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The discharge of toxic synthetic dyes into industrial effluents has emerged as a significant environmental
issue that requires attention. The goal of this work is to develop an environmentally acceptable material
that could be used for the removal of malachite green dye from aqueous solutions very effectively.
Accordingly, we present here the synthesis of smaller-sized CeO, nanoparticles (NPs) by the co-
precipitation method in the absence of any additive at 60 °C for 30 min. The diffractometric analysis
confirmed the formation of pure CeO, NPs possessing a fluorite-type fcc structure. The microscopic
analysis confirmed the formation of spherical particles of sizes less than 10 nm. The surface areas of the

as-prepared CeO, NPs are varied from 159.6 m? g~* to 189.3 m? g~!

as confirmed by the N, gas
adsorption—desorption study. Batch studies under various adsorbent loadings, contact times, initial dye
concentrations and pH values were undertaken to investigate the malachite green dye adsorption per-
formance by the CeO, NPs. Under the optimized conditions, approximately 98.0% of malachite green
dye could be removed from the aqueous solution within 120 min using CeO, NPs. The adsorption of

Received 4th November 2022, malachite green dye on the CeO, NPs follows pseudo-second-order kinetics. Both the Langmuir model

Accepted 15th December 2022 and the Sips model can be used to fit the isotherm data with the maximum adsorption capacity accord-
ing to the Langmuir isotherm (gn), and the Sips isotherm (gms) being 558.68 mg g~* at 313 K and

740.54 mg g™t at 303 K, respectively. The CeO, NPs are stable and reusable up to the fifth cycle with lit-
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1. Introduction

Water pollution because of dye contamination is a global
problem. Different industries such as textiles, leather tanning,
pharmaceuticals, metal plating, pesticides, agricultural, food
processing, cosmetics, and so forth use various dyes exten-
sively. The wastewater containing dye effluent from these
industries is discharged into an aqueous medium without
proper treatment causing environmental degradation.'™ This
poses a threat to the flora and fauna in the aquatic ecosystems
as well as human health. Therefore, rapid industrialization and
other human activities causing contamination of water are a
major concern. Based on the origin, structure, and intended
use, synthetic dyes are frequently categorised into several
groups such as azo, direct, reactive, mordant, acid, basic,

Department of Chemistry, Rajiv Gandhi University, Rono Hills, Doimukh 791 112,
Arunachal Pradesh, India. E-mail: harunar.rashid@rgu.ac.in; Tel: +91 98632 12531
+ Electronic supplementary information (ESI) available: Details of characteriza-
tion techniques, Tables S1 and S2, and Fig. S1 and S2. See DOLI: https://doi.org/10.
1039/d2ma01019d

i Current address: Life Science Division, Institute of Advanced Study in Science
and Technology, Paschim Boragaon, Guwahati 781 035, Assam, India.

© 2023 The Author(s). Published by the Royal Society of Chemistry

tle decrease in the adsorption performance.

dispersion, and sulphur dyes.” Malachite green is a basic dye
belonging to the triphenylmethane category which is caustic,
poisonous, and hazardous.’ It is regarded as one of the most
dangerous synthetic dye pollutants due to its potential carci-
nogenicity, mutagenicity, and teratogenicity.>® The toxicologi-
cal symptoms of malachite green include infections, pregnancy
disorders, and oral-nasal irritation.>” It is also toxic to the gills,
kidneys, intestines, and liver, causing organ damage, develop-
mental defects, and carcinogenic disorders.>® Besides a wide
range of industrial applications, malachite green is also com-
monly used in the dyeing of cotton, plastics, wool, paper, and
silk.”'° So, the contamination of groundwater with malachite
green dye due to the improper discharge of effluents from such
industries is a serious issue that must be addressed with keen
interest. Although many technologies have been developed such as
biodegradation, chemical oxidation, electro-coagulation, membrane
separation, precipitation, electrodialysis, and adsorption, the cost of
operation, effectiveness and environmental impact of each of these
strategies are different."'™” Among these techniques, adsorption is
more suitable due to its ease of operation, simplicity of design,
effectiveness, high efficiency, and availability of a diverse range of
adsorbents.”*'®2*  Accordingly, different adsorbents such as
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biomass, activated carbon (AC), clay composites,”” and
metal oxides and their composites®®* have been tested to remove
malachite green dyes from water. Among different adsorbents,
metal oxide nanoparticles have shown immense potential and
outstanding performance as adsorbents due to their large surface
area, porous structures, enormous active sites, thermal stability,
ease of recovery, and low toxicity.>**>

