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ABSTRACT. In this study, the natural clay was modified and removal of Pb>" ions synthetically prepared aqueous
solutions using this modified clay was investigated. The parameters affecting the adsorption efficiency were
examined in the study. In the result of studies, the suitability of the adsorption data to classic adsorption models,
and adsorption kinetics were determined. In the experiments, it has been determined that pH 5 provides optimum
removal conditions of adsorption and adsorption reached equilibrium in approximately 15 min. The highest removal
efficiency was found to be 82.13% with the addition of 3 g L™ adsorbent at a stirring speed of 200 rpm. As the lead
concentration of the wastewater increases, the amount of lead retained per dry unit weight of the modified natural
clay also increases. Experimental data showed that Pb*" removal was consistent with Temkin adsorption model.
Calculated thermodynamic constants showed that adsorption is exothermic and physical.
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INTRODUCTION

Some substances that are not normally found in water, even at very low concentrations, are
harmful to human health and can cause illness and even loss of life. Lead, one of the most
important of heavy metals, is among these substances [ 1-6].

Lead is a heavy metal with an atomic number of 82, an atomic weight of 207.2 g mol’!, and a
density of 11.34 g cm™. Lead is very rare in nature but has widespread geography. Lead pollution
in wastewaters is most common in metal industries, accumulators, battery factories, oil refineries,
paint production industries, and explosive industries [7-10].

Neutralization process, chemical precipitation process, adsorption process, sorption process,
ion exchange method, reverse osmosis, and membrane process methods are applied in order to
eliminate lead pollution in water [11, 12]. Among these methods, membrane processes and
chemical precipitation processes are generally inadequate and expensive in low heavy metal-
containing wastewater. Considering that it is always aimed to provide high removal with low cost
in engineering applications, it is seen that the most suitable.

Clay minerals have recently been widely used in wastewater treatment [13]. This study, it is
aimed to remove lead from aqueous solutions by using modified natural clay. The natural clay
mineral used was obtained from the clay quarry located in the Askale District of Erzurum
Province. In this study where the adsorption method was used, the effects of parameters such as
time, pH, temperature, concentration, stirring speed, and adsorbent dosage were examined, and
the isotherm constants were determined by investigating the suitability of the results to the
adsorption kinetics and equilibrium isotherm equations. In addition, thermodynamic studies were
conducted and the values of thermodynamic parameters were determined.
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EXPERIMENTAL

All chemicals used in the study are of analytical purity and the wastewater was prepared
synthetically from solid PbCl,. In the experiments, the pH of the wastewater was adjusted using
5 N H»SO4 and 5 N NaOH.

The natural clay mineral used in the experiments was obtained cement clay quarry in Askale
Erzurum, Turkey. The clay to be used for the experiments was grinded in a mortar and brought to
certain dimensions, then it was washed with 37% HCI acid solution at certain intervals for 3 days
in pure water at a stirring speed of 150 rpm, keeping the pH constant at 4.5. Natural clay samples
treated with acid have been modified in this way and brought the pH range suitable for the study.
Finally, they were dried in an oven at 100 °C for 48 hours and these dried materials were left in a
desiccator for 48 hours. The composition of nature clay and modified clay found by XRF analysis
is given in Table 1.

Table 1. Chemical composition of natural clay and modified clay.

Compound SiO2 | ALOs | FexO; | CaO | MgO | SOs | NaxO | KoO | L.O.I. | Total

Natural clay (%) 4921 | 776 | 599 | 1241 | 447 0.25 0.41 1.54 | 1536 | 974

Modified clay (%) | 58.33 | 10.16 | 8.59 1.77 | 4.53 0.26 | 0.37 1.72 | 13.86 | 99.59

The experiments were carried out in Edmund Buhler GmbH Incubator Hood TH brand shaker.
Samples were taken at certain time intervals and the Pb*" ion concentrations remaining in the
solution were determined by using Shimadzu AA-6800F model atomic adsorption
spectrophotometer.

