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KEYWORDS Abstract Dyeing wastewater from textile industries is often contaminated with chemical pollu-
Adsorption; tants, which causes severe water pollution problems that are challenging to treat. Recently, Zeolitic
Organic pollutants; imidazolate frameworks (ZIFs) have attracted extensive research interest due to their potential
Cadmium-Imidazolate applications in the removal of pollutants from wastewater. Herein, a Cd- zeolitic-imidazolate
Framework; framework (Cd-ZIF-8) was synthesized and used as an adsorbent for the removal of methyl orange
DFT; (MO) at different operating conditions. The prepared adsorbent was characterized using a variety
Methyl orange of techniques, including X-ray diffraction (XRD), the Brunauer Emmett Teller (BET) method, FT-

IR and scanning electron microscope (SEM). Its stability after adsorption was confirmed by XRD
and pH tests. The effects of different variables, such as adsorbent dose, initial concentration, pH
and temperature, were investigated to optimize the adsorption process. Adsorption parameters were
determined by applying Langmuir and Freundlich models, and good fitting was observed for the
Langmuir isotherm. Maximum MO adsorption capacities on Cd-ZIF-8 were 93.24 and
145.41 mg g ' at 30° and 50°, respectively. Possible controlling mechanism and the potential
rate-limiting steps were analyzed using Lagergren’s pseudo-first-order and pseudo-second-order

* Corresponding authors.
E-mail addresses: hlgaz@konkuk.ac.kr (H. Lgaz), imcim(@konkuk.ac.kr (I.-M. Chung).

Peer review under responsibility of King Saud University.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2020.11.003
1878-5352 © 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2020.11.003&domain=pdf
mailto:hlgaz@konkuk.ac.kr
mailto:imcim@konkuk.ac.kr
https://doi.org/10.1016/j.arabjc.2020.11.003
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2020.11.003
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Ba Mohammed et al.

models, and the data were found to follow the pseudo-second-order equation. The prepared mate-
rial was found to have good stability after the adsorption with no release of Cd ions over a wide
range of pH. For a further explanation of the adsorption mechanism, interactions of MO molecules
with the Cd and organic linkers of ZIF-8 were investigated using Density Functional Theory (DFT)

cluster calculations.

© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Synthetic dyes are notoriously problematic chemical pollu-
tants. These industrial discharges, which are non-
biodegradable, are highly toxic to aerobic and aquatic life
and can degrade into compounds that exhibit carcinogenic,
mutagenic and neurotoxicity effects (Gupta and Khatri,
2019; Jadhav et al., 2019; Zhou et al., 2019). Furthermore, they
can significantly prevent light penetration and, thus hinder
photosynthesis in aquatic plants (Hou et al., 2020). The inap-
propriate disposal of a large amount of these harmful dyes
does not only results in significant environmental pollution
but also in substantial disposal investments, which make the
dying industry one of the most polluting industries on the pla-
net (Forstner, 2012). Methyl orange (MO), which is widely
used in several industries such as food, paper, printing, leather
and textile, belongs to the azo dye group; it is detrimental to
the environment and thought to be toxic to aquatic life
(Algaragully, 2014; El-Gamal et al., 2015; Mokhtari et al.,
2016). Furthermore, acute exposure to methyl orange is known
to cause tissue necrosis, quadriplegia, jaundice, cyanosis,
shock, vomiting, and increasing heart rate in humans
(Darwish et al., 2019).

In such a situation, and given the limited aquatic resources,
and the huge demand for safe water, a very large number of
technologies such as nanofiltration, adsorption, coagulation/
flocculation, electrolysis, electro-Fenton, oxidation, reverse
osmosis, etc. have been developed for purification and refining
of water (Pavithra and Jaikumar, 2019). As some of these tech-
niques have proved low efficiency, time-consuming, complex,
expensive, attention has turned to the use of the adsorption
as an effective, simple, and low-cost alternative method
(Gupta and Suhas, 2009).

Nowadays, several kinds of materials including carbon
nanotubes (CNTSs), polymeric materials, oxides, and zeolites,
etc. are used as adsorbents for wastewater treatment
(Bulgariu et al., 2019; Katheresan et al., 2018; Q. Liu et al.,
2020; Siyal et al., 2018). In the past two decades, the use of
Metal-Organic Frameworks (MOFs) in a wide range of fields
such as sensors, molecular storage, gas/heavy metal adsorp-
tion, catalysis has gained a significant research interest (Hani
Nasser Abdelhamid, H.N. Abdelhamid, 2020; Farrusseng
et al., 2009; Ferey, 2008; Yaghi et al., 2003). Their structural
diversities, tuneable topological pores, high surface areas,
and specific functions make these materials a promising candi-
date for application in many fields including water and air
purification (Chueh et al., 2019; Gao et al., 2020; Konnerth
et al., 2020; Lee et al., 2019; Liao et al., 2020, 2018; Wu
et al., 2020). A successful application of these materials for
removal of hazardous compounds such as dyes, polycyclic aro-
matic hydrocarbons (PAHs), and phenols was described

recently (Abdel-Magied et al., 2019; S. Li et al., 2016;
Doherty et al., 2012). Mainly, Zeolitic Imidazolate Frame-
works (ZIFs), which are types of MOFs, are of tremendous
importance as these materials have a tuneable zeotype topol-
ogy with a high thermal/chemical stability, a high surface area,
and strong adsorption capacity, among others (Y. Li et al.,
2016; Phuong et al., 2016).

