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This study is aimed at comparing the use of zinc oxide (ZnO), titanium dioxide (TiO,), and aluminium oxide (Al,O,) for
removing lead ions from water through adsorption. The point of zero charge was obtained for ZnO, TiO,, and Al,O, and was
found to be 7.3, 7.1, and 9.0, respectively. The effect of pH, adsorbent dose, contact time, initial concentrations, and
temperature was investigated in batch experiments. The optimal conditions obtained were 7, 2 g/L, 120 mins, 100 ppm, and
41°C, respectively, where the optimal removal efficiencies were 98.43%, 96.45%, and 85.50% for ZnO, TiO,, and ALO,,
respectively. In addition, analyses of adsorption kinetics, mechanisms, isotherms, and thermodynamics were performed. The
adsorption kinetics of Pb(II) were compared to popular models, and it was found that the pseudo-second-order (PSO) model
best fitted the Pb(IT) uptake for all adsorbents at correlation coefficient (R* > 0.96). The adsorption isotherms of Pb(II) were
also compared to popular models, and it was found that the Pb(II) uptake by TiO, and ZnO was well-described by the
Langmuir model (R? >0.96) with maximum adsorption capacities of 55.04 and 58.88 mg/g, respectively. On the other hand,
the behaviour of AlL,O, is described more accurately by the Dubinin-Radushkevich (D-R) model (R?>=0.96), and the
maximum adsorption capacity was 53.64 mg/g. The isotherm analysis proved that the limiting step of the adsorption process is
the film diffusion mechanism. In addition, studying the heat of adsorption of Pb(II) implied that the adsorption is
endothermic due to the positive values of enthalpy (AH®>30) for all adsorbents. The absorbents were characterized using
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) to study the morphology of surfaces and
the chemical characterization of the adsorbents to ensure that adsorption is achieved. ZnO showed better performance for the
uptake of lead followed by TiO, then Al,O;.

1. Introduction

Contamination of aquatic environments by heavy metals is
one of the most major environmental challenges because of
their flexibility, aggregation, persistence, and nonbiodegrad-
able nature. Some of the toxic heavy metals, in particular
lead, can have severe and poisonous effects on human beings
and marine organisms even at trace levels [1, 2]. This prob-
lem is exacerbated in developing countries, where polluting
industries are rapidly developed for various applications,
such as mining operations, tanneries, batteries, fertilizer,
pesticides, paper industries, and coke factories [3].

Various adsorbents are used to remove heavy metals,
such as arsenic, cadmium, nickel, mercury, chromium, zinc,

and lead, from aqueous solutions. These adsorbents include
carbon-based adsorbents [4], bioadsorbents [5], low-cost
adsorbents [6], and polymeric nanosorbents [7]. This study
sheds light on lead, which is one of the most toxic heavy
metals that attracts considerable attention from environ-
mentalists. Lead is discharged into aquatic ecosystems from
various industrial activities, such as storage batteries,
ceramic glass industries, mining, plating, coating, and auto-
motive industries. Another potential source for lead contam-
ination is the wide utilization of agricultural chemicals such
as fertilizers and fungicidal sprays [8]. In addition to the pol-
lution of aquatic environments, the adverse effects of lead on
human health have been well documented and character-
ized. Lead poisoning causes serious harm to the kidneys,
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damages the central nervous system and liver, and can result
in cancer and brain damage, in addition to abnormalities in
living creatures’ organs [9, 10].

In response to this, several techniques have been devel-
oped to remove harmful heavy metals from aqueous solu-
tions and maintain environmental safety, such as chemical
precipitation, ion exchange, membrane separation, adsorp-
tion, and electrochemical removal [11]. Among these tech-
niques, adsorption has recently gained growing importance
for being an efficient, effective, and economical technique.
It provides high quality treated outputs, low operating cost,
high design and operating flexibility, and high removal effi-
ciency in the absence of interference of any competing addi-
tives [12].

