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Abstract: The aim of this study was to produce activated carbon (AC) from lignin obtained with deep 
eutectic solvents (DESs) of choline chloride–lactic acid. For this, lignin particles were produced using the 
DES. The DES lignin (DES- Lig) was modified with zinc dichloride, and the lignin activated carbon (lig- AC) 
was produced by carbonization at 600 and 900 °C. In this study, the AC obtained from the commercial 
lignin was also used to determine the changes in the lig- AC from the lignin obtained with the DES. The 
material properties were investigated using Brunauer–Emmett–Teller (BET) surface analysis, scanning 
electron microscopy (SEM) and thermogravimetric analysis (TGA), and the structural properties were 
investigated with X- ray diffractometry (XRD) of the lig- ACs. The commercial and DES- Lig exhibited different 
microscopic morphologies. The surface area of the samples generally ranged from 504 to 698 g/cm2, and 
they included both micro-  and mesopores according to SEM characterization. The XRD analysis showed 
that the ACs obtained have an amorphous structure, and thermogravimetric analysis of the ACs exhibited 
similar thermal behavior to that in the literature. The best morphological structure was found in the ACs 
prepared from lignin with the DES at 900 °C according to the results of SEM, TGA, XRD and BET analysis. 
The proximate analysis showed that the best ACs contain 1.5% moisture, 6.5% volatile matter, 5.5% ash 
content and 86.5% fixed carbon. According to the elemental analysis, the amounts of essential elements, 
including C, H, N and O were investigated, and the best activated carbon was determined to be the DES- 
Lig at 900 °C according to BET and the proximate fixed carbon results. © 2023 The Authors. Biofuels, 
Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Introduction

G
reen biomass- derived products have attracted high 
levels of interest from both academic and industrial 
areas. Therefore, lignocellulosic wastes, including 

cellulose, lignin and hemicellulose, have considerable 
advantages owing to their environmentally friendly, natural, 
non- toxic natures.1,2 In particular, lignin is among the most 
abundant bio- based polymers, after cellulose and it can be 
obtained in high amounts (20–25 wt% of raw material) as 
a value- added waste after cooking with intense acidic and 
alkali processes in the paper- making industry.3,4 The global 
lignin production is estimated to be around 100 million 
tons annually.5 The majority of lignin is either burned 
as a low- grade fuel or disposed of as waste, which poses 
environmental and economic challenges. Therefore, there 
is a growing interest in developing efficient and sustainable 
methods for lignin valorization, that is, converting lignin 
into useful products with higher added value. One of the 
potential applications of lignin is the production of activated 
carbon (AC), which is a porous carbonaceous material with 
a large specific surface area and high adsorption capacity.6 
Activated carbon has a wide range of uses in various fields, 
such as water purification, gas separation, energy storage, 
catalysis and biomedical engineering. Activated carbon can 
be produced from various carbonaceous precursors, such 
as coal, wood, coconut shells and biomass wastes.7 Among 
these precursors, lignin has some advantages, such as its 
abundance, low cost, renewable nature and high carbon 
content. Therefore, lignin activated carbon (lig- AC) exhibit 
superior adsorption performance after carbonization and 
activation.8 Generally, lignin obtained from black liquors 
after the paper pulping process produces activated carbon.9,10 
However, the extraction of lignin during the pulping 
process traditionally involves the use of petrochemical- 
based chemicals, such as sulfuric acid, sodium hydroxide, 
sodium sulfide, sulfur dioxide and chlorine, which raises 
concerns regarding its environmental impact.11,12 This 
approach is not considered environmentally friendly. There 
is a need to develop new pretreatment methods that can 
effectively solubilize and fractionate lignin from biomass 
while preserving its original structure and not harming the 
environment.

A promising approach for lignin extraction is the use of 
deep eutectic solvents (DESs), which are liquid mixtures 
of hydrogen- bond donors (HBDs) and hydrogen- bond 
acceptors (HBAs) at certain molar ratios. Deep eutectic 
solvents have several advantages over conventional solvents, 
such as low vapor pressure, high thermal stability, low toxicity, 
biodegradability, easy synthesis and tunable physicochemical 

