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Abstract

The precipitation process was successfully employed to prepare ZnFe,O, and ZnFe,0,@SiO, nanoparticles. The synthe-
sized nanoadsorbents were characterized employing transmission electron microscopy (TEM), X-ray diffraction (XRD),
and Brauner-Emmett and Teller (BET) methods. The potential adsorption capacities of the generated nanoparticles were
assessed under various conditions, including pH, starting dye concentration, contact time, and temperature. The adsorption
efficiency of ZnFe,0,@Si0, nanoparticles (95%) was higher than ZnFe,O, (93%). The adsorption data were described
using Langmuir, Freundlich, Temkin, and Dubinin-Kaganer-Radushkevich (DKR) isotherm models. The methylene blue
(MB) removal kinetics by ZnFe,0, and ZnFe,O,@Silica nanoparticles were evaluated using linear pseudo-first-order (PFO)
and pseudo-second-order (PSO) models. The removal fitted to pseudo-second-order (PSO) models as the correlation coef-
ficient (R?) value was (0.9994). The Boyd model may be used to validate the kinetics data, and it can be deduced that the
rate-determining phase was not intra-particle diffusion, but rather the hypothesized adsorption process was endothermic
and spontaneous in nature. Based on the findings, ZnFe,O,@silica is an adsorbent material that may be useful in removing
methylene blue from aqueous solutions.

Keywords Nano zinc ferrite - Silica - Adsorption - Freundlich isotherm - Boyd model

Introduction

The effective management of wastewater has attracted
interest in recent decades from the agricultural, industrial,
and public health sectors (Mapossa et al. 2021). Due to the
numerous ways humans utilize water, highly hazardous
effluents are produced, including dyes, by-products, heavy
metals, and others, rendering water unfit for reusing in agri-
culture or human consumption (Shindhal et al. 2021). As a
result, various studies have turned their attention towards
water purification.
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Thus, human activities release inorganic and organic
wastes in large quantities resulting in polluted waters that
pose a risk to human health and other living organisms
(Cheng et al. 2020; Amar et al. 2021a). Dyes are one of
the main contaminants that have caused widespread public
concern due to their high level of visibility and toxicity to
living organisms and their very negative environmental con-
sequences if not removed from water bodies (Bangari et al.
2021; Yadav et al. 2021). Numerous process industries have
made substantial use of organic dyes. The primary industrial
wastewater sources have historically been the textile, paper,
printing, colour photography, leather, cosmetics, and plastics
industries (Hua et al. 2018).

A sizable amount of dye-contaminated water is dis-
charged into aquatic systems by these enterprises. The
majority of these colours have teratogenic, mutagenic, and
carcinogenic properties (Ullah et al. 2022). Tetramethylth-
ionine chloride, also known as methylene blue (MB), is a
thiazine cationic dye that is frequently used in the textile
industry to dye cotton, silk, and wood (Tsade Kara et al.
2021). When exposed to MB, one may have symptoms
such as diarrhoea, vomiting, eye burns, a faster heartbeat,
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cyanosis, jaundice, excessive perspiration, quadriplegia,
and confusion (Bayomie et al. 2020). Therefore, it is
important for the environment to treat effluents containing
methylene blue before releasing them into aquatic systems.

Toxic synthetic colours have been eliminated from con-
taminated water before drainage using a variety of water
treatment technologies. Examples include photocatalytic
degradation, electrochemical degradation, biological
treatment, membrane filtration, oxidation, adsorption, ion
exchange, ozonation, and more (Heidarinejad et al. 2018;
Yadav et al. 2022; Yaseen and Scholz 2019; Dindorkar
et al. 2022; Ibrahim et al. 2022, 2019; Badawy et al. 2020;
ElHarby et al. 2019; Nady et al. 2023). Adsorption is con-
sidered to be a successful method for the removal of col-
ourants from aqueous solution due to its unique suitability,
including availability, ease of design, low working price,
simplicity of process, insensitivity to harmful pollutants,
with no secondary pollutant production pollutants, and
high removal efficiency (Gayathri et al. 2019; Amar et al.
2018; Ghanem et al. 2020).

Due to their catalytic abilities to address environmental
issues, iron oxides (Fe,05) have received a lot of attention
over the past ten years. The magnetic compounds known
as ferrites are thought to contain mostly iron oxide. The
simplicity with which these compounds may be separated
by an external magnetic field following reaction, is one of
their most significant advantages in the treatment of water
and wastewater (Kefeni et al. 2017). The use of ferrite-
based nanoparticles in sensors, biomedical, catalysis, and
energy storage systems has drawn particular attention due
to their exceptional adsorption powers, large surface area,
optical and magnetic qualities, chemical and thermal sta-
bility, and other qualities (Liu et al. 2018; Mapossa et al.
2020; Lei et al. 2021).

Zinc ferrite (ZnFe,0,) is often used in water treatment
operations due to its non-toxicity, strong phase resistance,
visible light absorption, low cost, insolubility in water, and
light corrosion resistance. The elimination of synthetic
colours from wastewater using zinc ferrite has also been
the subject of much study that has been shown publica-
tions (Zhao et al. 2022; Kumar et al. 2017; Mahmoodi
et al. 2014; Abubaker et al. 2020).

This study sought to determine whether it was fea-
sible and effective to use zinc ferrite/silica as a cheap
adsorbent to remove methylene blue dye from solution.
X-ray diffraction, transmission electron microscope, and
Brunauer—-Emmett—Teller (BET) analyses were employed
to characterize the obtained solids. To estimate the adsorp-
tion characteristics of a chosen dye, the adsorption data
were interpreted using Langmuir, Freundlich, Temkin, and
Dubinin-Kaganer-Radushkevich (DKR) isotherm models
and kinetic models.
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Materials and methods
Materials

Ferric sulphate [Fe,(SO,);-7H,0] and zinc nitrate
[Zn(NO;),-6H,0] Silica (SiO,), sodium hydroxide
(NaOH), and hydrochloric acid (HCI) were purchased from
Sigma-Aldrich. Methylene blue dye (C;4H,;CIN;S-xH,0,
x=2-3) was used to study adsorption efficiency of pre-
pared samples. All chemicals were employed as received.

