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Abstract: The acceleration of industrialisation and population growth throughout the world have caused
the rapid depletion of water resources in the last century. Industrial wastes are one of the major factors
causing water pollution. One of the most effective and well-known methods to prevent water pollution is
adsorption process. In this study, highly porous activated carbons were produced using waste fabric
samples and their adsorption performances were determined in the presence an adsorbate to prevent
water pollution. Methylene blue (MB) as the adsorbate was used for the adsorption tests. The waste fabric
samples were carbonised at 400 °C, 500 °C and 600 °C to determine the effect of pre-carbonisation
temperature on the adsorption performance. The activated carbon surface properties varied depending
on the pre-carbonisation temperature. The surface areas of the samples were 1385 m?/g, 1583 m?/g and
1276 m?/g, and the total pore volumes were 0.7688 cm3/g, 0.9545 cm?3/g and 0.7394 cm?/g, respectively.
The results showed that the pre-carbonisation temperature affected the adsorption performance. The
adsorption capacities of the activated carbons calculated according to the Langmuir adsorption model
were 531.46 mg/g, 630.26 mg/g and 655.40 mg/g, respectively.
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1. INTRODUCTION protecting all water resources, especially drinking
and utility water, keeping them clean and cleaning
Water is a crucial substance necessary for all living  contaminated water resources are vital for the
things in the world to survive. The continuity and sustainability of life. Methods for cleaning
diversity of life depend on the existence of water contaminated water are generally grouped under
(Shiklomanov, 2000). Developments in the fields of six main processes: adsorption, biotechnology,
science, technology, and health after the Industrial catalytic,c, membrane, ionising radiation, and
Revolution have caused radical changes magnetically assisted processes (Ambashta &
throughout the world. The most important of these  Sillanpaa, 2010). These methods have various
is the rapid increase in the world population. The advantages and disadvantages compared to each
world population, which was 1 billion at the other. The process of cleaning contaminated water
beginning of the 19th century, reached 7.8 billion by adsorption is the most preferred among them
in 2021 and exceeded 8 billion today, because of (Chai et al.,, 2021). Thousands of studies on this
the developments in the health sector and the topic are published in literature every year.
rapid decrease in child mortality rates (Unnerstall,
2022). Due to the increase in population, the In the process of water purification, contaminants
amount of water per capita is also decreasing. On  in water are retained on the surface of a solid
the other hand, production amounts are increasing (adsorbent) by adsorption. There are many factors
in every sector due to industrialisation. The that affect the amount of contaminant that can be
increase in production naturally leads to an adsorbed on the solid surface. Many studies are
increase in the amount of industrial waste frequently conducted on many parameters such as
generated. Industrial wastes are one of the the amount of solid, the surface chemistry of the
important factors that have negative effects on solid, the physical properties of the solid such as
water pollution (Shukla et al.,, 2002). Therefore, particle size and surface area, the molecular size of
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the adsorbate, temperature, mixing, ambient pH
value (Bushra et al., 2021; Rap6 & Tonk, 2021).
The characteristics (physical and chemical) of the
adsorbent are the most important factors that
affect the adsorption performance. It is possible to
find studies using many different adsorbents such
as clay (Bentchikou et al., 2017), biomass (Darama
et al., 2022), activated carbon (Gokce et al., 2021),
metal oxide (Ayranpinar et al.,, 2023), metal
organic lattice structures (Wang et al., 2021),
carbon nanotube (Avcl et al., 2020), graphene
(vang & Cao, 2022). The low price and easy
accessibility of the raw material from which the
adsorbent is obtained is the reason for economic
preference as it will reduce the cost of the
adsorption process. Materials such as clay and
biomass are very economical materials since they
are found spontaneously in nature, but the
adsorption capacity of such adsorbents is not at
the expected level. Activated carbons are materials
with very good adsorption performance thanks to
their high surface area. They are not found in
nature by themselves. However, they can be easily
produced from carbon-containing materials such as
fossil-based coal (Yaglikci et al., 2021), biomass
(Gurten Inal et al., 2020), polymers (Wrébel-
Iwaniec et al., 2015). Carbon-containing materials,
especially in waste form, reduce the production
cost as they are very cheap. For this reason,
activated carbons are one of the most preferred
materials in the adsorption process. Water
treatment systems in which activated carbons are
used in industrial or domestic scale are very
common in daily life. The adsorption properties of
activated carbons come to the fore in sectors such
as treatment systems, mining, health, defense
industry, energy storage (Gayathiri et al.,, 2022).
Activated carbon has been prepared using various
waste biomasses such as coconut shell (Daud & Ali,
2004), bamboo (Liu et al., 2010), hazelnut shell
(Ozpinar et al., 2022), tea waste (Gokce & Aktas,
2014), olive kernel (Eder et al., 2021), cumin stalk
(Gurten Inal et al., 2018) etc. and their adsorption
performances against various pollutants have been
tested. Such raw materials make activated carbon
production sustainable as they are formed by
themselves in tons every vyear. Another raw
material that will enable sustainable activated
carbon production even if it does not occur
spontaneously in nature is waste textile products.
Textile products are produced from carbon-based
natural and synthetic fibres. The most commonly
used natural fibre source is cotton and synthetic
fibre source is polyester. Cotton is composed of
cellulose, and cellulose is the most abundant
natural polymer in nature.

