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Abstract

The objective of this study is to investigate the adsorption behavior of an electrospun ceria-nanofiber adsorbent in removing
pollutants from a simulated solution. Fourier transform infrared spectroscopy and X-ray diffraction were used to characterize
this nanofiber composite. Adsorption parameters including contact time, pH, starting arsenic concentration, and adsorbent
dose were optimized using batch adsorption studies. After copper was added to nanofiber, maximum removal efficiencies
were increased to 96.5% under optimal conditions (1.2 g/L adsorbate dose; 2.0 ppm initial As(III) concentration; and pH of
5.0). Furthermore, the response surface methodology was also successfully applied to the design optimization of the process
with central composite design. The Temkin isotherm model (R*>=0.98) better described the adsorption equilibrium results.
The pseudo-second-order kinetic model was followed by adsorption experimental data. Other kinetics theories, such as
Elovich, intra-particle, and film diffusion, were also used to develop a better understanding of the adsorption mechanism.
The viability of a copper/ceria composite nanofiber in the removal of arsenic demonstrates an emerging candidate in the

removal of pollutants from wastewater.
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Introduction

The non-biodegradability of containments such as textile
dyes and heavy metals (HMs) and in both, local water supply
and industrial wastewater streams, its high toxicity inside the
human body via the food chain is a serious environmental
and health hazard. These containments can harm the envi-
ronment and living organisms, as well (Yuan et al. 2021;
Pratush et al. 2018). Numerous approaches for removal
of these containments from contaminant water have been
reported in various studies. Among the technologies utilized
were Al/Fe coagulation, chemical oxidation, photocataly-
sis, ion-exchange, filtration, reverse osmosis, advanced oxi-
dation, and adsorption (Carolin et al. 2017; Sharma et al.
2021; Kumar et al. 2021). These approaches have a number
of drawbacks, including a lengthy procedure, standard per-
formance monitoring, the formation of hazardous effluent,
high capital and operational costs, and high-tech upkeep.
Adsorption is a more cost-effective HMs removal process
than existing approaches. Even with its simplicity and high
efficiency, adsorption is termed as promising technique and
the most widely used technique for containments removal
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(Qin et al. 2020). Metal oxides as adsorbents have a wide
range of applications for containments removal along with
HMs removal. Demonstrations of a variety of metal-based
oxides including composites were found to be useful. Zinc
oxide, titanium oxide, iron oxide, iron oxide—aluminum
oxide, silica—alumina, and further metal oxides with deriva-
tives have been discussed in the literatures (Bhateria and
Singh 2019; Wang et al. 2020).

Adsorption through metal oxide requires high surface
area. As a response of recent advances in nanoscience and
nanotechnology, there seems to be a significant opportu-
nity for the treatment of environmental concerns. Nanosized
adsorbents have substantially greater efficiencies and quicker
adsorption rates in water treatment than traditional materi-
als, owing to their extremely large surface area (Chai et al.
2021). Large surface area provided more active sites for
adsorption. Due to the high surface area requirement, nano-
scopic materials have recently got the interest of researchers
seeking to develop them as efficient adsorbents for contain-
ment (Al-Hetlani et al. 2021). Various studies on nano-based
adsorbents, such as nano-beads, nano-composites, and
nanofibers, have indeed been performed (He et al. 2021;
Fatima et al. 2021). Furthermore, nanofibers have gotten a
lot of interest due to their various benefits, including porous
structure, higher permeability for gas, and higher specific
surface area, all of which should result in a high adsorption
efficiency (Foong et al. 2020).