Cerium belongs to the lanthanide family and is the most
abundant rare earth metal that can be found as a free metal or
as oxides, viz. cerium dioxide (CeO,) and cerium sesquioxide
(Ce,03).>%%7 Ce0, is also commonly known as ceria or ceric
oxide and is the most stable compound compared to Ce,03.>”
Due to their excellent chemical and physical properties in
nanometer dimension and low toxicity,>® CeO, NPs have found a
wide range of applications as corrosion-resistant coating agents®
and polishing agents," and in planarization processes,*'
nanotherapeutics,” the pharmaceutical industry,”> photo
degradants,* adsorbents for the removal of pollutants,”™*® sto-
rage materials,”® and gas sensors.’>>' Due to its wide range of
applications, researchers are focusing more on synthesizing CeO,-
based materials of controlled size, shape, and morphology as the
size, shape, and morphology significantly affect the physicochem-
ical properties and hence their application potential.>*>>*> Accord-
ingly, different chemical approaches such as precipitation,”™’
sol-gel,"® hydrothermal,®®*® thermal decompositions,* and
solution combustion® have been extensively used for the synthesis
of CeO, NPs. However, researchers put more emphasis on the
precipitation method because the precipitation approach is the
simplest, most environmentally friendly, most cost-effective, and
easy to scale up. However, the predominant factors in the
precipitation techniques as reported in most of the reports are
the use of surfactant or similar additives, toxic solvents and harsh
conditions like high temperature and prolonged reaction
times.55—57,61—63

Considering the disadvantages associated with the existing
reported synthesis protocol of CeO, NPs by the co-precipitation
method, the specific objectives of this study were to synthesize
CeO, NPs of different sizes via the co-precipitation method
without using any toxic solvents or additional stabilizers.
Furthermore, literature surveys showed that the adsorptive
removal of malachite green using metal oxide, or their compo-
sites is not very effective in terms of the performance of the
adsorbents. To the best of our knowledge, the maximum
adsorption capacity of 740.74 mg g~ " was recorded with mag-
netic B-cyclodextrin-graphene oxide nanocomposites (Fe;0,/
B-CD/GO) at room temperature.®® But the synthesis of Fe;0,/
B-CD/GO nanocomposites involved a tedious and expensive
procedure which is not at all beneficial for large-scale
applications. Meanwhile, most of the other reported metal
oxides or their composites exhibited adsorption capacity well
below 400 mg g ' which might be due to the presence of a
surfactant or other functionalities on the surface of the
particles.!*?>28:32:6465 g4 yith the expectation that the synthe-
sized bare CeO, NPs would exhibit better performance over the
other reported metal oxides or their composites in the remedia-
tion of malachite green dye from aqueous solution, we tested
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the potentiality of the synthesized CeO, NPs in the adsorptive
removal of malachite green dyes from water. Furthermore, to
establish the best adsorption conditions, batch experiments
were carried out by varying the test parameters such as adsor-
bent dosage, contact time, initial dye concentration, tempera-
ture, and pH of the medium. We were able to accomplish the
objectives simply and cost-effectively. The main advantages of
this study are low cost, effectiveness, easy recovery of the
material, tuning of the size of the CeO, NPs, and a fast
adsorption process. Therefore, the removal of malachite green
dye from wastewater using CeO, NPs could be considered a
successful work, and thus, the above-mentioned performances
in the current study recommend that the synthesized CeO, NPs
would be a good adsorbent for the rapid removal of malachite
green dye from aqueous solutions.

2. Experimental

2.1. Materials

Cerium(m) nitrate hexahydrate (Ce(NO3);-6H,0) and malachite
green oxalate (Cs,Hs;N,0;,) were purchased from Sigma-
Aldrich, India. Sodium hydroxide (NaOH), hydrochloric acid
(HCI) and nitric acid (HNOj;) were purchased from Merck,
India. Commercial CeO, was purchased from SRL, India. All
the reagents were used without further purification. All the
glassware was cleaned in a bath of freshly prepared aqua-regia
solution (HCl:HNO; = 3:1, v/v) and then rinsed thoroughly
with double distilled water and dried in an oven. All solutions
were prepared in double distilled water.

2.2. Synthesis of CeO, NPs

CeO, NPs were synthesized by the simple co-precipitation
method in the absence of any additive. In a typical synthesis,
a solution of Ce(NOs);-6H,0O (30 mL; 0.067 M) was taken in a
stopper glass bottle and was heated to 60 °C under constant
stirring for 30 min. To this solution, 10 mL of 2.0 M NaOH was
added dropwise to raise the pH of the reaction mixture to 12.0
followed by stirring at the same temperature for 3.0 h. The
precipitate formed during the reaction was isolated by centri-
fugation at 9000 rpm for 10 min. The isolated product was
repeatedly washed with distilled water followed by centrifuga-
tion to get rid of the unreacted reactants. The isolated solid was
dried in a vacuum oven at 60 °C overnight and stored for
characterization and application. The sample was designated
as CeO-1. A similar set of reactions was carried out under
identical reaction conditions using 4.0 M NaOH and the sample
was designated as CeO-2. The final concentration of Ce-salt in
both samples is 0.05 M while that of NaOH is 0.5 M in sample
CeO-1 and 1.0 M in sample CeO-2.

