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Abstract— This study aims to determine the CO2 adsorption 

capacity of activated carbon doped with nitrogen. Activated 

carbon is carbonized from oil palm empty fruit bunches 

(OPEFB). The results of lignocellulose analysis from OPEFB, 

42.87 wt% of hemicellulose, 27.31 wt% of lignin, 23.03 wt% of 

cellulose and 2.77 wt% of ash. Potassium hydroxide is used as 

an activating agent and urea as a nitrogen precursor with an 

OPEFB mass: urea is 1: 1 to 1: 5. The method used is single-step, 

where carbonization-activation-doping is made into one process. 

Activated activated carbon is characterized by Fourier-

Transform Infrared (FTIR), X-ray diffraction (XRD), 

Brunauer–Emmett–Teller (BET) isotherm, and scanning 

electron microscope (SEM) with energy dispersive X-ray. 

Infrared spectra showed that N-doped activated carbon was 

successfully synthesized. Diffractogram shows an amorphous 

structure with graphitic plane (002) and (100). ACN11 produces 

the highest surface area of 1309.47 m2 g-1. The results of 

gravimetric CO2 adsorption at 30 °C and 1 atm conditions 

resulted in the largest CO2 adsorption capacity of ACN14 at 

15.02 wt%. The ACN11 and ACN14 adsorption kinetics models 

followed the intraparticle diffusion model with R2 values of 0.95 

and 0.97. 

 

Keywords—Empty Fruit Bunch, N-Doped Activated Carbon, 

Urea, Single-Step Method, Gravimetric, CO2 Adsorption. 

I. INTRODUCTION 

lobal warming occurs because of the trapping of 
sunlight on the earth's surface, so that the temperature of 

the Earth's atmosphere increases. The capture of sunlight 
radiation is caused by the effects of greenhouse gases[1]. 
Gases are included in greenhouse gases such as carbon 
dioxide (CO2), methane (CH4), nitrogen oxide (NOx) and 
fluorine. Increased impact of global warming due to increased 
CO2 gas emissions because 81% of greenhouse gases are 
CO2.The increasing concentration of CO2 emissions in the 
atmosphere occurs due to emissions from the production and 
use of incandescent bulbs of 1.6 tons CO2/year, motorized 
vehicles of 3.0 tons CO2/year and industrial waste (including 
households) of 4.5 tons CO2/year . Research reports that in 
2010 the average atmospheric CO2 content was 380 ppm with 
an average temperature increase of 14.5 °C and it is estimated 
that at 2045 the CO2 content in the atmosphere will reach 450 
ppm with an average temperature increase of around 14.6 °C 
[2]. 

CO2 emissions in the atmosphere can be reduced by 
increasing energy conversion efficiency, using other energy 
sources such as solar energy, nuclear energy, and CO2-based 
biomass-based fuels. Wang, et al. (2011), reported that this 

fuel source cannot replace fossil fuels at this time on a large 
scale because of the high costs of the production process[3]. 
Several methods have been reported to reduce CO2 gas 
emissions, such as solvent absorption, separation using 
membranes, adsorption using solid sorbents and cryogenic 
separation. Solvent absorption with amine based is widely 
used in chemical plants to process large amounts of emissions 
from power plants because of the high efficiency of the 
process[4], [5]. Although efficiency is high, intensive energy 
consumption is also high for solvent regeneration, corrosion 
of equipment, processing and high volatility[6], [7]. The most 
relevant method used is adsorption using solid sorbent which 
has more advantages such as easy handling, high adsorption 
capacity and selectivity, long-term stability, low energy 
regeneration, and low costs[8]. 

Some porous material that has been reported for CO2 
adsorption, such as Organic Material Frameworks (MOFs), 
Zeolitic Imidazolate Frameworks (ZIFs), Porous Organic 
Polymers (POPs), Covalent Organic Frameworks (COFs), 
mesoporous silica, chitosan zeolite composites and activated 
carbon[9]. MOFs, POPs, and COFs have complex synthesis, 
high prices, low adsorption capacity under low pressure[10], 
mesoporous silica has poor selectivity[11], ZIFs have low 
adsorption capacity at low pressure and low thermal 
stability[12], zeolites are not water resistant and unstable 
under acidic or alkaline conditions[13], porous carbon has a 
low adsorption capacity. However, carbon has the potential 
to be used as an adsorbent under conditions of low pressure 
and room temperature [14] and has an easily modified pore 
structure and size. Selective carbon with CO2 and can be 
easily regenerated, unlike other physical adsorbents such as 
zeolites or MOFs, both hydrophobic and high stability in 
humid conditions[15]. Carbon also has a high surface area 
which is between 300-1000 m2 g-1, economical and has good 
recycling properties[16], [17]. Carbon can be obtained from 
biomass containing lignocellulose and then hydrolyzed at 
high temperatures (600-900 °C) in the flow of N2 gas to 
damage its structure into structures with the dominant 
structure of carbon-carbon bonds[18]. 