Synthesis of ZnFe,0, nanoparticles

Zinc ferrite (ZnFe,0,) was prepared by co-precipitation
technique. Briefly, ferric sulphate and zinc nitrate were
added to distilled water at a nominated molar ratio (Fe/
Zn=35). The precipitating agent used was ammonia solu-
tion (1 M) till pH 7, while the temperature was kept at
80 °C. pH measurements were taken by using pH meter
(Jenway model 3505, UK). Distilled water was employed
to wash the precipitate for removing of NO;™, S0,*", and
NH," ions. The as-prepared solid was subsequently fil-
tered, dried at 100 °C overnight, and then calcined for four
hours at 600 and 800 °C.

Synthesis of ZnFe,0, @silica nanoparticles

ZnFe,0, @Silica nanoparticles were obtained by treating
a definite obtained powdered as mixed hydroxides with
certain amount of silica (0.05 mol%), which was dissolved
in small amount of distilled water sufficient to obtain a
paste. The obtained paste was dehydrated at 100 °C and
then heated for 4 h at 600 and 800 °C.

Characterization of synthesized nanoparticles

Crystal structure of the produced oxides was investigated
using X-ray diffraction on a Bruker D 8 advance target
with CuKa as the radiation source, at a scanning rate of
0.2 min~!, 40 kV, 40 mA, and a wavelength of 1.5405 nm
for line broadening profile analysis. An electron micro-
scope (TEM, Model: JEOL-JEM-1400) was used to obtain
the images. JASCO-V-730-Japan, in the range from 1000
to 200 cm™!, was used to confirm the adsorption of dyes
on the best adsorbent. With the help of Quantachrome
Instruments (Germany), the surface area (Sggt) and pore
size distribution of all obtained solids were calculated
using the BET method and N, gas. Prior to analysis, the
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recovered solids were degassed at 120 °C for 6 h. ANOVA
was used in the statistics.

Adsorption studies
Adsorption experiments

A predetermined weight of the dye was dissolved in bi-dis-
tilled water to create a stock solution. Dilutions were used
to create the appropriate concentrations for the adsorption
experiments from the stock solution. Following observations
using a single-beam UV-Vis spectrophotometer (JASCO
V-730, Japan), a curve was utilized to determine the con-
centration at each experiment. For kinetic and equilibrium
investigations, absorbance measurements were transformed
into concentrations using this curve.

For the adsorption of reactive MB dye solution from
aqueous solution, batch equilibrium approach was utilized.
After shaking 50 mg of the adsorbent with 100 mL of dye
solution of the determined primary concentration, the solu-
tions were allowed to settle for three hours at a certain pH
(25+0.1 °C). Studies of equilibrium isotherms were con-
ducted using different primary concentrations, ranging from
10 to 200 ppm. To investigate the adsorption process, models
of the Langmuir, Freundlich, Temkin, and Dubinin—Radush-
kevich (D-R) isotherms were used.

Additionally, at 25 °C, 50 mg of adsorbent, contact times
ranging from 0 to 3 h with stirring at 150 rpm, and at pH 7,
the impact of dye concentrations varying between 10 and
200 ppm was investigated. The solutions were centrifuged
at 7000 rpm for 10 min, and then they were examined using
a single-beam UV-Vis spectrophotometer (JASCO V-730,
Japan) at the proper MB dye wavelength (664 nm).

The pH is a significant factor that influences how well dye
molecules were adsorbed. Thus, using a pH-meter (Jenway
model 3505, UK), it was possible to fix the beginning dye
concentrations in our investigation at 50 ppm and a pH range
of 2-8 (using 0.1 M of HCIl and/or NaOH). The effects of
solution pH on the removal percentage (R%) were investi-
gated. In order to determine the time to equilibrium at pH 7,
the influence of time was investigated using initial concen-
trations of 50 ppm at 25 °C. Kinetic experiments were iden-
tical to equilibrium testing, with the exception that they take
three hours to reach equilibrium. To determine the amount
of MB adsorbed at any given time (g,), the quantity of MB
adsorbed at equilibrium (g,), and the ratio of MB uptake
(%R), the following equations (Hajialigol and Masoum
2019) were used:

C,—C)xV
QZ=M (1

m

Co—C,) XV
qe=(°TE)x 2)

(CO - Ce)

0

Removal(%) = x 100 3)

where C, and C, were the ending dye concentrations (mg/L)
at time ¢ and at equilibrium, respectively. C, was the begin-
ning dye concentrations (mg/L). V was the dye solution vol-
ume in litres, and m was the adsorbent dose in grams.

Adsorption kinetic models

Pseudo-first-order (PFO) and pseudo-second-order (PSO)
kinetic models are most frequently employed to fit the col-
lected experimental data and better understand the kinetics of
the adsorption process. The linear forms of PFO (Eq. 4) and
PSO (Eq. 5) can be described as follows (Tran et al. 2017):

In(q,-q,) =Ing, — Kt )
f_ 1t S
4 kg 4. ©)

where ¢, and g, are as previously mentioned. PFO and PSO
have rate constants K (min~") and K, (g/mg.min), respec-
tively. From the intercept and slope of the plot of In (g,—¢,)
vs. ¢, it is possible to determine the values of g, and K,
respectively. Using the intercept and slope of the plot of #/q,
vs. t, respectively, the values of K, and g, were computed.

