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Abstract
In this study, pyrolysis of pine cone, a lignocellulosic biomass, was carried out in a fixed bed reactor. The biochar product
obtained was activated by using chemical activation method. KOH was used as the activating agent with the impregnation ratio
was ¼. Activated pine cone biochars were characterized by using analysis techniques such as SEM, BET, and FT-IR. The usage
potential of the activated biochar product with a surface area of 1714.5 m2/g has been investigated in two different application
areas. As the first application area, the CO2 holding capacity of activated biochar was measured by using the thermogravimetric
analysis method. The CO2 adsorption capacity of the activated biochar was determined as 160 mg/g (3.64 mmol/g) at 25 °C. As a
second application area, the effectiveness of activated biochar product in the removal of dyestuff (methyl orange) from aqueous
solutions was investigated. The methyl orange adsorption capacity of the activated biochar in optimum conditions (pH 2,
temperature of 25 °C, initial concentration of 100 mg/L, adsorbent amount 0.8 g/L) was calculated as 109.5 mg/g. Isotherm
modeling and kinetic investigations showed that Freundlich and pseudo-second-order models describe the adsorption equilibri-
um and kinetic behavior well. As a result, this type of biomass could be successfully evaluated in removing both methyl orange
dye, which is a potential pollution risk for aquatic environment, and CO2 that is responsible for climate change and greenhouse
effect in the atmosphere.
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1 Introduction

In recent years, biochars have been accepted as an important
tool to improve environmental management and provide en-
ergy production. Biochar is a material formed as a result of the
carbonization of biomass containing carbon. The most com-
mon definition of biochar made so far is stated as a solid
material obtained as a result of thermochemical transforma-
tions of biomass in an environment where oxygen is limited.
These products are potential candidates for sustainable energy

production and environmental management. Biochar products
are produced depending on different operating conditions and
process parameters as a result of thermochemical processes.
Therefore, the products have different physical and chemical
properties. Characterization of the biochar is very important as
it plays an important role in determining their applications in
industrial and environmental management. For example, a
biochar with low carbon content and high ash content is not
suitable for the energy product. Likewise, it is not preferred to
use biochar products with low surface area as adsorbent. The
composition of the biomass used as raw material also has a
direct effect on the physicochemical properties of the biochar
produced by the thermochemical process. The composition of
the biomass at temperatures above 180 °C undergoes a series
of chemical reactions, and as a result, the molecular structure
turns into an aromatic form with a high porous surface area.
For example, biochars produced by pyrolysis at 350 °C have
small amounts of alkyl-O, alkyl-C, and aromatic (aryl) car-
bons in their structure. When the reaction temperature is in-
creased (> 500 °C), these alkyl-O and alkyl-C groups turn
completely into aryl-C groups [1].
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Biochar products are materials with a high surface area,
large pore volume, and rich superficial functional groups
and can be defined as products that have a wide range of
applications compared with materials obtained after other
chemical processes and that are cost-effective and can be eas-
ily prepared using different sources. Biochars have been used
as adsorbent, catalyst, soil conditioner, and energy storage
products in recent years [2]. Due to its low cost, porous struc-
ture, and high efficiency, biochar products are used as cata-
lysts in energy generation, waste management, catalytic elec-
trode materials, removal of environmental pollution, biomass
hydrolysis, bio-oil improvement, and chemical production [2,
3]. However, biochars are also widely used as soil condi-
tioners due to their special metal compositions and unique
surface structure. Biochar products, which have benefits such
as increasing the fertility of degraded soils, reducing toxicity
from aluminummetal, and increasing biological activity, have
been recognized as promising materials for improving or reg-
ulating soil contaminated with various pollutants, especially
heavy metals and pesticides [2, 4]. Another usage area of
biochar obtained as a result of thermochemical transforma-
tions of biomass is electrochemical energy storage applica-
tions. Electrochemical energy storage systems such as
supercapacitors and lithium-ion batteries have attracted con-
siderable attention in recent years. Carbon-based biochar
products are also preferred in electrochemical energy storage
devices due to their high surface area, wide pore distribution,
high electrical conductivity, and strong mechanical properties.
In this context, biochars are used as electrodes in
supercapacitors [5, 6]. In addition to all these usage areas of
biochars, researches on the use of biochar products as adsor-
bent to treat pollutants in the environment, especially in waste-
water and emissions, are attracting much more attention from
researchers. In particular, the use of carbon-containing agri-
cultural by-products and residues as adsorbents for water treat-
ment is low cost and easy to apply.

Air and water pollution are the leading environmental
problems that have become a global problem from out of
locality in the early 1970s. The air pollution problem, which
is one of these types of pollution, which varies according to
urbanization, industrialization, and population amount and
has reached serious dimensions as a result of human activities,
has become the most binding type of pollution that makes
countries responsible to each other. Especially CO2, which
occurs as a result of burning fossil fuels and causes negative
effects in the atmosphere, is a gas that creates a greenhouse
effect and causes global warming. Considering not only the
atmosphere but also the negative effects on living life, reduc-
ing the emission of CO2 or removing carbon dioxide from the
earth’s atmosphere is of international importance. One of the
methods used for this purpose is CO2 storage; it is reported in
the literature that activated carbons, carbon nanotubes, zeo-
lites, metal-organic frameworks, etc. are commonly used as

adsorbent materials for the capture of CO2. In recent years, the
production of effective adsorbent from agricultural wastes is
gradually increasing. Creamer et al. (2014) produced biochars
from sugar cane by pyrolysis process at different temperatures
(300, 450, and 600 °C) and they used these biochar products
for CO2 storage at 25 °C. The results showed that biochar
produced at high temperatures has the highest CO2 storage
capacity (73.55 mg/g at 25 °C). Also, when the specific sur-
face area of the biochar is large enough, the amount of nitrog-
enous functional groups played an important role in the ad-
sorption of CO2 to the biochar surface [7].

