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ABSTRACT

Adsorption of phenol, 2-chlorophenol and 2-nitrophenol on zirconium-ferrite nanoparticles, has
been studied. Zirconium-ferrite nanoparticles were synthesized using a reported method and char-
acterized using different analytical techniques, such as, X-ray diffraction pattern, BET surface area
analysis, scanning electron microscopy-energy dispersive X-ray spectroscopy, transmission elec-
tron microscopy, thermal gravimetric analysis, zeta potential analysis, Fourier transform infrared
spectroscopy and Raman spectral studies. It was found to be associated with improved nanofea-
tures in terms of high surface area (392 m?/g) and less pore volume (0.1723 cm?®/g). The synthesized
material showed high adsorption affinity towards all three phenols. The adsorption data were found
to follow Langmuir adsorption isotherm with the square of the regression coefficient (R?) 0.994, 0.995
and 0.995 for phenol, 2-chlorophenol and 2-nitrophenol, respectively, at 288 K. The adsorption capac-
ity of zirconium-ferrite nanoparticles was found to be 334.44, 354.61 and 375.93 mg/g for phenol,
2-chlorophenol and 2-nitrophenol, respectively, under the optimized conditions, namely, pH, contact
time, concentration of adsorbate, amount of adsorbent and temperature. The thermodynamic param-
eter, namely, change in Gibbs free energy (AG®), enthalpy (AH®) and entropy (AS°) have been deter-
mined by conducting the adsorption experiments at 288, 303, 318 and 333 K. The values of AG°, AH®
and AS° were found to be negative which showed that the adsorption was unfavorable by AS° but
highly favorable by AH® and the spontaneity of the adsorption was governed by the overall negative
value of AG°. The kinetic study showed that the adsorption of all the three phenols on zirconium-
ferrite nanoparticles showed pseudo-second-order kinetic models.
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1. Introduction

The presence of phenol and its derivatives in drink-
ing water, municipal water, and industrial wastewater has
been a worldwide problem due to their high toxicity and
carcinogenicity even at low concentrations. The presence
of phenolic compounds in water may result in damage to
various systems of the human body and also affects our
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environment. Phenol and its derivatives are widely used as
intermediates in the synthesis of plastics, dyes, pesticides
and insecticides [1-7]. Chlorophenol comes from various
sources such as pesticide, paint, solvent, pharmaceutics,
paper, pulp industries and water disinfecting processes
[8]. Chlorophenols create complicated problems to water
bodies such as bad odor and taste in drinking water, the
death of aquatic life and inhibition of normal activities of
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the microbial population in wastewater treatment plants
[9-13]. Nitrophenols also belong to a category of one of
the most persistent and hazardous organic pollutants of
industrial wastewater and exhibit high toxicity or mutagen-
icity directly or through its catabolic metabolites for living
organisms [14-16]. Therefore, it is an issue of enormous
interest to remove the phenols and its derivatives from con-
taminated water. Several methods have been used for the
removal of phenol and its derivatives from wastewater. The
important methods are coagulation, conventional oxidation
methods by oxidizing agents, irradiation and electrochem-
ical processes, membrane filtration, nanofiltration, reverse
osmosis, electrodialysis and adsorption [17-27]. Most of
the methods used for the removal of phenolic derivatives
are associated with the involvement of hazardous organic
solvents, expensive reagent, toxic by-product, drastic reac-
tion condition, time-consuming and expensive. However,
the adsorption technique has been found as one of the
most prevalent techniques for the removal of pollutants
from contaminated water. The common adsorbents used
for the removal of pollutants are activated carbon, molec-
ular sieves, polymeric adsorbents and some other low-cost
materials [4,28,29]. Salam et al. [10] reported the removal
of chlorophenol from aqueous solutions using multiwalled
carbon nanotubes and their kinetic and thermodynamic
studies. Abburi [11] studied the adsorption of both phenol
and p-chlorophenol on Amberlite XAD-16 resin from their
single and bisolute aqueous solutions. Ghaffari et al. [12]
studied the adsorption of chlorophenols on amino-modified
ordered nanoporous silica materials from aqueous solution.
Li et al. [1] reported the surfactant-modified montmoril-
lonite for the adsorption of phenol and also studied their
mechanism, thermodynamics and regeneration process.
Alshehri et al. [30] reported the adsorption of phenol using
curcumin-based antimicrobial bio-adsorbent. The adsorp-
tion of phenolic compounds using various adsorbents, such
as polypropylene powder (Accurel), powdered activated
mustard cake, activated carbon and agro-waste [31-35].
Kumar et al. [36] reported the removal of bisphenol-A using
ZnSe-WO, based nanomaterial. Dhiman et al. [37] studied
solar powered degradation of bisphenol A from the aqueous
environment using nano Fe Zn, O as a tunable and efficient
photocatalyst. Biochar-templated g-C,N,/Bi,O,CO,/CoFe,O,
nano-assembly has also been employed for the photodeg-
radation of nitrophenol [38]. Gold nanoparticles decorated
multiwalled carbon nanotubes have also been used for the
reduction of 4-nitrophenol [39].

