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ARTICLE INFO ABSTRACT
Keywords: The utilization of dye adsorption through metal-organic frameworks represents an eco-friendly
Ultrasound assisted adsorption and highly effective approach in real water treatment. Here, ultrasound assisted adsorption

Metal-organic frameworks
Adsorption kinetics
UiO-66-NH,

Dyes pollutants
Environmental safety

approach was employed for the remediation of three dyes including methylene blue (MB), mal-
achite green (MG), and congo red (CR) from real water samples using zirconium(IV)-based
adsorbent (UiO-66-NH,). The adsorbent was characterized for structural, elemental, thermal
and morphological features through XRD, XPS, FTIR, thermogravimetric analysis, SEM, BET , and
Raman spectroscopy. The adsorption capacity of adsorbent to uptake the pollutants in aqueous
solutions was investigated under different experimental conditions such as amount of UiO-66-
NHj; at various contact durations, temperatures, pH levels, and initial dye loading amounts. The
maximum removal of dyes under optimal conditions was found to be 938, 587, and 623 mg g *
towardMB, MG, and CR, respectively. The adsorption of the studied dyes on the adsorbent surface
was found to be a monolayer and endothermic process. The probable mechanism for the
adsorption was chemisorption and follows pseudo-second-order kinetics. From the findings of
regeneration studies, it was deduced that the adsorbent can be effectively used for three
consecutive cycles without any momentous loss in its adsorption efficacy. Furthermore, UiO-66-
NH; with ultrasound-assisted adsorption might help to safeguard the environment and to develop
new strategies for sustainability of natural resources.

1. Introduction

According to a latest report of World Health Organization (WHO), nearly 844 million individuals globally have nonaccess to safe
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drinking water [1]. As a consequence of industrialization and urbanization, it is anticipated that in the near future, clean and potable
water will become scarcer and more costly due to pollution [2]. The textile industry has emerged as the main contributor to water
pollution among the different sources, primarily due to the frequent discharge of untreated effluent contaminated with dyes into
natural aquatic environments [2-4]. The dyes are widely employed in the manufacture of various consumer goods, including painting,
printing, paper, tanning, plastics, textiles, coatings, rubber, and so on [5,6]. Currently, it has been calculated that the textile industry
produces around 7.0 x 10° tons of organic dyes annually, making them as major pollutants [7,8]. Methylene blue (MB), malachite green
(MG), and congo red (CR) collectively comprise a substantial portion of this organic dyes manufactured and utilized annually, and they
are substances that pose significant health hazards. MG is known for its potential teratogenic and carcinogenic properties, which can
lead to damage in vital organs like the liver, kidney, and heart. Additionally, it can cause skin, lung, and bone lesions [9]. MB, on the
other hand, is toxic, carcinogenic, and non-biodegradable, and its decomposition generates harmful compounds (such as sulfur oxides,
nitrogen oxides, and carbon monoxide), which are closely associated with severe illnesses such as cancer, gastritis, and hypertension
[10,11]. CR is classified as an anion diazo dye and is one of the most commonly used dyes [12]. Unfortunately, under anaerobic
conditions CR degradation leads to the production of benzidine, a well-recognized human carcinogen, that for the human health side,
for the environmental side the prevalence of CR dye-containing wastewater, particularly from industries such as printing and dyeing,
exerts detrimental impacts on the ecological system [13]. Hence, it is crucial to confiscate organic dyes pollutants from environmental
water resources to mitigate their harmful effects on humans, flora, and fauna.

In this concern, diverse approaches have been used for removal of dyes from environmental water resources include advanced
oxidation system [14,15], photocatalysis [16-19], electrocoagulation [20], Fenton oxidation [21,22], electrokinetic remediation [23,
24], ultrasonication [6], membrane bioreactor [4,25], and multifunctional materials for thermal degradation [26]. These approaches
are linked with several other disadvantages such as high installation and operational cost, complex chemistry, large requirements of
oxidant, time consuming process, and oxidant handling problems [27]. However, adsorption process is considered as one of the most
efficient alternative approaches for dyes removal from water [3,8,28-33], due to its simplicity, low cost, high treatment effectiveness,
high potential, less energy consumption, and easy operation [5,27]. For these reasons, many recent studies have employed adsorption
as a prominent technique to eliminate diverse dye pollutants from diverse environmental water. For example, El-Nemr et al. conducted
an exemplary adsorption experiment aimed at the elimination of Acid Yellow 36 dye [34]. Furthermore, Mujtaba et al. achieved
notable success in the elimination of MB dye through the utilization of adsorption [35]. Additionally, Eltaweil et al. executed a highly
effective elimination process targeting MG dye, employing the adsorption method [9]. Among diverse adsorbents zeolites [36],
graphene oxide-based nanocomposites [37], and metal organic frameworks (MOFs) have been substantially deployed to remove dyes
pollutants from water-based matrices [29-32].

