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Abstract- Mixed-metal oxides are promising
adsorbents for removal of methylene blue from
waste streams due to their excellent textural and
thermal properties. In this study, a CuO-TiO2-Zr0O2
(5-47.5-47.5) ternary oxide was synthesized using
the Pechini method and evaluated for adsorptive
removal of methylene blue from aqueous solutions.
The structural properties of the ternary oxide were
determined using powder X-ray diffraction (XRD)
and  Fourier transform infrared (FT-IR)
spectroscopy. Morphological properties were
determined using scanning electron microscopy
(SEM) while elemental analysis was done using
energy dispersive X-ray (EDX) spectroscopy. The
synthesized ternary oxide was poorly crystalline
with copper oxide in a highly dispersed and
amorphous state. The oxide consisted of irregular-
shaped particles of different sizes that tended to
agglomerate. The oxide was effective for adsorption
of methylene blue. The optimal adsorption
conditions were: a pH of 6, contact time of 20 min,
dosage of 0.2 g and temperature of 45°C. The
adsorption process was pseudo second order and
fitted Langmuir and Temkin isotherms. The
synthesized ternary oxide is a promising adsorbent
for removal of methylene blue from aqueous
solutions.

Indexed Terms- CuO-ZrO:-TiO:, ternary oxides,
adsorption, methylene blue, dyes

L INTRODUCTION

Surface water is increasingly being contaminated by
dye-containing effluents from the textile, food,
pharmaceutical, cosmetic, leather, paper, plastic and
paint industries (Maheshwari et al., 2021; Tomar et
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al., 2023). Dye-containing effluents contains a
myriad of chemicals including residual colorants,
acids and bases, organic solvents, metal ions, salts
and surfactants. These contaminants can cause severe
toxic, carcinogenic and teratogenic effects (Mani et
al., 2019). In addition, water contaminated by dye
effluents is a potential breeding ground for bacteria
and viruses that cause water borne diseases. The dye
effluents also interfere with photosynthetic processes
of aquatic flora, deplete dissolved oxygen in water
bodies, cause corrosion and decrease the economic
value of water resources (Bal & Thakur, 2022).

Methylene blue is a synthetic cationic dye that is
extensively used as a colorant for wool, cotton and
silk in the textile industry (Khan et al, 2022). The
dye is also used as a colorant in the pharmaceutical,
paper, food and cosmetic industries. Methylene blue
has diverse uses in clinical medicine including use as
a bacteriostatic genitourinary antiseptic, in treatment
of herpes simplex, for treatment of drug induced
methemoglobinemia and ifosfamide-induced
encephalopathy (Khan et al, 2022). However, the
presence of methylene blue in wastewater can cause
adverse health and environmental effects. Methylene
blue is toxic, carcinogenic and teratogenic (Oladoye
et al., 2022). Chronic exposure can cause abdominal,
respiratory and skin disorders, tissue necrosis and
asthenospermia (Khan et al, 2022; Oladoye et al.,
2022). Methylene blue reduces the penetration of
light into water bodies causing a decrease in
photosynthetic activities of aquatic flora (Oladoye et
al., 2022). The dye can also reduce dissolved oxygen
in water bodies causing stress and suffocation of
aquatic  organisms (Oladoye et al, 2022).
Furthermore, it can reduce the aesthetic value of
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water bodies, hampering recreation and tourism
(Khan et al., 2022).

Several biological, chemical and physical methods
have been developed for removal of dyes from
wastewater. Coagulation-flocculation is an effective
method for removal of high concentration of dyes
from wastewater (Silva et al., 2014). However, this
method is usually not effective for low concentration
of dyes and produces large volumes of sludge that
needs further treatment before disposal (Silva et al.,
2014). Chemical coagulants can also introduce new
contaminants, necessitating further water treatment
(Gadekar & Ahammed, 2016). Filtration processes
(e.g. ultrafiltration and nanofiltration) and reverse
osmosis are very effective for dye removal from
wastewater but are expensive and susceptible to
fouling of the membrane or clogging of the pores by
contaminants (Liu et al, 2020; Ramutshatsha-
Makhwedzha & Nomngongo, 2022).
Photodegradation using semiconductor catalysts in a
promising method for removal of methylene blue
from wastewater (Oladoye et al., 2022; Khan et al.,
2022). However, most catalysts are only effective
under irradiation with ultraviolet light (Natarajan et
al., 2018).