A wide range of adsorbents was used to extract lead, such
as activated carbon [13], modified alginate aerogel with mel-
amine/chitosan [11], reduced graphene oxide-Fe,O, [8], and
pea peel waste [14]. The use of zinc oxide (ZnO), titanium
dioxide (TiO,), and aluminium oxide (Al,O,) as adsorbents
for removal of different constituents from wastewater is
promising in light of its advantages, such as availability, sim-
plicity, nontoxic nature, resilience to corrosive elements, and
a strong affinity for metal ions used in wastewater treatment
[15]. Efficient removal of heavy metals was reported in the
literature using ZnO nanocomposites and nanoparticles
[16, 17], TiO, composites and nanoparticles [2, 18], and
Al, O, nanocomposites and nanoparticles [19-22]. However,
few studies compared the capacities of these three adsor-
bents in the removal of heavy metals.

Despite the studies mentioned above, limited studies
compared the adsorption capacity and removal mechanism
for lead adsorption onto zinc oxide (ZnO), titanium dioxide
(TiO,), and aluminium oxide (Al,O;) under the same condi-
tions. To our knowledge, no study compared the thermody-
namics of these metal oxides for this particular case. Thus,
this research is aimed at studying and comparing the use
of these metal oxides for lead removal from water by adsorp-
tion. The effect of pH, adsorbent doses, contact time, initial
concentrations, and temperature on lead removal was inves-
tigated. The experimental results were analyzed using
pseudo-first order (PFO), pseudo-second order (PSO), Elo-
vich equation, the intraparticle diffusion model, and the
Boyd kinetic models to determine the most compatible
adsorption kinetic and mechanism model. Subsequently,
the equilibrium data were investigated using various iso-
therm models, such as Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich (D-R) models, to determine the
appropriate isotherms for the characterization of the behav-
iour of lead adsorption on metal oxides.

2. Materials and Methods

Lead nitrate (Pb (NO,),), manufactured by Loba Chemie
Pvt. Ltd., India, 99% extra pure, was used to prepare the con-
taminated solution. A 1000 ppm stock solution is prepared
by dissolving 1.58 g of lead nitrate in 1000 mL of deionized
water containing 10% (v/v) of hydrochloric acid (HCI) for
24h to prevent the precipitation of Pb(II) due to hydrolysis.
Other standard solutions were prepared by diluting this
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solution as required to acquire working solutions between
50 and 150 mg/L of Pb(II). The initial pH of any experimen-
tal solutions was modified by adding HCI or sodium hydrox-
ide (NaOH) solutions.

Zinc oxide 99% pure (AR zinc white), titanium dioxide,
98% extra pure, and aluminium oxide active (basic), manu-
factured by Loba Chemie Pvt. Ltd., India, were used as
adsorbents. The surface of materials before and after adsorp-
tion was studied using scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX). By follow-
ing procedures described in earlier studies [23, 24], the
points of zero charge for each of the three adsorbents using
the pH drift method were found to be 7.3, 7.1, and 9.0 for
ZnO, TiO,, and Al,O,, respectively, see Figure 1.

The adsorption experiments are divided into several
batches, where each batch evaluates a specific parameter that
affects the adsorption process and determines its optimal
value among the tested range. The tested parameters were
pH of the solution, adsorbent dose, contact time, initial con-
centration of Pb(II), and temperature. The effect of pH was
investigated by adjusting the solution pH between pH3
and 9 using 0.1 M of nitric acid (HNO;) and NaOH. The
adsorbent dosage tested range varied between 0.01 and
0.05 g. The effect of contact time was investigated by varying
the contact time from 5 to 120 min. The impact of the initial
concentration of lead was studied between 50 and 150 ppm,
and the temperature effect was studied between 18 and 41°C.
For each batch, the solution flasks were shaken to ensure
that the solution reached equilibrium (maximum adsorption
capacity). At the end of each batch, the solution was centri-
fuged, filtered using a filter paper (Whitman number 45),
and analyzed using inductively coupled plasma (ICP) spec-
trometry (model Ultima 2 JY Plasma) to measure the final
concentration of lead in water samples complies to Environ-
mental Protection Agency (EPA-US) measurement tech-
nique [25]. The adsorption percentage and the capacity of
adsorption can be calculated according to Equation (1) and
Equation (2), respectively, [26]:

Adsorption percentage% =

Co - Ce
x 100, (1)
C

q,= (Co Ce) xV, (2)
m

where g, is the mass of metal ions adsorbed per unit weight
of the adsorbent at equilibrium (mg adsorbate/g adsorbent),
C, is the initial concentration of the metal ions (mg/L), C, is
the equilibrium concentration of the metal ion (mg/L), V is
the volume of the metal ion solution (mL), and m is the mass
of the adsorbent (mg).

3. Results and Discussion
3.1. Adsorption Studies

3.1.1. Effect of pH Solution. The effect of the initial pH of the
solution on the percentage of Pb(II) removed by adsorption
was investigated at four different pH values, namely, 3, 5, 7,
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FiGure 1: pH drift method for all adsorbents.

and 9, using an initial adsorbent mass of 0.02 g with 25 mL of
contaminated solution. The initial Pb(II) concentration was
100 ppm at room temperature 29 + 1°C. The mixture was
shaken for 120min at a constant stirring velocity of
150 rpm. The final Pb(II) concentration values were mea-
sured, and the adsorption percentage was calculated using
Equation (1). The optimal removal efficiencies were
94.66%, 87.97%, and 65.34% for ZnO, TiO,, and ALO,,
respectively, at a pH value of 7.0 as shown in Figure 2(a).
The adsorption percentage increased as the initial pH of
the solution increased from pH 3.0 to 7.0 for all adsorbents
used. The surface of the adsorbents became more negatively
charged, and subsequently, the electrostatic attraction (ion
exchange) between the metal ions and surface of the adsor-
bents probably increased. The increase in adsorption per-
centage may be attributed to the interaction of Pb**,
Pb(OH)", and Pb(OH), with the functional groups present
on the surface of the adsorbents due to ion exchange mech-
anism or by hydrogen bonding [27] as shown in Figure 3
and the following reactions:
Ion exchange mechanism:

2(-ROH) + Pb*" — 2(RO)Pb + 2H*

~ROH + Pb(OH)* —> (-RO) Pb(OH) + H ®)

Hydrogen bonding:
2(-ROH) + Pb (OH), —> (-ROH), + Pb(OH),  (4)

At higher pH values (7.0-9.0), a decrease in the adsorp-
tion percentage was observed in ZnO and TiO, due to the
formation of soluble hydroxyl complexes. However, for
AL O;, an increase in adsorption percentage was observed
since the value of pH at the point of zero charge (pHp,)
for ALLO; is 9.0, see Figure 1. As the pH of the solution
increases, the adsorbent surface becomes less positively
charged which allows for more adsorption of Pb(II) cations.
For the following batches, an optimal pH value of 7.0 is used.
Below this optimal value, competition between Pb(II) ions
and H;0" reduces the adsorption efficiency, while higher

pH values result in hydrolysis of lead species which encour-
ages precipitation and prevents quantitative adsorption.

3.1.2. Effect of Adsorbent Dosage. This batch of experiments
was conducted with different concentrations of adsorbents,
namely, 0.01, 0.02, 0.03, 0.04, and 0.05g, at the optimal ini-
tial pH value, with 25 mL of the contaminated solution. The
initial Pb(II) concentration was 100 ppm at room tempera-
ture of 29 + 1°C, and the blend was shaken for 120 min at a
constant stirring velocity of 150 rpm. The final Pb(II) con-
centration values were measured, and the adsorption per-
centage was calculated using Equation (1). The maximum
removal efficiencies achieved were 95.27%, 90.46%, and
70.8% for ZnO, TiO,, and AL, O, respectively, at a corre-
sponding adsorbent dosage of 0.05g as shown in
Figure 3(b). The adsorption percentage increases as the
doses of the adsorbents in the solution increase from 0.01
to 0.05g for all adsorbents used. These results can be inter-
preted as increasing the adsorbent dose from 0.01 to 0.05g
provides more active binding sites for the adsorption pro-
cess. Thus, more Pb(II) ions are adsorbed onto the surface
of the adsorbent since the competition between molecules
for active binding sites is reduced. The optimal dose
obtained was 0.05 g, applied for the subsequent batches.