Water pollution is another of today’s environmental prob-
lems. Water is the natural resource which is the most affected
by environmental pollution and the most vulnerable in terms
of environmental pollution. Considering that the water re-
sources required for life, economic development, and environ-
ment are limited, it is seen how important the issue is. In this
context, it is of great importance that contaminated water, that
is, the water whose natural composition is degraded especially
as a result of industrial activities, is purified and released to
nature. Dyestuffs are one of the most important environmental
pollutants in water sources because of having a carcinogenic
effect in living things and also they are resistant to environ-
mental conditions depending on their low biodegradation rates
[8]. Therefore, it is imperative to treat wastewater containing
dyestuffs before they are released into nature. In recent years,
many studies have been conducted on biochar production and
their use as alternative adsorbents in water treatment by using
carbon-containing agricultural by-products and wastes.
Especially in removing the anionic and cationic dyes, which
have a wide range of applications in the textile industry, from
the aqueous environment, the use of biochars is becoming
increasingly common as an important alternative to activated
carbon in terms of its low cost and ease of application. In the
literature, biochars were produced using coconut shells, olive
kernel, cherry kernel, waste tea, almond peel, peach kernel
peel, apricot kernel, cotton stalk, etc., and their adsorption
capacities were investigated by determining their characteris-
tics [9–12].

Activating biochars to be used for environmental purposes
is another important issue and many methods have been de-
veloped for this purpose. These methods are divided into two
main groups: chemical and physical activation. In recent
years, chemical activation has been one of the most preferred
methods. Chemical activation can be carried out using suitable
acid, base, and metal salts. The main purpose of acid activa-
tion is to remove the unwanted metals from the structure and
connect the functional groups in the acid to the biochar sur-
face. Hydrochloric acid, sulfuric acid, nitric acid, phosphoric
acid, oxalic acid, and citric acid are among the most used acids
in the literature for acid activation. The main purpose of acti-
vation with the base is to increase the surface area of the
biochar and the functional groups it contains. Common
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compounds used for base activation are potassium hydroxide
and sodium hydroxide [3]. For example, in the literature, it has
been reported that both the surface area (from 14.4 to 49.1 m2/
g) and the functional groups in its structure have increased as a
result of KOH activation of the biochar obtained by municipal
solid waste pyrolysis [13]. In another study, it was reported
that the surface area of the biochar activated by 1 M HCl
increased from 58.75 to 88.35 m2/g [14]. Generally, the basic
activation of biomass with metal alkaline hydroxides such as
KOH and NaOH causes the production of biochars with high
surface areas that can reach up to 2000 m2/g [15]. Especially,
the surface of KOH-activated biochars, which may be used in
the removal of a wide range of contaminants and carcinogenic
compounds such as metallic [16] and non-metallic [17] pol-
lutants, organic [18–20] and inorganic [21, 22] compounds
from aqueous solutions, are more efficient.

The aim of this study is to determine the usage potential of
the KOH-activated pine cone biochar in two different appli-
cation areas. The CO2 retention capacity of the activated bio-
char product was determined as the first application area in
order to reduce CO2 emissions. As a second application area,
the effectiveness of activated biochar products in the removal
of dyestuff (methyl orange) from aqueous solution was inves-
tigated. Methyl orange which is an azo dye usually exists as a
sodium salt. It is often used in textile applications because it is
sensitive to acids; especially, it has been used to dye wool and
silk in an acid bath [23]. Methyl orange’s production and use
as a dye for textiles may result in its release to the environment
through various waste streams. It causes serious problems to
the environment because of its high solubility in water and
high resistance to biodegradation. Therefore, this dye is re-
moved in a very difficult way from aqueous solution by con-
ventional treatment methods. As targeted in this study, the
development of a highly efficient environmentally friendly
adsorbent material for reducing CO2 emissions in the atmo-
sphere and removing dyestuffs from the aquatic environment
is very important for both the global economy and the
environment.

2 Materials and methods

2.1 Preparation of pine cones

In this study, pine cones (PCs) were used as precursors be-
cause of its chemical characteristics similar to those of ligno-
cellulosic biomasses which generally contain 35–55% by
weight of cellulose, 20–40% of hemicelluloses, and 10–25%
of lignin [24]. The cones were collected fromAnkara province
in Turkey and air-dried for several days. The dried samples
were reduced in size by passing it through a stainless steel
blade mill (Waring, USA). Those with dimensions less than
250 μm were used in the pyrolysis process.

2.2 Characterization of raw pine cones

2.2.1 Proximate and ultimate analysis

Proximate analysis of the raw material was carried out using
an ash furnace (Protherm, PLF120/5). For the volatile matter
determination, 1.00 g of sample was placed in a crucible and
placed an ash furnace at 950 ± 5 °C temperature and waited 8–
10 min. For ash analysis of the samples, 1.00 g of sample was
placed in the crucible at 800 °C temperature ash furnace and
waited for 60 min. To determine the moisture content of the
biomasses, 1.00 g of sample was placed in a crucible and the
sample was heated at 70 °C for 24 h. At the end of the pro-
cesses, the cooled crucibles were weighed and the amount of
volatile matter, ash, and moisture were calculated. Ultimate
analysis of raw biomasses was performed on the Leco brand
CHNS-932 model analyzer. Quantities C, N, H, and S were
measured simultaneously.