Electrospun nanofibers (ESNF) have received a lot of
attention in the perspective of nano-based methods employed
in wastewater management. ESNF can be tailored for a cer-
tain physicochemical characteristics, morphology, and resil-
ience, as well as post-treated to alter their physiochemical
characteristics (Yang et al. 2019). Because the nanomaterial
is irreversibly bonded to the surface of the fibers, nailing
nanoparticles to the high surface area of ESNF allows for
a large exposed surface area and lowers the possibility of
material escape into the surroundings. The eroded surface
area nanomaterials are vitally useful in refinement since sur-
face area may be associated to utilities such as sorption and
oxidization among other things. Researchers showed their
interest in ceria, an oxidized derivative of cerium because of
its geometrical distinctiveness, ability to arise in a range of
sizes with forms and accessible crystal aspects (Olivera et al.
2018). Hu et al. (2008) and Zhong et al. (2007) investigated
ceria material with three-dimensional flowerlike morphol-
ogy and hierarchical structure in the remediation of As(V).
This sorbent with interconnected micro- and nanostructures
possessed appealing properties such as a large surface area,
a unique size and shape, and useful chemical functionali-
ties suitable for heavy HM adsorption. Wang et al. (2017)
investigated photocatalytic oxidation of elemental mercury
in coal combustion flue gas using electrospun cerium-based
TiO, nanofibers. Zhang et al. (2016) developed electrospun
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porous CeO, nanofibers with a large surface area for the
removal of methyl orange pollutants. It is therefore of
intrigue to us to evaluate the ability of using a nanofiber as a
metal adsorbing medium. Furthermore, process can be inten-
sified by the addition of an appropriate cocatalyst or sup-
porting material to the surface of an ESNF lets employed as
a sorbent in wastewater management (Olteanu et al. 2019).

The goal of this contribution was to introduce ceria
nanofiber for adsorption process in wastewater. Electro-
spinning was used to construct ceria nanofiber. Further, this
nanofiber was employed in adoration of arsenic that is known
to be highly toxic to all life forms. This element has been
classified by the World Health Organization as a group-1
human carcinogenic substance (Nicomel et al. 2016). Fur-
ther, the adsorption process was intensified by adding copper
to create a ceria/copper composite nanofiber. The obtained
nanofiber’s morphology was studied using Fourier-transform
infrared spectroscopy (FTIR), and X-ray diffraction (XRD).
Various sets of tests were carried out to explore the effects
of pH, interaction time, adsorbent dose, and starting HM
ions concentration on the adsorption efficiency of nanofiber
composite. In addition, the event was explained using vari-
ous isotherms and kinetics models. Experiments were also
designed using response surface approach.

Experimental
Preparation of nanofibers

Cupric acetate monohydrate (Sigma-Aldrich) precursors and
cerium nitrate hexahydrate (Sigma-Aldrich) were used for
metal reagents, polyvinyl-pyrrolidone (Sigma-Aldrich) was
used for the selecting polymer because it has a very high
atomic weight. Acetic acid (SRL) was used as the reducing
agent. Ethyl alcohol (Merck) and double distilled water were
chosen as the solvent and co-solvent, correspondingly. The
9% (w/v) PVP was added to the glass vial containing ethyl
alcohol and was stirred around 3 h. Subsequently, cerium(III)
nitrate hexahydrate and (5 mol% Cu) of copper(Il) acetate
hydrate were added to the vial containing deionized water.
The filling of both the vials were mixed collectively and
glacial acetic acid was added slowly to the final solution.
For synthesizing casting solution for cerium oxide nanofiber,
above process was followed but not addition of copper salt.
More information on the electrospun process used to prepare
ESNF can be found elsewhere (Pal et al. 2017).

Characterization of nanofibers
FTIR spectra of the synthesized nanofibers were analyzed

through FTIR spectrometer (Shimadzu, Japan; IR-Pres-
tige 21). XRD studies of the nanofibers were done using
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diffracto-meter having Cu-Ka radiation (Rigaku, Smart Lab,
Japan). For elemental analysis of samples, we used induc-
tively coupled plasma optical emissions spectrometer (ICP-
OES) in spectral range of 160—-900 nm.

As(lll) pollutant removal adsorption experiments

Batch adsorption studies have been conducted at a room tem-
perature (298 + 2 K) by the addition of nanofibers in As(III)
solutions of 50 mL in various 100-mL glass containers.
The solution was then moved with a rotary shaker for 12 h
(350 rpm). At the beginning of the experiment the pH was
adjusted to 5.0+ 0.1 by 0.01 M NaOH or CH,COOH. Dur-
ing each interval, the aqueous reaction solution was decan-
tated and filtered. The concentration of the sample As(III)
ions HM using ICP-OES was examined. The g, (mmol/g)
and %E with Eqgs. 1 and 2, respectively, were calculated for
As(IIT) adsorbed capacity and efficiency of adsorption.

