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1. Introduction

Unraveling the sorption mechanism of industrial
dyes onto Zr-based MOFs: computational and
experimental modelling for highly efficient
removalf
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The ability of NH,-UiO-66 to remove the cationic dye rhodamine B (RhB) and the anionic dyes indigo
carmine (IC) and orange 2 (O2) was evaluated. XRD, SEM/EDX, FTIR, N, sorption and TG/DTG analytical
techniques were used to evaluate the physicochemical properties of NH,-UiO-66 produced by the
solvothermal method. For IC and O2 dyes, the NH,-UiO-66 material showed an adsorption capacity of
265.8 mg g~ and 229.8 mg g7, respectively, while for RhB it was 91.6 mg g~1. The most accurate
model was Toth's isothermal model with R> > 0.90. The Elovich kinetic model provided the most
accurate fit, with an R? > 0.95 for all dyes, suggesting a competition between physisorption and
chemisorption. The HOMOs are significantly delocalised on the nitrogen atom, while the LUMOs are
delocalised around the aromatic nucleus, according to DFT and Monte Carlo simulation studies. The
chemical reactivity of the dyes IC, RhB and O2 interacting at the adsorbent surface was demonstrated
by calculating quantum parameters such as Enomo, ELumo and gap energy (Egap). The adsorption
mechanism found was favorable, suggesting electrostatic attractions as well as pi—pi interactions
between the benzene rings of the dye and the H,N-H,BDC linker. NH,-UiO-66 showed high stability
after 5 adsorption cycles.

and heavy metals®* are identifiable as carcinogenic and muta-
genic and their accumulation in the body leads to adverse health

Global industrial and technological development has introduced
pollutants of various kinds into the environment. Pollutants
such as organic contaminants, pharmaceutical compounds’?
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effects.” Organic dyes are commonly used in many industrial
activities such as paper, textile, wood and plastic dyeing, as well
as in the cosmetics, food and pharmaceutical industries.®
Organic dyes are some of the most important pollutants, because
once dissolved in water, they become difficult to treat due to
their synthetic origin and complex molecular structures,
which make them more stable and difficult to biodegrade.”®
Consequently, most of the work on wastewater treatment focuses
on the removal of contaminants.”’® Several physical, biological
and chemical methods are used and are being constantly devel-
oped to solve and above all improve wastewater treatment and
recycling. In order to treat wastewater that contains dyes, a number
of alternative treatment techniques have been studied. All of these
approaches, though, have serious disadvantages. Some issues with
membrane filtration include fouling, the production of secondary
pollutants, and the high energy required. Furthermore, the degra-
dation of bio-resistant pollutants through advanced oxidation
processes such as Fenton and Fenton-like processes,'""?
electrocatalysis,”> " photocatalysis,'"**® and catalytic ozonation
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can lead to the potential generation of toxic intermediates and are
costly. Adsorption remains one of the most widely used techniques
in the wastewater treatment field, due to its simplicity and
efficiency.”® In this context, several works including the use of
adsorbents such as activated carbon,”" zeolite and lignocellulosic
materials®> > have been reported. The choice of adsorbents
is based on their porosity, flexibility, thermal and mechanical
stability, high specific surface area and regeneration capacity.*’
Metal-organic frameworks (MOFs) are one of the materials that
meet most of these criteria.”® The effectiveness of MOFs for
contaminant removal depends on metal ions and multifunctional
sites. MOFs functionalized with carboxylic acids and amines
present excellent properties for contaminant removal from waste-
water. NH,-UiO-66, with its high thermal and water stability, high
porosity and ordered structure, represents a potential sorbent
for wastewater contaminant treatment. Several researchers have
investigated the synthesis of NH,-UiO-66 using hydrothermal and
microwave methods.*”?® For example, Shen et al. reported on the
synthesis of NH,-UiO-66 using a hydrothermal method for photo-
catalytic applications,® while Luu (2015) evaluated the perfor-
mance of NH,-UiO-66 in the separation of CO, from CH,.*°
Hydrothermal methods have the advantage that they can simulta-
neously combine pressure and temperature, and ensure complete
solubilization of the linker and metal salts used during the
synthesis.***

The performance of UiO-66 for the removal of organic dyes has
been the target of some research. For example, Embaby et al
reported on the adsorption of anionic and cationic dyes using UiO-
66, and found that the anionic dye Alizarin Red S was preferentially
adsorbed, with an adsorption capacity of 400 mg g ' at an
optimum pH of 2." The efficacy of NH,-UiO-66 on the removal
of organic pollutants and theoretical studies remain little explored
up to now. However, Tambat et al. (2018) reported on the removal
of safranin dye using NH,-UiO-66, and they showed that the
adsorption capacity increased with the pH; a maximum adsorption
capacity of 390 mg g~ ' was obtained at a pH of 7 at 289 K.® Chen
et al. reported on the adsorption of anionic (acid chrome blue K
and methyl orange) and cationic (rhodamine B, methylene blue
and neutral red) dyes using NH,-UiO-66 and UiO-66, and they
found that the cationic dye was preferentially adsorbed on NH,-
UiO-66 comparable to UiO-66 with the maximum adsorption
capacities of 97.97 mg g~ " and 90.59 mg g~ !, with methylene blue
at an initial concentration of 20 ppm, respectively.*®

However, efficient removal requires the simultaneous integration
of all factors affecting the adsorption. Optimization using mathe-
matical approaches represents an advance in methodology which
ensures the experimental reproducibility of all experiments
assigned. This approach recognizes simultaneous interactions and
quadratic effects that may escape experimentation. Response sur-
faces have been developed for experiments involving several factors,
in order to minimize errors and the time required for all experi-
ments. The face-centered composite design (CCD) is one of the
design approaches suitable for complex experimental designs in
terms of the time and effort required. It provides a global experi-
mental exploration, offering a balance between predicted and
experimental values of total space.** Non-linear isothermal models
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remain a feature of adsorbent-adsorbate adsorption, used to eluci-
date the mechanisms of the interactions at the adsorbent surface,
disentangling adsorption sites and adsorbent-adsorbent interac-
tions. Up to now, few works have combined theoretical and
experimental studies to investigate the removal mechanism of
organic dyes from wastewater. Computational studies have the
advantage of being reproducible,® " providing adsorption energies
of the molecules studied on the adsorbent surface and descriptors
of the complexes. They offer the advantage of examining the
interactions between the molecules studied on the surface of the
material and different aqueous media, and the ability of molecules
to exchange low-energy electrons with molecular orbitals.

The aim of this work is to present an improved strategy for
the use of NH,-UiO-66 for the elimination of anionic dyes, indigo
carmine (IC) and orange 2 (02), and the cationic dye rhodamine
B (RhB), via a mathematical approach used to optimize adsorp-
tion conditions, including the pH, the adsorbent amount, the
dye concentration and the stirring time, followed by thermo-
dynamic, kinetic and recyclability studies. Experimental data
were fitted to Langmuir, Freundlich and Toth isotherms. Adsorp-
tion mechanisms were then elucidated using DFT studies and
GCMC molecular simulations. NH,-UiO-66 obtained by the
solvothermal method was characterized using XRD, SEM/EDX,
FTIR, N, sorption and TG/DTG analysis techniques.

2. Experiments

2.1. Chemicals and materials

The chemicals used were N,N-dimethylformamide (DMF), ZrCl,,
2-amino-1,4-benzenedicarboxylic acid (H,N-H,BDC), methanol,
acetic acid (AA), indigo carmine, rhodamine B, orange 2, methanol,
ethanol, HCI, and NaOH, and all chemicals were purchased from
Sigma-Aldrich. Distilled water was used to prepare all solutions.