The intrinsic characteristics of MOFs, such as extensive surface area, substantial porosity, and adjustable structure make them a
promising alternative to conventional materials for diverse applications including photocatalysis, energy storage, catalysis, drug
delivery, sensing applications, liquid and gas phase adsorption [38]. The pore size variability of MOFs enables them to adsorb a broad
range of organic and inorganic compounds [39]. Among several kinds of MOFs zeolitic imidazolate framework 8 (ZIF-8), HKUST-1,
MIL-101, MIL-53, Zn-MOF, and UiO-66 have been applied in adsorption of dyes [40,41]. For instance, the ZIF-8 as an adsorbent
exhibited remarkable calculated adsorption capacity (1667 mg g 1) relative to activated carbon (200 mg g~ 1) to remove MG dye [42].
Additionally, MOF-1 nanocomposite was successfully used in removing CR dye from water and showcased an adsorption capacity
around 104 mg g~ ! [43]. Whereas MIL-100(Fe) was found to have an ultra-high adsorption capacity (1019 mg g~!) for MB dye [44].
Furthermore, UiO-66-NH; has been studied as a promising nanomaterials for water treatment and dye removal owing to its
outstanding chemical, structural, and thermal stability, which is attributed to the presence of Zr-O bonds linked by dicarboxylate
ligands [45,46]. For example, Ahmadijokani et al. reported relatively low adsorption capabilities for the investigated dyes including
MG (133 mg g~ 1) and MB (370 mg g~ 1) using UiO-66-NH, [47]. In another study, during the CR removal by UiO-66-NHo, significantly
less adsorption capacity of 94.2 g mg~! was obtained [46]. To this end, it is highly desirable to significantly improve the adsorption
capacity of target dyes using UiO-66-NH; framework through some effective strategies.

The present study focuses to meticulously investigate the adsorption of three dyes including MG, MB, and CR in real water samples
using UiO-66-NH; nanocomposites-based ultrasound-assisted adsorption. In the following, the effect of ultrasound radiation on the
amount of the adsorbed organic dyes has been investigated. The adsorption capacity and rate constants were analyzed through
adsorption isotherms and kinetics. The impact of various factors, including initial dye loading levels, contact durations, solution pH-
level, co-existing salts, amount of adsorbent, and temperature impact on dyes adsorption were explored. The findings demonstrated
excellent adsorption capacity under optimized experimental conditions. The mechanism of adsorption process was explored based on
the pH effect and Fourier transform infrared (FTIR) spectra obtained pre- and post-adsorption. In addition, the stability of UiO-66-NHy
was evaluated to determine its suitability for long-term applications. On one hand, it is imperative to highlight the innovation inherent
in our developed approach, which centers on harnessing ultrasound waves to enhance the adsorption process significantly. This
augmentation notably boosts the adsorbent’s capacity, resulting in a significant enhancement of adsorption efficiency. Consequently,
the incorporation of ultrasound not only enhances efficacy but also reduces procedural costs and confers excellent commercial
viability, rendering it applicable on a large scale. On the other hand, the proposed approach based on UiO-66-NH; nanocomposite —
assisted ultrasound irradiation provided outstanding features, such as simple synthesis, structural stability, cost-effectiveness (reus-
ability for three cycles), lack of production of secondary pollution, and effectiveness in real water samples including river, dam, and
wastewater.
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2. Experimental
2.1. Reagents

Zirconium(IV) oxychloride octahydrate (ZrOCly;-8H0, 98 %), 2-amino-terephthalic acid (CgHyO4N, 99 %), N,N-
dimethylformamide (DMF) (CsH7ON, 99.9 %), sodium hydroxide (NaOH, 98 %), and ethanol (C2H¢O, 99.8 %) were obtained from
Sigma Aldrich (Germany). CR dye (C32H22NgNayOgSs), hydrochloric acid (HCL, 37 %) was purchased from Lobachemie. MG
(Ca3H25CIN3, 99 %) ‘and MB (C;6H24CIN303S, 95.1 %) were obtained from Acros Organics.

2.2. Synthesis of UiO-66-NH,

The UiO-66-NH; nanocomposites were fabricated by modifying the previous protocol [48]. Briefly, 395 mg of ZrOCl,-8H20 were
dissolved into a solution of 5 mL. DMF, and 3 mL of 37 % HCI were introduced to mixture. To ensure the proper mixing, above mixture
was stirred for 1 h at room temperature, and then sonicated for 30 min. Afterwards, 388 mg of 2 amino-terephthalic acid were sol-
ubilized in 31.54 mL of DMF and mixed into the first solution. The resultant mixture underwent a 30 min sonication process before
heating in an oven at 80 °C for 12 h. The mixture was filtered and the solid crystals were washed with DMF and ethanol and were
dispersed in 10 mL of ethanol. After 24 h, the mixture was sieved to obtain the solid crystals which were subjected to three wash cycles
to ensure the elimination of solvent contaminants. Finally, the UiO-66-NH; was subjected to a 12 h drying process at 90 °C in an oven.

2.3. Equipment and apparatus

Surface chemical composition of UiO-66-NH; and functionalization of the tested adsorbents were confirmed by Vertex 70 Bruker
equipment of Attenuated Total Reflectance FTIR spectroscopy scanned from 4000 to 400 cm™!. X-ray diffraction (XRD) patterns of
UiO-66-NH; were obtained using Bruker diffractometer (Phillips Xpert-pro model, using Cu Ka A = 1.54051 A radiation with a step of
0.017°/1 s) to determine the crystallin phase. The Raman spectra were recorded with an Oriba Raman spectroscopy using 532.28 nm
(green) laser excitation. Acquisition time spanned from 10 to 20 s during five cycles to determine the chemical structure and the
disorder of the as prepared materiel. The morphology features of the UiO-66-NHy were obtained by Scanning Electron Microscopy
(SEM) (Zeiss Sigma 500 VP Analytical FE-SEM, Inspect Carl Zeiss Company, Germany) using a JEOL model SM 840 with Energy
Dispersive X-ray spectroscopy (EDX). The precursors were placed on an aluminum grid to coat with carbon using a JEOL JFC 1100
sputter coater. The surface chemical states and the quantitative analysis have been investigated by X-ray photoelectron spectroscopy
(XPS) analysis (Physical Electronics VersaProbe II Scanning XPS photoelectron spectrometer equipped with a monochromatic X-ray Al
Ka radiation source). Thermogravimetric analysis (TGA) was achieved using SDT Q600 Auto-DSCQ20 system to determine the thermal
stabilities of the UiO-66-NH,. For this characteristic, the UiO-66-NH; samples kept in an alumina pan were heated from 20 to 800 °C at
a ramping rate of 10 °C min~! with N, supplied at a rate of 100 mL min~!. The specific surface area of the adsorbents was determined
using Brunauer-Emmett-Teller (BET) (Micromeritics equipment, TriStar II 3020 model), following the BJH method at -196 °C.