2.2.2 TG/DTG analysis

The thermal behavior of the raw PC was determined in a
the rmog rav ime t r i c ana lyze r (TA, DMAQ800) .
Approximately 10mg of the sample was placed in the alumina
pan and loaded into the device. Experiments were carried out
under an inert nitrogen atmosphere using a gas flow rate of
100 mL/min. The temperature was then increased to 800 °C at
a heating rate of 20 °C/min and the mass losses of the samples
were recorded on the computer as a function of temperature
and time.

2.3 Pyrolysis processes and preparation of activated
pine cone biochar

The pyrolysis process was carried out in two stages. Firstly, to
determine the pyrolysis temperature giving the highest surface
area, the carbonization of the raw PCs was carried out in an
electrically heated fixed bed pyrolysis reactor in a temperature
range of 400–700 °C for 1 h, using approximately 40 g of
sample. The temperature of reactor which is made from stain-
less steel was controlled by the thermocouple placed in the
reactor. During the process, the inert nitrogen gas flow rate
was set to 100 mL/min and the heating rate to 20 °C/min. The
reactor temperature was supplied by the heat-couple placed
inside the reactor from the top of the furnace. The experimen-
tal setup and conditions were described in detail in previous
work [25]. The Brunauer-Emmett-Teller (BET) surface areas
of biochar products obtained at four different temperatures
were measured and the temperature (600 °C) giving the
highest surface area (259.74 m2/g) was determined as the car-
bonization temperature for the raw PCs.

In the second stage of the pyrolysis process, the carboniza-
tion and activation processes required to synthesize the PC
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biochar with high porosity and high surface area to be used in
the experiments were carried out in the cylindrical furnace
shown schematically in Fig. 1. For the carbonization process,
approximately 550 g of the raw PCs was taken and pyrolyzed
in a cylindrical furnace with three homogeneous zones at 600
°C, 10 °C/min heating rate, and 100 mL/min nitrogen flow
rate. The carbonized solid product obtained at the end of the
process was impregnated using a concentrated KOH solution.
The impregnation ratio (weight of carbonized sample/weight
of impregnation reagent) was taken as ¼. Activation was car-
ried out by using the impregnated PC biochar, at 10 °C/min
heating rate, 100 mL/min nitrogen flow rate, and maximum
temperature of 800 °C for 1 h. The activated PC biochar ob-
tained at the end of the process was neutralized using a dilute
HCl solution. The active biochar, which was separated by
filtration, was washed with silver nitrate solution until no
chloride reaction occurred. Finally, the APC biochars were
dried at 110 °C for 24 h and were stored in plastic flasks for
use in adsorption experiments.

2.4 Characterization of activated pine cone biochar

2.4.1 Surface analyses

The surface area of the activated pine cone (APC) biochar was
obtained from nitrogen adsorption analyses at 77 K by using a
Micromeritics/Tristar II Surface area analyzer. Prior to gas
adsorption measurement, the sample was degassed at 200 °C
under vacuum for 12 h. The adsorption data were obtained in
relative pressure. The surface area was calculated from N2

adsorption isotherms by using the BET equation.
The surface functional groups of the APC biochar before

and after the adsorption process were examined by FT-IR
spectroscopy (Perkin Elmer, Spectrum Two, USA). FT-IR
spectra were recorded between 400 and 4000 cm-1 by using
pellets made with KBr.

To examine the surface properties and microstructure mor-
phology of the biochar samples before and after the adsorption
process, topographic images of the sample surface were taken
with the Quanta (USA) FEI/Quanta 450 FEG brand SEM
device and structural changes were determined.

2.5 Determination of the effectiveness of APC biochar
in the removal of environmental pollutants

2.5.1 CO2 capture

CO2 adsorption capacity of APC biochar was determined
using the thermogravimetric analysis method [26]. A
Shimadzu brand DTG-60 model simultaneous TG/DTA ana-
lyzer was used for measurement. Approximately 10 mg of the
sample was placed in the sample holder of the device. The
sample was heated at 120 °C for 1 h in a nitrogen atmosphere
at a flow rate of 50 mL/min and volatile components were
removed from APC biochar’s structure. And then the atmo-
sphere of the analyzer was converted to CO2 at the same flow
rate and the temperature was reduced to 25 °C. The sample
was kept under this condition for 250min. The amount of CO2

adsorption was calculated from the change of weight in the
TG curve. In order to prevent the buoyancy effect, the analyz-
er was operated in the same test conditions as empty.

2.5.2 Adsorption of dyestuff from aqueous solution

Methyl orange (MO) dyestuff was selected as a typical model
pollutant due to its potential risk for the environment. It was
purchased from Sigma-Aldrich which was of analytical grade
and was used without further purification. The detailed infor-
mation of dyestuff is given in Table 1.