Besides the above, numerous mixed metal oxides have
been used as potential adsorbent for the removal of pheno-
lic compounds [40-43]. The mixed metal oxide nanoparti-
cle shows higher surface area, better adsorption capacities,
more active sites than bulk materials, high efficiency and
selectivity [44-46]. Among the various mixed metal oxides,
zirconium-ferrite nanoparticles have extensively studied for
the adsorption of heavy metal ions. Gupta et al. [47] have
reported the synthesis and characterization of nanostructure
iron(IIl)-zirconium(IV) binary mixed oxide and their use as
an adsorbent for the adsorption of arsenic(III) from aqueous
solution. The sorption of arsenic(V) on agglomerated nano-
structure iron(Ill)-zirconium(IV) mixed oxide has also been
studied [48]. Adsorptive removal of arsenic from water by
an iron-zirconium oxide has also been studies by Ren et al.

[49]. In their study, it has been reported that the adsorbent
was amorphous and the specific surface area of the adsorbent
was 339 m%/g. Long et al. [50] reported the removal of phos-
phate from aqueous solution using magnetic iron-zirconium
oxide with a specific surface area of 106.2 m?/g. However,
up to date literature survey reveals that no attempt, so far,
has been made to utilize the adsorption potential of zirco-
nium-ferrite nanoparticles for phenol, 2-chlorophenol and
2-nitrophenol. Therefore, we are interested to explore the
adsorption efficiency of zirconium-ferrite nanoparticles for
phenol, 2-chlorophenol and 2-nitrophenol. The results of
adsorption of phenol, 2-chlorophenol and 2-nitrophenol on
zirconium-ferrite nanoparticles and values of the thermody-
namic parameter, namely, AG®°, AH® and AS° and the kinetic
studies are being reported in the present contribution.

2. Experimental
2.1. Materials

Zirconium oxychloride octahydrate (Merck, New Delhi-
110028), ferric chloride hexahydrate (Merck, New Delhi-
110028), hydrochloric acid (Merck, New Delhi-110028), sodium
hydroxide (Merck, New Delhi-110028), ethanol (Merck, New
Delhi-110028), nitric acid (Merck, New Delhi-110028), phenol
(Merck, New Delhi-110028), 2-chlorophenol (Merck, New
Delhi-110028) and 2-nitrophenol (Merck, New Delhi-110028)
were used as received. All other chemicals used were of ana-
lytical reagent grade. Deionized water was used throughout
the experiment.

2.2. Synthesis of zirconium-ferrite nanoparticles

Zirconium-ferrite nanoparticles were synthesized by
the co-precipitation technique [44]. In this method, 2.72 g
of ferric chloride hexahydrate and 1.62 g of zirconium oxy-
chloride octahydrate were dissolved, separately, in 50 mL
deionized water. The solution of zirconium oxychloride
was mixed dropwise in ferric chloride solution and stirred
for 30 min at 65°C. To the above reaction mixture, a 3.5 M
NaOH solution was drop-wise added with constant stir-
ring, till its pH reaches up to 10. It resulted in the precip-
itation of chloride precursors in about 120 min. The above
mixture was stirred for another 60 min. The precipitate was
filtered and washed with doubly distilled water until it
became free of chloride ions. The precipitate, so obtained,
was dried at 100°C for 90 min in an oven. The solid material
was crushed and then sieved with 100 um mesh size.

2.3. Instrumentations

The characterization of the synthesized zirconium-ferrite
nanoparticles was done using different analytical techniques.
The X-ray diffraction (XRD) pattern was recorded on a
Bruker D8 advance diffractometer (Billerica, Massachusetts,
USA). The chemical composition was determined on the
bases of energy dispersive X-ray (EDX) analysis. The scan-
ning electron microscopy (SEM) measurement was recorded
using a ZEISS (SUPRA) instrument. The transmission elec-
tron microscopy (TEM) of zirconium-ferrite nanoparticles
was done using an FEI Tecnai T20 transmission electron
microscope with a 200 keV electron source (FEI, Hillsboro,
Oregon, United States). The thermal stability of zirconium-
ferrite nanoparticles was analyzed by thermo-gravimetric
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analyser (TGA 4000), PerkinElmer (Waltham, Massachusetts,
U.S.A.), under a nitrogen atmosphere at a heating rate of
10°C/min from 30°C to 600°C. The zirconium-ferrite nanopar-
ticles were also studied by Raman spectral studies using a
Raman spectrometer (Research India, RIRMLP1519). A Zeta
potential analyzer (Zetasizer ver.7.03 instrument, Malvern,
MAL1093032, Malvern, Worcestershire, U.K.) was used to
find out the isoelectric point of zirconium-ferrite nanopar-
ticles. The Fourier transformed infrared (FT-IR) spectra of
adsorbent and adsorbate—adsorbent adducts were recorded
on a PerkinElmer (Waltham, Massachusetts, U.S.A.) 1600
FT-IR spectrophotometer using KBr pellets. The Brunauer—
Emmett-Teller method was used to determine the surface
area of the synthesized zirconium-ferrite nanoparticles.

