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Abstract: Alizarin dye, a persistent and hazardous contaminant in aquatic environments, presents a pressing
environmental concern. In the quest for efficient removal methods, adsorption has emerged as a versatile and
sustainable approach. This study focuses on the development and application of Zinc Oxide/Nickel Oxide (ZnO/
NiO) nano-composites as adsorbents for alizarin dye removal. These semiconducting metal oxide nano-
composites exhibit synergistic properties, offering enhanced adsorption capabilities. Key parameters affecting
alizarin removal, such as contact time, adsorbent dosage, pH, and temperature, were systematically investigated.
Notably, the ZnO/NiO nano-composite demonstrated superior performance, with a maximum alizarin removal
percentage of 76.9 % at pH 6. The adsorption process followed a monolayer pattern, as suggested by the
Langmuir model. The pseudo-second-order kinetics model provided a good fit to the experimental data.
Thermodynamic analysis indicated that the process is endothermic and thermodynamically favorable. These
findings underscore the potential of ZnO/NiO nano-composites as effective and sustainable adsorbents for alizarin

dye removal, with promising applications in wastewater treatment and environmental remediation.
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1. Introduction

Alizarin dye (Fig. 1), a representative synthetic dye
commonly employed in textile industries, poses a
significant environmental concern due to its persistence
in aquatic environments."? The textile industry alone
annually contributes an estimated 280,000 tons of
synthetic dyes to water bodies worldwide,’ primarily
comprising recalcitrant compounds like alizarin dye.
Alizarin dye, recognized for its hazardous nature,
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exhibits mutagenic and carcinogenic properties,
exacerbating its environmental impact.*

The removal of alizarin dye from aqueous solutions
has necessitated the exploration of various methods.
Among these, adsorption has garnered substantial
attention for its capacity to effectively sequester
alizarin dye molecules from solution.”® Adsorption's
appeal is rooted in its versatility, cost-efficiency, and
applicability across a wide spectrum of dyes, including
alizarin.’

This is an open access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Fig. 1. The chemical structure of alizarin compound.

Notably, adsorption circumvents the issue of
generating secondary pollutants, a concern often
associated with alternative treatment methods.'”
Alizarin dye removal via adsorption is particularly
advantageous at low concentrations, making it appli-
cable to both industrial effluents and environmental
remediation efforts.''> Furthermore, adsorption permits
flexibility through the selection of suitable adsorbents
and the optimization of operational parameters,
rendering it an adaptable solution.'

Recent research has explored the potential of
nanoparticles, specifically nanosized metal oxides
such as cerium oxide, magnesium oxide, ferric oxide,
and manganese oxides, as effective adsorbents for
alizarin dye.'*'> These nanomaterials offer a large
surface area, abundant active sites, and tunable surface
chemistry, thereby enhancing the interaction with
alizarin dye molecules.'®!”

Utilizing nanosized metal oxides for alizarin dye
adsorption presents distinct advantages. The high
surface area-to-volume ratio of nanoparticles facilitates
efficient adsorption even at low alizarin dye concen-
trations.'®'® Additionally, facile synthesis and fun-
ctionalization methods can further enhance their
adsorption performance, making them versatile adsor-
bents for alizarin dye and related compounds.'*?’
Moreover, the reusability, cost-effectiveness, and
minimal environmental impact of nanosized metal
oxides underscore their potential as sustainable
solutions for alizarin dye removal.*!*

This work focuses on the development and appli-
cation of Zinc Oxide/Nickel Oxide (ZnO/NiO) nano-
composites as proficient adsorbents for alizarin dye
removal. These semiconducting metal oxides, when
combined into a nano-composite, exhibit synergistic
properties that can be harnessed for enhanced alizarin
dye removal from aqueous solutions.** The primary

objective of this research is to synthesize and chara-
cterize ZnO/NiO nano-composites tailored specifically
for alizarin dye adsorption under diverse conditions.

2. Experimental

2.1. Chemicals and reagents

We utilized zinc oxide nanoparticles (ZnO-NPs)
and nickel oxide nanoparticles (NiO-NPs), both of
which had been synthesized according to the methods
detailed in previous studies.”*® These nanoparticles,
obtained with the same specifications as previously
reported, played essential roles in the current study
and were used without further purification.