These excellent physicochemical properties make ZIFs
excellent adsorbents for capturing contaminants/gases ranging
from small to large toxic molecules from water (Jampa et al.,
2020; Konno et al., 2020; J. Li et al., 2018; Wang et al.,
2019; Zhu et al., 2017). In this regard, ZIF-8, which has a high
surface area, is among the most frequently studied ZIF mate-
rials. In ZIF-8, tetrahedrally coordinated zinc ions are bridged
by 2-methylimidazole (2-mIm) through its nitrogen atoms. The
stability of these porous crystals for water makes them highly
attractive materials for repeated adsorptive removal in water
(Chin et al., 2018). Recently, it was reported that various mod-
ified and unmodified ZIFs materials were successfully used as
adsorbents for the elimination of heavy metal and organic con-
taminants like dyes from wastewater (Huang et al., 2018; Li
et al, 2019; T. Li et al., 2018). Many studies are reporting
the efficacy of ZIF-8 in the degradation of organic dyes such
as rhodamine 6G, triiodide, methylene blue as well as benzotri-
azoles and phthalic acid, As(III), etc. (Abdelhamid et al., 2017;
Chin et al., 2018; Jampa et al., 2020; Konno et al., 2020;
Nasser Abdelhamid and Zou, 2018). For instance, Chin
et al. reported that nanosized ZIF-8 displays great potential
for the adsorption and photodegradation of Rhodamine B
(Chin et al., 2018), while it showed a low adsorption capacity
for methyl orange (Ding et al., 2017; Y. Li et al., 2016; Zhang
et al., 2020).

On the other hand, many computational methods have pro-
ven to be a powerful tool in understanding and explaining the
adsorption mechanism in various ZIFs (Dong et al., 2019;
Wang et al., 2020). In this context, useful insights into the
interactions between ZIFs and adsorbates can be obtained
by DFT calculations. However, in the case of ZIF-8, there
are not many studies combining molecular simulations and
adsorption experiments. In the case of Cadmium-Imidazolate
Framework, there is no research in this context according to
the best of authors’ knowledge.

Inspired by the above, this paper aims to investigate, exper-
imentally and theoretically, the potential of using Cd-ZIF-8 as
an adsorbent for removing methyl orange (MO) from contam-
inated water. The preparation of ZIF-8 by cadmium instead of
zinc is expected to alter its geometry and flexibility, and thus its
mechanical stability, transport properties, and its sorption
characteristics (Sapnik et al., 2018). Indeed, divalent cadmium
metal, which has a larger ionic radius than zinc (0.78 vs.
0.60 A) is best placed to influence mechanical properties
(Ohkubo et al., 2002). Therefore, the Cd-ZIF-8 is expected
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to have increased stability, which is very interesting from a
practical engineering perspective (Sun et al., 2018; Xu et al.,
2019). Furthermore, it is reported that ZIF-8 has the potential
to remove MO from wastewater; however, its adsorption
capacity (between 1.8 and 45.82 mg g~ ') is not sufficient for
a successful MO removal process (Ding et al., 2017; Y. Li
et al., 2016; Zhang et al., 2020). Thus, we assume that altering
Z1F-8's properties by using Cd will have a positive effect on its
adsorption ability. The prepared material was characterized by
XRD, BET, FT-IR and SEM techniques. Then, its adsorption
capability for the successful removal of methyl orange (MO)
was studied in detail. Besides, to clarify whether there will be
a potential release of cadmium ions into the treated wastewa-
ter, the stability of the prepared material was evaluated at dif-
ferent pH and its structure after adsorption was checked by
XRD. Besides, Density Functional Theory (DFT) cluster cal-
culations were employed to shed light on the interactions
between Cd-ZIF-8 and the methyl orange (MO) molecule.

2. Materials and methods

2.1. Chemicals

The following chemicals: Cadmium nitrate hydrate (Cd
(NO3),-6H,0, 99.5%, Sigma-Aldrich) as a source for metal
ions, 2-methylimidazole (C4HsN,, 97%, Sigma-Aldrich) as a
source for the linker, methanol (99.8%, Sigma-Aldrich) as a
solvent, and methyl orange (MO) as a model pollutant were
employed in the present work. All materials were used as pur-
chased without any further purification.