2.4. Adsorption studies

The adsorption of phenol, 2-chlorophenol and 2-nitro-
phenol on the synthesized material was determined by
batch adsorption technique. The adsorption of all three
adsorbates was studied using their wide concentration
range (20-100 mg/L). The pH of the adsorbate-adsorbent
mixture was maintained by adding a tiny amount of con-
centrated hydrochloric acid or sodium hydroxide solution.
The adsorption was carried out on adding a fixed amount
of adsorbent on the 50 mL of adsorbate solution. The adsor-
bate—adsorbent mixture was vigorously agitated followed
by filtration. The sample was taken from the adsorbate—
adsorbent mixture at certain intervals of time. These samples
were centrifuged, filtered and the filtrate was subjected to
UV-Vis spectrophotometric analysis. The concentration of
phenol, 2-chlorophenol and 2-nitrophenol before and after
adsorption was analyzed by UV-Vis spectrophotometer at
wavelength 270, 273 and 352 nm, respectively. In the prelim-
inary stage, the effect of the reaction condition was studied
by changing one reaction condition keeping all other con-
ditions fixed. The adsorption (%) and adsorption capacity
X, (mg/g) was calculated by using the following equations:

® 795100 1
c 1)

Adsorption% =

X =——"xV ()

where C,(mg/L) and Ceq (mg/L) are the concentration of the
adsorbates in solution at initial and at equilibrium, respec-
tively, V (L) is the total volume of adsorbates solution and
m (g) is the mass of adsorbent.

3. Results and discussion
3.1. Characterization of zirconium-ferrite nanoparticles

The XRD pattern of the synthesized material is shown
in Fig. 1 which showed two broad peaks at approximately
32.5° and 63.2° which resembled previously reported two-
line ferrihydrite [51,52]. This observation indicates the
synthesized material is amorphous and similar to two-line
ferrihydrite [49,53].

The specific surface area of the synthesized zirconium-
ferrite nanoparticles was found to be 392 m*/g with a pore
volume of 0.1723 cm?/g and mean pore diameter is 6.0792 nm
in the present contribution. Ren et al. [49] reported the surface
area of Fe-Zr binary oxide was found to be the surface area of
339 m?/g with a pore volume of 0.21 cm?®/g. Thus, the zirco-
nium-ferrite nanoparticles, synthesized in the present study,
showed a higher surface area than that of the previously
reported zirconium-ferrite nanoparticles.

The SEM-EDX of the synthesized zirconium-ferrite
nanoparticles has been shown in Fig. 2, which showed
their rough surfaces and porous structure [49]. The EDX
showed the atomic percentage of Zr/Fe is 15.23/10.53 in the
synthesized material.

Further, the synthesized zirconium-ferrite nanoparti-
cles were examined by TEM and the TEM image has been
shown in Fig. 3, which showed that the particle size range
is of 16-20 nm. The TEM analysis of the zirconium-ferrite
nanoparticles was found to be 34 nm in previously reported
work [45]. Therefore, the zirconium-ferrite nanoparti-
cles, synthesized in the present study, were consisting of
smaller particle size than that of the reported one.

The zeta potential of zirconium-ferrite nanoparticles
was determined over a wide range of pH (2.0 to 9.0) and
the results have been shown in Fig. 4. The isoelectric point
of zirconium-ferrite nanoparticles was found to be 3.92.
It reveals that at pH 3.92, zirconium-ferrite nanoparticles
have a positively charged surface and can act as an anion
exchanger. On the other hand, at pH greater than 3.92, the
surface of zirconium-ferrite nanoparticles gets negatively
charged, which favors more adsorption of cations [54].

The thermo-gravimetric analysis (TGA) of zirconium-
ferrite nanoparticles has been carried out and the TGA curve
has been shown in Fig. 5. The synthesized zirconium-ferrite
nanoparticles showed nearly 12% weight loss at 100°C and
25% weight loss in the range of 200°C-600°C. The weight
loss of up to 100°C may be due to the evaporation of water
contents [55].

The functionalization of zirconium-ferrite nanoparti-
cles was also confirmed by Raman spectral studies and the
Raman spectrum has been shown in Fig. 6. The Raman spec-
trum of zirconium-ferrite nanoparticles showed the charac-
teristics bands at 197, 393, 452, 613, 705 and 840 cm™. The
bands at 197, 393, 452 and 613 cm™ may be assigned for the
Zr ion in the synthesized material [56]. The bands appeared
at 705 and 840 cm™ may be due to the presence of Fe ion in
the synthesized materials. Li et al. [57] has been reported
the same observation for the Raman spectrum ofiron oxide
nanoparticles.