Adsorption mechanism

Rate-determining step prediction is essential for the design's
goal. For a solid—liquid adsorption process, the solute trans-
fer is frequently described by either external mass transfer,
intra-particle diffusion, or both. The three sequential processes
shown below (Vadivelan and Kumar 2005) can be used to
describe the adsorption dynamics: Moving the solute from
the bulk solution through the liquid film to the adsorbent outer
surface was the initial stage. Except for a little quantity of sorp-
tion on the exterior surface, the second step entailed solute dif-
fusion inside the pore of the adsorbent. The final step involved
solute sorption on the interior surfaces of the pores and capil-
lary spaces of the adsorbent. The slowest process, which could
be either film diffusion or pore diffusion, would regulate the
overall rate of sorption.

a. Intra-particle diffusion equation

The intra-particle diffusion equation (Asfaram et al. 2015)
was provided as:
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g, =K +C (6)

where C stands for the thickness of the boundary layer and
Ky is (mg g~ min~12),

a. Boyd plot

The Boyd plot accurately predicts the real slow phase in the
adsorption process. The Boyd kinetic expression:

F=1-(6/7(22)2) exp(—B,) @)

where B, is a mathematical function of F. F stands for the
percentage of solute adsorbed at any given time t.

B, = —0.4977 —In(1 — F) ®)

Adsorption isotherm models

Four well-known models, Langmuir, Freundlich, Temkin,
and Dubinin, were used to determine the adsorption iso-
therms and to describe the nature of the interaction between
MB and zinc ferrite. With varied initial dye concentrations
(10-200 ppm), the observed experimental adsorption data
were fitted using these empirical isotherm models. The
Langmuir isotherm model is employed to describe mon-
olayer adsorption that occurs on a homogeneous surface
(Vadivelan and Kumar 2005). The Langmuir equation is rep-
resented by Eq. 9 as follows in its linearized form (Langmuir
1916; Lim et al. 2017):

C, 1 + C,

PRy — —_— 9

9e qu,{ qm ( )
where K; is the Langmuir constant (mg/g) and g,,,, is the
maximum quantity of MB that can be adsorbed (mg/g). The
slope and intercept of the linear plot of C, against C,/q,
could be used to get the values of g,,,, and k; , respectively.
The separation factor (R ), a parameter that may be com-
puted using the following equation, can be used to determine
the viability of the Langmuir adsorption isotherm.

1

R=———
1+K;Co

(10)
where C, is the initial concentration of adsorbate (mgL‘l)
and b is the Langmuir constant (mg/g), which measures
the affinity of binding sites. The R, value, which might
be favourable (0 <R; < 1), unfavourable (R; > 1), linear
(R =1), or irreversible (R; =0), determines the isotherm
type (Weber and Chakravorti 1974).

The multilayer adsorption process takes place on a hetero-
geneous surface, according to the Freundlich isotherm model's

* @ Springer

premise. The linearized version of the Freundlich equation
(Freundlich 1906) is:

Ing, =InK, + L InC, (11)
n

where K is the Freundlich constant (mg/g) and n is the
dimensionless adsorption intensity, which indicates surface
heterogeneity. The n values can be used to confirm the differ-
ent forms of adsorption. The slope (1/n) and Ky value, which
were determined from the intercept (In Kp) of the linear plot,
could be obtained from the linear plot of In C, against In g,.
Linear (n=1), unfavourable (n> 1), favourably (n< 1), and
irreversibly (n=1) describe the adsorption process.

According to the Temkin model, adsorbent—adsorbate inter-

actions cause all of the molecules in the layer's heat of adsorp-
tion (a function of temperature) to decrease linearly with sur-
face coverage. The equation is presented in its linear version
as (Dada et al. 2017; Temkin and Pyzhev 1940):
0, = %LnkT + ];—:ane (12)
kr is the equilibrium Temkin isotherm binding constant
(L/g), and b, is the Temkin isotherm constant, correspond-
ing to the heat of adsorption, where B =RT/b;. The values of
these constants were computed using the slope and intercept
of the relevant Q, versus In C, plot.

The adsorption mechanism with a Gaussian energy dis-
tribution onto a heterogeneous surface is typically explained
using the Temkin and Dubinin-Kaganer-Radushkevich (DKR)
isotherm model. The given linear equation is (Dubinin 1965)

LnQ, =Ln Q; — Apkgr€ (13)

where Q, is the hypothetical isotherm saturation capacity
(mg/g) and Apky is the DKR isotherm constant (mol?/kJ?)
related to free adsorption energy. The slope and intercept of
the InQ, versus & plot were used to get the values of Apyg
and Q,. The Polanyi potential, which is the parameter e, is
calculated as follows:

¢ = RTLn [1 + Ci} (14)

e

Adsorption thermodynamics

Gibb's free energy (AG°®), enthalpy (AH°), and entropy (AS°®),
which may be calculated using the following formulae (Lim
etal. 2017; Dinh et al. 2019), were used to explain the adsorp-
tion thermodynamics:

AG® = AH°—TAS” (15)
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AH® " AS°
RT R

Ink, = - (16)

a7

where C, is the amount of MB present on the adsorbent sur-
face (in mg/L), T is the absolute temperature (in K), and K. is
a constant known as the distribution coefficient, where R (the
gas constant) is equal to 8.314 J/mol.K. The values of AH®
(J/mol) and AS° (J/mol) were determined using the slope
and intercept of the plot In K- against (1/T), respectively.

