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In this study, raw hazelnut shells were used to obtain charcoal by pyrolysis at 250°C. The obtained material was subjected to physical,
chemical, and physicochemical treatment methods to obtain activated carbons (ACs). Effect of the treatment procedures was
determined by measuring the surface area of the produced ACs. In addition, changes in the functional groups of the obtained
ACs during these treatments were determined with the Fourier transform infrared spectroscopy (FT-IR). To determine the most
effective chemical agent, the charcoal samples were examined for Pb(II) adsorption from aqueous solutions under different pH
conditions of 4 to 6. According to the results, the most effective chemical agent was determined as Ca(OCl),. Effect of microwave
and ultrasound treatments was also examined during Pb(II) adsorption by the chemically treated AC. The results showed that
chemical treatment with Ca(OCl),, microwave treatment for 5 minutes, ultrasound treatment for 20 minutes, and pyrolysis at
700°C together were the most suitable combination enhancing the surface area of the adsorbent. This combination increased the
surface area and the adsorption capacity of the adsorbent by 202 and 4.76 times, respectively, when compared to those of the raw

hazelnut shell.

1. Introduction

Hazelnut shell is an important agricultural residue that is used
principally as a solid fuel in Turkey [1]. The shells account
for the majority of the by-products of hazelnuts, as the kernel
occupies less than 50% of the total nut weight [2]. The annual
generation of the shells is in the range of 25-40 * 10* tons in
the Black-Sea region of Turkey [3]. The shells contain 24.2%
cellulose, 28.2% hemicellulose, 34.6% lignin, 9.7% moisture,
and 1.1% ash [4] and are disposed of as a low-value heat source
or used as the raw material for furfural production [5].

Activated carbon (AC) adsorption is a widely used tech-
nique for the removal of organic and inorganic pollutants
from the water and gases in the environment due to high
surface area, high porosity, and specific surface chemistry
[6]. Conversion of AC from biomass usually involves ther-
mochemical carbonization such as combustion and pyrolysis

followed by char activation. In the production of AC, pyrol-
ysis is usually applied as a conversion process to carbonize
biomass raw material into carbon rich precursor in the
absence of oxygen [7]. Combustion is an oxidative pyrolysis
process that is mostly used to extract energy from biomass
of different forms in the presence of air or oxygen [8]. Both
processes produce carbon rich residual in solid form such as
char, a solid precursor for AC production.

The use of ACs is often suffering from the relatively low
adsorption rate because of their microporous structures and
long diffusion path through solid particles [9]. In addition,
adsorption capacity of prepared ACs, especially for metal
ions, depends on the effectiveness of acidic/polar oxygen
functional groups present on its surface. Different oxidizing
posttreatments can be conducted on ACs to stimulate the
adsorption capability of functional groups on the surface.
Yin et al. [10] recently reported several techniques to modify
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TABLE 1: Treatment methods applied for obtaining of different ACs from charcoal samples that were obtained by pyrolysis of raw hazelnut

shells at 250°C.

Treatment method

Chemical treatment Physicochemical treatment

Thermal treatment

Subjecting of chemical
agent solutions (ZnCl,,
KOH, AICl;, and
Ca(OCl),) to the charcoal
sample

Applying of
(i) microwave treatment,

(ii) ultrasound treatment (sonic wave infusion),
(iii) microwave and ultrasound treatment together
to the charcoal sample during the chemical treatment

Pyrolysis of
(i) the charcoal sample,
(ii) the chemically treated ACs,
(iii) the physicochemically treated ACs
at 250 and 700°C

surface functional groups for enhancing the capability and
selectivity for adsorption from aqueous medium.