2.2. Synthesis of NH,-UiO-66

In a separate step, 5 mmol of H,N-H,BDC and 5 mmol of ZrCl,
were dissolved in 30 mL of DMF for 40 min at room temperature,
the two solutions were mixed, and then 5 mmol of AA were added
to the mixture and sonicated at 500 rpm for 30 min. The resulting
mixture was transferred into a Teflon-coated stainless-steel auto-
clave and kept at 120 °C for 24 h. The resulting yellow solid was
repeatedly washed with DMF and sonicated in methanol for 2 x
24 h to exchange the DMF, then filtered and dried at 60 °C
overnight. Next, 0.5 g of dried solid was sonicated in 150 mL of
methanol and 1 M HCI for around 20 h, and then refluxed for 24 h
at 80 °C to regenerate the amine function. The final mixture after
cooling was washed 4 times with methanol, then dried at 60 °C
overnight, the resulting product was activated at 150 °C at 5 mbar
and the final product obtained was called NH,-UiO-66.

2.3. Characterization techniques

The X-ray diffraction analysis of the materials was carried out
using a PAN analytical XPERT Pro powder diffractometer that
was automated and used anode-filtered Cu-K-1 radiation with a
radiation wavelength (1) of 1.54056, and an accelerating voltage

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of 40 kV at 40 mA. SEM and EDX studies were carried out using
an 8 kV TESCAN VEGA 3-LMU instrument. Prior to SEM-EDX
analysis, the samples were coated with thin gold sputter films to
increase their conductivity. Fourier-transform infrared spectro-
scopy (FT-IR) was carried out using a Nicolet Thermoscientific
IS5 spectrophotometer in the range of 200-4000 cm™'. Zeta
potential measurement of the samples was carried out using a
Zetasizer instrument (Malvern 169 Instruments, UK). UV-vis
measurements were obtained using a UV-vis spectrophotometer
(UV-3600 Shimadzu, Japan) in the range from 200 to 800 nm.
The specific surface area, pore size, and pore volume of the
materials were calculated using N, sorption using a BELSORP
MAX device from Bel Japan Inc. at 77 K. Thermogravimetry
analysis (TGA) was carried out using a STA 449C Jupiter de
Netzsch, Selb, Germany at 10 °C min™* under N,.

2.4. Adsorption experiments

Batch adsorption experiments were carried out at room tempera-
ture with NH,-UiO-66 material, different adsorbent amounts and
the concentrations of each dye were measured, then the pH of the
solution was adjusted depending on each run of experiments, and
the mixture was stirred according to the time assigned to each
experiment. The solutions were filtered using Whatman filter
paper, and the filtrates was analyzed using a UV-visible spectro-
photometer at A« between 650-611 nm for all three dyes. The
absorbance obtained was used to calculate the equilibrium
concentration (C.) from the calibration curve. The amount
adsorbed (Q,qs) and removal efficiency (%) were calculated from
eqn (1) and (2), respectively.

(Co—Co)V
m

Quds = (1)

2 x 100 2)

. Cy— C,
Removal efficiency (%) = OT

0

where, C, and C. are the initial and equilibrium dye concentration
(mg L), respectively, V is the volume of the solution (L) and m is
the mass of NH,-UiO-66 (mg).

2.5. Design of adsorption experiments

A central composite design (CCD) was employed to optimize
the following factors: stirring time (A), initial dye concentration
(B), pH (C) and adsorbent quantity (D). Statgraphics Plus
version 18.0 was used to design experiments comprising 4 cen-
tral points (Table S1, ESIT). The CCD generates 28 experiments
according to eqn (3).

R=2F+2k+n=2"+2(4)+4=28 (3)

where R is the total number of experiments, n is the number of
center points and k is the number of experimental variables.
The selection of the number of central points is essential
to assess experimental errors and the reproducibility of the
results obtained. The 4 experimental factors were coded as
shown in Table 1, with —1 and +1 representing minimum
and maximum values respectively, and 0 being the central
value for each factor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Codification of experimental factors for the 28 experiments

Variable level

Coded
Factor Units variable -1 0 +1
Time min A 30.0 75.0 120.0
[Dye concentration] mgL™" B 20.0 110.0  200.0
pH — C 2.0 6.0 10.0
Mass of adsorbent mg D 20.0 50.0 80.0

2.6. Mathematical modelling of the response and analysis of
variance

All 28 experiments were performed randomly in a block to reduce
the effects of uncontrolled factors and conditions. The expected
response for each set of experiments was the amount of dye
adsorbed. Statgraphics Plus version 18.0 generated an empirical
model from the response of the 28 experiments, describing dye
adsorption. Based on the standard second-order polynomial
equation with its linear, cross and quadratic terms, the interac-
tions between the experimental elements and their impact on the
expected response are integrated, as shown in eqn (4).

n n n n
R=py+ Zﬁixi + Zﬁﬁxiz + Z Zﬁz‘;‘xixj te (4)
= pa =1 =1

where R is the predicted response, fi, is the constant of the
quadratic equation, f; and f; are the linear and quadratic
coefficients, respectively, 8; is the interaction coefficient between
the variables, x; and x; are the coded values of the factors studied
and ¢ is the degree of uncertainty between the obtained and
predicted responses. Statistical analysis of the experimental data
used to validate the statistical model showed a correlation
between the predicted responses of each of the 28 experiments
and the experimental response, with a normal distribution and a
probability value (p-value) of less than 5%.°*%*

2.7. Kinetic, isotherm and error analysis studies of adsorption

The mechanisms controlling the adsorption of IC, RhB and O2 on
NH,-UiO-66 were investigated using pseudo-first-order, pseudo-
second-order, Elovich and intra-particle diffusion non-linear
kinetic models, and their mathematical expressions are presented
in Table S2 (ESIt). Non-linear Langmuir, Freundlich and Toth
models were used to fit the equilibrium adsorption isotherms of
the three dyes. The equations are presented in Table S3 (ESI).
The goodness of fit of each isotherm model was evaluated
through the determination of the coefficient of determination
(R*) and associated non-linear error functions, including residual
root mean square error (RMSE), hybrid fractional error function
(HYBRID), chi-square test error function (x°) and average relative
error (ARE). The equations are presented in Table S4 (ESIt).*°

2.8. Molecular DFT and Monte Carlo simulation of IC, RhB
and O2 adsorption on NH,-UiO-66

All simulations were carried out using Material Studio software
(BIOVIA Inc.), into which the CIFs of the NH,-UiO-66 material
were imported. DMol3 software was used to optimize the
structure of each dye in aqueous medium and the localization

Mater. Adv,, 2025, 6, 579-597 | 581


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00818a

Open Access Article. Published on 25 November 2024. Downloaded on 22/10/2025 10:31:10 PG.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of nucleophiles and electrophiles by the calculation of HOMO,
LUMO and gap energy (Egap), using eqn (S2) (ESIT).*>*! The
NH,-UiO-66 structure was optimized using the Forcite module
and cleaved in a 1 x 1 x 1 complex cell unit plane, then
extended to have a large interaction surface. The interaction
between the IC, O2 and RhB molecules and the MOF material
was evaluated using the molecular dynamics simulation tech-
nique via the Forcite tools and adsorption localization mod-
ules. All calculations were carried out at 289 K in acidic, basic
and neutral medium, according to the optimum adsorption
conditions for the dyes IC, RhB and O2, by loading into the cell
1 molecule of each dye, 200H,0 + 5(H;0", C17), 200H,0 + 5(Na",
OH™) and 200 molecules of H,O.