3.1.3. Effect of Contact Time. This batch of experiments was
conducted at different contact times, namely, 15, 30, 60, 90,
and 120 min, with optimal pH value and adsorbent dose of
7.0 and 0.05g, respectively, at room temperature of 29 £ 1
°C and 25mL of contaminated solution. The initial Pb(II)
concentration was 100 ppm at a constant stirring velocity
of 150 rpm. The final Pb(II) concentration values were mea-
sured, and the adsorption percentage was calculated using
Equation (1). The maximum removal efficiencies obtained
were 96.17%, 91.75%, and 79.5% for ZnO, TiO,, and
Al,O,, respectively, at a contact time of 120 min as illus-
trated in Figure 2(c). The adsorption percentage increases
as the process contact time increases from 15 to 120 min
for all the adsorbents used. However, it appears that the rate
of lead uptake is the greatest within the initial 15min
because of the availability of active binding sites on the sur-
face of the adsorbents. Consequently, it can be seen that the
equilibrium of lead uptake by all the adsorbents is reached
within 90 min, following which there is an insignificant
change in lead uptake until 120 min.

3.1.4. Effect of Initial Concentration of Pb(II). This batch was
conducted at different initial concentrations of Pb(II),
namely, 50, 75, 100, 125, and 150 ppm, at the optimal pH
value and the optimal adsorbent dose obtained from previ-
ous batches with 25mL of contaminated solution at room
temperature of 29 + 1°C. The blend was shaken for 120 min
at a constant stirring velocity of 150 rpm. The final Pb(II)
concentration values obtained were measured, and the
adsorption percentage was calculated using Equation (1).
The maximum removal efficiencies were 96.17%, 91.75%,
and 79.50% for ZnO, TiO,, and Al,O,, respectively, at an
initial concentration of 100 ppm for all adsorbents as shown
in Figure 2(d). The results suggest that the percentage of
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F1GURe 2: Effect of different parameters on the adsorption of Pb(II) onto all adsorbents: (a) initial pH of the solution, (b) adsorbent dosage,
(c) contact time, (d) initial concentration of Pb(II), and (e) temperature.

Pb(II) removal by adsorption increases as the initial Pb(II)
concentration increases to a certain extent. The adsorption
percentage increased from 93.55 to 96.17% for ZnO, from
85.88 to 91.75% for TiO,, and from 61.50 to 79.50% for
ALO, as the initial concentration of Pb(II) is increased
from 1 to 100 ppm. Thereafter, the percentage of Pb(II)
removal decreases as the initial Pb(II) concentration
increases to a value of 150 ppm. This can be interpreted
as at a fixed amount of adsorbent; the high initial Pb(II)
concentration leads to an excess amount of available parti-
cles compared with the active binding site on the adsor-
bent surface, so that the percentage of Pb(II) removal by
adsorption decreases.

3.1.5. Effect of Temperature. This batch was conducted at dif-
ferent temperature values, namely, 18, 29, and 41°C, at an
optimal pH of 7.0, an optimal dose of adsorbents equal to
0.05 g, and a 25 mL contaminated solution of 100 ppm Pb(II)
as an optimal initial concentration. The blend was shaken
for 120 min at a constant stirring velocity of 150 rpm. The
final Pb(II) concentration values were measured, and the
adsorption percentage was calculated using Equation (1).
The maximum removal efficiencies were 98.43%, 96.45%,
and 85.50% for ZnO, TiO,, and Al,O;, respectively, at a tem-
perature of 41°C for all adsorbents as shown in Figure 2(e).