The functional groups present in the synthesized mate-
rial were determined using FI-IR spectral studies and the
FT-IR spectrum has been shown in Figs. 7a—d. It shows the
bands at 442; 540; 1,346; 1,570 and 3,414 cm™.. Broadband at
3,414 cm™ should be assigned for O-H stretching vibration of
water molecules and the bands at 1,570 and 1,346 cm™ may
be corresponding to O-H bending vibrations [55,58]. The
bands at 540 and 442 cm™ may be assigned for the metal-oxy-
gen stretching vibration in the synthesized material [59]. The
FT-IR spectra of zirconium-ferrite nanoparticles before and
after adsorption of phenol, 2-chlorophenol and 2-nitrophenol
have been shown in Figs. 7a-d. It is observed from the FT-IR
spectra that no new peak has appeared after adsorption of
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Fig. 1. XRD pattern of zirconium-ferrite nanoparticles.
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Fig. 2. SEM-EDX image of zirconium-ferrite nanoparticles.
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Fig. 3. TEM image of zirconium-ferrite nanoparticles.
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Fig. 4. Zeta potential graph of zirconium-ferrite nanoparticles.

phenol, 2-chlorophenol and 2-nitrophenol on zirconium-ferrite
nanoparticles. Further, a significant shift in the peaks was not
found in the FT-IR spectrum of zirconium-ferrite nanoparticles
after adsorption of phenol, 2-chlorophenol and 2-nitrophenol.
These results reveal that the adsorption of phenol, 2-chloro-
phenol and 2-nitrophenol on zirconium-ferrite nanoparticles
took place through the involvement of weak Van der Waals
interaction without any interaction chemical in nature. The
adsorption of phenols on zirconium-ferrite nanoparticles
seems to be due to hydrogen bond. This fact is evident from
broadband in phenol, 2-chlorophenol and 2-nitrophenol.

3.2. Effect of process parameters on phenol, 2-chlorophenol
and 2-nitrophenol adsorption

3.2.1. Effect of the amount of zirconium-ferrite nanoparticles

The effect of the amount of zirconium-ferrite nano-
particles on the adsorption of phenol, 2-chlorophenol and
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Fig. 5. TGA graph of zirconium-ferrite nanoparticles.
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Fig. 6. Raman spectra of zirconium-ferrite nanoparticles.
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Fig. 7. Fourier transform infrared (FT-IR) spectra of (a) zirconi-

um-ferrite nanoparticles, (b) zirconium-ferrite nanoparticles-

phenol adduct, (c) zirconium-ferrite nanoparticles-2-chlorophenol

adduct, (d) zirconium- ferrite nanoparticles-2-nitrophenol adduct.

2-nitrophenol has been evaluated at a different adsorbent
dose at the fixed phenolic concentration (20 mg/L and pH
4.0). The dose of adsorbent from 0.05 to 0.5 g/L solution
has been used in this study to determine the optimum



188 S.R. Ali et al. / Desalination and Water Treatment 179 (2020) 183-196

adsorbent dose and the results have been shown in Fig. 8a.
It showed that the percentage adsorption of phenols was
also increased by increasing the amount of zirconium-
ferrite nanoparticles from 0.05 to 0.3 g. This increase can be
attributed because more adsorption sites will be available for
adsorption on the increasing amount of adsorbent from 0.05
to 0.3 g [60]. However, the percentage adsorption of phenols
exhibited no further appreciable increase in increasing the
amount of adsorbent above 0.3-0.5 g. Hence, an optimum
amount of 0.3 g zirconium-ferrite nanoparticles was used for
the subsequent adsorption studies.

3.2.2. Effect of pH

The effect of the pH change on the adsorption of phenols
on zirconium-ferrite nanoparticles was studied by varying
the solution pH from 2 to 12, while all the other parameters
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Fig. 8. Effect of (a) adsorbent dose, (b) pH and (c) initial con-
centration of adsorbate on percentage adsorption of phenol,
2-chlorophenol and 2-nitrophenol.

including contact time, adsorbent dosage, initial concentra-
tion and temperature were kept constant at 120 min, 0.3 g,
20 mg/L and 288 K, respectively. The effect of pH on the
adsorption of phenols has been shown in Fig. 8b. The zeta
potential value (pH, ) of the zirconium-ferrite nanoparticles
was found to be 3.92 (Fig. 4). When the pH is below 3.92, the
zirconium-ferrite nanoparticles remain positively charged
and above this pH value, the surface of the zirconium-fer-
rite nanoparticles acquires a negative charge. The pKa value
of phenol, 2-chlorophenol and 2-nitrophenol are 10, 8.5 and
7.2, respectively. If the pH of the solution is below pKa value
then the phenols will be in the protonated state and above
this value, it exists as negatively charged phenolate ions.
The turning point of adsorption efficiency of phenol, 2-chlo-
rophenol and 2-nitrophenol on zirconium-ferrite nanopar-
ticles were found at pH nearly 8.0, 6.0 and 4.0, respectively.
This change could be attributed to the zeta potential value
(pH,,,) of the adsorbent. Thus, below pH 4.0, the ionization
is p0551ble only for 2-nitrophenol due to the presence of an
ionized negatively charged nitro-group and which shows
electrostatic attraction with the positively charged adsor-
bent. Above pH 4.0, the adsorption of 2-nitrophenol was
decreased. However, in the case of phenol and 2-chlorophe-
nol, the pH hardly affects the adsorption efficiency in the
pH range of 4.0 to 6 as shown in Fig. 8b. Therefore, the max-
imum adsorption of phenol, 2-chlorophenol and 2-nitrophe-
nol was found to be at pH 4.0 and it was selected as opti-
mized pH value for subsequent adsorption study. On the
basis of pH studies, a possible mechanism of adsorption of
phenols on zirconium-ferrite nanoparticles can be presented
under the following steps:

e Step (i): At pH above to 8, 5.5 and 4 for phenol, 2-chlo-
rophenol and 2-nitrophenol, respectively, get ionized

as under:
oH OHz

—+ s o _—

OoH OH,
i <l

-+ H _—

OoH OH,

NO2> NO2
“+ H _—

e Step (ii): Above to pH 3.92 the surface of zirconium-
ferrite nanoparticles acquires a negative charge.

