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Abstract: This study investigates the characteristics of activated carbons derived from biomass plant
residues: rice husk (OSL) of the genus Oryza, reed stalks (PhAC) of the genus Phragmites, pine
sawdust (PSL) of the genus Pinus, and wheat straw (TAL) of the genus Triticum. Activation was
carried out using potassium hydroxide, employing a two-stage pyrolysis under air. The study
examined the influence of activation temperature, duration, concentration of the impregnating
agent, and impregnation time. Characteristics such as sorbent porosity, bulk density, and
hydrocarbon sorption capacity were determined. Adsorption capacity was assessed using BET
analysis and the iodine number determination method, with the highest iodine number achieved
being 2809 mg/g, indicating high adsorption capability. The structural morphology of the activated
carbons was evaluated by SEM, and their chemical surface characteristics were identified by IR
spectroscopy. Computational analysis of the nitrogen sorption isotherms using the Barrett-Joyner-
Halenda (B-J-H) method and the Dubinin-Radushkevich (D-R) equation showed that activated
carbon samples from rice husk and pine sawdust possess a developed specific surface area and
contain micro- and mesopores. The Dubinin-Astakhov (D-A) approach was used to study the pore
diameter of activated carbon, revealing significant findings on pore structure. The maximum
micropore volume was found in activated carbon samples from pine sawdust (PSL), measuring 0.46
cm®/g. All activated carbon samples of plant origin were tested under field conditions for the
remediation of oil-contaminated areas near the “Zhanatalap” oil field in the Atyrau region. By the
16th day, the oil-contaminated soil treated with rice husk activated carbon was cleaned by 67.1%.

Keywords: plant raw materials; activated carbon; biomass; adsorption activity; oil contaminated
soil

1. Introduction

Activated carbon is the most versatile and frequently used adsorbent, employed for purification
and separation in numerous industrial processes, including medical applications, gas storage,
pollutant and odor removal, as well as water and soil purification from petroleum products [1-4].
The advantages of activated carbon sorbents stem from their large specific surface area, extensive
internal surface area, significant pore volume, good chemical stability, and various oxygen-
containing functional groups on the surface. In recent years, there has been growing interest in
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research on producing activated carbon sorbents using renewable and cost-effective precursors.
Agricultural waste can serve as such renewable and economical carbon precursors [5,6]. Utilizing
domestic biomaterials as raw materials for activated carbon is particularly significant as it reduces
production costs by minimizing logistics expenses [7]. Consequently, numerous studies have
investigated activated carbons derived from agricultural waste, such as acorn shells [8,9], pistachio
shells [10], grape seeds [11], corn cobs [12], banana stalks [13], apricot kernels [14], sawdust [15,16],
rice husks [17,18], walnut shells [19], sugar cane bagasse, and sunflower seed husks [20].

Activated carbon can be derived from a wide range of raw materials, primarily through two
methods: physical or chemical activation. In recent years, a combination of both processes, known as
physico-chemical activation, has garnered significant attention in research.

The method of physical activation involves the carbonization of raw materials followed by
activation at high temperatures in the presence of active agents such as water vapor, carbon dioxide,
or a mixture of these gases [21,22]. In contrast, the chemical activation method begins with
impregnating the starting materials with a dehydrating chemical (e.g.,, KOH, HsPOs, ZnCl2 and
H2504) before undergoing heat treatment. The dehydrating agents are then carbonized at
temperatures ranging from 170°C to 600°C.

Compared to chemical activation, physical activation occurs at higher temperatures typically
ranging from 700°C to 1100°C [23]. The dehydrating effect of the active substances used in chemical
activation inhibits tar formation [24,25], leading to higher yields of porous carbon and lower
activation temperatures compared to physical activation methods [26,27].

Prahas et al. reported that chemical activation methods, using agents such as HsPOs and ZnClz,
are effective for activating previously carbonized lignocellulosic materials. On the other hand, agents
like KOH are suitable for activating charcoal or charcoal-like precursors [28,29]. Rice husks (genus
Oryza), reed stalks (genus Phragmites), pine sawdust (genus Pinus), and wheat straw (genus Triticum)
are abundant plant species native to Central Asia and Kazakhstan. Due to their availability and low
cost, these residues are well-suited as raw materials for producing activated carbon. However, to our
knowledge, despite their potential applications, there have been no reported studies on obtaining
activated carbons OSL, PhAC, PSL and TAL using a two-stage KOH chemical activation process
under air.