3. Results and discussion

3.1. PXRD and FTIR analysis

Fig. 1a and b show the XRD pattern and Fourier transform
infrared analysis of NH,-UiO-66, respectively. Fig. 1a shows
three characteristic reflection peaks of NH,-UiO-66 located at
7.41°, 8.81° and 25.71°, attributable to the (111), (200) and (600)
crystal planes, which are typical of NH,-UiO-66 materials.*> In
addition, reflection peaks at 14.71°, 17.41°, 22.21°, 30.61°,
31.11°, 35.91°, 37.71°, 40.11°, 43. 61°, 50.51° and 56. 81°
corresponding to the crystal planes (222), (400), (511), (711),
(731), (820), (751), (664), (933), (955) and (1242), are comparable
and identifiable with those of previously reported works in the
literature.*® These peaks agree with the typical standard struc-
ture of NH,-UiO-66 reported by Ding et al. (2020). This observa-
tion shows that the stable, rigid crystal structure of the NH,-
UiO-66 material was formed by the recrystallization of ~-COOH-
bonded Zrg-node clusters from H,N-H,BDC. From the FTIR
spectra (Fig. 1b), reflections appearing at wave numbers 1425-
1564 cm™ " are attributable to the carboxylate groups present in
NH,-Ui0-66.>* The vibration at 1489 cm ™' corresponds to the
asymmetric stretching mode of 0—=C=0 and that at 1155 cm "
belongs to the symmetric stretching bending mode of O-C-0.**
The broad vibrational band observed between 3000-3520 cm ™
is attributable to stretching vibrations of the -OH group and

(@)

Intensity (a.u.)

NH,-UiO-66

J ,

5 10

5 20 25 30 35 40 45 50 55 60 65
20 (degree)
Fig. 1 PXRD pattern (a) and FTIR spectra (b) of NH,-UiO-66.
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physisorbed hydroxyls, showing synergistic effects with the
characteristic vibrational bands of -NH, groups appearing at
3350 cm™'.*** The vibrational bands at 1253 ecm™" are the
bending bands of the C=N corresponding to H,N-H,BDC. The
C=O0, C-N and C-O groups are observable by vibrations appear-
ing at 1564 cm™ ', 1253 cm™ " and 1425 cm ™, respectively.® The
short wavelengths at 664 and 448 cm ™" are those attributable to
the stretching modes of Zr-O and Zrs0,.'*°

3.2. SEM-EDX and N, sorption analysis

NH,-UiO-66 crystal surface morphology and particle size were
studied by SEM analysis. As shown in Fig. 2a, NH,-UiO-66
crystals are characterized by spherical and hexagonal particle
shapes with a random heterogeneous distribution.® EDX map-
ping (Fig. 2b) shows the presence and homogeneous dispersion
of Zr atoms from zirconium clusters (ZrsO4(OH),) of the metal
salt and C, O and N of the organic ligand in the NH,-UiO-66
structure. A similar homogeneity of C, O and N element dis-
tribution is observed. The associated EDX analyses (Fig. 2c) also
show the presence of the elements C, N, O and Zr with molar
percentages of 60.19, 4.58, 32.43 and 2.80, respectively, meaning
that NH,-UiO-66 crystals have been formed. Fiaz and Athar
(2020)*° reported that EDX spectra of NH,-UiO-66 contain char-
acteristic peaks of Zr, C, O and N, corresponding to the basic
units of the NH,-UiO-66 crystal structure.”® N, adsorption-
desorption isotherms (Fig. 2d) show type I isotherms following
the IUPAC classification, showing the presence of micropores
and mesopores™*>*”*® in the NH,-UiO-66 structure due to pore
opening of the ZrsO4(OH), linker to ~-OOC-C¢H;(NH,)-COO-.*?
The textural properties (Table S5, ESIf) show that the BET
specific surface area, total pore volume, micropore volume,
micropore surface area and external surface area obtained were
1156 m”> g~ ', 0.66884 cm® g™, 0.440253 cm® g™, 851.03 m> g~ !
and 305.58 m”> g™, respectively. The BET specific surface area
obtained is close to that obtained by Nanthamathee et al. 2021**
and significantly higher than that obtained by Tambat et al.
2018.° The BJH pore size distribution (Fig. 2e) shows that NH,-
UiO-66 material contains nanoparticles with a maximum pore
diameter of less than 5 nm.*?
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Fig. 2 SEM (a), EDX mapping (b) and EDX spectra (c), N, sorption (d) and BJH pore size distribution (e) of NH,-UiO-66.

3.3. Thermo gravimetric and zeta potential analysis

The thermal analyses carried out enabled us to assess the stability
of the NH,-UiO-66 material. The thermograms obtained are
presented in Fig. 3a, showing a weight loss subdivided into three
stages. The first stage, observable between 100-150 °C, is attribu-
table to the departure of OH from water molecules and physi-
sorbed methanol solvent in the pores and cluster of NH,-UiO-66.
The second loss observed between 150-250 °C is associated with
the dehydroxylation of zirconium clusters (ZrsO,(OH),) and the
strongly bound DMF solvent;*® the third step (250-560 °C) is
associated with the decomposition of the NH,-UiO-66 structure
attributable to the decomposition of the organic ligand and the
formation of ZrsO, clusters. In addition, increasing the tempera-
ture above 600 °C contributes to the transformation of ZrsO,
clusters into ZrO,, resulting in further loss in the third step.
Overall, NH,-UiO-66 is stable near 560 °C.** The zeta potential
measurement of NH,-UiO-66 presented in Fig. 3b shows that
the pH at the zero charge point (pzc) obtained is 9.11. This shows
that above the pzc the surface charge of the material was

© 2025 The Author(s). Published by the Royal Society of Chemistry

electropositive for pH values between 2-9 and below the pzc the
surface charge of the material was electronegative, due to the
protonation and deprotonation of the -NH, group of the -OOC-
CeH3(NH,)- organic linker and -OH of the zirconium clusters
(Zrs04(OH),), respectively basic units of the NH,-UiO-66 crystal
structure. A similar observation was found by Tambat and
coworkers.®

3.4. Experimental design of adsorption experiments and
statistical validation of the model

3.4.1. Experimental design of the adsorption experiments.
The coded experimental matrix and adsorbed quantities are
shown in Table 2. Y1, Y2 and Y3 represent the adsorbed
quantities (mg g~ ') of indigo carmine, rhodamine B and orange 2,
respectively on NH,-UiO-66, as well as the value predicted by
Statgraphics 18 software for each run. Eqn (5)~(7) are the quadratic
model equations showing the fit between the predicted response
and the linear, crossover and quadratic interactions showing the
synergistic effects of the 4 coded variables: time (x;), dye

Mater. Adv., 2025, 6, 579-597 | 583
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Fig. 3 TGA/DTG spectra (a) and zeta potential (b) of NH,-UiO-66.

concentration (x,), solution pH (x;) and adsorbent dose (x,)."” These ~were evaluated. R*> and R® adjusted values of 97.77% and
equations have positive and negative signs, showing the correlation 95.36% for Y1, 97.75% and 95.41% for Y2 and 96.48% and
between the linear and quadratic terms of the factors studied. An  92.90% for Y3, respectively, were obtained. The closeness of the
increase in a factor with a positive term leads to an increase in the R* and R” adjusted values shows a good correlation between the
quantity adsorbed.*>**" The residual values in Table S6 (ESIT) are  factors studied and the accuracy of the central composite
significantly lower than those observed and predicted by the model. ~ design adopted.’® Furthermore, these results are also con-

The closeness of the observed and predicted values means firmed by the closeness between the adsorbed quantities (Y1,
that there is a good correlation between them. Consequently, to Y2 and Y3) predicted by the model and those obtained experi-
estimate the quality of the model, the coefficient of determina- mentally (Table S7, ESIY) for the IC, RhB and O2 dyes, as shown
tion (R*) and the adjusted coefficient of determination (Ryus”) in Fig. 4(a)-(c), respectively.