(f) Desorption studies

Desorption and regeneration studies have been conducted
to look into the potential repeatability of using zinc ferrite
or zinc ferrite@silica. In general, 0.2 g/L of the MB dye
concentration and 0.12 g (100 mL) of the adsorbent were
mixed for 180 min. It determined what the analyte's ulti-
mate concentration was. Following the adsorption cycle,
the MB-loaded nanoparticle was eluted under the same
operating conditions as stated above, using various con-
centrations of the desorbing agent HNO;. The desorbed
nanoparticles were utilized as the regenerated adsorbent
for the subsequent adsorption cycle after the supernatant's
MB dye content was determined.
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Fig.1 X-ray diffractogram of the synthesized adsorbents a calcined
at 600 °C and b at 800 °C in the absence of silica

Results and discussion
X-ray diffraction measurements

Figure 1 shows the X-ray diffractogram of the synthesized
adsorbents calcined at 600 and 800 °C. Figure la illus-
trates a mixture of rhombohedral Fe,O; as a major phase
(63.1%) and cubic ZnFe,O, as a minor phase (36.9%)
according to PDF 890599 and 221,012, respectively. The
phase of ferric oxide gives the diffraction lines of 20 at
24.2°, 33.2°, 35.6°, 40.8°, 49.4°, 54.1°, 57.6°, and 64°;
their d (A) values are 3.68, 2.70, 2.52, 2.20, 1.84, 1.69,
1.60, and 1.45 with corresponding planes (012), (104),
(110), (113), (024), (116), (018), and (300), respectively.
The zinc ferrite phase gives pattern at 20 =18.2°, 29.9°,
35.3°, 36.9°, 42.8°, 53.1°, 56.6°, and 62.2°; their d (A)
values are 4.87, 2.98, 2.54, 2.44, 2.11, 1.72, 1.62, and
1.49, corresponding to the planes (111), (220), (311),
(222), (400), (422), (511), and (440), respectively. Rais-
ing calcination temperature to 800 °C (Fig. 1b) resulted in
the appearance of ZnFe,O, as the major phase and Fe,0;
as the minor phase. With SiO,-treated solids and calcined
at 600 °C no sharp peaks were recorded (Fig. 2a), only a
broad peak at about 20 =17 —29° with a low degree of
crystallinity due to the presence of amorphous nanosilica.
A similar X-ray diffractogram was previously given for
amorphous silica (Maddalena et al. 2019). For the sample
obtained and calcined at 800 °C (Fig. 2b), the characteris-
tic peaks of ZnF,0, begin to appear as a major phase with
low intensity and those for F,0; with very low intensity.

Intensity (a.u.)

L) L}
10 20 30 40 50 60 70

2 Theta

Fig.2 X-ray diffractogram of the synthesized adsorbents a calcinated
at 600 °C and b at 800 °C in the presence of silica
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Fig.3 HRTEM images (a

and c) and diffraction pat-
terns (b and d) of the prepared
adsorbents and SiO,-treated
via impregnation, respectively,
calcined at 800 °C

 54.47nm

60.22nm

TEM measurements

High-resolution transmission electron microscopy images
were used for the evaluation of the surface properties of
the prepared adsorbents. Figure 3a represents the prepared
adsorbents calcined at 800 °C. The images confirmed the
cubic and thombohedral structures of ZnFe,O, and Fe,0;,
respectively, as previously explained by XRD analysis (c.f.
Sect. "X-ray diffraction measurements"). The diffraction pat-
tern of the prepared sample at 800 °C, Fig. 3b, confirmed
the developed crystallinity of the obtained powder. Figure 3¢
exhibits a SiO,-treated sample at 800 °C. Nanostructure par-
ticles with a narrow size distribution were observed. The
amorphicity of the nanoparticles is confirmed in Fig. 3d.
The results obtained were in good agreement with the data
obtained by XRD.

Surface studies

The prepared samples' N, adsorption/desorption isotherms
are shown in Fig. 4. The investigations of Fig. 4 and Table 1

4
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revealed a significant effect on surface properties by increas-
ing the temperature from 600 to 800 °C. The values of sur-
face area for the solids prepared in absence of silica were
reduced from 67.4 to 42.83 m*/gm. The same trend for total
pore volume is from 0.3134 to 0.0840 cc/g, and also mean
pore diameter from 18.60 to 7.85 nm.

Meanwhile, in the presence of silica, raising the tempera-
ture from 600 to 800 °C improves the surface characteristics.
Surface area grew from 134.03 to 168.17 m?*/gm, total pore
volume increased from 0.5396 to 0.8431 cc/g, and mean
pore diameter increased from 16.10 to 20.05 nm, respec-
tively, keeping on the same behaviour of adsorption—desorp-
tion isotherm as observed in Fig. 4 which was characteristic
to type IV. The type IV isotherm was distinguished by its
hysteresis loop, which was connected to capillary condensa-
tion occurring in mesoporous, thus restricting uptake over
a broad range of high P/P°. It was intended for the closed
hysteresis loop to be H1, which denotes agglomerates or
spherical particles grouped in a largely homogeneous man-
ner. Cylindrical pore geometry denotes comparatively high
pore size uniformity and simple pore connectivity. It could
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Fig.4 Nitrogen adsorption—
desorption isotherms and pore
size distribution according to
the NLDFT method of samples
calcined at 600 and 800 °C in
the absence (a, b), (¢, d) and
presence of silica (e, f) and (g,
h), respectively
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Table 1, Surfac; ?haracter istics Adsorbent Calcination tempera-  Spgr, m%/g Total pore Mean pore
of O?tme’d sohds. after ture, °C volume(V), cc/g radius (r7),
calcination at various P am
temperatures 600 and 800 °C
ZnFe,0, 600 67.4 0.3134 18.60
ZnFe,0, 800 42.83 0.0840 7.85
ZnFe,0, @ silica 600 134.03 0.5396 16.10
ZnFe,0, @ silica 800 168.17 0.8431 20.05

be noticed that the pore size distribution for all samples
exhibits a narrow distribution of mesoporous pore diameters.

