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Introduction
Activated carbon is a material used in adsorption studies in many parts of the world. Its ease
of obtaining and affordability make it advantageous. It is possible to commercial activated
carbon from any product rich in carbon elements. Activated carbon can be produced
from many different materials with a high carbon content. Generally, various organic and
inorganic wastes such as coal, bone, hazelnut and olive pits, palm and chestnut shells,
petroleum derivatives, coconut shells, wood residues, apricot pits, cellulosic materials,
almond and orange peels are used as raw materials in activated carbon production and
commercial production is carried out for this purpose (Adinata et al., 2007; Gomez-
Serrano et al., 2005; Guritno et al., 2016; Hashemian et al., 2014; Hayashi et al., 2002;
Kirubakaran et al.,1991; Kiiglikgiil, 2004; Mozammel et al., 2002; Yavuz et al., 2010).
Various researches carried out in recent years in the food industry have revealed that
some waste materials can be evaluated in activated carbon production and these obtained
activated carbons can be used for different purposes (Mohd Radhuwan et al., 2024). In
addition, studies carried out in fields such as nanoscience and electrochemistry have
shown that activated carbons with electrochemical properties and electromagnetic
properties can be produced (Balgik et al., 2020). Activated carbon, produced from orange
peels activated with phosphoric acid, was used to reduce volatile compounds such as
formaldehyde produced during particleboard production. Experimental data showed that
adding activated carbon to particleboards improved mechanical and physical properties
and reduced formaldehyde emissions by 28.92% in the first month and 45.25% in the
third month (Ergiin et al., 2025). Activated carbons were produced by activating Scots

pine wood waste with zinc chloride. These products aimed to reduce formaldehyde
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emissions from particleboard production and to improve the physical and mechanical
properties of the panels. Experiments were conducted by adding the produced activated
carbons to particleboard production at 0.5%, 1%, and 1.5%. The results of the tests
indicated that the particleboards’ mechanical and physical properties improved, and
formaldehyde emissions decreased by 24.6% in the first month and 27% in the sixth
month, respectively(Ergiin et al., 2024). Activated carbons produced from cellulose by
activating them separately with ZnCL, and H,PO, were applied to nitrile butadiene and
natural rubber as fillers at 0%, 5%, 10%, 15% and 20%. According to the results obtained,
the mechanical properties of rubber compounds were significantly improved after the
addition of activated carbon (Biilbiil and Ergiin, 2024). In order to investigate the recycling
and usability of waste paper, which is economically meaningless, the properties of the
produced activated carbons were examined and compared with commercial activated
carbons. Experimental results revealed that activated carbons derived from waste paper
offer higher pore structure and surface area than commercial products (Ozdemir et al.,
2023) . Within the scope of the study, activated carbon production was successfully
carried out from poplar tree waste treated with ZnCL, and H,PO, and the results were
examined. Density measurements and FE-SEM analyses revealed an activated carbon
with lower density and a distinct porous structure. When the EDS results were examined,
it was shown that the produced activated carbon had higher purity than the commercial
product(Ergiin and Biilbiil, 2022). Activated carbons produced from waste paper using
zinc chloride and phosphoric acid were mixed with a rubber matrix mixture. Experimental
data showed that density decreased, hardness increased, and tensile strength decreased

as the filler material was increased (Ozdemir, 2023)

Its area of use is quite wide. In the food and beverage industry, activated carbons stand
out as an effective treatment material in the removal of heavy metals, compounds that
cause bad odor and color, amino acids and toxic substances (Roy, 2023). The need for
more activated carbon is increasing due to the strict rules and regulations in the treatment
of industrial wastewater. (Gonzalez-Garcia, 2018). The consumption of activated carbon
is increasing as a result of food consumers’ sensitivity to safety and quality. (Amine
et al., 2006). Activated carbon production in Turkey has increased recently. Although
this increase has been made, the remaining parts are filled by imports. In 2019, Turkey
ranked 22nd in global activated carbon exports with a share of 0.4%. Experts predict that
Turkey’s activated carbon exports will increase by approximately 60% in the coming
years (Orta Anadolu Kalkinma Ajansi, 2021). The global activated carbon market
exceeded USS 5 billion by 2023 (Helvaci and Korkmaz, 2024). The activated carbon
market in Turkey was approximately US$ 38 million, resulting in a foreign trade deficit
of USS$ 35 million (Trade Map n.d.). The market is expected to reach US$ 4.58 billion
in 2025 and US$ 6.11 billion in 2026. At the same time, it is predicted that the Asia-
Pacific region will hold the largest market share by 2025 (mordorintelligence n.d.).
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When evaluated according to usage areas, it is estimated that the water treatment sector

will hold the largest market share in 2031 (Kingsresearch n.d.).