2.2. Synthesis of Cd-ZIF-8

In a typical synthesis, the metal solution was obtained by dis-
solving 1.47 g of cadmium nitrate hydrate in 100 mL of metha-
nol with stirring. In a separate portion of methanol, the ligand
solution was prepared by 3.25 g of 2-methylimidazole (2-mIm)
in the same quantity of methanol. The mixed solution was col-
lected by centrifugation at 7500 rpm for 30 min, redispersed in
ethanol for removing unreacted linkers, and collected again by
centrifugation. The resulting Cd-ZIF-8 was placed into an
autoclave and heated at 60 °C for 48 h. Prior to characteriza-
tion, the powder was collected, washed with fresh methanol,
and dried under vacuum at room temperature.

2.3. Characterization techniques

Nitrogen adsorption-desorption isotherms were carried out for
textural characterization of Cd-ZIF-8 using a Micromeritic
ASAP 2020 adsorption analyzer (USA) at liquid nitrogen tem-
perature (77 K). The Brunauer-Emmett-Teller (BET-60H, Shi-
madzu, Japan) was employed to determine the surface areas,
pore size distribution, and pore volume. The powder X-ray
diffraction (XRD) of Cd-ZIF-8 was measured from 20 = 5°
to 50° using an X-ray diffractometer (XRD, X’pert MPD
PRO, Philips) using Cu-Ka (A = 1.54 A) radiation. Infrared
(IR) spectra were recorded in the range of 400-4000 cm ™' with
a resolution of 4 cm ™' using Shimadzu FTIR Spectrophotome-
ter (Shimadzu JASCO 4100, Tokyo, Japan). The morphology
of Cd-ZIF-8 was investigated using Scanning Electron Micro-

scope (SEM, Topcon model EM200B) with 200 kV accelera-
tion voltage.

2.4. Adsorption experiments

Batch type experiments were carried out at a temperature
range from 30 to 50 °C. Different initial concentrations of
MO (50, 100, 150, and 200 mg/L) were used to study the effect
of contact time. This was done by mixing a 1.7 g of Cd-ZIF-8
with V. = 10 mL of MO solution using a stirring rate of
600 rpm and a solution pH = 2. The effect of adsorbent mass
was evaluated by adding different masses of Cd-ZIF-8 (0.5 to
3.5g)to V = 10 mL of MO solution with initial concentration
Co = 200 mg/L. The pH of the solution was controlled by add-
ing HCI (0.1 M) and NaOH (0.1 M). At pre-set times, the
remaining MO solution was analyzed and its residual concen-
tration at equilibration time ¢ (min), (C,, in mg/L) was deter-
mined by a UV-vis photospectrometer (Shimadzu, UV-1240)
at 460 nm. Cy and C, values were used to estimate the amount
of MO adsorbed on the Cd-ZIF-8, at each equilibrium, q. (mg/
g) employing the following equation (Dehmani et al., 2020).
CO - Ce

q() Mgs X le ( 1 )

where m1,45 1s the Cd-ZIF-8 mass (in g) and V, is the volume
of the solution (L).

Different equilibrium isotherm and adsorption kinetic
models were used to study the adsorption process. The nonlin-
ear curve fitting method by Origin software (OriginLab, V8.5)
was employed to fit kinetic and isotherm models to the exper-
imental data. Equations of all used isotherm and kinetic mod-
els were described in Table S1 (Supplementary Material). To
guarantee the reliability of results, each experiment was tripli-
cate and averaged.

2.5. Desorption and stability experiments

To explore the reusability of the prepared Cd-ZIF-8 after
adsorption, the adsorbent was de-adsorbed through repeated
washing with ethanol and then dried before performing
adsorption-desorption cycles. Five cycles were done, and the
removal efficiency was determined by UV-vis spectrum. On
the other hand, the stability of the prepared Cd-ZIF-8 after
the adsorption was evaluated by XRD and the potential
release of cadmium ions was studied at different pH values.

2.6. Theoretical studies

DFT cluster calculations were carried out to get insights into
the adsorption mechanism of MO on Cd-ZIF-8. To this end,
and to reduce the computational cost, four clusters were con-
sidered for DFT calculations. Employing cluster models is a
common method for studying dye-ZIF-8 interactions and for
other MOFs (Chizallet et al., 2010; Liu and Zhong, 2010;
Ryan et al.,, 2012). Clusters used in our calculations were
inspired by the work of Chizallet et al. (Chizallet et al.,
2010), where readers can find a detailed description of each
cluster. Geometry optimizations, highest occupied (HOMO),
and lowest (LUMO) unoccupied molecular orbitals were all
determined by using B3LYP exchange-correlation function
with 6-31G(d, p) basis set for C, N, and H atoms and the
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LANL2DZ basis set for Cd. GaussView 5.0.8 and Gaussian 09
programs were used to generate/visualize structure and DFT
calculations, respectively (Frisch, 2009).