Effect of operational parameters on dye
adsorption

Effect of solution pH

The effects of pH (from 2 to 8) were investigated at a fixed
initial MB concentration of 100 mg/L, an adsorbent dosage
of 0.2 g/25 mL, and duration of 60 min. To get the pH of
the solution to the correct level, HCl and NaOH were uti-
lized. The uptake efficacy of MB (%R) and amount of MB
adsorbed (g,, mg/g) as a function of solution pH are shown
in Fig. 5. It can be clearly seen that the order of %R and g,
as ZnFe,0, @ silica activated at 600 °C ~ ZnFe,0, @silica
activated at 800 °C ~ ZnFe,0, activated at 600 °C ~ ZnFe,0,
activated at 800 °C and raised dramatically with elevating
pH and getting maximum values to 93.56 for ZnFe,0, at
600 °C and 95.22 for ZnFe,0, @ silica that at 600 °C at pH
8. When dissolved in water, the cationic dye MB releases
positively charged ions. On the other hand, a rise in the
electrostatic attraction between the cationic dye (posi-
tive ions) and the negatively charged surface of ZnFe,O,
may be the cause of the high %R and g, values at pH 8. As

Fig.5 Effect of starting pH on

stated (Al-Anber et al. 2011), it is anticipated that the Cl-
(MB-S + Cl) and NaOH-containing MB dye will undergo
a replacement reaction, resulting in the synthesis of NaCl
and (MB-S + OH). Therefore, it is possible that the elevated
values of %R and g, at pH levels over 6 are caused by the
creation of NaCl, which also increases the ionic strength of
the solution. ZnFe,0,@silica gives higher removal efficacy
than ZnFe,0, nanoadsorbent calcined at 600 °C. By noting
the reduction in the active phase ZnFe,O,'s crystallite size
(cf. Sect. "X-ray diffraction measurements") and raising the
Sggr for ZnFe,0,@Silica calcined at 600 and 800 °C (cf.
Table 2), this finding may be explained by the efficacy of
increasing the uptake of MB.

Effect of contact time

By varying the contact duration while maintaining the other
experimental parameters (pH 7, starting MB concentration
of 100 mg/L, and adsorbent dose of 0.2 g/25 mL) at con-
stant values, we looked at how contact time affected the ¢,
(mg/g) and % R of MB. The final outcomes are shown in
Fig. 6. The findings demonstrated that when contact time
extended and adsorbents were activated at 600 °C, the per-
centage R and values of g, reached their maximum values
than that activated at 800 °C of about 11.81 and 11.95 mg/g
for ZnFe,0, and ZnFe,0, @silica at 130 min, respectively.
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Also, the % removal increased by increasing contact time,
while the adsorbent ZnFe,0O, @silica that activated at
600 °C has highly removal efficiency with value 95.62%
and ZnFe,0, activated at 600 °C has % removal reached to
94.44%. At the beginning of adsorption, the adsorption rate
remains constant and then it significantly raised with the
elevating the time of adsorption. This was because, at the
start of adsorption, there is an equilibrium state for MB at
the surface of adsorbents and then a great amount of active
adsorption sites on the surface of the adsorbents could be
used, causing a fast adsorption rate. The presence of differ-
ent active sites, such as Fe,05 and ZnFe,0, or reducing the

active sites' crystallite size, pushes the surface in order to
increase the absorbance quality.

Effect of initial dye concentration

By changing the MB concentration from 10 to 200 mg/L,
the impact of the initial dye concentration was investigated.
A considerable change in the %R of MB was detected with
raising the primary concentration from 10 to 200 mg/l, as
shown in Fig. 7, which demonstrated the reliance of the %R
and the g, of MB dye on the primary concentration of MB.
Figure 7 shows that ZnFe,0,@silica activated at 600 °C

Table 2 Thermodynamic parameters for adsorption of MB by ZnFe,O, and ZnFe,0, @Silica nanoparticles

Adsorbent Calc. temp.,°C AH° (KJ/mol) AS° (J /mol.K) AG® (kJ/mol)
298k 303K 308 K 313K 318K 323k
ZnFe,0, 600 7.522 20.219 1.807 1.543 1.482 1.268 1.133 0.661
ZnFe,0, 800 8.326 22219 2.018 1.837 1.751 1.402 1.157 0.863
ZnFe,0, @ silica ~ 600 5.097 17.446 0.070 -0.031 -0.119 -0.297 -0433 -0.826
ZnFe,0, @ silica 800 9.462 30.489 0.730 0.508 0.209 -0.032 -0.185 —-0.826
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was more active than that activated at 800 °C, which the
removal % increases from 43.39 to 95.405% for that acti-
vated at 600 °C, while in case of that activated at 800 °C the
removal % increases from 35.30 to 94.909%. With respect to
ZnFe,0, only also the one activated at 600 °C more active
than that activated at 800 °C in which removal % reaches to
94.52 and 91.21%, respectively. Finally, we observed that the
ZnFe,0, @silica is more active than ZnFe,0,. Therefore,
100 mg/l was determined to be the ideal MB concentra-
tion. The g, value for ZnFe,0, activated at 600 and 800 °C,
respectively, is different from the %R of MB and increased
considerably from 0.2116 -23.631, 0.308-22.804 mg/L. The
% R of MB and the g, value raised from 0.542-23.851 and
0.441-23.727 mg/g for that ZnFe,O, @silica activated at
600 and 800 °C as primary concentration was raised from
10 to 200 mg/L. The fact that the dye's high primary con-
centration will afford the required motivation to transport
the MB molecules from the bulk present in liquid phase to
the surface of adsorbent present in solid states serves as an
example of this. Moreover, the improvement in the adsor-
bent—dye interaction brought on by raising the initial dye
concentration may also contribute to the rise in the value of
q; (Huang et al. 2018).