2.3. Batch adsorption study

The dye adsorption study was carried out in a batch process.
Typically, in a 100 mL conical flask, a known amount of dried
CeO, NPs (0.1-0.7 g L~ ") was added to 35 mL of malachite green
dye solution (20-100 mg L~'). The pH of the adsorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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medium was adjusted in the range of 1.0-10.0 by using
0.1 M HCI or 0.1 M NaOH solution. The mixture containing
the adsorbent and dye solution was placed on a magnetic
stirrer and agitated for a predetermined time interval at a
constant speed of 200 rpm. The temperature of adsorption
was varied from 293 to 313 K. The mixture was collected at
regular time intervals and centrifuged at 9000 rpm for 10 min
to separate the adsorbents. The supernatant containing the
unadsorbed dye was recovered and the concentration of resi-
dual dye was analyzed at wavelength 617 nm using an Agilent
Cary60 UV-vis spectrophotometer. The following formulae were
used to compute the amount of malachite green dye adsorbed
per unit mass of the adsorbent, g;, and to determine the extent
of malachite green dye adsorption (%).

Co— C,

%Adsorption = — X
0

100 1)

G -G
- m

q: (2)
where C, (mg L) and C, (mg L") are the initial dye concen-
tration and final concentration after time, ¢ min, and m is the
mass of adsorbent in g L™". To optimize the optimal adsorption
condition, the batch adsorption experiment was carried out by
altering the test parameters such as adsorbent dose, initial dye
concentration, contact time, temperature, and pH.

2.4. Statistical procedure

All the malachite green dye adsorption batch tests were done in
triplicate. Microsoft Excel 2019 was used to calculate the kinetic
and isotherm study results. The graphs were then drawn using
some of the non-linear forms of kinetic and isotherm models in
OriginPro 2022b. Error bar graphs and regression correlation
coefficients (R*) were used to demonstrate the relevance of data
trends and the goodness of fit.

3. Results and discussion

A simple co-precipitation method was adopted to synthesize
CeO, NPs in the absence of any additive. The purified dried
samples were characterized by different spectroscopic, micro-
scopic, and diffractometric techniques, as discussed in detail in
the ESL.{

3.1. X-ray diffraction study

The X-ray diffraction (XRD) patterns of the samples CeO-1 and
CeO-2 are shown in Fig. 1. The XRD pattern of both the samples
CeO-1 prepared using 0.5 M NaOH and CeO-2 prepared using
1.0 M NaOH display distinct diffraction peaks at 26 = 28.5, 33.0,
47.4, 56.1, 69.2, 76.7, 78.9 and 88.1 which are assigned to the
(111), (200), (220), (311), (400), (331), (420) and (422) lattice
planes of the fluorite-type face-centred cubic (fcc) structure of
CeO, (JCPDF Card No. 32-0394; space group Fm3m).>' The
broad nature of the diffraction peaks is indicative of smaller-
sized particles while the absence of peaks belonging to other
impurities confirmed the high purity of the as-prepared CeO,.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of different samples of CeO, NPs.

The average crystallite size of the particles in samples CeO-1
and CeO-2 as calculated using Scherrer’s formula (eqn (3))
using intense peaks due to (111), (220) and (311) planes is 3.4
and 3.7 nm, respectively.

0.91

- Pcost ()
where / represents the wavelength of the X-ray radiation
(0.154 nm), 6 represents the angle of diffraction and f repre-
sents the full width at half maximum (FWHM). The calculated
average value of the lattice constant from the XRD pattern was
found to be 0.54 nm which matches well with the value for
CeO, NPs reported earlier.®°

3.2. Microscopic study

To check the topography of the formed CeO,, microscopic
analysis of the products was carried out. The scanning electron
microscopic (SEM) images of both samples are shown in Fig. S1
(ESIY), which shows the formation of smaller-sized particles in
both samples. As the SEM images are unable to give an idea
about the sizes and morphology of the particles, transmission
electron microscopy (TEM) studies were undertaken on both
samples to study in detail the morphological evolution. Fig. 2a
shows the TEM image of sample CeO-1 prepared with 0.5 M
NaOH, which shows the presence of aggregated particles of
CeO,. A high-resolution TEM image shown in Fig. 2b shows
that these particles are nearly spherical with sizes less than
10 nm. Furthermore, the presence of well-resolved lattice
fringes confirmed the formation of crystalline CeO, NPs. The
interplane distance as measured using Image] software (NIH,
USA) was found to be 0.33 nm which corresponds to the (111)
lattice plane in CeO,. The corresponding selected area electron
diffraction (SAED) pattern (inset in Fig. 2b) shows the presence
of a ring pattern confirming the polycrystalline nature of the
samples. This observation might also be because the particles
are mostly overlapped with each other which is responsible for
the ring pattern. The TEM image of sample CeO-2 prepared