properties.13 Deep eutectic solvents are effective solvents 
for lignocellulosic biomass processing, especially for lignin 
valorization.14,15 They can dissolve lignin from biomass with 
high selectivity and yield and also enable lignin property 
tailoring by modifying the types and ratios of HBDs and 
HBAs. Moreover, DESs can act as reaction media for lignin 
functionalization and upgrading by facilitating various 
chemical reactions, such as hydrolysis, oxidation, reduction, 
esterification and etherification. Among various types of 
DESs, choline chloride (ChCl)- based DESs are widely 
used for lignin extraction because of their low cost, high 
availability, and good solubility. Choline chloride can form 
DESs with various HBDs, such as urea, glycerol, ethylene 
glycol, lactic acid (LA), malonic acid, oxalic acid, etc.13,16 
The choice of HBD affects the solvation ability and chemical 
reactivity of DESs toward lignin. For example, the ChCl- urea 
DES has been reported to dissolve lignin from wheat straw 
with high yield (80%) and purity (90%).17 The ChCl- glycerol 
DES has been found to selectively extract lignin from poplar 
wood with a high yield (85%) and low molecular weight 
distribution (Mw = 1.2 kDa).18 The ChCl- LA DES has been 
shown to fractionate lignin from corn stover with high yield 
(87%) and purity (95%).19 The method has been defined 
as green because the chemicals used for obtaining lignin 
from wood are less harmful to the environment than other 
traditional chemicals (NaOH, Na2S, etc.).

Lignin is found in black liquor and is extracted industrially 
in pulp production. To recover the cooking chemicals, 
the black liquor is burnt. Meanwhile, valuable lignin is 
being burned. Traditional processes (such as Kraft) are 
time consuming and inefficient for extracting lignin from 
black liquor. Lignin may be readily extracted from the 
black liquor using the DES process (by adding water to the 
black solution). In the extraction process, DES treatment 
generally is not applied as an extra step. Previous studies, 
such as Islam et al.,20 Rodríguez Correa et al.21 and Lin 
et al.,22 showed that lignin has a large surface area after 
modification with the chemicals, and it is a good alternative 
for AC production. However, the lignin particles used in 
the studies were generally produced with petroleum- based 
chemicals. Unfortunately, this limits the use of bio- based 
materials of lignin, and the production of lig- AC may cause 
negative effects on the environment. Lignin makes up 
15–35% of lignocellulosic biomass, and ~100 million tons of 
this biopolymer are isolated yearly as waste materials from 
the paper and bioethanol industry. Less than 2% of this 
enormous quantity is currently commercialized as low- 
value products, such as surfactants and adhesives, while the 
rest is mainly burned. The application of this underutilized 
biopolymer is attractive from both a sustainability and an 
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economic point of view.23,24 Deep eutectic solvent lignin has 
some superior properties compared with Kraft lignin. For 
example, the molecular weight of DES lignin is lower than 
that of Kraft lignin.25 Lignin, which has a low molecular 
weight, shows superior antioxidant activity.26,27 Therefore, in 
this study, the lignin was produced with a green process using 
a DES. There are few studies on the activated carbon of lignin 
obtained with green chemicals in the literature, and this 
study was conducted on the lig- AC from the lignin obtained 
with green chemicals and the material [Brunauer–Emmett–
Teller (BET), scanning electron microscopy (SEM) and 
thermogravimetric analysis (TGA)] and structural properties 
(X- ray diffractometry, XRD) of the lig- AC from the lignin 
obtained with green chemicals were investigated. Then the 
effects of the green chemicals on properties of the lignin 
activated carbon with the modification of zinc dichloride 
(ZnCl2) at different carbonation temperatures (600 and 
900 °C) were determined.

Materials and methods

Materials

The European black pine (Pinus nigra Arn.) used in this 
study was obtained from Türkiye’s Black Sea Region’s Bartın 
Province. A 10 cm thick wood disk was cut at breast height 
from a pine log. The log was debarked and subdivided into 
four disks (of 2.5 cm thickness). The disks were manually 
chiseled to a size of 2.5 × 1.5 × 0.5 cm to produce chips for 
pulping. Choline chloride (CAS no. 67- 48- 1) and LA (CAS 
no. 79- 33- 4) were purchased from Sigma- Aldrich as DES 
components.

DES preparation

For 60 min on a heated plate at 80 °C, the ChCl–LA 
(molecular ratio 1:9) was homogeneously mixed until a 
transparent colorless liquid was produced. The DES was kept 
in a vacuum desiccator until use. Commercial lignin was used 
to compare the properties of the activated carbon obtained 
from the lignin with the DES. The commercial Kraft lignin 
was supplied from Canadian Lignin Inc. Zinc dichloride 
and hydrochloric acid (HCl) were used to activate and clean 
the activated carbon, respectively. All chemicals used in this 
study were bought with analytic purity from Sigma- Aldrich 
(Darmstadt, Germany).

