G Lot
¢ University

Sustainable functionalized smectitic clay-based nano hydrated zirconium
oxides for enhanced levofloxacin sorption from agueous medium

Maged Ali, Elgarahy Ahmed M., Haneklaus Nils H., Gupta Ashok Kumar, Show
Pau-Loke, Bhatnagar Amit

This is a Publisher's version version of a publication

published by Elsevier

in Journal of Hazardous Materials

DOI:  10.1016/j.jhazmat.2023.131325

Copyright of the original publication:
© 2023 The Author(s). Published by Elsevier B.V.

Please cite the publication as follows:

Maged, A., Elgarahy, A.M., Haneklaus, N.H., Gupta, A.K., Show, P., Bhatnagar, A. (2023).
Sustainable functionalized smectitic clay-based nano hydrated zirconium oxides for enhanced
levofloxacin sorption from aqueous medium. Journal of Hazardous Materials, vol. 452. DOI:
10.1016/j.jhazmat.2023.131325

This is a parallel published version of an original publication.
This version can differ from the original published article.



Journal of Hazardous Materials 452 (2023) 131325

. . . . =
Contents lists available at ScienceDirect ETE ARDOUS
MATERIALS
s & Journal of Hazardous Materials @? e
& O : » iz
‘ ;
ELSEVIER journal homepage: www.elsevier.com/locate/jhazmat
Research Article i '.) :
Sustainable functionalized smectitic clay-based nano hydrated zirconium Spies

oxides for enhanced levofloxacin sorption from aqueous medium

Ali Maged ™", Ahmed M. Elgarahy 4 Nils H. Haneklaus ©', Ashok Kumar Gupta ?,
Pau-Loke Show ™', Amit Bhatnagar *

@ Department of Separation Science, LUT School of Engineering Science, LUT University, Sammonkatu 12, FI-50130 Mikkeli, Finland

® Geology Department, Faculty of Science, Suez University, P.O. Box 43518, El Salam, Suez Governorate, Egypt

¢ Egyptian Propylene and Polypropylene Company (EPPC), Port Said, Egypt

4 Environmental Chemistry Division, Environmental Science Department, Faculty of Science, Port Said University, Port Said, Egypt

€ Institute of Chemical Technology, Technische Universitat Bergakademie Freiberg, Leipziger Strafie 29, 09599 Freiberg, Germany

fTd Lab Sustainable Mineral Resources, University for Continuing Education Krems, Dr. Karl-Dorrek-Strafie 30, 3500 Krems, Austria

& Environmental Engineering Division, Department of Civil Engineering, Indian Institute of Technology Kharagpur, 721302 Kharagpur, India
1 Department of Chemical Engineering, Khalifa University, Shakhbout Bin Sultan St, Zone 1, Abu Dhabi, United Arab Emirates

! Department of Sustainable Engineering, Saveetha School of Engineering, SIMATS, 602105 Chennai, India

HIGHLIGHTS GRAPHICAL ABSTRACT

e ZrO(OH), nanoparticles were success-
fully impregnated into the smectitic
clay.

e The synthesized ZrO-SC exhibits excel-
lent stability in strongly acidic medium.

o The ZrO-SC surface area increased more
than six-fold after ZrO impregnation.

e Complete mechanistic study of LVN
sorption by ZrO-SC was successfully
provided.

e Cost estimation and economic evalua-
tion of SC and ZrO-SC were precisely
presented.
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ARTICLE INFO ABSTRACT

Editor: Dr. B. Lee In this study, the functionalized smectitic clay (SC)-based nanoscale hydrated zirconium oxide (ZrO-SC) was
successfully synthesized and utilized for the adsorptive removal of levofloxacin (LVN) from an aqueous medium.

Keywords: The synthesized ZrO-SC and its precursors (SC and hydrated zirconium oxide (ZrO(OH),)) were extensively

Levofloxacin

characterized using various analytical methods to get insight into their physicochemical properties. The results of
stability investigation confirmed that ZrO-SC composite is chemically stable in strongly acidic medium. The
surface measurements revealed that ZrO impregnation to SC resulted in an increased surface area (six-fold higher
than SC). The maximum sorption capacity of ZrO-SC for LVN was 356.98 and 68.87 mg g~ * during batch and
continuous flow mode studies, respectively. The mechanistic studies of LVN sorption onto ZrO-SC revealed that
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various sorption mechanisms, such as interlayer complexation, -1 interaction, electrostatic interaction, and
surface complexation were involved. The kinetic studies of ZrO-SC in the continuous-flow mode indicated the
better applicability of Thomas model. However, the good fitting of Clark model suggested the multi-layer
sorption of LVN. The cost estimation of the studied sorbents was also assessed. The obtained results indicate
that ZrO-SC is capable of removing LVN and other emergent pollutants from water at a reasonable cost.

1. Introduction

Water is a critical component in attaining United Nation’s Sustain-
able Development Goals (SDGs). Clean and accessible water is essential
for the daily lives of people, as well as for the production of food, energy,
and goods. Various antibiotic residues and their metabolites have been
detected in freshwater resources, which are discharged from hospitals,
pharmaceutical industries, and via human excretion [3,30]. Despite
being necessary in many human and veterinary medicine practices,
antibiotics can be hazardous to the environment when released into
natural water bodies, even at low concentrations [96]. Levofloxacin
(LVN), a member of the fluoroquinolone antibiotic class, is a
broad-spectrum antibacterial drug, used to treat severe bacterial in-
fections [105]. LVN is one of the most widely consumed antibiotics in
the world, with an estimated 1.6 billion doses being used yearly [43].
LVN exhibits a high degree of excretion of unmetabolized molecules into
the environment via wastewater treatment plants, compared to other
antibiotics [68]. Furthermore, the low biodegradability and high hy-
drophilicity (logkew = - 0.39) of LVN render it challenging to eliminate it
from wastewater through conventional treatment processes such as
biological methods [41]. Therefore, developing an effective and suc-
cessful remediation process to eliminate LVN from aquatic environments
is urgently essential.

Various methods have been utilized in the removal of LVN from
aqueous solution such as electrochemical treatment [111], nano-
filtration [19], photocatalytic degradation [35], advanced oxidation
processes [54,108], adsorption [76], sonocatalytic degradation [95],
and thermosensitive flocculant [86]. Moreover, some of these methods
have been combined and employed to ensure the efficient elimination of
LVN from wastewater, such as adsorption/membrane processes [92],
photo-catalytic degradation/adsorption [36], sono-photocatalytic
hybrid process [30], and advanced oxidation/adsorption [25]. Amidst
these methods, adsorption is considered a promising applied technique
in water treatment due to its ease of use, economic viability, and ability
to eliminate a broad range of noxious compounds from water [70,101].

Therefore, numerous nano/microstructure materials either as single
phase or composites have been examined as potential adsorbents for
effective removal of LVN from water, including activated charcoal [98],
mesoporous iron oxide nanoparticles [67], activated biochar [56], metal
organic frameworks [15], pencil graphite/Fe304 nanoparticles [6,38],
nano-titanium/bentonite composite [60], cellulose/graphene oxide
composite [87], zinc oxide/silica nanocomposite [2], iron-pillared
montmorillonite [51], and clay minerals [31,99]. Nanoscale hydrated
zirconium oxide (ZrO(OH)) and this material-based synthetic struc-
tures have been widely exploited as effective adsorbents owing to their
advantageous characteristics, such as stability over a wide pH range,
voluminous surface area, and enormous hydroxyl groups [49]. Howev-
er, the small size of ZrO(OH), particles makes it difficult to separate
them from wastewater after adsorption, resulting in its difficult utili-
zation for practical applications in the treatment process [77]. ZrO(OH)3
can be permeated onto porous raw material to address this issue, thereby
improving its separation from contaminated water and enhancing its
adsorption capacity. Consequently, an abundant low-cost carrier/sup-
porter with an easy separation and reusability method should be iden-
tified to enable the impregnation of ZrO(OH), particles. Therefore,
clays, specifically SC, are considered as the superior candidate for this
purpose.

SC is a low-cost and abundant material (2:1 type layered-structure

clay mineral). SC has a high surface area and can form stable com-
plexes with pollutants owing to the presence of exchangeable ions
within the original structure, making it effective for removing toxic
pollutants [29]. SC is also relatively easy to separate from wastewater
after adsorption, making it suitable for reuse. SC is a highly suitable
material for modification and intercalation, as it can remain in its
original form even after modification [33]. Moreover, the clay structure
allows for the insertion of molecules between the layers without altering
the original structure [13]. Therefore, the use of nano ZrO(OH), parti-
cles and low-cost SC composite combines the fields of nano-science and
environmental technology to bring a turning point in water treatment
processes.

The present study reports the successful synthesis of a novel ZrO-SC
sorbent via a simple and cost-effective ion exchange-precipitation
method. This study intended to enhance the sorption capacity of the
low-cost SC towards fluoroquinolone antibiotic, specifically LVN, in
both surface and interlayer spaces using hydrated zirconium oxide (ZrO
(OH)»). The stability test of ZrO-SC was successfully performed, and the
appropriate amount of ZrO(OH), was carefully adjusted. The prepared
ZrO-SC and the original precursors (SC and ZrO(OH);) were intently
characterized via various analytical methods. The thermal stability and
endo/exo-thermic variations of ZrO-SC and its precursors were con-
ducted via the thermogravimetry differential thermal (TG-DTA) mea-
surements. The accurate determination of SC’s original and expanded
interlayer space was achieved and proved via X-ray diffraction (XRD)
and transmission electron microscopy (TEM) analysis. The SC and ZrO-
SC sorbents were utilized for LVN sorption from aqueous solutions via
two sorption modes (batch and continuous fixed bed column mode). The
impact of various experimental/environmental conditions and param-
eters was also tested in the utilized adsorption modes. Various isotherm
and kinetic models for the employed sorption systems were applied.
Moreover, the regeneration possibility of ZrO-SC was effectively eval-
uated. Additionally, the possible sorption mechanisms of LVN on SC and
ZrO-SC were also successfully investigated. Finally, cost estimation and
an economic assessment of the utilized sorbents is briefly presented.