2.4. Batch experiments

The capacity of UiO-66-NH;y to adsorb MG, CR, and MB was investigated through a sequence of batch experiments. In each
adsorption experiment certain amount of UiO-66-NH; was inserted into 100 mL of dye solution in the presence of ultrasonic waves
(ULTASOUNS-H J.P. SELECTA, Hz: 50/60, W: 720) to ensure the adsorption equilibrium. Afterwards, the solution was centrifuged
(11000 rpm, 5min) and its absorbance was measured employing a UV/visible spectrophotometer (HACH LANGE GmbH DR 2800). The
quantity of dye adsorbed on the surface of adsorbent at equilibrium (Qe, mg g~ ') and the percentage of dye elimination (E %) were
calculated using equations (1) and (2) [49].

g, = (GGl W
m
_ (Ci_CE)
E(%) === 100 @

Qe: quantity of dye adsorbed on the surface of UiO-66-NH, (mg g~ 1), C;: initial concentration of dye (mg L™1), C.: concentration of
dye at equilibrium (mg L’l), V is the solution volume (L), m is the mass of the adsorbent (g). Many factors (such as adsorbent dose,
contact time, pH of solution, initial dye concentration, ionic strength, and temperature of reaction medium) that can affect the
adsorption of dyes on the adsorbent surface were evaluated through triplicate experiments.

2.5. Adsorption kinetics

In general, the analysis of adsorption kinetics is employed to clarify the adsorption mechanism, that involves the mass transfer,
diffusion, and reactions occurring on the adsorbent surface along with its rate. The most typical kinetic models used to keep track of the
adsorption kinetics are Lagergren’s pseudo-first-order model (PFO) and Ho’s pseudo-second-order model (PSO) [50]. In this work, the
kinetics of dyes adsorption onto UiO-66-NH, was investigated using a batch equilibrium system with contact time ranging from 5 to
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210 min, and initial dye concentration from 10 to 200 mg L.

According to PFO model, the speed of the adsorption process is controlled by variation in the quantity of molecules adsorbed onto
the adsorbent surface during the period from the equilibrium adsorption time to a predetermined moment, which generally indicates
that physisorption controls the adsorption phenomenon [51]. The following presentation (equation (3)) elucidates the sophisticated
mathematical representation associated with this model:

0=0.(1~¢") ®

Q¢ the quantity of dye adsorbed on UiO-66-NH; (mg g_l) at time t (min), Qe: the quantity of dye adsorbed on UiO-66-NHj (ing g_l)
at equilibrium time, ky: is rate constant of PFO kinetic model (min~ ).

According to the PSO model, it is suggested that chemisorption controls the adsorption process in which sharing of electrons
between an adsorbate and an adsorbent is considered as a rate-limiting step. The mathematical representation of this model is
described below (equation (4)):

Qr _ Q€2k2t

T 1+ Quhot 4

Q¢ the quantity of dye adsorbed on UiO-66-NH, (ng g~ 1) at time t (min), Q.: the quantity of dye adsorbed on UiO-66-NH, (mg g~1)
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at equilibrium time, ky: is the rate constant of the PSO kinetic model (g mg’l minfl).

2.6. Adsorption isotherms

In order to evaluate the nature of adsorption of dyes on adsorbent surface, it is highly desirable to evaluate isotherm data. In this
work two isotherm models (Langmuir and Freundlich) have been applied for the evaluation of data.

e Langmuir isotherm

The Langmuir model presumes that no chemical interactions occur between adsorbate and adsorbent molecules and a homoge-
neous monolayer adsorption takes place on the surface of employed adsorbent [49]. The quantity of dye adsorbed and separation
factor can be expressed as follows:

_ kaL Ce

= 5
1+k.C, )

Qe
1

R =
14k Co

(6)

Qe: the adsorption capacity of dye (mg g™ 1), Qm: the maximum capacity in monolayer saturation determined by the theoretical
Langmuir model (mg g~ 1), Ky: the Langmuir equilibrium constant (L mg™'), Ge: the dye concentration at equilibrium (mg L™1), Co:
initial dye concentration (mg L), Ry: separation factor.

e Freundlich isotherm

According to the concept of Freundlich isotherm model adsorption process occurs through a multi-layered pattern on heteroge-
neous surfaces of adsorbent. In this way, the model describes the various characteristics of the adsorption process such as the
continuous increase in the adsorbed amount with increasing concentration [52]. According to this model, the quantity of dye adsorbed
can be expressed as following:

Q. =K;Cl/" )

Qc: the adsorption capacity of dye (mg g™1), Ce: the dye concentration remaining in solution at equilibrium (mg L™1), Kg: the
Freundlich constant, n: the heterogeneity factor indicating the adsorption intensity.

3. Results and discussion
3.1. Characterization of UiO-66-NH,

In order to obtain XRD patterns of UiO-66-NH;, XRD was employed and the patterns are depicted in Fig. 1a, which illustrates the
existence of characteristic peaks at 7.42, 8.59, 22.28, 25.78 and 30.78° and confirms the synthesis of UiO-66-NH; [53,54]. The narrow
lines of the XRD pattern indicate the high crystallinity of adsorbent and also are in good agreement with the literature about the
characteristics of this materiel [53-55].