Thermal processes require high energy due to the elevated temperatures involved, making them
both energetically and commercially expensive. The current challenges associated with the high
energy consumption of thermal processes for producing activated carbon have spurred research into
alternative regeneration methods aimed at reducing environmental impact [30]. Air activation stands
out as economically attractive due to its high yield, relatively short activation time, and low energy
consumption [31].

The primary objective of this study was to produce activated carbon from biomass plant
residues: OSL, PhAC, PSL and TAL using KOH as the activating agent in a two-stage process
designed to minimize energy consumption at lower air temperatures. Pyrolysis was conducted at
various activation temperatures ranging from 300°C to 850°C, with a heating rate of 5°C/min. The
study investigated the influence of activation temperature and time, as well as the KOH-to-carbon
ratio, on the activated carbon derived from biomass. The optimal activation conditions for each
biomass type OSL, PhAC, PSL, TAL were determined by analyzing parameters such as iodine
number and specific surface area of the prepared activated carbon.

Incorporating activated carbon into soil serves as a long-term carbon storage reservoir, delaying
its release into the atmosphere as CO,, which contributes positively to climate change mitigation
efforts. An additional advantage is that the raw materials for activated carbon production originate
from renewable sources and organic waste from the agro-industry, which often pose environmental
pollution challenges [32-35].

In the Republic of Kazakhstan, soil contamination with oil poses a significant environmental
challenge, where activated carbon has shown promising applications. Its main competitive
advantages include high sorption capacity for petroleum products, effective degradation of oil and
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petroleum substances, cost-effectiveness of reclamation technology, and rapid reclamation process.
Furthermore, the production of modified activated carbon is environmentally less harmful.

This study investigates the physico-chemical properties of activated carbon derived from
various plant residue sources in Kazakhstan, including wheat straw, rice husks, reed stalks, and pine
sawdust. Additionally, it explores the application of these activated carbon samples to enhance soil
fertility and remediate oil-contaminated areas near the “Zhanatalap” deposit in the Atyrau region.

2. Results
2.1. Investigation of the Physico-Chemical Characteristics of Activated Carbon Samples

Plant residues were selected as natural plant sources: OSL, PhAC, PSL and TAL. After two-stage
pyrolysis at 850°C and chemical activation with potassium hydroxide, activated carbon samples were
obtained. Experiments with the obtained activated carbon samples on the EDAX energy dispersive
X-ray spectrometer showed that carbonized samples from reed stalks, pine sawdust and wheat straw
consist of 87-97% by weight of carbon and contain insignificant amounts of hydrogen, oxygen,
nitrogen. In addition to the above components, carbonized rice husks contain from 5 to 10% silicon
by weight. The latter allows the activated carbon sorbent from rice husks to have hydrophilic
properties.

The main physico-chemical characteristics of different activated carbon samples are presented
in Table 1. The bulk density for carbonized samples of OSL, PhAC, PSL and TAL was 0.423 kg/m3,
0.396 kg/m?, 0.482 kg/m? and 0.388 kg/m?, respectively.

Table 1. Physico-chemical characteristics of activated carbon samples.

Specific surface

Activated Bulk density, Average particle . Volume of Volume of
carbon kg/m? size, mm area according to micropores, cm®/g mesopores, cm/g
BET, m%/g
OSL 0423 0.30 668.3 0.26 0.09
PhAC 0.396 0.15 4321 0.06 0.08
PSL 0.482 2.50 1266.4 0.46 0.16
TAL 0.388 0.20 3794 0.08 0.06

Crushed OSL consists of fine-grained particles with sizes 0.25-0.35 mm and highly dispersed
particles with sizes less than 40 microns. The particle sizes PSL were commensurate, the average
particle size was in the range of 1.5-2.5 mm. Carbonized TAL and PhAC were easily crushed and
contained carbon dust. The average particle size was 0.1-0.2 mm.