Mater. Adv,, 2023, 4, 683-693 | 685
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Fig. 2 TEM images of samples (a and b) CeO-1 and (c and d) CeO-2. The
insets in (b) and (d) correspond to the SAED patterns of the respective
samples.

with 1.0 M NaOH is shown in Fig. 2c which again shows the
presence of aggregated particles of CeO,. The high-resolution
TEM image shown in Fig. 2d shows that these particles are also
spherical with sizes less than 10 nm. But in this case, the
particles are more uniform compared to those in sample CeO-1.
This might be due to the faster nucleation rate at higher NaOH
concentrations where many nuclei are formed at once and
undergo secondary nucleation to give more uniform particles.
Furthermore, the presence of well-resolved lattice fringes in the
high-resolution TEM image again confirmed the formation of
well-crystalline CeO, NPs. The interplane distance was found to
be 0.31 nm which corresponds to the (111) lattice plane in
CeO,. The corresponding selected area electron diffraction
(SAED) pattern (inset in Fig. 2d) shows the presence of a ring
pattern as observed in the case of sample CeO-1. The energy
dispersive X-ray spectroscopy (EDX) study on sample CeO-2
confirmed the presence of Ce (35.6%) and O (64.4%) in the
sample (Fig. S2, ESIT). The additional peaks observed in the
spectrum are assigned to C and Cu which corresponds to
the carbon and copper present in the TEM grid used to hold
the sample.

3.3. Study of the surface properties

To get an insight of the surface characteristics, a N, gas
adsorption-desorption study was carried out on both samples
(Fig. 3). Both the samples CeO-1 and CeO-2 exhibit isotherms
which seem to be a combination of type II and type V isotherms
with type H3 hysteresis loops. These types of loops are exhib-
ited by the aggregates of plate-like mesoporous particles that
give rise to slit-shaped pores and does not show any limiting
adsorption at high P/P°.*” The multi-point Brunauer-Emmett
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Fig. 3 N, gas adsorption—desorption isotherms of different samples of
CeO, NPs. Insets in the figure represent the BJH plots of the pore size
distribution of the respective samples.

Teller (BET) surface area analysis showed that the surface area
values are 159.6 m> g~' and 189.3 m* g, respectively, for
samples CeO-1 and CeO-2. Additionally, the pore diameters and
volumes of the samples were determined from the adsorption-
desorption isotherms following the well-known Barrett-Joyner-
Halenda (BJH) method (insets in Fig. 3). The pore volume of
sample CeO-2 is 0.316 cm® g~ ' which is higher than that of
sample CeO-1 (0.268 cm® g™ '). The average pore diameters in
the samples are 5.983 and 5.165 nm, respectively, for samples
CeO-1 and CeO-2. The results indicated the presence of meso-
pores in both samples.

3.4. Study of the optical properties

Fig. 4a illustrates the UV-vis absorption spectra of samples CeO-
1 and CeO-2 dispersed in double distilled water. The UV-vis
absorption spectrum of sample CeO-1 displays absorption
bands at 335 nm while sample CeO-2 exhibited absorption
bands at 315 nm. The difference in the absorption band in
different samples might be attributed to the different sizes of
the particles in different samples. Such absorption below
400 nm is associated with the charge transfer transitions from
the 2p valence band (VB) of O~ to the 4f conduction band (CB)
of Ce*", which overruns the well-known f-f spin-orbit splitting
of the Ce 4f state.®® Because of the significant light absorption
caused by the charge transfer between O*~ and Ce®", CeO,
shows photoluminescence (PL). Fig. 4b displays the room
temperature PL spectra of both the samples of CeO, NPs
measured at an excitation wavelength of 320 nm. The PL
spectra of both samples exhibited nearly identical emission

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4
excitation wavelength of 320 nm.

peaks, with a strong peak at 420 nm and three relatively weak
peaks at 486, 530, and 601 nm. Similar emission peaks were
reported earlier for CeO, NPs synthesized by the conventional
sol-gel method.®® Surface defects and relative oxygen vacancies
in CeO, are believed to be responsible for the strong emission
band at 420 nm and the weak emission band at 486 nm.*® The
presence of a yellow emission band at 530 nm could be due to
interstitial oxygen defects as reported earlier.®® The transfer of
charge carriers between Ce’s 4f conduction bands and O’s 2p
valence band in CeO, explains the relative oxygen vacancies.®®