The calculation of the amount of Pb*" adsorbed by the unit modified natural clay (qc) was
made with the equation given in Eq. 1.

qe:(Co-Cﬁ).V (1)

m

where, . is the amount of adsorbed Pb** ions per unit weight of adsorbent (mg g!) at equilibrium,
C, and C.are the initial and equilibrium lead concentrations (mg L), V is the volume of the lead
solution (L) and m is the modified natural clay mass (g).

Classical adsorption models were used to describe the equilibrium between q. and C. at a
constant temperature. Freundlich, Langmuir, BET and Temkin isotherm equations used in the
experiments are given in Egs. 2-5, respectively [14-17].

logg, = logK,. +i.logCe @)
n
L_a o
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where Kr is constant giving the adsorption capacity (mg g'), n is constant indicating the
adsorption intensity (L mg"), a is maximum adsorption capacity (mg g'), K; is constant giving
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affinity of the binding sites (L mg), C; is the saturation concentration of the lead (mg L), Kz is
the constant that gives the energy of interaction with the surface (L mg™?), g, is amount of lead
required to saturate the adsorbent surface (mg g'!), br is constant indicating the heat of reaction (J
mol ™), Kr is the bonding constant (L g™!), R is the ideal gas constant (8.3145 J mol! K'') and T is
the temperature (K).

Pseudo first order and pseudo-second order reaction kinetics equations used to determine the
reaction degree and rate constants are given in Egs. 6-7, respectively [18-27].

In(q,-q,)=Ing,-k,.t (6)
LA L Pl (7
qr qe'kZ qe m

where Co is the initial Pb** concentration (mg L"), C is the Pb*" concentration at any time (mg
L), q is the mg value of the amount of lead adsorbed per gram of modified natural clay at any
time (mg g), ki is the first-order rate constant (min''), k, is the second order rate constant (g
mg"! min!), m is the adsorbent concentration (g L), and t is the time (min).

To find the Gibbs free energy in the adsorption process conducted at a certain temperature is
given in Eq. 8, to find enthalpy and entropy in the adsorption process is Eq. 9, and activation
energy is Eq. 10 [28, 29].

AG =-RTInK ;K = S @®)
CL’
i, =45 A0 )
R RT
Ink, = Ind - L (10)
RT

where K. is the equilibrium constant, C, is the amount of substance that can be retained in the
adsorbent (mg L), C. is the equilibrium concentration of adsorbate (mg L!), A is the Arrhenius
constant, E, is activation energy (J mol™).

Adsorbent characterization

SEM, FT-IR, XRD analyses, and zeta measurements were carried out in order to characterize the
modified natural clay before and after the adsorption process. FT-IR spectra were obtained using
PerkinElmer, Spectrum Two model FT-IR Spectrometer equipped with diamond ATR. FT-IR
analyses of adsorbents are used to characterize the bonds between molecules or compounds in the
structure and functional groups. Morphological features of the adsorbents were obtained with a
Zeiss Sigma 300 Scanning Electron Microscope. All samples were glued to the sample stub and
covered with a 10 nm gold-palladium layer for the SEM images. X-Ray diffraction data were
obtained using the Bruker D8 Discover XRD device to determine the structural features of
adsorbents. Zeta potentials were measured with a zeta-meter (Zeta-Meter 3.0 + 542) for the
characterization of colloidal suspensions.
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RESULTS AND DISCUSSION
Affecting parameters on lead removal with modified natural clay

The zeta potential measurements of acid-washed clay particles were made in pure water with pH
of 2, 3,4, 5, and 6 and are shown in Figure 1(a). Since the lead ions to be removed began to
precipitate converting to Pb(OH),, which has low solubility above pH 5.5, the zeta potential above
this pH was not measured. As a result of the measurements, it was determined that the modified
natural clay was negatively loaded at all pH values [30-32]. This enables the negatively charged
adsorbent to electrostatically attract positively charged Pb?* ions. Since the negative zeta potential
increases at neutral pH, the adsorption efficiency is higher. When the pH is below 4, the H' ions
in the environment reduce the adsorption efficiency. However, experiments need to be made to
determine the amount and conditions of adsorption. The change of q; versus time at different pH
values is given in Figure 1(b).