MO was dissolved in distilled water and stored as a stock
solution (1000mg/L). A certain concentration of dye solutions
(100–400 mg/L) was prepared by diluting the stock solution.
In total, 250 mL of these dye solutions with different initial

Fig. 1 Experimental setup of the
pyrolysis process (production of
activated PC biochar)
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concentrations was put in a series of 500-mL Erlenmeyer
flasks. Parameters affecting the adsorption process such as
pH (2–10), adsorbent dosage (0.1–0.8 g/L), and temperature
(25–45 °C) were studied in a batch system. The solution pH
was adjusted using dilute HCl (0.1 M) and NaOH (0.1 M).
The dye adsorption process was carried out in an isothermal
water bath shaker with a rotation speed of 150 rpm. The

experiment was carried out for 250 min to ensure that the
equilibrium was reached. The samples were collected at
predetermined time intervals and adsorbent separated from
the samples by filtering in order to minimize the interference
of the carbon fines. For this purpose, a Whatman filter paper
(size 41) was used. The residual dye concentration in samples
was measured using a UV-Visible spectrophotometer

Table 1 Details of the dyestuff used

Dyestuff Acid Orange 52

IUPAC Name
Sodium;4-[[4-(dimethylamino)

phenyl]diazenyl] benzenesulfonate

Commercial Name Methyl Orange

C.I. Number 13025

CAS Number 547-58-0

Appearance Orange powder

Empirical Formula C14H14N3NaO3S

Molecular Weight 327.34 g/mol

3D Molecular Structure

Chemical Structure

λmax 464 nm
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(DR2400, Hach Company, USA). Based on the acquired
values, the amount of dye adsorbed per unit mass of the ad-
sorbent (qe) was calculated according to Eq. (1) and the ad-
sorption yield was calculated by using Eq. (2) [27].

qe ¼ C0−Ceð Þ x V
m

ð1Þ

Dye removal %ð Þ ¼ C0−Ce

C0
� 100 ð2Þ

where qe is the amount of adsorbed dye per gram of adsorbent
(mg/g), Co and Ce are the initial and final dye concentrations
in solution phase, respectively (mg/L), V is the volume of dye
solution (L), and m is the weight of adsorbent (g). In order to
ensure the reproducibility of the results, all the adsorption
experiments were performed in triplicate and the average
values were used in data analysis. Relative standard deviations
were found to be within ± 2%.

3 Results and discussion

3.1 Characterization of raw PC

The physicochemical properties of the raw pine cone are pre-
sented in Table 2. PC had a high content of volatile substances
(72.0%). The high volatiles in the pyrolysis process drift away
from the environment due to the effect of temperature and the
fixed carbon remains, the main component of the biochar.
However, the amount of ash contained in the biomass is also
very important in the pyrolysis process. High ash content is
important as it causes contamination and aggregation in the
reactor. At the same time, it affects the pyrolysis quality and
causes an increase in operating costs. The ash value of pine
cone (3.20%) presented in this study was high compared with
that of other biomass species reported in the literature [28].
Although the main element of biochar is carbon (C), it also
contains hydrogen (H), oxygen (O), small amount of nitrogen
(N), and sulfur (S). The elemental composition of biochars
varies depending on the type of raw biomass and pyrolysis
conditions [29]. According to elemental analysis results, pine
cone had a low sulfur content (0.025%). S content is critical
due to environmental issues such as SO2 gas emissions and
acid rains. Also, a low nitrogen content in biomass means less
toxic nitrogen oxide emissions during combustion. The nitro-
gen and sulfur content of the PC used in this study was low
compared with that in other biomass types reported in the
literature [28].

Figure 2 presents the thermogravimetric (TG) and deriva-
tive thermogravimetric (DTG) curves of PC under inert nitro-
gen atmosphere for the final temperature of 800 °C and a
heating rate of 20 °C/min. When TG and DTG curves were
analyzed, it was seen that decomposition of PC took place in

three steps. The first decay began at 27 °C and ended at 113
°C. At this step, the moisture and the low molecular weight
substances were removed from the surface. The main decom-
position of PC started at 205 °C and ended at 468 °C. At this
step, the mass loss was high and this showed that hemicellu-
lose, cellulose, and lignin were decomposed. Lignocellulosic
biomass consists of hemicellulose, cellulose, and lignin. In the
literature, the decomposition temperature ranges of hemicel-
lulose, cellulose, and lignin are reported as 210–325, 310–
400, and 160–900 °C, respectively. When the thermogravi-
metric analysis curves of the PC used in this study were com-
pared with other lignocellulosic biomass species, it was found
to be compatible with the literature [28, 30].

3.2 Structural characterization of activated PC biochar

In order to obtain information about the surface properties of
activated PC biochar, BET surface area andmicropore volume
values were determined and presented in Table 3. The BET
surface area and pore volume values of the activated biochar
product were measured as 1714.5 m2/g and 0.684 cm3/g, re-
spectively. Biochars with low surface area are undesirable
especially for adsorption studies [31]. It is known that adsor-
bents with high surface area and small particle size are more
effective in the adsorption process. However, it is a known
fact that significant improvements have been achieved thanks
to chemical activations in the surface area and pore volume,
which are important parameters for biochar applications.
Chemical activation can not only increase the porosity of the
biochar but also affect the chemical properties of the surface
(surface functional groups, hydrophobicity, and polarity) [32].
In the literature, there are many biochar products activated
with different chemical reagents and used for different appli-
cations. For example, Li et al. (2015) measured the surface
area value of the biochar they obtained from rice husk at 520

Table 2 Proximate and ultimate analysis of PC

Pine cone

Proximate analysis

Volatile matter 72.0

Ash 3.20

Fixed carbona 24.8

Ultimate analysis

C 44.75

H 5.37

N 0.59

S 0.025

Oa 49.27

Higher heating value (MJ/kg) 14.09

a Calculated by difference
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°C as 2695 m2/g [33]. Biswas et al. (2020) determined the
surface area value of the biochar which is activated with
H3PO4 obtained from the pine cone as 171.85 m2/g [34]. In
this study, it was seen that the surface area value of the biochar
obtained from the PC and activated with KOH was quite high
compared with many studies in the literature. While the sur-
face area of the non-activated PC biochar was 259.74 m2/g,
this value increased to 1714.5 m2/g as a result of the chemical
activation process. This result suggests that activated PC bio-
char may be a good carbon-based material to be used as an
adsorbent for removing environmental pollutants.