The results showed that the percentage of Pb(II) removal
by adsorption increases as the temperature increases. The
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FIGURE 3: Adsorption mechanisms of Pb(II) on metals adsorbent surfaces: (a) ion exchange mechanism and (b) hydrogen bonding

mechanism.

adsorption percentage was observed to increase from 88.55
t0 98.43% for ZnO, from 87.46 to 96.45% for TiO,, and from
70.34 to 85.48% for Al,O; as the temperature was increased
from 18 to 41°C. This indicates that the adsorption process is
an endothermic reaction for all adsorbents.

3.2. Kinetic Studies. The uptake rate of Pb(II) ions from the
water can be predicted by adsorption kinetics. Three mathemat-
ical models, namely, pseudo-first order (PFO), pseudo-second
order (PSO), and Elovich equation, were used to fit the uptake
rate using the Pb(II) adsorption data at different contact times.
The PFO model, PSO model, and Elovich equation are
expressed by Equations (5), (6), and (7), respectively [28-30].

ky
2.303

()

Log(q, — q,) = Logq, — t,

L (6)
@ ke 4.’
1

%=1 In (ab) + - In (1), (7)

where g, is the mass of absorbed pollutant per unit weight of
adsorbent at equilibrium (mg/g), g, is the adsorbed amount of

adsorbent at time t (mg/g), k, is the PFO equation constant
(min™), t is time (min), k, is the rate constant of PSO equation
(g/mg-min), a is a parameter that describes the initial rate of
adsorption (mg/g:min), and 1/b is a parameter relative to the
number of adsorption sites on the surface of the adsorbents
(mg/g).

The PSO model’s correlation coefficient (R?) compared
to the adsorption results was greater than that of the PFO
model and Elovich equation, which suggests that the PSO
model best describes the kinetics of the adsorption process.
This also indicated that chemisorption was the reaction’s
rate-limiting part, as shown in Figures 4(a)-4(c). The kinetic
parameters of these models are summarized in Table 1.

3.3. Adsorption Mechanisms. The adsorption process con-
sists of three controlling steps: (1) the motion of the adsor-
bate from the bulk liquid to the surrounding film of the
adsorbent, a process known as film diffusion, (2) the trans-
port of the adsorbate from the film to the adsorbent surface,
a process known as surface adsorption, and (3) the transmis-
sion of the adsorbate to the internal active sites, a process
known as intraparticle diffusion [31]. The active sites
sequentially attach to these metal ions.
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FIGURE 4: Models for the kinetics of Pb(II) adsorption onto all adsorbents: (a) PFO, (b) PSO, and (c) Elovich’s equation.

TABLE 1:

Kinetic parameters for adsorption of Pb(II) onto different adsorbents using PFO, PSO, and Elovich equation.

Kinetic model

Kinetic parameters ZnO TiO, AlLO,

k, min™ 8.25x 1073 2.17x1072 5.50 x 1072
PFO model 9e,cal mg/g 6.79 3.40 15.53
R? 0.8710 0.8542 0.8835

k, g/mg-min 9.3x107* 1.8x107° 7.3x107°
PSO model 9 cal mg/g 48.58 45.37 34.88
R? 0.9960 0.9999 0.9996

a mg/g-min 9.34 % 10° 1.03x 10" 1.95x 10°
Elovich equation b g/mg 0.431 0.712 0.327
R? 0.7017 0.9473 0.8494

The limiting step of adsorption refers to the slowest step g, =kiq = t°° + C, (8)

in the process that controls the total adsorption rate. To
identify the limiting step of the adsorption mechanism, sev-

eral kinetic models are commonly used to investigate the
rate-limiting step; this included the intraparticle diffusion
model as well as the Boyd model. The intraparticle diffusion
model was applied to determine the adsorption mechanism.

The model is described by Equation (8) [32].

t1/2

where g, is the amount of Pb(II) adsorbed at time ¢ (mg/g), k;, is
the intraparticle diffusion rate constant (mg/g:min*?), and C is
a constant that is related to the thickness of the boundary layer.
Figure 5(a) shows that the plot of Pb(II) uptake against
is not a simple line passing through the origin, indicating
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that the intraparticle diffusion is not the only controlling step ~ adsorption mechanism is a multistep process, where the film
limiting the adsorption process. The plot is split into two lin-  diffusion controls the first linear section and the second linear
ear parts for each of the three adsorbents indicating that the  section is controlled by intraparticle diffusion [32-35].
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TABLE 2: Isotherm parameters related to the adsorption of Pb(II) onto adsorbents.