Chemical activation process is generally based on the
degradation of raw material with a chemical activator ata spe-
cific temperature. During chemical activation, raw material
is mixed with an activator agent that acts as the dehydration
substance and oxidizing medium. Various agents such as zinc
chloride, phosphoric acid, aluminum chloride, magnesium
chloride, potassium hydroxide, and sodium hydroxide can be
used as activators, but zinc chloride, potassium hydroxide,
and phosphoric acid are the most popular ones. Aforemen-
tioned agents disrupt the aromatic carbon skeleton and cause
the formation of porous structures [11].

Fundamental mechanism of microwave heating includes
exciting polar molecules or ions. Energy transfer via micro-
wave does not happen through conduction as in classical
heating. It changes depending on dielectric characteristics of
the material [12]. Materials with higher dielectric constants
better absorb microwaves and easily heat up. In short, only
materials that absorb microwaves are relevant to microwave
heating. These materials heat up according to two heating
mechanisms called dipolar polarization and ionic transfer
[12,13]. Average energy of a chemical bond is 84-335 kJ/mol
and the energy of microwave photons is around 0.123 kJ/mol.
Thus, microwaves cannot directly affect or ionize the struc-
ture or break chemical bonds. At 2450 MHz frequency,
they can only affect the rotation of molecules. Only at this
frequency, waves can easily progress through study material.
Only kinetic energy of the molecules that get excited by
absorbing microwave energy increases. Thus the energy that
is required to pass activation energy barrier is provided
and reaction proceeds faster [12]. Two different microwave
technologies are used to prepare AC in the literature. In the
first technology, biomass is carbonized at low temperatures
and then exposed to microwaves, followed by another car-
bonization at higher temperatures. In the second technol-
ogy, biomass is initially exposed to microwaves and then
pyrolysed at desired temperatures. Studies where biomass
was pyrolysed after chemical activation have been published
recently [14-19].

It is now widely accepted that ultrasound power has a
great potential to be used in a wide variety of industrial fields
such as electrochemistry, food technology, nanotechnology,
chemical synthesis, dissolution and extraction, dispersion of
solids, phase separation, and water and sewage treatment, in
addition to conventional applications in cleaning and plastic
welding [20]. Ultrasound produces its mechanical and chem-
ical effects through the formation and collapse of “cavitation”

bubbles [21]. A significant amount of research has been pub-
lished concerning this “sonochemical effect” and collected in
various recent books [22, 23]. Ultrasound exhibits also several
beneficial mechanical effects in solid-liquid systems by means
of the cavitations phenomenon; it enhances mass transfer
rates, causes the formation of many microcracks on the solid
surface, and thus increases the surface area between the
reactants; it cleans solid reactant or catalyst particle surfaces
[24].

From the data published in the concerning literature,
it was thought that several surface modification methods
such as chemical treatment, physicochemical treatment with
microwave and/or ultrasound technologies, and thermal
treatment might together affect the physicochemical prop-
erties of ACs. In this context, effectiveness of the examined
treatment methods was evaluated (i) during Pb(II) adsorp-
tion from aqueous solutions by the obtained ACs under
different pH conditions, (ii) by measuring surface area, and
(iii) by comparing changes in the functional groups of raw
hazelnut shell, charcoal samples, and the obtained ACs using
FT-IR spectra.

2. Materials and Method

2.1. Adsorbent. Raw hazelnut shells were collected from Unye
in Turkey and then transported to the laboratory. After collec-
tion, the shells were thoroughly washed with distilled water
to remove contaminants and then incubated at 60°C for 48
hours. Following this step, the shells were ground in grinding
machine to reduce the size of the shells. To homogenize the
sizes, shell pieces were sieved through two layers of sieves
with 300- and 180-micron (¢m) pore sizes, respectively, and
the pieces that remained between the sieves were collected.
The collected materials were kept in a desiccator to ensure
that they were not affected by the moisture of the environ-
ment until further studies.

2.2. Treatment Procedures. Treatment procedures were car-
ried out for the purpose of increasing surface area and
modifying surface functional groups of the charcoal sample
in order to maximize adsorption capacity of the ACs obtained
after treatment procedures. Explanations about how the
treatment procedures were applied are given in Table 1.