Studies have shown that q. values therefore the removal efficiencies decrease significantly
when the initial pH of the solution decrease below 4. It can be said that the reason for this is that
the concentration of H' ions at low pH values is very high and it suppresses the dilute Pb** ions
in water and prevents them from being absorbed. Also, since lead has a large ionic radius (1.20
A), they have a low charge density and therefore is more affected by the protonation of the surface
groups that determine the reduction of the adsorption sites on the clay [33].

In the study of removing lead ions from water by adsorption method using modified natural
clay, the effects of adsorbent concentration, Pb*" concentration, adsorbent particle size, and
stirring speed on adsorption were investigated after initial pH. The results obtained from
experiments are given in Figure 1(c-f). While examining the parameters affecting the adsorption,
the parameters examined were changed and 70 mg L initial Pb*" concentration, 20 °C
temperature, 200 rpm stirring speed, pH 5, and 3 g L' adsorbent concentration were used.

In studies that examined the effect of adsorbent concentrations, the results obtained showed
that the q. increases until 5 g L"! adsorbent concentration for 70 mg L' lead concentration. In 5 g
L' adsorbent concentration, the system reaches equilibrium and the g values remain
approximately constant. From these results, qc has been determined as 19.16 (mg Pb** g!) for 3 g
L"! (the removal efficiency was 82.13%) and 12.58 mg Pb** g'! for 5 g L'! (the removal efficiency
was 89.89%) as seen in Figure 1(c).

In studies on lead removal with modified natural clay, the Pb*" ion concentrations were
changed between 30-100 mg L. The results obtained are given in Figure 1(d). The results show
that increasing the adsorbate concentration decreases the q. value therefore removal efficiency. In
addition, as the adsorbate concentration increases, the time to equilibrium also increases.

In the experiments, the effect of different adsorbent sizes on the adsorption efficiency was
also examined, and the results are given in Figure 1(e). Even if close results are obtained, it has
been determined that the reduction of the adsorbent size increases q. values therefore the removal
efficiency. In the experiments, the highest efficiency was achieved at <0.045 mm particle size.
The reason for this is that as the particle size of the adsorbent decreases, the area that the adsorbate
can use increases. However, this increase is not very high since the area used in adsorption is the
area within the pores rather than the surface area [34, 35].

The experiments made to investigate the effect of stirring speed on adsorption were carried
out at 70 mg L' Pb**, 3 g L'! adsorbent concentration, 20 °C, and pH 5. The results obtained in
the experiments performed at different stirring speeds are shown in Figure 1(f). When Figure 1(f)
is examined, it is seen that the time to the equilibrium of adsorption is 60 min at 100 rpm stirring
speed, and 15 min at other stirring speeds. When this period is prolonged, it is seen that desorption
occurs due to shear forces at 300 rpm and 400 rpm stirring speeds. Since no desorption occurs at
200 rpm stirring speed, the highest q. value has been obtained. Therefore, it can be said that the
optimum stirring speed is 200 rpm. Yang et al. and Kofa et al. obtained similar results in their
studies [36, 37].