3.5. Malachite green dye adsorption study

3.5.1. Effect of contact time. To examine the adsorption
performance of the as-prepared samples, i.e., samples CeO-1
and CeO-2, a preliminary test of malachite green dye adsorp-
tion was performed in batch mode for 150 min with an initial
malachite green dye concentration of 50 mg L~' and an
adsorbent dose of 0.6 g L™'. In 120 min, sample CeO-2
displayed about 98.0% malachite green dye adsorption,
whereas sample CeO-1 could remove only 81.7% of dye in the
same time scale (Fig. 5). After 120 min, the %adsorption of dye
in sample CeO-2 is practically constant, whereas it increases
progressively from 81.7% to 86.1% in 150 min with sample
CeO-1. The existence of many unoccupied adsorbent sites on
the adsorbent, as well as a significant malachite green dye
concentration gradient between the solution and the adsorbent
surface, accounts for the strong adsorptive removal rate. As the
adsorption sites are occupied over time, the rate of malachite
green dye adsorption decreases resulting in the flattening of the
curves and thereby ultimately an equilibrium is reached. Fig. 5
further shows that, under the tested conditions, sample CeO-2
performed as a better adsorbent for malachite green dye
compared to the sample CeO-1. As discussed in Section 3.3,
the greater effective surface area of sample CeO-2 might
account for the improved adsorption performance. So, we
chose sample CeO-2 as the adsorbent for future investigation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Variation of %adsorption of malachite green dye with time on
different samples of CeO, NPs. Conditions: initial malachite green dye
concentration (50 mg L™Y; adsorbent dose (0.6 g L™; time (150 min);
temperature (303 K); pH (~7).

and optimization of the method in terms of adsorbent dose,
initial malachite green dye concentration, and pH.

3.5.2. Effect of adsorbent loading. To find the optimum
amount of the adsorbent for efficient dye removal, the amount
of adsorbent (sample CeO-2) was varied from 0.1 to
0.7 g L~ with a fixed initial malachite green dye concentration
of 50 mg L™". When the adsorbent loading was increased from
0.1 to 0.5 g L™, a gradual increase in the %adsorption of
malachite green dye was observed from 12.7 to 61.4% and then
it increased sharply to 98.3% as the adsorbent loading was
increased to 0.6 ¢ L' (Fig. 6a). Furthermore, an increase in the
adsorbent dose to 0.7 g L' resulted in a decrease in the
%adsorption of malachite green dye. Simultaneously,
the adsorption capacity, g., of CeO, NPs increased steadily
from 39.0 to 59.8 mg g~ " as the adsorbent dose was increased
from 0.1 to 0.5 g L', then it increased sharply to 81.9 mg g~ ' as
the adsorbent dose was increased to 0.6 g L™". Further increase

Mater. Adv., 2023, 4, 683-693 | 687
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Fig. 6 Effect of (a) adsorbent dose at a fixed dye concentration of 50 mg L™ and (b) initial dye concentration at a fixed adsorbent dose of 0.6 g L™ on
the adsorption performance of CeO, NPs (sample CeO-2). Condition: temperature (303 K); pH (~7).

in the adsorbent dose to 0.7 g L™ " again resulted in the decrease of
the adsorption capacity, g., of CeO, NPs to 65.1 mg g~ *. With a fixed
dye concentration, when the adsorbent dose was increased, due to
the presence of an increased number of surface-active sites on the
adsorbent, the %adsorption of dye as well as the adsorption
capacity, g. increased gradually and ultimately reached a maximum
at an adsorbent dose of 0.6 g L™ '. A similar observation was
reported earlier by Eltaweil and his group.> However, a further
increase in the adsorbent dose might result in the partial agglom-
eration of the adsorbent resulting in a less accessible surface site for
the dye adsorption causing a decrease in the %adsorption of the
dye. Similarly, the adsorption capacity, g. which is expressed in mg
of dye adsorbed per g of the adsorbent, also decreased significantly
as the adsorbent dose was increased due to the limited surface-
active sites which are not enough for the added dye. Accordingly, the
adsorbent dose was set at 0.6 g L~ for further investigation in
detail.

3.5.3. Effect of initial malachite green dye concentration.
The influence of malachite green dye concentration on adsorp-
tion performance was examined using an adsorbent dosage of
0.6 g L™ " at 303 K with the initial dye concentration range of