2.2.1. Chemical Treatment. The charcoal samples were placed
into 20% (w/v) of KOH, ZnCl,, AICl;, and Ca(OCl), solu-
tions at a mixing ratio of 15g charcoal/250 mL solution.
Mixtures were stirred in room temperature for 24 hours and
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then filtered with filter papers for solid-liquid phase separa-
tion. Following this step, the samples were washed with 5%
(v/v) of HCI solution and then washed with distilled water
until the pH of the washing water reached 7. Then, the samples
were dried, ground, and kept in a desiccator until the adsorp-
tion studies. In order to determine the most effective chemical
agent, the samples were examined for Pb(II) adsorption from
aqueous solutions under different pH conditions of 4 to 6.
After the most effective chemical agent and the optimum
pH condition were determined, the obtained AC sample
was subjected to the thermal treatment.

2.2.2. Physicochemical Treatment. Microwave and ultrasound
applications were applied during the chemical treatment
with the most effective chemical treatment agent. Microwave
application took place at 100 Hz during the last 5 minutes of
stirring phase of the chemical treatment. Ultrasound appli-
cation took place at 85 Hz during the last 20 minutes of the
chemical treatment. Following the treatment procedure, the
obtained AC sample was subjected to the thermal treatment.

2.2.3. Thermal Treatment. Thermal treatment procedure was
applied to the charcoal sample and the ACs that were
initially obtained after the chemical and physicochemical
(microwave-ultrasound procedures) treatments (Table 1).
The procedure was carried out by pyrolysis of the examined
material at a temperature condition of 250 or 700°C. In this
procedure, the samples, of which the size was reduced, were
placed into steel capsules. To remove the oxygen from the
environment, a great deal of nitrogen gas was released into the
capsule. Then the capsules were immediately placed in an ash
oven to obtain AC samples. The obtained AC samples were
initially washed with distilled water to remove the remnants
and left to dry in the oven at 60°C for 24 hours. Then, the
samples were dried, ground, and kept in desiccators until the
adsorption studies.

2.3. Adsorption Studies. Experimental conditions for temper-
ature, kinetics, and isotherm were determined in our previous
study [25] and these conditions were used in the current
study. Adsorption experiments were carried out in duplicate
for all of the examined conditions and experiments were
repeated if the results were not close to each other. After shak-
ing, the mixtures were filtered with 0.45 ym filter paper (Mil-
lipore) to extract the adsorbent from the liquid phase. Con-
centration of Pb(II) ions in the filtrate was determined in the
inductively coupled plasma (ICP) device.

To calculate the adsorption capacity, the following equa-
tion was used:

:(CO_H—QCE)*V, )

Q.

where Q, is the amount of metal ions adsorbed on the
sorbent at equilibrium (mg/g); C, is the initial metal ion
concentration in solution (mg/L); C, is the effluent metal ion
concentration (mg/L); m is the dry weight of sorbent in the
reaction mixture (g); and V is the volume of the reaction
mixture (L).

Q, (mg/g)

1 2 3 4 5 6 7 8
Treatment methods

mpH=4 mpH=55
m pH=45 OpH=6
pH=5

FIGURE 1: Adsorption capacities of the AC samples obtained by
the chemical treatment followed by pyrolysis at 250 or 700°C
(conditions: C,: 100 mg/L, particle size: 180-300 ym, adsorbent
dosage: 1g/L, mixing speed: 150 rpm, mixing time: 60 min, and
temperature: 20°C).

2.4. Surface Characterization of the ACs. BET surface area
measurements and FT-IR spectrum analysis were carried
out for the surface characterization of the charcoal samples
and the obtained ACs. BET surface area measurements were
carried out by Micromeritics device. FI-IR spectra were
obtained with Spectrum BX FT-IR (Perkin Elmer Instru-
ments).