Table 2 Central composite design for the adsorption (observed and predicted values) of indigo carmine, rhodamine B and orange 2

Y1: adsorption of indigo Y2: adsorption of Y3: adsorption of
carmine (mg g~ ") rhodamine B (mg g~ ") orange 2 (mg g~ ")
Time Concentration Mass Observed Predicted Observed Predicted Observed Predicted

No. (min) (mgL™ pH (mg) value value value value value value

1. -1 -1 -1 -1 88.12 90.06 10.05 10.88 22.76 34.46
2. +1 -1 -1 -1 29.7 28.60 23.01 23.85 19.99 17.94
3. -1 +1 -1 -1 264.15 265.48 5.42 8.49 196.77 185.87
4. +1 +1 -1 -1 190.83 191.26 87.10 80.86 194.62 198.58
5. -1 -1 +1 -1 27.64 19.98 8.72 6.93 16.56 17.77
6. +1 -1 +1 -1 41.78 48.10 19.48 20.65 15.43 4.07
7. -1 +1 +1 -1 193.29 191.19 22.11 22.88 175.00 184.94
8. +1 +1 +1 -1 197.03 206.54 96.34 95.99 184.48 200.48
9. -1 -1 -1 +1 33.5 21.82 47.44 45.12 5.873 —9.48
10. +1 -1 -1 +1 48 51.20 28.15 29.76 8.68 2.01
11. -1 +1 -1 +1 92.04 86.82 18.98 20.19 8.75 23.37
12. +1 +1 -1 +1 97.94 103.43 65.10 64.22 64.65 64.09
13. -1 -1 +1 +1 7.38 8.05 2.40 11.02 6.70 6.01
14. +1 -1 +1 +1 130.5 127.0 2.14 —3.60 8.77 20.32
15. -1 +1 +1 +1 69.9 68.83 7.93 4.42 51.91 54.62
16. +1 +1 +1 +1 175.85 175.02 47.65 49.20 106.60 98.16
17. -1 0 0 0 20.91 44.70 8.71 1.83 37.45 24.21
18. +1 0 0 0 86.58 67.06 22.66 30.70 40.15 37.72
19. 0 -1 0 0 8.27 20.08 3.57 0.35 29.65 41.32
20. 0 +1 0 0 139.35 131.80 21.18 25.56 183.28 155.94
21. 0 0 -1 0 15.31 20.91 48.87 50.74 7.05 12.30
22. 0 0 +1 0 23.00 21.67 41.96 41.25 41.91 20.99
23. 0 0 0 -1 82.38 73.71 22.57 24.28 104.78 86.28
24. 0 0 0 +1 10.89 23.83 18.56 18.01 10.31 13.15
25. 0 0 0 0 20.29 32.22 22.81 21.89 32.50 42.33
26. 0 0 0 0 60.47 32.22 22.86 21.89 33.91 42.33
27. 0 0 0 0 40.51 32.22 22.83 21.89 32.97 42.33
28. 0 0 0 0 20.42 32.22 22.53 21.89 22.93 42.33
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Adsorption of IC = 228.27427 — 3.00459x; + 0.021109x, —
3.51040x, — 0.000788x; X X, + 0.124406x; X x3 + 0.016821x; X
x4 — 0.002929x, X X3 — 0.010225X, X X, + 0.117297x3 X X, +
0.011682x,> + 0.005398x,> — 0.683374x5% + 0.018384x,>

(5)

Adsorption RhB = 7.04659 + 0.590565x; + 0.135792x, —
17.59957x; + 0.978671x, + 0.003666X; X X, +0.001035x; X X3 —
0.005247x; X X, + 0.012733x, X X3 — 0.002087%, X X; —
0.062823x; X x4 — 0.002779x,> — 0.001103x,> + 1.50638x;> —

0.000831x,” (6)

Adsorption O2 = 33.72406 + 0.510720x; — 0.544372x, +
15.50179x3 — 1.62213x,4 + 0.001805x; X X, + 0.003932x; X x3 +
0.005187x; X x4 + 0.010945x, X x3 — 0.010978x, X x4 +
0.067030x; X X, — 0.005614x,% + 0.006950x,> — 1.60548x5> +

0.008197x,” (7)

3.4.2. Analysis of variance (ANOVA). ANOVA was used to
estimate the individual and simultaneous effect of the factors
involved during the adsorption of the dyes IC, RhB and O2 onto
NH,-UiO-66 using the CCD model. Table 3 shows the results,
including linear, cross and quadratic terms for factors A, B, C
and D. 9 of the factors for IC, 11 of the factors for RhB and 6 of
the factors for 02 have p-values less than 0.05.°° Furthermore,
five linear terms, three cross terms and one quadratic term are
the 11 significant components for indigo carmine at the 95%

© 2025 The Author(s). Published by the Royal Society of Chemistry

confidence level. There are six linear, three cross and two
quadratic terms for rhodamine B, and three linear, one cross
and two quadratic terms for orange 2. However, dye concen-
tration, stirring time and adsorbent dose were found to have
significant linear and crossover effects for all three adsorbed
dyes, regardless of the adsorption procedure used for all three
dyes in this study. This implies that the model considered is
statistically significant with a 95.0% degree of confidentiality
for the cross and quadratic term of the 4 factors when they are
simultaneously combined together. The CCD model adopted is
reliable and recommended for maximum removal of the
organic dyes IC, RhB and O2 in aqueous solutions. The Pareto
diagram Fig. S1(a)-(c) (ESIt) and the normal probability of
adsorption diagram Fig. S2(a)—(c) (ESIt) for IC, RhB and 02,
respectively, show the positive effect of dye concentration, pH
and stirring time, compared with mass, which shows a negative
effect, meaning that the increase in adsorbed amount is
significantly influenced by adsorption kinetics and medium
pH, due to the oversaturation of NH,-UiO-66 pores, which could
generate desorption and electrostatic repulsions created by the
hydroxyl and/or amine groups of the organic linker.