The Raman spectra of UiO-66-NH, Fig. 1b indicated the successful synthesis of the nano material which was similar to other studies
reported in literature [56,57]. The D band (also known as the disorder or defect band) related to the presence of defects or disorder in
the material and the G band corresponds to the first-order scattering of the E2g phonon mode, which is related to the sp2 hybridization
of carbon atoms were detected respectively at 1434 cm ™! and 1597 ecm ™.

The BET analysis of UiO-66-NH,; (Fig. 1c) revealed a type I isotherm, which exhibits a steep rise in the adsorption curve at low
relative pressures and a plateau region, indicating that the material has a highly porous structure with well-defined micropores (pore
size of 2.0 nm). Furthermore, the analysis showed that BET surface area of adsorbent is 679 m? g™, and the Langmuir surface area of
the material is even higher at 902 m? g~ which represents the maximum monolayer coverage of adsorbed molecules on the surface of
the material. The Barrett-Joyner-Halenda (BJH) method was deployed to find the cumulative surface area and cumulative volume of
pores which were 75 m? g~! and 0.075 cm® g7}, respectively (Table 1).

The presence of the functional groups in the UiO-66-NH; was identified using the FTIR. In Fig. 1d (FTIR spectra of UiO-66-NH>), the
two absorption peaks appeared at 3391.7 and 3279.9 cm ™! were assigned to the symmetric and asymmetric vibrations of NH; (each
N-H) group respectively [58]. The peaks at 1542.4 cm™' and 1407.8 cm ™! were ascribed to C=C stretching and C-C vibration of

Table 1
The BET and BJH data of UiO-66-NH.
Sample Sper (m%g ™) Stangmuir m?g™h Pore size (nm) Cumulative surface area of pores (BJH) Cumulative volume of pores (BJH)
mgh (em®g ™
Ui0-66-NH, 679 902 2.0 75 0.075
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aromatic rings from 2-amino-terephthalic acid, respectively [59]. In addition, the peak at 1625.7 cm ™! was the characteristic of C=0

vibration of carboxyl group present in 2-amino-terephthalic acid groups in UiO-66-NH, [60]. The moderate peak at 1000.4 cm ™! and
the strong one at 1360.5 were attributed to C-N bonds between aromatic carbon and nitrogen [60]. However, the observed peaks in the
range of 800-600 cm ™! were ascribed to the vibration of Zr-O (Zr metal and the oxygen molecule of carboxyl group in 2-amino-ter-
ephthalic acid) [61].

The morphological characteristics of UiO-66-NHj are shown in Fig. 1S which demonstrates the presence of agglomerated spherical
particles with size in the range of 111.9-260.1 nm.

The TGA curve of UiO-66-NH; (Fig. 1e) indicates an 8.63 % loss of weight from 20 to 103.5 °C is due to moisture contents in the
sample. Whereas, weight loss of 7.58 % between 131.1 and 269.9 °C is due to the degradation of DMF physiosorbed into the adsorbent.
Significant weight reduction amounting to 44.5 % was observed within the temperature range spanning from 269.9 °C to 606.1 °C is
related to the degradation of organic ligand (2-amino-terephthalic acid) [62].

The identification of elements and determination of binding energies among individual elements present in the synthesized
nanomaterial (UiO-66-NHy) was executed by XPS and the results are shown in Fig. 2 which confirms the electronic and chemical states
of the elements present in UiO-66-NH.

The XPS spectra derived from the analysis of UiO-66-NH; (Fig. 2) shows the presence of C, O, N, and Zr with different percentages
(Table 1S). The C 1s spectrum consisting of 4 contributions at 288.7, 285.9, 285.3, and 284.6 eV can be attributed to the presence of
0-C=0, C-OH—, C-N, and C-C/-C=C-/adventitious carbon present in 2-amino terephthalic acid. The N 1s spectrum shows one peak
at 399.1 eV that confirms the existence of -NH; group of 2-amino terephthalic acid (not linked with Zr metal). The O 1s spectrum
consists of two peaks at 531.8 and 530.7 eV correspond to C—=0 group and to the liaison between the oxygen from 2-amino terephthalic
acid and Zr metal. Finally, Zr 3d pattern confirms the liaison between 2-amino terephthalic acid and Zr metal by showing tow peaks at
182.3 and 182.9 eV due to the interaction between Zr metal and oxygen of 2-amino terephthalic acid.

3.2. Studies of adsorption parameters

3.2.1. Effect of adsorbent amount

The adsorbent dose is a crucial factor which benefits to determine the ideal amount of adsorbent that gives the maximum
adsorption of an analyte. The effect of UiO-66-NH, dose was examined by varying its amount from 0.5 to 7.5 mg in 100 mL of known
dye (MG, CR, and MB) concentration (10 mg L™1). The results shown in Fig. 3 illustrate that the adsorbed amount of dye gradually
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raised with an increase in adsorbent mass until the saturation point. The optimal mass was found to be 5 mg for all the used dyes (for
CR Fig. 3a: Qe =135 mg g’l; E% =90 % at t =291.15 K, pH; = 5, for MB Fig. 3b: Qe = 163 mg g’l; E% = 83.63 % att = 291.15K, pH;
= 6,15, and for MG Fig. 3c: Q. = 62.2 mg g’l; E% = 36.5 % at t = 291.15 K, pH; = 5).