Calculation data based on the analysis of nitrogen sorption isotherms on activated carbon
samples using the B-J-H method, as well as the D-R equations, showed that activated carbon samples
PSL and OSL have a developed specific surface area and are 1.5-3 times superior to other samples.
The porous structure of activated carbons PSL and OSL is represented by a developed micro- and
mesoporous structure with a predominance of micropores by 63-71%.

2.2. Investigation of the Structural Characteristics of Activated Carbon Samples by SEM

The study of the morphology of samples OSL (Figure 1a) and PhAC by SEM (Figure 1b) showed
that the obtained samples of activated carbon differ in the presence of undisturbed particles and two-
dimensional film-like structures prevail.
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Figure 1. SEM images of the activated carbon structure: (a) - OSL; (b) - PhAC; (c) - PSL; (d) - TAL.

SEM images of the resulting activated sorbent sample are shown in Figure la-d. SEM images
showed an irregular and heterogeneous surface morphology with a well-developed porous structure.
Microphotographs show that the outer surface of the activated sorbents has cracks, crevices and
several grains of various sizes in large holes. Pores of various sizes and shapes could be observed.

According to the analysis of SEM images of activated carbons OSL and PhAC (Figure 1a-b), as
well as according to BET analysis, it is possible to judge the presence of not only macropores in the
samples, but also the presence of meso- and micropores. SEM-images of activated carbon samples
PSL (Figure 1c) and TAL (Figure 1d) did not reveal the presence of a developed porous structure,
which correlates with small values of micro- and mesopore volumes.

2.3. Effect of the Impregnation Coefficient

It is well known that the impregnation coefficient is one of the parameters that have a profound
effect on the adsorption properties of activated carbon. With chemical activation of KOH, the
activation time of 3 h and the preliminary activation temperature of 750°C were maintained
continuously, while the ratio of sorbents to KOH varied from (1:1) to (1:4) to study the effects of iodine
adsorption, respectively. The iodine numbers of sorbents prepared with varying degrees of
impregnation using the KOH activating agent are shown in Figure 2a-b, respectively. As can be seen
in Figure 2a, the iodine numbers of activated sorbents obtained by KOH activation increased with an
increase in the ratio of sorbents to KOH in the ratio from (1:1) to (1:3) at 750°C and decreased with an
increase in the ratio of plant residues to KOH from (1:3) to (1:4). The highest iodine number was
achieved at 2,809 mg/g when biomass - plant residues: OSL, PhAC, PSL and TAL were activated at a
ratio to KOH (1:3). However, when biomass - plant residues obtained during pretreatment at 250°C
were exposed to an activation temperature of 750°C in a furnace, the iodine numbers of sorbents
gradually increased with an increase in the ratio of biomass - plant residues: OSL, PhAC, PSL and
TAL to KOH from (1:1) to (1:3) (Figure 2b. According to these data, sorbents from biomass - plant
residues: OSL, PhAC, PSL and TAL activated by the above method increased from 921 to 2690 mg/g
of carbon with increasing the degree of impregnation from (1:1) to (1:3) and decreased with an
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increase in the ratio of sawdust to KOH from (1:3) - 2690 mg/g to (1:4) - 1519 mg/g. The results are
shown in Figure 2b. It is shown that the highest iodine number was obtained with an impregnation
ratio (1:3).
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Figure 2. (a) effect of the degree of impregnation at a preliminary activation temperature of 750°C; (b)
effect of the impregnation coefficient at an activation temperature of 250°C; (c) effect of the activation
temperature on the production of activated carbon; (d) effect of activation time on the production of
activated carbon.