Lignin preparation with DES

The European black pine DES pulp was generated in a 
laboratory- sized 15 L rotary digester heated by electricity. A 

700 g sample of oven- dried pine chips was used in the DES 
cooking. The DES cooking time and temperature were set at 
4 h and 160 °C, respectively. In the DES pulping, the chip/DES 
solution ratio was 1:5. In the cooking process, 700 g of wood 
and 3500 g of DES solution were utilized. In other words, 
5 g of DES solution was used for every 1 g of wood. The DES 
black liquor was extracted from the pulp after DES pulping by 
filtering. Distilled water (1:1 v/v) was added to the DES black 
liquor for lignin precipitation. Filter paper (Whatman no. 42) 
was used to filter the precipitated lignin. The obtained DES- 
lignin (DES- Lig) was oven dried for 24 h at 30 °C. A Willey 
mill was used to grind the dried samples. The holocellulose28 
and Klason lignin29 contents of DES- Lig were determined 
as 32.4 and 67.0%, respectively. Water is an anti- solvent for 
the DES and was used as an anti- solvent for the precipitation 
of lignin. The hydrogen bond interaction between DES and 
lignin probably contributes to the lignin solubility in DES and 
subsequent extraction. This hypothesis is supported by the 
fact that after adding water to the DES–lignin mixture, lignin 
can easily separate from the DES.19 The humidity of DES- Lig 
samples dried in an oven at 30 °C for 24 h was measured as 
6%. The pH value of 1:9 ChCl–LA was 1–2.

Production of activated carbon from lignin

The lignin produced from wood with a DES and commercial 
lignin was used at 50 g per formulation. A 50 g sample of 
lignin powder was added to a solution of 25 g ZnCl2 (50% 
wt lignin) and 75 mL of distilled water. The lignin–ZnCl2/
distiller water blends were maintained to complete the 
activation of the lignin at 20 ± 5 °C for 24 h, and they were 
dried at 80 °C for 24 h. The production of the activated carbon 
was conducted at 600 and 900 °C in a tube furnace (Henan 
Sante Furnace Technology Co. Ltd, model STG- 40- 14, 
Henan, China) under an argon gas flow of 60 mL/min. The 
obtained activated carbon was cooled at room temperature 
and later the activated carbon was rinsed with 0.5 m HCl until 
their pH value was at 6–6.5. After cleaning, the activated 
carbon was dried at 100 °C for 6 h, and later they were ground 
as given in Fig. 1. The yield values of activated carbon types 
obtained from lignin are shown in Table 1.

Methods

BET analysis

The activated carbon was cleaned by heating at 150°C for 
2 h in a vacuum before the isotherm was measured. Using 
the N adsorption isotherm, the BET technique was used 
to determine the activated carbon’s surface area. The BET 
surface area and micropore volume of the activated carbon 
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were determined using N2 adsorption/desorption isotherm 
tests conducted on a Quantachrome autosorb IQ model 
BET instrument. The micropore volume was determined 
using the Dubinin–Radushkevich equation. The macro pore 
volume was determined using the Gurvich rule at P/Po = 0.95. 
P: The partial pressure of adsorbate gas in equilibrium wtih 
surface, in pascals, Po: The saturated pressure of adsorbate 
gas, in pascals. The mesopore volume was calculated as the 
difference between the total pore volume and the micropore 
volume according to the IUPAC report.30

Morphological analysis

The morphological structures of the obtained activated 
carbon was examined using scanning electron microscopy 
(Tescan MAIA3 XMU- SEM) at the same magnitudes. They 
were coated to increase the electron conductivity with gold/
palladium using a Denton spray coater.

XRD analysis

X- Ray diffraction was conducted with a Philips PANalytical 
Empyrean X- ray diffractometer using Ni- filtered Cu Kα 
(1.540562 Å) radiation. The obtained activated carbon was 
scanned from 10° to 80° 2θ range and the crystallinity of 
the samples was calculated using the Segal and curve fitting 
methods as given in the formulation:

where Ac is the integrated area underneath the respective 
crystalline peaks and Aa is the integrated area of the 
amorphous halo.