Adsorption is an effective and versatile method for
removal of methylene blue from wastewater (Yagub
et al., 2014). Adsorbents that have been used for this
purpose include activated carbon, biomass, natural
clays and zeolites, metal oxides, binary metal oxides
and ternary metal oxides (Wang et al, 2021; Loutfi et
al., 2023; Mbachu et al., 2023; Pourramezan et al.,
2024). Metal oxides are among the most effective dye
adsorbents due to their large surface areas, high
porosities, thermal stability and reusability (Hosny et
al., 2023). Binary and ternary metal oxides have
superior  adsorptive  capacity  compared to
monometallic oxides due to synergistic effects of the
metals (Yu et al., 2021). In this work, a CuO-ZrO.-
TiO: oxide was evaluated for removal of methylene
blue from wastewater.

11 MATERIALS AND METHODS
Synthesis of the ternary oxide

The CuO-ZrO»-TiO; (5-47.5-47.5) ternary oxide was
synthesized by the Pechini method described in the
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literature (Dimesso, 2016). The oxide was prepared
by dissolving 0.5 g of copper(Il) nitrate trihydate
((Cu(NO3)2.3H,0;99%), 6.445 g of zirconyl chloride
octahydrate (ZnOCl,.8H20;99.9%) and 3.1986 g of
titanium(IV) oxysulphate (TiOSO4; 98%) in 100 ml
of deionized water. Citric acid (4.0539 g) was added
to the mixture to complex the metal ions. The
requisite amount of ethylene glycol was then added
to the resultant solution for polyesterification. The
solution was then heated at 80°C for 1 h on a hot
plate with vigorous stirring to obtain a sol, which was
then heated at 130°C for 1 h in an oven to remove
excess water and form polymeric resin. The resin was
then calcined at 300°C for 1 h to decompose the
organic matter. The pyrolyzed material was then
cooled to ambient temperature, ground into powder
and calcined at 500°C to obtain the ternary oxide.

Characterization of Ternary Oxide

The powder X-ray diffraction (XRD) patterns were
obtained using a Rigaku Mini flex II desktop x-ray
diffractometer. Diffractograms were obtained using
Cu Ka (A=1.540598 A) radiation with a beam current
of 15 mA and voltage of 30 kV. The samples were
scanned in the 20 range of 3° to 90° at a continuous
scan rate of 2.0°/min. The Fourier transform infrared
(FT-IR) spectra were obtained using a Shimadzu IR
Affinity-IS FT-IR spectrophotometer. Samples were
ground into powder and mixed with KBr in the ratio
1:100. The mixtures were homogenized, pressed into
transparent pellets and analyzed in the 400-4000 cm™!
range. Scanning electron micrographs were obtained
using a Hitachi SU-3900 Scanning Electron
Microscope (SEM) equipped with a tungsten
thermionic emitter and a secondary electron detector.
Powdered samples were deposited on adhesive
carbon tape mounted on stainless-steel stubs. The
SEM micrographs were subsequently obtained using
secondary electrons at an accelerating voltage of 0.3-
30 kV. Elemental analysis was done using energy-
dispersive X-ray spectroscopy (EDS). Elemental
micrographs were obtained with secondary electrons
using a Hitachi SU-3900 Scanning Electron
Microscope (SEM) while the EDS spectra were
obtained using an Oxford energy dispersive X-ray
spectrometer.
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Adsorption studies

Batch adsorption studies were performed using an
1800 Shimadzu UV-Vis spectrophotometer at 665
nm. A 1000 ppm stock solution was prepared by
dissolving 0.1 g of methylene blue dye in 100 ml of
deionized water. The stock solution was serial diluted
to prepare 10, 8, 6, 4 and 2 ppm working solutions.
Dosage experiments were performed at ambient
temperature using 0.1-0.4 g of the powdered ternary
oxide and 8 ppm of methylene blue. Briefly, 20 ml of
8 ppm methylene blue solution was transferred into a
100 ml propylene bottle. The requisite amount of
adsorbent was then added and the mixture shaken at
200 rpm for 10 min. The mixture was then filtered,
transferred into a quartz cuvette and absorbance
recorded at 665 nm. The percentage removal of
methylene blue was calculated using equation (1).

