a small value of p (>0.0001) was utilized to show
that the model was appropriate for explaining the adsorption
process of the colorant BR46. While the high accuracy values
below 5% were disregarded due to their insignificance, the
strong coefficient of determination R* = 0.966 and adjusted-
difference R* = 0.923 are less than 0.2, demonstrating the
development as well, showing that the proposed model had
been successfully associated with the actual data.”' The model
is important, as indicated by its low probability value and
model F-value of 22.24. The likelihood that an F-value this
significant may be caused by noise is less than 0.0001. Model
parameters are considered significant when the p-value is less
than 0.0S. In this instance, the BR46 removal process is greatly
impacted by the important model parameters A, C, AB, A% and
C% On the other hand, values above 0.1000, which apply to
AC and BC, show that the model parameters are not
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important. The RSM model correlates with the actual
outcomes. Furthermore, it appears that the terms have
significantly affected the adsorption capabilities because all of
the model’s terms had p values less than 0.0S. The importance
of the selected variables in the adsorption procedure is revealed
by the sum of the values in the square. Table 2 represents that
the most fitted model was quadratic, and the higher R* was
0.922. Table 3 represents that the adsorption capacity
experimental was similar to the predicted.

3.10.3. Model Adequacy Checking. 1t was important to
notice that the adsorption capability of NH,—Ce-MOF for the
elimination of BR46 dye decreases with a rise in the adsorbent
dose. As the adsorption capability was inversely proportional to

Table 3. Adsorption Capability Data from BR46 and the
Response Surface of the Central Composite Structure

yield (mmol/g)

actual variables

dose time

run (g) (min.) pH  experimental predicted residue

1 0.26 S52.5 7 31291 31291 0.0000
2 0.26 100 2 235.75 283.02 —47.27

3 0.26 N 2 23.61 28.17 —4.57

4 0.26 52.5 7 31291 31291 0.0000
N 0.5 52.5 2 254.24 237.84 16.40

6 0.02 S2.5 12 32542 341.82 —16.40

7 0.5 52.5 12 214.09 249.53 —35.44

8 0.26 S52.5 7 31291 31291 0.0000
9 0.26 S 12 31.42 —15.85 47.27
10 0.26 52.5 7 31291 31291 0.0000
11 0.02 S52.5 2 406.78 371.34 35.44
12 0.5 S 7 28.48 40.31 —11.83
13 0.02 N 7 45.56 76.43 —30.87
14 0.02 100 7 455.00 443.17 11.83
15 0.26 52.5 7 31291 31291 0.0000
16 0.5 100 7 284.38 253.50 30.87
17 0.26 100 12 313.79 309.23 4.57
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Figure 10. RSM-CCD-derived mutual interaction and desirability analysis of BR46 dye’s adsorption capability over NH,—Ce-MOF: mutual
communication of adsorbent dose and pH (A); adsorbent dose (B); and pH and time and time (C).

the adsorbent weight. The simultaneous effects of pH, contact adsorbate demonstrate a synergistic consequence on adsorp-
time, and adsorbent dosage between the adsorbent and tion capability. The BR46 adsorption is adversely affected by
15110 https://doi.org/10.1021/acsomega.4c10666
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the quadratically acting parameters that were selected, as well
as by the mutually interacting effects of the pH and
concentration of the BR46 dye colorant. 3D response surfaces
traced according to two input parameters have frequently been
employed to comprehend the impacts of interactions among
independent elements and to select the optimal adsorption
settings for achieving the maximum elimination achieve-
ments.””*

Figure 10 displays the 3D reaction curves of the created
model based on the mutual interactions of the BR46 dye
adsorption process variables. Figure 10(a) makes it obvious
that BR46’s adsorption capability rises as interaction time and
adsorbent dose decrease. At 100 min of contact time and 0.02
g of adsorbent dosage, the maximum adsorption capability was
achieved. Figure 10(b) makes it evident that the adsorption
capacity of the BR46 dye increases when the adsorbent dose
decreases. It increased from 2 to 8 and then decreased from 8
to 12. At pH 8 and an adsorbent dosage of 0.02 g, the
maximum adsorption capability was observed. Lastly, Figure
10(c) shows that the maximum adsorption capability occurred
at pH 8 and a contact period of 100 min.””

3.10.4. Validating Models and Using the Desirability
Approach. The desirability function, whose desirability range
is 0—1, is used as an optimization tool. A response with a value
of 1 is deemed preferred, but a response with a value of 0 is
considered far from the approved one. The perfect predicted
standards of the investigational variables to obtain the best
response (adsorption capability) are exhibited in Figure 11(a).
Figure 11(b) shows the outcomes of the desirability functions.
Within the specified limits, the maximum response for each
experimental factor is provided (i.e., pH = 8, dose of adsorbent
0.02 g, and interaction time = 5—100 min). The
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experimentation’s findings largely agree with the predicted
responses.'® This demonstrated that the model was sufficient
and suitable (Figure 11(c)). Two compliance experiments
were then conducted using the optimized input variables. This
test confirmed the accuracy and efliciency of the BBD in
recognizing the ideal adsorption setting for maximum
production when joined with the desired function. Con-
sequently, these optimal conditions were used for the
subsequent isotherm, kinetic, and thermodynamic studies.””'

4. CONCLUSIONS

The capacity to concurrently extract cationic Basic Red 46
(BR46) dye from an aqueous solution was inspected in this
study. Ce-MOF was easily made and thoroughly characterized
using a number of techniques after being functionalized with
glutamic acid, which contains an amino group, to generate
NH,—Ce-MOF. N, adsorption/desorption approved that the
synthesized adsorbent has a high surface area of 1158.8 m?/g, a
pore size of 1.511 nm, and a pore volume of 0.875 cm®/g.
Upon the adsorption of the BR46 dye, the surface area
decreases to 872.6 mz/g, the pore size reduces to 1.18 nm, and
the pore volume drops to 0.53 cm®/g. Since the dye particles
can effectively occupy the micropores, the decreases in the
surface area, pore size, and volume demonstrates the material’s
effective adsorption capability. 454.8 mg/g greater adsorption
capabilities were demonstrated. The pseudo-second-order
kinetic model besides the Langmuir isotherm model,
respectively, were the most effective in simulating adsorption
kinetics, and isotherm curves, displaying an adsorption energy
of 28.4 kJ/mol and chemisorption van der Waals force, 7—n
conjugation, electrostatic contact, hydrogen bonding, and pore
filling were the main adsorption driving forces. The findings
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may offer theoretical and technical support for the elimination
of cationic dyes via simultaneous adsorption. Through the
study of the effect of temperature, it was confirmed that the
adsorption technique was endothermic as the positive charge
of AH®. The spontaneous increase in the negativity of AG°®
upon increasing the temperature and the increase in the
randomness with rising temperature as AS® was 289.32 J/mol
K. Enhanced results of the adsorption process through the
utilization of the Box—Behnken design (BBD) and Response
Surface Methodology (RSM). Given that the adsorbent was
made of reusable materials and could be reused more than five
times with high efficiency, the NH,—Ce-MOF offers a viable
low-cost option for removing BR46 dye from wastewater
streams.
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