TGA

Thermal analysis was conducted on a sample amount of 5 mg 
with a Perkin Elmer tester. The test was performed from 25 
to 1200 °C at a 20 °C/min heating rate under a nitrogen flow 
at 20 mL/min to prevent oxidation. The TGA curves were 
used to calculate the temperatures at which the activated 
carbon lost 10 and 50% of its mass (T10% and T50), as well as 
the temperature at which it decomposed at the highest rate 
(DTGmax).

Proximate and ultimate analysis

Proximate analysis was conducted on a 2–3 mg sample with 
a Perkin Elmer tester. The analysis parameters are given in 
Fig. 2.

According to the TGA method for proximate analysis, 
the moisture (M), volatile matter (VM), ash (A) and fixed 
carbon (FC) were calculated according to the parameters in 
Fig. 2:

Crl (%) =
ΣAc

Σ
(

Aa + Ac

) × 100

Figure 1. Production parameters of activated carbon types obtained from lignin.

Table 1. Yield values of activated carbon types obtained from lignin.
Samples Sample codes Yield (%)
Lignin obtained with deep eutectic solvents at 600 °C DES- Lig at 600 °C 52.5

Lignin obtained with deep eutectic solvents at 900 °C DES- Lig at 900 °C 33.8

Commercial lignin at 600 °C C- Lig at 600 °C 68.9

Commercial lignin at 900 °C C- Lig at 900 °C 47.3

Abbreviations: DES, deep eutectic solvent; DES- Lig, DES lignin.
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The ultimate analysis was on a 1–2 mg sample with a 
Eurovector EA3000- Single. The elemental analyzer is a device 
that determines the carbon, hydrogen and nitrogen elements 
in percentages by chromatographic methods by burning a 
solid or liquid organic compound weighed in milligrams at a 
high temperature of approximately 1000 °C with high- purity 
oxygen gas.

Results and discussion

Proximate and ultimate analysis

The proximate and ultimate analyses were conducted to 
determine some parameters, including the amount of 
moisture, ash, volatile matter, fixed carbon, and elemental 
composition of the activated carbon. The moisture represents 
the amount of water in the samples as a percentage of the 
weight. Ash is the amount of residue left after the samples 
are completely burned. The volatile matter in the samples 

comprises the condensable vapor and the gases (expect for 
water vapor) released from biomass when heated. Fixed 
carbon is the solid combustible residue that remains after 
the condensable vapor, the gases, and the volatile matter are 
removed.31

The TGA analysis provided the proximate data for the 
weight changes in the materials according to the related 
process in the Materials and methods. The proximate results 
are given in Fig. 3 and Table 2. The TGA showed that the 
samples before the carbonization process [C- Lig (commercial 
lignin) and DES- Lig] exhibited a different thermal behavior 
than the others, and C- Lig and DES- Lig had a higher 
degradation at 15–30 min, while the activated carbon and 
C- Lig and DES- Lig showed more mass loss. As seen in 
Table 2, the moisture of samples was determined to change 
in the range of 1.5–6.4%, and the volatile contents generally 
were high (57.8% and 66.9%) for the C- Lig and DES- Lig; 
however, the value for the activated carbon ranged from 6.5 
to 23.4%. The ash content ranged from 1.5 to 6.2%, and while 
the fixed carbon values for the DES- Lig and C- Lig samples 
were 23.5 and 35.5, respectively, those for the other samples 
were calculated to change in a range of 70–86.5%. As seen in 
Table 2, the temperature affects both the volatile matter and 
the fixed carbon of the ACs obtained from both materials 
and while the temperature was raised from 600 to 900 °C, the 
volatile matter decreased; the fixed carbon amount was found 
to increase. Mendez et al.36 conducted a proximate analysis 
of sub- bituminous coals, and the moisture and ash contents 
were in the ranges 0.7–2.9 wt% and 0.2–2.2 wt%, respectively. 

M =
W − B

W

VM =
B − C

W

A =
D

W

FC = 1 − (M + A +VM)

Figure 2. Analysis parameters during proximate thermogravimetric analysis (TGA).31- 35
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The fixed carbon and the volatile matter were calculated 
in the ranges 39.8–50.8 and 48.1–58.1 wt%, respectively. 
The proximate analysis results for the activated carbon 
from biomass were calculated as 3–5% for moisture, 1–3% 
for ash, 11–42% for volatile matter and 50–85% for fixed 
carbon in the previous studies.31,37- 40 The results of this study 
are agreement with the previous results. The parameters, 
including moisture, ash and volatile matter, help to examine 
the residual carbon amount in the activated carbon, and a 
high fixed carbon content is desirable for activated carbon. 
In this study, the highest fixed carbon was determined at 
a percentage of >80% in the activated carbon prepared at 
900 °C. The best activated carbon was determined to be the 
DES- Lig at 900 °C according to the BET and proximate fixed 
carbon results.