%  degradation = (A,Ap/A, X 100%

Where A, is the absorbance of methylene blue
solution before degradation and Ay is the absorbance
after degradation

The aforementioned procedure was followed to
determine the effects of temperature (25-50°C), time
(10-50 min) and initial concentration (6-14 ppm) on
the adsorption of methylene blue. The effect of pH
(2-10) on adsorption was determined by adjusting the
pH using 1.0 M HCI or NaOH.

III.  RESULTS AND DISCUSSION

Characterization of CuO-TiO,-ZrO; ternary oxide

The XRD diffraction pattern of the CuO-Ti0,-ZrO,
(5-47.5-47.5) ternary oxide is shown in Figure 1. The
pattern shows that the ternary oxide obtained after
calcination at 500°C was amorphous or in a poorly
crystalline state. The broad peak at 26 = (20-40°) was
in the region of characteristic peaks due to ZrTiOs,
when TiO,-ZrO, precursors are calcined at
temperatures higher than 700°C (Reddy et al., 1998).
Diffraction peaks corresponding to TiO,, ZrO, and
CuO were absent, suggesting the formation of a
homogeneous ternary oxide (Mileva et al., 2019;
Morales-Anzures et al., 2020). Similar results were
obtained in previous studies of CuO-ZrO-TiO»
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ternary systems (Anzures et al., 2015; Mileva et al.,
2019; Morales-Anzures ef al., 2020).
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Figure 1: The XRD diffraction pattern of the CuO-
Ti0,-ZrO, (5-47.5-47.5) ternary oxide

In the FT-IR spectrum of CuO-TiO»-ZrO: ternary
oxide shown in Figure 2, several characteristic
frequencies can be observed which describe the
structure of the material. A broad band at under 3400
cm! is associated with O-H stretching which could
be a result of hydroxyl groups on the surface of the
ternary oxide or adsorbed water molecules (Toro et
al., 2020). The small intensity at 2350 cm™ can be
ascribed by atmospheric CO. and the peak around
1630 cm™ can be attributed to the bending vibrations
of adsorbed water molecule (H-O-H bending)
(Honarmand et al., 2019). Lower wavenumber region
is assigned to metal-oxygen bond vibration: the wide
peak around 750 cm™ corresponds to the TiO:
stretching; the set of peaks in the 500-600 cm™ range
has to be related to the Cu-O and Zr-O stretching
(Ruiz-Santoyo et al, 2021). These features suggest
the formation of the CuO-TiO>-ZrO- ternary system.

4000 3000 2000 1500 1000 500
19082024 em-1

Figure 2: The FT-IR spectrum of CuO-TiO,-ZrO, (5-
47.5-47.5) ternary oxide

The SEM micrograph of the ternary oxide is shown
in Figure 3. The sample is composed of aggregates of
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irregular particles of diverse sizes. The micrograph
also reveals the presence of numerous smaller
particles adhering on the surface of the larger
particles. The observed morphology suggests the
presence of interstitial pores in the material.

8900 5.00kv § om0l ogiosizopa” 1 TN T 400um
Figure 3. The SEM image of the CuO-ZrO,-TiO; (5-
47.5-47.5) ternary oxide

The Energy Dispersive X-ray (EDX) spectrum of the
ternary oxide is shown in Figure 4. The major peaks
in the spectrum corresponds to zirconium, titanium,
oxygen and copper. These are the major components
of the CuO-ZrO:-TiO: ternary oxide. The spectrum
also reveals the presence of significant amount of
sulphur in the oxide, presumably from the TiOSOa
precursor. Small amounts of hafnium, chlorine,
vanadium and aluminum are also present in the

oxide. Chlorine is most likely from the zirconyl
oxychloride while the rest are most likely impurities
from the starting chemicals. Carbon is an artefact
from the adhesive carbon tape used during
preparation of samples for SEM/EDX analysis.