2.4. Effect of Activation Temperature

Activation time and duration (3 h), the ratio of biomass to plant residues: OSL, PhAC, PSL and
TAL - KOH (1:3) and the temperature of the preliminary The treatments (250°C) were kept constant,
while the pre-activation temperature and temperature regime varied from 350 to 800°C to study the
effect of the iodine number. The iodine number of activated sorbents prepared at different
temperatures using the KOH activating agent is shown in Figure 2c. The iodine numbers of activated
sorbents obtained by KOH activation increased with an increase in temperature in the range 350-
750°C (1:3) to a value of 2258-2809 mg/g and decreased with an increase in temperature to 800°C.
From the results shown in Figure 4, it can be seen that the largest iodine number of activated sorbents
was obtained OSL at 750°C and amounted to 2809 mg/g. Thus, the temperature of 750°C was chosen
as the optimal activation temperature.

2.5. Effect of Activation Time

The preliminary activation temperature (250°C), activation temperature (750°C) and the ratio of
biomass to plant residues were established: OSL, PhAC, PSL and TAL to KOH (1:3), and the
activation time was varied from 1 to 7 hours to study the effect of activation time on the iodine
number. The effect of activation time on the amount of iodine is shown in Figure 2d. It was proved
that the iodine number of biomass - plant residues decreased with increasing activation time. The
iodine number gradually increased to 2809 mg/g with an increase in the activation time from 1 to 3
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hours. Then, the amount of iodine decreased from 2809 to 1734 mg/g with an increase in the activation
time from 3 to 7 hours, indicating that a longer duration of activation time led to an increase or even
destruction of some pores.

2.6. BET Analysis and Pore Size Distribution

The adsorption-desorption isotherm of nitrogen at low temperature (-196°C) is usually used for
the analysis of physical properties. Table 2 shows the nitrogen adsorption-desorption isotherms at -
196°C for an activated sorbent prepared taking into account the preliminary activation temperature
(250°C), activation temperature (750°C) and the ratio of biomass- plant residues to KOH 1:3 surface
area BET, for OSL, PhAC, PSL and TAL were 2790, 2305, 1330 and 1755 cm?/g, respectively. The
highest BET surface area was obtained, equal to 2790 m?/g. The graphs show a typical type I isotherm
indicating the presence of microporous adsorbents.

Table 2. Nitrogen adsorption isotherm and pore size distribution of activated activated carbon
obtained taking into account the preliminary activation temperature (250°C), activation temperature
(750°C), activation time (3 h) and the ratio of biomass - plant residues (OSL, PhAC, PSL and TAL) to

KOH 1:3.
Activated Volur.ne of pores Volu.me of pores Volur.ne of pores Relative pressure,
according to (D-R), according to (B-J-H), according to (D-A),
carbon P/pP°
can’/g an’/g can’/g
OSL 0.665 1.19 0.74 0-0.5
PhAC 0.490 043 0.59 0-0.5
PSL 0.712 1.46 0.84 0-0.5
TAL 0.576 0.88 0.65 0-0.5

The volume of micropores was estimated using the D-R equation. When activated at a
preliminary temperature (250°C), activation temperature (750°C), the maximum volume of
micropores was 0.712 cm?®/g. The pore volume B-J-H and the pore radius for the best activated sorbent
were 0.432 and 1.46 nm, indicating that most pores had a diameter of less than 4 nm (40°),
respectively. This value indicates the presence of micropores. Semi-porosity provides excellent
conditions for adsorption, since the adsorbing material can interact with many surfaces
simultaneously. The porous activated sorbent is effectively used as adsorbents, catalysts and catalyst
carriers, its chemical structure allows it to preferably adsorb organic materials and other non-polar
compounds from gas or liquid streams. Due to these properties, they have been used for many
decades for gas purification, separation of gas mixtures, purification of exhaust air, especially for
solvent extraction, removal of heavy metals, solution discoloration and water purification [43].

Table 2 shows the pore size distribution curve of the best activated sorbent obtained at different
pyrolysis temperatures by the D-A method, which is usually used to evaluate micropores of activated
sorbent. With this approach, n reflects the width of the energy distribution, which is related to the
pore size distribution. Values from 1 to 4 are observed for most carbon adsorbents, with a value of
n>2 for activated carbons with very homogeneous fine micropores and values of n<2 for highly
activated sorbents and heterogeneous carbons. The pore diameter of the activated sorbent of the best
quality was 0.168 nm, and the degree index (n) in the range of 1.0 indicated mainly micropores. The
volume of D-A micropores was 0.84 cm?3/g.