The amount of production of textile products is
increasing in a yearly basis. Especially in the last
200 years, when the population has increased very
rapidly, the total amount of textile fibres required
for clothing production has also increased rapidly.
Annual fibre production is expected to increase
further as they are being used in the fields of
medicine, construction, automotive, agriculture,
packaging, electronics, etc. due to their technical
properties. The amount of fibre production, which
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was around 57 million tons in the 2000s, reached
110 million tons a few years ago (Utebay et al.,
2020). The gradual increase in textile production
brings up an important problem such as textile
waste. The recycling percentage of textile waste is
very low at 25% (Juanga-Labayen et al., 2022). The
low recycling percentage significantly affects the
sustainability of the textile industry. Although the
number of scientific or applied studies on the
recycling of textile solid wastes is limited, interest
in these wastes has been increasing in recent
years (Cao et al., 2022; Pais et al., 2022; Reike et
al., 2023; Utebay et al., 2020). Some applications
where new products are used through recycling of
textile wastes are as follows; disposable diapers,
sanitary napkins, sterile wraps, workwear, wiping
cloths, biogas production, dress lining, carpet and
upholstery fabrics, wall coverings, car interior and
headliner, seat belts, filtration systems, sound
insulation materials, reinforced cement, ground
reinforcement for roads, building insulation, etc.
(Barbero-Barrera et al., 2016; Jeihanipour et al.,
2013). In recent years, the production of new
garments using recycled fibres has also become
increasingly common among brands. Another
recycling application of textile wastes is activated
carbon production. Some studies on the adsorption
performance of activated carbons produced from
textile wastes were found in periodicals. However,
none of these studies included the impacts of the
change in activated carbon surface properties on
adsorption performance.

Within the scope of this study, it was intended to
produce suitable adsorbent using a waste shirt with
100% cotton fabric content and to investigate the
methylene blue adsorption capability of the
adsorbent from water. Since it is known that
activated carbon surface properties directly affect
adsorption performance, different pre-
carbonisation temperatures were tried during
production. Thus, it was also investigated how the
physical and chemical properties of the produced
activated carbon samples affect the adsorption
performance.

2. EXPERIMENTAL SECTION

2.1. Materials

A 100% cotton shirt that cannot be worn and
repaired was used as the waste fabric raw
material. Since the selected fabric cannot be used
for the purpose of production (wearing), it is
considered as waste. Potassium hydroxide (KOH,
Merck) was used as activating material in activated
carbon production. Methylene blue (MB, Merck)
was preferred in adsorption experiments as the
adsorbate. No further purification process was
performed for the chemicals used.