2. Materials and methods
2.1. Clay samples

Natural smectitic clay (SC) samples were collected from Matrouh
governorate (Al-Hammam area), Egypt. The SC samples were crushed,
pulverized, separated, and sieved (< 80 pm). Thereafter, SC samples
were washed (Milli-Q water) and dried before the required pretreat-
ment. The reagents and characterization techniques (methodology and
instrumentation) utilized in this study can be found in the supplemen-
tary material (Sections S1-2).

2.2. Preparation of SC, ZrO(OHy), and ZrO-SC

For the pretreatment of SC sample, 50 g of SC was immersed in a 700
mL buffer solution (sodium acetate (0.1 N) and acetic acid solution) to
get rid of the existing carbonates, followed by gradual addition of HyO4
(ca. ~100 mL) to eradicate organic matter. Then, the mixed slurry (SC
and solution) was stirred for 12 h at 60 & 1 °C, followed by 12 h at 25 +
1 °C. Thereafter, the slurry was kept without stirring to settle down.
Subsequently, the suspension was centrifuged, filtered, washed (few
times by NaCl solution (0.05 N)), and dried (100 + 1 °C, air oven, 24 h).
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Afterward, the SC sample was milled, sieved (40 mesh), and kept in a
glass vial for further experiments.

For synthesizing ZrO-SC adsorbent, the ion exchange-precipitation
method was utilized to fabricate the desired sorbent. Briefly, 200 mg
of ZrOCl,0.8 H,0 (zirconium dichloride oxide octahydrate) was initially
disbanded in 200 mL of 30.0% ethanol solution with a low stirring speed
(50 rpm) for 60 min. Next, 400 mg of SC was gradually added to the
prepared solution while stirring at 150 rpm (magnetic stirrer at 50 + 1
°C) for 12 h. The SC was carefully poured into 50 mL tubes and centri-
fuged until all liquid was removed. After careful filtration, the SC par-
ticles were added to 150 mL of alkaline solution (NaOH, 5.0 wt%) to
start the precipitation reaction. Thereafter, the suspended material was
centrifuged and filtered, followed by rinsing with Milli-Q water. This
step was conducted multiple times until neutral pH was achieved. Lastly,
the obtained composite was dried (spread horizontally in a petri dish) at
70 + 1 °C for 14 h and, then milled, sieved, and stored.

For ZrO(OHy) particles, a similar synthesis procedure was used as
ZrO-SC, however, SC sample was not added to the zirconium/ethanol
solution. The NaOH solution was directly added to the zirconium/
ethanol solution. A white precipitate was formed, and ZrO(OHy) parti-
cles were obtained through centrifugation and neutralized with deion-
ized water.

2.3. Stability test

In order to assess the stability of ZrO-SC, the influence of various
solution pH on ZrO-SC was examined. Briefly, 100 mg of ZrO-SC was
added to 100 mL of DI water in a capped 200 mL glass bottle. The initial
pH of the mixed solution was adjusted to varied pH values (1—10) using
HCI and NaOH solutions. The adjusted solutions with ZrO-SC were kept
in a shaker (200 rpm) for 24 h at the normal laboratory temperature
(=25 °C). Thereafter, 15 mL of each shaken solution was withdrawn,
and zirconium concentration was quantitatively analyzed employing the
inductively coupled plasma mass spectrometry (ICP-MS).

2.4. Batch mode studies

Batch adsorption experiments were conducted using SC and ZrO-SC
sorbents to evaluate and compare their ability to remove LVN from
aqueous solutions. The experimental details of the batch mode, condi-
tions, and equations are explained in Section S2 (supplementary mate-
rial). Moreover, the detailed description of the employed theoretical
models (kinetic and isotherm), equations, parameters, and references
are summarized in Sections S3-4 (supplementary material,
Tables S1-2).

2.5. Continuous fixed-bed column studies

The nano ZrO(OH;) loaded smectitic clay was further examined in
the continuous flow mode to see the practical application of the syn-
thesized material. The fixed-bed column study was conducted using a
glass column (130.0 *5.0 mm, Omnifit™) along with a peristaltic pump
to maintain the effluent flow through the fixed bed. Two appropriate
glass wool layers were sandwiched the ZrO-SC adsorbent during the
experiment to avoid any adsorbent loss. Varied parameters, including
flow rates (1.5 and 3.0 mL min_l), effluent concentrations (10.0 and
20.0 mg L’l), and packed ZrO-SC amounts (50.0 and 100.0 mg), were
investigated during the column studies. At different time intervals, the
effluent samples were collected and analyzed (4,.x of 287 nm, UV-vis
spectrophotometer). All the column experimental runs were performed
in duplicate under identical conditions. Furthermore, the breakthrough
curves were plotted to assess the fixed-bed column’s adsorption per-
formance (time vs. C;/C,) and the fixed-bed parameters were estimated.
Section S5 (supplementary material) summarizes detailed information
about the applied equations, column parameters, and calculations.
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2.5.1. Column kinetic studies

Two well-suited kinetic models (non-linear forms) were applied to
the data obtained from various column experimental runs. Thomas
model [88], Eq. (1), is widely utilized for predicting the theoretical re-
sults of the applied column uptake [18].
C, 1

i - @
Co 1 + exp( lefMgm—s( . kTh C,,t)

where kg, (mL min ! mg’l) and g, (mg g’l) are the model constant and
uptake capacity, respectively. mzo_sc is the ZrO-SC loading amount
inside the column.

Clark model was initially founded, by Clark [17], based on the
combination aspect of the mass-transfer concept and Freundlich
isotherm model (Eq. (2)).

C (R
L _ = 2
Cc, 1+ v 2
where n is the unitless Freundlich constant. A and r are the unitless Clark
model parameters [11,24].

3. Results and discussion
3.1. Stability investigation of ZrO-SC

In order to assess the utilization feasibility of ZrO-SC in varied
aquatic conditions, a stability investigation was performed. Fig. 1 (a)
demonstrates the impact of solution pH (ranging from 1 to 10) on the
stability of ZrO-SC. The results showed that ZrO-SC was slightly
impacted under the strong acidic medium (pH~1). The Zr leaching
percentage was found to be 0.29 mgL™! at pH 1. However, no Zr
leaching was detected from ZrO-SC in pH value more than 1. Moreover,
the final pH values were also measured, showing that only a slight in-
crease in pH occurred after the stability test (Fig. 1 (a)). This finding
could be assigned to the protonation of the hydroxyl groups that existed
on the ZrO-SC surface. Also, these results confirmed that this increase in
final pH is not related to the dissolution reaction between ZrO-SC and
H™. Overall, the conducted experiments and obtained results proved
that the synthesized ZrO-SC adsorbent is chemically stable even at a
strongly acidic medium (pH < 2). The Zr loading stability of the syn-
thesized ZrO-SC towards LVN was also examined. Fig. 1 (b) illustrates
the uptake capacity of ZrO-SC by increasing the concentration of
ZrOCl50.8 H,0O / 200 mL ethanol solution. The results exhibited that the
uptake capacity enhanced with increasing ZrOCl,.8 H,O amount up to

0.41 BTk (a) & o
Lo
%0.3 j
o0 =
£ 6 5
_§ 0.2 -5-;
z =
N 0.1 4 5
/-‘X L2

Fig. 1. (a) Leaching of Zr in the solution from ZrO-SC at varied pH range
(1-10) with 0.1 g L~! ZrO-SC at 25 °C and 200 rpm for 24 h shaking, and (b)
Adsorbed amount of LVN onto ZrO-SC prepared with different amounts of
Zr0OCl,0.8 H,0 in 200 mL ethanol solution.
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200 mg (Fig. 1 (b)). Afterwards, the adsorbed amount of LVN remained
almost constant with increasing Zr amounts higher than 200 mg.
Nevertheless, an insignificant decrease in the uptake capacity of LVN
was noticed with 400 mg dosage of ZrOCl,.8 Hy0.

3.2. Characterization studies

3.2.1. X-ray fluorescence (XRF) analysis

The XRF analysis was performed to assess and compare the chemical
compositions of SC and ZrO-SC. Table 1 illustrates that SiO, and Al,O3
were the predominant oxides (wt%) in the studied samples, along with
varied Fe, Mg, Ca, Al, K, and Na oxide contents. The Al;03/SiO; ratio
was applied to SC (0.37) and ZrO-SC (0.36) samples, confirming the high
existence of the smectite (montmorillonite) mineral in the studied
samples. Also, these values indicated that the Zr impregnation did not
alter the original structure of the smectitic clay. XRF analysis showed a
relatively significant decrease in the oxide weight percentages of Ti
(from 0.99 wt% to 0.62 wt%), Fe (from 8.52 wt% to 7.71 wt%), Al (from
20.01 wt% to 18.95 wt%), and Mg (from 2.72 wt% to 1.04 wt%) after
the impregnation of hydrated ZrO. However, ZrO weight percentage was
increased to 5.23 wt% in ZrO-SC after this impregnation, compared to
0 wt% in SC (Table 1). The results indicated that Zr*t was incorporated
into SC through the ion exchange of existing cations (K*, AI**, and
MgZ") in the interlayer spaces of SC during the synthesis process [37].
Consequently, after NaOH addition, ZrO(OH), particles were produced
in the final form (ZrO(OH)-SC). Furthermore, relatively high L.O.L
values were found for both SC (10.05 wt%) and ZrO-SC (10.48 wt%).
These values could be ascribed to anhydrous material, water, and
remaining organic matter content, which were expelled from SC and
ZrO-SC during the ignition process.