The elemental compositions of C- Lig and DES- Lig (samples 
before carbonization) using ultimate analysis (Table 2) 
showed the existence of carbon at 32.1 and 38.8%, oxygen at 
56 and 62.8%, nitrogen at 0.1 and 0.5% and hydrogen at 4.7 

and 5%, respectively. For activated carbon, carbon, oxygen, 
nitrogen and hydrogen were found in the ranges 63.5–83.6%, 
15.2–33.9%, 0.2–0.8% and 1–2.4%, respectively. The ACs 
obtained at a high temperature of 900 °C had a low content 
of O owing to removal of the oxygen groups containing 
functional groups.31,40

BET analysis

The BET adsorption/desorption isotherm graphs of activated 
carbon produced from DES- Lig and C- Lig using ZnCl2 as an 
activating agent are given in Fig. 4.

The N2 adsorption/desorption isotherms of the produced 
activated carbon samples were examined. The nitrogen 
adsorption/desorption isotherms of the activated carbon 
samples reveal characteristics that can be associated with 
both microporous and mesoporous materials. They exhibit 
an increasing adsorbed volume at low relative pressures, 
resembling a Type I isotherm indicative of microporous 
materials with pore sizes smaller than 20 Å. However, 
they also show a slowly expanding hysteresis loop at 
intermediate relative pressures, resembling a Type IV 
isotherm associated with nitrogen capillary condensation 
in mesoporous structures with pore sizes ranging from 20 
to 500 Å.41,42 This combination suggests the presence of 
both micropores and mesopores in the activated carbon. 
The hysteresis loop observed in the isotherm indicates 
the development of mesopores during the activation/
carbonization process, as supported by previous studies.43 
Furthermore, the micropore volume and fraction are found 
to be higher than the mesopore volume and fraction in all 
samples, which is consistent with the pore size distribution 
data provided in Table 3. Both micropores and mesopores 
exhibited an increase as the treatment temperature rose, 
so, activated carbon which produced at 900o C has a higher 
porosity than activated carbon which produced at 600o C. 
Similar to the result, Huang et al.44 found that the activation 
temperature has a significantly positive effect on the micro-  

Figure 3. Proximate analysis curves of all activated carbon 
and the materials before carbonization.

Table 2. Proximate and ultimate analysis curves of all activated carbon and the materials before the 
carbonization.
Samples Elemental analysis (%) Proximate analysis (%)

C H N O Moisture Volatile Ash Fixed carbon
C- Lig 38.8 4.7 0.5 56 5.2 57.8 1.5 35.5

DES- Lig 32.1 5.0 0.1 62.8 6.4 66.9 3.2 23.5

C- Lig at 600 °C 65.9 2.3 0.8 31 2.1 19.4 3.5 75

C- Lig at 900 °C 74.0 1.9 0.7 23.4 2.0 7.7 6.2 84.1

DES- Lig at 600 °C 63.5 2.4 0.2 33.9 1.7 23.4 4.9 70.0

DES- Lig at 900 °C 83.6 1.0 0.2 15.2 1.5 6.5 5.5 86.5

Abbreviations: DES, deep eutectic solvent; DES- Lig, DES lignin.
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and mesoporosity. The BET analysis results of the produced 
activated carbon samples are given in Table 3.

The yield of activated carbon decreased with an increase 
in temperature for both types of lignin. For lignin obtained 
with deep eutectic solvents, the yield decreased from 52.5% 
at 600 °C to 33.8% at 900 °C. Similarly, for commercial 
lignin, the yield decreased from 68.9% at 600 °C to 47.3% 
at 900 °C. As the temperature increases, the reason behind 
the decrease in the yield of activated carbon in the DES- Lig 
and C- Lig samples is the increased thermal degradation and 
volatilization of the carbonaceous material. This situation led 
to a reduction of the mass of material. Simultaneously, the 
temperature increased for both samples, and the surface area 
and total pore volume of activated carbon increased. Higher 
temperatures accelerate the activation process, forming 
more pores on the surface and within the structure of the 
carbon material. The micropore volume of activated carbon 
increased with temperature for both samples. Therefore, 
high temperatures supported the formation of micropores, 
which were more stable and resistant to collapse.45 The 
mesopore volume of activated carbon also increased with 
rising temperature, but to a lesser extent than the micropore 