Carbon from oil palm biomass can be produced through 
high temperatures to degrade lignocellulose structures from 
their raw materials to carbon material. Evbuomwan, et al. 
(2013) reported that the activation of single-step activated 
carbon from oil palm using NaHCO3 resulted in a BET 
surface area of 1080 m2 g-1 [19]. Hussaro, (2014) reported that 
BET surface area for activated carbon which when activated 
using Na2CO3 was 742.43 m2 g-1 and ZnCl2 amounted to 
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551.05 m2 g-1 [20], while activation with KOH produced a 
BET surface area of 1250 m2 g-1 [21], 1408 m2 g-1 [22], 1621 
m2 g-1 [23] and 1704 m2 g-1 [24]. Based on the description 
above, the activating agent in the form of KOH produces a 
BET surface area of more than 1000 m2 g-1. 

Research on carbon-based adsorbents tried to increase 
chemisorption through nitrogen doping because CO2 has 
acidic properties and nitrogen atoms induce basicity in order 
to create CO2-philic sites by increasing surface polarity, 
electrical conductivity, and the tendency of electron-donors 
from porous carbon[25]. Usually, three basic criteria are 
involved for CO2 adsorption including high adsorption 
capacity, stable recyclability and high selectivity. Increasing 
selectivity through structural modification is considered an 
effective solution by doping heteroatoms such as nitrogen 
into the carbon matrix. The results of Liu's study, et al., 
(2015), reported that activated carbon doped with nitrogen 
from urea with a ratio of carbon:urea = 1:1 and 1:2, 
respectively had an adsorption capacity of 4.6 and 3.7 mmol 
g-1 with selectivity of 45[26], compared to activated carbon 
without nitrogen doping only has a selectivity of 5.4 with an 
adsorption capacity of 4.8 mmol g-1 [3]. From these data it 
can be seen that nitrogen doping on activated carbon does not 
significantly reduce the adsorption capacity and increase the 
selectivity value of CO2 adsorption. In this study, variations 
in the mass of carbon: urea, ie 1: 1, 1: 2, 1: 3, 1: 4 and 1: 5 
were used to determine the effect of adding nitrogen doping 
to CO2 adsorption capacity. Adsorption kinetics model was 
also investigated to determine the adsorption rate of the 
material synthesized. 

II. METHOD 

A. Materials 

The materials used in this study were oil palm empty fruit 
bunches biomass from Pontinak, Kalimantan Barat, 
Indonesia, acetone (pa, CAS no. 666-52-4), sodium 
hydroxide (NaOH 99% pa, Merck), potassium hydroxide 
(KOH 99% pa, Merck, 1310-58-3), demineralized water, 
H2SO4 (98% pa), N2 Ultra High Purity (UHP) gas (99.9999% 
N2), Chloride acid (HCl 37%, SAP), urea (CAS no. 57-13-6, 
Merck) and CO2 Ultra High Purity (UHP) gas (99.9999%). 

B. Analysis of Lignocellulose 

Lignocellulose content analysis using the Chesson-Datta 
method from Isroi et al., (2012). OPEFB are cut into small 
pieces and then washed with demineralized water and dried 
under the sun for 8 hours/day for 3 days. Next, the sample is 
heated in an oven at 105 °C for 24 hours. 1 gram of OPEFB 
wrapped into the acetate thimble and placed in the reflux 
component. 150 mL of water was added to the round bottom 
flask then heated at 100 °C for 2 hours. Then the sample is 
filtered and dried in an oven at 105 °C for 2 hours. Reflux 
continuously until the percentage of lignin, hemicellulose, 
cellulose and ash is obtained[27]. 

C. Single-step Pyrolysis 

Single-step pyrolysis includes the stages of carbonization, 
nitrogen doping, and chemical activation which are made into 
one process[21], [28]. The ratio of carbon precursors and 
chemical activating agents KOH is 1: 3 with variations in the 
ratio of carbon precursors to urea masses of 1: 1, 1: 2, 1: 3, 1: 
4, 1: 5. Then the sample was hydrolyzed at 800 °C with a 
holding time of 3 h and the heating rate was 10 °C min-1. 