3. Results and discussion

3.1. Characterization of Cd-ZIF-8

XRD patterns were performed to analyze the phase structure
and purity of prepared Cd-ZIF-8. Phase analysis and unit cell
parameters were determined wusing Fullprof software
(Rodriguez-Carvajal, 2001) based on the Rietveld method, as
shown in Fig. 1(a). XRD reveals that as-prepared Cd-ZIF-8
possesses a cubic-phase structure with an I43m space group,
in good agreement with earlier reports (Fairen-Jimenez et al.,
2011). Results also show that Cd-ZIF-8 exhibits a lattice con-
stant of 16.992 A and a unit cell volume of 4833.41 A*. The
analysis of XRD patterns (excluding those with very low yield
and impure product) show 26 diffraction peaks at 26 = 7.3°,
10.25°, 12.74°, 14.76°,16.33°, 18.1°, 19.43°, 21.87°, 25.6°,
26.41°, and 28.41° representing the (0 1 1), (00 2), (1 12), (0
22),(013),(1222),(123),(114),224),(134),and (04
4) plane reflections (Akbari Beni et al., 2020; Fairen-Jimenez
et al., 2011; Park et al., 2006). Results demonstrate that exper-
imental XRD patterns match well with the simulated one, indi-
cating the powder samples are phase-pure Cd-ZIF-8. The
structure of Cd-ZIF-8, which is a sodalite (SOD) zeolite-type
structure exhibit four-coordinated cadmium N atoms of 2-

mlm ligand in a tetrahedral geometry. The crystallize size D
was calculated using the Scherrer equation:

D =0.94/Bcosd 2)

where, A is the wavelength of X-ray (1.54 A), B corresponds to
the full width at half maxima (FWHM), 0 is the diffraction
angle. The estimated size of Cd-ZIF-8 sample is about 300 nm.

The analysis of the FT-IR spectrum is shown in Fig. 1(b).
The FT-IR spectrum shows peaks at 600-1600 cm ™" attributed
to the entire ring stretching or bending modes. The absorption
peaks at 2912 cm™!, corresponding to the aromatic C—H
stretch of the imidazole. Interestingly, the absorption peak at
450 cm™! is attributed to the Cd-N stretching. Tsai et al.
(Tsai et al., 2019) confirmed that the absence of a broad peak
between 3000 and 3500 cm ™" is an indication of the substitu-
tion of the imidazole ligand and the cadmium on the N-H
bond, suggesting successful bonding of metal Cd and 2-
methylimidazole ligands.

Morphology of the prepared Cd-ZIF-8 was examined by
SEM and represented in Fig. 1(c). The SEM image shows that
Cd-ZIF-8 possesses micrometer-sized crystals with uniform
cubic shapes, which conforms with the typical form of ZIF-8
(Abdi et al., 2017; He et al., 2014; Wang et al., 2020).

Specific surface areas and porosity of the as-prepared Cd-
ZIF-8 were determined by N2 adsorption-desorption isotherm
at 77 K. The pore size was calculated by Barrett—Joyner—Hal
enda (BJH) analysis. The isotherm is shown in Fig. 1(d) while
BET morphological parameters are listed in Table 1. The Cd-
ZIF-8 has primarily micropores; however, the increase of the
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(a) Powder X-ray diffraction patterns, (b) FT-IR, (c) SEM micrograph and (d) N2 adsorption-desorption isotherm (inset pore
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Table 1 Surface areas, pore size and pore volume parameters of Cd-ZIF-§.
Sample BET Surface Langmiur Surface Average pore Total pore t-method micro pore Pore size

area (m> g ') area (m> g~ ') diameter (A) Volume (g ") volume (g~ ') distribution (nm)
Cd/ZIF-8 1281 1776 12 0.62 0.61 4.7

type IV isotherm in the higher pressure region P/P, = 0.7-1.0
suggests the presence of mesopores, which might be attributed
to the packing of particles with smaller size or the existence of
structural defects in the framework where higher interaction
energy with water molecules occurs (Guan et al., 2017;
Zhang et al., 2020). These defects are expected to play a vital
role in improving the adsorption efficiency. Besides, textural
characteristics of Cd-ZIF-8 tabulated in Table 1 show BET
and Langmuir surface areas of 1281 and 1776 m?/g, respec-
tively. Further, the average pore diameter equals 12 A, and
the pore size distribution is 4.7 nm.