(C;—CHV
qe = %’ (1)
. . Ci B Ce
Adsorption efficiency (%E) = C x 100, 2)

i

where C stands for As(III) concentration during experiment,
i stands for initial, and e stands for equilibrium. V (in L)
stands for volume of solution and W stands for ESNF weight

(in g).

Pollutant adsorption equilibrium’s modelling
and kinetics

The Langmuir, Freundlich, Temkin, and Dubinin—Radushk-
evitch (D-R) isotherms were employed to simulate the asso-
ciation between the g, values and pollutant concentrations
at equilibrium.

The Langmuir equation (Sharma et al. 2022):

_ 4wb,C,
9= T+b.C) )

The Freundlich isotherm (Sharma et al. 2022):
Gmax = Kf Cé/n' (4‘)
The Temkin model (Ordonez et al. 2020):

R—Tln(

de = 5 KCy). (5)

T

The Dubinin—Radushkevich (D-R) model (Ahmad et al.
2020):

_ 2
go = g7 ©6)

€ is the Polanyi potential, which is equal:

e=RT<1+CL>. 7

€

In this equation, R represents the universal gas con-
stant having value of 8.314 J/mol/K). This model uses the
evaluate free energy (E) supposed to remove a molecule of
adsorbate from its place at the sorption active site and dis-
criminate physical and chemical adsorption. Equation 8 is
used to compute E.

kJ 1

B(-) = [—] : ®)

mol \/ﬁ

There are various theories that can be used to predict
adsorption kinetics and rate-controlling mechanisms; the
most common are the pseudo first (PFO) and second order
rate (PSO) theories (Selvakumar and Rangabhashiyam
2019). Furthermore, intra-particle diffusion (IPD) and
Elovich (Cai et al. 2019) were used to determine the best
adsorption kinetic postulation. The Liquid film diffusion
(LFD) in particular, was used to determine whether the
sole rate-controlling step was liquid film diffusion or not
(Ma et al. 2019). Linearized form of following equations
(y=mx+c) to all kinetic theories can be plotted.

The PFO theory:

g = ge(1 —e™) ©)

The PSO theory:
2

9 = lk-:qu;et' (10)
The IPD theory:

g, =1 X kipg + C. (11)
The Elovich theory:

q, = llogt + llog(ocﬁ). (12)

B i

The LFD theory:

1n<1 —Z—;> = ket (13)

Establishment of response surface methodology

The Central Composite Design, which is the standard RSM,
was used for the adsorption of pollutant As(IIT) HM. The
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removal of arsenic from wastewater was tested using Ce-
based nanofiber and its composite. To optimize the process
parameters, a total of 20 experiments (for both nanofiber
adsorbents) were designed using Design-Expert 6.0.8. The
current study took into account process parameters such as
initial pollutant concentration (Z=0.8-2.5 ppm), nanofiber
adsorbent dose (¥ =20-80 mg), and pH (X=3-9), as well
as the percent removal of arsenic. Table 1 shows the range
with level of procedure constraints (for both nanofiber adsor-
bents) considered in the current study.

Results and discussion
Nanofibers characterization
FTIR analysis

The FTIR of prepared pure ceria and composite copper ceria
nanofibers are shown in Fig. 1. The broad bands present
from 3700 to 2999 cm™! in both nanofibers is because of
the stretching vibration of OH group. The important devel-
opment in the absorption band at 500-1060 cm™" repre-
sents structure of ceria nanofiber; these are associated with
the emergence of Ce—O bonds (Liu et al. 2008; Pal et al.
2017). The peaks observed at 1625 cm™! and 1620 cm™ are
attributed to H-O-H bending. Peaks observed at 1410 and
1360 cm™! were attributed to characteristic peak of CeO,.
Shifting of this peak from 1410 to 1310 cm™! into compos-
ite nanofiber attributed to strength in bond between metal
oxides. The spectra of nanofibers show several other bands
which are more evidently proof in the nanofiber presence of
the other functional groups due to solvent (Paschalidou and
Theocharis 2019).