3.2.2. XRD analysis

The XRD analysis was conducted to assess the variations in the
structure layers of SC before and after the Zr impregnation. The XRD
patterns of SC, ZrO-SC, and ZrO(OH), nano-particles are demonstrated
in Fig. 2(a). The analyzed XRD spectra of SC (raw clay) confirmed the
existence of smectite, quartz, and kaolinite minerals in the examined
sample. The characteristic peak of smectite mineral was spotted at 20
value of 6.52° in addition to the presence at 26 value around 20° [65].
The interlayer spacing of SC at 20 value of 6.52° was found to be
1.36 nm (calculated according to Braggs law; Eq. S17). Moreover, the
ZrO(OH); spectra (Fig. 2a) revealed that the synthesized particles had an
amorphous nature [49], which is practically favorable for LVN adsorp-
tion from aqueous medium [46,47]. After impregnating the amorphous
nano-ZrO(OH); particles to SC, some changes were recorded in the XRD
spectra of ZrO-SC. Generally, the intensity of the characteristic smectite
peaks decreased significantly, especially peak (001) at 20 value of 6.52°.
Also, this peak was shifted towards a low 20 angle at 5.63°. This shift led

Table 1
The chemical composition of SC and ZrO-SC samples (% by weight).

Metal oxide (wWt%) Adsorbent samples

e Zr0-SC
Si0, 53.84 52.63
AL,O3 20.01 18.95
TiO, 0.99 0.62
Fe,03 8.52 7.71
MgO 2.72 1.04
Ca0 0.73 0.77
K0 1.61 1.02
Na,O 1.44 1.18
P,0s 0.09 0.01
710 0.00 5.23
L.O.L* 10.05 10.84
Al,05/Si0, 0.37 0.36

" L.0.1.= loss on ignition
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Fig. 2. Characterization results of ZrO(OH),, ZrO-SC, and SC samples (a) XRD
Pattern (20 = 3-35°), (b) FTIR spectra (400-4000 em™ ).

to an increase in the interlayer space of ZrO-SC (001 lattice plane),
yielding an interlayer spacing of 1.58 nm (dgo1). The recorded increase
in the interlayer layout is ascribed to the intercalated ZrO(OH), nano-
particles into SC layer structure. Similar observations were reported on
the intercalation of kaolinite [58] and vermiculite [71]. This also ex-
plains the substantial increase in the removal capacity of ZrO(OH), to-
ward the targeted pharmaceutical compound, compared to raw clay
(SO).

3.2.3. Fourier-transform infrared (FT-IR) analysis

The FT-IR analysis was employed to determine the existing func-
tional groups on the synthesized materials’ surface (Fig. 2 (b)). The
characteristic smectitic clay bands were detected at 3619, 1001, 912,
and 695 cm ! for SC. The FT-IR band appeared at 3379 cm ! could be
assigned to H—OH vibrations of the sorbed H,O molecules on the SC
structure. However, the spectral band at 3619 cm ™! could be due to the
stretching vibration of O —H existed in the silanol groups (Si — OH) of
the studied clay sample. The —OH stretching region in SC related to
H —OH bond of water molecules was detected at 1631 cm ™! [85], which
is accompanied by the —OH stretching modes in the silicate matrix (Al
(OH)Si groups) [12]. The low-transmittance distributed peaks (SC
spectrum), existed between 1300 and 1400 cm 2, are designated to the
stretching vibration of other existing metal oxides (Mg — O, Al — O, Fe —
O, etc.) [84]. A strong band at 1011 cm ! was noticed in SC spectrum,
corresponding to Si—O stretching vibration groups in the tetrahedral
layer [44]. Additionally, the band at 902 cm™! is ascribed to
Al —Al —OH group of the existing octahedral Al of SC [12]. The bands at
798 and 695 cm ™! are assigned to Al—Mg —OH and SiO, admixture in
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SC, respectively. The weak band around 790 cm ™! could be assigned to
the Si —O —Fe stretching vibration [113]. The band at 513 cm™! in the
SC spectrum could be assigned to the inner bending of —OH group
related to SC structure [81]. For ZrO-SC and ZrO(OH), (Fig. 2 (b)), a
broad FT-IR band appeared around ~ 3390 cm™!, assigned to —OH
stretching vibrations in the H,O absorbed-molecules on their surfaces
[50]. The OH stretching zone of the inner SC surface had significant
changes after the interlayer ad Zr impregnation. The detected variations
in this range confirmed the breakdown of the initial hydrogen bonds and
consequently formed new hydrogen bonds with the existing surface
groups. Furthermore, FT-IR bands at ~ 518 and 1340 cm™! were
detected in ZrO(OH); and ZrO-SC spectrum, which can be assigned to
the bending vibrations of Zr —O and Zr — OH, respectively [53]. These
findings confirmed the successful impregnation of the nano ZrO(OH),
into SC. For ZrO-SC spectrum, the bands at 3706 and 3619 cm ™! showed
an extensive decrease in the intensity along with slight shifting towards
the low wavelength values. Similar effect was also detected in the band
at 1001 em ™! in SC, which shifted to 1006 em ! with a decrease in its
intensity. The vibration of Zr—OH reinforced a new band at 1344 cm™!
in the ZrO-SC spectrum after the Zr nano particles were intercalated.
This finding revealed that Zr molecules were bonded with these existing
cationic metals via an ion exchange mechanism (as confirmed by XRF
analysis) [84].

3.2.4. TG-DTA analysis

TG-DTA measurements were performed to elucidate the thermo-
physical changes across endothermic and exothermic effects. Fig. 3 (a, b,
and c) demonstrates the TG-DTA graphs (30-1000 °C) of SC, nano-ZrO
(OH),, and ZrO-SC, respectively. Generally, TG curves of SC display
three different regions (high, low, and intermediate temperature) of
mass loss. These zones provide valuable information at various tem-
perature ranges in addition to assessing the stability of the studied clays.
In this study, the TG curve of SC indicated that the first weight loss was
found to be 4.22 wt% at a temperature of less than 200 °C. This weight
loss can be credited to the depletion of the adsorbed HyO molecules in
addition to the dehydration of interlayer species in SC sample [55].
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However, the first endothermic peak appeared at 54 °C in the DTA curve
(Fig. 3 (a)). Thereafter, the second mass loss was found to be 2.14 wt% at
a temperature range of 200-400 °C, attributed to the dehydroxylation
reaction of SC [63]. Two endothermic peaks existed in the same tem-
perature region during the dehydroxylation reaction. However, an
exothermic peak appeared at 360 °C in the DTA curve, which could be
ascribed to the oxidation (burn-down) of the remaining organic matter
[74]. Subsequently, the third phase of the weight loss was found to be
6.31 wt% at a temperature range of 400-760 °C, corresponding with the
endothermic peak at 500 °C due to a dehydroxylation reaction in SC.
Also, this endothermic peak could be due to calcite’s de-carbonation
reaction [90]. Further, no weight loss was detected at a temperature
of more than 760 °C. Fig. 3 (b) demonstrates the TG-DTA curve of the
nano-ZrO(OH),, showing that one endothermic peak (at 81 °C; DTA)
was noticed with a total mass loss of 31.12 wt% up to 230 °C, and no
further changes occurred beyond this temperature. Fig. 3 (c) shows the
TG-DTA curve of the SC after the impregnation of ZrO(OH), nano-
particles. The thermal analysis indicated that the impregnation of Zr
particles to SC caused a significant variation in the TG-DTA curves,
compared to the raw SC sample. The TG curve of ZrO-SC revealed that
the first weight loss was 9.06 wt% at a temperature less than 200 °C
(dehydration effect), accompanied by the appearance of the first endo-
thermic peak at 90 °C. The second mass loss was detected in the tem-
perature up to 700 °C and found to be 4.85 wt%. Moreover, the
endothermic peak at 460 °C could be attributed to the dihydroxylation
reaction. This endothermic peak shifted to a lower temperature value
compared to SC. This phenomenon confirms that the loaded (interca-
lated) Zr particles influenced the -OH groups of the SC octahedral layer.
This could be ascribed to the protonation/dissociation of the existing
structural groups of SC after the reaction of the prepared ZrOCl»0.8 H,O
solution, resulted in the release of some metal ions (i.e., Mg, Fe, Al) from
the octahedral layer [9,62]. Comparing the total mass loss indicates that
ZrO-SC has a slightly higher total weight loss (13.91 wt%) compared to
SC (12.49 wt%). This difference is owed to the gained moisture during
the preparation of ZrO-SC. Overall, the obtained analysis indicated that
SC impregnation by Zr particles significantly enhanced the stability of
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ZrO-SC.