3. Results and Discussions

3.1. Determining the Optimum Chemical Treatment Agent.
Figure 1 shows the results of adsorption experiments carried
out for determining the most effective chemical agent under
different pH conditions (pH 4 to 6) and thermal treatment
temperatures (250 and 700°C). According to the results, the
highest adsorption capacity was obtained at pH 5 by the AC
treated with Ca(OClI), and it was found to be 872 mg/g and
123.8 mg/g at the temperature conditions of 250 and 700°C,
respectively. These results suggest that Ca(OCl), is a better
chemical agent than the other agents. Thus, Ca(OCl), was
used as the sole chemical agent for the following experiments.

Numbers on the horizontal axis are described in Table 2.

Ca(OCl), is used as a disinfectant in environmental
engineering applications. The chlorine in its structure gives
the following reaction with the AC:

AC + 2HOCI — CO, +2H" + 2CI~ (2)

As shown in (2), when chlorine contacts the AC, it causes
structural deformations. Therefore, it is thought that this
reaction caused more changes in the structure of Ca(OCl),
than the other chemicals used. According to Girgis and
El-Hendawy [26] chemical activation inflicts physical and
chemical modifications on the original structure by pene-
trating particle swelling and partial dissolution of biomass,
bond cleavage, and reformation of new polymeric structure
resistant to thermal decomposition.
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TABLE 2: Description of the numbers in Figure 1.
Number Temperature ("C) Treatment Number Temperature ("C) Treatment
1 KOH 5 KOH
2 550 ZnCl, 6 200 AlCl,
3 AlCI, 7 ZnCl,
4 Ca(0ql), 8 Ca(0ql),
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FIGURE 2: Spectrum of (a) the charcoal sample after pyrolysis at
250°C, (b) the chemically treated AC followed by pyrolysis at 250°C,
and (c) the Pb(II)-loaded AC.

3.2. Adsorption Mechanism of the AC Obtained by Chemical
Treatment. Figure 2 shows FT-IR spectrum of the charcoal
sample obtained after the pyrolysis at 250°C and the AC
obtained by the chemical treatment with Ca(OCl), followed
by the pyrolysis at 250°C and the Pb(II)-loaded AC.

When IR spectra of the charcoal sample (Figure 2(a)) and
the AC sample treated with Ca(OCl), followed by the pyrol-
ysis at 250°C (Figure 2(b)) are compared, it can be concluded
that Ca(OCl),, which is a strong oxidant, allowed increasing
the amount of oxygen existing in the functional groups of
the sample. This is proved by the observed bands which
were formed after Ca(OCl), treatment at 2800-3200 cm™?
belonging to O-H and at 1650-1700 cm ™" belonging to C-O
and C=0 groups. The decrease in transmittance (7'%) value of
these bands after the adsorption was caused by Pb(II) which
bonded with oxygen. Broadening of the band observed at
3200-3600 cm ™" is the O-H vibrations of the water molecules
adsorbing on the surface. After treatment with Ca(OCl),,
bands at 2800-3200 cm ™' belonging to O-H vibrations sharp-
ened. Sharpening was also observed in bands at 1650-
1700 cm™" belonging to C-O and C=0 groups. This shows
that new carboxyl groups were formed by oxidation during
treatment with Ca(OCI),. In a study, Zolfaghari et al. [27]
oxidized commercial AC with nitric acid and stated that the
sharp bands which occurred around 1100-1700 cm™ were
caused by C-O and COOH groups that were formed after oxi-
dation. In the present study, FT-IR spectrum shows that the
transmittance of the bands observed at 2800-3200 cm ™' and
1650-1700 cm ™" decreased after adsorption. This decrease can

FIGURE 3: Spectrum of (a) the charcoal sample after pyrolysis at
700°C, (b) the chemically treated AC followed by pyrolysis at 700°C,
and (c) the Pb(II)-loaded AC.

be explained by the fact that weak and broken bands such
as O-H and C-O, which resulted from Pb(II) bonding with
carbonyl groups, could not be observed in the spectrum.
Therefore, it was thought that Pb(II) ion may be chemically
adsorbed on the surface of the AC.