3.2.2. Effect of contact time

The impact of contact durations is generally used to assess the adsorption ability of the nanomaterial for a typical target. To explore
the impact of contact duration on the efficacy of UiO-66-NH; in removing dye pollutants, 5 mg of the nanomaterial was added in 100
mL of dye solution under ultrasonic waves. The results of the study (Fig. 4 a-c) reveals that an increase in contact time causes a
significant rise in adsorbed amount of target dye until equilibrium (around 60 min). Fig. 4 (a-c) also indicates that 0-30 min contact
time, the adsorption of dyes occurs quickly and after 30 min continues steadily until equilibrium is achieved. The substantial surface
area and the plethora of active sites were likely responsible to this phenomenon in the initial phase, and where the adsorption reaction
becomes slow in the second phase, may be due to the growing saturation on the adsorbent surface which prevents the non-adsorbed
dye molecules to get adsorbed [63].

3.2.3. Effect of amount of dye

Initial dye loading levels exerts a significant influence in the activation of the adsorption system. Herein, the varying levels of dye
concentration (from 10 to 200 mg L) were used to achieve the best possible results. 5 mg of adsorbent-nanomaterial was mixed into
100 mL of each initial dye concentration under ultrasonic waves and ambient conditions. Fig. 2S shows that an elevation in the initial
concentration of the target dye significantly increases the adsorption capability. As shown in Fig. 2S, for the MB and CR, it is evident
that the concentration of 10 mg L ! resulted into maximum elimination efficiency with UiO-66-NHoy, after that further rise in the initial
dye amount i.e., greater than 20 mg L™ 1) results in significant reduction in its removal rate. But for MG at the first, the rise in the initial
concentration from 10 to 20 mg L™! causes a significant increase in the removal efficiency however, the reverse trend in adsorption of
MG occurs as its concentrations is further increased from 30 mg L™}

3.2.4. Effect of pH
The pH-level impact in dyes adsorption study is considered as crucial factor as it can affect both the adsorbent structure and
adsorption mechanism and leads to variation in the retention efficiency. In this experiment, the efficiency of adsorption of CR, MB, and
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MG was scrutinized by adjusting the initial pH from 1 to 9 using HCI (0.1 mol L) and NaOH (0.1 mol L™%) in 100 mL of 10 mg L ™! of
dye solutions containing 5 mg of adsorbent under ultrasound waves and equilibrium time of 60 min. From Fig. 5(a—c), it is clear that
the amount of dye retained by the adsorbent strongly relates with the initial pH-level of the dye solution. For instance, the removal
efficiency of investigated cationic dyes (MB and MG) rises with the elevation of the pH value in the dye solution. The maximum
removal of MG and MB were 63.27, and 99.07 %, respectively at pH = 9. However, the inverse trend was observed for CR, where the
maximum elimination (96.22 %) was obtained at pH = 1. In order to elucidate the impact of pH on dye removal, the point of zero
charge (PZC) was determined. Fig. 1f shows that the surface of adsorbent is inert at pH 5.77. Further, the pH dependence of dye
adsorption occurs due to the protonation of the adsorbent surface and electrostatic interactions between adsorbent and adsorbate
molecules. Under the PZC (pH < pHpzc = 5.77), the adsorbent surface was positively charged which induce strong electrostatic
attraction for the anionic dye (CR) and repulsion for cationic dyes (MG, MB). However, for the cases where pH > pHpzc = 5.77 the
adsorbent surface is negatively charged which induces a strong electrostatic attraction for cationic dyes (MB, MG) and a strong
electrostatic repulsion for CR-adsorbent system. This fact explains high adsorption capacity of MB and MG at high pH values, and the
high adsorption capacity of CR at low pH values.

3.2.5. Effect of ionic strength

In general, a textile wastewater contains diverse salt ions (such as nitrates, chlorides, sulphates, carbonates, hydrogen carbonates)
with different concentrations. To this note, it’s crucial to assess the effect of ionic forces on the adsorption process of an analyte on the
surface of an adsorbent. In this study, MB, MG, and CR onto UiO-66-NHj and the concentrations of NaCl was changed from 0 to 1 mol
L. Fig. 6 (a-c) illustrates a marked decline in the adsorbed amount of the dyes onto UiO-66-NH, with gradually increasing con-
centrations of NaCl which is in aligns harmoniously with the research findings in literature [64,65]. The negative effect of salts on
adsorption can be explained by the competition between salt ions and dyes molecules for the same active sites available on the surface
of an adsorbent.

3.2.6. Temperature effect
Temperature of the adsorption medium is regarded as one of paramount factor for examining the adsorption capacity of an
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adsorbent. A series of 4 experiments was carried out at varying temperatures (291.15, 303.15, 313.15 and 323.15 K) under optimized
conditions (adsorbent dose, 5 mg, dye concentration, 10 mg L™}, time to reach equilibrium, 60 min, and specific pH required for each
investigated dye solution under ultrasound waves). Fig. 3S reveals that the dye adsorption rises significantly when the solution
temperature increases from 291.15 to 323.15 K due to the reason that high temperature yields increased diffusion rate of adsorbate
through the outer boundary layer of adsorbent particles by decreasing the viscosity of the solution [49,66].

3.3. Adsorption thermodynamics

To comprehensively analyze the thermodynamic characteristics linked with the adsorption of dye onto the UiO-66-NH, surface, the
standard Gibbs free energy (AG®), the standard entropy change (AS°) and the standard enthalpy change (AH®) were determined using
the following equations:

CAS® AH°

In(kq) = "R ®
k=2 ©
AG’=AH’ — TAS° (10)

10



A. Assafi et al. Heliyon 9 (2023) 22001

Qe: adsorbed amount at equilibrium (mg g’l), Ce: concentration of dye at equilibrium (mg L’l), Kg: adsorption constant (L g’l), T:
the adsorption temperature (K), R: gas constant (8.314 J mol ™' K1),

According to results shown in Fig. 4S and Table 2, the values of AH° is positive indicating the endothermic nature of adsorption
process whereas value of AG® is negative and decreases further with increase in temperature suggesting spontaneous adsorption
process. The values of AS° are positive which means that disorder increases in the adsorbed phase. Further, these findings are
consistent with the previous studies [67].