2.2, Activated Carbon Production

A piece of at least 1 g was cut from the waste shirt,
which is cut into smaller pieces and dried in the
oven at 105 °C for 12 h. The dried fabric pieces
were weighed, and the amount of starting material
was determined. Activated carbon production
consists of two steps: carbonisation (pre-
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carbonisation) in the presence of N, (first step) and
carbonisation/activation in an inert N, atmosphere
at a higher temperature (second step). The pre-
carbonisation temperature was changed to
determine the effects of activated carbons surface
properties on adsorption performance. In the pre-
carbonisation process, the dried waste fabric
samples were transferred to a porcelain crucible
and placed in a heat treatment furnace with the lid
closed. The furnace was set to the desired pre-
carbonisation temperature in N, atmosphere for 1
h. The heating rate was 10 °C/min. The furnace
was then allowed to cool down to room
temperature on its own. The pre-carbonisation
temperatures examined in the study were 400 °C,
500 °C and 600 °C. For activated carbon
production, the pre-carbonised samples are mixed
with  KOH so that the ratio of carbonised
sample:KOH by weight is 1:3. The appropriate
amount of KOH was dissolved in 30 mL of distilled
water, carbonised fabric samples were added and
mixed for at least 3 h. The mixture was dried at
105 °C for overnight to remove water. After drying,
the furnace was set to 800 °C with a heating rate
of 10 °C/min and the final carbonisation and
activation processes were carried out for 1 h. The
final carbonisation and activation temperature was
kept constant for all samples. The samples
obtained at the end of the process were washed in
distilled water and the activation chemical was
completely removed. The prepared activated
carbon samples were labelled as AC-400, AC-500
and AC-600 according to the pre-carbonisation
temperature applied.

2.3. Adsorption Tests

The adsorption performances of the produced
samples were determined using MB dye which is
frequently used in textiles. Before the adsorption
process, a stock MB solution was prepared at a
concentration of 500 ppm. Using the stock dye
solution, dye solutions of 25 ppm, 50 ppm, 100
ppm, 150 ppm, 200 ppm, 250 ppm, 300 ppm and
350 ppm were prepared in 50 mL volumes. 0.01 g
of activated carbon was added to each solution and
stirred for 16 h at 30 °C with the help of an orbital
shaker (Gerhardt) operating at 150 rpm. After
mixing, 10 mL samples of each solution were
separated using disposable PTFE filters (0.45 um).

2.4. Characterisation Studies

Brunauer-Emmett-Teller (BET) surface areas and
pore size distributions of activated carbon samples
were determined by Quantachrome NOVA 2200
series volumetric gas adsorption system. Non-local
density functional theory (NLDFT) was used for
pore size distributions. Fourier-Transform Infrared
Spectroscopy (FTIR, Shimadzu FTIR-8040) was used
for the determination of the surface functional
groups present in the structures of the samples.
FTIR analysis was performed in the wavenumber
range of 4000-400 cm™. Before the analysis, the
AC-400, AC-500 and AC-600 samples were mixed
with potassium bromide at a ratio of 1:1200
(activated carbon: potassium bromide) to prepare
pellets. Pellet preparation was carried out under
vacuum to remove carbon dioxide and moisture
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that may be trapped in the interparticle spaces and
on the particle surface. The wettability properties
of the samples were determined by Attension
Theta Lite Optical Contact Angle device according
to the sessile drop contact angle method. The
adsorption capacities of the AC-400, AC-500 and
AC-600 samples were determined with the help of
a UV-Vis spectrophotometer (Scinco S-3100) at a
wavelength of 664 nm where MB has a maximum
absorbance.

3. RESULTS AND DISCUSSION

3.1. Specific Surface Area and Pore Size
Distribution

The effects of pre-carbonisation temperature on
the structural surface properties of the produced
activated carbon samples was determined by BET
surface area and pore size distribution analysis. N,
adsorption-desorption isotherms of the samples
are given in Figure 1. As can be seen from the
figure, the adsorbed N, volumes differed for all
samples. This result showed that activated carbons
had different surface areas. The BET surface area
values were calculated using 0.05-0.3 relative
pressure (P/P,) data. The BET surface areas of AC-
400, AC-500 and AC-600 samples were 1385 m?/g,
1583 m?qg and 1276 m?%g, respectively. The
isotherms were like Type IV isotherms according to
the pore classification of the International Union of
Pure and Applied Chemistry (IUPAC). The rapid
increase of adsorption isotherms at low relative
pressure values indicated the presence of
micropores in the structure. Also, it was clearly
seen from the isotherms that adsorption and
desorption curves do not follow the same path and
hysteresis occurs. This indicated the presence of
mesopores in the structure in addition to
micropores.