3.4.3 Study of interaction factors on the adsorption of dyes
and model validation. The 3D surface plot of dye adsorption on
NH,-UiO-66 as a function of the variables: stirring time (4),
initial dye solution concentration (B), dye solution pH (C)
and adsorbent quantity (D) are shown in Fig. 5(a-1)—-(c-4) and

Mater. Adv., 2025, 6, 579-597 | 585
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Table 3 p-Value of the analysis of the variance (ANOVA) for the adsorption of indigo carmine, rhodamine B and orange 2 on NH,-UiO-66

Factors Adsorption of indigo carmine Adsorption of rhodamine B Adsorption of orange 2
Model <0.0001° <0.0001° <0.0001°
Linear term Xq: time 0.0080 <0.0001¢ 0.1254
X,: concentration <0.0001¢ <0.0001¢ <0.0001¢
x3: pH 0.9176 0.0017 0.3112
X4: Mass <0.0001° 0.0218 <0.0001°
Cross term X1Xy 0.4148 <0.0001¢ 0.1186
X1X3 <0.0001¢ 0.8863 0.8740
XyX4 <0.0001° <0.0001° <0.0001°
XoX3 0.7852 0.0033 0.3841
XpX4 <0.0001° 0.0007 <0.0001°
XaX4 0.0026 <0.0001° 0.0889
Quadratic term XX 0.0263 0.1002 0.3157
X2X5, 0.0005 0.0147 0.0002
X3X3 0.2674 <0.0001° 0.0347
XaXa 0.1031 0.8177 0.5102

“ p value significant (p > 0.05).

Fig. $3-S5 (ESIt) for indigo carmine, rhodamine B and orange
2. Increasing the dye concentration above 150 mg L™ with time
and mass results in a decrease in the amount adsorbed, as

1
8
)
£
o
=}
&

2/g) s 3

Quas 02 (m;

Qua IC (mg/g)

shown in Fig. 5(a-1) and (a-4), due to saturation of the NH,-UiO-
66 pores, showing that adsorption at high concentrations is
not favorable. At the same time, pH proved to be a factor

Fig. 5 3D response surface plots of the central composite design showing the effect of time (min), concentration of dye solution (mg L™, pH and mass
(mg) on the adsorption of indigo carmine (IC) (a-1)-(a-4), rhodamine B (RhB) (b-1)—(b-4) and orange 2 (O2) (c-1)—(c-4), respectively.
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influencing the adsorbed amount; maximum IC adsorption was
more favorable for basic pH, as shown in Fig. 5(a-2) and Fig. S3
(ESIt), as shown by the closeness between predicted and
experimental adsorption amounts (Table S7, ESIt), probably
due to the electronegativity of the material favoring n-n inter-
actions and van der Waals forces between the benzene rings of
the H,N-H,BDC organic bond and those of indigo carmine.®

The 3D surface plot of rhodamine B adsorption, Fig. 5(b-1)-
(b-4), shows that the variation in stirring time does not signifi-
cantly affect the amount adsorbed; the NH,-UiO-66 material
was found to reach its maximum adsorption capacity only after
40 min, due to the blocking of the pores of the material, and to
the positive charge created by protonation of the amine group
of the H,N-H,BDC linker. Associated DFT analyses showed that
RhB was preferentially adsorbed on the surface and in the
cavities of the NH,-UiO-66 material. The optimum pH of 5.28
(Table S7, ESIt) was observed; increasing the pH above 7 would
lead to a decrease in the amount adsorbed, Fig. 5(b-2)-(b-4), due to
electrostatic repulsions between the -NH;" groups and the positive
charge of the dye, while increasing the mass was found to be the
most significant factor on rhodamine adsorption, Fig. 5(b-1) and
Fig. S4 (ESIY), indicating that larger amounts of NH,-UiO-66 would
provide more favorable sites for RhB dye adsorption.*>

The combined factors showed synergetic effects on the
adsorption capacity of orange 2, with simultaneous increases
in concentration, time and pH leading to increases in the
quantity adsorbed, Fig. 5(c-1) and (c-2), and Fig. S5 (ESIt). The
decrease in mass and pH enhances the adsorption capacity; an
adsorbed quantity of 220 mg g~ for small masses of the material
can be observed at an optimum pH of 7 (Table S7, ESIY).
However, the increase in the mass of NH,-UiO-66 would lead
to a decrease in the adsorbed quantity, due to saturation of the
solution,” as high mass values inhibit the favorable active
adsorption sites of orange 2, Fig. 5(c-3) and (c-4), due to the
agglomeration of NH,-UiO-66 at the adsorption sites.® These
observations make it possible to note with precision the factors
that influence the quantities adsorbed,”>”* as the increase in
adsorbed quantity proved to be inversely related to the mass of
the material. On the other hand, stirring time, pH of the solution
and dye concentration were found to have a positive effect on
adsorption rate. pH is known to influence the ionic form of the
adsorbate-adsorbent, favoring n-m interactions. The order of
adsorption of indigo carmine > orange 2 > rhodamine B dyes
was observed according to the optimal conditions.***®

3.5. Modelling of adsorption isotherms

Adsorption isotherms for IC, RhB and O2 dyes under optimum
conditions are shown in Fig. S6(a)-(c) (ESIT) respectively. The
NH,-UiO-66 material shows a high adsorption capacity for the
anionic IC and O2 dyes, comparable to that of the cationic RhB
dye. For example, a maximum equilibrium capacity of 264 mg g "
and 229 mg g " of IC and 02 dyes was observed, respectively;
RhB showed a maximum capacity of 91 mg g, with effective
removal of 97%, 98.2% and 21.1% for IC, O2 and RhB,
respectively. IC and O2 removal was fastest within 60 minutes,
reflecting the favorable adsorption site coverage of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NH,-UiO-66 material.>**”***® The high removal capacity of
the anionic IC and O2 dyes could be attributed to the electro-
positivity of the material’s surface charge in the pH range
studied, which favors electrostatic attractions between the
-NH;," of the linker H,N-H,BDC and the overall negative charge
of the dyes IC and 02, as well as the formation of donor-
acceptor complexes between the free electrons of the linker’s
-OH and amine groups and the heteroatoms of the dyes,
comparable to the cationic dye RhB which is more likely to
create repulsion at the material surface, and associated theore-
tical studies have shown that the dyes are favorably adsorbed
onto the material surface by diffusion. This observation shows
that adsorption of the RhB dye was more favorable in the pores
of the NH,-UiO-66 material and the pi-pi stacking interaction
between the dye’s benzene rings and the H,N-H,BDC linker.’
Experimental adsorption isotherms for the dyes IC, O2 and
RhB were fitted with Langmuir, Freundlich and Toth models, in
order to elucidate the favorable adsorption mechanism. Fig. 6
shows the fitting curves; these isotherms also show a concavity
along the x-axis, suggesting that it becomes increasingly
difficult to find an open site for a fresh solute molecule
as the substrate sites fill up. The Langmuir isotherm accounts
for monolayer adsorption with finite adsorption sites on the
adsorbate surface. Derived parameters g¢m:, K and R are
shown in Table S8 (ESIT). The maximum dye adsorption values
of the Langmuir isotherm for RhB, O2 and IC are 1417 330.00,
558.919 and 433640.98 mg g ', respectively. These values
demonstrate that the Langmuir model is not suitable to explain
the adsorption phenomenon,® which is confirmed by the lack
of correlation between gmax and experimental values and by the
low value of R*>. However, Langmuir separation factors R;, were
calculated using eqn (S1) (ESIt) and optimum concentrations.
The Ry, obtained were 0.19719, 0.09803 and 0.723327 for IC, O2
and RhB, respectively, with Ry ranging from 0 to 1, showing that
adsorption is favorable on monolayers.> The Freundlich iso-
therm is used to characterize adsorption on multilayer adsor-
bates. The Ky and ny values of the Freundlich model obtained
are presented in Table S8 (ESIT). The Ky values obtained for the
IC and O2 dyes are higher than those for RhB, while the ng
values are almost the same. The R* values obtained for the
Freundlich model are below 85%, which also shows that the
Freundlich model is not suitable for characterizing the adsorp-
tion mechanism, as it also presents large error function values.
The Toth isotherm has the advantage of combining the Lang-
muir and Freundlich models and can be modeled for hetero-
geneous adsorptions; the Toth model suggests that adsorption
energy is heterogeneously distributed over the adsorbate sur-
face. The parameters derived from the Toth model are shown in
Table S8 (ESIT). The R values of 0.982, 0.991 and 0.852 for the
dyes IC, O2 and RhB, respectively obtained are close to one,
showing that the Toth model is more favorable than the
Langmuir and Freundlich models, due to the heterogeneity of
the adsorption surface energy.' This correlates with the low
values of the HYBRID, ERM, REQM and #? error functions. The
values of n produced by Toth’s model deviate from 1, showing
that adsorption of the dyes IC, O2 and RhB is more favorable on
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Fig. 6 Impact of concentration on the adsorption of dye using NH,-UiO-66 and non-linear experimental data fitted with Langmuir, Freundlich and Toth

models for indigo carmine (a), rhodamine B (b) and orange 2 (c).