3.3 CO2 adsorption capacity of activated PC biochar

Due to modern life needs such as electricity, transporta-
tion, and industrialization, consumption of fossil fuels in-
evitably continues. As a result of these activities, green-
house gases that cause global warming are released into
the environment. Among these emissions, CO2 has a sig-
n i f i c a n t impac t a nd sha r e . Ac co rd i ng t o t h e
Intergovernmental Panel on Climate Change (IPCC) spe-
cial report of global warming (2018), it is stated that to

limit global warming to just under 2 °C, CO2 emissions
should be reduced by 25% until 2030 and reduced by
100% until 2070 [35]. CO2 should be removed from the
atmosphere. For this purpose, various technologies related
to carbon capture storage are being developed to limit the
effects of emissions [36–38]. One of the most convenient
methods for capturing CO2 is undoubtedly adsorption. In
this study, CO2 adsorption performance test of the acti-
vated PC biochar sample was performed in TGA. The
change in TG curve over time is shown in Fig. 3. As
can be seen from Fig. 3, the maximum CO2 adsorption
capacity of activated PC biochar product was 160 mg/g
(3.64 mmol/g) at 25 °C. Experimental results indicated
that CO2 adsorption was completed within 180 min.
There are some studies in the literature on CO2 storage
onto activated biochar products at different temperatures.
Ambient temperature is the most important factor affect-
ing adsorption capacity values. Mostly, the increase in
ambient temperature leads to a significant decrease in
the adsorbed values of CO2 [39]. For example, CO2 ab-
sorptivity of K2CO3-activated cashew nutshell carbon is
found to be between 4.16 and 6.22 mmol/g at atmospheric

Table 3 Surface characteristics of PC biochar

Samples Pyrolysis conditions Activation conditions SBET (m
2/g) Pore volume (cm3/g) Reference

PC biochar 600 °C, 1 h No activation 259.74 - [25]

Activated PC biochar 600 °C, 1 h KOH impregnation ratio ¼
800 °C
1 h

1714.5 0.684 This study
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pressure and 0 °C [40]. On the other hand, the adsorption
capacity values given in Table 4 are the values obtained at
25 °C in the literature. The results show that CO2 uptake
at 0 °C was slightly better than 25 °C.

At the same time, as seen from Table 4, an extremely high
increase in specific surface area and CO2 adsorption was ob-
served for the samples modified with KOH compared with
acid activation. In acid activation, especially the surface area
and adsorption capacity of the HF-activated biochar product
was quite low compared with the H3PO4-activated biochar
product. Therefore, it can be said that the biochar products
activated with KOH are more useful in CO2 capture applica-
tions. Especially the CO2 adsorption capacity of the active
biochar prepared from pine cone within the scope of the study
was higher than many other biochar products reported in the
literature [7, 32]. Thanks to the KOH activation, the surface
area and adsorption capacity of the biochar have been in-
creased, making it comparable to the adsorption capacities
of other biochars reported in the literature. The experimental
result indicated that this material can be used in CO2 capture
applications. Based on the results, it can be concluded that it is
absolutely necessary to activate the biochar in order to keep a
higher amount of CO2.

3.4 Adsorption of methyl orange onto activated PC
biochar

The adsorption capacity of the produced APC biochar was
also tested for the removal of MO from aqueous solution.
The effects of different adsorption parameters such as pH of
solution, initial concentration of dye solution, contact time,
adsorbent dosage, and temperature on the adsorption of MO
onto APC biochar were investigated and optimized in batch
experimental system. The equilibrium of adsorption was
modeled using the Langmuir and Freundlich isothermmodels.
Pseudo-first-order and pseudo-second-order kinetic models
were used to test the adsorption data. Thermodynamic param-
eters such as the Gibbs free energy, enthalpy, and entropy
were determined.

3.4.1 Effect of initial solution pH

The basic mechanism in the adsorption process depends on the
interest of the substance to be adsorbed on the solid surface
used as adsorbent. Therefore, not only the surface area of the
adsorbent but also the chemical structure of this porous material
and ambient chemistry are of great importance. It is known that
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Fig. 3 CO2 adsorption capacity
of the activated PC biochar

Table 4 Comparison of CO2 adsorption capacities of activated biochars produced from different biomasses

Biomass type Activation method SBET (m
2/g) CO2 capture (mmol/g) Reference

Pine cone KOH 1714.5 3.64 This study

Rice husk HF 451 1.80 [41]

Vine shoots KOH 1439 1.98 [42]

Camellia japonica KOH 3537 2.80 [43]

Rice husk KOH 2695 3.71 [44]

Coconut shell H3PO4 1322 3.73 [45]

Pomegranate peel KOH 585 4.00 [46]