XRD analysis

The XRD spectrums of the pure ceria and composite cop-
per ceria nanofibers with varying copper composition are
shown in Fig. 2. The spectra’s exhibit the distinctive peaks
of a fluorite-like cubic phase. There were no peaks seen
for the nanofibers at ambient temperature regardless of

Table 1 Actual and coded values of independent variables used for
experimental design

Variable Symbol Real value of coded levels
—1(dow) O (medium) +1 (high)
pH X 3 6.1 9
Adsorbent dose (mg) Y 20 60 80
As(IIl) concentration  Z 0.8 1.5 2.5

(ppm)
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—— CeO, 1760

Composite CuO/CeO,

Transmittance (a.u.)
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3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1 FTIR spectra of CeO, and CuO-CeO, nanofibers

the composition of cerium salt. This shows that nanofib-
ers obtained at room temperature by the electro-spinning
method are amorphous (Cui et al. 2008). After heating, the
diffraction peaks for cubic ceria appeared. The more intense
reflection of ceria is due to cubic fluorite arrangement with
h k[ value (1 1 1), and monoclinic CuO structure with i k [
values (2 0 2), at 26 values of 28.83° and 46.78° respectively.
The crystalline size of cerium oxide (15 nm) and composite
copper ceria (8—13 nm) were evaluated by Scherer formula.
Gautham et al. (2020) also showed ceria with crystalline
size 12—-16 nm. For ceria—CuO catalyst, it can be shows that
copper impregnation influences the ceria lattice constraint
slightly. Challenging effects are occupied when doping of
fluorite like lattice of ceria with the divalent copper(II) cati-
ons is performed. The lesser ionic radii of both copper and
copper(Il) ions propose that doping lowers the lattice param-
eter; but, enlarged vacancies (Raitano et al. 2012).

1,1,1

Ce02
Cu0O/Ce02

Intensity (a.u.)

40 45 50 55 60 65 70 75 80
2 Theeta (degree)

25 30 35

Fig.2 XRD spectra of ceria and composite CuO/CeO, nanofibers
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Statistical analysis

Three input factors pH (X), adsorbent dose (¥) and As con-
centration (Z) and two response variables were used to fit-
ting a quadratic model with the help CCD. The CCD design
requires 20 runs based on 3 criteria, the following antici-
pated responses (Y) for arsenic removal from CeO, and CuO/
CeO, in terms of coded factors were obtained:

Yasceo,) (%) = 91.86 + 2.68X + 1.83Y +0.45Z — 6.23X"

—1.31Y% + 0.0287>

—2.13XY + 0.35YZ + 0.28ZX,
14

YAS(CUO/C&OZ)(%) = 9395 + 243X + 188Y + O49Z
—5.87X% — 1.02Y* + 0.018Z7>
—2.29XY + 0.53YZ + 0.31ZX.

5)

In this scenario, the ANOVA verifies the model’s rel-
evance (the value of probability > F' is smaller than 0.05).
Each model's p values (probability > F) are less than 0.05,
indicating that it is statistically relevant. The ANOVA
regression analysis for synthetic wastewater is shown in
Table 2. The F values of 30.71 and 39.43 for CeO, and CuO/
CeO,, respectively, indicate that the model is substantial.
With CeO, and CuO/CeO,, the coefficients of determination
(R?) for As(III) removal were 0.919 and 0.939, respectively.

Table2 ANOVA analysis for As removal using CeO, and CuO/CeO,

The R? value was used to assess the accurateness. Figure 3
depicts a comparison between expected and actual (experi-
mental) response levels. As can be seen from these graphs,
there is a great fit between actual and predicted values.
Figure 4, 3D response surface plots are used to determine
the effect of time, adsorbent dose and As(III) initial concen-
tration on the responses. 3D plot indicates that there is no
much difference on the removal efficiency from the predicted
and experimental value from copper oxide ceria composite
and ceria. The impacts of factors have a beneficial effect on
percentage removal, according to 3D plots. The effectiveness
of removal for the two replies is as follows: As(IIT) removal
from copper oxide ceria composite > ceria. All of the 3D
charts have distinct peaks. Peaks in 3D plots define the best
conditions for maximum response values over the design
time, adsorbent dose, and As(III) concentration ranges.

