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a b s t r a c t
This study utilized Aloji clay modification for Pb(II) adsorption from an aqueous solution via batch 
adsorption process. The clays were characterized by X-ray fluorescence, X-ray diffraction, Fourier 
transform infrared spectroscopy, scanning electron microscopy and Brunauer–Emmett–Teller (BET). 
The raw clay and acid-activated clay have BET surface areas of 138.7 and 172.0 m2/g, respectively. 
The adsorption parameters: adsorbent time, dosage, temperature, pH, and initial concentration were 
all investigated. Out of the three isotherm models investigated, the Freundlich model gave the best fit 
to the experimental data. The result of kinetic and thermodynamic studies revealed that the adsorp-
tion process obeyed pseudo-second-order, spontaneous, endothermic, and physical progression. 
The adsorption of Pb(II) onto activated Aloji clay, when compared with other natural adsorbents 
from literature, gave the highest monolayer adsorption capacity.
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1. Introduction

One of the most vital resources essential for the survival 
of living organisms in the entirety of the world is water. 
According to recent research, water covers about 70% of the 
earth, out of which, 2.5% is seen as clean water and the resid-
ual is treated and recycled so they can be reused. The use 
of water is not only restricted to domestic purposes, but it 
can also be used in a broader spectrum, particularly in the 
agricultural and industrial sectors [1]. The quality of water 
has degraded rapidly due to the diverse release of inorganic 
and organic pollutants, emanating from human influences 
on nature and other natural sources. Recently, the contami-
nation of water bodies’ through fishing, recreation, transpor-
tation, domestication, and commercial activities has become 
major sources of concern, as it affects the survival of living 
organisms [2].

Heavy metals, among other pollutants, are the most 
hazardous due to their toxic nature [3]. When wastewater 
from electroplating, mining, tanneries, fertilizer, painting, 
and batteries industries containing heavy metals are dis-
charged, they flow into rivers, streams, and lakes making 
them unhealthy for consumption. Heavy metals, directly 
or indirectly enter water bodies at a concentration which 
is beyond the acceptable threshold limit [4–6]. These are 
highly toxic and stay longer in various oxidation states in 
the environment.

Numerous technologies have been used for the removal 
of heavy metals from wastewater; however, their disadvan-
tages among several others include sludge generation in 
large amounts, low removal efficiency, high cost of equip-
ment maintenance, high operational cost, removal of partial 
metal ion, high energy requirement and cost of equipment 
[7]. Furthermore, the new emergence technique which is seen 
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as a potential alternative to other technologies for heavy met-
als removal is adsorption. Adsorption offers better capacity 
in terms of pollutant recovery possibility, efficiency, cost-ef-
fectiveness, and easy handling [8].

Clays, in recent years, have gained great attention as a 
result of their availability, wide application range and best 
replacement for high-cost commercial adsorbents used in 
adsorption processes. Among other methods of clay benefici-
ation for adsorption processes, acid treatment in its best form 
has yielded excellent results in producing clay adsorbent [9]. 
Clay has broad benefits and utilities when compared with 
other commercial adsorbents, some of which include excel-
lent specific surface area, high mechanical and chemical sta-
bility, availability, affordability, ion exchangeability, surface, 
and structural properties variety, as well as good adsorption 
capacities [10].

This experimental study is aimed at the abundant 
potentials found in clay obtained from Aloji in Kogi State 
of Nigeria as a possible replacement to other commercial 
adsorbents for Pb(II) adsorption from an aqueous solution. 
Although researchers have carried out numerous studies on 
clay activation for heavy metals uptake, none have however 
reported to the use of Aloji clay modification using H2SO4 
as an activating agent for Pb(II) uptake to the best of our 
knowledge.

2. Materials and method

2.1. Materials

Analytical grade Pb(NO3)2 and H2SO4 used for this exper-
imental work were supplied by Merck Chemical Company, 
U.K. The local clay that was used for this research was col-
lected from Aloji in Kogi State, Nigeria. The parent clay (PC) 
was crushed, grounded, and reduced to a particle size of 
125 µm mesh at 120°C in an electric oven. Afterward, it was 
then dried for 4 h.