Adsorption isotherms Isotherm parameters ZnO TiO, AL O,
. mg/g 55.04 58.88 78.49

Langmuir ar, L/mg 0.429 0.144 0.034
R? 0.9946 0.9619 0.7859
kg mg/g (mg/L)""" 26.94 17.26 4.91

Freundlich n 5.40 3.38 1.63
R? 0.4712 0.5012 0.7594
B, mg/L 7.10 10.78 20.00

Temkin Ky L/mg 41.80 11.10 0.26
R? 0.5340 0.5671 0.8127
b mg/g 53.96 53.66 53.64

Dubinin-Radushkevich B mol*/J? 1.22x107¢ 6x107 2.82x107°
R? 0.6220 0.6528 0.9588

TaBLE 3: Comparison of the adsorption capacities of Pb(II) using various adsorbents.

Material Adsorption capacity (g,,,,.) mg/g Reference

PDA@rGO/Fe,0, 352 [9]

Metal-organic framework MIL-100(Fe) 22.864 [1]

Carbon aerogel 0.75

Zeolite-CuO NCs 45.0

Zeolite-Fe;O, NCs 50.0

Nanocomposite of carbon nanotubes/silica 13.0 [43]

Carbon derived from waste rubber 26.0

ZnO-talc 48.30

Manganese oxide-coated CNT's 78.74

TV 63.29

Chitosan/magnetite nanocomposite beads 63.3

4-Aminoantipyrine immobilized bentonite 55.5 (44]

Chitosan crosslinked with epichlorohydrin 34.1

Pine cone activated carbon 27.53

Barley straw 23.20

ZnO 55.04

TiO, 58.88 This research

ALO, 53.64

Furthermore, the Boyd kinetic model is used to deter-
mine the slowest step that limits the adsorption process.
The model is described by Equation (9) [36], and the results
are presented in Figure 5(b).

For any adsorbent, a linear plot that succeeds to pass
through the origin indicates that the limiting step in the
adsorption process is the intraparticle diffusion. However,

it is clearly shown in Figure 5(b) that the plot of Bt against
time is linear for each of the three adsorbents, but the lines
failed to pass through the origin, which indicates that the
process is controlled by film diffusion [34, 36].

3.4. Equilibrium Isotherms. Isotherms are the equilibrium
relationship between the solid phase and the liquid phase
solution concentration. The suitability of a particular adsor-
bent for extraction of a pollutant can be studied using
adsorption isotherms, and the maximum adsorption capac-
ity can also be obtained using various mathematical expres-
sions, such as Langmuir [37], Freundlich [38], Temkin [39],
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TaBLE 4: Thermodynamic parameters for the adsorption of Pb(II)
onto all adsorbents.

(IZC) a% Adsorbent K Aano(ll)(]/ Alfno%]/ ?I;SOIEII((I)/
18 291 3.869 -72.509 69.196 249.409
29 302 ZnO 12.549 -75.252 69.196 249.409
41 314 31.449 -78.245 69.196 249.409
18 291 3.489 -47.764 44.957 164.292
29 302 TIO, 5558 -49571 44957 164292
4 314 13596 -51543 44957 164292
18 291 1.186 -30.435 30.020 104.689
29 302 ALO, 1939 -31.586  30.020  104.689
4 314 2943 32842 30020  104.689

and Dubinin-Radushkevich [40] isotherms. These are the
most common isotherms used to describe a solid-liquid
adsorption system. These isotherms are described by Equa-
tion (10), Equation (11), Equation (12), and Equation (13),
respectively.