2.7. Functional Groups of Activated Carbons

The infrared spectrum of the obtained sample of the best activated sorbent is shown in Figure 3.
A wide absorption band at 3150-3800 cm! with a maximum at about 3568 cm! is characteristic of
stretching vibrations of hydroxyl groups bound with hydrogen. Stripes at 3000-2800 cm! indicate the
presence of aliphatic stretching. A band of about 1600 cm™ is attributed to an aromatic ring or a
stretching vibration C=C. This indicates the formation of carbonyl-containing groups and the
aromatization of the precursor [44]. The band at 2325 cm™ represents C=C stretching fluctuations in
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alkyne groups. A wide band in the range from 1300 to 900 cm™ with maxima at 1056 and 1183-1312
cm is usually attributed to the stretching of C-O in acids, alcohols, phenols, simple and/or ester
groups. The band located at the level of 797 cm! is due to the out-of-plane C-H deformation regime
for various substituted benzene rings.
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Figure 3. FT-IR spectra of the activated sorbent obtained taking into account the preliminary
activation temperature (250°C), activation temperature (750°C), activation time (3 h) and the ratio of
biomass- plant residues to KOH 1:3.

Numerous applications of activated sorbent from activated carbon or biomass precursors have
been reported in the literature. Table 3 summarizes representative studies on the specific application
of the activated sorbent, as well as the precursor material and the type of activation process used.

Table 3. Comparison of activated carbons from agricultural waste using various activation methods.

Activated Total surface area lodine
Treatment Method number
carbon (m?/g)
(mg/g)
OSL chemical, KOH two-step pyrolysis/activation 2790 2809
PhAC chemical, KOH two-step pyrolysis/activation 2305 2587
PSL chemical, KOH two-step pyrolysis/activation 1330 2690
TAL chemical, KOH two-step pyrolysis/activation 1755 1809

2.8. Investigation of the Sorption Capacity of Activated Carbons in Relation to Hydrocarbons

To determine the possibility of using activated carbon samples to clean the soil from oil
pollution, studies of the processes of sorption of oil products on activated carbon samples in model
experiments at room temperature were carried out.
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The results of the sorption capacity of the studied activated carbon samples in relation to oil
products are shown in Table 4.

Table 4. Sorption capacities of activated carbons with respect to iodine and oil products.

Sorption capacity

Activated carbon

gasoline, g/g kerosene, g/g diesel fuel, g/g
OSL 9,30 9,00 10,10
PhAC 6,10 6,50 7,00
PSL 4,70 4,60 5,10
TAL 3,80 3,80 4,50

OSL showed the best sorption capacity in relation to oil products — gasoline, kerosene and diesel
fuel and, accordingly, showed the following results: 9.3 g/g, 9.0 g/g and 10.1 g/g. This is explained by
the presence of microporous and mesoporous structures in activated carbon images, which is
confirmed by experimental data on the determination of sorption characteristics by calculating
nitrogen adsorption/desorption isotherms.

Activated carbon PhAC showed average values of the sorption capacity of oil products-7.0 g/g.
Activated carbons PSL and TAL for a number of gasoline: kerosene: diesel fuel showed a low sorption
capacity relative to oil products at the level of 4.5-5.1 g/g.

From the results of experiments to determine the sorption capacity of activated carbon samples,
it can be seen that the absorption of gasoline and kerosene by all studied activated carbon samples is
less than that of diesel fuel. This is due to differences in the viscosity characteristics of oil products,
i.e., the more viscous the oil product, the higher the absorption capacity of activated carbon to it.

Furthermore, the total sorption capacity of the activated carbon samples was investigated across
different sorption times: 5, 10, 30, and 60 minutes.The analysis of the obtained data showed that
during the sorption of oil and oil products, activated carbon, regardless of the sample, is saturated
with hydrocarbons within 10 minutes and subsequently the interplane space between the pores in
the structure of the carbon material is filled.