Figure 4. The EDX spectrum of CuO-ZrO,-TiO; (5-
47.5-47.5) ternary oxide
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The elemental composition of the ternary oxide at
randomly selected areas are shown in Table 1. The
average weight-to-weight percent concentrations of
copper, zirconium, titanium and oxygen in the ternary
oxide were 7.59, 34.72, 14.80 and 34.04,
respectively. The average molar ratio of Ti: Zr is 1.2,
which is close to the ratio of the metal ions in
solution. The average molar ratio of Ti:Cu is 1.95,
which is significantly lower that the theoretical ratio
of 9.5 in the ternary oxide. This suggests surface
enrichment of copper in the oxide.

Table 1. Elemental composition of the CuO-ZrO,-

TiO; ternary oxide
1 2 3 4 5 6
Wt | Wt% | Wt% | Wt% | Wth | Wt%
Elem | %
ent
o 38.1 | 41.8 | 24.1 | 335 |30.1 |36.5
2 9 2 0 1 4
Zr 3521309 |344 |332 |385 |359
2 5 1 0 5 7
Ti 13.6 | 125 | 182 | 12.7 | 17.3 | 14.2
3 8 7 7 7 0
Cu 437 | 805 | 147 | 9.81 |3.94 | 4.66
1
Al 035030 | 054 | 041 | 041 |0.32
S 542 (474 | 498 | 732 | 491 |6.79
Cl 0.54 1 0.19 | 0.67 | 1.15 | 032 | 0.63
A% 022|027 |- - 042 |-
Hf 1.65 | 1.01 | - 1.32 | 1.64 | -
Re 0.50 | - - 0.53 055 |-
Au - - - - 1.78 | -

Adsorption Studies

Effect of dosage

Figure 5 shows the adsorption capacity of different
amounts of the ternary oxide. The adsorption
capacity of 0.1 g of the oxide was 90.88%. The
adsorptive capacity of 0.2, 0.3 and 0.4 g were 91.73,
91.24 and 89.74%, respectively. The optimal removal
was achieved using 0.2 g of the ternary oxide. Higher
amounts of the oxide led to slight reduction of
adsorption capacity. These findings are in accordance
with studies in the literature that found that
increasing the amount of the adsorbent beyond a
certain limit can cause agglomeration of particles
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leading to reduced surface area and changes in the
interactions between the adsorbent and adsorbate
hence reduction in adsorption capacity (Farooq et al.,
2022, Gomaa et al. 2022).

92.0 5
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Dosage (g)

Figure 5: Effect of dosage on adsorption of
methylene blue using the CuO-ZrO,-TiO, (5-47.5-
47.5) oxide

Effect of contact time

The effect of contact time on adsorption of methylene
blue is shown in Figure 6. About 90.5% of methylene
blue was adsorbed after 10 min and nearly 100%
after 20 min. The removal subsequently oscillates
between 98-99% from 20-50 min. This suggests that
the optimal contact time is about 20 min. The high
initial rate of adsorption can be attributed to the high
number of empty adsorption sites on the ternary
oxide.

100
98
96 |
94

92 —a— % Adsorption

90

% Adsorption

10 20 30 40 50
contact time (mins)

Figure 6: Effect of contact time on adsorption of
methylene blue
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A similar rise in the adsorption efficiency correlates
with the study by Fouda et al. (2020), where green
biosynthesized CuO/ZnO nanocomposite had the
maximum dye removal capability of 97% within 85
min. While the time at which maximum adsorption is
reached is dissimilar, the first steep slope toward the
uptake of dye as seen in both studies is similar. The
Fouda et a/.(2020) have mentioned that the steady
state was reached in the final stages of adsorption
process indicating the progression towards maximum
degradation efficiency. This is a typical behavior
observed in adsorption analysis and the rate suggests
that though initial rate of adsorption may be rapidly
achieved, the complete equilibrium may take even
longer periods as observed in Fouda’s (2020) study.
Likewise, Yadav et al. (2022), studies on B-CD-
CuO/ZnO nanocomposites also focused on contact
time as an important parameter that would enhance
dye removal efficiency. However, they noted
maximum degradation within the first 30 minutes
followed by a relative steady state as the system
settles to equilibrium. This is in support of the current
study’s  finding showing optimal adsorption
efficiency at 20 minutes. These variations in the
maximum adsorption times in various study can be
attributed to many factors some of which are the type
of adsorbent used, the initial dye concentration, the
physical and chemical properties of the dye, and the
experimental condition such as stirring speed, initial
pH and temperature.