The objectives of this study are to transform low-economic waste products, such as waste
paper and poplar sawdust, into high-value products. Another objective of the study is to
compare the effects of zinc chloride and phosphoric acid activation agents on activated
carbon properties and to determine which activation agent is most effective. Another
important objective of the study is to compare the performance of laboratory-produced
activated carbons with commercially available activated carbons and to determine which

sample offers the most advantageous adsorption properties.

Materials and Methods
Activated carbon production consists of several processes. Production is achieved through
physical and chemical activation. Both production methods have their advantages and
disadvantages. If we want higher surface area, porosity, and lower temperatures for the
reaction, we use chemical activation. There are multiple chemicals used as activating
agents in the production of activated carbon through chemical activation. It is seen in
the literature that different activation agents are used in this process. Table 1 shows the

different activation agents used in the chemical activation process.

Table 1
Commonly encountered activation agents. (Giindogdu, 2010; Wigmans, 1989).
Boric Acid don G| 200N Sulfuric Acid
Calcium Hydroxide }é(;tra];sosri::lrtrel I\Ztcrll;e Zinc Chloride
Caleium Chloride fydrowide | Chloride | (1) Chiorde

Chemical compounds such as ZnCl., KOH, HsPO., NaOH and K>COs, which generally
facilitate the formation of activated carbon by dehydrating the raw material, are among
the most frequently used substances in the chemical activation process (Ahmedpour
and Do, 1996; Gurten et al., 2012; Kopac and Erdogan, 2009; Kopac and Kirca, 2020;
Rouquerol J. and Sing K., 1999; Ruofei et al., 2017; Xia et al., 2016). Potassium-
based salts are preferred because they are environmentally friendly and offer a cleaner

production process compared to compounds such as ZnCl and HsPOu(Tsai et al., 2001).

Physical activation, one of the methods used in activated carbon production, consists of
two main stages: the degradation of the organic structure and the activation of the carbon

structure. In the first stage, the carbon skeleton is formed by removing the hydrogen
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and oxygen elements in the raw material. Activation is then carried out using water
vapor, carbon dioxide (COz), or a combination of both gases at a temperature between
approximately 800-1000°C, and production is completed (Yunus et al., 2022). The
chemical activation method is more widely preferred compared to the physical method
because it can be applied at lower temperatures and provides higher efficiency (Giines,
2016; il¢i, 2017). ]. Activated carbon production by chemical activation is a field of study
that many researchers worldwide have focused on (Ozdemir et al., 2023). Activated
carbons obtained by this method have larger surface areas and more developed pore
structures. Differences in the physical and chemical properties of the product may occur
depending on the chemical activation agent used (Heidarinejad et al., 2020). In practice,
activated carbon production is generally carried out by reacting the raw material brought
to appropriate sizes either directly with the chemical agent at a temperature of 400-1000

°C or by performing the same process on a pre-carbonized structure (Biilbiil, 2021).

Activated Carbon Production with Phosphoric Acid

Waste paper and black poplar sawdust were divided into 3-kilogram pieces according
to different processes. 1.5 liters of 50% phosphoric acid solution and 3 liters of distilled
water were added to each raw material and mixed until a homogeneous state was achieved.
These prepared mixtures were treated at 110°C for 2 hours. Following this process, they
were kept in an 80°C oven for 24 hours and dried. These dried samples were carbonized
in a 600°C annealing oven under argon gas (50 ml/min) for 1.5 hours. After this process,
they were allowed to cool. The obtained products were pre-washed with 0.5 ml of KOH
and then rinsed with hot deionized water to adjust the pH value between 6-6.5. Finally,

they were dried in a 100°C oven for 6 hours and then ground.

Activated Carbon Production with Zinc Chloride

Waste paper and black poplar sawdust were divided into 3-kilogram pieces according to
different processes. 1.5 liters of 50% zinc chloride solution and 3 liters of distilled water
were added to each raw material and mixed until a homogeneous state was achieved.
These prepared mixtures were treated at 110°C for 2 hours. Following this process, they
were kept in an 80°C oven for 24 hours and dried. These dried samples were carbonized
in a 600°C annealing oven under argon gas (50 ml/min) for 1.5 hours. After this process,
they were allowed to cool. The obtained products were pre-washed with 0.5 ml of KOH
and then rinsed with hot deionized water to adjust the pH value between 6-6.5. Finally,

they were dried in a 100°C oven for 6 hours and then ground.