The efficiency of the sorption process was assessed by the degree of extraction of oil products
from solutions. Activated carbon samples were left in contact with the solution for 2 hours, after
which the solid phase was separated by decantation, oil products were extracted with hexane at a
ratio of aqueous and organic phases 4:1 and their residual content was quantified.

The efficiency of the process was assessed by the degree of extraction of S(%) oil products from
solutions according to the formula:

S = (Cm Cﬁn) % 100 (1)
Cin
where: Cin 1 Ciin are the initial and final concentrations of oil products in solution, mg/l.

The most effective was a rice husk sample, which showed a degree of oil recovery from the
solution of up to 90%. For pine sawdust, reed stalks and wheat straw, the maximum values of the
degree of extraction were 70-80%. However, the soil is a more complex porous structure compared
to the solution and the degree of extraction of hydrocarbons from the soil will be different.

Based on the conducted model studies, we conclude that the considered natural activated
carbons can be used in sorption purification processes in case of oil spill into the soil.

2.9. Conducting Field Work On the Territory of Oil Producing Enterprises of Atyrau Region

At the beginning of the experiments, the oil-contaminated soil of the “Zhanatalap” deposit in
the Isatai district of the Atyrau region was prepared (coordinates 47.053498158210495,
50.74402863920371). The nearest settlement is the village of Akkistau, located respectively 10 km to
the northeast. The regional center of Atyrau is located 110 km to the southeast. The climate of the
territories is sharply continental, the annual temperature fluctuation ranges from +40-50°C in summer
and up to - 45°C in winter. The average annual precipitation ranges from 70 to 150 mm. The relief of
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the oil field area is the plain of the Caspian lowland. It is characterized by a soft soil with the inclusion
of loam and with a natural gypsum content, the salt concentration is high (Figure 4).

Figure 4. “Zhanatalap” deposit in the Isatai district of Atyrau region (a snapshot of the territory from
Google Map).

At the outset of the experiments, two plots were designated: the first served as a control for oil-
contaminated soil, while the second plot involved testing activated carbon samples for remediation.
Each plot measured 4 m? (2.0m x 2.0m), with approximately 50 kg of soil per plot. Activated carbon
derived from biomass plant residues (specifically rice husks, reed stalks, pine sawdust, and wheat
straw) activated with potassium hydroxide through two-stage pyrolysis in air was introduced into
the oil-contaminated soil.

Following the application of activated carbon, the soil was appropriately moistened and aerated.
Soil samples were then periodically collected between 8 to 16 days after treatment to assess the oil
content. The determination of oil content in soil samples was carried out using the weight method,
involving extraction of hydrocarbons from soil samples using hot hexane in a Soxlet apparatus.

Figure 5a shows the values of the oil content in contaminated soils. The initial degree of soil
contamination with petroleum hydrocarbons was 79.2 g/kg or 7.9 wt.%.
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Figure 5. Properties of various materials (sorbents) for oil collection in the field.
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As can be seen from the Figure 5a, after applying activated carbon samples to oil-contaminated
soil, the oil content gradually decreases. On the soil samples with the addition of activated carbon on
the 8th day, the oil content was 5.7-6.7%, on the 16th day - 2.6-3.3%. According to the oil content in
soil samples, the degree of soil purification was calculated, the value of which after 16 days was 58.2-
67.1% in soils with sorbent (Table 5).

Table 5. Oil content in soil samples taken from an oil-contaminated site after treatment with activated

carbons.
Date Number of days Activated carbon Degree of soil purification, %

25.07.2023 0 - 100
OSL 27,8
PhAC 25,3
2.08.2023 8 PSL 2.8
TAL 15,2
OSL 67,1
PhAC 60,8

10.08.2023 16
PSL 59,5
TAL 58,2

The conducted tests have demonstrated that the activated carbon samples exhibit a high efficacy
in soil purification. Specifically, after 16 days, the degree of purification of oil-contaminated soil
reached 67.71%.

Overall, the field tests conducted on real oil-contaminated soils underscore the effectiveness of
utilizing pyrolyzed plant-derived activated carbon based on biomass plant residues.