Bull. Chem. Soc. Ethiop. 2023, 37(1)



Investigation of lead removal from aqueous solutions using modified natural clay

100

o]
(=}
s

—m— Removal efficiency
—e—qe

N3 B D
(=) (=) (=]
L L s

Removal efficiency (%)

(©)

(=]

0 5 10
Adsorbent dosage (g L)

15

° K3 NI

QO 59 ’ N v

NN Q o
N

Particle size (mm)

Removal efficiency (%)

235

100

80

60

40

20

()

30 45
Time (min)

60

30
(d)

—&— Removal efficiency
—e—qe

0 50 100 150
Initial Pb Concentration (mg L)

: ®

0 100 200 300 400
Stirring speed (rpm)

500

Figure 1. (a) Change of zeta potential of modified natural clay with pH, (b) change of Pb?* removal
efficiencies vs time at different initial pHs, (c) the effect of adsorbent concentration on
the removal of Pb?* ions, (d) the effect of initial concentration on the removal of Pb*"
concentration, (€) the effect of particle size on the removal of Pb** concentration, and
(f) the effect of stirring speed on the removal of Pb?* concentration.

Adsorption kinetics of lead removal reaction with modified natural clay

Pseudo-first order and pseudo-second order kinetic graphs were drawn with the data obtained
from studies conducted to examine the effect of temperature. The graphic obtained and the
reaction rate constants obtained from these results are shown in Figure 2.
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Figure 2. Adsorption kinetics of lead removal reaction with modified natural clay for 20 °C
pseudo first order and pseudo second order reaction kinetics and reaction rate constants
for different adsorbent concentrations.

When Figure 2 is examined, it is seen that the adsorption mechanism of Pb?* removal occurs
according to the pseudo-second-order reaction kinetics. Because the q. values obtained from
pseudo-second-order equations are more in agreement with the experimental results. In addition,
R? values are higher than pseudo-first-order reactions. The pore diffusion plot drawn using the
results of the adsorption experiments performed with different Pb** concentrations is given in
Figure 3.
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Figure 3. The pore diffusion plot for different Pb?* concentrations.

When Figure 3 is examined, the adsorption is controlled by liquid film diffusion at low Pb*"
concentrations. In addition, as the Pb*" concentration increases, the adsorption begins to be
controlled by pore diffusion [38]. Pollutants removed in water and wastewater treatment usually
consist of dilute solutions. Therefore, adsorption is mostly liquid film controlled. The pore
diffusion model is valid because the concentration of the adsorbate will be high if adsorption is
used in the recovery and enrichment.
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Figure 4. Change of Pb*" removal efficiency versus time at different temperatures in Pb>* removal
using modified natural clay.
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Effect of temperature on lead adsorption, and thermodynamic parameters calculation

Experiments made to investigate the effect of temperature on adsorption were carried out at 70
mg L' Pb*" concentration, 3 g L'! adsorbent concentration, 200 rpm stirring speed, and pH 5. The
results obtained from the studies conducted at different temperatures are shown in Figure 4.

Experimental data show that the q. value decreases as the temperature increases. In addition,
the desorption phenomenon was observed at high temperatures. Since the adsorption event is an
equilibrium reaction, as the temperature increases, the equilibrium concentration increases and
the q. values decrease. This situation indicates that the reaction is an endothermic reaction. As a
result of the temperature tests, pseudo-second-order velocity constants and equilibrium constants
were calculated and activation energy and thermodynamic constants were found [39]. The
graphics drawn for this purpose and the results obtained are given in Figure 5.
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Figure 5. The graphs drawn to find activation energy and thermodynamic constants for Pb*"

removal.

In Figure 5, it is seen that AG® values are negative at all the temperatures and decreases with
increasing temperature. The negative Gibbs free energy indicates that the reaction proceeds
spontaneously, and the decrease of AG® as the temperature increases indicates also more
spontaneous at low temperatures. Negative AH® indicates that adsorption is an exothermic
reaction and negative AS° value indicates that adsorption is not random [40]. If the activation
energy is between 5 kJ mol! and 40 kJ mol!, adsorption is defined as physical adsorption [41].
When the activation energy is examined, it can be said that adsorption is physical adsorption and
occurs rapidly.