Carbon material was obtained, then washed several times 
using 10 wt% of HCl and washed with demineralized water 
to neutral pH. The modified carbon obtained is denoted as 
ACN-x-y. Variable x is the mass ratio of OPEFB and y is the 
mass ratio of urea are used. 

D. Characterization of Materials 

Identification of functional groups on carbon materials 
using the Nicolet iS 10 FT-IR Spectrometer. The spectra were 
recorded in the range of 4000-500 cm-1. Pellet discs were 
prepared by mixing dried biomass samples with KBr 
spectroscopic grade salt in granite mortar. The pellet was then 
pressed at 1 MPa for about 10 min before reading the spectra. 
X-ray diffractometer (XRD) with Copper anode (Cu-Kα, λ = 
1.5406) was used to identify the formed phases in the ACN 
sample. 

The morphology of  N-doped activated carbon can be 
detected through SEM-EDS method. The sample is placed on 
the surface of the holder who has been given a carbon tape, 
then gold is coated on the surface of the sample. After 
coating, the sample is inserted in the sample room which has 
been vacuumed first, then the sample is analyzed using a 
SEM instrument (HITACHI FLEXSEM 100) to find out the 
morphology. 

Porosity is measured using surface area and porosity 
analyzer (Quantachrome Instruments, ASAP2020). The gas 
used for analysis is N2 at -195 °C. Before the measurement 
process is carried out, each sample is degraded at 300 ° C 
overnight. Surface area (SBET) is calculated using the BET 
(Brunauer-Emmett-Teller) method in the range of relative 
pressures of 0.05 to 0.25. The total pore volume (Vtot) is 
obtained at P/P0 = 0.995. The t-plot method is used to 
calculate the micropore volume (Vmicro). Pore size distribution 
(PSD) is obtained from N2 gas desorption data and using 
SAIEUS Software with 2D-NLDFT[29]. 

E. CO2 Adsorption Measurement 

Measurement of CO2 adsorption capacity using the 
gravimetric method by weighing 0.5 g of the sample then 
degraded at 300 °C for 3 hours. The measurement process is 
carried out at 30 °C under a pressure of 1 atm. The CO2 flow 
rate during the adsorption process is controlled at 20 mL min-

1. Changes in mass are recorded by the analytical balance of 
Ohaus Pioneer. The scheme of the tools used in this study is 
illustrated in Figure 1. 

 
Figure 1. Schematic diagram of the adsorption system 
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Eqn (1) was used to determine the weight of adsorbed CO2: 

CO2 wt%= Meq-M0
M0+(Meq-M0) ×100% (1) 

where Meq is the mass after adsorption reached equilibrium 
and M0 is the initial mass of the adsorbent after degassing 
process[30]. 

F. Adsorption Kinetics 

Kinetic models are used to determined gas transport 
mechanisms and adsorption types of CO2 into adsorbent 
based-carbon. In this study, pseudo-first order and pseudo-
second-order models were used[31], [32]. 

 Pseudo-first order is the model used to describe the 
adsorption process is given by eqn (2): ln(𝑞𝑒 − 𝑞𝑡) = ln𝑞𝑒 − 𝑘𝑓𝑡 (2) 

where qt (mmol g-1) is the amount of adsorbate adsorbed at 
the time of t (minute), qe (mmol g-1) is the adsorption capacity 
at equilibrium and kf (min-1) is the rate constant of the pseudo-
first order. 

Pseudo-second order can be determined using eqn (3): 

dqt
dt

=ks(qe- qt)2
 (3) 

After integrating and applying boundary conditions, the 
equation can be integrated further with the initial condition of 
qt = 0 at t = 0 and qt = qt at t = t. A linear equation can be 
obtained 

t
qt

= 1
ksqe

2 + 1
qe

t (4) 

and the initial sorption rate, h (mg g-1 min-1) as t → 0 can be 
defined as 

h = ksqe
2 (5) 

Intraparticle diffusion was used to determine the 
adsorption process in porous materials and is expressed in eqn 
(6):  𝑞𝑡 = 𝑘𝑖𝑑𝑡1/2 + 𝐶 (6) 

Where, t is time (min). The diffusion constant kid (mmol g-

1 min-0.5) can be determined experimentally from the slope of 
the plot of qt versus t1/2, and C is an intercept that expresses 
the thickness of boundary layer[33]. 