2.2. Clay treatment

The dried, powdered PC was purified and activated in 
a 250 mL Erlenmeyer beaker on a hotplate magnetic stirrer 
with 1.5 M H2SO4, clay/acid ratio of 1 g/100 mL. The desired 
mixture temperature was set at 100°C and vigorously stirred 
for 2 h. After clay activation, the mixture was washed 
severely with distilled water to achieve neutrality (pH 6.8–7), 
and after washing, it was filtered, oven-dried for 4 h at 108°C 
and then stored for further use in an airtight container.

2.3. Clay characterization

X-Ray fluorescence (XRF), Fourier transform infrared 
spectroscopy (FT-IR), X-ray diffraction (XRD) analysis 
Brunauer–Emmett–Teller (BET) and scanning electron micro-
scopy (SEM) have been described to determine the ele-
mental composition, surface chemistry, surface area and 
pore volume, structural morphology, and crystal structure 
respectively. The XRF assessment of the clay samples was 
recorded using a Model-PW2400 Phillips, USA. FT-IR spectra 
were registered by Perkin-Elmer infrared spectrophotometer, 
USA. The surface area and porosity characterizations were 

performed using BET (Micrometrics ASAP 2020), USA. The 
morphological structures were determined using the micro-
analysis scheme Oxford INCA/ENERGY-350, UK and the 
identification of the powdered clay material in the crystal 
phase was performed using a Bruker AXS D8 X-ray diffrac-
tometer system, USA.

2.4. Batch adsorption studies

Batch equilibrium studies with different Pb(II) concen-
trations (30–150 mg/L) in a collection of 250 mL Erlenmeyer 
flasks at various temperatures (30°C, 40°C and 50°C), were 
conducted. 0.1 g of activated Aloji clay (AAC) was mea-
sured into each flask and the Pb(II) solution initial pH was 
maintained throughout the experiment. Thereafter, the 
flasks were placed in isothermal water bath shaker for 2 h 
agitation at a controlled temperature of 30°C, with 140 rpm 
shaker speed for equilibrium attainment. Prior to equilib-
rium attainment, samples at different intervals of time were 
taken, filtered and analyzed with the aid of atomic absorp-
tion spectroscopy (PinAACLE 900Z, U.S.) to determine the 
unadsorbed Pb(II) in the solution. The isothermal shaker 
was attuned to 40°C and 50°C and with another set of flasks; 
the entire adsorption process was repeated. At equilibrium, 
the adsorbed amount of Pb(II) was determined by:

q
C C V
We

e=
−( )0

 (1)

where Ce and C0 are the Pb(II) equilibrium and initial con-
centration (mg/L); V (L) is the adsorbate volume L; W is 
the weight of the adsorbent (g).

The kinetic adsorption studies of Pb(II) onto AAC were 
investigated at a time fixed interval. The adsorbed amount at 
time t of Pb(II) was given as:

q
C C V
Wt

t=
−( )0  (2)

where Ct is Pb(II) concentration at any time (mg/L).
This experiment was carried out using a set of Erlenmeyer 

flasks (250 ML) containing 150 mg/L of Pb(II). 50 mL of NaCl 
was poured in each of the flasks and the pH was varied (pH 
2–11) by adding 0.1 M NaOH or 0.1 M HCL. In each flask, 
0.1 g of the adsorbent prepared (AAC) were added and 
stirred vigorously in a water bath isothermal shaker for 24 h 
at 50°C. The final pH after 24 h was determined and the 
pHfinal graph was plotted against pHinitial and the pHpzc value 
was obtained from the plot.

3. Results and discussion

3.1. XRF techniques

The elemental composition of PC and AAC from XRF 
analysis carried out is depicted in Table 1. Results revealed 
that the PC and AAC contained in major quantities silica and 
alumina as oxides of magnesium, calcium, potassium, iron, 
and tin are available in traceable amounts.

The result as revealed shows changes in the elemental 
composition of PC after treatment with acid when compared. 
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It was observed that after acid modification, there was a rise 
in SiO2 and decrease in Al2O3, MgO, CaO and K2O, as TiO2 
remains unchanged [11]. The elemental analysis prominently 
shows that during acid treatment, the octahedral layer attack 
occurs in the leaching process, which resulted in alumina 
content decrease as a result of Al3+ ion leaching due to hydro-
lysis under acidic conditions from the octahedral layer [12].