When the spectra of the ACs obtained after the pyrolysis
of the charcoal sample at 700°C (Figure 3(a)) and the
treatment with Ca(OCl), followed by the pyrolysis at 700°C
(Figure 3(b)) are compared, it can be seen that a distinctive
band occurred around 1400 cm™". A band at this region can
only be attributed to methylene groups. Also, the band that is
observed at 3000-3100 cm ™ reinforces the idea that this is an
alkene. In the FT-IR spectrum of the AC used in the Pb(II)
adsorption (Figure 3(c)), it can be seen that the mentioned
bands belonging to alkenes disappeared in the spectrum,
revealing that these bonds are metallic. The absence of dis-
tinctive bands at other regions of the spectra can be attributed
to the structure being strongly carbonized. Danish et al. [28]
activated the carbon obtained from a tree that is found around
Australia, Acacia mangium, by calcium oxide and potassium
hydroxide, and they evaluated the band at 1400 cm™" in the
FT-IR spectrum after the activation as the presence of
carboxylate salt. In the present study, disappearance of this
band after adsorption means that this carboxylate salt bonded
with Pb(II) ions. Furthermore, it was thought that strongly
carbonized structure physically adsorbed the Pb(II) ions.
Since the sorbent was almost completely carbonized at 700°C,
the bonds carrying out the chemical adsorption process were
deformed.
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FIGURE 4: Pb(II) adsorption performance of the AC produced after
physicochemical and thermal treatment.

3.3. Effect of the Physicochemical and Thermal Treatment on
Pb(1I) Adsorption. Pb(I) adsorption performances of the
AC samples obtained after the physicochemical and thermal
treatment are shown in Figure 4. According to the results,
it can be clearly seen that both microwave and ultrasound
treatment increased the adsorption capacities of the AC
samples. The adsorption capacity of the AC that was treated
with Ca(OCl), and then pyrolysed at 250°C was 87.2 mg/g.
When this sample was further treated with only microwaves,
Pb(II) adsorption capacity of the resultant AC increased to
1172 mg/g. The treatment with ultrasound after microwave
treatment further increased Pb(II) adsorption capacity of the
AC to 151.2mg/g, meaning that the ultrasound treatment
increased the adsorption capacity by nearly 30%. In the
case of increasing the pyrolysis temperature to 700°C, Pb(II)
adsorption capacity also increased to 212.3 mg/g, implying
that this treatment further increased the adsorption capacity
by 40%. Yagmur et al. [29] used microwave technology when
producing ACs from the wastes of tea factories. While the
micropore surface area of the AC obtained by 350°C pyrolysis
without using microwave technology was 1.287 m*/g, this
value increased to 1.623 m*/g in the case of using microwave
technology. Thus, it can be said that microwave treatment
plays an important role in increasing the surface area. On the
other hand, ultrasound technology has gained great impor-
tance in the relevant literature. However, there are not many
studies on this topic in the literature. Sayan [30] used ultra-
sound treatment during AC production from hazelnut shells
and increased the surface area of the hazelnut shell by 50
times. In the present study, surface area of the produced AC
increased by 200 times by using microwave and ultrasound
technologies together when compared to that of the raw
hazelnut shell. This difference could be caused due to the
chemical agent used in the treatment procedure and the
pyrolysis temperature. $ayan [30] used KOH as the chemical
agent and examined the pyrolysis temperature as 800°C. Uti-
lization of microwave and ultrasound technologies together
could be another reason as well.

Numbers on the horizontal axis are described in Table 3.