04— r T T ——T T r ——

1 2 3 4 5 6 7 8 9 10

pH
Fig. 7
drift method.
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20 to 100 mg L™". With an increase in initial malachite green
dye concentration from 20 to 50 mg L™, both the %adsorption
of malachite green dye and adsorption capacity, g. of CeO, NPs
increased rapidly (Fig. 6b). However, as the initial malachite
green dye concentration was increased further from 50 to
100 mg L™, a sharp decrease in the %adsorption of malachite
green dye was observed. This happens because, at lower dye
concentrations, the available surface sites on the adsorbent
remain free so more dye molecules undergo adsorption as the
dye concentration was increased. At a certain dye concen-
tration, all the surface-active sites on the adsorbent are occu-
pied and so become saturated. At this point the %adsorption of
dye, as well as the adsorption capacity of CeO, NPs, became
maximum. Further increase in the dye concentration resulted
in the decrease of both the %adsorption of dye as well as the
adsorption capacity. This is due to the presence of inadequate
surface sites on the adsorbent and so many dye molecules
remained free in the solution causing an overall decrease in the
adsorption performance. This observation persuaded us to set
the initial malachite green dye concentration at 50 mg L~" for
further investigation.
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(a) The effect of pH on the adsorption performance of CeO, NPs (sample CeO-2) and (b) plot of final pH versus initial pH obtained using the pH
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3.5.4. Effect of pH. It is well known that the pH of the
medium has a significant impact on the adsorption of mala-
chite green dye.>® To study the effect of pH on the malachite
green dye adsorption in the current study, we varied the pH of
the medium from 1.0 to 10.0 by using 0.1 M HCl or 0.1 M NaOH
solution and performed the adsorption study with 0.6 ¢ L™ " of
sample CeO-2 and 50 mg L~ malachite green dye solution.
Fig. 7a depicts the influence of pH on the adsorption perfor-
mance of CeO, NPs for malachite green dye. The curve shows
that the adsorption capacity, g., of CeO, NPs increased steadily
when the pH was raised from 1.0 to 7.0, reached almost
equilibrium at pH (~7), and then nearly flattened after
pH 7.0. To understand the adsorption mechanism, the pH,.
(pH at a zero-point charge) value of the adsorbent was evaluated
using the pH drift method (Fig. 7b).*® The value of pH,,. was
found to be 6.02, which means that at a pH above 6.02, the
surface of the adsorbent becomes more negatively charged due
to an increased number of OH™ ions on the adsorbent surface,
and hence electrostatic interaction between the cationic dye,
i.e., malachite green, and the negative adsorbent surface results
in increased malachite green dye adsorption. At a pH below
PH,;c, the surface of the adsorbent is positively charged, which
induces coulombic repulsion to the incoming cationic dye, and
thus the adsorption performance was decreased significantly.

Moreover, at lower pH, a greater number of H;0" are present
in the medium, which also competes with malachite green dye
for adsorption, which might also be responsible for the low
performance of CeO, NPs at lower pH ranges.

3.5.5. Adsorption kinetics. The kinetic study on the mala-
chite green dye adsorption by CeO, NPs was performed with
50 mg L~ " malachite green dye solution on sample CeO-2 with
an adsorbent dose of 0.6 g L ™" at 303 K and the variation of g,
with time, ¢ is shown in Fig. 8a. The kinetic data were fitted
based on different kinetic models (Table S1, ESIt) and the
obtained kinetic parameters are presented in Table 1. The
comparison of the correlation coefficient (R?) values (Table 1)
suggests that both the Lagergren pseudo-first-order and
pseudo-second-order models could be equally favourable to
describe the experimental data. However, the comparison of

20

* Experimental
Lagergren Pseudo first order
—— Pseudo second order

15

——— Elovich
0 T T T T T T T
0 20 40 60 80 100 120 140
Time (min)
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Table 1 Kinetic rate coefficients for adsorption of malachite green dye
with different adsorbents (k; in min~and k, in g mg~t min™%, ge inmg g%,
ain g mg~t min™, B in mg g7t min™Y, ge(Th) = geltheoretical); %D =
(% deviation)

Model Parameters Sample CeO-2
Lagergren pseudo-first-order ky 0.09
R 0.9294
qe(Th) 71.04
% D 15.39
Pseudo-second-order k» 0.0014
R 0.9545
¢e(Th) 80.59
% D 1.71
Elovich o 18.03
B 0.06
R 0.9602

the experimental and theoretical values of g. indicates that the
pseudo-second-order gives much less deviation (1.71%), com-
pared to that of the Lagergren pseudo-first-order (15.39%).
However, among these two models, the pseudo-second-order
model (best R* values in Table 1) was the best to describe the
adsorptive kinetics, which indicated the involvement of chemi-
sorption in the adsorption of malachite green dye onto CeO,
NPs. The high correlation coefficient (R*) value (0.9602)
obtained from the Elovich plot also supports the idea that the
adsorption might be primarily activated via chemisorption. The
initial adsorption constant (o) is very high compared to
the desorption constant () suggesting favourable adsorbent-
adsorbate interaction.