3.2. FT-IR analysis

PC and AAC FT-IR spectra and associated assignment 
bands are presented in Fig. 1 and Table 2. The spectra indi-
cate different numbers of adsorption peaks in the range of 
500–4,000 cm–1, which was displaced reflecting the complex 
nature of the clay. A comparison of PC and AAC from the 
obtained results shows that some peaks have shifted or dis-
appeared and new ones were formed.

The PC and AAC showed two important bands in the 
stretching region of O–H at 34,214.83 and 3,414.12 assigned 
to Al–OH (stretching), lying between the octahedral sheet, 
and the structural hydroxyl groups. The quantity of physi-
cal water on the clay surface could be ascribed to the band 
observed at 3,294.83 on the AAC spectrum. Similarly, the 
bands at 1,637.62 and 1,647.26 on PC and AAC in the bending 
region respectively, were assigned to H–O–H bending (phy-
sisorbed). The absorption band at 1,541.18 and 1,384.94 of the 
AAC were attributed to Al–Al–OH and Si–O–Al stretching 
[14,17]. While the Si–O stretching was ascribed to the infrared 
(IR) band at 1,041.60. Furthermore, the AAC various func-
tional groups were as a result of the PC modification with 

Table 1
XRF analysis of PC and AAC

Elemental oxides PC AAC

SiO2 49.90 59.81
Al2O3 31.20 24.32
Fe2O3 0.90 0.66
K2O 1.38 1.20
TiO2 0.20 0.20
CaO 0.60 0.56
MgO 0.40 0.27
Loss on Ignition 15.0 9.90

(a) 

 
 
 
(b)

 

Fig. 1. IR spectrum for (a) PC and (b) AAC.
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an acid, which contributed greatly to its huge adsorption 
of Pb(II) from wastewater [18,19].

3.3. BET analysis

The BET surface analysis provided a clear picture of the 
adsorbent surface area, pore-volume, and size. PC and AAC 
BET surface areas were 138.70 and 172 m2/g; a total pore 
volume of 0.0711 and 0.088 cc/g, and a pore size of 1.17 and 
1.27 nm, respectively. The pore volume, surface area and pore 
size increase as regards AAC, which may result from the clay 
acid treatment which can be attributed to cation exchange 
and more silica formation [20].

3.4. XRD investigation

The XRD results depicted in Fig. 2 indicated that Bragg’s 
angles (2θ) of 12.35°, 19.89°, 20.38°, 24.88°, 34.94°, 35.95°, 
36.06°, 38.35°, 45.24°, 54.88°, and 62.37° were present in the 
AAC sample. The peak positions were also used together 
with crystallite sizes to match the phases with their cor-
responding sizes as reported in the literature. The peak at 
26.65° was due to crystalline silica, also known as quartz 
with the highest intensity of about 1,000 counts, whereas the 
other peaks which represented the AAC mineral were much 
lower – they generally had an intensity of about 400 counts 
and even lower.

This result can be ascribed to the greater quartz material 
that provides the AAC the attribute to be used as a better 
adsorbent for Pb(II) uptake. The Debye-Scherrer equation 

shown in Eq. (3) was applied to the XRD peak sharp to obtain 
crystallite sizes. The result showed that the AAC was nanop-
oly crystalline, with ranging sizes from 24–114 nm. The crys-
tallite means size of 41.64 nm obtained indicated that the clay 
was characteristically a highly crystalline material [21].

D K
=

λ
β θcos

 (3)

where D is the particle diameter, λ is the wavelength 
(0.1541 nm), θ is the angle of diffraction, K is the Scherrer 
constant (0.94) and β is the full width at half maximum.

3.5. Morphological structure of PC and AAC

The SEM image carried out on PC and AAC are pre-
sented in Fig. 3 in other to further clarify the adsorption of 
Pb(II) onto AAC. The result showed that PC had plate-like 
sheet morphology before activation and after the chemical 
activation process with sulphuric acid. The structure was 
partially destroyed with widen pores. The porous structure 
and surface area of the AAC, are thus enhanced.