3.4. Adsorption isotherms

Adsorption isotherms have been determined by modeling the experimental data presented in Fig. 5S and Table 3 by following
Langmuir and Freundlich models (equations (5)-(7)). From the values of coefficient of correlation, Langmuir model appears more
suitable to elucidate the adsorption process of the target dyes onto UiO-66-NH,. Therefore, the adsorption was favorable (separation
factor Ry, < 1 for the three dyes) and the dyes were adsorbed onto the adsorbent surfaces homogenously. The maximum adsorbed
amount for the studied organic dyes was found to be Qp, = 623 mg g~ (CR), 938. mg g~ (MB), and 587 mg g~! (MG). The results in
Table 3 indicates that UiO-66-NHj exhibits high affinity to adsorb MB, CR, and MG. The quite high value of Langmuir constant (K) for
MB compered to CR and MG indicates the high affinity of the adsorbent toward MB, which may be explained by the presence of two
free tertiary amine groups and positive charge on S atom in the MB structure yielding a vigorous interaction between MB and the
surface of UiO-66-NH,. In addition, the minimum volume occupation by MB molecule ensured a minimal steric hindrance effect (MB
volume occupation is less than MG and CR, respectively).

3.5. Kinetics study

In order to gain a more profound understand the adsorption process of MB, MG, and CR onto UiO-66-NHj surface, the experimental
adsorption data were assessed utilizing both the non-linear PFO and PSO models. For the PSO model, the correlation coefficient value
(R?) was close to unity than that for PFO model as given in Fig. 6S and Table 4. This situation suggests that the adsorption kinetics of
the dyes onto UiO-66-NH, follows a PSO process signifying that the adsorption of MB, MG, and CR onto UiO-66-NHj surface is of
chemisorption nature.

3.6. Effect of ultrasound

Ultrasound, as an emerging technology in the realm of adsorption, has demonstrated its efficacy in the elimination of various
substances (e.g., metal ions, anthocyanins, flavonoids, polyphenols, and organic pollutants [68]. This is attributed to its reduced
reliance on organic solvents and sorbents, lower maintenance costs and energy consumption, simplicity, cost-effectiveness, and
environmentally friendly characteristics [69]. To explore the effect of ultrasound waves for the adsorption of dye onto the adsorbent
surface, two experiments were executed. In the first experiment adsorption process of dyes on adsorbent surface was studied under
ultrasound waves and optimized experimental parameters. Whereas, the second adsorption experiment was conducted under the same
optimized conditions but in the absence of ultrasound waves. The findings illustrated in Fig. 7 (a-c) indicates that the ultrasound waves
enhanced the adsorption process by more than 200 % (Qe: 95 mg g~ * —240 mg g~ " for CR, Qe: 103 mg g~ ' — 302 mg g~ for MB and
Qe: 124 mg g~ ! 340 mg g~ for MG), and decreased the necessary time to achieve the adsorption equilibrium for all three dyes (90
min — 60 min). This situation can be ascribed to the fact that ultrasound waves have the capability to induce acoustic cavitation,
leading to the disruption of the solid matrix’s surface of the adsorbent [70]. This phenomenon significantly enhances the rate of mass
transfer of molecules from the solution to the adsorbents, resulting in a rapid increase in adsorption rates and a shorter time to reach
equilibrium [71].

3.7. Adsorption mechanism prediction

In order to explain adsorption mechanism of dyes onto the surface of UiO-66-NHj, the nature of functional groups on the surface of
the UiO-66-NH;, were examined using FTIR before and after adsorption of each dye (Fig. 8). From Fig. 8, it is evident that after dyes
adsorption onto UiO-66-NH; surface, the FTIR spectrum shows some changes relative to the FTIR spectrum before adsorption. These
changes are caused due to dyes adsorption (CR, MB, and MG molecules) on the surface of the adsorbent. However, FTIR analysis alone
did not suffice to make comprehensive predictions regarding various types of interactions occurring within this adsorption phe-
nomenon. Consequently, we supplemented our findings with an examination of the pH influence and the point of zero charge.

Table 2
Thermodynamic parameters of adsorption process.
Adsorbent Dye AH° (KJ mol ™) AS° (J mol K1) AG® (KJ mol™1)
291.15K 303.15K 313.15K 323.15K R?
UiO-66-NH, CR 17.94 70.42 —2.5601 —3.4051 —4.1093 —4.8135 0.9458
MB 16.59 69.16 —3.5388 —4.3687 —5.0603 —5.7519 0.9985
MG 25.45 91.81 —1.28014 —2.3818 —3.2999 —4.2180 0.9787
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Table 3
Parameters of adsorption isotherm models.
Dye Langmuir model Freundlich model
CR Qn (mg g 623 . _
K mg 0.0338 1/n 0.3766
Ry 0.7473 Kg 81.1371
R> 0.9677 R? 0.8824
MB Qn (mg g 938 . _
K5' (. mg 0.0631 1/n 0.3216
Ry 0.6130 Kg 180.3423
R? 0.9514 R? 0.8360
MG Qn (mg g 587 - _
Ki' (. mg 0.0337 1/n 0.3848
Ry 0.7477 Kp 73.7318
R? 0.9736 R? 0.9104
Table 4
Non-linear regression kinetic model factors for the adsorptive removal of CR, MB, and MG.
PFO PSO
Dye Qeexp (mg g™ 1) Qe-cal (Mg g™ K; (Lmin~ ") R? Qe-cal (mg g™ K, (g mg~! min™1) R?
CR 133 138 0.0236 0.99385 136 0.0001 0.9957
MB 193 185 0.1142 0.99019 198 0.0008 0.9954
MG 64 59 0.0894 0.89318 64 0.0019 0.95171