3.2.5. Textural analysis

Table 2 summarizes the textural assessment of SC and ZrO-SC based
on the Ny adsorption-desorption isotherms. The Brunauer-Emmett-
Teller (BET) measurements showed that the synthesized nano ZrO
(OH), particles possess a relatively high specific surface area (434.62 m>
g’l) (Table 2). Moreover, the obtained data illustrated that the
impregnation of ZrO(OH); particles into SC considerably improved the
specific surface area of SC from 21.63 to 141.55 m? g’1 (ZrO-SC). This
substantial increase can be ascribed to the successful impregnation of
ZrO nano particles, which have high specific surface area (434.62 m?
g’l), into SC. Similar observations to the remarkable increase in the
surface area were reported previously when researchers studied the
loading of nano particles to various clays [45,66,79]. On the contrary,
other parameters, such as total pore volume and mean pore diameter,
were considerably decreased (Table 2). The reduced pore properties can
be explained due to the blockage of the loaded ZrO(OH); particles onto
SC. These results also confirm the successful impregnation of ZrO par-
ticles into SC.

3.2.6. FE-SEM-EDX and TEM analysis

The morphological (internal and external) characteristics and
chemical composition of SC, ZrO-SC, and ZrO(OH), particles were
investigated and verified via TEM and FE-SEM-EDX analysis. Fig. 4(a)
shows the amorphous structure of the synthesized Zr particles within a
particle size of 10-40 nm (confirmed from TEM image (Fig. 4(b)), in
addition to the accumulation of ZrO(OH). particles, forming large-sized
particles. Moreover, EDX analysis evidently displays the presence of Zr
and O in the studied sample (Fig. 4 (c)). However, the naturally occur-
ring SC particles were found in the form of flakes (fractured) with varied
sizes and shapes (Fig. 4 (d and e)). The corresponding EDX spectra of SC
confirmed that Si, O, and Al are the predominant elemental constituents
in SC. Also, the presence of Ti, Na, K, Ca, Fe, and Mg was detected (Fig. 4
(f)). Thereafter, remarkable variations were found after the impregna-
tion of ZrO(OH), particles onto SC (Fig. 4 (g)). The ZrO-SC surface
showed more exfoliated sheets compared to SC’s existing smooth sur-
face. Fig. 4 (h) proved that ZrO(OH), particles were homogeneously
loaded into SC interlayer spacing (dark layer-like structure) without any
particle aggregation [58]. Additionally, the EDX spectra of ZrO-SC dis-
played the presence of Zr (7.92 wt%) in its chemical composition with
different proportions (wt%) of the other constituents (i.e., Fe, Mg, Na,
Al, and Si). This variation could also explain the change of morphology
due to the formation of new hydroxyl groups [M—OH (M = Ti, Fe, Zr,
and Mg)] on ZrO-SC [42]. Moreover, the existence of Zr particles in the
SC structure explains the remarkable elevation in the specific surface
area of ZrO-SC (confirmed from BET analysis; Table 2). Moreover,
comparing the layer spacing and structure of SC (Fig. 4 (e); blue circle)
and ZrO-SC (Fig. 4 (h); red circle) shows that the basal spacing of ZrO-SC
was significantly increased after the impregnation of ZrO. These findings
indicate that the impregnation method successfully enhanced the ability
of SC to capture large molecules (LVN) in the interlayer structure in
addition to the active site on the surface.

Table 2
The textural properties of SC and ZrO-SC samples based on Ny adsorption-
desorption isotherms.

Properties Samples

SC ZrO(OH), ZrO-SC
Specific Surface Area (m? g~ ') 21.63 434.62 141.55
Total pore volume (cm® g~1) 0.08 0.29 0.04
Mean pore diameter (nm) 20.11 2.66 13.19
Langmuir surface area (m? g~ 1) 27.87 605.47 133.26
BJH surface area (m2 g’l) 21.75 367.29 145.72
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3.3. Batch mode adsorption studies

3.3.1. Influence of initial solution pH

Principally, studying the effect of solution pH on the adsorption of
any pollutant is critical for optimizing pollutant removal. In addition,
the solution pH can also influence the sorbent’s surface charge and the
pollutant’s solubility, which are both crucial factors in the adsorption
process. Thus, understanding the solution pH’s role in the adsorption of
targeted contaminants is essential for efficient pollutant removal.
Therefore, the effect of initial pH (pH;) for the dissolved LVN using SC
and Zr-modified SC (ZrO-SC) sorbents was examined by performing
experimental sets at different pH; values ranging from 2 to 9 (Fig. 5).
Mostly, the sorption of LVN onto SC, and ZrO-SC fluctuated marginally
reliant on the pH;j of the solution. In this regard, the adsorption capac-
ities (mg g’l) and removal efficiency (RE%) were found to be relatively
low (38.29mg g™, RE% = 67.01%), and (126.71 mg g}, RE% =
72.40%) at pH; of 2, and distinctly raised to their utmost values of
53.03mg g ' (RE% = 90.88%), and 171.43 mg g~ ' (RE% = 98.03%),
for SC, and ZrO-SC, respectively, with regular increment in the pH; of the
solution up to 5.0. Afterward, the adsorption capacities and RE% of the
employed sorbents (SC and ZrO-SC) displayed a remarkable decline in
the removal of LVN which was 19.75 mg g’1 (RE% = 29.29%) and
117.76 mg g’1 (RE% = 79.28), respectively, with further increase in the
medium pH up to 9.

The LVN sorption onto SC and ZrO-SC can be explained by consid-
ering their surface charge values (point of zero charges (pHgp.)) and
different configurations characters of LVN molecules in terms of the acid
dissociative constant (pKa). Fig. 5(b) shows that the net pH,,. measured
values of SC and ZrO-SC sorbents were 4.81 and 5.09, respectively,
revealing that, at pH < pHyp,, the sorbent surface is positively charged
and vice versa [26,28]. Indeed, the acid-base speciation of LVN is
zwitterionic, with two pK, values of 6.02 (pKy), and 8.15 (pKg),
existing in three different forms of cationic (LVN™), anionic (LVN~), and
zwitterionic (LVN™) molecules as a function of pH (Fig. 5(d)) [38,98].
Based on pH-dependent speciation, it is noteworthy to clarify that the
cationic LVN™ species exist in the bulk solution when pK,; < pH = 6.02,
attributing to protonation of amine group on the piperazinyl moiety.
While, the anionic LVN~ species are predominantly found at pKq, > pH
= 8.15, referring to de-protonation of amine and carboxyl binding
groups. The non-dissociative (zwitterionic) form of LVN™ is readily
identified in the region between pK,, and pKge [103]. Within the
studied solutions, the functional groups of the sorptive sites, present on
SC and ZrO-SC sorbents, were prone to be protonated owing to the
greater H' content under a strongly acidic environment, which in turn
strongly hampers the sorption process of cationic LVN ' species onto the
positively charged surfaces of both SC and ZrO-SC (repulsive electro-
static forces) [7]. Moreover, the high concentration of hydronium ions
(Hs0™) could probably compete with LVN™ to be sorbed on the binding
sites of both as-synthesized sorbents, which consequently results in a
decrement in their adsorption capacities towards LVN ™" species.

Nonetheless, the non-stoichiometric cation exchange between LVN™
with the protons of binding groups should be considered [51]. This re-
action was supported by the relative change in solution pH during LVN™
sorption, strongly affirming the replacement of protons with LVN™
species. Furthermore, the adsorption capacities of SC and ZrO-SC sub-
stantially improved with increasing the solution pH;j up to 5.0, recording
the highest RE % values of 90.88% and 98.06% for SC and ZrO-SC,
respectively, across the broad running pH range (Fig. 5(a, ¢)). The
observable change in the RE% in such conditions can be principally
ascribed to the minor content of H' and gradual deprotonation of
functional groups associated with a slight increase in the electronega-
tivity of the surface of SC and ZrO-SC sorbents, which is beneficial for
LVN sorption process (electrostatic attraction forces) [20]. Besides, the
sorption of LVN onto SC and ZrO-SC may be promoted by the complex
formation between the loaded Zr ions and de-protonated carboxyl
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Fig. 4. SEM, TEM, and EDX analysis of: (a, b, and ¢) ZrO(OH),, (d, e, and f) SC, and (g, h, and i) ZrO-SC, respectively.

groups of LVN molecules [107]. Numerous studies have demonstrated
that the adsorption capacities of Zr-based materials are strongly
pH-dependent [97,110].

On the other hand, the reversible sorption behavior was recorded
with continual augmentation in the pH; value (alkaline region). The
dramatic decrease in the adsorption capacities of SC and ZrO-SC can be
illustrated by the anionic nature of LVN molecules as they likely get
electrostatically repelled by the negatively charged surfaces of SC and
ZrO-SC (Fig. 5(a, ¢)). In other words, OH" ions are closely associated with
the sorptive centers of SC and ZrO-SC under a basic environment.
Thereafter, these ions acted as competitor’s ions on SC and ZrO-SC
surfaces, hindering the LVN sorption process. However, the recorded
RE% of SC and ZrO-SC towards LVN under harsh conditions (unfavor-
able mediums) profoundly deduced that electrostatic interaction was
not the sole sorption mechanism. However, there may further be other
prevailing mechanisms such as chemical interaction that may influence
the sorption process [16]. Overall, the obtained information from pHyp.
measurements of the studied adsorbents, LVN speciation, and pH studies
of LVN sorption by SC and ZrO-SC significantly assisted in understand-
ing the sorption mechanism, and also confirmed that the Zr modification
of SC did not affect the SC behavior under varying pH values.