Activity of nanofibers in As(lll) removal
Effect of interaction time

The effect of interaction time on the nanofiber's adsorption
efficiency was investigated through adding it in As(III)
synthetic aqueous solutions at various time duration even
as maintaining other parameters constant, such as adsor-
bent dose (CeO, and CuO/CeO, nanofiber) and solution
pH. The removal of the pollutant As(III) by nanofibers

Source Degree  Sum of Squares Mean square F value p value
of free- Prob>F
dom CeO, CuO/CeO, CeO, CuO/CeO, CeO, CuO/CeO, CeO, CuO/CeO,
Model 9 480.89 436.62 53.43 48.51 17.08 17.08 <0.0002  <0.0001 (significant)
(signifi-
cant)
X 1 74.85 61.36 74.85 61.36 21.60 21.60 0.0018 0.0009
Y 1 28.02 29.71 28.02 29.71 10.46 10.46 0.0277 0.0090
Z 1 2.02 242 2.02 242 0.85 0.85 0.5056 0.3777
XY 1 36.21 41.77 36.21 41.77 14.70 14.70 0.0151 0.0033
XZ 1 0.65 0.78 0.65 0.78 0.27 0.27 0.7033 0.6114
YZ 1 0.99 2.29 0.99 2.29 0.81 0.81 0.6382 0.3904
X 1 302.04 267.65 302.04 267.65 94.21 94.21 <0.0001  <0.0001
Y 1 11.64 7.04 11.64 7.04 2.48 2.48 0.1280 0.1466
7 1 2.864E—003 1.157E—003 2.864E—003 1.157E—003 4.074E—004 4.074E—-004 0.9797 0.9843
Residual 10 42.28 28.41 4.23 2.84 - - - -
Lack of fit 4 42.28 28.41 10.57 7.10 - - - -
Pure error 6 0.000 0.000 0.000 0.000 - - - -
(s ) Springer
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Predicted vs. Actual

Predicted vs. Actual
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Fig. 3 Plot shows the actual and predicted values of the responses using a CeO,, and b CuO/CeO,
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was observed to be very quick, with an adsorption removal
efficiency of 56% quickly after 0.5 h of incubation. This
effectiveness progressively increased with increasing con-
tact time, achieving 75% removal at 1 h and saturating
(> 89%) around the 1.5-h time interval. This minor change
in the adsorption indicates that it has reached an equilib-
rium state at this point. The availability of active adsorp-
tion sites may explain the rapid adsorption of As(III) by
CeO, (Brandes et al. 2019). The removal efficiency was
increased to 93% after the addition of copper. This is due
to the synergistic effect of copper in ceria nanofiber.

Effect of pH

The results show that the pH of the solution is impor-
tant in the removal of As(IIl) from water by ceria and
its composite nanofibers. The results of the experiments
showed that ceria nanofibers could capture up to 73.75%
of As(IIl) at pH 3. The electrostatic interaction between
ceria nanofiber and As(III) was attributed to this behav-
iour. As(III) is known to exist in water as a negatively
charged species, whereas the charge of ceria nanofiber is
pH dependent. Because the adsorbent surface was posi-
tively charged, an interaction between ceria nanofiber and
As(IIT) was possible (Babaee et al. 2018). At pH 5, the
maximum removal efficiency, 88.76%, was achieved. How-
ever, in alkaline medium, removal efficiency decreased.
At higher pH, electrostatic repulsion prevailed, resulting
in less As(III) removal. Interestingly, after the addition
of copper, As(III) adsorption capacities increased in the
acidic pH range and decreased significantly in the alka-
line pH range. The surface complexation mechanism of
As(IIT) at the metal oxide nanofiber adsorbent surface may
be responsible for the increase in removal efficiency (Hu
et al. 2017).