volume. The high temperatures can lead to some mesopores 
forming; however, these mesopores are more prone to 
merging and closing. The average pore diameter remained 
almost constant with increasing temperature for DES- Lig 
samples but increased slightly for C- Lig samples. This 
difference is attributed to the fact that both micropore and 
mesopore volumes influence the average pore diameter, and 
these changes depend on the type and source of lignin. In 
general, carbonization temperatures exceeding 600 °C lead to 
an increase in the rates of liquid and gas release while causing 
a decrease in activated carbon yield.46,47 Higher temperatures 
also contribute to an increase in ash and fixed carbon content 
while reducing the quantity of volatile matter. Therefore, 
elevated temperatures result in higher- quality activated 
carbon but simultaneously lead to a decrease in yield.47- 49

The properties of activated carbon obtained from DES- Lig 
and C- Lig using ZnCl2 as activating agents were investigated. 
Nitrogen adsorption–desorption isotherms were used to 
determine the pore diameter, surface area and pore volume of 
the activated carbon. The results indicated that DES- Lig- 600 
and DES- Lig- 900 had higher pore volume and surface 
area than C- Lig- 600 and C- Lig- 900, respectively. ZnCl2 is 
commonly used as an activator in the production of activated 
carbon from biomass. It facilitates the removal of hydrogen 
and oxygen from the biomass structure in the form of water, 
thereby exerting a favorable activation effect.50 ZnCl2 does 
not react with carbon and can eliminate hydrogen and oxygen 
atoms from the activated carbon structure.51 When ZnCl2 is 
utilized as an activating agent, it inhibits the formation of tar 
and other impurities that could obstruct the activated carbon 
surface and impede the passage of volatile compounds. As a 
result, the yield is higher than that for carbon activated with 
potassium hydroxide.52 This enhancement of condensed 
aromatic reactions and its influence on polymerization 
reactions lead to the exclusion of certain active sites from 
neighboring molecules.53

The cellulose in DES- Lig swelled during ZnCl2 
activation owing to the electrolytic impact on its molecular 
structure.54 This swelling increased the surface area of the 
activated carbon by fragmenting cellulose molecules and 
increasing internal and interlayer gaps.55- 57 The conversion 
of lignocellulosic raw materials into activated carbon is 

Figure 4. Nitrogen gas adsorption/desorption isotherm of 
activated carbon produced from deep eutectic solvent 
(DES) lignin (DES- Lig) and C- Lig.

Table 3. BET analysis results of activated carbon produced from DES- Lig and C- Lig.
Samples Surface area (m2/g) Vmicro (cm3/g) Vmeso (cm3/g) Vtotal (cm3/g) Dp (Å)
DES- Lig at 600 °C 688 0.240 0.059 0.299 19.14

DES- Lig at 900 °C 698 0.244 0.092 0.336 19.08

C- Lig at 600 °C 504 0.180 0.039 0.219 15.28

C- Lig at 900 °C 610 0.216 0.050 0.266 19.13

Abbreviations: BET, Brunauer–Emmett–Teller; DES, deep eutectic solvent; DES- Lig, DES lignin.
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accompanied by the release of oxygen, hydrogen atoms, 
carbon dioxide, carbon monoxide, aldehydes and methane, 
which leads to the formation of pyrolysis distillates.58 
Consequently, DES- Lig exhibits a higher surface area 
compared with C- Lig. Furthermore, it was observed that the 
surface area increases with higher temperatures. However, 
carbonization temperatures above 600 °C can decrease the 
yield of activated carbon and increase the rate of liquid and 
gas release. High temperatures also increase the ash and 
fixed carbon content while reducing the amount of volatile 
matter.49,59 Thus, high temperatures enable the production 
of activated carbon with a higher surface area but at the 
expense of reduced yield.48 Consequently, the activated 
carbon produced in this study exhibited specific surface areas 
ranging from 504 to 698 m2/g, micropore volumes between 
0.180 and 0.244 cm3/g and mesopore volumes between 
0.039 and 0.092 cm3/g, as presented in Table 3. Studies were 
conducted on producing activated carbon using lignin 
obtained from black liquors. Various chemical activators, 

such as KOH10, HCl, HNO3 and H3PO4 were utilized, along 
with temperatures ranging from 500 to 900 °C.60 The surface 
area of the produced lignin- based activated carbon was found 
to be between 86 and 1509 m2/g.9,61 The results within the 
scope of the present study were found to be similar.

