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ABSTRACT: zinc is one of the important trace element, but its high amount in aquatic bodies is detrimental to
health. Hence, the objective of this paper was to synthesize deep eutectic solvent (DES) nanoparticles and evaluate
their adsorption behavior for the removal of zinc (1) ions from industrial wastewater using appropriate standard
techniques. The pseudo-first-order and pseudo-second-order models were utilised to investigate the adsorption
kinetics, and the Freundlich and Langmuir isotherms were employed to assess the adsorption isotherms. The results
of the kinetic study shows that the adsorption process follows the Langmuir isotherm model (0.9740) and pseudo-
second-order Kinetics (0.9186). At pH 7 and room temperature, the highest adsorption capacity was determined to
be 22.883 mg/g. These findings indicate that DES nanoparticles may be a promising, highly effective, and

ecologically benign adsorbent for extracting zinc (I1) ions from wastewater.
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Water pollution is a worldwide issue that has a
detrimental effect on the quality of water resources
and endangers human health and ecological health
(Sawyer et al., 2018). While zinc is an essential trace
element necessary for numerous physiological
activities, high amounts in aquatic habitats can affect
the environment and human health (Deroche et al.,
2019). The World Health Organization (WHO, 2022)
states that maximum zinc concentrations in drinking
water are permitted to be between 3 and 5 mg/L. Zinc
has been extracted using a variety of techniques,
including membrane filtration (ultrafiltration, reverse
osmosis, nanofiltration, electrodialysis) (Ahemd and
Ahmaruzzaman, 2016; Singh, et al., 2022), chemical
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precipitation (Walvekar, et al., 2021), ion exchange
(Bose et al, 2018) and electrochemical method
(Larakeb et al., 2016). However, these methods are
often costly, energy-intensive, and may produce
secondary pollutants (Larakeb et al., 2016). Therefore,
there is a rising need for efficient, cost-effective, and
environmentally friendly technologies for zinc
removal from water. Heavy metal ion removal from
aqueous solutions by adsorption has become a well-
established and extensively researched technique
(Artioli, 2017). Recent breakthroughs in materials
science have introduced Deep Eutectic solvent (DES),
a unique class of materials for heavy metal adsorption
(Umit et al., 2024). DES are mixtures formed by
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hydrogen bond acceptors and hydrogen bond donors
that have a melting point that is lower than their
components, offering advantages due to their
environmentally friendly nature, low toxicity, and
versatile applications (Gopal et al. 2019).

Hence, the objective of this paper was to synthesize
deep eutectic solvent (DES) nanoparticles and
evaluate their adsorption behavior for the removal of
zinc (II) ions from industrial wastewater using
appropriate standard techniques.

MATERIALS AND METHOD

Chemical and reagents: Choline chloride and ethylene
glycol were purchased from Hopekin and Williams
Limited. Otto Chemie Pvt. Ltd in Lafia, Nasarawa
state, Nigeria, provided the ammonia solution, iron
(1) chloride hexahydrate (FeCls-6H,0), iron (II)
chloride tetrahydrate (FeClz-4H,0), and zinc sulfate
heptahydrate (ZnSO4-7H,0). All compounds were of

analytical quality and utilised without further
purification.
Instruments: German-made Analytik Jena AG's

novAA 400 hydride generation-atomic absorption
spectrophotometer (AAS). HY-5A Cycling vibrator,
digital weighing balance, fume cupboard, oven,
weighing balance (beam balance), and magnetic stirrer
were all utilized.

Synthesis of DES Nanoparticles: This study used, with
few changes, the methodology outlined by Gopal et al.
(2019). Choline chloride and ethylene glycol were
mixed in a 1:2 molar ratio to create DES. At a
moderate temperature of 80 °C, the mixture was gently
swirled with a magnetic stirrer until a homogenous
liquid was created. The DES was allowed to cool and
solidify at room temperature. FesOs nanoparticles
were created by a traditional co-precipitation process
utilising 5.29 FeCls.6H,O and 2.0g FeCl.HO
dissolved in 160 ml of deionised water, degassed with
nitrogen, and agitated vigorously at 90 °C. A 12 ml of
ammonia solution was added and stirred for 1 hour.
For future usage, the nanoparticles were cleansed with
deionised water, crushed, and sieved. They were then
oven-dried for a whole day. The DES was
subsequently integrated into the FesO. nanoparticles
to generate DES nanoparticles.