2.2. Preparation of NiO/ZnO nano-composite

The synthesis of the NiO/ZnO nano-composite
involved series of steps. Initially, ZnO-NPs and NiO-
NPs were combined in appropriate concentrations,
followed by the addition of distilled water to the
mixture. Subsequently, the mixture was subjected to
one-hour sonication to ensure proper dispersion. The
resulting suspension was then dried overnight in an
oven to form a precipitate, which was subsequently
ground to a fine powder. Lastly, the dried precipitate
was calcinated at 650 °C for a duration of four hours
to yield the final NiO/ZnO nano-composite material.

2.3. The experiments of adsorption
The adsorption studies were carried out in 100 mL

airtight Erlenmeyer flasks using a fixed volume of
50 mL of 10 mg-L™! alizarin solution at a constant
temperature of 25 °C. A consistent amount of the
nano-composite adsorbent was introduced, and the
effects of adsorbent dosage (0.02 to 0.1 g) and
contact time (0 to 100 min) were investigated while
maintaining a constant initial alizarin concentration
of 10 mg-L™!. Temperature effects (20 to 40 °C) were
examined with a fixed adsorbent dose of 0.02 g. The
impact of pH (ranging from 2 to 14) on alizarin
adsorption was studied by adjusting the initial pH of
the solution using HCI and NaOH solutions. Quan-
tification of adsorbed alizarin was performed at 550 nm
using a UV-vis spectrometer, and all experiments
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were conducted with continuous mixing to ensure
uniform conditions. The adsorption capacity (g.) was
calculated using Eq. (1), while Eq. (2) is used to
calculate the removal percentage (R%) of the dye?’:

_(GC)
w

qe V (1)

C-C
r% =D 100 2)
C1i
Where C; (mg-L™") represents the initial concen-
tration, C; (mg-L™") is the final concentration of
alizarin, V' (L) denotes the volume of the mixture,

and w (g) signifies the weight of the adsorbent.

2.4. adsorption isotherm

In order to comprehensively elucidate the adsorption
behavior of alizarin dye onto the nano-composite
adsorbent, three well-established isotherm models
were employed: Freundlich, Langmuir, and Tempkin
models.

The Freundlich isotherm model was utilized to
assess the adsorption process. The model is described
by Eq. (3), which represents the linearized form of
the Freundlich model:

logg, = logK+ %logCg 3)

Here, (g.) signifies the equilibrium adsorption
capacity (mg-g™), (C.) denotes the equilibrium con-
centration of alizarin (mg-L™), (Ky) is the Freundlich
constant related to adsorption capacity (mg-g™'), and
(n) represents the Freundlich intensity factor, providing
insights into the adsorption mechanism.

The Langmuir model was employed to ascertain
the monolayer adsorption capacity and affinity of the
nano-composite for alizarin dye. Eq. (4) describes
the Langmuir isotherm model®:

_ qmaxbce

In this equation, (g,.) signifies the maximum
adsorption capacity (mg-g™'), and (b) stands for the
Langmuir affinity coefficient (L-mg ™). Eq. (5) illustrates
the linearized form of the Langmuir model:
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The Temkin isotherm model offers valuable infor-
mation about indirect adsorbate-adsorbent interactions
and adsorption energetics. The model is represented

by Eq. (6)™:

A
g.=Fn(4C,) (6)

where (B) is the Temkin constant (L-g™"), and (4) is
the equilibrium binding energy (J:mol™). (4) and (B)
are Temkin model parameters that provide insights
into the adsorption process, including the heat of
adsorption and the interaction between the adsorbate
and adsorbent. By fitting experimental data to these
three models, valuable information regarding the
adsorption mechanism and energetics can be obtained.

2.5. Adsorption kinetics

To investigate the kinetics of alizarin dye adsorption
onto the nano-composite adsorbent, a series of
experiments were conducted in 100 mL conical
flasks at pH 2. In each flask, 0.05 g of the adsorbent
was mixed with 50 mL of alizarin solution (10 mg-L™).
The mixtures were agitated at room temperature for
varying time intervals of 10, 20, 30, 40, 50, and 60 min.
The adsorption kinetics data were analyzed using the
pseudo-second-order kinetic model, represented by Eq.