Effect of temperature

The adsorption capacity of the ternary oxide at
different temperatures is shown in Figure 7. The
ternary oxide adsorbed ca. 92 % of the dye between
20-30°C. The adsorptive capacity reached 98.1% at
35°C and almost 100% at 40°C then plateaued. This
suggest that the adsorption process is endothermic.

% Adsorption

[—=— % Adsorption

25 30 a5 40 45

Temperature (degrees celsius)
Figure 7: Effect of temperature on adsorption of
methylene blue
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Nas (2021), elaborated the adsorption of methylene
blue dye from aqueous solution using a
AgFe;04/MWCNT  nanoparticles ~ where  the
maximum efficacy of 98% was achieved as a result
of increasing the temperature from 298K to 318K.
However, Mi et al. (2019), reported a lower
methylene blue adsorption capacity when the
temperature was raised above 298K, due to
desorption of the dye from the adsorbent surface.

Effect of initial concentration

Figure 8 shows the effect of the initial concentration
of methylene blue on adsorption capacity.
relationship of initial dye concentration on adsorption
efficiency of methylene blue. The adsorption capacity
increases with initial concentration and reaches a
maximum (ca. 90%) at 9-10 ppm. Concentrations
higher than 10 ppm leads to reduction in adsorptive

capacity.
91 -
90
89
- 884
9
a -
5 871 —a— % Adsorption
35
< g6 -
<
85
84
83

6 8 10 12 14
initial concentration (ppm)
Figure 8: Effect of initial dye concentration on
adsorption

These results are consistent with the findings of Mi et
al. (2019), on adsorption of methylene blue using
nitrogen self-doped activated carbons adsorbent. An
increase in methylene blue concentration from 300
mg/L to 600 mg/L. decreased adsorption from 100 to
60%. This was attributed to the finite number of
active adsorption sites on an adsorbent surface.
However, some adsorbents show a slight deviation
from this trend especially at higher concentration,
due to different surface properties. For instance,
Mourni et al. (2018), stated Kaolin exhibited high
adsorption ability with increase in MB dye
concentration from 80 mg/L to 120 mg/L. This was
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due to the presence of larger surface area and more
developing pores to absorb as well as encapsulate
more dye molecules.

Effect of pH

The percent removal of methylene blue at different
pH is shown in Figure 9. At the pH of 2 and 4, the
percent removal was 87 and 88%, respectively. The
removal increased to 91% at pH 6 and then decreased
under alkaline conditions to < 85% at pH 10. This
suggests that the optimal pH for adsorption of
methylene blue using the ternary oxide is near
neutral.

% Adsorption

pH
Figure 9: Effect of pH on adsorption of methylene
blue

A high percentage adsorption was observed at low
pH 2 and 4, this may be as a result of surface charge,
where CuO-ZrO:-TiO2 composite acquired a positive
charge following the protonation of the surface (Nas,
2021). The presence of this positive charge increased
the electrostatic interactions of the negative
methylene blue dye-surface of the adsorbent. The
maximum adsorption efficiency was achieved at pH
6, which can be attributed to the neutralized charge
surface of the adsorbent where the electrostatic
attraction between the dye and the adsorbent is
extremely efficient for the adsorption process.
According to Mouni ef al. (2018), maximum
adsorption of methylene blue onto kaolin was
attained at a pH of 9 and sorption capacity of 99.9
mg/g. The difference in optimum pH from this study
was the point of zero charge (PZC) of the adsorbents
in which kaolin had high PZC of 6.7. A study
conducted by Mi et al. (2019), on adsorption of MB
dye onto Nitrogen Self-Doped Activated Carbons
from Bamboo shoots was more effective at pH 7 as a
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result of formation of electric double layer which
changed the porosity of the adsorbent.

Adsorption kinetics of methylene blue dye

The pseudo first and second order kinetics of MB dye
adsorption onto CuO- ZrO,-TiO, (5-47.5-47.5) are
presented in Table 2 and Figure 10 and 11. The
pseudo first order model has qe of 0.7944 mg/g,
k;=0.2168 and 12 of 0.91115 which indicates a good
fit but its lower compared to second order which
suggests pseudo first order model is not the best fit to
describe the adsorption process.