C L + o C,, (10)
. K, K
Log C
Logq, =Log Ky + 08T (11)
n

RT RT
q.= T In (KT) + T In (Ce>’ (12)
In q,=In q, - B&?, (13)

where K is a constant related to the affinity of the binding
sites (L/mg), a; is the Langmuir isotherm, K, is the Freun-
dlich adsorption constant (mg/g (mg/L)_” "), 1/n is the
intensity of adsorption in the system, K is the constant of
equilibrium binding (L/mg), T is the temperature (K), R is
the universal gas constant (8.314J/mol-K), b is the Temkin
isotherm constant, C, is the adsorbate concentration at equi-

librium (mg/L), gj, is the theoretical capacity of the adsor-
bent at saturation (mg/g), B is a constant related to the
mean free energy of adsorption per mole of the solute
(mol?/J?), and ¢ is the Polanyi potential which is related to
equilibrium (kJ* mol®).

Figures 6(a)-6(d) represent plots of the experimental
data using the linearized form of the isotherms mentioned
above models. Each isotherm has specific assumptions
regarding the conditions at which adsorption takes place.
Freundlich isothermic adsorption assumes that adsorption
occurs on a heterogeneous surface through multilayer
adsorption processes, while Langmuir isotherm assumes
maximum limiting adsorption at a given number of accessi-
ble sites on the adsorbent surface, with the same energy
available at all adsorption sites [41, 42]. Temkin isotherm
assumes that the adsorption heat decreases linearly as the
surface of the adsorbent is covered. The Dubinin-
Radushkevich isotherm considers the influence of the
porous structure of the adsorbent surface.

The corresponding correlation coefficients (R?) were
determined for each absorbent as shown in Figures 5(a)-
5(d). The Langmuir isotherm better described the adsorp-
tion behaviour of ZnO and TiO,, while the adsorption
behaviour of AL,O; was best described by the Dubinin-
Radushkevich isotherm. Results of equilibrium studies on
Pb(II) uptake using ZnO, TiO,, and Al,O; are summarized
in Table 2. Several adsorbents from other studies were com-
pared to the adsorbents used in this research concerning
their adsorption capacities, and the comparison is presented
in Table 3. According to this comparison, metal oxides have
a promising future as an adsorbent in wastewater treatment,
as approved by their excellent results.

3.5. Thermodynamics Studies. Since temperature is one of
the most important factors in the adsorption processes, the
thermodynamics of the adsorption process shall be investi-
gated. To determine the inherent energetic changes that
are linked to the adsorption process, thermodynamic con-
stants were investigated by varying the equilibrium con-
stants with temperature to determine: (1) Gibbs free energy
(AG®), (2) enthalpy (AH"), and (3) entropy (AS’). The distri-
bution coefficient (K;) is calculated using Equation (14),
followed by Equation (15) [45]:

Ke= 2, (14)
AS®  AH®
I K= % = R =

The values of enthalpy (AH®) and entropy (AS°) are
determined by plotting In K; versus 1/T and then calculat-
ing the resulting slopes and determining the interception
of a Van’t Hoff chart as shown in Figure 7. The Gibbs energy
(AG®) of adsorption is calculated using

AG" = AH" - TAS". (16)

The thermodynamic parameters of Pb(II) adsorption onto
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FIGURE 8: SEM micrograph: (a) unloaded ZnO at 25000x magnification, (b) loaded ZnO at 25000x magnification, (c) unloaded TiO, at
25000x magnification, (d) loaded TiO, at 25000x magnification, (e) unloaded Al,O, at 7000x magnification, and (f) loaded Al,O; at

7000x magnification.

ZnO, TiO,, and AL, O, are summarized in Table 4. The posi-
tive enthalpy values indicate that Pb(II) adsorption by ZnO,
TiO,, and Al O, is an endothermic process. In addition, the
high enthalpy values (AH® > 20k]J/mol) indicate that chemi-
sorption is involved in the adsorption process as an ion
exchange mechanism [46]. The positive values for entropy
reflect excess randomness at the solid-liquid interface through
the adsorption process. The negative values of the Gibbs
energy indicate that the procedure is spontaneous and that this
spontaneity increases as the temperature increases.