Effect of adsorbate (As) concentration on the adsorption

Various concentrations of adsorbate (As) (0.8-2.5 ppm)
were employed to evaluate the influence of adsorbate (As)
concentration on the adsorption efficiency of the composite
nanofibers, while the other parameters, such as adsorbent
dose and solution pH remained constant (Fig. 4). For low
concentrations of As(III), the ceria nanofiber demonstrated
a removal efficiency of 77.2% (0.8 ppm). The removal effi-
ciency increased to 93.5 percent when the initial As(III)
concentrations were increased from 0.8 to 2.0 ppm at
room temperature. With increasing initial concentration,
the adsorption percent decreased slightly. These phenom-
ena can be explained by two factors: (a) from an adsorb-
ate standpoint, increasing adsorbate concentration resulted
in a higher concentration ascent. Adsorbates were able to

overcome mass transfer resistance and diffuse towards the
adsorbent thanks to the high concentration gradient. As a
result, as adsorbate concentration increased, so did adsorp-
tion quantity. (b) In terms of adsorbent, a higher adsorbate
concentration implied a higher chance of adsorbates impact-
ing with adsorption sites. To obtain a saturated condition,
the majority of the adsorption sites were occupied as the
adsorbate concentration increased (Bulin et al. 2020). As
a result of this saturated state, the adsorption percentage
decreased. However, the decrease in adsorption percent was
slight, indicating that copper/ceria nano-fibres have good on
concentration adaptability to As(III).

Effect of dose

Adsorbent dose illustrates adsorbent efficiency, which is an
important parameter that directly correlates with adsorption
cost. Batch adsorptions on As(IIT) solution with ceria and
copper/ceria composite nanofibers dose 20-80 mg were per-
formed to determine the proper dose as shown in Fig. 4. As
percentage and quantity of adsorption rose and declined as
the dosage was raised. The adsorption % increased as the
number of vacant adsorption sites grew with higher dosage.
Two variables may be responsible for the decrease in adsorp-
tion quantity as dosage is increased (Shen et al. 2020): (a)
under high dosage, the permeation of the adsorbent in solu-
tion deteriorated. As a result, some adsorption sites become
unavailable, and (b) the absolute amount of As(III) results
in a lower adsorbent dosage. The growing tendency of the
increase in removal effectiveness with increasing adsorbent
dose could be ascribed to the increased surface area avail-
able. Adsorbent doses of 0.80 g/L. were utilised in subse-
quent studies.

Adsorption isotherm analysis

Adsorption isotherm procedures are well-known and widely
used mathematical methods to determine adsorption capac-
ity in different pollutants removal processes. Adsorption iso-
therms investigation were carried out for equilibrium data
produced at 298 K with As(III) concentrations ranging from
0.4 to 1.6 g/L, an interaction time of 90 min, and a pH of
5.0. Assumptions of the Langmuir isotherm model are that
activation energy is the same for all active sites and adsorp-
tion may take place due to monolayer coverage. To grasp the
feasibility information of adsorption experiments, a dimen-
sionless measure termed a separation factor (R ) is used.
Physical adsorption on surfaces is explained by the Freun-
dlich isotherm model (homogenous and heterogeneous).
It is also suitable for monolayer and multilayer adsorption
studies. The D-R isotherm theory is used to investigate the
type of interaction between the adsorbate and the adsorbent,
i.e., nature of adsorption process either physical or chemical.
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Therefore, the D-R isotherm theory was used to assess the
adsorption data set to establish the type of bonding between
arsenic species and ceria and copper/ceria nanofiber. The
kind of adsorption mechanism is determined by the mean
sorption energy (E) values. The Temkin isotherm postu-
lates crucial information about adsorption heat and binding
energy. The heat of adsorption reduces linearly as a conse-
quence of the interaction between the adsorbing element and
the adsorbate molecules, according to the Temkin model's
predictions.