Figure 5b shows the values of the oil content in contaminated soils during field work on the
territory of oil-producing enterprises of the Atyrau region for cleaning with a biosorbent at certain
intervals (16 days). As can be seen from the table, after applying the sorbent without modification
and with modification to the oil-contaminated soil, the oil content gradually decreases. On soil
samples with the introduction of sorbents without modification on the 16th day, the oil absorption
content was 1.7-4.1 g/g. According to the oil content in soil samples, the degree of soil purification
was calculated, the value of which after 16 days was 3.0-4.3 g/g in soils with modified sorbents.

Having pronounced sorption properties, the modified sorbent in the soil immobilizes
hydrocarbons on its surface, preventing their spread to adjacent media, but at the same time slowing
down their physico-chemical destruction. In this regard, the use of a hydrophobic sorbent for soil
purification is possible provided it is extracted from the soil after adsorption of petroleum products
and further processing at a specialized landfill.

3. Materials and Methods
3.1. Preparation of Materials

This study investigated the characteristics of activated carbon derived from biomass plant
residues: OSL, PhAC, PSL, TAL. The starting materials were manually selected, purified with water,
dried at 100-105°C for 48 hours in an oven, and then milled and sieved to obtain particles sized
between 1 to 2 mm. The resulting material was stored in airtight containers for subsequent
experiments.

3.2. Activated Carbon Production from Agricultural Wastes

The production of activated carbons from plant biomass was conducted in two stages:

() Impregnation and Preheating: Approximately 5 grams of conditioned plant waste were
impregnated with 15 ml of KOH solutions at different sorbent/alkali ratios: (1:1), (1:2), (1:3), and a
mixture (1:4) by weight. The impregnation process involved preheating from 30°C to 80°C and
maintaining this temperature for 3 hours to ensure penetration of KOH into the biomass. The
impregnated sorbents were then placed in a vertical electric furnace with air supply.
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(IT) Pyrolysis: In the second stage, pyrolysis of the samples was carried out at temperatures
ranging from 300°C to 850°C with a heating rate of 5°C/min. After reaching the maximum
temperature, the samples were held for 3 hours and then cooled to room temperature. The resulting
product underwent thorough washing with 0.1 M hydrochloric acid followed by distilled water to
remove alkali residues, with continuous monitoring of the pH value of the wash solution (optimal
pH 6-7). After washing, the activated carbon samples were dried at 100-105°C.

3.3. Study of Physico-Chemical, Technological Properties of Activated Sorbents

After obtaining the activated carbon samples, their bulk density and porosity were determined.
To analyze the chemical composition of the samples, the QUANTA 3D 200i device (FEI, USA) was
used in combination with an energy dispersive X-ray spectrometer EDAX and a semiconductor
detector with an energy resolution of 128 eV (polymer material, sensitive area — d = 0.3 mm) [36].

The bulk density of activated carbon samples (kg/m?) was determined by weighing a measuring
cylinder filled with a substance according to [37].

The bulk density is calculated using the formula:

m_5><103

szv v

where: pv — the bulk density of the activated carbon sample, kg/m3; m — the mass of activated carbon,
kg; V — the volume of activated carbon in the cylinder after pre-sealing, m?.

Depending on the bulk density, activated carbon can be classified as follows: p» > 2000 kg/m?3 —
very heavy; 2000 > p» > 1100 kg/m? — heavy; 1100 > p» > 600 kg/ m? — medium; p» < 600 kg/m? — light.

@

3.4. Sample Characteristics

The iodine number is a widely used method for assessing the adsorption capacity of activated
carbons due to its simplicity and ability to rapidly evaluate sorbent quality. It quantifies the porosity
of activated sorbents by measuring the amount of iodine adsorbed per gram of carbon (expressed as
mg/g). The method involves impregnating activated carbon samples with an iodine solution under
ambient conditions, followed by filtration. The iodine content in the filtrate is then determined
through titration, typically using a standardized iodine solution of 0.100 + 0.001 mol/l concentration
[38].