3.2. MO adsorption onto the Cd-ZIF-8

3.2.1. Effect of initial MO concentration and contact time

A key factor in determining the efficiency of an adsorption
process is knowing the suitable time of contact between an
adsorbate and the adsorbent that allows maximum adsorption.
Fig. 2 illustrates the influence of contact time on the amount of
MO adsorbed onto the Cd-ZIF-8 samples at 50, 100, 150, and
200 mg/L of MO. Experiments were undertaken in the 0—
480 min time interval. As expected, a higher adsorption rate
is obtained at higher MO concentration. In the initial 50 min
of adsorption, results in Fig. 2 show a sharp increase in the
MO adsorption rate, and equilibrium was attained in about
60 min. After this time, the MO adsorption rate remains con-
stant despite prolonged contact time. The Cd-ZIF-8 showed a
rapid rate for methyl orange for the first 60 min, owing to the
presence of vacant sites in Cd-ZIF-8. In such a situation, the
positively charged Cd>* in Cd-ZIF-8 and the sulfonate group
of the MO can form ionic bonding, thus facilitating MO
adsorption (Jung et al., 2015). As time increases, the available
sites for adsorption become fewer and saturation is reached.

50
|D 50 mg/L O 100 mg/L A 150 mg/L v 200 mgIL‘

D 404 = - r
E
R L S S
° kA &%
%. 4
52 = 5 5 c 5
o 47-
T /i
T 104/ o O — B —&—85—=8
o 5

0 v T v T v T v T v

0 100 200 300 400 500
t (min)

Fig. 2  The effect of the contact time on the adsorption of MO at
different concentrations onto Cd-ZIF-8.

The adsorption at this stage becomes more difficult because
of electrostatic repulsions between free and adsorbed MO
molecules (Maneerung et al., 2016).

3.2.2. Effect of pH and adsorbent dosage

In the adsorption process, pH is an essential factor; it can
impact adsorbate states and the surface charges of adsorbents.
Therefore, the effect of pH on the removal of MO by Cd-ZIF-8
is evaluated, and results are represented in Fig. 3. Experiments
were performed in a wide range of pH. We observe from the
obtained results that alkaline conditions are less favorable
for adsorption of MO with only 40% at pH = 10. At lower
pH, the adsorption capacity of MO dye is higher at pH
between 2 (92 mg/g) and 3 (90 mg/g), and then it started
decreasing. This reflects that pH is an essential factor affecting
MO adsorption onto Cd-ZIF-8.

The optimization of the adsorbent amount is another sig-
nificant parameter in determining optimum conditions for
adsorption. The influence of Cd-ZIF-§ amount on the percent-
age removal of MO is shown in Fig. S1 (supplementary mate-
rial). The obtained results reveal that, with increasing
adsorbent dose from 0.5 to 1.7 g, the MO adsorption increases
sharply, and removal percentages increase from 40% to 100%.
At this point, MO removal reaches saturation, and no more
variations are seen. As the amount of Cd-ZIF-8 increases,
the number of available binding sites for the adsorption
increases, which in turn yields to higher MO adsorption. A
constant removal yield is observed despite further increases
in the adsorbent amount.

3.2.3. Adsorption kinetics

In the adsorption process, the challenge is to figure out the
adsorption mechanism and what parameters are critical in con-

100

904 "-m-g

80 \l

a, (mglL)
/

Fig. 3  Effect of pH on the removal of MO by Cd-ZIF-8.
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trolling the effectiveness of an adsorbent. To approach this
aim, experimental data at different initial dye concentrations
corresponding to various contact times were fitted to the most
widely used kinetic models, i.e., the pseudo-first-order (PFO)
and pseudo-second-order (PSO) models, as shown in Fig. 4.
Kinetic parameters and correlation coefficients are listed in
Table 2. The Lagergren kinetic rate equation has been widely
used for the explication of adsorption kinetics of organic mole-
cules in aqueous solutions. Those include studies on dyes
adsorption by MOFs, which have shown the suitability of
PFO model (Jing et al., 2014; Mohd Tahir et al., 2017). Based
on correlation coefficients and adsorption capacities at differ-
ent MO concentrations (Table 2), it appears that kinetics data
from PFO model does not match well with experimental
results. Hence, suggesting that the PFO model does not control
the MO adsorption by Cd-ZIF-8, which is in consistent with
results from many adsorption systems (Kumar, 2006; Wong
et al., 2004). Results in Table 2 also show PSO’s kinetics data.
The applicability of the PSO model in describing the adsorp-
tion of organic molecules on ZIF-8 has already been demon-
strated (Feng et al., 2016; Jiang et al., 2013). Data in Table 2
show higher correlation coefficients and adsorption capacities
close to experimental ones at all MO concentrations, indicat-

ing the methyl orange adsorption on Cd-ZIF-8 correlates very
well with the PSO kinetic model. The pseudo-second order
model assumes that the rate of the adsorption is a function
of the number of sites available for adsorption and the dye
concentration.