The pore size distributions are shown in Figure 2.
Supporting the results obtained by adsorption-
desorption isotherms, all samples had micropore
and mesoporous structure simultaneously. AC-500
had the highest surface area and the highest
cumulative pore volume. The total pore volume
values of AC-400, AC-500 and AC-600 samples
were calculated with the help of adsorption
isotherms data at 0.99 relative pressure. The total
pore volume values were 0.7688 cm?/g, 0.9545
cm?/g and 0.7394 cm?/g, respectively. Structural
surface properties of the samples such as the BET
surface area, total pore volume, micropore and
mesopore volumes, micropore and mesopore
fractions were given in Table 1. According to
IUPAC, pores smaller than 2 nm were classified as
micropores. Micropore volumes were determined
using the data obtained by NLDFT method.
Mesopore volumes were calculated from the
difference between total pore volumes and
micropore volumes. As can be deduced from the
results, micropore volumes of the samples were
higher than mesopore volumes. However, different
BET surface areas, pore volumes and pore fractions
were formed due to the change in pre-
carbonisation temperature.
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Figure 1: N, adsorption-desorption isotherms of AC-400, AC500 and AC-600.
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Figure 2: Pore size distributions (NLDFT) and cumulative pore volumes of AC-400, AC500 and AC-600
(CPV: Cumulative pore volume).

Tablo 1: Surface area and ore volume values of AC-400, AC-500, and AC-600.

Sample BET surface Total pore volume?, Vmicro®s VimesoS» Vmicror Vmesor
area, m?/g cmid/g cmid/g cmid/g % %
AC-400 1385 0.7688 0.5206 0.2482 67.72 32.28
AC-500 1583 0.9545 0.5152 0.4393 53.98 46.02
AC-600 1276 0.7394 0.5115 0.2279 69.18 30.82

@ calculated at P/Po, = 0.99
® according to NLDFT
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 Vimeso = Total pore volume - Viicro

The micropore volumes of the samples were very
close to each other and it can be argued that they
were not affected much by the pre-carbonisation
temperature. However, there was a significant
difference in mesopore volume values. While the
AC-400 and AC-600 samples had close micropore
and mesopore fractions, AC-500 contained the
highest mesopore fraction. It was clear that
microporosity was dominant for AC-400 (67.72%)
and AC-600 (69.18%). On the other hand, AC-500
had a balanced pore distribution (53.98%
micropores, 46.02% mesopores). The mesopore
volume was almost twice as much as that of the
other samples. The differences observed in the
structural surface properties of the activated
carbon samples due to the change in pre-
carbonisation temperature were related to the
surface chemistry. With the increase in pre-
carbonisation temperature, the surface functional
groups on the fabric surface started to break away
from the structure. Therefore, it was thought that
the surface properties of carbonised samples
obtained by applying different pre-carbonisation
temperatures showed chemical differences. The
most sensitive groups to heat treatment are
oxygen-containing groups and they will naturally
remove from the structure in different amounts
with increasing temperature. When the carbonised
samples with different surface chemistry are
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produced (AC-400, AC-500, and AC-600) are
expected to show physically and chemically
different surface behaviours. The results given in
Table 1 clearly show the physical changes in the
structure.

3.2. FTIR Analysis

FTIR analyses were applied to investigate the
effects of pre-carbonisation process on the surface
chemical properties of the AC-400, AC-500 and AC-
600 samples. The type of surface functional groups
can be determined by FTIR analysis. Figure 3
shows the FTIR spectra of the samples. It is seen
that all samples have similar absorption peaks, but
the peak intensities are different. The surface
functional groups corresponding to the bands
obtained were as follows. The broad peak observed
in the wavenumber range 3700-3200 cm®
corresponds to phenolic hydroxyl, alcohol groups
or moisture-induced O H stress vibrations
absorbed into the structure. The absorption bands
observed around 3000-2850 cm™ indicates
aliphatic C — H stretching. C O stretching
vibrations in conjugated carbonyl groups were
observed as small absorption bands in the 1750-
1700 cm™ region (Gokce & Aktas, 2014). The
absorption band at 1628 cm™ is attributed to C =C
stretching vibrations originating from quinone
groups and/or aromatic ring.

activated with KOH, the activated carbons
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Figure 3: FTIR spectra of AC-400, AC-500 and AC-600.