Experimental Results
Activated carbons produced using different production methods were first subjected to
BET surface analyses, FE-SEM images, and density analyses. Following these studies,

adsorption experiments were conducted and the results were evaluated.
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Imaging With Field Scanning Electron Microscopy ( FE-SEM )
FE-SEM images of the activated carbons were obtained and examined. FE-SEM images

of the prepared samples are shown in Figure 1.

Figure 1
FE-SEM images of a) commercial activated carbon sample b) AKA sample c) AKT
sample d) OA sample e) OT sample

EHT = 200 k¥ Signal A = SE2
WO = 46 mm Mag = 20,00 K X
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When FE-SEM images were examined, it was observed that the surface morphology of
the activated carbon samples varied. While the porous structure was clearly visible in
some samples, macropores were not evident in others. The images showed that the sample
shapes were mostly elliptical, while some samples did not exhibit a specific geometric
shape. FE-SEM analyses of the commercial activated carbon, AKT, and AKA samples
revealed that their surfaces were generally rough, containing distinct indentations and
protrusions; however, the amount of pores within these structures was observed to be
limited. In the commercial activated carbon sample, in particular, the pores were both
few in number and small in diameter, a finding confirmed by BET surface area and

density analyses. The AKA sample exhibited a heterogeneous surface area, while the
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AKT sample exhibited irregular voids and variously sized and irregularly shaped pores.
According to BET analysis, the AKT sample had a high number of micropores, indicating
a high surface area. These findings indicate that the porous structure was largely formed
in the interior of the sample. In OA and OT samples, it was observed that pores were
formed more clearly and distinctly and showed a more homogeneous distribution. It is
thought that an increase in the number of pores occurred in carbon samples activated
with zinc chloride due to the evaporation of this substance during activation (Yagmuret
al., 2008). The high BET surface area and dense micropore content of these samples
support the development of the porous structure in the inner regions (Jiang et al., 2021;
Kiiciikgiil, 2004). In conclusion, it can be said that zinc chloride is a more effective
activation agent than phosphoric acid in the formation of micro- and mesopores (Ergiin
and Biilbiil, 2022; Liou, 2010).

Density Analyses
Density analyses of a total of five different activated carbons were performed and

interpreted. The density analyses are shown in Figure 2.
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Density analyses conducted in our study showed that density decreases as porosity
increases in activated carbon samples. The OT sample, in particular, provides a clear
example of this inverse relationship, having the lowest density (0.24 g/cm?®) and the
highest total pore volume. This finding is consistent with literature examining the
relationships between the physical and structural characteristics of activated carbons
(Jiang et al., 2021)

The findings from these studies explain the performance of the OT sample with its low
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density and high pore volume. Increasing pore volume not only increases the surface
area but also improves the carbon’s mass-to-area ratio, offering significant advantages in

terms of cost, efficiency, and productivity in various engineering applications.

Surface Analysis And Porosity (BET) Analysis
Experiments were conducted and investigated for BET surface areas and porosities of

activated carbons. Table 1 shows the results of the BET surface analysis.

Table 2
BET analysis experimental results.
Surface micro Vmeso Vtotal
Area m?/g (cm?/g) (cm?/g) (cm?/g) D, (nm)
Commercial
Ativated Carbon 270 0.175 0.099 0.274 1.679
Black Poplar
Acid OA 957 0.415 0.186 0.601 0.592
Black Poplar Salt 996 0.431 0.081 0.512 | 0.496
oT
Waste Paper Acid
AKA 400 0.254 0.099 0.342 0.868
Waste Paper Salt
AKT 501 0.344 0.034 0.378 0.584

When examining the surface analyses, the highest BET was obtained in the OT sample.
These were followed by the OA, AKT, AKA, and commercial activated carbon samples,
respectively. The highest ratio of the number of micropores to the total pore number was
obtained in the AKT sample at 91%, while the lowest was obtained in the commercial
activated carbon. The high surface area makes the OT sample the most efficient sample
for adsorption. The highest average pore diameter was observed with the commercial
activated carbon (1.679 nm). This indicates greater macroporosity, while the other
samples are more concentrated in micro and mesopores. The OT and OA samples, with
the smallest pore diameters, show that they are concentrated in micropores. OA has a
high surface area and total pore volume. A balanced ratio of both micro and mesopores
provides an advantage for adsorption. Many studies support the effects of microporosity

on surface area and adsorption performance.