Interestingly, the rate constant for the PSO model decreases
with the increase of the MO initial concentration, suggesting
that chemisorption is implicated in the rate-limiting step
(Jiang et al., 2013). In this case, the exchange of electrons
between the adsorbent and the adsorbate takes place via
exchange or sharing of electrons, i.e., complexation or coordi-
nation process. The pseudo-second order model takes these
valency forces into account which makes it better than the
pseudo-first-order model in describing the adsorption process
in this work (Huo and Yan, 2012; Qi et al., 2013).

3.2.4. Adsorption isotherms and thermodynamic parameters

The determination of the adsorption isotherm is a powerful
way to understand MO adsorption processes over Cd-ZIF-8.
It helps in getting insights about the interaction between adsor-
bate and adsorbent at the equilibrium state (Chen et al., 2019).
To achieve this aim, Langmuir and Freundlich isotherms,
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Fig. 4  Pscudo-first order and Pseudo-second order kinetic plots obtained for various concentrations of MO. (a) 50 mg/L, (b) 100 mg/L,

(c) 150 mg/L, and (d) 200 mg/L.

Table 2 Kinetic analysis of MO adsorption on Cd-ZIF-8.

[MO] (mg/L) 9e, exp (ME/Q)

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

e, cal (mg/g) kl (hil) R2 e, cal (mg/g) k2 (g/mg min) R2
50 9.43 6.89 2.124 0.89 9.83 0.049 0.98
100 19.57 14.14 0.004 0.94 19.96 0.042 0.99
150 29.43 28.98 6.140 0.95 29.46 0.017 0.99
200 39.43 38.24 0.009 0.95 39.16 0.008 0.99
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which are well-known isotherm models, were applied to fit the
MO adsorption data at different temperatures. Isotherm plots
in Fig. 5 show that, when the temperature increases, the
adsorption capacity for methyl orange is simultaneously
enhanced. This behavior generally is explained by the increase
in the chemical affinity of the adsorbate (MO) to the Cd-ZIF-8
surface, during which chemical interactions are assumed to
take place (Dehmani et al., 2020). Table 3 lists the values of
the coefficient of determination and isothermal parameters
derived from Langmuir and Freundlich isotherm plots. Results
reveal that the Langmuir model is more applicable than the
Freundlich model in modeling the MO adsorption over Cd-
ZIF-8. Maximum adsorption capacities of Cd-ZIF-8 derived
from Langmuir isotherm model are 93.24, 101.32 and
145.41 mg/g at 30°, 40°, and 50° temperatures, respectively.
The Langmuir isotherm model implies that each adsorbate
molecule is adsorbed homogeneously at a fixed number of
localized sites on the adsorbent’s surface and negligible inter-
actions between adsorbed molecules (Mathurasa and
Damrongsiri, 2018; Omotunde et al., 2018). Based on this, it
is plausible to assume that the adsorption is mainly monolayer
and that the adsorbent (Cd-ZIF-8) has uniform adsorption
energy.

Furthermore, thermodynamic parameters were computed
for a more detailed examination of the interaction between
MO molecules and Cd-ZIF-8 surface. To this end, and for a
precise measurement of thermodynamic adsorption parame-
ters, dimensionless thermodynamic equilibrium constants are
calculated at different temperatures, by using the equation
below (Lima et al., 2019):

(1000 x K; x molecular weight of adsorbate) x [Adsorbate]
7

e

©)

In this equation, y denotes the adsorbate’s coefficient of
activity (dimensionless, taken as unity) (Atkins and De
Paula, 2011), [Adsorbate]° refers to the standard concentration
of MO (1 mol L™") (Chang and Thoman, 2014), and K, is the
isotherm constant. Then, dimensionless thermodynamic equi-
librium constants were used to estimate entropy change
(AS"), enthalpy change (4H°®), and free energy change (4G°)
of adsorption based on the following equations (Lima et al.,
2019):

AG = —RTIn(K)) (4)
In(K)) = _ARH x 1T+ ATf (5)

In these equations, T and R denote the temperature (in K)
and the universal gas constant (8.314 J K~' mol™}),
respectively.

In Fig. S2, a linear relationship is observed between In(K;)
and 1/T, and therefore enthalpy and entropy changes were cal-
culated and listed in Table 3 along with Gibbs free energy
change values. Results in Table 3 show negative AG® values
at all temperatures, which reflect the spontaneous and feasibil-
ity of the MO adsorption onto the Cd-ZIF-8 surface (Rahman
and Sathasivam, 2015). Additionally, results show positive
signs of enthalpy and entropy changes, suggesting an
endothermic and random adsorption process at Cd-ZIF-8/
solution interphase, respectively (S. Liu et al., 2020).
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Fig. 5 Adsorption isotherms for MO on Cd-ZIF-8 at different temperatures. (a) 303 K, (b) 313 K, and (c) 323 K.