Adsorption isotherms of lead removal reaction with modified natural clay

Calculations of isotherms were carried out with the data obtained from the studies made to
examine the effect of the amount of adsorbent. Freundlich, Langmuir, BET, and Temkin isotherms
curves were drawn according to the results obtained from these curves and the isotherm
coefficients are given in Figure 6.
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Figure 6. Langmuir, Freundlich, BET, and Temkin isotherm curves.

When Figure 6 is examined, it can be said that the adsorption is more suitable for Temkin
isotherm than the others.

Adsorbent characterization

As a result of adsorption studies, modified natural clay samples taken before and after adsorption
were subjected to EDX, XRD, FT-IR and SEM imaging. EDX spectra of the samples taken are
given in Figure 7(a-b) and XRD, FT-IR and SEM images are given in Figure 7(c-f).

While there are high levels of Si, Ca, Al, Fe, Mg and O in the natural clay, other substances
are found in trace amounts. Before the natural clay was modified, the CaO compound in its
structure was dissolved in water, causing the pH of the water to rise. At the end of the
modification, some amount of CaO was transferred to water, preventing the increase of pH during
adsorption. It was determined that the amount of some substances decreased in the modified
natural clay after adsorption. Adsorption of Pb*>" on the adsorbent was confirmed by EDX
analysis. It was determined that as the Pb** content on the adsorbent increased, the Ca, Mg, S and
O contents decreased. The amount of O, which was 33.35% before the adsorption, decreased to
22.62% after adsorption. The Ca content from 1.77% to 0, the Mg content from 3.4% to 2.76%
decreased. Besides, Pb amount increased from 0% to 3.94%. As can be understood from here,
Pb** ions bind to instead of Si0,, MgO and CaO ions [42].
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Figure 7. (a) EDX spectra of modified natural clay before adsorption, (b) EDX spectra of modified
natural clay after adsorption, (¢) XRD diagram of natural clay, (d) FT-IR images before
and after lead removal, (¢) SEM images before the experiments, (f) SEM images after
lead removal

According to the EDX results, the elemental composition of the adsorbent before and after the
experiment is given in Table 2. When Figure 7(a) is examined, it is seen that natural clay is mostly
composed of calcite-montmorillonite-alumina. Further, the occurrence of the above minerals in
the adsorbents was confirmed by the FT-IR study. Significant IR bands of modified and raw clay
are given in Table 3. In addition, the sharp peaks formed indicate that the natural clay has a largely
inhomogeneous crystalline structure.
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Table 2. Elemental composition of natural and modified clay before and after adsorption.

Compounds Natural clay weight (%) Modified clay weight (%) After adsorption weight (%)

[0) 45.65 33.35 22.62

Mg 3.55 3.40 2.76

Al 9.14 8.23 7.21

Si 22.99 18.45 16.87

K 1.66 1.22 1.17

Ca 8.2 1.77 could not be measured
Fe 8.62 5.71 5.43

Pb 3.94

Table 3. Significant IR bands of modified and raw clay.

Wavelength | Raw clay |Modified clay| After experiments Assienments

(em) | (%D (%T) (%T) £
511 49.115 47.76 59.28 Si-O str., Si-O-Al stretching
810 77.35 77.335 84.50 Si-O str., Si-O-(Al-Mg)
888 - 60.5 - Deformation of OH linked to Fe*" and AP*
989 44.11 423 54.066 Si-O planar stretching

1466 - 75.515 - H-O-H bending

1666 92.341 92.35 95.68 H-O-H stretching

3611 87.335 85.523 93.19 Inner layer OH(AI-O-H)

When Table 3 is examined, the adsorption characteristic of Pb*" ions in combination with
stretching vibrations of Si-O bonds appear in the region of 1281-841 cm™ [43]. The bands from
1708 cm™ to 1576 cm™! correspond to the O-H bending vibrations of H,O molecules [44].
Stretching vibrations of Fe-O bonds appear in the region of 648-515 cm™!. The overlapping bands
in the region from 3660 cm™ to 3120 cm ™! correspond to the stretching vibrations of Al-OH groups
and O-H bonds under hydrogen bonded groups [45].