Treatments on the adsorbent material also changed the
surface area of the material. Surface area is significantly

5
TABLE 3: Description of the numbers in Figure 2.

Sample Applied treatment procedure

1 Only microwave application during the chemical
treatment followed by pyrolysis at 250°C

2 Microwave and ultrasound applications together during
the chemical treatment followed by pyrolysis at 250°C

3 Microwave and ultrasound applications together during

the chemical treatment followed by pyrolysis at 700°C

important in the increase of adsorption capacity of the ACs.
It was thought that the most important reason of the increase
in the sorption capacity could be the increase in the surface
area of the AC. Thus, the surface area of the AC was measured
after each treatment. The results are presented in Table 4.

As shown in Table 4, the surface area of the raw hazelnut
shell and the AC obtained by physicochemical and ther-
mal treatments was measured as 5.92 m?/g and 1197.6 m*/g,
respectively. This result clearly implies that the surface area
of the adsorbent material increased by nearly 202 times as a
result of the treatment procedures. Furthermore, adsorption
capacity also increased by 4.76 times. If the result of surface
area of the charcoal sample and the AC obtained by physico-
chemical and thermal treatments are compared, it can be seen
that surface area and adsorption capacity increased by 4.43
and 3.70 times, respectively.

The fundamental difference between conventional meth-
ods and microwaving is related to the production of the heat.
Basic mechanism of microwave heating includes exciting
polar molecules or ions. This stimulation happens under the
effects of an electric and magnetic field. Unlike classical heat-
ing, energy transfer by microwaves does not happen by con-
duction. It changes depending on dielectric characteristics of
the material [12]. Materials with higher dielectric constants
better absorb microwaves and easily heat up. In short, only
materials that absorb microwaves are relevant to microwave
heating. These materials heat up according to two heating
mechanisms called dipolar polarization and ionic transfer
[12,13]. Average energy of a chemical bond is 84-335 kJ/mol
and the energy of microwave photons is around 0.123 kJ/mol.
Thus, microwaves cannot directly affect or ionize the struc-
ture or break chemical bonds. At 2450 MHz frequency,
they can only affect the rotation of molecules. Only at this
frequency, waves can easily progress through study material.
Only kinetic energies of the molecules that get excited by
absorbing microwave energy increase. Thus the energy that
is required to pass activation energy barrier is provided and
reaction proceeds faster [12].

Ultrasound waves are considerably different than electro-
magnetic waves. Organic materials adsorb ultrasound waves
and they change into other materials through cavitation
mechanism [31, 32].

3.4. FT-IR Analysis of the Pb(Il) Adsorption with the ACs
Obtained by Physicochemical and Thermal Treatment. FT-IR
spectrum of the AC obtained by physicochemical treatment
with only microwave application followed by pyrolysis at
250°C is shown in Figure 5(b). As expected, microwave
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TABLE 4: Effects of the treatment procedures on the Pb(II) adsorption capacity and surface area of the ACs.

Properties of the adsorbent material

Pb(II) adsorption BET surface

capacity (mg/g) area (m?/g)
Raw hazelnut shell 44.6 5.92
Charcoal (after pyrolysis at 250°C) 57.3 270.2
Charcoal treated with Ca(OCl), followed by pyrolysis at 250°C 872 471.49
Charcoal treated with only microwave application during the chemical treatment
. . 117.2 516.2
followed by pyrolysis at 250°C
Charcoal treated with microwave and ultrasound applications together during the
. . o 151.3 595.38
chemical treatment followed by pyrolysis at 250°C
Charcoal treated with microwave and ultrasound applications together during the
. . o 212.3 1197.6
chemical treatment followed by pyrolysis at 700°C
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FIGURE 5: Spectra of (a) the chemically treated AC followed by
pyrolysis at 250°C, (b) the physicochemically treated AC with only
microwave application followed by pyrolysis at 250°C, and (c) the
Pb(II)-loaded AC.