3.6. pH effect

An important parameter that needs to be considered 
when determining metal ion removal percentage is the 
study of pH. It helps to measure the acidity and basicity 
of the adsorption processes. Pb(II) solution pH was varied 
between the ranges of pH 2–11 as shown in Fig. 4. A careful 

Table 2
IR bands for PC and AAC with their assignments [13–16]

Bands (cm–1) Assignments

1,637.62 and 1,647.26 H–O–Hbending (physisorbed)
1,384.94 Si–O–Alstr

1,541.18 Al–Al–OHstr

1,041.60 Si–Ostr

3,294.83 Al–O–Hstr (physisorbed water)
3,414.12 and 3,421.83 Al–O–Hstr (structural hydroxyl 

groups, octahedral)
 

Fig. 2. XRD patterns of AAC.

  

(a) (b)

Fig. 3. SEM analysis on (a) PC and (b) AAC.
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observation of the pH solution that was studied showed 
that at lower pH (below 4), there was little uptake of Pb(II). 
This fact can be accredited to more hydrogen ion (proton-
ated) formation. Thus, influencing the adsorbent sites to 
be charged positively resulting in electrostatic repulsion 
between adsorbent sites (positively charged) and metal ion 
(positively charged) [22]. A higher removal percentage of 
Pb(II) was attained at an increased pH (above 5). This can be 
attributed to less formation of hydrogen ion (deprotonated), 
making the adsorbents surface more negatively charged 
thereby promoting an electrostatic attraction between neg-
atively charged adsorbent sites and positively charged 
metal ion [9,23]. The pH at point zero charges (pHpzc) can 
be described as a point where the net surface charges are 
zero. The pHpzc of AAC was examined from the plot of pHfi-

nal against pHinitial as 5.7 (Fig. not shown) indicating that at 
pH (<4) the adsorbent site is charged positively while at 
(>5) the surface is charged negatively (deprotonation) thus, 
favoring the uptake of Pb(II). Besides, a pH of 5.7 was used 
throughout the whole experiment.

3.7. Effect of contact initial concentration of Pb(II)

The effect of contact time and initial concentration of 
Pb(II) removal onto AAC are depicted in Figs. 5 and 6. These 
were measured based on the equilibrium position attainment 
between Pb(II) and the adsorbent produced (AAC)– that is 
the state at which the adsorbing and the desorbing amount 
of Pb(II)on the adsorbent are in an equilibrium dynamic 
state. Pb(II) adsorption onto AAC as shown by the plots, was 
seen to have propagated gradually with a successive initial 
Pb(II) concentration increase. Thus, the adsorption extent 
decreased with the increase in metal ion loading [22]. At a 
lower concentration of Pb(II) solution, maximum adsorption 
capacity (qe) was more rapid than at concentration higher. 
This finding was ascribed to the proportionate amount of 
vacant sites at those reduced levels of molecules of the adsor-
bate, which could also have led to the fast Pb(II) removal at 
the early stage of the adsorption process [24].

The results also revealed that at lower Pb(II) concentra-
tion, equilibrium position was faster attained with lesser 
time, while longer time was seen for equilibrium attain-
ment at higher Pb(II) concentration as illustrated in Fig. 6. 
The equilibrium attainment at a longer time of higher initial 
Pb(II) concentration, could be attributed to the molecular 
queue before saturation waiting to be adsorbed at a con-
stant adsorbent dosage, with few vacant sites and adsorbent 

molecules movement to the outer surface of the molecules, 
through diffusion into the adsorbent pores [25].

3.8. Effect of dosage

This study examined the effect of adsorbent dosage on 
Pb(II) uptake by varying 0.1 to 1 g/L of the adsorbent (AAC) 
with constant Pb(II) concentration (150 mg/L) for 60 min 
at 323 K. It was revealed from the graph (Fig. 7), that the 
uptake of Pb(II) increased with adsorbent dosage increase. 
However, the AAC dosage increase from 0.1 to 0.7 g/L, gave 
a rapid uptake of Pb(II) while further increment beyond 
this point (>7), does not lead to a significant increase in the 
adsorption of Pb(II). Also, an increase in the proportion 
of Pb(II) removal could be as a result of more active sites 
present on the AAC; metal ions at lower adsorbent dosage 
with limiting adsorption sites compete for adsorption [26].