Preparation of Zinc (1) Stock Solution: By dissolving
100 mg of ZnS0O4-7H,0 in a graduated measuring
cylinder and adding deionized water to make the
volume 1000 mL, a 100 mg/L zinc(ll) stock solution
was prepared. Using serial dilution, standard solutions
with concentrations of 20, 40, 60, 80, and 100 mg/L
were made from the stock solution.
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Adsorption Experiments: The methods described by
Stylianos et al. (2020) were adopted with slight
modifications. The adsorption of zinc (Il) ions was
investigated in batch adsorption tests by varying the
adsorbent dose (0.1-0.5 g/L), temperature (25-45°C),
pH (3-9), contact duration (0-120 min), and initial zinc
concentration (20-100 mg/L). DES nanoparticles at a
specified concentration and 100 mL of zinc solution
were added to 250 ml Erlenmeyer flasks for the
adsorption processes. After the test solution was
heated in a thermostatic water bath to the desired
temperature, the adsorbent was separated using a
phase separation membrane, and Zn (IlI) ion
concentrations were determined using an AAS. The
pH was adjusted by adding 0.1 M aqueous HCl or 0.1
M aqueous NaOH to the test solution, and the flask
was shaken in an electro-thermostatic water bath
oscillator at 170 rpm.

Data Analysis: Adsorption efficiency (R): Equation (1)
was utilised to get the adsorption efficiency.

%R = 2=t x 100 1

Co

Where zinc (II) concentration at adsorption
equilibrium (ce) is measured in mg/L, and zinc (I1)
starting concentration (c,) is expressed in mg/L.

Adsorption capacity (g:): The adsorption capacity q;
was calculated using equation (2) and is defined as the
amount of Zn (1) adsorbed per gramme (mg/q):

.= (Co —Ist)xv 2

Where M is the dose (g), V is the volume of the
solution (L), and C; is the concentration of Zn (ll) at
time t (mg/L). This represents the quantities of Zn (1)
adsorbed (mg/g) at time t and equilibrium,
respectively, as g: and Qe

Pseudo first Order: According to the model, there is a
direct proportionality between the variation in the
concentration and the rate of adsorbate removal over
time and the rate of change in adsorbate uptake at a
given reaction time. According to Edet et al. (2020),
the equation (3) below represents the model, also
referred to as the Largergren model:

% =k (qe — q¢) 3
t

Where k; is the pseudo-first-order adsorption rate
constant (min') and g and q: are the adsorbent's
adsorption capacities at equilibrium and time,
respectively, in mg/g. Equation 3 integral form

USMAN, A; OSUEGBA, S. O; MAMMAN, S.



Deep eutectic solvent-magnetite hybrid composite for effective removal of Zinc...

becomes once boundary conditions are applied, t = 0
tot—tandqt 010 gt = Qe.:

~4) =)~ a5t 4

2-303

Log(q.

Upon a linear correlation between t and the values of
log (qe — Q). Log (ge — qr) vs t provides a linear
connection from which k; and g. may be extracted
from the plot's slope and intercept.

Pseudo Second Order: As per Ademiluyi and Nze
(2016), the pseudo-second-order adsorption Kinetics
rate equation may be written as follows:

d
% = ky(q. — Qt)z 5
t

Where k2 (g/mg/min) is the pseudo-second-order
adsorption rate constant.

The equation with the boundary conditions t=0 to t=t
and gt=0 to g=q. takes on the following integral form:

1 1
=14k 6
de—qt de

Langmuir-isotherm: Adsorption on a homogenous
surface is studied using this isotherm. The adsorption
processes that follow this isotherm include no contact
between the adsorbed molecules. Adsorption is
thought to occur in a single layer, with a uniform
distribution of adsorption energy on the adsorbent
surface, with the majority of adsorption being
dependent on the saturation level of that single
adsorption layer (Alyuz and Veli, 2009). Equation (7)
presents the linear form of Langmuir isotherm.

C 1 C
Ce_ + Le

7
Ce (@mb)  am

Where b is the Langmuir constant (L/mg), ge is the
quantity of contaminant absorbed per gramme of the
adsorbent (mg/g), and Ce is the contaminant

concentration at equilibrium (mg/L) (Langmuir, 1916).

Plotting values of — Versus — L allowed for the creation

of the diagram and the extraction of the linear equation.