a monolayer and not on a “heterogeneous system”.’® This
implies that during adsorption of the organic dye onto the
NH,-UiO-66 material, the molecules are bound in the micro-
pores and mesopores of NH,-Ui0-66.°

3.6. Kinetic studies

Non-linear pseudo-first-order, pseudo-second-order, Elovich and
intra-particle diffusion were applied to the experimental data for
the kinetic studies. Fig. 7(a)-(d) show the experimental data
obtained with the effect of contact time and the fitting curves
obtained.>® Adsorption kinetics provide insight into the reaction
mechanism by estimating the adsorption rate during the adsorp-
tion process. Fig. 7a shows that the cationic RhB dye reaches its
adsorption equilibrium just after the first 20 minutes, and the
material surface becomes saturated, as shown by the platform
obtained, whereas the anionic dyes IC and O2 show a different
behavior; the adsorbed quantities of IC and O2 increase progres-
sively with adsorption time until around 80 minutes before
reaching saturation, showing the attachment of IC and O2 dye
molecules in the micropores and then the mesopores of the NH,-
Ui0-66 material.® The low adsorption capacity of the RhB cationic
dye could be due to electrostatic repulsions between the positive
charge of the RhB dye and the -NH;" groups of the NH,-UiO-66
material, comparable to the negative charge of IC and O2.

Fig. 7(b)-(d) show the non-linear fitting curves associated with
each of the models, and Table S8 (ESIt) groups together the

588 | Mater. Adv., 2025, 6, 579-597

constants for these models. Table S8 (ESIt) shows that the
pseudo-first-order, Elovich and intra-particle diffusion models
have higher ;> error values than the pseudo-second-order model.
Compared with the pseudo-first-order model and the intra-
particle diffusion model, the pseudo-second-order and Elovich
models also have lower HYBRID and REQM error levels. The
pseudo-first-order model describes the multilayer adsorption tak-
ing place at the material surface. It involves a van der Waals-type
interaction between the dye and the NH,-UiO-66 material. These
interactions therefore highlight the physical adsorption between
adsorbent and adsorbate.>” In contrast, the pseudo-second-order
model asserts that the interaction between adsorbate and adsor-
bent is weak. The pseudo-first-order and pseudo-second-order
models exhibit similar behaviors, characteristic of type I iso-
therms, comparable to intra-particle diffusion. The Elovich model
accounts for a distinct surface energy distribution. However, the
coefficient of determination values R*> > 0.95 for all four models
accurately describe the adsorption process, implying competition
between physisorption and chemisorption.® Nevertheless, the
Elovich model proved more accurate; these results suggest that
the Elovich model more accurately accounts for the adsorption
kinetics of IC, O2 and RhB dyes.

3.7. Thermodynamic study

The thermodynamic variables for adsorption of the dyes IC, O2
and RhB presented in Table S10 (ESIt) were calculated from the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Impact of stirring time on the adsorption of dyes using NH,-UiO-66 (a), non-linear experimental data fitted with pseudo first-order, pseudo
second-order, intraparticle diffusion and the Elovich model for indigo carmine (b), rhodamine B (c) and orange 2 (d).

rate constants (K) obtained for reactions carried out at 25 °C, InK versus 1/T (Fig. 8b), the van’t Hoff equation (eqn (8)) and
35 °C and 45 °C with dye solutions obtained at equilibrium. Gibbs free energy (eqn (9)), and the rate constant K. = Q./C.. The
Fig. 8a shows that adsorbed quantities decrease with increasing AH° obtained are —81.18, —64.60 and —17.05 k] mol " for dyes
temperature, implying an exothermic process during the IC, O2 and RhB, respectively, and these values which range
adsorption.®® Increasing temperature provides the adsorption between 5-40 k] mol ' for RhB dye and 40-800 kJ mol " for
system with more energy for the adsorbed dye molecules, increas- IC and O2 dyes show that physisorption is present during
ing the rate of the adsorption reaction, showing that their mobility  the adsorption of RhB and chemisorption is present during the
can avoid some favorable adsorption conditions.*” AH® and AS°  adsorption of IC and O2 dyes, respectively.*® Furthermore, the AS°
were determined from the slope and y-intercept of the plot of obtained was —243.22, —70.08 and —196.05 ] mol~* K™ for the
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Fig. 8 Impact of the temperature on the adsorption of dyes using NH,-UiO-66 (a) and a plot of In(K.) versus 1/T (K™ (b).
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carmine (IC), rhodamine B (RhB) and orange 2 (O2) adsorption.

IC, RhB and O2 dyes, respectively. The standard free energy
change (AG°) was negative for the IC and O2 dyes at all tempera-
tures, while for the same temperature values it was positive for the
RhB dye. This value indicates that adsorption is not spontaneous
for the RhB dye but it is for the other two dyes at this temperature.
However, the negative values of AH° and AS° indicate that
adsorption will be spontaneous at lower temperatures®> through
hydrogen bonding and/or dipole-dipole interactions,”” in which
case AH° acts as a driving force for adsorption.*?

AH® 1 AS°

nK, —— S 42
n R Tt R (8)
AG® = AH® — TAS® 9)

3.8. Reusability and comparison with the literature

The stability of NH,-UiO-66 as an adsorbent for IC, RhB and O2
dye removal was evaluated over 5 consecutive cycles of adsorption
tests carried out under optimal conditions. Fig. 9 shows the
results obtained, which demonstrate significant regeneration of
dye removal. The adsorption capacity of indigo carmine remains
quite high, compared with those of rhodamine B and orange 2.
The adsorption capacity of orange 2 decreased by 6% between the
first and last cycles, while that of rhodamine B decreased by 5%.
These observations can be attributed to the fraction of unde-
sorbed organic dyes in the MOF cavities," which occupy the
adsorption sites for the next adsorption cycle. In contrast, the
difference in adsorption capacity for indigo carmine was less than
5%, with an adsorption capacity of 97%. The high adsorption
capacity of indigo carmine may be due to the strong interactions
between the positively charged amines of NH,-UiO-66 and the
negative charges of the IC dye. Table S11 (ESIf) shows the
adsorption capacity of other dyes using NH,-UiO-66 and other
materials. Table S11 (ESIt) shows that NH,-UiO-66 exhibits good
stability and adsorption performance for IC, RhB and O2 dyes,
comparable to other adsorbents used at the same adsorption
temperature.®® In a recent study, He and coworkers showed
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poor adsorption performance for rhodamine, with a capacity of
75.85 mg g on Ui0-66,>® probably due to the absence of amine
groups in the linker which are likely to create electrostatic
repulsions during the adsorption. Nevertheless, the stability of
NH,-UiO-66 shows its effectiveness in being regenerated and
reused for IC, RhB and O2 removal.