+ OH -

ZrFe,0s ZrFe,05

e Step (iii): Adsorption proceeds through interaction between
the positively charged surface of phenols and negatively
charged surface of zirconium-ferrite nanoparticles.
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3.2.3. Effect of adsorbates concentration

The initial concentration of the adsorbates was var-
ied from 20 to 100 mg/L of phenol, 2-chlorophenol and
2-nitrophenol for the evaluation of percentage adsorption.
Adsorption conditions, such as pH, contact time, adsorbent
dose and temperature were kept constant at 4.0, 120 min,
0.3 g/L solution and 288 K, respectively. The percentage
adsorption of all the phenolic compounds at various initial
concentrations for a fixed amount of adsorbent (0.3 g/L of
solution) and pH (4.0) is shown in Fig. 8c. It was observed
that the percentage adsorption was decreased when the
adsorbate concentration was gradually increased which
may be due to saturation of available adsorption sites on
the surface of zirconium-ferrite nanoparticles. Hence, in
the present study, the optimum concentration of the pheno-
lic compounds is found to be 20 mg/L.

3.2.4. Effect of contact time

The effect of time for the adsorption of phenol, 2-chlo-
rophenol and 2-nitrophenol on zirconium-ferrite nanopar-
ticles was performed by varying the contact time from 20
to 120 min. All the other parameters namely, adsorbent
dosage (0.3 g/L solution), initial concentration (20 mg/L),
pH (4.0) and temperature (288 K) were kept constant. The
results have been shown in Fig. 9a, which showed that the
adsorption of phenol increases on increasing the contact time
from 20 to 120 min. No significant increase in the present
adsorption was reported on a further increase in contact time
from 120 to 160 min. Therefore, 120 min was found at the
optimum time. It may be because the binding sites of adsor-
bent became exhausted and the uptake rate slowed due to
competition for decreasing the availability of active sites by
phenols.

3.2.5. Effect of temperature

The effect of temperature on adsorption of phenol,
2-chlorophenol and 2-nitrophenol on zirconium-ferrite nano-
particles has been studied by varying the temperature from
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Fig. 9. Effect of (a) contact time, (b) temperature for the
adsorption of phenol, 2-chlorophenol and 2-nitrophenol on
zirconium-ferrite nanoparticles.

288 to 333 K and results have been shown in Fig. 9b. All
the other parameters were kept constant such as adsorbent
dosage (0.3 g/L solution), initial concentration (20 mg/L), pH
(4.0) and contact time (120 min). The results clearly showed
that the degree of adsorption goes to decrease on increas-
ing the temperature from 288 to 333 K. It may be attributed
to the exothermic nature of adsorption of all three phenols
studied herein. Zhang et al. [61] reported that the removal
efficiency of p-nitrophenol on nanographite oxide decreased
on increasing the temperature, and indicate that the adsorp-
tion reactions are exothermic. Li et al. [63] reported that the
adsorption of phenol, p-chlorophenol and p-nitrophenol
on chitosan decreased on increasing temperatures.

3.3. Isotherm studies

The relationship between the amount of adsorbate
adsorbed and its concentration in equilibrium solution
at a constant temperature was described by adsorption
isotherm studies. In the present study, several isotherms
model, such as Langmuir, Freundlich and Temkin were
applied to examine the adsorption of phenol, 2-chlorophe-
nol and 2-nitrophenol on zirconium-ferrite nanoparticles.
All graphs, of isothermal studies, have been shown in
Supplementary data (Figs. S2-54).
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Langmuir adsorption isotherm exhibits the adsorption
involved in the formation of a monolayer of phenol, 2-chloro-
phenol and 2-nitrophenol on the surface of zirconium-ferrite
nanoparticles. The equation of Langmuir isotherm is given
as under:

C, 1 C,
14+ (3a)
Xz' KLXm Xm
or
1_1 1 1 ab)
Xz' Ceq KLXm Xm

where C_ is the concentration of adsorbate at equilibrium
stage (mg L), X, is the amount of adsorbate adsorbed at
equilibrium. X, is the amount of adsorbate required for the
complete monolayer formation over the surface of 1 g zir-
conium-ferrite nanoparticles, K; is the Langmuir equilib-
rium constant which is related to the affinity of binding sites
and energy of adsorption. The plot of 1/X, vs. 1/ch showed
a straight line and the value of K, and X, were determined
from the slope and intercept, respectively.

The Freundlich isotherm is employed by assuming a het-
erogeneous surface with a non-uniform distribution of heat
of adsorption over the surface. The equation of Freundlich
isotherm is as follows:

X, =K,C'" (4a)
This equation can be linearized as under:
InX, =InK, +llnCe (4b)
n

where X, (mg/g) is the amount of phenols adsorbed per unit
weight of zirconium-ferrite nanoparticles, C, (mg/L) is the
equilibrium concentration of solute, K, (mg/g) and 1/n are
Freundlich constants corresponding to adsorption capacity
and adsorption intensity, respectively [59].