Pine nutshell KOH 1486 5.00 [47]
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the pH value of the solution has an important role in the ad-
sorption process especially in the surface charge of adsorbent,
electrostatic interaction, hydrogen bond formation, electron ex-
change, and π-π dispersion interactions in solution [48]. Also,
since hydronium and hydroxide ions are strongly adsorbed in
the aqueous medium, the adsorption of other ions is affected by
the pH of the solution. In this study, the effect of pH was
determined in the pH range from 2 to 10 at a fixed initial
concentration (100 mg/L), temperature (25 °C), adsorbent dos-
age (0.8 g/L), and time (250 min). The influence of pH on the
adsorption of MO onto APC biochar is illustrated in Fig. 4. It
was observed that the percentage removal of MO decreased as
pH increased. The maximum amount of MO (93.98%)
adsorbed was obtained at pH of 2. While the solution pH in-
creased, adsorption capacity value also decreased from 109.5 to
81.3 mg/g. This result could be attributed to the fact that the
MO is an anionic dye. At low pH values, the adsorbent surface
becomes positively charged and therefore, electrostatic attrac-
tion between the adsorbent surface and negatively charged dye
molecule increases. As a result, a greater amount of dye is
adsorbed [49, 50]. In other words, at high pH values, excess
OH- ions in the solution compete with the anionic groups of the

dye molecule for attaching to the adsorption sites on the adsor-
bent surface which leads to a decrease in adsorption yield [8,
51]. In addition, activation of the PC biochar with KOH caused
hydroxyl groups to exist on the surface of the adsorbent. The
adsorption of MO onto activated PC biochar may have oc-
curred by the displacement of the anionic group of theMOwith
the OH- group of the biochar [52].

3.4.2 Effect of temperature

Temperature is another important parameter affecting adsorp-
tion. It is a factor that determines not only the adsorption
efficiency but also the type of process, whether it is physical
or chemical. The effect of temperature was investigated in the
temperature range from 25 to 45 °C at a fixed initial concen-
tration of 100 mg/L, pH of 2, adsorbent dosage of 0.8 g/L, and
time of 250 min. The adsorption yields obtained from MO
removal from aqueous solutions at three different tempera-
tures are given in Fig. 5. The decrease in adsorption efficiency
at high temperature indicated that the adsorption process was
more favorable at lower temperatures. The results showed that
when using APC biochar, the adsorption efficiency decreased
from 93.98 to 80.99% with the increasing temperature so that
the process was physical. This is because it is known that the
low-temperature range is sufficient in the physical adsorption
due to van der Waals forces, which in turn leads to a decrease
in the adsorption efficiency with increasing temperature [53].
In addition, the decrease in the adsorption capacity with the
increasing temperature showed that the adsorption process
was exothermic.

3.4.3 Effect of initial dye concentration and adsorbent dosage

In order for the adsorption process to take place, some condi-
tions must occur. Dissolved substances to be kept on the
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adsorbent surface must first pass through the solvent liquid
film surrounding the mass. This transition is called “film dif-
fusion.” The substances coming to the adsorbent surface must
complete a transition called “pore diffusion” in order to enter
the inner part of the pores. Binding of the dissolved substance
that passes these two stages on the adsorbent substance is the
last process. At this point, the initial concentration of the sub-
stance to be adsorbed on the solid surface is very important
because the most important driving force between the liquid
and solid phase is undoubtedly the initial concentration. The
effects of different initial MO concentrations on adsorption
yield and adsorption capacity values are shown in Fig. 6.

The experimental results showed that by changing the initial
concentration for MO dye at the range of 100–400 mg/L, the
adsorption efficiency decreased, whereas the adsorption ca-
pacity values increased. Experimental results showed that all
dye molecules in the solution phase, particularly at low con-
centrations, interacted with the binding sites of the adsorbent
and resulting in high removal efficiencies. However, it should
be noted that all adsorbents saturated at a given concentration
have a limited number of binding sites. Therefore, the possi-
bility of attachment of the dye molecules on the adsorbent
surface was weakened with increasing initial dye concentra-
tion and the removal efficiencies also decreased. On the other
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hand, the increased initial concentration, which is the impor-
tant driving force for the mass transfer between the aqueous
solution and the solid phase, caused an increase in the equi-
librium adsorption capacity (qe) [54]. An increase in the initial
concentration of MO solution from 100 to 400 mg/L resulted
in an increase of the adsorption capacity of APC biochar of
nearly 290% (from 109.5 to 425.2 mg/g).

Since the adsorption process is an event occurring on the
surface of the material, the efficiency of the adsorption is
proportional to the specific surface area of the adsorbent.
That is, it is desirable that the adsorbent has a large surface
area, pore volume, and a certain pore size distribution.
However, the amount of adsorbent to be used in the adsorption
process is also very important. In this study, the effect of
adsorbent dosage was investigated by varying the adsorbent
amounts from 0.1 to 0.8 g/L and the experimental results are
shown in Fig. 7. It was observed that the removal efficiency of
MO increased from 35.57 to 93.98% when the adsorbent dos-
age increased. This result could be attributed to the availability
of more and more active binding sites with the increasing
dosage of the adsorbent [55]. Therefore, increasing the adsor-
bent dosage was another factor that positively affected the
adsorption process due to a large surface area allowed.

3.4.4 Effect of contact time

In order to examine the effect of contact time on the adsorption
process and to determine the optimum contact times at which

the maximum dye removal efficiency was achieved at differ-
ent initial concentrations, dye solutions of different concentra-
tions were contacted with a certain amount of APC biochar.
Figure 8 shows the effect of contact time and initial MO dye
concentrations at 25 °C on the amount of MO dye adsorbed
per gram of APC biochar. It was observed that the adsorption
rate was quite high for the first 30 min in all concentrations
studied. Then, the adsorption process continued at a slow rate
and finally attained saturation at different time intervals due to
different initial concentrations of dye solutions. The adsorp-
tion process was completed within approximately 85–180min
for initial concentrations of 100–400 mg/L. When the equilib-
rium was reached, there was no change in the adsorption ca-
pacities. The higher adsorption rate at the initial period could
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Fig. 8 Effect of contact time and initial concentration on the adsorption of MO dye onto APC biochar (pH = 2, T = 25 °C, adsorbent dosage = 0.8 mg/L)

Table 5 Maximum adsorption capacity values for removal of MO dye
using different adsorbents (initial MO concentration of 100 mg/L)

Adsorbent qe (mg/g) Reference

Chitosan/rectorite/carbon nanotubes composite 50.8 [56]

Fly ash modified by Ca(OH)2/Na2FeO4 67.9 [57]

Commercially activated carbon 77.0 [58]

Pine sawdust–activated carbon 91.9 [52]

Granular-activated carbon 46.1 [59]

Activated PC biochar 109.5 This study
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be attributed to the availability of more vacant sites at the
surface of the adsorbent at the beginning [8].