:
2= Lo+t ()

Where (g,) represents the amount of alizarin dye
adsorbed at time (t) (mg-g ™), (¢.) is the equilibrium
adsorption capacity (mg-g™'), and (K>) signifies the
second-order rate constant (g-mg ' min). To obtain a
linear relationship for the kinetics of the adsorbed
dye at time (f), a plot was constructed with (#/¢q,) on
the y-axis and (#) on the x-axis. The slope and intercept
of this plot yielded the values of (K;) and (q.),
respectively.

2.6. Adsorption thermodynamics
To understand the thermodynamic aspects of the
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adsorption process and evaluate its spontaneity, a
thorough thermodynamic analysis was conducted.
This analysis aimed to elucidate the enthalpy change
(AH, kJ-mol™), entropy change (AS, J-mol™"-K™),
and Gibbs free energy change (AG, kJ-mol™) associated
with the adsorption of alizarin dye onto the nano-
composite adsorbent.

To obtain these thermodynamic parameters, experi-
ments were carried out at different temperatures,
specifically, 30, 40, and 50 °C. The values of AH and
AS were determined from the slope and intercept,
respectively, of a plot constructed using Eq. (8), while
the Gibbs free energy change (AG) was calculated
using Eq. (9):

ink, = 5 _AIT ®)
AG’ = AH’-TAS® )

Where (T) represents the absolute temperature
(K), (R) stands for the universal gas constant (8.314
Jmol"K™), and (Ky) signifies the equilibrium

constant which equals to % .
e

3. Results and Discussion

3.1. Calibration data for alizarin absorbance
The calibration data in (Fig. 2) demonstrate a strong
positive correlation between alizarin concentration
and absorbance. As the concentration of alizarin
increases, the absorbance values also increase, indicating
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Fig. 2. Calibration curve of the alizarin absorbance at
different concentration.
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Fig. 3. The effect of contact time on the removal of alizarin
by ZnO/NiO nanocomposite.

a proportional relationship. This calibration curve is
essential for quantifying the concentration of alizarin
in subsequent experiments.

3.2. Contact time
The time-dependent adsorption efficiency results

(Fig. 3) indicate that the removal percentage (R%) of
alizarin increases significantly with time, reaching a
maximum of approximately 55.8 % after 40 minutes
of contact with the adsorbents. This initial rise in R%
can be attributed to the dynamic nature of the
adsorption process, wherein extended contact times
allow for the occupation of active sites on the adsorbent
surface, leading to increased alizarin removal. However,
beyond 40 minutes, a subsequent decrease in R% is
observed. This decline could be elucidated by
considering the establishment of an equilibrium
condition between the adsorption and desorption
processes. It is conceivable that as the adsorption
sites become increasingly saturated, desorption may
become more prominent, resulting in a reduction in
the overall removal efficiency.

3.3. Mass-dependent adsorption efficiency
Fig. 4 presents the mass-dependent adsorption

efficiency data, revealing that the adsorbent mass has
a substantial impact on alizarin removal. As the mass
of the adsorbent increases, the removal percentage
(R%) also increases, indicating that a higher mass of
adsorbent provides more active sites for alizarin
adsorption. This finding underscores the importance
of optimizing the adsorbent dosage for practical
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Fig. 4. The impact of adsorbent mass on the removal
efficiency in terms of removal percentage.

applications to achieve efficient alizarin removal.

3.4. pH-Dependent adsorption efficiency

The pH-dependent adsorption efficiency results in
Table 1 demonstrate that the pH of the solution
significantly influences alizarin removal. Alizarin
removal is most effective at pH 6, with a removal
percentage of 76.9 %, while lower and higher pH
values result in reduced removal efficiencies. This
pH-dependent behavior can be attributed to changes
in the surface charge of the adsorbent and the ionization
of alizarin, which affect adsorption interactions.