Temkin isotherm is based on the assumption that
the heat of adsorption would decrease linearly with the
increase of coverage of adsorbent and equation is given as
follows:

_RT

X, = 71n(1<Tc€) (5a)

Table 1

The linearized form of this equation is as follows:

X,=B,InK, + B/ InC, (5b)
where B, = RT/b and b (J mol™) is the Temkin energy con-
stant. The factor K, in this isotherm explicitly takes into
account the interactions between adsorbing species and the
adsorbent. A plot of X vs. In C, enables the determination
of the isotherm constants b, B, and K, from the slope and
intercept, respectively, and values have been mentioned in
Table 1 [59].

The results of isothermal studies for the adsorption of
phenol, 2-chlorophenol and 2-nitrophenol on zirconium-
ferrite nanoparticles showed that the adsorption data were
found to follow Langmuir adsorption isotherm satisfacto-
rily than Freundlich and Temkin adsorption isotherm. In
Langmuir adsorption isotherm, all linear coefficients, R* were
found to be greater than 0.990 (Table 1). In the present study,
the adsorption capacity of zirconium-ferrite nanoparticles
was found to be 334.44, 354.61 and 375.93 mg/g for phenol,
2-chlorophenol and 2-nitrophenol, respectively. The adsorp-
tion capacity of zirconium-ferrite nanoparticles was found
to be maximum in comparison with the other adsorbents as
mentioned in Table 2.

3.4. Thermodynamic analysis

A thermodynamic study of adsorption of phenol,
2-chlorophenol and 2-nitrophenol on the synthesized zirconi-
um-ferrite nanoparticles has been carried out. The Gibbs free
energy change (AH®) values can confirm whether a process
is spontaneous or non-spontaneous. The change in enthalpy
(AH®) provides information about the nature of adsorption
either it is exothermic or endothermic and also differentiate
between physical and chemical adsorption processes. The
entropy change (AS°) predicts the magnitude of changes
in the adsorbent surface [33-35]. The change in Gibbs free
energy (AG®) was determined using the following equation:

AG®=-RTInK, 6)

where R, T and K_stand for is the universal gas constant,
temperature (K) and equilibrium constant, respectively.
The values of equilibrium constant were calculated using the
following equation [59]:

Ae (7)

Adsorption isotherm parameters for the adsorption of phenol, 2-chlorophenol and 2-nitrophenol on zirconium ferrite nanoparticles

at 288 K temperature

Adsorbate Langmuir isotherm Freundlich isotherm Temkin isotherm

X, (mg/g) K, (L/mg) — R? P(mg/g)  n R B,(mg/g) K; R
Phenol 334.44 0.108 0.994 41.44 1.67 0.979 29.85 0.94 0.932
2-Chlorophenol 354.61 0.124 0.995 46.67 1.64 0.982 28.31 1.09 0.934
2-Nitrophenol 375.93 0.150 0.995 54.61 1.61 0.984 26.85 1.33 0.936
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Table 2
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Adsorption capacity comparison of zirconium-ferrite nanoparticles for phenol, 2-chlorophenol and 2-nitrophenol with that of differ-

ent adsorbents

Adsorbent Adsorption capacity (mg/g) Reference
Phenol 2-Chlorophenol 2-Nitrophenol

ANL 69.70 - - [70]
Sewage sludge 94.00 - - [71]
Activated sludge 86.10 - - [72]
Activated sewage sludge 29.46 - - [73]
Pyrolysed sewage sludge 5.56 - - [73]

Lignite 10.00 - - [74]

Fly ash - 98.70 - [75]
Aged-refuse in biofilter - 1.27 - [76]
Sargassum muticum - 79.00 - [77]

Red mud - 117.30 - [78]
Chitosan - 70.52 - [79]

FA - - 6.44 [80]

Wood FA - - 143.80 [81]
Zirconium-ferrite nanoparticles 334.44 354.61 375.93 Present study

where C, and C, are the equilibrium concentrations (mg/L)
of phenols on the adsorbent and in solution, respectively.

The values of AH® and AS° have been determined using
Van't Hoff model:

_AS®AHP
“ R RT

InK

®)

At different temperatures, the different values of InK_
were obtained and the graphs between InK_vs. 1/T were
plotted (Fig. S1) and the values of slope and intercept were
used to determine AH° and AS°, respectively, from Van't
Hoff plot [64]. The results of the thermodynamic studies have
been shown in Table 3.

The values of AG® at all temperatures (288-333 K) were
found to be negative in the range of —4.60 to —6.33 for all the
three phenols. It shows that the adsorption process involved
physical forces between adsorbate and adsorbent and it
occurs spontaneously [65]. The AG® value has been reported
to be —20 to 0 kJ/mol for physical adsorption and the AG°
value for chemisorption varies between -80 and —400 kJ/mol
[66-68]. Silva et al. [69] reported the thermodynamic study of
adsorption of phenol, 4-chlorophenol and 4-nitrophenol on
activated carbon and the free energy was observed from —-0.63
to =5.76 kJ/mol. Zhang et al. [61] investigated the adsorption
of p-nitrophenol from aqueous solutions using nanographite
oxide.