3.6. The Morphological and Chemical Composition of the
Adsorbents. The morphology of the adsorbents’” surface was

examined using the SEM test, where SEM images revealed
changes in the morphology of the adsorbents before and
after the adsorption process, see Figures 8(a)-8(f). The
SEM images (Figures 8(a) and 8(c)) showed that both ZnO
and TiO, exhibit tough and irregular surfaces with spongy
openings before the adsorption process. In contrast, the
SEM images for Al,O,, Figures 8(e), show solid and smooth
surfaces with few porous openings. This may explain the low
removal efficiency of Pb(II) using Al,O; compared to ZnO
and TiO,. After the adsorption process (Figures 8(b), 8(d),
and 8(f)), the porous openings on ZnO, TiO,, and Al,O,
surfaces were filled. The comparison of the SEM images of
ZnO, TiO,, and AlL,O, before and after Pb(II) uptake at
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FiGURE 9: EDX pattern: (a) unloaded ZnO, (b) loaded ZnO, (c) unloaded TiO,, (d) loaded TiO,, (e) unloaded Al,O;, and (f) loaded Al,O,.

different magnification scales reveals a clear change in the
morphology and emphasizes that adsorption occurred.
EDX analysis was used to determine the elemental and
chemical composition of a sample and measure the
amount of trace elements. EDX analysis provided further
affirmation of Pb(II) uptake on ZnO, TiO,, and ALO;.
Figures 9(a)-9(f) show the EDX spectra for ZnO, TiO,,

and AlL,O, before (unloaded) and after (loaded) the
adsorption process. Figures 9(a), 9(c), and 9(e) show no
characteristic signals for any metal ions except for Zn*",
Ti%*, and Al*", respectively. On the other hand, Pb(II) sig-
nals were observed in Figures 9(b), 9(d), and 9(f). This
shows the accumulation of Pb(II) onto the surface of
ZnO, Ti0,, and Al,O; particles.
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4. Conclusions

In this research, a comprehensive study of lead removal by
adsorption was conducted using three different metal oxide
adsorbents, namely, zinc oxide (ZnO), titanium dioxide
(TiO,), and aluminium oxide (Al,O;). The points of zero
charge for the considered adsorbents were found to be 7.3,
7.1, and 9.0 for ZnO, TiO,, and Al,O,, respectively. The
effect of pH of the solution, adsorbent dose, contact time,
initial concentrations, and temperature on the adsorption
process and removal efficiency was studied. The optimal
values of these parameters were obtained using separate
batch experiments. After applying the optimal values of the
studied adsorption parameters for the adsorbents, the
adsorption kinetics were investigated using different models,
such as PFO, PSO, and Elovich equation, where PSO best fit
the adsorption of lead for all of the adsorbents.

Furthermore, the adsorption mechanism was investi-
gated using the intraparticle adsorption and Boyd kinetic
models. The intraparticle adsorption model showed that
the adsorption of lead was a multistep controlled mecha-
nism, while Boyd’s kinetic model showed that the film diffu-
sion mechanism is the limiting step of the adsorption
process for all the considered adsorbents. In addition, the
adsorption isotherms were studied at equilibrium. The
results showed that the Langmuir isotherm model best
described the adsorption of lead by ZnO and TiO,, while
the adsorption behaviour of Al,O; was best fitted by the
Dubinin-Radushkevich isotherm model. The thermody-
namic studies showed that the adsorption of lead onto
ZnO, TiO,, and AL,O; was endothermic and spontaneous.
Finally, the morphological and chemical compositions of
the adsorbents were tested using SEM and EDX analysis.
The SEM images showed that both ZnO and TiO, surfaces
had very porous holes compared to Al,O,. Changes in the
adsorbent morphologies confirmed that adsorption
occurred. The EDX spectra illustrated the presence of lead
signals after the adsorption process, ensuring that lead ions
had accumulated onto the surface of the ZnO, TiO,, and
Al,O; particles. At the end, it can be concluded that under
the optimal conditions adopted in this study, lead removal
from aqueous solutions by adsorption is best obtained using
ZnO followed by TiO, and finally comes Al,Os.
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