Effect of temperature of the solution

Under the aforementioned optimized operational circum-
stances, the impact of temperature on the remove of MB
onto nanoparticles was inspected at a range of temperatures
(25-50 °C). In Fig. 8, elevating the temperature led to an
increase in the g, value as well as the %R of MB. This may
be because raising the temperature will raise the dye mol-
ecules' kinetic energy, increasing their interaction with the
adsorbent nanoparticles' binding sites. The endothermic
nature of the suggested adsorption process is indicated by
the rise in the %R and ¢, values with temperature (Amar
et al. 2021b; Badawy et al. 2023, 2021; Rehim et al. 2022).
While ZnFe,0,@silica is more active than ZnFe,0, for the

adsorption of MB as the temperature rises, the nanoparti-
cles prepared and activated at 600 °C have highly effective
adsorption removal comparable to that activated at 800 °C.
Meanwhile, ZnFe,0,@silica has a removal efficiency of
91.58 at 50 °C compared to 86.22% for ZnFe,O,. The find-
ings suggested that higher temperatures within the proper
temperature range were favoured for MB adsorption on the
adsorbents. This result can be illustrated by the fact that
the MB molecules' mobility and diffusion increased as the
temperature rose, increasing their interaction with the active
adsorption sites on the adsorbents (Mouni et al. 2018).

Adsorption thermodynamics

To explore the thermodynamics parameters for MB dye
removal, the adsorption studies were calculated at tempera-
tures ranging from 25 to 50 °C in 30 min of contact duration
and 100 mg/L starting concentrations. Table 2 lists the ther-
modynamic parameters for the uptake of MB on ZnFe,O,
and ZnFe,0,@silica surface activated at 600 and 800 °C.
Equation 15 was used to compute the Gibb's free energy
(AG®), and the intercept and slope of the Van't Hoff plot of
In K, vs 1/T were used to design the values of the (AS®) and
(AH®). Negative values of AG® (— 0.07 to — 0.826 kJ/mol)
for ZnFe,0,@Silica activated at 600 and 800 °C demon-
strated thermodynamically spontaneous dye adsorption. The
observed increase in negative values of AG® along with the
rise in dye solution temperature suggests that MB adsorp-
tion was more effective at higher temperatures. Due to the
non-spontaneous nature of the suggested adsorption process,
ZnFe,0, exhibits positive values of AG® at all temperatures.
The MB adsorption is more advantageous on ZnFe,0,@
silica activated at 600 °C than ZnFe,O, because the negative
AG® values for adsorption are bigger on ZnFe,0,@silica
than ZnFe,0, (Javed et al. 2018; Liu et al. 2010). The posi-
tive AH® values suggest that dye adsorption by samples con-
stituted an endothermic reaction. ZnFe,O, and ZnFe,0,@
silica nanoparticles both have positive AS° values, which
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Table 3 Kinetic parameters

. Adsorbent Calc. temp.,°C g, “P.(mg/g) Pseudo-first order Pseudo-second order

for the adsorption of MB by

ZnFe,0, and ZnFe,0, @Silica q," K R? 7.k R?

nanoparticles
ZnFe,0, 600 11.806 3961 0.0183 0.7683 13.392 0.0038 0.9902
ZnFe,0, 800 11.687 4.533 0.0211 0.7637 12.355 0.0072 0.9942
ZnFe,0, @ silica 600 11.953 6.883 0.0395 0.8772 12511 0.0127 0.9994
ZnFe,0, @ silica 800 11.926 2701 0.0232 0.9345 12.359 0.0139 0.9994

take into account the enhanced randomness at the interface 122

of solid solution through the adsorption procedure (Liu
2009).

Adsorption kinetics

The MB uptake kinetics by ZnFe,O, and ZnFe,0,@Silica
nanoparticles were evaluated using linear pseudo-first-order
(PFO) and pseudo-second-order (PSO) models. The fitting
parameters for the models are listed in Table 3. For all manu-
factured nanoparticles, the correlation coefficient (R?) value
of the PSO model (0.9994) was higher than that of the PFO
model, and in contrast to the PFO model, the estimated g,
value obtained from the PSO model was close to the experi-
mental g, value. This indicates that the PSO kinetic model,
which quantifies the ratio of the occupancy rate of active
sites by adsorbents, is squared by the number of unoccupied
sites that better describes the proposed adsorption procedure
(Nemati et al. 2021).

The adsorption mechanism was enhanced by the identi-
fication of the rate-controlling/determining step. The rate
of adsorption may also be influenced by the intra-particle
environment. The Weber-Morris intra-particle diffusion
model was used to ascertain if intra-particle diffusion is the
rate-limiting phase (Igwe et al. 2008, Mahto et al. 2014).
The intra-particle diffusion could be shown as a linear plot
of (g,) vs (*d) (c.f. Figure 9). The analysis of Fig. 9 revealed
that there are three phases in the adsorption process. Follow-
ing a curve, a second linear portion represents intra-particle
diffusion, and the third stage is ascribed to equilibrium at
the end, where the intra-particle diffusion slows down due
to the extremely low bio-sorbate content that is still present
in solution. Boundary layer diffusion is represented by the
first linear segment. The value of the constant K; provided
a notion of the boundary layer's thickness. Finding the step
that determined rate, which was the slowest one, was cru-
cial. The Boyd plot can be used to examine the kinetic data
to determine this (c.f. Figure 10). The Boyd plot in Fig. 10
was linear and did not cross the origin, indicating that the
external mass transfer mostly controls the reaction's rate.
Table 4 demonstrates that ZnFe,O,@Silica had a higher
computed intra-particle diffusion coefficient value R? than
ZnFe,0,. These results indicate that ZnFe,0,@Silica exhib-
ited higher diffusion than ZnFe,0,. These findings mean