The AH® values are negative for all of the phenols, show-
ing the exothermic nature of the adsorption process and
the values were found to be -9.55, —10.64 and -9.74 k] mol™
for phenol, 2-chlorophenol and 2-nitrophenol, respectively.
These enthalpies represent the energy released on the adsor-
bate-adsorbent interface during the interaction of all three
phenols on zirconium-ferrite nanoparticles. The value of AH®
as observed in the present study showed that the adsorp-
tion of all three phenols involves the weak interaction with

Table 3
Thermodynamic parameters for the adsorption of phenol,
2-chlorophenol and 2-nitrophenol on zirconium-ferrite nano-
particles

Adsorbate T (K) Thermodynamic parameters
AG° AH° AS°
(kJ/mol)  (kJ/mol)  (J/mol K)
Phenol 288 -5.27 -9.55 -0.014
303 -5.05
318 —4.83
333 —4.60
2-CP 288 -5.79 -10.64 -0.016
303 -5.54
318 -5.29
333 -5.03
2-NP 288 -6.33 -9.74 -0.011
303 -6.15
318 -5.98
333 -5.80

zirconium-ferrite nanoparticles which showed physisorp-
tion [66,68]. Zhang et al. [61] have also reported the negative
value of AH® for the adsorption of p-nitrophenol onto nano-
graphite oxide. They found the value of AH® was -17.43 J/
mol K and confirmed the adsorption process was exothermic
and physical in nature [61]. Silva et al. [69] also found the
negative values of AH® for the adsorption of phenol, 4-nitro-
phenol and 4-chlorophenol and proved that the adsorption of
all these phenols is exothermic process.

The values of AS° were found to be -0.014, -0.016 and
-0.011 J/mol K for phenol, 2-chlorophenol and 2-nitrophenol,
respectively. The decrease in AS° value revealed the lowering
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in randomness at the solid-liquid interface and the internal
structure of adsorbent did not get affected during adsorption
[66]. The AS°® value showed the non-spontaneous nature of
the adsorption process. Zhang et al. [61] also examined the
negative value of AS® for the adsorption of p-nitrophenol onto
nanographite oxide. Overall, the spontaneity of the adsorp-
tion process was governed by the negative value of AG® [61].

3.5. Adsorption kinetics

The kinetic parameters for the adsorption of phenol,
2-chlorophenol and 2-nitrophenol on zirconium-ferrite
nanoparticles at 288 K were studied. In this study, the exper-
imental data were fitted in pseudo-first-order and pseudo-
second-order equations to find out adsorption kinetics.
The pseudo-first-order-kinetic model is given as:

In(q, —q,)=Ing, —kt ©)

where g, (mg/g) is the amount of phenol, 2-chlorophenol
and 2-nitrophenol adsorbed per unit weight of the zirconi-
um-ferrite nanoparticles at equilibrium (mg/g), g, (mg/g) is
the amount of phenol, 2-chlorophenol and 2-nitrophenol
adsorbed at any time. The ¢ stands for time (min) and k, is
pseudo-first-order rate constant of adsorption (1/min). The
values of slope and intercept of the plot of In (§,—4,) vs. t, were
used to determine k, and g, respectively, and values have
been mentioned in Table 4 and Fig. S5.

The pseudo-second-order kinetic model for the adsorp-
tion of phenol, 2-chlorophenol and 2-nitrophenol on zir-
conium-ferrite nanoparticles is expressed as:

LA S (10)
a kg 4.
Table 4

where g, (mg/g) is the amount of phenol, 2-chlorophenol
and 2-nitrophenol adsorbed per unit weight of the zirconi-
um-ferrite nanoparticles at equilibrium (mg/g). g, (mg/g) is
the amount of phenol, 2-chlorophenol and 2-nitrophenol
adsorbed at any time. The t stands for time (min) and k,
stands for the equilibrium constant in the pseudo-second-or-
der reaction. In the pseudo-second-order kinetic model, the
plot of t/g, vs. t was used to determine the value of g, and k,
from the slope and intercept, respectively (Fig. S6) and values
have been mentioned in Table 4.

From the values of Table 4, it is clear that the calculated
value of g, in pseudo-first-order kinetic was not in good
agreement with the experimental value of g. The results
indicate that the adsorption of all three phenols on zirconi-
um-ferrite nanoparticles does not follow pseudo-first-order
kinetics. From Table 4, it is clear that the calculated values
of g, are in good agreement with the experimental value of g,
and the correlation coefficient (R?) for pseudo-second-order
kinetics is greater than 0.999. It confirmed that the adsorp-
tion of all three phenols on zirconium-ferrite nanoparticles
follows pseudo-second-order kinetics.