It is concluded that APC biochar was a superior adsorbent
for MO removal because the value of the adsorption capacity
was quite high in comparison with that in several other report-
ed adsorbents in the literature (Table 5).

3.4.5 Adsorption isotherm models

Adsorption isotherms are important to understand how
adsorbed molecules distribute between the solid and liquid
phases when the equilibrium is reached in the adsorption pro-
cess. The adsorption isotherm study was carried out on two
well-known isotherms to test the adsorption data; they are the
Langmuir and Freundlich adsorption models. The Langmuir
isotherm, which is considered to occur on a homogeneous
surface, is based on the following assumptions: The adsorbent
surface has a constant number of active sites with the same
energy and the adsorption energy is constant. Adsorption oc-
curs in a monolayer and maximum adsorption occurs when
the molecules attached to the adsorbent surface form a satu-
rated layer. This is the simplest theoretical model for the ad-
sorption process, which is expressed by Eq. (3). The
Freundlich model assumes that the adsorption process takes
place onmultilayered heterogeneous surfaces and is expressed
by the formula in Eq. (4).

Ce

qe
¼ Ce

qmax
þ 1

qmaxKL

� �
ð3Þ

lnqe ¼ lnK f þ 1

n
lnCe ð4Þ

where Ce is the equilibrium concentration of dye in the bulk
solution (mg/L), qe is the amount of dye adsorbed per unit
mass of adsorbent (mg/g), qmax is the maximum adsorption
capacity (mg/g),KL is the constant related to the free energy of
adsorption (L/mg), Kf is a Freundlich constant indicative of
the relative adsorption capacity of the adsorbent [mg/g
(L/mg)1/n], and 1/n is the heterogeneity factor which is the
constant characteristics of the system [60]. With the applica-
tion of the results obtained experimentally to the Langmuir
and Freundlich isotherm models, the linear isotherm graphs
Ce/qe versus Ce and lnqe versus lnCe were drawn. The model
parameters calculated from these graphs are given in Table 6.

As it was seen from Table 6 that the correlation coefficients
(R2 values) for Freundlich isotherm were higher than that of
Langmuir isotherm and they were very close to 1. Therefore,
the best fit was achieved by the Freundlich isotherm equation.
Fit of this equation reflected heterogeneous surface or in other
words indicated that multilayer sorption of the surface. On the
other hand, the adsorption process was a physical process
because of the fact that 1/n values are higher than 1. This result
was similar to those obtained by studies on the effect of tem-
perature on the adsorption process in order to characterize the
adsorption model. As a result, this adsorption isotherm pro-
vided some insight into the adsorption mechanism and the
surface characteristics of the adsorbent. A similar observation
is reported in the literature [51].

Table 6 Freundlich and Langmuir isotherm constants for the adsorption of MO onto APC biochar

Adsorbent type Isotherm model Parameters Temperature (°C)

25 35 45

APC biochar Langmuir qmax (mg/g) 80.37 69.93 57.88

KL (L/mg) 0.261 0.1874 0.1138

R2 0.9202 0.9193 0.8970

Freundlich Kf [mg/g (L/mg)1/n] 20.18 19.15 20.38

n 0.421 0.459 0.417

R2 0.9821 0.9880 0.9919

Table 7 Rate constants of pseudo-first-order and pseudo-second-order models with correlation coefficients

Adsorbent type Initial concentration(mg/L) qe (exp)(mg/g) Pseudo first order Pseudo second order

qe (cal)(mg/g) K1(1/min) R2 qe (cal)(mg/g) K2(g/mg.min) R2

APC biochar 100 109.5 49.52 0.1570 0.904 112.36 2.02 × 10-3 0.999

200 225.5 244.74 0.1247 0.973 232.56 6.68 × 10-4 0.998

300 328.3 257.16 0.0125 0.981 357.14 2.05 × 10-4 0.994

400 425.2 401.42 0.0077 0.954 476.19 6.14x × 10-5 0.978
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3.4.6 Adsorption kinetics and thermodynamic study

Adsorption kinetics were investigated in order to examine the
adsorption mechanism, determine the adsorption rate, and cal-
culate the maximum adsorption capacity of the APC biochar
for MO adsorption. Adsorption data were tested using two
different kinetic models: pseudo-first-order and pseudo-
second-order kinetic models. The linear forms of pseudo-
first-order and pseudo-second-order rate equations are pre-
sented in Eqs. (5) and (6), respectively.

log qe−qtð Þ ¼ log qeð Þ− k1
2; 303

t ð5Þ

t

qt
¼ 1

k2qe2
þ t

qe
ð6Þ

where qt and qe denote the sorption capacity (mg/g) at a given
time and at equilibrium, respectively, k1 is the pseudo-first-
order rate constant (1/min), and k2 is the pseudo-second-order
rate constant (g/mg.min) [61]. With the application of the re-
sults obtained experimentally to the pseudo-first- and second-
order kinetic models, the linear graphs log(qe-qt) versus t and
t/qt versus t were drawn. The rate parameters were calculated
from the slope and intercept of these graphs. The values of
kinetic parameters (the rate constants of the two models with
the correlation coefficients) of the linear form of both rate
equations are presented in Table 7.