Table 3 Isotherm parameters for MO adsorption on Cd-ZIF-8§.
Temperature(®) Langmuir Isotherm Freundlich Isotherm

dm (mg/g) Ky (L/mg) R? AG® (kJ/mol) AH° (kJ/mol) AS° (kJ/mol) Kg (mg/g) I/n R?
30 93.24 0.003 0.996 —17.35 3.95 0.605  0.965
40 101.32 0.005 0.987 —19.25 34.52 171.43 4.17 0.532  0.966
50 145.41 0.002 0.987 —20.77 6.86 0.450 0973




B. Ba Mohammed et al.

3.3. Reusability test and comparison with other adsorbents

To make the adsorption process cost-effective, a promising
adsorbent should have a high recycling ability, which could
open the way to pilot-scale applications. Herein, we also inves-
tigated whether prepared Cd-ZIF-8 could regenerate its
adsorption sites by performing five adsorption/desorption
cycles. Regeneration cycles are displayed in Fig. 6, where we
can see MO removal percentage dropping slightly after five
runs of adsorption/desorption process. After the first cycle,
which shows the highest value (95%), a slight decrease in
MO regeneration can be observed. It reaches 87% at the fifth
cycle, which can be due to a decrease in available sites for
adsorption. The higher removal percentage after five cycles is
an indication for the excellent applicability of the prepared
Cd-ZIF-8 for repetitive use in dyes removal.

On the other hand, Table 4 lists adsorption capacity for the
removal of methyl orange by some adsorbents, as reported in
the literature. The reported data show that the maximum MO
uptake of Cd-ZIF-8 is comparatively higher than that of ZIF-8
and some other adsorbents, suggesting its good practical appli-
cations in dyes treatment and the usefulness of using cadmium-
based ZIF-8 for removal of MO. However, further functional-
ization would have a significant influence on its application in
dyes removal.

3.4. The stability test of the prepared Cd-ZIF-8

While the use of the cadmium instead of the zinc in ZIF-8 is
beneficial in terms of adsorption capacity, the potential release
of cadmium ions into the treated water should be considered
for safe application in water treatment. Like other heavy met-
als, which are toxic or poisonous at low concentrations, cad-
mium (Cd) is a cumulative toxin with a long biological half-
life (>30 years) and harmful effects on the ecosystem
(Gautam et al., 2014). Therefore, in this work, the stability
of the prepared Cd-ZIF-8 at different pH values was evalu-
ated. The amount of Cd>" released from Cd-ZIF-8 was quan-
titatively detected by Spectrometer ICP-OES after being
placed in water for 7 days in different pH solutions at room

100

80
20+
0
1 2 3 4 5

Regeneration cycle

-]
=]
1

MO Removal (%)
8
1

Fig. 6 Recycling performance of Cd-ZIF-8 in the removal of
MO.

Table 4 Comparison of adsorption capacity of various
adsorbents at 298 K with that of Cd-ZIF-8 for removal of MO.

Adsorbent Adsorption Reference
capacity (mg g~ ')
Carboxymethyl cellulose  39.47 Yu et al. (2018)
Graphene oxide 16.83 Robati et al.
(2016)
Ni0_052n0_950 23 Klett et al. (2014)
Hexagonal shaped 18.08 Kundu et al.
nanoporous Carbon (2017)
MIL-53 (Cr) 57.9 Haque et al.
(2010)
PED-MIL-101 194.0 Haque et al.
(2010)
MOF-235 477 Haque et al.
(2011)
MIL-100 (Cr) 211.8 Mehmandoust
et al. (2019)
MIL-100 (Fe) 1045.2 Mehmandoust
et al. (2019)
pillar[5]arene-modified 8.33 Yang et al.
zeolite (2019)
cross-linked chitosan 89.29 Huang et al.
(2017)
ZIF-8 (1008 m” g ') 1.8 Y. Liet al. (2016)
ZIF-8 (1291 m? g~ ') 45.82 Ding et al. (2017)
ZIF-8 (1426 m*> g~ ) 522 Zhang et al.
(2020)
Cd-ZIF-8 93.24 Present work

temperature and results are represented in Fig. 7(a). Besides,
the X-ray diffraction patterns (Fig. 7(b)) of the Cd-ZIF-8 were
determined to examine the phase arrangement and crystalline
nature of the prepared material after the adsorption tests.
Given the excellent adsorption effect of this adsorbent on
MO in high pH solutions, we investigated its stability in the
pH range of 2-12. As shown in Fig. 7(a), the amount of
Cd*" released from Cd-ZIF-8 is practically zero in the pH
range 2—-10, while it does not exceed 0.3% at pH = 12. These
results indicate that the adsorbent maintains sufficient stability
in a wide pH range. Furthermore, after the adsorption of MO
dye molecules on Cd-ZIF-8, there are no changes observed in
the diffraction patterns which emphasize the chemical stability
of the prepared material and its safe use in removal of MO dye
(Sirajudheen et al., 2020).