The small peaks observed at 1442 cm™ and 1396
cm? represents C — H deformation vibrations. In
the fingerprint region (1200-700 cm™), C—- 0 - C
vibrations, aromatic CH in-plane deformation, C—0
and C — C stretching vibrations or C — OH bending
vibrations that may be due to hydroxyl, ether and
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ester structures are observed. Although the FTIR
spectra did not give information about the amounts
of functional groups present in the structure
depending on the pre-carbonisation temperature
applied, the peak intensities proved that these
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groups are present in the structure in different
ratios.

3.3. Contact Angle Measurements

Wettability properties of AC-400, AC-500 and AC-
600 samples were determined by contact angle
analysis (Figure 4). In general, samples with a
contact angle below 90° have a water-loving
(hydrophilic) surface. As the contact angle
increases above 90°, the surface becomes water-
repellent (hydrophobic). Activated carbons are
amphoteric materials that contain both hydrophilic

17,60

AC-400

AC-600
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and hydrophobic surface functional groups. Polar
and non-polar groups in the structures of the
samples were determined by FTIR analyses. The
amount of these groups directly affects the
hydrophilicity or hydrophobicity of the surface. The
contact angle values of AC-400, AC-500 and AC-
600 samples were measured as 43.28°, 53.85° and
65.74°, respectively. The results supported the
FTIR analysis. As the pre-carbonisation
temperature increased from 400 °C to 600 °C, the
amount of oxygen-containing functional groups
removed from the structure increased.

5,214l

AC-500

15,500l

Figure 4: Contact angle measurements of AC-400, AC-500 and AC-600.

In other words, a more hydrophobic surface was
formed with increasing temperature. This allowed
the functional group with less oxygen content to
react during activation and to form a more
hydrophobic product. Contact angle measurement
results also supported this phenomenon. The AC-
400 had the most hydrophilic surface among the
samples, while, as expected, the AC-600 was the
most hydrophobic.

3.4. Adsorption Studies

The data obtained from MB adsorption experiments
of the samples prepared with different pre-
carbonisation processes are given in Figure 5 and
Figure 6. The suitability of the adsorption data to
Langmuir and Freundlich adsorption models was
examined within the scope of the study. Langmuir
and Freundlich adsorption models are given in
Equations 1 and 2, respectively (Freundlich, 1906;
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Langmuir, 1918). To determine the appropriate
model, appropriate curves were fitted to Equation
1 and Equation 2 with the help of SigmaPlot 12
program.

quLCe
=T Eq. 1
e 1+k, C, (Ea- 1)
1
q.=k:C; (Eq. 2)

Figure 5 shows the experimental adsorption data
and the curves fitted according to the Langmuir
model and Figure 6 shows the experimental
adsorption data and the curves fitted according to
the Freundlich model. The terms qe, gm, k. and Ce in
Equation 1 refer to equilibrium adsorption capacity,
maximum monolayer  adsorption capacity,
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Langmuir constant and equilibrium concentration,
respectively. The terms ks and n in Equation 2 refer
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to the Freundlich constant and the exponent of the
equation, respectively.
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Figure 5: MB adsorption isotherms of activated carbon samples (Langmuir Adsorption Model).
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Figure 6: MB adsorption isotherms of activated carbon samples (Freundlich Adsorption Model).