The effect of activation temperature and active substance on micropore formation was
examined and it was stated that more micropores were formed, especially at lower
temperatures. (Lua and Yang, 2004). It was stated that phosphoric acid contributed to
the formation of more mesopores and micropore development was limited. (Toles et al.,

1996). ZnCl: has been shown to form micropore structures that are particularly suitable
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for the removal of micropollutants (Yahya et al., 2015). It has been shown that pore
accessibility decreases as a result of the accumulation of acidic groups on the surface of
carbons activated with phosphoric acid. (Liou, 2010). It has been stated that ZnCl. leaves
less residue after carbonization and reduces the need for cleaning. (Namane et al., 2005).
Activation with ZnCl. was shown to be rapid and effective at low temperatures (Savova
etal., 2001).

FT-IR Analysis Results
FT-IR analysis was performed to determine the chemical composition of the commercial

activated carbons. Figure 3 shows the FT-IR results of the activated carbons.

Figure 3
FT-IR analysis results
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When the commercial activated carbon, OA, OT, AKA and AKT samples are examined,
C-X (halogen) stretching vibrations at 450-600 cm-1 may contain halogen compounds
(C-Cl or C-Br) (Mabhapatra et al., 2012). C-O stretching vibrations at 1000-1300 cm-1
may indicate the presence of alcohol (R-OH), ester (R-COOR’) or ether (R-O-R’)
groups (unitechlink.com/ftir-analysis n.d.). 1450-1600 cm-1: Aromatic C=C stretching
vibrations may contain aromatic rings (benzene derivatives) (Gurten et al., 2012). 1600-
1700 cm-1: C=0 stretching vibrations. May contain carbonyl groups (ketone, aldehyde,
carboxylic acid). 2800-3000 cm-1: C-H stretching vibrations may indicate the presence
of alkanes or alkyl groups (Yagmur et al., 2008). 3300-3500 cm-1: O-H stretching
vibrations may indicate the presence of alcohol or water groups (unitechlink.com/ftir-

analysis n.d.).

Characteristic functional groups such as hydroxyl, aliphatic and aromatic hydrocarbons,
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carbonyl groups, esters, and ethers are observed in each graph. No distinct peaks
associated with inorganic compounds are present in these spectra. The presence of C=C,
OH, and C-O bonds within activated carbon allowed for the reduction of color, turbidity,
and COD values (Eletta et al., 2018; Mohammad Razi et al., 2018; Zhang et al., 2025).

Adsorption Experiment Results

In this study, a total of five different activated carbon samples produced using chemical
activation methods and commercially available were comparatively evaluated in
terms of Chemical Oxygen Demand (COD), turbidity, and color removal parameters
in wastewater treatment. Adsorption experiments were conducted with our activated

carbon samples. The adsorption test results are shown in Table 2.

Table 3
Adsorption experiment results
Sample COLOR
pH EC COD | TURBIDITY
Name " (RES)
. . 620 nm
PH Reading | EC Reading uS/cm | mg/L NTU :
o
Sample 7,38 2893 725 105 1,09
Commercial
Activated | 7,54 2885 597 46,2 0,96
Carbon
AKT 7,67 2914 682 45,5 1,42
AKA 7,64 2901 639 55,2 1,03
oT 7,64 2893 587 40,6 0,95
OA 7,64 2928 595 54,7 1,03

In the study, the OT sample stood out with the highest adsorption capacity, with 19%
COD removal, 61% turbidity removal, and 13% color removal. It was reported that
the improved BET surface area and porosity resulted in more efficient removal of
contaminants from wastewater (Mojoudi et al., 2019). The success of the OT sample
in our study supports these results. The OT sample had the highest surface area and
microporosity, demonstrating the best adsorption performance. The OA and AKA samples
exhibited lower microporosity and surface area due to the use of phosphoric acid. It was
emphasized that phosphate residues caused pore blockage, limiting adsorption capacity
(Lua and Yang, 2004)

Commercial activated carbon (HAC) performed moderately compared to laboratory-
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prepared samples. This is consistent with the view that commercial carbons may not

always be suitable for specific applications (Baccar et al., 2009).