This adsorption capacity, often expressed in mg/g (typical range 500-1200 mg/g), indicates the
level of activation, reflecting the micropore content in the activated carbon (0-20 A or up to 2 nm) and
corresponding to a surface area ranging from 900 m?/g to 1100 m?/g [39]. Activated carbons produced
OSL, PhAC, PSL and TAL through chemical activation with KOH demonstrate potential for
industrial-scale development based on this criterion.

As a complementary surface assessment method, nitrogen adsorption-desorption isotherms
were performed at -196°C using a “Sorbtometer-M” surface area analyzer after pre-gasification of
samples at 250°C for 24 hours. BET method was applied to analyze the adsorption branch of the
isotherms to determine surface areas [40]. Microporosity was evaluated using the t-method, which
combines micropore surface area and external surface area, and the volume of micropores was
calculated using the (D-R) equation in logarithmic form. The surface tension of nitrogen was
calculated at 8.72 MJ/m?, with a molar volume of 34.7 cm3mol [19]. Mesopore volume was
determined using the (B-J-H) method by analyzing the desorption branch of the isotherm [41]. The
size distribution of micropores was assessed using the (D-A) method based on the adsorption
isotherm at low relative pressure [42].

The morphology of the activated carbon samples (OSL, PhAC, PSL, TAL) was examined using
a SEM (model JSM-6490 LA). SEM images were obtained in secondary electron mode at 20 kV
acceleration voltage and 20 pA radiation current, with samples prepared in powdered form. Samples
were mounted on a copper holder using conductive glue or adhesive tape. Infrared spectra of the
activated carbon samples were recorded using a Spectrum 65, Perkin&Elmer 1100 FTIR spectrometer


https://doi.org/10.20944/preprints202407.1469.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 July 2024 d0i:10.20944/preprints202407.1469.v1

12

over the range of 4000-400 cm™, employing KBr pellets with a resolution of 1 cm™. The pellet for
infrared studies was prepared by mixing a given sample with KBr crystals and pressed into a pellet.

3.5. Research of the Sorption Capacity of Activated Carbon in Relation to Hydrocarbons

Sorption activity in relation to oil products was studied under static conditions from model
solutions. The model solutions were prepared as follows: aqueous solutions of oil products were
obtained by mixing oil products with distilled water, followed by settling and separation of two
phases in a Soxlet apparatus; water-oil emulsions were prepared by mixing water and oil products
using a mechanical stirrer at high speeds. After sorption on activated carbon samples, the initial and
current concentrations of oil products were determined fluorimetrically using the standard technique
for “Fluorat-02”. Immediately before the studies, the active coals of the 2.5 + 0.5 mm fraction were
dried at a temperature of 105-110°C for 2 hours.

5. Conclusions

In this study, to obtain activated sorbents from biomass - plant residues: OSL, PhAC, PSL and
TAL, the KOH chemical activation method was used at two different temperature stages in the range
of 250°C and 350-800°C. The effect of the concentration of the impregnating agent, the temperature
and duration of activation, and the impregnation time on the area of activated sorbents was
investigated. With an increase in the activation temperature, the iodine number of the activated
sorbent obtained increased. These materials were characterized by N2 adsorption/desorption to
determine the BET and SEM areas. It was found that the maximum surface area of BET is 2790 m?/g
for an activated sorbent prepared taking into account the preliminary activation temperature (250°C),
activation temperature (750°C) and the ratio of biomass - plant residues to KOH 1:3. The difference
in values between the micropore surface areas showed that the activated sorbents were
predominantly microporous adsorbents. The pore diameter of the obtained best activated sorbent
was 0.168 nm, and the exponent (n) in the range of 1.0 indicated mainly micropores. The detected
volume of D-R micropores was 0.712 cm?/g. The structural morphology of the activated sorbent was
evaluated by the SEM method. It was clearly visible that the activated sorbents were full of cavities.
The chemical characteristics of the surface of the activated sorbent were determined by IR
spectroscopy. Additionally, nitrogen adsorption and desorption studies confirmed the presence of a
well-developed structure featuring both meso- and micropores. Field tests conducted in the
“Zhanatalap” field in the Isatai district of the Atyrau region demonstrated the promising application
of plant-derived activated carbon in sorption purification processes for the remediation of oil
pollution.
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