3.9. Isotherm studies

The experimental data obtained from dynamic equilib-
rium for Pb(II) adsorption onto AAC were widely fitted to 
three isotherms namely, Temkin, Freundlich, and Langmuir. 
The linearized form of the Langmuir isotherm is calculated 
as [27]:

C
q q K

C
q

e

e L

e= +
1

max max
 (4)

where qe is the amount of Pb(II) adsorbed at equilibrium 
(mg/g); qmax is maximum adsorption capacity of Pb(II) (mg/g); 
Ce is metal ion concentration at equilibrium (mg/L).
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Freundlich model presumes a surface heterogeneous 
energy adsorption, and the linearized form for the equation 
is evaluated as [28]:

log log logq K C
ne F e= +
1  (5)

where KF and n are the Freundlich coefficient; n gives 
favourability information on the adsorption process while 
KF is the adsorption capacity of the Pb(II).

The effect of adsorption on the adsorbate interaction was 
further considered using the Temkin isotherm model and 
the linearized form of the equation is given as [29]:

q B A B Ce T e= +ln ln  (6)

where AT is the binding equilibrium constant relating to the 
maximum binding, B is the adsorption energy.

B RT
bT

=  (7)

where 1/bT indicated the adsorption potential of the adsor-
bent, R is the gas universal constant (8.314 J/Kmol) and T is 
the temperature in Kelvin.

The Pb(II) adsorption onto AAC studied by the three 
adsorption isotherm models well described the process 
adsorption with theoretical parameters along with regression 
coefficients and some variance level in their fitness as shown 
in Table 3 and Fig. 8.

The isotherm best fit was chosen as informed by the 
highest coefficient of R2 value; how close to 1 describing the 
model fitness to the experimental data. The result revealed 
that Freundlich gives the best fit and was closely followed 
by Langmuir and Temkin respectively as seen in their 
larger R2 values [25]. The adsorption monolayer capacity of 
172.857 mg/g as informed by Langmuir model shows that 
on the adsorbent surfaces there was Pb(II) monolayer cover-
age. Result also revealed that the Langmuir constant affinity 
(KL) for adsorption decreases as the temperature is increased 
[30]. However, the best fit Freundlich isotherm model shows 
favorable Pb(II) adsorption of on the adsorbent heterogeneity 
surface which was observed from the condition of the value 
of 0 < 1/n < 1 satisfying the favourability and heterogeneity 
of the model. The Temkin model revealed the interaction 
between the Pb(II) and the adsorbent and also, the extent of 
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Fig. 7. Adsorbent dosage effect on the removal of Pb(II) onto 
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Table 3
Adsorption isotherm models parameter on Pb(II) adsorption 
onto AAC

Isotherms Parameters 30°C 40°C 50°C

Langmuir qmax (mg/g) 142.857 166.667 172.857
KL (L/g) 0.571 0.429 0.40
R2 0.914 0.927 0.945

Freundlich KF 71.780 76.033 79.250
1/n 0.277 0.235 0.219
R2 0.984 0.999 0.995

Temkin AT (L/mg) 78.54 246.165 478.531
bT (KJ/mol) 131.823 164.597 184.185
R2 0.829 0.800 0.896
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tion onto AAC at 50°C.
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binding energies uniform distribution which may depend 
on the functional group’s distribution of Pb(II), adsorbent 
surface (AAC) and their density [22].

The maximum monolayer adsorption capacity of Pb(II) 
onto different adsorbent were compared to the present 
studies (Table 4).

3.10. Kinetic studies

The pseudo-first-order model linearized form of an 
equation is given as [44]:

log log
.

q q q
k t

e t e−( ) = − 1

2 303
 (8)

qe and qt (mg/g) are the amounts at equilibrium and at time t of 
metal ion adsorbed; k1 is the rate adsorption constant (min−1).

The linearized pseudo-second-order form is evaluated 
as [45].

t
q

t
q k qt e e

= +
1

2
2  (9)

k2 is the second-order adsorption constant rate (g/mg min).
The kinetic results of the two models obtained revealed 

that Pb(II) adsorption on AAC was well described by pseu-
do-first-order and pseudo-second-order kinetic models 
but the best description is given by second-order as seen 
in their adsorption constant rate smaller values and coeffi-
cient of regression (R2) as depicted in Table 5 and Fig. 9. In 
a comparison of the second-order to that first-order, the 
result disclosed that second-order R2 values tend toward 
unity (>0.90). In addition to this, the adsorption capacities 
from calculated (qe,cal.) values when compared to that of the 
experimental values (qe,exp.) for second-order were very close 
[46]. The decrease in the rate constant (k2) for second-order 
as initial Pb(II) concentration increases revealed that it is 
faster for the adsorption process to attain equilibrium at a 
lower concentration. The inability of the first-order to give 
adsorption process a better description may be attributed to 
the adsorption process being controlled by boundary layer 
limitations [47].