3.6. Desorption of phenols using different solvents

In the desorption experiment, the used zirconium-ferrite
nanoparticles after the adsorption of phenols were taken out
from the solution and washed with distilled water and dried
at 120°C in an oven for 4 h. The solvents, namely, sodium
hydroxide, ethanol and hydrochloric acid have been used
for desorption of phenols from zirconium-ferrite nanopar-
ticles and results have been shown in Fig. 10. The zirconi-
um-ferrite nanoparticles after the adsorption of phenols were
put into 20 mL of NaOH solution and the mixture was then
shaken in the thermostatic shaker at room temperature for

Kinetic parameters of pseudo-first and pseudo-second-order for the adsorption of phenol, 2-chlorophenol and 2-nitrophenol on

zirconium-ferrite nanoparticles

Adsorbate Pseudo-first-order kinetics Pseudo-second-order kinetics

Initial concentration Doenp (mg/g) 91, (ME/8) k, (1/min) R? 0. (M8/8) k, (g/mg min) R

(mg/L)

Phenol 20 1.07 2.92 1.43 x 102 0.990 1.07 0.42 x 108 1.00
40 4.02 11.98 3.04 x 1072 0.992 4.02 11.00 x 108 1.00
60 8.97 26.40 4.81 x 102 0.942 8.97 23.00 x 108 1.00
80 16.02 9.06 1.93 x 1072 0.948 16.02 54.00 x 108 1.00
100 18.59 14.51 2.59 x 102 0.960 18.59 0.80 x 108 1.00

2-CP 20 1.01 3.37 2.35 x 102 0.964 1.01 1.31 x 108 1.00
40 3.02 8.33 2.27 x 1072 0.988 3.01 2.10 x 108 1.00
60 6.02 10.44 2.55 x 1072 0.988 6.02 2.50 x 108 1.00
80 13.92 12.90 3.25x 1072 0.991 13.92 0.04 x 108 1.00
100 15.03 11.57 2.33 x 1072 0.985 15.03 0.06 x 108 1.00

2-NP 20 1.31 1.03 0.58 x 1072 0.962 1.30 2.04 x 108 1.00
40 2.86 10.40 4.0x 1072 0.982 2.86 0.41 x 108 1.00
60 5.39 8.80 2.5 x 102 0.992 5.38 0.11 x 108 1.00
80 10.02 9.10 2.1 %102 0.993 10.02 0.20 x 108 1.00
100 11.13 17.30 2.7 x 1072 0.975 11.12 0.09 x 108 1.00
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Fig. 10. Effect of different solvents on the percentage desorption
of phenol, 2-chlorophenol and 2-nitrophenol

3 h. The same process was repeated for the remaining two
solvents, ethanol and hydrochloric acid. After desorption,
the mass of phenols desorbed was analyzed in the liquid
phase using the UV-vis spectrophotometer. The desorption
percentage was determined using the following expression.

Desorption?% = Mass of phenols desorbed

%100 (11)
Mass of phenols adsorbed

The desorption percentage of phenol with ethanol,
sodium hydroxide and hydrochloric acid solvents was found
to be 71.34%, 60.46% and 29.34%, respectively. The desorp-
tion percentage of 2-chlorophenol was found to be 67.12%,
56.72% and 27.32% with ethanol, sodium hydroxide and
hydrochloric acid solvents, respectively. For 2-nitrophenol,
the desorption percentage was found to be 73.52%, 61.21%
and 32.28% with ethanol, sodium hydroxide and hydrochlo-
ric acid, respectively. Hence, in the present study, ethanol
was found to show the maximum desorption efficiency for
phenols than sodium hydroxide and hydrochloric acid.

4. Conclusion

The present study showed a high adsorption potential
of zirconium-ferrite nanoparticles for phenol, 2-chlorophe-
nol and 2-nitrophenol. The synthesized zirconium-ferrite
nanoparticles have been found as improved nanomaterial
in terms of high surface area (392 m?g) with a pore volume
of 0.1723 cm?/g and the mean pore diameter of 6.0792 nm.
The adsorption data were found to follow the Langmuir iso-
therm trend. Therefore, the adsorption capacities (at 288 K)
on synthesized material for phenol, 2-chlorophenol and
2-nitrophenol were found to be 334.44, 354.61 and 375.93 mg/g,
respectively. The results of the thermodynamic study showed
that the adsorption was exothermic in nature and take place
through a physisorption process spontaneously. The results
of the kinetic study showed that the adsorption of all three

phenols on zirconium-ferrite nanoparticles showed the pseu-
do-second-order kinetic model.
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Fig. S1. Van't Hoff plot for the adsorption of phenol, 2-chlorophe-

nol and 2-nitrophenol on zirconium-ferrite nanoparticles.
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Fig. S3. Freundlich adsorption isotherm for the adsorption of
phenol, 2-chlorophenol and 2-nitrophenol on zirconium-ferrite
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Fig. S5. Pseudo-first-order kinetic model for the adsorption of
phenol, 2-chlorophenol and 2-nitrophenol on zirconium-ferrite
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Fig. S2. Langmuir adsorption isotherm for the adsorption of
phenol, 2-chlorophenol and 2-nitrophenol on zirconium-ferrite
nanoparticles at 288 K.
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Fig. S4. Temkin adsorption isotherm for the adsorption of phe-
nol, 2-chlorophenol and 2-nitrophenol on zirconium-ferrite
nanoparticles at 288 K.
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Fig. S6. Pseudo-second-order kinetic model for the adsorption of
Phenol, 2-Chlorophenol and 2-nitrophenol on zirconium-ferrite
nanoparticles
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