2071 o znFe0,@Slicaatan0’c

4 o 0,
11871 o ZnFe0 @Siicaat 600°C
167 4 ZnFe0,at80°C
114 v ZFe0,ae00’c
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1041 :
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Fig.9 Plot for evaluating rate constant of the intra-particle diffusion
for sorption of MB on the synthesized of ZnFe,O, and ZnFe,O,@
Silica nanoparticles
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Fig. 10 Boyd plot for sorption of MB on the synthesized of ZnFe,O,
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Table 4 Intra-particle diffusion constants for ZnFe,0, and  that diffusion by ZnFe,O,@Silica was higher than ZnFe,0,.
ZnFe,0,@Silica nanoparticles Because the straight lines in these plots did not pass through
Adsorbent Calc. temp.°C K, C R2 the origin, it was clear that intra-particle diffusion was not
the only rate-controlling step, suggesting that another diffu-
ZnFe,0, 600 0.001710.2323 0.4133 sion model may have been used to identify the rate-control-
0.1894  9.0325 0.9436 ling step (Ojediran et al. 2021). This means that the surface
0.6240 47015 0.9961 sorption contribution to the rate-determining of ZnFe,O,
ZnFe;04 800 - 10.3176  P<0.0001 @Silica was more than that for ZnFe,O,, as seen by the
0.17 9-1081 09486 Lige in boundary thickness from the adsorbent ZnFe,O, to
0.5936  4.9297 0.9993 ZnFe,0,@Silica. The thickness of the boundary layer was
ZnFe;0,@Silica 600 - 111354 P<0.0001 3 olved in the adsorption process when the thickness C of
0.0949 105077 0.8924 the adsorbents derived from the model was larger than zero.
0.1935 9.8048 0.8938
ZnFe,0,@Silica 800 0.00364 11.0614 0.5153 Adsorption isotherms
0.1020  10.4157 0.9044
0.1884 97554 0.9857 The experimental adsorption data of MB by ZnFe,O, and
ZnFe,0, @Silica nanoparticles were fitted using Langmuir,
Freundlich, Temkin, and DKR isotherm models, and the
derived parameters of these isotherm models are provided in
Table 5 Langmuir,.F reundlich, Type of isotherm Parameters Adsorbent
Temkin, and DKR isotherm
model constants and correlation ZnFe,0, at 600 °C  ZnFe,0, at 800 °C  ZnFe,0,@ ZnFe,0,@
coefficients for adsorption of Silica at Silica at
MB by ZnFe,0, and ZnFe,0, 600 °C 800 °C
@Silica nanoparticles
Langmuir q,, (mg/g) 0.0701 0.5309 0.5166 0.3994
K; (L/mg) 0.0938 0.0544 0.1116 0.1007
R? 0.8513 0.8201 0.5782 0.5455
Freundlich n 0.0609 0.2455 0.1531 0.1429
K, 1.5955e-16 0.8681e-4 0.1003e-4 0.1745e-5
R? 0.9930 0.9207 0.9304 0.8971
Temkin br(J/mol)  36.948 164.265 65.263 62.757
K, [L/g) 0.1158 0.1222 0.1683 0.1492
R? 0.6135 0.3818 0.7825 0.7693
DKR Q, 5.1284 13.6934 12.1971 17.2446
Apkr 1.345E-5 4.4978E-5 3.2538E-5 4.4063E-5
E (kJ/mol) 0.5496 0.2267 0.2807 0.2297
R? 0.98024 0.84879 0.94554 0.92860
Table 5. Table 6 contains the derived separation factor (R )
Table 6_ Dimensionless Concentration of  Adsorbent
separation factor, Ry, MB mg/l —
ZnFe,0, at 600 °C ZnFe,0, at 800 °C ZnFe,0,@Silica  ZnFe,0,@
at 600 °C Silica at
600 °C
10 0.5158 0.6475 0.4727 0.4981
30 0.2531 0.3797 0.2301 0.2486
50 0.1756 0.2687 0.1520 0.1656
70 0.1321 0.2078 0.1135 0.1242
100 0.0963 0.1552 0.0823 0.0903
150 0.0663 0.10909 0.0564 0.0620
200 0.0506 0.0841 0.0429 0.0473

N\
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N

(H5C),N g* N(CHj3),

Scheme 1 Molecular structure of methylene blue dye

values. At various initial dye concentrations (10-200 mg/L),
the values of R; were less than unity. The information from
Table 6 demonstrated that the Freundlich isotherm model
had a greater correlation coefficient (R?) value than the
Langmuir isotherm model. As a result, it was inferred that
the Freundlich isotherm model was a good fit for explain-
ing the adsorption process. The slope and intercept were
used using Temkin isotherm to get the equilibrium binding
constant Ay (Lg™"). A significant interaction between MB
and the adsorbent surface was evident from the high At val-
ues. According to the values of Ay, ZnFe,0,@Silica was
more difficult to work with than ZnFe,O, for MB. Based on
R? value, ZnFe,0,@Silica was nicely fitted into the DKR
model. The Dubinin-Radushkevich model predicts the physi-
cal adsorption process by assuming that the adsorption is
multi-layer in nature. Since physisorption was the adsorption
process and the value of AE (the free energy of transfer of
one solute from infinity to the surface of adsorbent) was less
than 8 kJ/mol, Freundlich isotherm was further supported.
The uptake of the MB dye by ZnFe,0, and ZnFe,0,@Silica
was a multilayer, random process, according to the Freun-
dlich isotherm (Scheme 1).

The most common factors determining adsorption
performance are the resulting adsorbate's ability to bind
dye molecules and the extent to which it influences
the recombination of (e~ +h*) pairs. Here, Fe,05 can
improve the adsorption activity of the samples by increas-
ing their specific surface area, increasing the efficiency
with which light is absorbed by their surface, and possi-
bly speeding up the transfer of (e~ +h™) pairs of Fe,0;.
Equations (18-26) explain the mechanism of the degrada-
tion of MB dye on the produced samples based on previ-
ous results. Using UV light to excite the electrons into
the conduction band (CB) and the holes to remain in the
valence band (VB), as outlined in Eq. (18), is the initial
stage in creating the (e~ +h™) pairs on the prepared sam-
ples. The recombination of the photogenerated pairs may
be delayed as a result of the photogenerated e~ on the CB
of ZnFe,0, migrating to the CB of Fe,O; instead of the
VB (as shown in Eqgs. (19-21)). Otherwise, superoxide
radicals could be created when it combines with the dis-
solved oxygen. Equations (22 and 23) predict that when
the generated superoxide radicals combine with water,

they will transform into hydroxide radicals. In addition,
more hydroxyl radicals are generated Eq. (24), when the
adsorbed water molecules react with the hydroxyl radicals
at the ZnFe,0, VB. The generated hydroxyl and superox-
ide radicals, which photodegrade the MB into CO,, water,
and non-toxic chemicals, are powerful oxidizing species,
according to Egs. (25 and 26).