Fig. 9 FT-IR spectra of the
activated PC biochar before and
after MO adsorption

Table 8 Thermodynamic parameters of MO adsorption onto APC biochar at different temperatures

Adsorbent type Temperature (°C) ΔGo (kJ/mol) ΔHo (kJ/mol) ΔSo (kJ/mol.K)

APC biochar 25 − 4.841 - 78.92 41.08
35 − 4.788

45 − 4.638
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The pseudo-second-order kinetic model fit the adsorption
data well when compared with the pseudo-first-order kinetic
model because of the correlation coefficients between 0.978
and 0.999 were high and the calculated equilibrium adsorption
capacity values were in agreement with the experimental equi-
librium adsorption capacity values shown in Table 7. Also, it
was clear that as the initial concentration of the dye solution
increased, the value of the rate constants (K1 and K2) de-
creased. This result showed that as the initial concentration
increased, great adsorption occurred but it was slower than
lower concentrations; i.e., the adsorption took place slowly.
A similar observation is reported in the literature [52, 62].

Enthalpy (ΔHo), entropy (ΔSo), and free energy changes
(ΔGo) should also be examined to get information about the
nature of adsorption. These thermodynamic parameters were
calculated using the following Eqs. (7–9):

Kc ¼ Cads

Ce
ð7Þ

ΔG ¼ −RT lnKc ð8Þ

lnKc ¼ ΔS
R

−
ΔH
RT

ð9Þ

where Kc is the equilibrium constant (L/mg), R (8.314 J/mol
K) is the universal gas constant, and T (K) is the absolute
solution temperature. The values of ΔHo and ΔSo were de-
termined from the slope and intercept of the Van’t Hoff graph
obtained by the plotting lnKc versus 1/T [50]. The calculated
thermodynamic parameters are given in Table 8. It was seen
from this table that the negative value of ΔGo indicated the
spontaneous nature and feasibility of the adsorption process.
The negative value of ΔHo showed the exothermic nature of
the process. The positive value ofΔSo indicated an increase in
the randomness at the solid/solution interface during the ad-
sorption process.

3.5 Surface characteristics of activated PC biochar
(before and after MO adsorption)

The FT-IR spectra of activated PC biochar samples before and
after MO adsorption were recorded between 400 and 4000
cm-1 and are shown in Fig. 9. In the obtained spectra, the
structures of the samples were defined with the help of the
peaks given by the surface functional groups. When the FT-IR
spectrum before the adsorption was examined, C–H stress
vibrations due to aliphatic hydrocarbons were observed in
the 2940–2890 cm-1 wave number. The band observed at
3005 cm-1 after adsorption could be caused by the C–H tensile
band in the aromatic ring in the structure of the MO [63, 64].
Some functional groups have emerged after adsorption. These
groups were the stress peaks corresponding to the wavenum-
ber of 1269, 1212, and 1086 cm-1. Especially, these bands
were sharp and more distinct after adsorption. Therefore, the

peaks in the range of approximately 1000–1500 cm-1 wave
number proved that the MO was adsorbed [63]. Sharp and
intense bands seen before and after adsorption could be attrib-
uted to Si–O and Si–H stress vibrations [65–68]. As a result,

(a)

(b)

(c)

Fig. 10 SEM images of the PC biochar; aNo activation, b activationwith
KOH (before adsorption process), cAPC biochar after adsorption process
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FT-IR spectra recorded before and after adsorption showed
the presence of various functional groups in the structure
due to the adsorption of MO.

Figure 10 shows the SEM images of PC biochar samples
(with and without activation). The KOH activation was effec-
tive in creating well-developed pores on the surface of the
biochar. Pore volume and surface area increased due to the
reaction between carbon in the structure of the biochar, and
KOH solution and also the formation of new functional
groups [69]. Especially with the formation of new pores as a
result of chemical activation, the surface area increased from
259.74 to 1,714.5 m2/g. The image in Fig. 10b clearly showed
the change in surface morphology after the chemical activa-
tion. Surface images taken after adsorption process (Fig. 10c)
clearly showed that the surface of the APC changed consider-
ably after the treatment and that MO dye molecules, which
were desired to be removed from the aqueous solution in
operation, were held by the pores significantly.

4 Conclusions

In this study, carbonaceous material with high surface
area was produced by using the chemical activation meth-
od. A significant increase in surface area (from 259.74 to
1714.5 m2/g) was achieved with KOH activation.
Obtained APC biochar was used as adsorbent for CO2

storage and MO removal from aqueous solution. High
CO2 uptake (160 mg/g) and high MO removal (93.98%)
obtained were clearly shown the importance of surface
properties of carbonaceous materials on the adsorption
process. The adsorption kinetics and isotherm studies for
MO removal indicated the effectiveness and applicability
of the APC biochar under various process conditions.
Thermodynamic parameters indicated the spontaneous,
exothermic, and the increased randomness nature of MO
adsorption. Experimental results showed that APC bio-
char is a highly effective and potential adsorbent that
could be used in both water treatment and reduction of
CO2 emission due to its high removal efficiency for both
MO and CO2. In addition, given that biochars can be
regenerated or recycled by thermal, steam, and chemical
methods, it is an undeniable fact that these materials are
cost-effective.
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