In case of CR dye adsorption (Fig. 8a), after adsorption, a new peak was observed around 1023 cm ™! corresponding to SO3 in CR
which confirms its enhanced adsorption. The peak at 1625 cm ™' corresponding to C=0 stretching (O-C=0) from 2-amino-tereph-
thalic acid is disappeared completely which may be attributed to the formation of hydrogen bonds between CR and the oxygen
atom of C=O0 from UiO-66-NHj [72]. Additionally, the two peaks at 3391.7, and 3279.9 em! corresponding to N-H vibration become
broader indicting the strong hydrogen bonding connection between the CR and the -NHj; group from UiO-66-NH; composite. The peak
at 1542.4 cm™! corresponding to G=C from aromatic rings is weakened which indicting the n-r staking between the aromatic rings of
adsorbent and CR.

In case of MB adsorption (Fig. 8b), the peak at 1625.7 cm ™' disappeared completely which indicates the formation of hydrogen
bond between MB and the oxygen atom of C=0 from UiO-66-NH,. The peaks at 3391.7, 3279.9 cm ™! became broader which indicate
the formation of strong hydrogen bonding between the CR and the -NH, group from UiO-66-NH,. The peak at 1542.4 cm™ ' was
weakened probably due to the n-n staking interaction between the aromatic rings from MB and the adsorbent, and electrostatic in-
teractions between MB and UiO-66-NH,.

For MG (Fig. 8¢), in one hand the peak at 1625.7 cm ™! corresponding to C=0 stretching from UiO-66-NH, is weakened along with
the mild broadening of two peaks at 3391.7 and 3279.9 cm™! corresponding to N-H vibration indicating the formation of hydrogen
bond between MG and UiO-66-NH,. However, the magnitude of hydrogen bond formed during the adsorption of malachite green is less
than that of CR and MB as MG structure (tertiary amine) contains only one amino group that can form hydrogen bond. Additionally, the
peak at 1542.4 was significantly weakened which indicates the existence of n- staking between the aromatic rings of adsorbent and
MG. In addition, a new peak appeared at 1148 cm™! was ascribed to the tertiary amine group of MG.

The effect of pH and the point of zero charge can be used to understand more about the adsorption mechanism by considering tow
cases. The first case is under the PZC (pH < 5.77) where the positively charged surface of UiO-66-NHj is (-NH + H" — -NH3 and C=0
+ H" - C=HO™), causes more electrostatic attraction with the anionic dyes and more repulsion with the cationic dyes. This situation
explains the enhanced adsorption capacity of CR and the weak adsorption capacity of MB and MG at low pH values. The second case is
over the PZC (pH > 5.77) where the negatively charged surface of UiO-66-NH, (-NH; + OH™ — -NH™ + H30) exhibit enhanced
electrostatic attraction with the cationic dyes and more repulsion with anionic ones. This situation explains the ultrahigh adsorption
capacity of MB and MG and the weak adsorption capacity of CR at high pH values. Fig. 9 represents the schematic of the suggested
adsorption mechanism for CR, MB, and MG onto UiO-66-NH; nanocompsites using ultrasound as an assisting technique.

3.8. Regeneration studies

Vitality and cost effectivity of a typical adsorption process is governed by the stability of an adsorbent in adsorption cycles. In this
experiment the regenerability of UiO-66-NH; was achieved by washing the adsorbent several time with CHCls. Then the regenerated
adsorbent was subjected to adsorption test for CR, MB, and MG separately and the findings are tabulated in Table 5. The adsorption
capability remained unchanged after the first regeneration, then dye elimination gradually decreased from 90.0, 91.0, and 88.1 % for
CR, MB, and MG, respectively. These results illustrated the possibility of employing the UiO-66-NH, to adsorb the target dyes
repeatedly without significant loss in its retention capability.

12



A. Assafi et al. Heliyon 9 (2023) 22001

—#— Under ultrasound waves b —=— Under ultrasound waves
a —e—Normal stirring —e—Normal stirring
250 350
A
1
| 300 : .
~ 200 - ’ ~ l
0 1 o0 < 1
o0 | i 0 250 4 |
8 | AQ=14567mgg g 1
= 150 | = 200 ! AQ=19851mg g’
s 1 =
e s 1
= ! E X
= 1 150 4
T 100 - 1 s I
Z 1 2 ' ‘
3 | : 2 100 : ;
=
< 50 I I = ! !
1 1
. | 50 1 1
) | 1 1
\ \ 1 1
0 T T T T T T T T T 0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time (min) Time (min)
(~—&— Under ultrasound waves
C —e— Normal stirring
400
350 4 ——
A
300

~

n

=]
1

AQ=216,53 mg g’

Adsorbed amount (mg g™)
~
=
=]

150
v
100 1
I I
[} ]
50 4 | |
| 1
0 —
0 20 40 60 80 100 120 140 160 180 200

Time (min)

Fig. 7. The effect of ultrasound waves in adsorption of CR (a), MB (b), and MG (c) for concentration of 30 mg L.
3.9. Comparison of adsorption capacity of UiO-66-NHs-assisted ultrasound with other MOFs adsorbents

A comparison of a maximum adsorbed amount for MG, CR, and MB dyes using different MOFs as adsorbents is given in Table 6 [46,
47,67,73-76], which illustrates that ultrasonication-assisted UiO-66-NH; exhibits better adsorption efficiency for target dyes relative
to other adsorbents. Moreover, through a comparative examination of the outcomes from the study employing UiO-66-NH; for CR
elimination in water samples [46], UiO-66-NH assisted with ultrasound (our own findings) for CR removal exhibited extremely high
adsorption capacity (623 mg g’l) (Table 6). This examination compellingly underscores the substantial advantages conferred by
ultrasound as an assisting technique within the domain of adsorption studies. Resultantly, ultrasonication-assisted UiO-66-NHj can be
considered as a prospective candidate for the removal of MB, CR, and MG dyes from aqueous solutions.