3.9. Adsorption mechanism

To further explore the adsorption mechanism of IC, RhB and
02, XRD, FT-IR, SEM, and EDX/EDX-elemental mapping ana-
lyses of the NH,-UiO-66 material after adsorption were carried
out. The XRD pattern (Fig. 10a) showed all the same reflections
with the same crystal planes as the fresh NH,-UiO-66 material,
showing that the crystal structure of NH,-UiO-66 was not
altered after adsorption.”® Nevertheless, it can be observed that
the intensities of the first two standard peaks characteristic
of NH,-UiO-66 are lower for the dyes IC, RhB and O2 than
for the fresh sample, proving that the dyes are bound
to the surface and active sites of the pores of NH,-UiO-66,
which could hinder the reflection of electrons during the
XRD measurement. A similar relationship was observed by
Zhang et al. (2019).”®

The FT-IR spectra presented in Fig. 10b after adsorption of
IC, RhB and O2 revealed the same vibrational bands observable
in fresh NH,-UiO-66 material, however, the vibrational band
around 3350 cm ™" of bound OH and the overlap of O-H and N-H
groups appears more visible and intense for NH,-UiO-66 material
after adsorption, showing that hydrogen bonding of the -NH,
groups of the H,N-H,BDC linker is involved during adsorption.®**
In addition, the peaks of the C—0O, C-N and C-O groups at
1564 cm ™', 1253 cm ™' and 1425 cm ' of NH,-UiO-66 after
adsorption have shifted and show lower intensities comparable
to the fresh sample. This could be due to electrostatic interactions
between the positively charged RhB dye and the negatively
charged NH,-UiO-66 surface,’® as well as n—r stacking interactions
of the aromatic dye cores and H,N-H,BDC linker;** all dyes
contain aromatic rings and their interaction might lead to peak
shifts from 1564 to 1560 cm ™%, from 1253 to 1248 cm™* and from
1425 to 1420 cm™ " for the C=0, C-N and C-O groups, respec-
tively, while the large size of the RhB dye favors its attachment
to the NH,-UiO-66 surface via m-m stacking interactions.*® In
addition, the spectra of the negative dyes IC and O2 show new
bands at 1093 cm ', which could be due to the presence of the
S—O0 group of IC and O2 adsorbed in the pores of the ZrsO,(OH),
bound to -OOC-C¢H;3(NH,)-COO- and on the material surface;
C-S groups are also observable at 620 cm ™. These observations
indicate the possibility of an interaction between the sulfonate
groups of the anionic dyes and the -OH groups of Zrs metals in
Zrg04(0H),.>*

The associated SEM analyses (Fig. S7, ESIT) showed similar
morphologies to the fresh samples, demonstrating the stabi-
lity of the material used after adsorption cycles. EDX analysis
of the fresh sample revealed that the four constituent atoms
of the NH,-UiO-66 material were Zr (70%), O (16%), C (12%)
and N (2%). However, after adsorption, EDX spectra of the
NH,-UiO-66 material show five atoms, including four atoms

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 PXRD pattern (a) and FT-IR spectra (b) of fresh NH,-UiO-66 and after adsorption of dyes, EDX/EDX-mapping of NH,-UiO-66 after indigo

carmine (IC) (c), rhodamine B (d) (RhB) and orange 2 (O2) (e) adsorption.

of the initial material in the case of IC and O2 adsorption
(Fig. 10(c) and (e)). Sulfur, the fifth atom, is certainly derived
from the dyes, as the structures of these two elements
contain S. The EDX spectrum (Fig. 10d) of RhB shows more
C element comparable to the fresh sample, probably due to
the presence of RhB dye molecules adsorbed on the surface of
NH,-UiO-66 materials. The percentages of the elements have
changed in all three dye situations compared to the original
material. The alteration in the percentages of the constituent
elements of carbon attests to the alteration of its surface,
indicating that additional atoms have been attached to it,
probably by the dye in solution. The homogeneous distribu-
tion of the elements Zr, O, C, N and S in the EDX-elemental
mapping (Fig. 10(c)-(e)) is evidence of the dyes IC, RhB and
02 adsorbed in the pores and on the surface of the NH,-UiO-66
material >*%*

© 2025 The Author(s). Published by the Royal Society of Chemistry

4. DFT studies and molecular
simulation

4.1. Quantum chemical calculations

Fig. S8 (ESIT) presents the XRD pattern of the synthesised and
theoretical NH,-UiO-66 material, and it is observable that the
two XRDs are well matched. The computer-based DFT approach
is a technique used to elucidate the correlation between the
molecular structure of adsorbates and their ability to adsorb to
the adsorbent surface. This ability to interact depends mainly
on their molecular arrangement in space and their electronic
distribution on the frontier molecular orbitals (FMOs). FMOs
are the most occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO).*” Fig. 11 shows
the optimized geometric, HOMO and LUMO structures of the
three dyes IC, RhB and O2. For 02, the HOMOs are strongly
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Fig. 11 Optimized geometric structures, and HOMO and LUMO structures of IC, RhB and O2.

delocalized around the nitrogen atom, while the LUMOs are
delocalized on one of the aromatic rings. In the IC molecule,
the HOMOs and LUMOs are evenly distributed over the two
heterocycles containing the nitrogen atom, as shown in the
optimised structure. As in the RhB molecule, the electron
density of the HOMO is low, while the LUMOs are distributed
over the two aromatic rings. The electron density of the HOMOs
and LUMOs indicates a strong capacity to donate and receive
electrons at electrophilic centers. These centers are active sites
for nucleophile interactions and promote extensive interaction
with the metal surface.

Quantum chemical parameters: Exomo, Erumo and the gap
energy (Eg,p) were calculated to estimate the structural stability
and chemical reactivity of the molecules. Table S12 (ESIt)
shows the energies of the quantum descriptors of the com-
pounds studied; a low value for Eyymo and Egap and a high value
for Eyomo indicate the high adsorption capacity of IC and 02.>°
It can be seen from Table S12 (ESI{) that the lowest Eg,j, value is
0.043 eV corresponding to the IC molecule, indicating that
the IC molecule has the highest chemical reactivity and low
kinetic stability. The order of reactivity for the dye molecules
studied is as follows: IC > O2 > RhB. This is further confirmed
by calculating the fraction of the electrons transferred (AN)
from the dye molecules to the adsorbent surface. It has
also been reported that the AN value is used to measure the
ability of a chemical system to transfer electrons to the adsor-
bent surface. For the molecules studied, the electron transfer
capacity follows the following order: IC > O2 > RhB. From the
above results, we can conclude that the compounds studied
can be translated into Lewis bases and can therefore form
coordination bonds with the empty orbitals of the adsorbent
thanks to the free doubles of the nitrogen atoms. However,

592 | Mater. Adv, 2025, 6, 579-597

although compound IC is more reactive, the quantum descrip-
tors show that all three compounds can interact with the
adsorbent surface.