Freundlich Isotherm: Adsorption occurs on a
heterogeneous surface of a multilayer adsorbent and
interactions occur between adsorbent molecules
during the adsorption process if the adsorption
isotherm  follows the  Freundlich  isotherm.
Additionally, this isotherm demonstrates that during
the adsorption process, the adsorption energy of the
adsorbing centres decreases (Mansourian et al., 2016).
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Equation (8) presents the linear form of the Freundlich
isotherm, as explained by Darvishmotevalli et al.
(2019).

Ing, = InK; + (-)InC, 8

Where C. is the contaminant concentration at
equilibrium; Ky is the Freundlich constant and a
relative measure of adsorption capacity (mg/g); and n
denotes adsorption intensity. ge is the quantity of the
contaminant adsorbed per gramme of the adsorbent
(mg/g) under equilibrium circumstances.

A high value for n indicates that the adsorption
procedure is desirable (Matej et al., 2021). The linear
equation for this isotherm was found by plotting the
values of In(ge) against those of In(C.). Values of n
larger than 1 indicate a favourable physical adsorption
process (Stylianos et al., 2020). The adsorption's

heterogeneity factor is represented by % Adsorption is

heterogeneous if the value of this component falls
between 0 and 1, homogeneous if it is less than zero,
and a mix of homogeneous and heterogeneous
circumstances if it is larger than 1 (Kumar et al., 2010;
Absalan et al., 2011).

RESULTS AND DISCUSSION

Effect of Initial Zinc Concentration: The impact of the
initial zinc concentration on the effectiveness of
adsorption is shown in Fig. 1. There is a decrease in
removal efficiency using doses that range from 10 to
100 mg/L. This pattern suggests that at lower
concentrations, there are sufficient adsorption sites
available for zinc ions. However, as the concentration
of zinc increases, the adsorption sites of the DES
nanoparticles become saturated, leading to a decrease
in removal efficiency. After the saturation point,
removal efficiency decreases because the analytes
need more energy to overcome the boundary layer
effect (Garg and Gupta, 2004).
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Removal efficiency (%)
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Fig.1: Effect of concentration on adsorption of Zn (lI) ion onto
Deep eutectic solvent (DES)

USMAN, A; OSUEGBA, S. O; MAMMAN, S.



Deep eutectic solvent-magnetite hybrid composite for effective removal of Zinc...

Effect of Contact Time: According to Absalan et al.
(2011), contact time is a crucial optimisation
parameter that determines the maximum amount of
time an analyte may be removed from an aqueous
medium by adsorption. Fig. 2 illustrates how contact
time affects zinc adsorption. After a sharp increase in
the first 30 minutes, the adsorption efficiency grew
more slowly until equilibrium was attained after
around sixty minutes. This typically occurs in
adsorption processes, because initially there are many

accessible adsorption sites, leading to rapid absorption.

Because the material surface and analyte repel one
another, it gets harder to fill the remaining vacant spots
as the contact duration increases (Gopal et al., 2019).

94
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Fig.2: Effect of contact time on adsorption of Zn (II) ion onto
Deep eutectic solvent (DES)

Removal efficiency (%)

Effect of Temperature: Analysing the stability and
binding ability of the DES nanomaterial involved
examining the impact of temperature. For each analyte,
the temperature was raised from 10 °C to 20, 30, 40,
50, 60, and 70 °C. As shown in Fig. 3, the efficiency
of the adsorption process declined with increasing
temperature and peaked at lower temperatures. This
implies that the adsorption process is exothermic, or
driven by a decrease in free energy, which explains
why an increase in temperature damages the
advantageous interactions between the adsorbent
(DES nanoparticles) and the adsorbate zinc (1) ion,
resulting in a decrease in adsorption efficiency.

Effect of pH: Fig. 4 depicts the effect of pH on zinc
adsorption. According to Silva et al. (1996), pH has
the potential to alter the dissociation of functional
groups on the adsorbent's active sites, the adsorbent's
surface charge, and the current state of the adsorbate
molecule. An increase in removal efficiency at pH 7
compared to lower efficiencies recorded at both acidic
and alkaline pH levels indicates an optimal pH
condition for DES nanoparticles Zn (1) ion adsorption.
Low pH causes protons to compete with zinc ions for
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adsorption sites, lowering efficiency. At high pH, zinc
may form hydroxide complexes, which are less likely
to be adsorbed. This suggests that at pH 7, the surface
charge or other chemical properties of the
nanoparticles enhance the affinity for Zn (1), leading
to higher removal efficiency.
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Fig.3: Effect of temperature on adsorption of Zn (I1) ion onto Deep
eutectic solvent (DES)
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Fig.4: Effect of pH on adsorption of Zn (I1) ion onto Deep eutectic
solvent (DES)