3.3.2. Influence of sorbent dosage

The amount of sorbent utilized in the sorption process can signifi-
cantly influence pollutant removal efficiency and the overall process
cost. The influence of sorbent concentrations variation (from 0.1 to
1.0 g L) on adsorption capacities and RE% of SC and ZrO-SC is shown
in Fig. 6(a). It can be seen that the RE% of LVN by ZrO-SC increased from

59.89% to 97.85% at a dosage of 0.2 g L™!. Beyond the ZrO-SC amount
0f 0.2 g L™}, the LVN sorption reached a plateau state (saturation point)
at this particular concentration. However, the RE% of LVN by SC
increased from 33.81% to 96.31% without achieving a saturation or
plateau state. These findings confirm the superior sorption performance
of ZrO-SC compared to SC towards LVN. The notable improvement in
the RE% of SC and ZrO-SC sorbents in response to changes in their
quantities can be correlated to the initial attainability of different
sorptive centers for the sorption. Differently, the uptake capacity of any
sorbent is indirectly proportional to its RE% (negative correlation)
(Fig. 6 (a)). The noticeable diminution in the SC and ZrO-SC adsorption
capacities from 115.14 to 32.80mgg ! and from 204.00 to
34.06 mg g, respectively, with increasing the sorbents concentrations
can be explained by the inadequate interaction between LVN molecules
with per unit weight of the sorbent [28,106]. Therefore, sorbent amount
0f 0.2 g L1 was designated as the optimized dosage for LVN removal for
both SC and ZrO-SC.

3.3.3. Influence of ionic strength

For affordability and practicality of the adsorbents, ionic strength is
also regarded as an essential operational parameter. This parameter
modulates the interaction between the sorbent-sorbate interface by
altering the thickness of double-layer film and interfacial potential,
hence influencing the removal process [108]. Inspecting the RE% index
of SC and ZrO-SC sorbents towards LVN in the presence of dissolved
background ions to mimic the constituents of industrial wastewater is
expedient. NaCl ions were chosen as co-background ions. While the LVN
concentration (30 mg L’l) remained constant, various NaCl
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concentrations (0.05-0.25 M) were investigated. As illustrated in Fig. 6
(b), moderate loss in the LVN sorption onto SC and ZrO-SC sorbents was
obviously noted in the multi-component system. The variations in the
sorption behaviors of LVN onto SC and ZrO-SC are fundamentally
attributed to structural and morphological nature differences between
the two sorbents. In the case of SC, a noticeable inhibition on the
sorption process of SC towards LVN from 51.44% to 13.29% resulted
from the competitive ions (Na™ and CI). This phenomenon could be
explained by the possible interaction between the soluble sodium ions
(Na") and carboxylic groups present in LVN molecular structure to form
their sodium salts, which are known to promote the solubilized forms in
the targeted solutions than sorption onto the SC and ZrO-SC sorbents
[60]. Moreover, Na' ions may compete with LVN™ species to occupy the
surface functional groups on the as-employed sorbents [102]. Moreover,
compressing the electric double layer (squeezing-out) on the sorbent
surface may be promoted over the salting-out phenomenon [56].
Furthermore, as the sorption progressed, the surface area of sorbents
was partially reduced due to agglomerates formation between greater
NaCl concentrations and sorbents, which in consequence, slumped the
LVN removal. Compared to SC, ZrO-SC retained a higher removal effi-
ciency (80.29%) even in a high electrolyte concentration (i.e., 0.25 M),
which implied that ZrO-SC is potentially beneficial in the removal of
LVN from wastewater, especially brine and industrial wastewater.

3.3.4. Reusability of the spent sorbent

Economically, the stability of as-used sorbent is a critical issue to be
addressed, as it strongly supports its industrial applicability via testing
its recoverability after the completion of the sorption process. Typically,
the adsorption capacity of any sorbent is progressively decreased over
time until it becomes saturated. Overall, the beneficial desorption pro-
cess opens the way to upgrade the sorption process by allowing the
sorbate recovery and qualifying the sorbent for further repeated utili-
zation, thus minimizing waste production. In this regard, the recycla-
bility of SC and ZrO-SC was repeatedly inspected to augment the
paramount features of the employed sorbent. The optimal conditions for

LVN sorption (0.2gL™! (sorbent), 30 mgL™' (LVN), 25+ 1 °C),
derived from the performed batch experiments, were applied for the
initial sorption cycle. Afterwards, two different regeneration agents (HCl
and NaOH) were examined as eluents to regenerate the sorptive sites of
spent SC and ZrO-SC sorbents. As illustrated in Fig. 6 (c), the adsorption
capacities, as well as RE% of the utilized sorbents towards LVN, were
strikingly declined under an alkaline environment (using NaOH) from
87.59 mg g~ (RE% = 51.44%) to 19.46 mg g~ ' (RE% =11.43%), and
from 166.64 mg g’l (RE% = 97.85%) to 53.44 mg g’1 (RE% =31.38%)
for SC and ZrO-SC, respectively, after 7th cycle of sorption-desorption.
Contrarily, HCl was found more potent to strip LVN molecules and
reactivate the exhausted binding sites of the SC and ZrO-SC sorbents
(Fig. 6 (d)). In fact, the regenerated sorbents maintained admirable
adsorption capacities (no significant change) of 34.46 and
153.44 mg g~ ! for SC and ZrO-SC sorbents, respectively, even after 7th
cycle, considering the characteristic adsorption capacities of original
sorbents (87.59 and 166.64 mg g}, for SC and SC-Zr, respectively)
(Fig. 6 (d)). This could be due to the protonation of surface charge,
resulting in the disruption of sorbed LVN molecules from the sorbent’s
surface. The comparatively acceptable performance of HCI towards LVN
desorption, compared to the less convincing desorption efficiency %
(poor treatment) of NaOH, ultimately supposed the contribution of a
cation exchange mechanism in the LVN sorption process. The favorable
subsequent sorption-desorption findings prioritize HCl as a more
preferred contender eluent for LVN desorption and acclaim the reli-
ability of SC and ZrO-SC sorbents through multiple recycling stages.

3.3.5. Kinetic modeling of LVN sorption

The influence of contact time on the sorption profile of LVN onto SC
and ZrO-SC sorbents was carried out at varied time intervals to identify
the nature of the sorption process. As illustrated in Fig. 7 (a), the ob-
tained data showed that the adsorption capacities of SC and ZrO-SC
sorbents sharply increased as a function of time in the first 25 min
(fast initial adsorption). The accelerated sorption rate at the beginning
of the sorption process was facilitated by the concentration gradient



A. Maged et al.

(2)y9

\ - 200g
—_~ |
2 emoval efficien - ! " <
o d e Rk (2
A zr0-sC ' " u . =
33 Adwr|;ion (:(?acily :. . : l: =
E e 7:0-5C :: . . :: g
260 ol : 11207
= ] I ] g
S | B i aed BEy 2 S
)
=40 cofleeen el . =80 =.
N
g : E :l\ ' | I. :
= : | 8| . o " | - | E
0 e i, o
8 l} | | | | = # | -
0 0
0.1 04 06 08
Dosage (g/L)
(c) Removal efficiency  Adsorption capacity|
100 sC o4 SC
o ZrO-SC e=lles 7r0-SC :
] r 160%
~ |
S . _|NaOH || =
~ : o =
= - 1205
260 1 K ot
B N u L
S - : =
L) |
- g 80 2
Z 40 I . . =.
> : 1l ‘- 2
& i _ o eleat, - Rl fe )
20 (o] ek ded feede pw. 0 5
e e e e )
0 0
1 2 3 4 5 6 1
Cycle

Journal of Hazardous Materials 452 (2023) 131325

R sC
[ Zzro-sc

—
[
=

%) T
N’

=]
>

[=a)
=

-
=

o4
=]

Removal efficiency

o

0
Control 0.05M 0.10M 0.15M 0.20M 025M
Electrolyte Concentration (M)

~_
(=7
~

Removal efficiency  Adsorption capacity|
sc sc

100 2r0-SC__emmem 7rO-SC >
1602
> . S
<80 : : =
3 : 4 Elhos
Za HCl || || :
3 . e =
wn . o . =
Z 4ot : ] = 0e
> gl n N : l: -
S e e : =
o |FERE FEES] SR e i BRI 0 2
: | I.I I. I. I. l. I. ~
| o o e | 3 | 33 oq

0 0

1 2 3 4 5 7
Cycle

Fig. 6. Effect of (a) adsorbent dosage, (b) ionic strength, regeneration studies using (c) 0.2 M NaOH and (d) 0.2 M HCl as eluent on LVN adsorption using SC and

ZrO-SC.

® SC (Exp.)
» ZrO-SC (Exp.)

304 Pseudo-first-order model
Pseudo-second-order model
04 . . — - El(lmch m(?del : :
0 50 100 150 200 250 300

Time (min)

(b)
350+
300+
@ 250+
on
200+
g
100+ ® SC(Exp)
» ZrO-SC (Exp.)
50+ Langmuir isotherm model
Freundlich isotherm model
04 — = Sips isotherm model
0 50 100 150
C, (mg/L)

Fig. 7. (a) Non-linear adsorption kinetic modeling of LVN (time: 0-300 min), (b) non-linear adsorption isotherm modeling of LVN (concentration: 10-200 mg L)

using SC and ZrO-SC.

between the unoccupied sorptive sites and the easily accessed LVN
molecules. With increasing the residence time, the sorption rate grad-
ually diminished until stagnant (equilibrium) was attained, and no more
sorption occurred.

To further comprehend the experimental findings, the kinetic
behavior of LVN sorption by SC and ZrO-SC sorbents was inspected using
three standard kinetic models; pseudo-first order, pseudo-second order,

and Elovich. The fitting curves for these models and their calculated
parameter values are displayed in Fig. 7(a) and Table 3. In the sorption
process of LVN onto SC and ZrO-SC, the pseudo-second-order kinetic
model shows a better R? (> 0.99) than the pseudo-first-order and Elo-
vich models (Table 3). Obeying the experimental data to the pseudo-
second-order model assumes strong chemisorption between the uti-
lized sorbents and LVN molecules (e.g., ion exchange chemical,
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Table 3
The model (kinetic and isotherm) parameters of LVN sorption onto SC and ZrO-
SC sorbents.