Table 2: Pseudo first & second order constants for
adsorption of MB on CuO- ZrO»-TiO; (5-47.5-47.5)

Pseudo first order Pseudo second order

K, Qe R2 K> qe R?

0.2168 | 0.794 | 09111 | 1.6184 | 0.807 | 0.9997
4 5 Smg/ | 1
mg/g g

The pseudo second order model has a ge of 0.8075
mg/g, Ko= 1.6184 and r? of 0.99971 which suggests
almost perfect fit. This show that the adsorption of
methylene blue onto the CuO-ZrO>-TiO: composite
followed second order kinetics which means the rate
of adsorption depended on square of the number of
unoccupied sites and the overall process involved
formation of chemical bonds between the adsorbent
and adsorbate. Adsorption of methylene blue using
Nitrogen Self-Doped Activated Carbons from
bamboo shoots and kaolin fitted onto pseudo second
order kinetic model with r? of 0.99 which is similar to
this study (Mi et al., 2019; Mouni et al, 2018).
Removal of methylene blue using rice husk had a
better fit at pseudo second order model with r? of
0.99 (Shih, 2012).
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Figure 10: Pseudo first order kinetics for adsorption
of MB on CuO- ZrO,-TiO, (5-47.5-47.5)

60

y=1.2384x+ 0.94765
r?=0.99971

20

20 40
time
Figure 11: Pseudo second order kinetics for
adsorption of MB on CuO- ZrO»-TiO, (5-47.5-47.5)

Freundlich and Langmuir adsorption isotherms of
methylene blue

The results of Freundlich and Langmuir constants are
presented in Table 3 and Figure 12 and 13. The
maximum sorption capacity for Langmuir isotherm
Qmax =1.3385 mg/g, KL of 1.4846 which shows the
binding affinity between adsorbate molecules and
adsorbent. The r? value of 0.90219 suggested a good
fit to the experimental data and indicates monolayer
adsorption on uniform binding sites.
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Table 3: Freundlich & Langmuir constants for
adsorption of MB on CuO- ZrO»-TiO, (5-47.5-47.5)

Langmuir Freundlich

Qmax | KL R? N KF R?
1.338 | 1.484 | 0.9021 | 1.7205 | 0.7851 | 0.892
5 6 9 95

The Freundlich model had a constant n equal to
1.7205 which shows favorable adsorption of
methylene blue onto the CuO- ZrO2-TiO2(5-47.5-
47.5) adsorbent. The KF value was 0.7851which
shows lower adsorption capacity compared to
Langmuir and indicates varying adsorption strengths.
The 1? of Freundlich isotherm was 0.89295 which is
lower compared to Langmuir, this shows that
Langmuir isotherm model is the best fit to describe
this adsorption process.

0.1

y=0.58123x- 0.1051

1°=0.89295
0.0

logge

-0.1+

-0.2

0.0 0.2 0.4
logCe
Figure 12: Freundlich isotherm for adsorption of MB
on CuO- ZrO,-TiO; (5-47.5-47.5) adsorbent

Adsorption of methylene blue using Nitrogen Self-
Doped Activated Carbons from bamboo shoots fitted
onto Langmuir isotherm with 12 of 0.9962 which is
similar to this study (Mi et al., 2019). The removal of
MB from aqueous solution using kaolin had a better
fit in Langmuir isotherm with r? of 0.99 (Mouni et
al., 2018). Removal of methylene blue from aqueous
solution using rice husk had a best fit on Langmuir
isotherm with 12 of 0.9986 compared to Freundlich
with 12 0of 0.9822 (Shih, 2012).
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Figure 13: Langmuir isotherm for adsorption of MB
on CuO- Zr0,-TiO; (5-47.5-47.5) adsorbent.

CONCLUSION

Ternary CuO-ZrO,-TiO, oxide was successfully
synthesized using the Pechini method. The
synthesized oxide was poorly crystalline with
irregular-shaped particles of different sizes that
tended to agglomerate. The ternary oxide was
effective for adsorption of methylene blue. The
optimal adsorption conditions were: a pH of 6,
contact time of 20 min, dosage of 0.2 g and
temperature of 45°C. The adsorption process followed
pseudo second order kinetic model with r? of
0.99987. The adsorption followed Langmuir and
Temkin isotherms with r?> of 0.90219 and 0.93641,
respectively.
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