3.5.6. Adsorption isotherm. To determine the adsorption
capacity of the particular adsorbent, namely, sample CeO-2, the
isotherm experiment was carried out on a thermostatic orbital
shaker (REMI CIS-18 PLUS, India) at temperatures 293, 303,
and 313 K with different initial malachite green dye concentra-
tions varying from 5 to 250 mg L. Furthermore, to calculate
the different adsorption parameters, we fitted the adsorption
equilibrium data to some of the non-linear isotherm models
(Fig. 8b) such as Freundlich, Langmuir, Dubinin-Radushkevich
(D-R), and Sips isotherm (Table S2, ESIf). The different

3004 b

250 4

S

200 4

150 4

q.(mg g™

100 ¢ Experimental
——D-R isotherm

——— Langmuir isotherm

50 4 Freundlich isotherm
Sips model
0 Ll L) T T T j 3 3 L}
0 10 20 30 40 150 60 70 80
C.(mgL™)

Fig. 8 Non-linear fitted curves of malachite green dye adsorption on sample CeO-2 based on different (a) kinetic models and (b) isotherm models.
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estimated adsorption parameters are presented in Table 2. The
correlation coefficient (R*) values at 293, 303, and 313 K showed
a better fit of the experimental data to the Freundlich, Lang-
muir, and Sips isotherm models. While the experimental data
are not well-fitted to the D-R isotherm model. The Freundlich
adsorption capacity Ky increases from 15.67 to 20.37 on increas-
ing the temperature, indicating that the adsorption is favoured
at a higher temperature according to the Freundlich isotherm.
Also, the values of n are higher than 1.0 and increase
with an increase in temperature indicating favourable adsorp-
tion at higher temperatures. Meanwhile, the Langmuir mono-
layer adsorption capacity, ¢, increases from 521.22 to
558.68 mg g~ on increasing the temperature from 293 to
313 K indicating that at higher temperatures, the Langmuir
monolayer formation is also more favoured. According to the
Sips model, the maximum adsorption capacity is 740.54 mg g~ *
at 303 K. The high mean sorption energy, E obtained from the
D-R isotherm implied the formation of a chemical bond
between the adsorbent and malachite green dye.

3.5.7. Thermodynamic parameters of adsorption. To
understand the nature of the adsorption process, the thermo-
dynamic parameters such as the change in standard Gibbs free
energy AG°, change in the standard enthalpy AH° and change
in the standard entropy AS° were computed with the help of the
following equations

AG° = AH® — TAS® (4)
AG® = —RTIn Kaq (5)
The combined form of eqn (4) and (5) gives

AS®  AH®
InKaa =3~ — 27

where R is the universal gas constant (8.314 J K™* mol™"); T is
the absolute temperature; K,q represents the adsorption con-
stants the value of which was obtained from the Langmuir
constant, b after modification according to the procedure
suggested by Lima et al.’® The value of AG®° was calculated
using eqn (5) and the values of AH® and AS° were estimated

Table 2 Isotherm data for adsorption of malachite green dye onto the
adsorbents (sample CeO-2) at different temperatures. (Kr in mg'™/"

LY g7 gminmg gt binL mg gsin mg g2 kag in mol? k™1 372 Ein
kJ mol™Y)
Isotherm model Isotherm parameters 293 K 303 K 313 K
Freundlich Ky 15.67 16.81 20.37
n 1.50 1.49 1.52
R? 0.9719 0.9792 0.9821
Langmuir qm 521.22  552.77  558.68
b 0.014 0.015 0.019
R? 0.9795 0.9814 0.9870
D-R qs 268.47 271.71 296.88
kaq x 10° 5.88 4.37 3.47
R? 0.8837 0.8753 0.9002
E 92.21 106.97 120.04
Sips Gms 522.02  740.54  635.96
ks 0.01483 0.01518 0.01927
mg 0.9991 0.87831  0.93202
R? 0.9795 0.98225 0.9872
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Table 3 Thermodynamic parameters of malachite green dye adsorption
on sample CeO-2

AG® (k] mol ™)
303 K

AH° (k] mol™")  AS°(JK 'mol™") 293K 313 K

11.57 151.37 —32.85 —34.15 —35.89

from the slope and the intercept of a plot of InK,q vs. 1/T
following eqn (6). The estimated values of the thermodynamic
parameters, AG°, AH° and AS° are presented in Table 3.
The AG° value was found to decrease from —32.78 to
—35.81 k] mol™" on increasing the temperature from 293 to
313 K. The negative value of AG® at all temperatures confirmed
that the adsorption process is spontaneous. The values of
AH° and AS° were found to be 11.57 kJ mol™' and
151.37 J K~ mol ', respectively. The positive values of AH®
and AS° indicate the endothermic nature of the malachite
green dye adsorption and increased randomness at the solid-
liquid interface, respectively.