When the FT-IR images given in Figure 7(d) are examined, two peaks that are not particularly
in raw clay and disappeared in modified clay after the experiment draw attention. These peaks are
visible at 888 cm™! and 1466 cm™! wavelengths. Both peaks represent the O-H degradation that is
produced as a result of washing with acid. When Table 3 is examined, Si-O stretching vibrations
of 511 em™, 711 cm!, 810 cm!, and 989 ¢cm! wavelengths indicating the presence of quartz were
obtained. Peaks at 888 cm™ wavelengths show the decay of OH connected to Fe and Al, and the
3611 cm™! band shows Al-O-H inner layer stress. The 1666 cm™ band indicates the presence of H-
O-H stretching vibration. 1466 cm™ shows the H-O-H bending stress [46].

The SEM images given in Figure 7(e) and Figure 7(f) show that the porous structure of clay
is not homogeneous. SEM images show different structural features with an uneven surface. After
adsorption, the adsorbed molecules remained as aggregates on the clay surface.

CONCLUSION

In this study, parameters affecting the adsorption of Pb?" ions with modified natural clay from
synthetically prepared wastewaters were investigated and optimum conditions for maximum
adsorption were determined.

Studies to determine the effect of pH were carried out between pH 2-5.5, because when pH >
6, Pb?" ions begin to precipitate by forming Pb(OH),. Studies show that the adsorption efficiency
is less at low pH and the removal efficiency increases as it approaches neutral pH. The zeta
potential of modified natural clay at neutral pH's reaching maximum values negatively and its
adsorption with electrostatic attraction forces explain this high removal efficiency.
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Studies have shown that increasing the adsorbent concentration increases the removal
efficiency, but the removal efficiency remains constant after a certain concentration. This
adsorbent dosage, where the adsorbent surface area is used optimally, was determined as 5 g L*!
for 70 mg L' Pb*>" concentration. Again, in studies conducted for the effect of stirring speed, the
efficiency was low due to insufficient contact between the adsorbent and the adsorbate at low
stirring speeds, and desorption occurred due to shear forces at high stirring speeds. In studies
investigating the effect of particle size, it can be said that particle size does not have much effect,
but the removal efficiency increases as the particle size decrease, albeit a little.

Then, kinetic studies were conducted and the reaction degree was determined by applying the
obtained data to pseudo-first-order and pseudo-second-order kinetics. As a result of the
calculations, it was concluded that the lead adsorption reaction proceeds according to the pseudo-
second-order kinetic equation. According to the pseudo-second degree, the reaction rate constant
at 20 °C was determined as 0.1187 g mg™! min™’.

As a result of temperature studies, it was observed that the adsorption rate of Pb*" adsorption
decreased slightly with the increase in temperature and its efficiencies of removal decreased
slightly. Reaction rate constants, equilibrium constants, and activation energy were calculated at
the end of the studies that investigated the effect of temperature. As a result of these investigations,
for Pb*" adsorption, as the reaction enthalpy AH® = -15.728 kJ mol !, reaction entropy as AS® =
-41.46 J mol! K'! were determined. If AH® is negative, the reaction is exothermic, and if AG® is
negative, indicating that adsorption occurs spontaneously. The negative AS® indicates that the
randomness is low. The activation energy of the reaction was found to be 10.687 kJ mol™'. This
shows that Pb** adsorption is physical adsorption.

Before and after adsorption XRD, SEM and FT-IR imaging were performed to determine the
characterization of modified natural clay. As a result of these, it has been determined that sewage
sludge ash has a porous, irregular and high crystal structure.

As a result, it can be said that the adsorption process, which is a preferred method based on
the principle of removing a pollutant with a substance abundant in nature, without any harm to
our environment, can be easily used in the treatment of industrial wastewater containing lead.
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