4. Applications in different water samples

The adsorption of CR, MG, and MB in water (wastewater, dam water, and river water) was executed out to assess the efficacy of
Ui0-66-NH; in actual industrial applications. In the adsorption experiments, 5 mg of UiO-66-NHy was introduced into 100 mL of dye
solution containing 30 mg L1 of dye concentration under ultrasound waves for contact time of 60 min. Fig. 10 (a-c) shows the dif-
ference in adsorbed amount of target dye between the synthetic solution (distilled water containing dye) and the three real solutions.
From the results a progressive decrease in adsorbed amount of dye is evident as in dam solution, river solution, and wastewater so-
lution, respectively which can be ascribed to high concentration levels of different salts in the respective water sources which is in
accord with the results found in ionic strength study (Fig. 2S). The findings indicate that, for the removal of CR (Qe = 248.3 mg g ! in
the synthetic solution), our adsorbent lost its efficacy by 13.7 % (Qe = 214.3 mg g~ ') in dam water, 19.2 % (Qe = 200.5 mg g~ ) in
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river water, and 38.9 % (Qe = 151.8 mg g~ !) in wastewater. For MB (Qe = 312.0 mg g~ in the synthetic solution), our adsorbent lost
its efficacy by 23.1 % (Qe = 240.0 mg g’l) in dam water, 30.7 % (Qe = 216.1 mg g’l) in river water, and 41.2 % (Qe = 183.5 mg g’l)
in wastewater. For MG (Qe = 348.0 mg g ! in the synthetic solution), our adsorbent lost its efficacy by 28.8 % (Qe = 247.8 mg g~ 1) in
dam water, 38.6 % (Qe = 213.7 mg g’l) in river water, and 51.6 % (Qe = 168.4 mg g’l) in wastewater. Undoubtedly, the adsorbent
experiences a certain percentage loss in its efficacy from dam water to wastewater, it still exhibits a significant adsorption capacity
across various types of water samples which supports its potential for practical applications.

5. Conclusion

In the current study, we prepared UiO-66-NH; and studied its application with ultrasound for remediation of anionic (CR) and
cationic (MB and MG) dye pollutants from real water samples. The experimental determinants such as organic dye concentration,
contact duration, temperature, ionic strength, and pH had a substantial influence on the remediation of organic dye pollutants from
their water-based matrix. The results showcased that dyes removal from aqueous solution accorded well with the Langmuir isotherm
model which means that the pollutants constructed a monolayer on the surface of adsorbent. The research findings confirmed that the
adsorption process undergoes a PSO kinetic model implying a strong interaction between adsorbent and pollutant (chemisorption),
which suggests that the adsorbent is less susceptible to subjected to facile desorption processes under various conditions encountered
in real-world environments beyond the laboratory. Additionally, the findings confirm that the use of ultrasonication in contrast to
conventional stirring methods was found to result in an exceptional improvement in dyes removal by enhancing the adsorption ca-
pacity and reduction of time needed to eliminate the pollutants. This enhancement was attributed to various factors, such as the in-
crease in interfacial area, solvent penetration, and anti-aggregation effect, which ultimately enhanced the interactions between the
adsorbent material and the adsorbate molecules. All of these aspects substantially enhance the commercial viability of the adsorbent,
rendering it highly promising for large-scale applications in real world samples. UiO-66-NH; was also tested for its suitability to
remove CR, MG, and MB from real wastewater, river, and dam water samples, and even under seemingly optimal conditions found in
synthetic water, it still displayed a high adsorption capacity. From these results, it was inferred that the use of UiO-66-NH; as an
adsorbent under ultrasound waves exhibit good potential to be employed in practical real-world applications.
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Fig. 9. Schematic of the suggested adsorption mechanism for CR, MB, and MG onto UiO-66-NH,.

Table 5
The adsorbed amount of CR, MB, and MG onto UiO-66-NH, in different cycles.

Dye Cycle 1 Cycle 2 Cycle 3 Cycle 4

Efficiency (%)

CR 96.3 93.3 92.5 90.0
MB 96.4 93.3 92.7 91.0
MG 95.2 92.1 88.9 88.1
Table 6
Comparative performance of UiO-66-NH; with other adsorbent in literature in terms of adsorption capacity.
MOF Surface area (m?>  Target  Adsorption capacity Mechanism Reference
g (mg g ")
Ui0-66 1276 MG 133 Hydrogen bonding, n-n stacking interaction, physical [47]
MB 370 adsorption, and electrostatic interaction
Ce(11I)-doped UiO-67 1911 MB 398.9 Electrostatic and n—x interactions [73]
TFMOF 89.9 CR 252.3 Electrostatic interactions [67]
WPU-SS-MOF 341 CR 76.6 Hydrogen bonding, [76]
MB 27.8 n-n stacking interaction
Electrostatic interactions
MIL-121 3.1 CR 69.7 H-bonding [75]
MB 27.8 Electrostatic interactions
Fe-MOF 1858 CR 42.9 Hydrogen bonding [74]
MB 119 n- stacking interaction
Ui0-66-NH, - CR 94.2 Hydrogen bonding [46]

n- stacking interaction electrostatic interaction
Lewis acid-base interaction

UiO-66-NH, assisted 679 CR 623 Hydrogen bonding This work
with US MB 938 n-n stacking interaction electrostatic interaction
MG 587
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