Adsorbent  Kinetic parameters
Pseudo-first-order model (¢, = q,(1 — e~*1"))
k; (min~1) Qe.cal Qeexp (Mg g RMSE R?
(mg
g h
SC 0.034 81.08 90.83 3.96 0.984
ZrO-SC 0.060 161.79 173.87 8.62 0.978
kyq’t
Pseudo-second-order model (q, =7 < )
+kaq,t
ky (g mg™" e cal Qeexp v (mgg™' RMSE R®
min’l) (mg (mg min’l)
g gh
SC 428 E°* 96.09 90.83 3.95 0.92 0.999
ZrO-SC 426 E7* 184.29 173.87 14.47 2.89 0.998
Elovich model (q, = (%) Ln(1+ aﬂt))
a(mgg™ Bg Qoerp (M) RMSE R?
min~") min~1)
SC 8.51 0.049 90.83 7.47 0.982
ZrO-SC 35.27 0.029 173.87 4.47 0.985
Isotherm .. q,K.C,
Langmuir isotherm model (‘Ie = m)
Gmax(cat) (Mg K Ry RMSE R
g 1) (Ch‘l'l3
mg 1)
SC 172.86 0.06 0.08-0.77 6.17 0.989
ZrO-SC 356.98 0.33 0.02-0.37 37.15 0.936
Freundlich isotherm model (g, = KpC!/")
Kr (mg/g) n RMSE R?
SC 31.44 2.99 9.59 0.971
ZrO-SC 169.70 6.51 40.43 0.916
L K,
Sips isotherm model (q, = Tra, C’e’s)
Ks (Lg™h Bs as RMSE R?
SC 200.32 0.75 0.09 10.09 0.994
ZrO-SC 356.18 0.69 0.44 37.82 0.941

complexation, and H-bonding reactions) [3]. Furthermore, the theo-
retical adsorption capacity based on the pseudo-second-order model was
found to be 96.09 and 184.29 mg g~ ! for SC and ZrO-SC, respectively,
which closely agrees with the experimental value. Moreover, the
calculated initial adsorption rate (vo) showed that ZrO-SC value was
found to be four-fold higher compared to SC (Table 3). This finding
indicated that loading Zr nanoparticles onto SC noticeably enhanced the
removal and sorption rate of LVN.

3.3.6. Isotherms modeling of LVN sorption

The impact of primary LVN concentrations on the sorption perfor-
mance of SC and ZrO-SC sorbents was evaluated and plotted in Fig. 7 (b).
Generally, at low LVN concentrations, the molecules easily diffused
through the SC and ZrO-SC sorbents, and rapidly occupied the accessible
sorptive sites, exist on their surfaces owing to the weakened steric
repulsive forces between the sorbed and diffused LVN molecules.
Nevertheless, a similar phenomenon was found at high LVN concen-
trations through a faster sorption rate. This phenomenon can be eluci-
dated by the fact that there are more LVN molecules than sorptive
centers, which exerts a force that drives molecules toward the available
localized centers owing to the high-concentration gradient and hence
increases the uptake capacity of SC and ZrO-SC sorbents [10,56,57].

The obtained experimental data were fitted to three widely used
equilibrium isotherm models (Langmuir, Freundlich, and Sips) using
non-linear forms and utilized to assess the LVN sorption onto SC and
ZrO-SC sorbents (Fig. 7 (b)). Besides, a summary of the isotherm pa-
rameters as a function of initial concentrations is tabulated in Table 3.
By inspecting the correlation coefficient (R2) and root mean square error
(RMSE) values concerning different isotherm models, the good consis-
tency between Sips model and the experimental data firmly reinforces

10
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its aptness to describe the sorption process. Sips model combines
Langmuir and Freundlich models. It is widely employed to forecast the
sorption in heterogeneous systems and get beyond the Freundlich iso-
therm’s restriction on higher sorbate concentrations [91]. The results
endorsed the governance of LVN sorption by a multi-layer sorption
process onto the heterogeneous surface of SC and ZrO-SC sorbents at
lower LVN concentrations and monolayer sorption at higher LVN con-
centrations. Moreover, the calculated K;, ps, and as for both sorbents at
different primary LVN concentrations reflected the favorability of LVN
sorption onto SC and ZrO-SC sorbents. Also, the preferability of LVN
sorption process was evaluated by considering the dimensionless con-
stant separation factor (Ry) value (Eq. S10; supplementary material).
The calculated Ry, values for SC and ZrO-SC were found in the range
between 0 and 1 (Fig. S1), suggesting that the sorption process is
favorable and a strong binding between LVN molecules and the prepared
sorbents occurred [27,59]. Furthermore, ZrO-SC showed an increased
monolayer sorption capacity of 356.98 mgg~' compared to SC
(172.86 mg g~ 1). These results indicate that impregnation ZrO particles
to SC significantly enhanced the LVN sorption for more than two-fold
compared to SC.

3.3.7. Performance comparison study

In order to evaluate the potentiality and applicability of the prepared
sorbent compared to the other existed adsorbents, the maximum
monolayer adsorption capacity (gmax) of SC and ZrO-SC for the removal
of LVN was compared with of several reported carbonaceous, non-
carbonaceous, natural minerals and chemically synthesized adsorbents
in the literature (Table S4). The prepared sorbents in this study exhibited
a superior adsorption capacity for LVN compared to other carbonaceous
adsorbents such Zr-modified CBs [109], activated biochar [56], sup-
ported pencil graphite [38], and modified fungus chaff biochar [52].
Interestingly, the obtained ZrO-SC sorbent showed a higher sorption
capacity compared to the commercial activated carbon [106] (Table S4).
Moreover, ZrO-SC also revealed a superior sorption capacity compared
to the natural and modified clays, and zeolites [31,64,99] (Table S4).
However, the gpqx of ZrO-SC was relatively lower compared to clay
nanotubes [4] (Table S4). Considering the high preparation cost of clay
nanotubes compared to ZrO-SC suggested that the prepared ZrO-SC is a
suitable and low-cost alternative adsorbent for eliminating pharma-
ceutical compounds, especially LVN from contaminated water.

3.4. The proposed adsorption mechanisms

Investigating the adsorption mechanism for any pollutant is essen-
tial, providing vital information about the properties and interaction of
the adsorbent and adsorbed molecules under various environmental
conditions. This information can then be used to develop effective
treatments and technologies to reduce the toxic contaminants in the
environment. In this study, considering the diverse functional constit-
uents of SC and ZrO-SC, their high affinity towards LVN molecules can
be remarkably explained by a series of different potential subsidiary
synergistic scenarios (Fig. 8), as discussed below.

The influence of LVN molecules on the interlayer space of ZrO-SC
was investigated by performing XRD analysis of ZrO-SC before and
after LVN sorption (Fig. 8(a) and S2(a)). The characteristic smectite peak
(doo1) of ZrO-SC before LVN sorption was found at 20 angle of 5.63°
(interlayer spacing of 1.58 nm). Originally, the dimension of LVN
molecule is 1.42 nm in length, 1.04 nm in height, and 0.66 nm in
thickness (Fig. 8(b)) [100]. After LVN sorption, the intensity of the
smectite peak decreased substantially and shifted towards a low 26 angle
starting at 4.53° (1.96 nm). Expanding this peak (001) after LVN sorp-
tion ensured that the LVN molecules were positively inserted into
ZrO-SC interlayer spaces (Fig. 8(a)). Also, the intensity of 001 peak was
remarkably decreased. This can be attributed to the strong binding of
LVN molecules with the hydroxyl groups of ZrO-SC. Similar observation
with other pharmaceutical compounds was reported by other
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Electrostatic
attraction

—A—7r0-SC +LVN
= 7r0-5C

Fig. 8. The possible sorption mechanism of LVN onto ZrO-SC, (a) XRD analysis of ZrO-SC before and after LVN adsorption (20 = 3-35°), (b) dimension of the LVN
molecule, (c) FTIR spectra of ZrO-SC before and after LVN adsorption (4000-400 cm™ ), (d) SEM analysis of ZrO-SC before and after LVN adsorption, and (e)

electrostatic attraction between ZrO-SC and LVN molecules.

researchers [94]. Moreover, the utilized SC sample contains a minor
percentage of kaolinite mineral, evidenced by a peak at around 20
~ 12.35 (Fig. 8(a)). Comparing the spectra of ZrO-SC before and after
LVN sorption showed a significant decrease in the intensity of the
kaolinite characteristic peaks after LVN sorption (Fig. 8(a)). This
observation indicates that kaolinite’s crystal morphology is not obvious
after LVN sorption. This phenomenon suggests that the minor kaolinite
mineral in the ZrO-SC also contributed to the LVN sorption. Considering
the low interlayer spaces of kaolinite (~ 0.72 nm) and the relatively
large dimensions of LVN molecule (1.42 *1.04 *0.66 nm) (Fig. 8(b)),
suggested that H-bonds mainly dominated during the interactions be-
tween kaolinite structure and LVN molecules. Similar observations were
reported regarding the intensity of the kaolinite peak after adsorption
[61,89].