It has been stated that activated carbons, especially those produced from agricultural
wastes, are more effective in the adsorption of small molecules and that micropores
play a dominant role here. This is true for both OT and AKT (Kalderis et al., 2008).
They emphasized that surface chemistry and pore size distribution affect adsorption
performance. This balance was maintained at a moderate level in the AKT and HAK
samples (Rajabi et al., 2017). It has been stated that carbons with high pore volume
provide faster adsorption kinetics and these structures offer advantages especially in
dynamic systems (Yahya et al., 2015). It was stated that larger mesopores may also be
necessary for the adsorption of colored compounds, so the commercial activated carbon
sample showed similar performance in color compared to AKT (Li et al., 2008). It has
been emphasized that the performance of activated carbon depends not only on the
surface area but also on the functional group distribution and internal diffusion capacity
(Bansal and Goyal, 2005).

As a result of this comprehensive evaluation, the OT sample activated with ZnCl.
achieved the highest adsorption capacity in wastewater treatment thanks to its high
microporosity, large surface area, and low density. The AKT sample, with a more stable
structure, demonstrated superior results compared to HAK in COD, turbidity, and
color removal. While HAK remains at the average level in terms of performance, it has
advantages in terms of stability and accessibility. The OA and AKA samples exhibited
limited adsorption capacity due to pore blockage caused by phosphoric acid. These
findings once again demonstrate that activated carbon selection should be based on the
activation method, microporosity ratio, surface area, and molecular properties of the
target pollutant.

Conclusion
In this study, the densities, porosity, surface properties, morphological characteristics,
and wastewater treatment performance of activated carbon samples produced using
different production methods were comparatively evaluated. The following findings
were obtained from the experiments:

e According to these results, the OT sample had the highest surface area. These
were followed by OA, AKA, AKT, and Commercial Activated Carbon,
respectively. If we sort by micropore structure, the order is OT > OA > AKT >
AKA > Commercial Activated Carbon. This indicates that micropore structure is
a factor affecting surface area.

e The abundance of micropores indicates that a large portion of the total pore

structure occurs in the interior of the samples.
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e Zinc chloride was found to be more effective in micro- and mesopore development
than phosphoric acid, and its pore distribution was more homogeneous.

e FE-SEM images revealed that some samples had distinct pore structures, while
others had more pronounced macropores. Specifically, the presence of fewer
macropores in the AKT sample indicated that micropores were concentrated
more in the interior regions of the sample. The surface morphology revealed a
rough and irregular surface morphology.

e Density analyses revealed the lowest density in the OT sample. The other
samples were OA, AKA, AKT, and commercial activated carbon, respectively.
The results indicate an inverse relationship between porosity and density, with
density decreasing as porosity increases.

e Among the samples, the OT sample achieved high removal rates, with COD
(19%), turbidity (61%), and color (13%). There were no significant changes in
electrical conductivity or pH across all samples.

e [n activated carbons produced with phosphoric acid, samples with lower porosity
and higher density were obtained due to the blockage of pores by phosphate
bonds. This limited adsorption capacity.

e When comparing the OA-OT and AKT-AKA samples, it is thought that the
porosity in the OA and AKA samples negatively affects the adsorption capacity.
On the other hand, activated carbons activated with zinc chloride had more
developed micro- and mesoporous structures. As a result, they exhibited better
adsorption performance.

e Once again, it was observed that micropores play a decisive role in the adsorption
process and therefore the best adsorption occurred in the OT sample..

e The high hydrophobicity of the OT sample, unlike the others, is thought to
have increased adsorption efficiency. These results are consistent with previous
studies. Furthermore, the presence of cellulose in the sample suggests a positive

effect on adsorption performance.

The OT sample exhibited better performance compared to the other samples. Its large
pore structure, low density, and high adsorption performance make it a preferred material
for wastewater treatment and other industrial applications. This study demonstrated that

zinc chloride is more effective than phosphoric acid.

The results of this study indicate that activated carbons produced from waste paper and
wood shavings are more effective in removing COD, color, and turbidity when compared
to coconut-based activated carbons commonly used in the market. Furthermore, this
approach allows for the production of environmentally friendly and economically
valuable products by repurposing waste materials. Future research using different

activation agents could explore their effects more comprehensively.
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It can be expanded by conducting different studies; optimizing the parameters such as the
amount of activation agent, temperature and time used in activation, evaluating different
waste materials in activated carbon production, investigating their performance in long-

term use and examining the adsorption isotherms and kinetics separately.
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