Fe,05/ ZnFe,0, + hv — Fe,03/ ZnFe,0,(h + VB + ¢ CB)

(18)
O, + Fe,0;/ ZnFe,0,(e"CB) — O, (19)
Fe,0;(e”CB) — Fe,0;(e" trap) (20)
O, + Fe,05(e"trap) — O, 2n
0, +2HO + H" - H,0, + O, (22)
H,0, - 20H (23)
H,0 ads. + Fe,04(h*VB) — OH (24)

O, + MB ads. » CO, + H, + non — toxic products (25)

OH + MB ads. - CO, + H,0 + non — toxic products
(26)

Comparison of different adsorbents' adsorption
effectiveness with MB

Table 7 represents a comparison of removal % of MB by
different adsorbents. According to the results, ZnFe,O, and
ZnFe,0,@Silica nanoparticles are effective adsorbent mate-
rials for removing extremely hazardous cationic dye (MB)
from wastewater.

Desorption and regeneration study of the adsorbent

For the adsorbent to be commercially viable, desorption
and regeneration research is crucial. 0.1 g of adsorbent and
25 mg/L of the MB dye concentration were typically stirred
for 180 min. The analyte's ultimate concentration was cal-
culated. The MB-loaded nanoparticle was eluted using 0.4,
0.5, and 0.6 M HNO; as the desorbing after the adsorption
cycle. Desorbed nanoparticles were employed as the regen-
erated adsorbent for the subsequent adsorption cycle after
the supernatant's MB dye content was determined. Desorp-
tion percentage of MB was found to be 72.9 and 73% for
the first cycle for ZnFe,0, at 600 and 800 °C, respectively,
while the desorption percentage of MB by ZnFe,O, ¢ Silica
at 600 and 800 °C was found 81.4 and 79.6% for the first

a
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Table 7 Comparison of the

. No Adsorbent (R%) References
uptake of MB onto different
adsorbents 1 Reduced graphene oxide 29.26%  Siong et al. (Siong et al. 2019)
2 CoFe, ¢Mo, ,0, 43% Amar et al. (Amar et al. 2018)
3 Polyol-assisted NiFe,O, 52% Gayathri et al. (Gayathri et al. 2019)
4 Fe;0,/PCC MNPs 75.5% Hua et al. (Hua et al. 2018)
5 Black Tea Wastes-Modified Nanocellulose 78% Tsade Kara et al. (Tsade Kara et al. 2021)
6 ZnCl,-Activated Corn Husk Carbon 95% Khodaie et al. (Khodaie et al. 2013)
7 ZnF,0, at 600 °C 94.4% This study
8 ZnF,0, at 800 °C 95.4%
9 ZnF,0, @ Silica at 600 °C 95.46%
10 ZnF,0, @ Silica at 800 °C 95.4%
11 - T 140
W ZnFe,0 @sSilica at 800 C | I ZnFe,0, @silica at 6800 °C
100 -JW—- znFe,0 @Silica at 600 'C 120 | M ZnFe 0, @ Silica at 600 °C
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Fig.11 The histogram of removal efficiency of MB by ZnFe,O, and ZnFe,O, @Silica with different concentrations of eluent a: 0.4 mol/L, b:

0.5 mol/L, and ¢: (0.6 mol/L)

two cycles by using 0.4 mol/L HNO;. High concentration of ~ Hence, the synthesized nanoparticles can be used for more
HNO; resulted in the increase of the desorption percentage  than 4 complete cycles of adsorption and desorption.

of MB for all nanoparticles prepared as shown in Fig. 11.
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Conclusion

Nanozinc ferrite and that loaded at silica particles were suc-
cessfully synthesized via precipitation process and activated
at 600 and 800 °C. The XRD revealed that calcination tem-
perature to 800 °C and presence of silica resulted in the
appearance of ZnFe,0, as the major phase and Fe,Oj; as the
minor phase. The adsorption properties of prepared adsor-
bents for the uptake of MB were inspected under various
conditions. Nanoparticles activated at 600 °C more active
than that at 800 °C. Also, nanozinc ferrite loaded at silica
particles showed more efficiency for removal of MB than
pure zinc ferrite and about 95% of MB was removed at pH 7.
The data exhibited pseudo-second-order kinetic behaviour,
according to the kinetic investigations. In order to under-
stand the equilibrium between the adsorption of MB by
ZnFe,0, and ZnFe,0,@Silica, the Langmuir, Freundlich,
Temkin, and Dubinin-Kaganer-Radushkevich (DKR) iso-
therm models were used. According to the thermodynamic
analyses, it was possible, spontaneous, physical, and endo-
thermic for MB to adsorb on ZnFe,O, and ZnFe,0,@Silica.
Since the straight lines in these plots did not pass through the
origin, it was implied that intra-particle diffusion was not the
only rate-controlling step and that another diffusion model
could be employed to identify it. The findings indicated that
ZnFe,0, and ZnFe,0,@Silica are both suitable adsorbents
for the adsorptive uptake of hazardous dyes from wastewa-
ter. ZnFe,0,@ Silica nanoadsorbent has shown better MB
removal than ZnFe,0, adsorbent.
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