Morphological characterization

The SEM images and morphological structure of the activated 
carbon obtained from DES- Lig and C- Lig at 600 and 900 °C 
are shown in Figs 5 and 6, respectively.

The SEM analyses examined the morphology of the 
activated carbon. The SEM image at 20 μm for both 600 
and 900 °C (Fig. 5) showed that the surfaces of the activated 
carbon are smooth and flat, and the SEM images at the 
magnitudes of 1 μm and 500 nm showed that the activated 
carbon had a porous structure. The morphological structures 
of the activated carbon obtained from C- Lig at 600 and 
900 °C were found to exhibit similar morphologies. The 

Figure 5. Scanning electron microscopy (SEM) images of the activated carbon prepared at 600 and 900 °C from lignin 
obtained with DES.
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activated carbon prepared at 600 °C were found to have some 
impurities, including carbonized cellulosic fibers, whereas the 
activated carbon prepared at 900 °C was found to not have 
any impurities, and the activated carbon was determined to 
have smaller particles and lower porosities. Figure 5 shows 
SEM images of the activated carbons obtained from DES- Lig 
at 600 and 900 °C.

According to the SEM image at 20 μm for both 600 and 
900 °C (Fig. 6), the activated carbon had smooth and flat 
surfaces, and the SEM images at the magnitudes of 1 μm and 
500 nm showed that the activated carbon had a nano- porous 
structure. The morphological structures of the activated 
carbon obtained from DES- Lig at 600 and 900 °C were found 
to exhibit similar morphologies, and when the temperature 
rose from 600 to 900 °C, the diameter of the activated carbon 
was found to get smaller. The activated carbon prepared at 
both 600 and 900 °C generally exhibited a rigid structure, 
as presented in De Rose et al.62 and Cai et al.31 As a result, 
the activated carbon prepared at both 600 and 900 °C had a 
rigid activated carbon structure. However, the DES and CL 

activated carbon prepared at 900 °C consisted of smaller and 
more similar sized particles as shown in Figs 5 and 6, but the 
SEM morphology of the activated carbon prepared from both 

Figure 6. SEM images of the activated carbon prepared at 600 and 900 °C from commercial lignin.

Figure 7. X- Ray diffraction (XRD) spectra of the activated 
carbon obtained from DES- Lig and C- Lig.
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DES- Lig and C- Lig at 600 and 900 °C showed that the particle 
size and pore size generally were below 1 μm The activated 
carbon surfaces were found generally to be smooth and flat 
in many studies and this shows that the activated carbon was 
successfully produced.10,63- 66 This study’s results showed that 
lignin will be a good choice for activated carbon production 
and the results of the studies conducted by Demirbas,67 and 
Allen et al.68 agree with our results.

XRD analysis

X- ray diffraction is a basic method for determining the carbon 
stacking structure of the activated carbon. Therefore, the 
changes in the structural properties of the activated carbon 
caused by the carbonization temperatures and production type 
of lignin were examined with XRD, as given in in Fig. 7.

Lignin has an amorphous structure, and it generally 
exhibits a peak at about 21–23° depending on the production 
type.2 After treatment with ZnCl2 and activating at high 
temperatures, lignin- activated carbon exhibited several peaks 

at 25–27°, 37–40° and 48–50° owing to the presence of ZnCl2. 
However, the activated carbon of DES- Lig at 900 °C showed 
a different behavior than the others and its peaks were at 26°, 
35° and 46° owing to the possible presence of ZnCl2. The 
lignin activated carbon generally has two peaks at about 26.0 
and 44.0° corresponding to graphite.69,70 Table 4 shows the 
summary results of the XRD spectra of the activated carbon.