3.5.8. Reusability test of the adsorbent. To check the
reusability of CeO, NPs (sample CeO-2), a batch adsorption
study was performed under the optimized conditions with five-
fold adsorbent and adsorbate amount and the adsorbent was
isolated after the adsorption experiment by centrifugation. The
isolated adsorbent was purified by washing with ethanol:dis-
tilled water (1:1) solution followed by washing with distilled
water. The washing process was repeated five times and finally,
the isolated used adsorbent was dried for a further adsorption
experiment with another set of fresh dye solutions maintaining
all other conditions identical to the parenting experiment. This
process of isolation of the adsorbent and reuse of the isolated
adsorbent in the dye removal experiment was repeated for five
cycles. The performance of the used adsorbent is presented in
Fig. 9 which indicated that the adsorption performance of CeO,
NPs decreased gradually after the first cycle of adsorption. The
reason for this decrease might be due to the leaching out of the
adsorbent during its recovery as well as the blocking of some

4th 5th

2nd 3rd
Number of cycles

100

80 4
60 4
40
20
0
1st

Fig. 9 Performance of the used CeO, NPs in malachite green dye
removal.
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Fig. 10 (a) XRD pattern and (b) TEM image of recovered CeO, NPs. (c) HRTEM image and (d) SAED pattern of the respective sample.
Table 4 Comparison of the adsorption performance of CeO, NPs with other reported adsorbents
Surface area  Dye concentration Adsorbent dose ~ Time Adsorption capacity,
Adsorbent (m*¢g™) (mg L™ pH (gL™ (min)  ¢m (mgg™) Ref.
ZIF-8@Fe/Ni 195.160 50 4.5 0.5 120 151.520 23
AC pellets 979 25-800 3.2 — 72 h 395 24
Magnetic cobalt oxide NPs 8.351 40 7 — 120 238.10 30
Sodium alginate coated Fe;O, NP — 10 7.0 0.6 20 47.84 28
AC supported SnO, NPs — 15 5 — 30 142.87 32
MgFe,0, NPs 70.266 50 8.0 0.5 15 487.60 71
AC supported Mn-doped CuO NPs ~ — 30 10 0.4 4.5 320.5 65
NiO nanoparticles 11.617 50 7.0 4.0 120 87.72 29
AC supported ZnO NP — 25-300 7.0 1.0 5-120 303.0 22
Commercial CeO, (bulk) — 50 7.0 0.6 120 65.2 This
work
CeO, NPs 189.3 50 7.0 0.6 120 552.77 This
work

active sites of the adsorbent by malachite green dye. Further-
more, to check the stability of the used adsorbent, XRD and
TEM study was carried out on the recovered sample. The XRD
pattern of reused CeO, NPs (Fig. 10a) is the same as the XRD
pattern of the parent sample which confirmed that there is no
change in the structure and crystalline properties of the adsor-
bent due to malachite green dye adsorption. Also, the TEM
results (Fig. 10b) showed no morphological change in the CeO,
NPs due to malachite green dye adsorption. Even the crystalline
properties (Fig. 10d) and interplanar distance values (Fig. 10c)
remained intact after dye adsorption as observed from the
SAED and HRTEM study. These results confirmed that the
adsorbent is highly stable under the condition of the experi-
ment, which increases the versatility of the adsorbent for use
for different purposes.

3.5.9. Comparison of the adsorption performance of CeO,
NPs with other reported adsorbents. The adsorption perfor-
mance of CeO, NPs has been compared with other similar
reported adsorbents (Table 4) as well as the commercial CeO,.
The table shows that CeO, NPs possess a high surface area of
189.3 m* g " and exhibit a high Langmuir monolayer adsorp-
tion capacity, g, of 552.77 mg g~ ' at temperature 303 K. In
comparison to other allied adsorbents, the performance of
CeO, NPs is excellent. This suggests that CeO, NPs can be used
as an excellent and effective adsorbent for the removal of
malachite green dye from aqueous media.

© 2023 The Author(s). Published by the Royal Society of Chemistry

4. Conclusion

In the current report, we aim at the synthesis of CeO, NPs in the
absence of any additive for use as a costeffective and efficient
adsorbent for malachite green dye removal from water. The CeO,
NPs have been successfully synthesized by the co-precipitation
method under mild conditions. The formed CeO, NPs are spherical
and crystalline possessing surface areas in the range of 159.6 to
189.3 m* g . The as-synthesized CeO, NPs have been successfully
used for the adsorptive removal of malachite green dye from water.
The adsorption performance of CeO, NPs towards malachite green
is affected by the adsorbent loadings, contact times, initial dye
concentrations and pH. The adsorption isotherm data are well fitted
to the Langmuir model and the Sips model with Langmuir mono-
layer adsorption capacity, g, of 558.68 mg ¢~ * at 313 K and Sips
adsorption capacity, gms of 740.5 mg g~ * at 303 K. The adsorption
process is endothermic and thermodynamically favourable follow-
ing pseudo-second-order kinetics. Typically, malachite green dye
adsorption on CeO, NPs occurs via electrostatic interaction and so is
chemical. The adsorbent is stable and can be reused for up to five
cycles with little loss in the adsorption performance.
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