3.11. Thermodynamic studies

The values obtained for thermodynamic studies revealed 
the feasibility and spontaneity of Pb(II) adsorption onto AAC 
and the equation is expressed as:

Table 4
Pb(II) adsorption capacity onto various adsorbents

Adsorbents qmax (mg/g) References

Bentonite clay 28.00 [31]
Illite clay 25.44 [32]
Sepiolite clay 30.5 [33]
KC clay 86.40 [34]
Zeolite 24.40 [33]
Paper sludge 103.50 [35]
Montmorillonite clay 37.16 [36]
Zeolite–Kaolin–Bentonite 108.70 [37]
Kaolinite 31.75 [38]
Nano-adsorbent 169.34 [39]
Redox polymer 21.99 [40]
Coconut residue 6.535 [41]
Marula seed 20.00 [42]
Activated carbon (rice husk) 5.348 [43]
Aloji clay 172.86 Present work

Table 5
Kinetic models parameter for adsorption of Pb(II) onto AAC at 50°C

Adsorbents
Pb(II) conc. 
(mg/L)

qe,exp.  
(mg/g)

Pseudo-first-order Pseudo-second-order

qe,cal.  
(mg/g)

k1  
(min–1)

R2 qe,cal.  
(mg/g)

k2  
(min–1)

R2

AAC 30 28.34 10.046 0.0253 0.619 29.142 0.0101 0.966
60 57.60 29.923 0.0345 0.862 62.500 0.00388 0.997
100 93.70 44.631 0.0392 0.859 100.000 0.00303 0.998
150 137.50 74.131 0.0392 0.942 142.857 0.00196 0.998
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log
. .

q
C

H
R T

S
R

e

e

= −
° 







 +

°∆ ∆
2 303

1
2 303

 (10)

where ∆H° is the enthalpy change (J/mol) and ∆S° is the 
entropy change (J/mol). The graph of log qe/Ce against 1/T 
gives a linear plot where we obtain both ΔS° from the slope 
and ∆H from the intercept. The free Gibbs energy is obtained 
using this equation:

∆ ∆ ∆G H S° = ° − °  (11)

The thermodynamic studies of Pb(II) adsorption process 
parameters as shown in Table 6, revealed that the process was 
spontaneous as seen in the ∆G° negative values. The increase 
in ∆G values with temperature increase implies that higher 
temperature favors the adsorption process [48]. Positive 
enthalpy change (∆H°) values obtained for all temperatures 
also indicated that the reaction is endothermic. The positive 
entropy values (∆S°) also signify a strong affinity between the 
adsorbed Pb(II) molecules and the AAC resulting in random-
ness increase at the adsorbent-adsorbate interface during 
the adsorption process [49,50]. Furthermore, the absolute 
variation in the ∆G values between –20 to 0 kJ/mol indicates 
physisorption while chemisorption is between –80 to –400 kJ/
mol. Thus, the results obtained revealed that the process 
adsorption is physical with ΔG° values less than –20 kJ/mol 
and involves a weak force of attraction [51–53].

4. Conclusion

A batch adsorption process under study was used to 
investigate Pb(II) uptake onto AAC. The clay was mod-
ified with H2SO4 and this improved the surface area from 
138.70 to 172.0 m2/g, and monolayer adsorption capacity of 
172.857 mg/g was exhibited by the adsorbent at 50°C. Pb(II) 
percentage adsorption increased with an increase in pH val-
ues. The Pb(II) uptake appreciably depends on the amount 
of adsorbent. The three isotherm models parameter stud-
ied revealed that Freundlich gave the best fit followed by 
Langmuir and Temkin respectively. The adsorption of Pb(II) 
onto AAC followed pseudo-second-order, spontaneous, 
endothermic and physical involving weak forces as revealed 
by the kinetic and thermodynamic studies. The investigation 
showed that AAC is effective, efficient, economical and has 
the potential to be used as an adsorbent for continuous Pb(II) 
removal from wastewater.
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