Effect of Adsorbent Dosage: Fig. 5 illustrates that the
DES nanoparticles exhibited a dosage-dependent
behavior in removing the Zn (Il) ion, increasing the
adsorbent dosage led to an increase in removal
efficiency. This is because there are more active sites
available or adsorption capacity as the dosage of the
nanoparticle is added (Matej et al., 2021). However,
the rate of increase in efficiency slows at higher
dosages, demonstrating the existence of an ideal dose
at which any increases could not be financially
feasible. The collection of adsorbent made it harder for
the analytes to react with the binding sites, even
though there were many more active sites accessible
due to the rise in adsorbent quantity (Gopal et al.,
2019), which overlapped. This resulted in no obvious
variation in the removal percentage even after
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increasing the dosage amount. Hence, 10 mg was
selected as the equilibrium dosage for the analytes.
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Fig.5: Effect of dosage on adsorption of Zn (I1) ion onto Deep
eutectic solvent (DES)

Adsorption Kinetics: As shown in Table 1, the pseudo-
second-order model's R? value of 0.9130 is nearer to
one (1) than the pseudo-first-order model's value of
0.4013. This suggests that in comparison to the
pseudo-first-order model, the pseudo-second-order
model had a higher correlation, provided a better fit for
the experimental data, and more accurately
represented the system's adsorption kinetics.

Table 1: Kinetic parameters for the adsorption of Zn (ll) ion

Kinetic Parameters Material Literature
model (DES, values
Fe3O4)

Pseudo geexp (Mmg/g) 7.488 16.31
firstorder  qgecal (mg/g) 5.546 1.830

K min? 0.0559 0.015

R? 0.4013 0.670

RE (%) 25.934%
Pseudo gecal (mg/g) 6.8212 15.77
second K, (9/mg/min) 0.0160 0.094
order h(mg/g/min) 0.7449 -

R? 0.9186 0.999

t1/2(min) 0.0023 -

RE (%) 8.904
According to pseudo-second-order kinetics in

adsorption processes, The Square of the adsorbate
concentration on the adsorbent surface directly
determines the rate of adsorption (Stylianos et al.,
2020). According to these findings, the rate-
determining step in the adsorption process is the
chemisorption of the adsorbate onto the adsorbent
surface. This result is also similar to the one obtained
by (Matej et al., 2021).

Figures 6 and 7 illustrate the Freundlich and Langmuir
model of the process. The R? value for the Langmuir
model (0.9740) is closer to one (1) than the R? value
for the Freundlich model (0.7660), suggesting that the
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Langmuir model is a more appropriate representation
of the adsorption process. These indicate that the DES
materials have a monolayer adsorption on a
homogeneous surface. The maximum adsorption
capacity (qm) was 22.883 mg/g as shown in Table 2.
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Fig.6: Freundlich isotherm model for Zn (I1) ion adsorption
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Fig.7: Langmuir isotherm model for Zn (II) ion adsorption

Table 2: Isotherm parameters for the adsorption of Zn (lI) ion

Tzotherm Parameters Temp. Literature
model (25°%C) Valoe
(blatej et al,
2021
Qe EXp (M E) 22,383 27.72
) b (Lmg) 0.14659 0417
Langmmir "~z 00740 | 0009
FL 0.0912 0.056
E: [(mg'g) (L/imz=)1/n] 12.2602 10.170
. i 057383 -
Freundlich =73 1.7260 0173
E* 0.7641 0994

The result consistently supports the finding in Fig 1
that efficiency decreases as concentration increases. It
also shows that DES has varying affinities for the Zn
(11) ion adsorbate and the adsorption process is best at
lower concentrations, this invariably confirms the
result in Fig. 1 where there is a decrease in efficiency
when the concentration increases. This is also in
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agreement with the result obtained by Matej et al.
(2021).

Conclusion: Zinc (I1) ions can be effectively removed
from aqueous solutions using DES nanoparticles, as
demonstrated by this work. High Zn (11) ion removal
efficiency is demonstrated by DES at ambient
temperature and neutral pH. With pseudo-second-
order kinetics and the Langmuir isotherm model, the
adsorption process is most accurately approximated,
suggesting a chemisorption process on a homogeneous
surface. This therefore shows that DES nanoparticles
have an enormous potential as an environmentally
friendly and efficient adsorbent for zinc removal from
water, contributing to the development of sustainable
water treatment systems.
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