The graphs for linear mathematical formulations for
the Langmuir isotherm, Freundlich isotherm, D-R, and
Temkin isotherm models were drawn using their Eqs. 3-6,
respectively (Sharma et al. 2022; Ahmad et al. 2020;
Ordonez et al. 2020). Table 3 summarizes the models used
and the results obtained for their parameters, as well as
the correlation coefficients (R?). The linear Temkin model
(R*>=0.98 and 0.97) describes the adsorption isotherms
of the As(IIl)-ions for all tested samples with the high-
est correlation coefficient. For As(III) ion metal adsorp-
tion on nanofibers, the prevalence of b values positive
integer implies that the process seems exothermic (Ghosh
et al. 2019). As a result, one of the mechanisms involved
in metal adsorption on both nanofibers was electrostatic
affiliation. The results were consistent with previous pH
impact research. Inchaurrondo et al. (2019) also reported
the removal of arsenic by employing Fe-doped alumina.
This model explains that sorption heat is non-uniformly

Table 3 Equilibrium parameters of arsenic adsorption on CeO, and
CuO/CeO, nanofiber

Isotherm model Parameters Nanofiber
CeO, CuO/CeO,

Langmuir 4, (mg/g) 0.92 0.94

K, (L/mg) 4.49 8.29

Ry 0.16 0.097

R? 0.94 0.91
Freundlich Ky (L/mg) 87.1 324.33

1/n 2.05 2.064

R? 0.96 0.94
Temkin by (kJ/mol) 1.06 1.00

K (L/mg) 14.08 25.71

R? 0.98 0.97
D-R 4 (mg/g) 20.27 23.86

S (mol?/kJ?) 9.39E—08 6.34E—08

E, (kJ/mol) 2.31 2.80

R? 0.94 0.93
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distributed on the surface of the nanofibers (Khare et al.
2021). Furthermore, the sorption energy, denoted by the
Langmuir constant K; , ranges between 1 and 20 kcal/mol,
implying that As(III) adsorption on nanofibers is a com-
bination of both physical and chemical adsorptions. The
sorption energy R; is a separation factor with no dimen-
sions. When R; values are greater than one, the adsorption
process is in an unfavorable state, whereas when R; values
are between 0 and 1, the adsorption process is in a favora-
ble state (Fang et al. 2020). The Langmuir model did not
fit the adsorption well, as shown in Fig. 5a and Table 3.
However, the separation or equilibrium factor R; was less
than one (R =0.16 and 0.097, respectively, for ceria and
CuO/ceria nanofiber), indicating that the adsorption was
favourable.

Kinetic modelling of As(lll) adsorption by ceria
and CuO/ceria nanofibers

The removal of arsenic from synthetic solution is a function
of time, and determining the adsorption rate is critical when
designing a process for field applications. The study of the
kinetic parameters can provide valuable information about
the sorption mechanism. The uptake rate in relation to the
contact time governs adsorption efficiency. At specific time
intervals ranging from 10 to 120 min, kinetic models were
used with an optimized arsenic concentration of 2 mg/L. At
an equilibrium pH of 6 at 298 K, 0.8 g/L of adsorbent doses
were added to the sample solutions.

The PFO, PSO, Elovich, IFD, and LFD kinetic models
were used in this study. The PSO kinetic model assumes
that electrons are shared and traded between adsorbate and
adsorbent. Intra particle diffusion refers to the movement of
adsorbate (solute) ions through the internal pores of adsor-
bents. During adsorption, the liquid film diffusion model
was utilized to determine whether or not an exterior bound-
ary layer formed. The linearized forms of these models are
represented by Egs. 10-13.

The PSO theory was found to be suitable for explain-
ing adsorption due to its high R? and excellent agreement
of the fitted result with the experiment results. The good
fit of adsorption to the PSO model revealed two aspects:
(a) adsorption was mostly associated with chemical inter-
actions, and (b) adsorption was primarily associated with
physical interactions. (b) Chemical adsorption or surface
reaction was the rate-determining step. As demonstrated in
Fig. 6 and Table 4, the IPD theory matched the adsorption
pretty well, showing that IPD was involved in the adsorption
process. Despite this, neither the PFO nor the LFD models
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model

fit the adsorption well, showing that neither the liquid film
nor pore diffusion was the rate-determining step. Finally,
the entire adsorption process might control using both IPD
and chemisorption. Furthermore, the adsorption process is
IPD managed when line projections pass through the 0,0
of Cartesian coordinates; otherwise, several processes are
engaged in addition to IPD. The graph did not pass through
the origin, as shown in Table 4 and Fig. 6d, implying that
the adsorption rate of As metal ions on ceria and copper/
ceria composite nanofibers may be controlled by the external
diffusion process (surface adsorption and liquid film diffu-
sion). Multi-linear plots can be seen in the graph (Fig. 6d),
suggesting that the process is regulated by two or more
phases (Pholosi et al. 2020). The quick use of the most easily