Similar procedure was conducted with ZrO-SC before and after LVN
sorption via FT-IR analysis (Fig. 8(c) and S2(c)). Initially, the charac-
teristic LVN bands appear within 1350-1600 em™? range [104]. On the
other hand, ZrO-SC spectra are free from vibration bands between 3000
and 1300 cm ™, except the band at 1635 cm™ related to the bending
vibration of water molecules. The existence of new bands in this range
(1350-1600 cm’l) after LVN sorption ((Fig. 8(c)) confirms that LVN
molecules were successfully sorbed into ZrO-SC. The phenomena can be
explained that the chemical complexation between the existing func-
tional groups (O-H, Si-OH, and Al-OH) on ZrO-SC and LVN molecule
involved the formation of hydrogen bonding between the siloxane
groups or the basal oxygen of ZrO-SC sheets and the carboxylic acid
groups of LVN [4,59]. Furthermore, the facile synthesis and incorpora-
tion of Zr into SC improved the capturing capacity of ZrO-SC as Zr ions
can combine with silicon-oxygen tetrahedrons of SC in the occurrence of
a stable [Si-O] and [HO-Zr] via H bonding. The corresponding
Zr-modified SC binding groups (Zr-OH3 and Zr-OH) had an admirable
affinity towards LVN molecules through the exchange of (-OH") entities
on the sorbent’s surface and the successive creation of mononuclear
monodentate and binuclear bidentate inner-sphere complexes [112].
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Moreover, the SEM results for ZrO-SC after LVN sorption revealed
that the ZrO-SC surface lost the roughness showing a stacky and spotted
appearance (Fig. 8(d)). This phenomenon could also be credited to the
fact that, after sorption, LVN molecules occupied the ZrO-SC surface
pores. Considering the relatively high micropore diameter (13.19 nm) of
ZrO-SC (Table 2) compared to the dimension of LVN molecule (Fig. 8
(b)), raised the high possibility of the pore filling effect mechanism.
Furthermore, the electrostatic attraction (Fig. 8(e)) could also occur
between the ionized species of LVN (Section 3.3.1) and the charged
binding sites of ZrO-SC surface, which induced the formation of the
complexes under the effect of the Coulombic forces of the silicate layers
[1].

3.5. Continuous fixed-bed column studies

The fixed-bed column experiments were performed, based on the
optimum conditions from batch system, to assess the practical applica-
bility of ZrO-SC compared to SC. The continuous fixed-bed column
studies were conducted to scale up the process in addition to evaluate
the behavior of the utilized adsorbents (SC and ZrO-SC) towards LVN
removal. In this regard, three optimization parameters were studied,
including inlet LVN (feeding adsorbate) concentration (mg L’l),
adsorbate flow rate (mL min’l), and packed SC/ZrO-SC amount (mg) in
the column. Furthermore, breakthrough curves of the studied parame-
ters for all experimental runs were plotted (Ci/Cqy versus time) and
illustrated in Fig. 9. Additionally, the experimental parameters of the
experimental runs for SC and ZrO-SC are itemized and presented in
Table 4.

3.5.1. Influence of SC/ZrO-SC loading

The packed adsorbent loading inside the column is also a quintes-
sential parameter that influences the functioning of the continuous-flow
mode and breakthrough curve. Fig. 9(a-b) illustrates the column per-
formance towards LVN using two different SC/ZrO-SC loadings (50 and
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Fig. 9. Breakthrough curves of LVN adsorption onto SC and ZrO-SC at (a) Run 1, (b) Run 2, (c) Run 3, (d) Run 4, and (e, f, and g) the corresponding applied fixed-bed

column kinetic models.

Table 4

The effect of flow rate, adsorbent loading and initial LVN concentration on the total adsorbed LVN (qoq1), €quilibrium uptake (gpeq), total removal efficiency of the
column (RE %) and total unadsorbed LVN concentration at equilibrium (C,) for SC and ZrO-SC sorbents.

Experiments Run 1 Run 2 Run 3 Run 4

Parameters SC ZrO-SC SC ZrO-SC SC ZrO-SC SC ZrO-SC
C, (mgL™h) 10.35 10.35 20.16 10.35

Q (mL min™?) 1.50 1.50 1.50 3.00

Mzro-sc (mg) 100 50 50 50

Vegr (mL) 502.5 1150.0 322.5 730.0 187.5 430.0 285.0 735.0
ty (min) 30 95 13 40 5 12 4 10
trotar (min) 335 575 215 365 125 215 95 245
Grotar (ME) 1.58 6.89 0.82 3.14 1.42 3.03 0.88 1.46
Qpea (mg g 1) 15.89 68.87 16.29 62.79 28.43 60.65 17.67 29.24
Myoral (M) 5.20 11.90 3.34 7.56 3.78 8.67 2.95 7.58
RE(%) 30.57 57.86 24.42 41.55 27.60 34.98 29.95 19.29
Ceq (mg Lh 7.19 4.36 7.83 6.05 12.58 13.11 7.25 8.32

100 mg). Plotting column data for SC and ZrO-SC using two sorbent
loadings confirmed the superior performance of the synthesized ZrO-SC.
The maximum bed capacity of ZrO-SC was 62.79 and 68.87 mg g~! for
loading amounts of 50 and 100 mg, respectively, compared to 16.29 and
15.89 mg g, for SC. This finding can be attributed to the enhanced
specific surface area and interlayer spacing of ZrO-SC compared to SC.
Thereafter, the optimum loading amount of the obtained ZrO-SC was
assessed by comparing the performance of two different loading while
keeping the other parameters constant. The obtained breakthrough
curve and the calculated parameters confirmed that increasing the
packed ZrO-SC loading (from 50 to 100 mg) significantly enhanced the
column performance such as total operation time (from 365 to 575 min),
RE% (from 41.55% to 57.86%), breakthrough time and steepness (from
40 to 95 min), and uptake capacity (from 62.79 to 68.87 mg gfl)
(Table 4). Additionally, the utilization of higher ZrO-SC loading
(100 mg) effectively decreased the total LVN concentration (untreated)
at equilibrium (C,q) from 6.05 to 4.36 mg L1 Moreover, a corre-
sponding noteworthy increase in the total effluent (treated) volume
(Ve from 730.00 to 1150.00 mL was detected with increasing ZrO-SC
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loading from 50 to 100 mg, respectively. Increasing ZrO-SC loading
increases the bed height within the column, which extends the efficient
interaction time between LVN molecules and ZrO-SC layers and sur-
faces. Consequently, an enhanced column performance was achieved,
owing to the sufficient intraparticle diffusion rate and available binding
sites [22].

3.5.2. Influence of inlet LVN concentration

The feeding concentration of the targeted pollutant into the column
is a key factor that influences the functioning of a continuous flow
adsorption system. Fig. 9(c) depicts the influence of the higher inlet LVN
concentration (20.16 mg L™Y) on the breakthrough curves of SC and
ZrO-SC.

The maximum bed capacity of ZrO-SC was 62.79 and 68.87 mg g~ !
for loading amounts of 50 and 100 mg, respectively, compared to 16.29
and 15.89 mg g, for SC. This finding can be attributed to the enhanced
specific surface area and interlayer spacing of ZrO-SC compared to SC.
The two experimental runs (Run 2-3) revealed that increasing the inlet
LVN concentration from 10.35 to 20.16 mg L™} adversely impacted
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most column performance parameters (Fig. 9(b-c)). However, the total
LVN concentrations (unadsorbed) at equilibrium (C,q) and LVN deliv-
ered to the column system (mg,,) were increased from 6.05 to
13.11 mg L™ ! and from 7.56 to 8.67 mg, respectively for ZrO-SC. Similar
observation was also recorded for SC (Table 4). Specifically, the
breakthrough time for ZrO-SC was shortened (12 min) compared to
40 min of the lower concertation (Table 4). Correspondingly, increasing
initial LVN concentration adversely influenced the column RE% and
total operational time (t;oq;), Wwhich decreased from 41.55% to 34.98%
and 365-215 min, respectively (Table 4). On the contrary, the pro-
longed breakthrough curve was achieved with the lower LVN concen-
tration owing to the targeted molecules’ smoother transport (transport
delayed effects) [24]. The remarked observations, such as decreased RE
%, quick exhaustion times, and rapid breakthrough curves, could be
attributed to the fast occupation rate of the accessible active binding
sites of ZrO-SC with the inlet LVN concentration of 20.16 mg L™,
resulting in a rapid saturation for the fixed-bed column. Other re-
searchers also observed and reported similar trends [8,21].

3.5.3. Influence of inlet flow rate

Flow rate is also a significant parameter that highly impacts the
adsorption performance in the continuous flow mode. The utilized flow
rate in the column largely determines the direct contact time between
the packed sorbent and adsorbate. Fig. 9(d) represents the column
performance towards LVN using a flow rate of 3.00 mL min~}, to assess
its impact on column performance for SC and ZrO-SC (Run 4). The
breakthrough curves generated based on the acquired data revealed a
rapid onset of breakthrough with high flow rates for SC and ZrO-SC, in
addition to a high residual concentration (7.25 and 8.32mgL™},
respectively) of LVN molecules in the effluent solution (Table 4).
However, considering the high flow rate, ZrO-SC treated a total effluent
volume of 735 mL compared to 285 mL for SC. These findings could be
credited to inadequate interaction (residence) time between ZrO-SC and
LVN, which consequently decreased the binding possibility between SC/
ZrO-SC and LVN [56]. On the contrary, at the lower flow rate, the
contact time between ZrO-SC and LVN molecules was maximized (Run
2), resulting in a higher RE% of 41.55% compared to 19.29% at a flow
rate of 3.00 mL min ! (Table 4). Moreover, fast exhaustion time and
steeper breakthrough curve were noticed with higher feeding LVN flow
rate. This finding could be credited to high-rate and low-resistance mass
transfer [5]. Accordingly, based on the plotted curve (Fig. 9(b)) and
calculated parameters (Table 4), the inlet flow rate of 1.50 mL min !
exhibited a superior performance with LVN removal in the fixed-bed
operation system.