The Langmuir and Freundlich model parameters
calculated using the equations and adsorption data
were presented in Table 2. When the R? values
given in the table are compared, it is seen that the
data fit well the Langmuir adsorption model more.
Therefore, it can be said that MB is adsorbed to the

surface by monolayer adsorption. The maximum
monolayer adsorption capacities calculated from
Langmuir adsorption model are 531.46 mg/g,
630.26 mg/g and 655.40 mg/g, respectively. It is
clearly demonstrated with the help of adsorption
isotherms that the change in pre-carbonisation
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temperature has significant effects on adsorption In other words, the adsorption of the molecule on
performance. The highest adsorption capacity was the surface occurred at a certain angle depending
obtained for the AC-600. Although the AC-500 had on the number of adsorbed molecules per unit
24% higher BET surface area and 29% higher pore area. As the interest of the molecule to be
volume than AC-600, it exhibited lower adsorption adsorbed to the surface increases, a more regular
performance. This revealed that besides physical stacking may occur.
surface properties, chemical surface properties

were also important for adsorption. High surface The MB adsorption performances of the activated
area and mesopore structure are important carbons produced within the scope of the study
parameters for dye adsorption on activated were compared with the performances of activated
carbons. High surface area is a desirable property carbons similarly produced from the waste fabric
in activated carbons as it increases the number of and reported in Table 3. There are not many
potential active positions. The activated carbons studies on the MB adsorption of activated carbons
should have a suitable pore opening for the dye produced from the waste fabrics in available
molecules to enter the pores easily. Although the literature. When the studies in Table 3 are
AC-500 sample had these desired properties, its compared, it is seen that the highest adsorption
lower performance against MB than AC-600 was performance was achieved with this study. All the
attributed to the adsorbent-adsorbate interaction. samples performed better than the results
When MB molecules diffuse into activated carbon obtained in previously published studies. It
pores, they adsorbed to certain positions on the known that the type of activation chemical used
surface. The adsorption can be through the central affects the activated carbon surface properties. It
aromatic ring or side chain groups. It has been is thought that activated carbon produced from
reported that the MB molecule may undergo cotton waste fabric with KOH activation forms a
molecular orientation on the activated carbon more suitable surface chemistry for MB adsorption
surface according to the hydrophilic/hydrophobic  and higher adsorption performance is obtained.
structure of the surface (Chalil Oglou et al., 2023).

Tablo 2: MB adsorption parameters of AC-400, AC-500 and AC-600.

Sample Langmuir model Freundlich model

dm, Mg/g k., L/mg R? n ke, mgttmLYg R?
AC-400 531.46 4.108 0.992 8.27 300 0.927
AC-500 630.26 1.593 0.951 7.39 328.9 0.878
AC-600 655.40 6.245 0.870 22.06 530.1 0.874

Table 3: Comparison of MB adsorption performance of activated carbons produced from textile wastes.

Raw material Activation agent Surface area, Adsorption Reference
m?/g capacity, mg/g
PET fabric - 846 163.9 (Li et al., 2020)
Acrylic fabric Vapour 2400 300 (You et al., 2000)
Polyester fabric  FeCls, FeCl,, FeSO, 1415 - 1393 - 382 445,51 - 450.23 - (Xu et al., 2019)
149.12
Polyester fabric ZnCl, 1101.5 504 (Yu et al., 2018)
Cotton fabric KOH 1385 - 1583 - 531.46 - 630.26 - This study
1276 655.40
4. CONCLUSION between the activated carbon surface chemical

properties and MB adsorption. As the pre-
It was aimed to produce activated carbon samples carbonisation temperature increased, a more
to be tested in MB adsorption using waste shirt hydrophobic surface was obtained, and MB was
with 100% cotton content. To examine how the adsorbed more on the activated carbon sample
change in activated carbon surface properties will  (AC-600). Although AC-600 has 24% lower surface
affect methylene blue adsorption, the pre- area, it has the most suitable surface property for
carbonisation temperature was changed during the the MB adsorption. The high performance of this
production process. Activated carbons with three sample was associated with the adsorption of more
different surfaces were successfully produced by dye molecules per unit surface area. When the
applying three different pre-carbonisation  findings obtained were compared with the studies
temperatures, and the differences in surface in periodicals, it was revealed that the highest
properties were revealed by characterisation methylene blue adsorption performance was
studies. The produced activated carbon samples achieved in this study.
have suitable surface area and pore volume values
for MB adsorption. The highest surface area and 5. REFERENCES
pore volume values were found in the AC-500
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