3.5. Temperature-dependent adsorption efficiency
Fig. 5 presents the temperature-dependent adsorption

efficiency for both ZnO/NiO nanocomposite and
ZnO nanoparticles. The results indicate that higher
temperatures enhance alizarin removal efficiency.
This suggests that the adsorption process is endo-
thermic, and increased temperature provides more
kinetic energy to the system, facilitating adsorption.
Moreover, at each temperature point, the removal
efficiency of ZnO/NiO is consistently higher than
that of ZnO which may be due to synergistic effects
between the two materials. This interpretation aligns
with thermodynamic principles, providing insights
into the temperature-driven dynamics of the adsorption
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Fig. 5. The impact of temperature on the removal percentage
for ZnO/NiO nanocomposite (R%-ZnO/NiO) and
ZnO nanoparticle (R%-ZnO).

process.

3.6. Adsorption isotherms

The analysis of adsorption isotherms using Langmuir
(Fig. 6(a)), Freundlich (Fig. 6(b)), and Temkin (Fig.
6(c)) models helps in understanding the adsorption
mechanisms. The Langmuir model suggests that the
adsorption process follows monolayer adsorption,
while the Freundlich model indicates heterogeneous
adsorption. The Temkin model suggests that adsorption
follows a non-linear pattern. These models provide
valuable information for designing and optimizing
adsorption processes for alizarin removal. The
adsorption process followed a monolayer pattern, as
suggested by the Langmuir model.

3.7. Adsorption kinetics
The chemical adsorption is expected to contain

valence forces due to sharing or exchanging electrons
between the adsorbent and alizarin dye which can be
fitted in the pseudo-second-order equation.’' Linear
correlation was obtained by plotting (#/g;,) against (¢)
which conform that the adsorption process obeys the
pseudo-second-order kinetics (Fig. 5). From the slope
and intercept, the qe and k, parameters were 0.7290
(mg-g™") and 0.2154 (g'mg '-min"), respectively.

Table 1. The effect of pH on the percentage of alizarin removal R%

pH 2 4 6

8 10 12 14

R% 324 349 76.9

22.5 21.0 18.3 20.0
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Fig. 6. Langmuir (a), Freundlich (b), and Temkin (c) Isotherms models of alizarin adsorption.
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Fig. 7. Pseudo-second-order kinetics of adsorbing alizarin
onto ZnO/NiO nanocomposite.

The correlation coefficient of this model is 0.998
which implies that there is a good correlation for
alizarin dye adsorption onto ZnO/NiO nanocomposite.
The high value of &, is due to the fact that the rate of
adsorption in the pseudo-second-order model is
proportional to empty sites number squared.*?

3.8. Thermodynamic parameters
Table 9 presents the thermodynamic parameters,

Table 2. Thermodynamic factors of alizarin sorption onto
ZnO/NiO nanocomposite

Temperature AG® AH® AS°
(°C) (kJ-mol™) (kJ-mol™)  (J'mol™-K™")
30 -13.38
40 -9.15 9.580 0.312
50 -4.93

including AH, AG, and AS, which offer insights into
the spontaneity and energetics of the adsorption process.
The positive AH value indicates an endothermic
process, and the negative AG values at various
temperatures suggest that the adsorption of alizarin
onto the adsorbents is thermodynamically favorable
and suggest a physisorption process. The positive AS
value suggests increased disorder during adsorption.
These findings support the potential application of
ZnO/NiO nanocomposite for alizarin removal.

3.9. The significance of the results
This research not only contributes to the under-
standing of the fundamental characteristics of ZnO/
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NiO nano-composites but also highlights their
significant role in addressing water pollution challenges,
particularly in the removal of persistent and hazardous
contaminants such as alizarin dye from aquatic
environments. The findings presented herein pave the
way for the development of effective and sustainable
adsorbents with broader implications for environmental
protection and wastewater treatment.

4. Conclusions

In this study, we explored the efficacy of Zinc
Oxide/Nickel Oxide (ZnO/NiO) nano-composites as
adsorbents for the removal of alizarin dye from
aqueous solutions. The investigation revealed that
the ZnO/NiO nano-composite exhibited excellent
performance in adsorbing alizarin, with a maximum
removal percentage of 76.9 % achieved at pH 6. The
adsorption process was governed by monolayer
adsorption, as indicated by the Langmuir isotherm
model and pseudo-second-order kinetics. Thermodyna-
mic analysis showed that the adsorption process is
endothermic and thermodynamically favorable,
suggesting its potential for practical applications.
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