treatment did not cause any change in the chemical structure
of the AC. This result can be easily seen when the spectrum
(Figure 5(b)) is compared with the spectrum of the AC which
was not subjected to microwave treatment but only chem-
ically treated followed by pyrolysis at 250°C (Figure 5(a)).
There are small differences between Figures 5(b) and 5(c).
It was thought that the decrease in transmittance value of
the bands at 2800-3200 cm ™' belonging to O-H vibrations
and the bands at 16501700 cm ™" belonging to C-O and C=0
groups after Pb(II) adsorption could be caused by Pb(II)
bonding with oxygen. It was also thought that the adsorption
capacity of the adsorbent increased because of the increasing
surface area (Table 3).

From Figure 6, it can be seen that the ultrasound
treatment affected the chemical structure of the AC. O-
H tension bands over 3200-3600 cm ™' and methylene and
carbonyl bands over 1400-1600 cm™" suggest that ultrasound
treatment increased the interaction between the charcoal and
Ca(OCl),, thus increasing the number of carbonyl, hydroxyl,
and methylene groups in the AC. It can be said that the
decrease in transmittance value of these bands after Pb(II)
adsorption is caused by metal ion binding on these sites.
Sayan [30] found that increase in the amount of the pores
of the AC prepared by the assisting of ultrasound treatment

FIGURE 6: Spectra of (a) the physicochemically treated AC with
only microwave application followed by pyrolysis at 250°C, (b)
the physicochemically treated AC with microwave and ultrasound
applications together followed by pyrolysis at 250°C, and (c) the
Pb(II)-loaded AC.

could be remarkably seen in the SEM images. Bubble cavita-
tion which occurred by ultrasound treatment supported the
effect of the chemical agent to reach deeper in the structure of
the material. Thus, the effectiveness of the functional groups
existing in the obtained AC in the current study increased.
Additionally, increasing pore amount increased the surface
area of the AC, eventually leading to higher adsorption
capacity.

Figure 7(b) shows the FT-IR spectrum of the physic-
ochemically treated AC with microwave and ultrasound
applications together followed by pyrolysis at 700°C. When
this spectrum is compared to that of the AC which was
physicochemically treated with only microwave application
followed by pyrolysis at 700°C (Figure 7(a)), it can be seen that
there are no significant differences between both spectra. The
bands over 3200-3600 cm™" are caused by the O-H vibrations
of the water molecules adsorbing on the surface. Both of the
AC samples were largely carbonized at higher temperature
condition, implying that ultrasound-assisted treatment pro-
cedure did not play an important role in changing of the func-
tional groups. However, ultrasound-assisted treatment pro-
cedure caused further increase in the surface area of the AC,
thus increasing the adsorption capacity (Table 4).
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FIGURE 7: Spectra of (a) the physicochemically treated AC with
only microwave application followed by pyrolysis at 700°C, (b)
the physicochemically treated AC with microwave and ultrasound
applications together followed by pyrolysis at 700°C, and (c) the
Pb(II)-loaded AC.

4. Conclusions

This study was conducted with ACs obtained by chemical
treatment which was assisted with microwave, ultrasound,
and thermal treatments. While the adsorption capacity of the
AC obtained by microwave and ultrasound treatments and
pyrolysis at 250°C was 151.3 mg/g, the value was found to be
212.3 mg/g for the AC obtained by microwave and ultrasound
treatments but pyrolysed at 700°C. In addition, BET surface
area of the AC obtained by microwave and ultrasound
treatments and pyrolysis at 250°C was 595.38 m*/g and the
surface area of the AC obtained by microwave and ultrasound
treatments but pyrolysed at 700°C was 1197.6 m*/g. While
microwave treatment did not affect the structure of the AC,
ultrasound treatment increased the effectiveness of the func-
tional groups of the AC. It was found that both microwave and
ultrasound treatment increased the surface area of the AC.
As a result of the study, it can be concluded that microwave
and ultrasound treatment can be used in the preparation of
ACs.
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