accessible sorbing sites on the sorbent surface can be attrib-
uted to the first linear part (phase I) at all concentrations.
Phase II might be explained by the slow diffusion of As(III)
from the nanofiber surface site into the interior pores. As a
result, the first part of As(III) ion sorption by nanofibers may
be dictated by the initial intra-particle transport of As(III),
which is controlled by surface diffusion, and the second part
by pore diffusion.

As(lll) removal mechanism
The FTIR and XRD spectra (Figs. 1 and 2) were used

to help explain the adsorption phenomenon of As HM
pollutant’s removal by ceria and CuO/ceria composite
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Table 4 Parameters of kinetic theories applied in As(III) adsorption
on CeO, and CuO/CeO, nanofibers

Kinetic model Parameters Nano fiber
CeO, CuO/CeO,
Pseudo 1st order Qe car (Mg/E) 3.17 3.69
k, (min~") 0.108 0.113
R 0.885  0.90
Pseudo 2nd order Qe car (ME/E) 1.50 1.58
k, (g/mg/min) 0.206 0.210
R? 0.985  0.975
Intra particle diffusion
1st region kq.| (mg/g/min'?) 0.275 0.356
C, 0.67 0.887
R? 0.85 0.99
2nd region kqo (mg/g/min'"?) 0.162 0.162
C, 0.082 0.165
R? 0.988 0.987
Elovich a 3.10 1.41
B 0.309 0.365
R? 0.95 0.954
Film diffusion kgq (mg/g/min) 0.67 0.07
kinetic model Intercept 1.56 0.76
R 0.74 0.73

nanofibers. According to FTIR analysis, the most com-
mon functional groups found on nanofibers are hydroxyl
groups. These active sites increased after the addition of
Cu. This hypothesis proposed (Hang et al. 2012; Mudziel-
wana et al. 2020) that metal ions could be coordinated
onto active sites of functional groups (Fig. 7). H,AsO3
and HASO? are negatively charged As(III) ions present in
aqueous solution. In the aqueous medium, ceria and CuO/
ceria nanofibers are thought to interact with hydroxyl ions
and neutral water molecules. The mechanism of arsenic

Fig.7 As(III) removal mecha-

adsorption onto the surface of nanofibers can be seen in
Fig. 7. This mechanism could be related to As(III) adsorp-
tion. The addition of Cu might provide more active sites
for the adsorption of pollutants. As a result, in removing
As(IIT) HM pollutant from simulated wastewater, CuO/
ceria composite nanofiber has a higher removal efficiency
(96.5%) than bare ceria nanofiber (93.5%).

Surface modification and functionalization all have the
potential to improve adsorption capacity. Moreover, mem-
brane preparation using these nanofibers may be a sustain-
able approach in wastewater treatment (Cui et al. 2020).
Some expenses may increase as a result of these changes,
necessitating cost optimization.

Conclusion

An electrospinning method was used to develop the highly
active CuO/ceria nanofibers. Pollutant As(III) HM ions
removal efficiencies were achieved to 92.7% and 96.5%,
respectively, with ceria and CuO/ceria composite nanofib-
ers at optimal adsorption conditions of adsorbent dose, start-
ing metal-ion concentration, and 5.0 pH. Equilibrium was
achieved within a contact time of 80 min. The maximum
adsorption capacities for As(III) adsorption in ceria and
CuO/ceria composite nanofibers were 0.91 and 0.93 mg/g,
respectively. The adsorption results fitted well with pseudo
2nd order kinetic and Temkin isotherm theories. Response
surface methodology with central composite design was
successfully applied to optimize the process with F values
of 30.71 and 39.43, respectively, for CeO, and CuO/CeO,.
Present initial research on ceria nanofibers has demonstrated
that nanofibers are effective substances in wastewater treat-
ment. Further, the functionalization, and polymer’s cross-
linking approaches may be utilized in sustainable technology
development.
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