With the help of Origin software, the crystallinity of the 
samples was calculated. The highest crystallinity was found 
to be 35% for DES- Lig at 600 °C and the lowest crystallinity 
was determined as 22% for DES- Lig at 900° owing to the 
increasing porosity of the activated carbon with raised 
activation temperatures. As seen in the SEM images in 
Figs 5 and 6, the increase in porosity can be seen with a 
rise in treatment temperature and the porosity increase the 
amorphous structure.62 As a result, DES- Lig exhibited a higher 
amorphous structure than C- Lig according to the XRD pattern. 
Additionally, the crystallinity index results showed that DES- 
Lig at 900° had higher amorphous structure than the other 

Table 4. Summary results of X- ray diffraction 
spectra of the activated carbon.
Samples 2θ (deg) Crystallinity (%)
DES- Lig at 600 °C 22, 25, 27, 32, 33, 

33.8, 34.5, 36, 38, 
58.6

35

DES- Lig at 900 °C 26.5, 44 22

C- Lig at 600 °C 27, 28.6, 31.8, 34.5, 
36.2, 46.5, 56.5

38

C- Lig at 900 °C 27, 28.6, 30.6, 47.6, 
51.8, 56.5

30

Abbreviation: DES, deep eutectic solvent; DES- Lig, DES lignin.

Figure 8. TGA of the activated carbon.

Figure 9. DTG analysis of the activated carbon.

Table 5. Summary results of TGA and DTG curves 
of the activated carbon.
Samples T10% 

(°C)
T50% 
(°C)

DTGmax 
(°C)

Mass 
loss (%)

DES- Lig at 600 °C 710 – 976 35

DES- Lig at 900 °C 1080 – 970 29

C- Lig at 600 °C 760 – 875 40

C- Lig at 900 °C 943 – 1150 16

Abbreviations: DES, deep eutectic solvent; DES- Lig, DES lignin; 
DTGmax, temperature with decomposition at the highest rate; 
TGA, thermogravimetric analysis.

 19321031, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bbb.2576 by ?skenderun T

eknik U
niversitesi, W

iley O
nline L

ibrary on [18/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



© 2023 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.   
|  Biofuels, Bioprod. Bioref. 18:251–264 (2024); DOI: 10.1002/bbb.2576

D Aydemir et al.Original Article: Lignin activated carbons obtained by green production process

261

samples. Many previous studies have shown that activated 
carbon has a higher surface area when the amorphous 
structure increases.37,45,51 The BET results show that the highest 
surface area was obtained in DES- Lig at 900°, and it can be said 
that the results were supported by the BET and SEM results.

TGA

Thermogravimetric analysis of the activated carbon 
was conducted from room temperature to 1200 °C. The 
thermogravimetric (TGA) and derivative thermogravimetric 
(DTG) curves are presented in Figs 8 and 9.

The TGA curves showed the degradation behavior of the 
activated carbon and thermal decomposition temperatures 
(Tonset) occurred at 170–185 °C. The Tonset was found at 
177 °C for DES- Lig produced at 600 °C and the Tonset was 
determined to be 183 °C for C- Lig prepared at 600 °C. This 
was caused by the low purity of the activated carbon prepared 
at 600 °C. The DTGmax was determined using the DTG 
curves, and the DTGmax of the activated carbon generally 
was found to be above 800 °C as seen in Fig. 9.

Table 5 shows a summary of TG analysis of the activated 
carbon and all samples generally exhibit at T10% and no 
samples did not indicate a degradation of T50% due to 
exhibiting large mass loss at high temperatures (above 
1200 °C). Mass loss occurred at 16–35%. The lowest and 
highest mass loss was calculated as 16% for the C- Lig 
prepared at 900 °C and 35% for the DES- Lig prepared at 
600 °C, respectively. The DTGmax ranged from 875 to 976 °C.

The results of this study are consistent with those reported 
by Dittmann et al.,71 who found that activated carbon 
prepared by chemical activation with zinc chloride had higher 
thermal stability than those prepared by physical activation. 
However, they are different from those reported by Kaya et 
al.72 who found that activated carbon prepared from pistachio 
shells by chemical activation with zinc chloride had lower 
thermal stability than those prepared by physical activation.

Conclusion

Activated carbon with commercial Kraft lignin and lignin 
prepared with green solvents (DESs) as a carbon source were 
successfully prepared at different activation temperatures 
by a carbonization- activation method using ZnCl2. The 
commercial lignin and DES- Lig exhibit different microscopic 
morphologies, and the surface areas of the samples generally 
range from 504 to 698 g/cm2 and include both micro-  and 
mesopores. The best morphological structure was found 
in the activated carbon prepared from lignin with a DES 
at 900 °C according to the results of SEM, TGA, XRD and 

BET analysis. It can be said that the lignin prepared with 
DES delignification can be a good alternative as a bio- based 
material source for activated carbon production.
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