3.5. DFT computational studies of possible adsorption
mechanisms

Understanding the adsorption mechanisms of an adsorbate
molecule on the surface of an adsorbent is of paramount
importance to explain interactions between them and for the
optimal design of future adsorbents in this class (Dong et al.,
2019). In the present section, attempts were made to search
for possible adsorption mechanisms that govern the interac-
tions between MO molecules and Cd-ZIF-8 surface by employ-
ing cluster DFT calculations. The idea of using the cluster
approach to investigate adsorbate-ZIF-8 interactions was
proved to be powerful in previous works, in which researchers
confirmed its accuracy compared to using the periodic struc-
ture (Chizallet et al., 2010; Chizallet and Bats, 2010). Investiga-
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tion of electronic properties of MO and Cd-ZIF-8 through
frontier molecular orbitals, i.e., the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbitals
(LUMO) could be of tremendous help in identifying potential
interactions. The HOMO density distribution of methyl
orange and LUMO density distribution of Cd-ZIF-8 (includ-
ing partially decoordinated Cd sites) is shown in Fig. 8. In this
Figure, clusters with 1 ({Cd(2-mIm)} ™), 2 ({Cd(2-mIm),}°),
and 3 ({Cd(2mIm);} ™) ligands represent structures with open
metal defects. In contrast, that with 4 ({Cd(2mIm),}?") ligands
represents the tetrahedrally coordinated Cd. Fig. 8 shows that
the HOMO density of MO is distributed over the entire molec-
ular structure, whereas the isodensity in LUMO of defective
Cd-ZIF-8 clusters is largely dispersed on the low coordinated
Cd ion. In this case, Cd ions will exhibit Lewis acid properties,
and therefore it is possible to predict that open Cd sites will
interact with different parts of MO molecules, forming a Lewis
acid/base complex (Liu et al., 2015). This kind of electrostatic
interactions is expected to be more pronounced when consider-
ing clusters with fewer 2-mIm ligands, and this can be well
observed from the larger LUMO distribution over {Cd(2-
mIm)} *, {Cd(2-mIm),}°, and {Cd(2mIm);}~ clusters. In this
manner, MO molecules can be easily attracted to the open
Cd sites due to the little steric hindrance effect. In contrast,
such behavior would be less significant in the case of tetrahe-
drally coordinated Cd-ZIF-8 ({Cd(2mIm),}>~ cluster) due to
the strong steric hindrance effect that will make interactions
between MO molecules and Cd-ZIF-8 difficult. Furthermore,
the imidazole ring in 2-mIm could play a key role in interac-
tions between adsorbate’s molecules and the adsorbent. Its
electron-rich nitrogen atoms and double bonds may poten-
tially interact with the aromatic rings of MO via the n—n stack-
ing interaction, while hydrogen atoms may be involved in
hydrogen bonding (Hasan and Jhung, 2015). All of these inter-
actions, which were previously reported in the case of the
adsorption of organic pollutants to MOFs (Abdi et al., 2017,
Hasan and Jhung, 2015; Mahmoodi, 2014), provide rich
insights into how MO molecules can interact with Cd-ZIF-8.

4. Conclusion

The present study explored the successful use of a synthesized
cadmium zeolitic-imidazolate framework (Cd-ZIF-8) for
adsorption and removal of methyl orange from aqueous solu-
tion at different operating conditions. The prepared material
was characterized and confirmed by XRD, BET, FT-IR, and
SEM techniques. The BET analysis showed a micro/meso-
porous structure, with account for 98.38% of the total pore
volume, while SEM analysis showed micrometer-sized crystals
with uniform cubic shapes. The Langmuir isotherm was found
to fit more satisfactory than the Freundlich isotherm the favor-
able adsorption of MO onto the adsorbent. The corresponding
maximum adsorption capacity was equal to 93.24 mg/g. The
obtained thermodynamic parameters indicated an endothermic
adsorption process, thus raising the temperature led to a
greater MO adsorption. The kinetic study showed that MO
adsorption on Cd-ZIF-8 followed a PSO model, suggesting
that the prevailing adsorption mechanism is chemisorption.
The adsorption-desorption efficiency of the Cd-ZIF-8 was
examined up to five successive cycles and showed an excellent
reusability performance. Furthermore, the prepared material

showed good stability after the adsorption tests with no release
of Cd ions at a wide range of pH. Cluster DFT calculations
provided insights into the adsorption mechanism and pre-
dicted electrostatic interactions, m—m stacking interactions,
and hydrogen bonding as main interactions between MO
molecule and Cd-ZIF-8. Based on the results of the present
work, the proposed material could be considered as an excel-
lent adsorbent for effective dye removal and thereby opens
new paths for further research.
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