200 H,0 + 5(Na‘, OH’

Fig. 12 Front views of the most stable low-energy configuration for the
adsorption of IC (a and b), O2 (c and d) and RhB (e and f) dyes with NH,-
UiO-66 at 298 K in acidic, basic and neutral medium.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Adsorption energy (kcal mol™?) of IC, O2 and RhB dyes

Compounds Etotal Epds RAE Edeformation
IC + 200H,0, 5HCI —187.286 —966.362 —281.178 —966.080
02 + 200H,0 —13.803 —706.154 —291.129 —415.025
RhB + 200H,0, 5NaOH 63.541 —506.394 —272.548 —233.846

4.2. Molecular dynamics simulation

The interaction between the IC, O2 and RhB dyes and the NH,-
UiO-66 surface in different medium was investigated using the
molecular dynamics simulation technique via the Forcite and
adsorption locator modules, respectively.”® This approach is
based on computer calculations that provide qualitative and
quantitative information on the interactions involved during
the adsorption, as well as on the adsorption mechanism.
The most stable configuration of IC, O2 and RhB dyes on the
NH,-UiO-66 surface in acidic, neutral and basic medium is
illustrated in Fig. 12 and Fig. S9 (ESIf), where it can be seen
that the IC, O2 and RhB dyes are adsorbed in an almost flat
orientation on the surface of NH,-UiO-66. This orientation can
be explained by the formation of chemical bonds between IC,
02 and RhB molecules and the NH,-UiO-66 surface.*’ Fig. 12
shows that IC and O2 molecules can be adsorbed in basic and
neutral acidic media, while the RhB molecule is at a greater
distance from the NH,-UiO-66 surface in basic media,

IC-Neutral medium

L L L

View Article Online

Paper

indicating that the RhB molecule is less adsorbed in this
medium than in others, due to electrostatic repulsion.

The adsorption energies of the molecules studied on the
NH,-UiO-66 surface are presented in Table 4. The total energy
(Er) of the adsorbent-adsorbate configuration is the sum of the
adsorbate component energies, the rigid adsorption energy
(RAE) and the deformation energy (Egeformation)- The adsorbent
energy is taken to be zero. Adsorption energy (Eagqs) is the energy
released when the expanded components of the adsorbate are
adsorbed onto the adsorbent. Deformation energy is the energy
released when the adsorbed components are released onto the
adsorbent surface.’® The total, adsorption and interaction
energy of each dye was calculated using eqn (S3) and (54)
(ESIY), considering the optimum pH values for each dye under
the experimental conditions. The experimental study showed
that the adsorption of RhB took place under basic conditions,
that of O2 under neutral conditions and that of IC under acidic
conditions. It can be seen that the adsorption energies are all
negative, suggesting an exothermic, stable and strong adsorp-
tion process for all the molecules studied on the NH,-UiO-66
surface.’™®! Furthermore, the total energy values for the IC and
02 systems are negative, indicating the spontaneous nature of
the adsorption process, while the positive total energy value for
the RhB system indicates a non-spontaneous process. This
highlights the importance of MOF pore structure and medium
pH, which contribute significantly to the adsorption of these
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Fig. 13 Probability of NH,-UiO-66 energy distribution from IC (a), O2 (b) and RhB (c) adsorption at 298 K.
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molecules. Indeed, heteroatoms such as nitrogen, sulfur and
oxygen, as well as the “pi” electrons of the aromatic ring, act as
an adsorption site during the NH,-UiO-66-dye interaction. The
negative values of the total energies for IC and O2 indicate that
the adsorption process is favorable for both, while the positive
value of that of RhB shows that the adsorption process is less
favorable on the MOF material. This result is consistent with
the experimental study and DFT calculations. Consequently,
the theoretical and experimental results indicate that NH,-UiO-
66 is a better adsorbent for the removal of anionic dyes than
cationic dyes.>*>*’

4.3. Probability energy distribution

MD simulation was used to determine the potential energy
distribution in order to explore competing sites. The strength
and stability of the interaction increases with the value of the
adsorption energy.””®* In addition, the adsorbate-adsorbent inter-
action energy is described by the probability energy distribution.*®
Fig. 13(a)-(c) show the interactions of IC, O2 and RhB dyes on the
NH,-UiO-66 surface at 298 K in different media.

For the IC dye (Fig. 13a), a competition for the distribution
energy can be observed in different media. It can be seen that
in the basic medium, IC has the highest interaction energy
(—446 keal mol ), indicating the strong adsorption capacity of IC
on the NH,-UiO-66 surface in the basic medium, followed by the
neutral medium with an interaction energy of —443 kcal mol ™"
and finally the acidic medium (—438 kcal mol ). For the O2 dye
(Fig. 13b), we observe that the O2 molecule in the acidic medium
has the highest distribution energy values (—269 kcal mol ') and
the highest probability energy distribution (P(E)) (—0.47), indicat-
ing that the O2 molecule is more adsorbed and stable on the NH,-
UiO-66 surface in the acidic medium than in other media.
Fig. 13(c) shows that there is a competition in distribution energy
between the RhB dye and the NH,-UiO-66 surface in acidic,
basic and neutral media with a value of —966.11 kcal mol™?,
while in acidic media the RhB dye interacts strongly with the
adsorbent surface with a value of 0.45 for the probability energy
distribution.>>>" Although the distribution energies are identical,
the p(E) values show that the adsorbent-adsorbate complex is
stable in acidic media,” which could explain the low adsorption
capacity of RhB in this medium. These results are also similar to
those obtained experimentally.

5. Conclusion

NH,-UiO-66 obtained by the solvothermal method was char-
acterized using XRD, FTIR, SEM/EDX, N, sorption and TG/DTG
analysis techniques. NH,-UiO-66 exhibited a BET specific
surface area of 1156 m” g ', with a total pore volume of
0.66884 cm® g~ ', a micropore surface area of 851.03 m” g~ *
and an external surface area of 305.58 m® g~ *. Thermal analysis
showed that NH,-UiO-66 presented multiple step mass losses
linked to the departure of -OH from water molecules, the
strongly bound DMF solvent and the dehydroxylation of zirco-
nium clusters. The dye removal performance with NH,-UiO-66
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using the face central composite design (CCD) was evaluated
considering initial dye concentration, adsorbent amount, pH
and stirring time as main factors. The CCD model revealed that
dye concentration, stirring time and adsorbent amount had
significant linear and crossover effects for all three dyes. The
mathematical model adopted was significant with 95.0% con-
fidence for the cross and quadratic terms for all 4 factors. NH,-
Ui0-66 showed high adsorption capacities of 265.8 mg g ',
229.8 mg g ' and 91.6 mg g~ for IC and O2 and RhB dyes,
respectively, under optimal conditions. The removal of IC and
02 was fastest within 60 minutes, due to favorable occupancy of
the NH,-UiO-66 adsorption site. The Toth model was the most
accurate fitting model, comparable to the Langmuir and Freun-
dlich models, with R* close to 1. The Elovich kinetic model
showed the best fitting accuracy with R* > 0.95 for all three dyes,
comparable to the pseudo-first-order and pseudo-second-order
intraparticle diffusion model, implying competition between
chemisorption and physisorption. Molecular DFT studies and
Monte Carlo simulations have shown that the LUMOs are
delocalized on the aromatic rings, while the HOMOs are strongly
delocalized around the nitrogen atom; and the dyes have a high
capacity to interact with the NH,-UiO-66 surface. The observed
adsorption mechanism is linked to the electrostatic attractions
and n-r interactions between the dye’s benzene rings and the
organic linker. FT-IR and SEM-EDX analyses of NH,-UiO-66 after
adsorption show that the sulfonate groups of the anionic dyes
can interact with the free OH of the Zrs-node metals and the
sulfur atom present. The effects of inorganic ions and organic
matter will be the focus of future work.
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