Overall, the obtained data and the breakthrough curves from the four
experimental runs revealed that the variation in the column conditions
remarkably impacted the C/C, ratio in the following order: inlet flow
rate > feeding (LVN) concentration > loading (bed height) amount.
Furthermore, the optimum column conditions (C, =10.35mg L,
M=100.00 mg, Q=1.50 mL min’l, (Run 1)) for ZrO-SC generated the
highest gpeq and RE% of 68.87 mg g~ and 57.86%, respectively. How-
ever, the experimental runs recorded the lowest column efficiency with
the other operational conditions (C, =10.35 mg L™}, M=50.00 mg,
Q=3.00 mL min~%, (Run 4)).

3.6. Fixed-bed kinetic modeling

Thomas and Clark models (non-linear forms) were employed to the
obtained breakthrough curves of the investigated experimental runs for
ZrO-SC (Fig. 9(e-g)). Table 5 demonstrates the calculated values of the
fitted model parameters along with R for the investigated experiments.
Thomas model was originally proposed by Henry Thomas [88], on the
assumptions of the pseudo-second-order kinetic and Langmuir isotherm
models of batch mode adsorption system [40]. However, Clark model
was initially proposed by Clark [17], on a combination aspect of the
mass-transfer concept and Freundlich isotherm model. The obtained
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Table 5
Parameters of Thomas and Clark models for LVN adsorption onto ZrO-SC via
continuous flow system at different conditions.

Thomas model

Co Q Ky, (mLmg” g, (mgg gqp (mg R® SSE
(mg L (mL min™?) D) gh
b min™)
Run 10.35 1.50 0.151 68.87 68.64 0.996 0.004
1
Run 10.35 1.50 0.139 62.79 61.23 0.987 0.002
2
Run 20.16 1.50 0.068 60.65 59.60 0.998 0.001
3
Run 10.31 3.00 0.005 29.24 33.90 0.948 0.007
4
Clark model
Co Q Mz0-sc (mg) A r R? SSE
(mgL (mL
'1) min'l)
Run 10.35 1.50 100 201.92 0.02 0.991 0.012
1
Run 10.35 1.50 50 130.46 0.03 0.988 0.102
2
Run 20.16 1.50 50 134.50 0.04 0.998 0.031
3
Run 10.31 3.00 50 196.41 0.08 0.956 0.046
4

data from the non-linear regression fitting of Thomas and Clark models
at various experimental conditions confirmed that these models agree-
ably fit the obtained experimental data based on the high R? values
(> 0.9) (Table 5). In the case of Thomas model, the theoretical qry was
in line (close) with the experimental qey, values for all experimental
runs. Moreover, a negative correlation was observed, in which Kry
values decreased with increasing the inlet LVN concentrations and flow
rate [21]. The model Kty values refer to solute transfer rate from liquid
to solid phase [23]. Therefore, the observed decrease in Kry can be
pointed out due to high driving force from mass transfer delivered to the
column by increasing the abovementioned conditions. However, Ky
value was slightly increased with increasing ZrO-SC loading from 50 to
100 mg (Table 5). In the case of Clark model, with increasing the initial
LVN concentration, the model constants (A and r) were increased.
However, increasing ZrO-SC loading showed an elevation for the con-
stant A and decrease in the constant r. Moreover, as the inlet flow rate
increased, a significant rise in both values of A and r was noted (Table 5).
These phenomena can be explained due to the dependency of this model
on the Freundlich model in addition to the computability with low C;/C,
values [73,83]. A comparison of the applied models suggested that the
Thomas model is the superior model to predict sorption of LVN mole-
cules onto ZrO-SC via the continuous flow mode treatment process.
Additionally, the good fitting of Clark model also indicates that LVN
sorption occurred via a multi-layer process.

4. Cost estimation and economic evaluation

The cost estimation of any adsorbent used in water treatment de-
pends on several factors, such as the employed method of activation,
energy consumption cost, and the cost of used raw materials (including
chemicals). Furthermore, the cost of the adsorbent can be impacted by
its adsorption capacity, selectivity, operational expenditure, and rate of
deterioration. Considering all these factors, an accurate estimate of the
sorbent cost can be determined. In the current study, the average price of
the utilized Egyptian SC is 0.031 €/kg (the international price ~0.089
€/kg; referenced by US Geological Survey 2022). The energy con-
sumption cost refers to the consumed energy through the synthesis
phases of ZrO-SC. The energy cost per kilowatt-hour (KWh) was
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calculated based on the average electricity rate in Finland for 2022 (0.05
€/KWh; halvinsahkosopimus.fi). Consequently, the energy consumption
cost can be calculated via Eq. (3) [34]. Therefore, the cost for LVN
removal can be simply calculated based on the preparation costs of
ZrO-SC, energy price, and the average adsorption capacity via Eq. (4)
[39].

Ec = Pp.L.T.Cc 3)

4

€ ) B [Materialcost<§> + Ec (@)]
G

Ad. tiy t =
Sorphoncos ( Adsorptioncapacity*1073(;%)

gLvN

where, E¢ is the energy cost (€), Pp is the consumed power by each
device (kW), L is the device factor load (0.5 for half-operation mode and
1.0 for full-operation mode). T is the operated time (h), and C is the
energy price (€/KWh).

By applying the aforementioned equations, the calculations showed
that the adsorption costs for SC and ZrO-SC are 0.0001 and 0.0021 €/g
LVN, respectively. Table 6 compares the sorption cost of the utilized
sorbents as reported in the literature. The cost estimation of SC and ZrO-
SC indicates that the prepared sorbent has favorable characteristics/cost
relationship and can be applied in an actual wastewater treatment sys-
tem. From the techno-economic point of view, SC can be effectively used
with less polluted water, and ZrO-SC will be the best choice for highly
contaminated water (i.e., hospitals and drug factories effluents). We
believe that this approach will facilitate a successful treatment process
at low-cost. Besides, the information gained from fixed-bed column
studies confirms the synthesized sorbent’s capability to scale up the
treatment process. Finally, the outcomes of this study demonstrate that
ZrO-SC can serve as a viable alternative to the costly adsorbents
currently being employed.

5. Conclusions

A simple ion exchange-precipitation method was used to synthesize
ZrO-SC hybrid composite adsorbent for the effective removal of LVN
from water. The obtained ZrO-SC adsorbent was found to be stable
under strong acidic solution (pH 1.0) and minimal loss of 0.3% of Zr was
observed at pH 1.0. The experimental studies exhibited that 200 mg of
ZrOCl,.8 H,O was the appropriate dosage to achieve the maximum
sorption capacity of ZrO-SC towards LVN. The XRD and TEM results
confirmed that the interlayer space of ZrO-SC was increased to 1.58 nm
after the nano Zr impregnation, compared to 1.36 nm for SC. The ob-
tained TG-DTA analysis indicated that SC impregnation by Zr particles
significantly enhanced the thermal stability of ZrO-SC. The pH studies of
LVN sorption confirmed that ZrO-SC has similar pH behavior as raw SC
without any variation due to Zr modification. The Langmuir fitting
showed a maximum uptake capacity of 356.98 mg g ! for ZrO-SC in the
batch mode and the highest bed capacity of 68.87 mgg™! in the
continuous flow mode. The mechanistic studies of LVN sorption onto
ZrO-SC demonstrated the involvement of various sorption mechanisms,
such as n-n interaction, non-stoichiometric cation exchange, electro-
static interaction, and pore filling. The spent ZrO-SC was effectively
regenerated with acidic solution (0.2 M HCl) and displayed stable
sorption for LVN over seven consecutive cycles, suggesting its potential
and economic feasibility for the removal of LVN from contaminated
water.
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Table 6
Comparison of the cost of removal of pollutants from water (gpoliutant) USing
various adsorbents.

Sorbent Target Sorption Cost References
pollutant capacity (mg (€/8)"
g
Acid-modified kola Ibuprofen 39.22 0.039 Bello et al.
nut husk [14]
Coconut shell Basic red 09 10.00 0.650 Praveen
biochar et al.[78]
AC from Sugarcane Propane ~ 0.36 0.0019 Fingolo
Bagasse mLyoc g1 etal.[32]
PVA/PEL Phosphorus 165.9 0.600 Li et al.[48]
electrospun
nanofibers
Cherry kernels Pb(II) 94.48 0.039 Vukelic
biochar et al.[93]
Tomato seeds Acid blue 92 36.23 0.110 Najafi et al.
[69]
Rice husk biochar Basic red 09 44.00 0.140 Praveen
etal.[78]
Mesoporous silica U(VD 820.70 0.063 Sarafraz
et al.[82]
Chitosan-calcite Phosphorus 21.36 0.250 Pap et al.
[75]
Pristine steel slag Cu(ID 109.89 0.00003 Nikoli¢ et al.
[72]
Hierarchical ZnS- Cr(VD) 54.42 0.083 Qi et al.[80]
GasSs
Green iron oxide LVN 22.47 7.90 Altaf et al.
nanoparticles [7]
(gINPs)
SC LVN 172.86 0.0001 Current
work
ZrO-SC LVN 356.98 0.0021 Current
work

a All costs are converted to Euro (€/$=1.08 “Jan 2023")
& editing.
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