III. RESULTS AND DISCUSSION 

A. Lignocellulose Content 

Table 1 presents data on the content of lignocellulose 
(lignin, cellulose, hemicellulose) and ash in OPEFB. 

Table 1. 
Lignocellulose Content of OPEFB 
 Content (wt%) 
Lignin 27.31 
Hemicellulose 42.87 
Cellulose 23.03 
Ash 2.77 
Yield 61.49 

Analysis of lignocellulose content using the Chesson-Datta 
method obtained hemicellulose by 42.87 wt%, lignin at 27.31 
wt%, cellulose at 23.03 wt%, and ash at 2.77 wt% for OPEFB 
from Pontianak, West Kalimantan, Indonesia. Sutikno, et al., 
(2017) reported that the lignocellulose content of OPEFB 

fibers from Central Lampung was 28.60 wt% hemicellulose, 
42.30 wt% cellulose and 22.40 wt% lignin[34]. The 
lignocellulose content of each OPEFB differs from the origin 
of the OPEFB region. The amount of lignin content in 
cellulose determines the amount of carbon produced during 
the pyrolysis process. While the content of hemicellulose and 
cellulose determines the surface area produced, the higher the 
content of hemicellulose and cellulose, the higher the surface 
area[35]. Cellulose and lignin have a high resistance to KOH, 
this is related to the mass of carbon produced from OPEFB at 
61.49 wt%. 

B. Identification of Functional Groups and Adsorbent 

Structures 

Figure 2 shows FTIR spectra of each sample. OPEFB 
samples showed an absorption band at 3227.05 cm-1 
indicating a vibrational functional group of the hydroxyl OH 
strain with a wide and clear peak[36], 2918.06 cm-1 indicating 
CH strain vibration with medium intensity, 1628.97 cm-1 
indicates strain vibration C = C stretching with medium 
intensity and 1030.52 cm-1 indicates CO strain stress with 
strong intensity[37]. Whereas, carbon which is the result of 
pyrolysis (without activation and doping) at a temperature of 
800 °C peak O-H, C-H and C-O disappears but the peak C=C 
is still visible even though the intensity decreases. 

There are no peaks produced by ACN13 and ACN15, as 
seen in OPEFB and carbon. Based on Figure 2, the addition 
of the mass ratio of urea as a nitrogen doping precursor has a 
similar trend. During the process of carbonization, activation, 
and doping most of the functional group absorption peaks 
disappear. This is because the functional groups of the 
spectrum of raw materials are evaporated as volatile materials 
when high heat (up to 800 °C) is supplied to the sample[38]. 
This proves that the activation process has been successfully 
carried out. 

Figure 3 shows a diffractogram pattern for ACN13 and 
ACN15. There is no sharp characteristic peak observed in the 
diffractogram. However, two wide peaks were found at 27.3° 
and 44°. These two angles are respectively graphical fields 
(002) and (100). A similar XRD pattern was observed for 
activated carbon originating from palm fiber using the single-
step pyrolysis method[28]. This shows that ACN produced 
from a single-step activation process is somewhat amorphous 
but may have several microcrystalline structures. This XRD 
pattern shows that the activated carbon shows an irregular 
turbostatic structure of carbon material[39]. The turbostatic 
structure is a layer of microcrystalline interference formed 
because of the presence of heteroatoms such as hydrogen, 
oxygen, nitrogen or empty lattice cavities in activated carbon. 
The peak and diffractogram intensity formed at ACN15 are 
lower than ACN13, this is due to KOH activation and 
nitrogen doping leading to uniform destruction of the 
structural domain and random distribution of carbon atoms. 
Amorphous activated carbon pores function as active sites for 
the adsorption of ions or molecules, while layers that have 
crystal structures tend to be more appropriately used for 
electron transfer channels during electrochemical 
processes[40]. 
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Figure 2. FTIR spectra of OPEFB, raw, ACN13 and ACN15 

 
Figure 3. Diffractogram XRD of ACN13 and ACN15 

C. Surface Morphology 

Figure 4 shows the morphology of the carbon material 
produced during pyrolysis of 800 °C. Carbon morphology 
which is hydrolyzed at 800 °C without treatment KOH 
activation and nitrogen doping is shown in Figures 4.a and 
4.b. In figure 4.b with a magnification of 1000x, it can be seen 
that the carbon pores formed on the surface are very irregular 
or not too many pores are formed. Whereas, in Figures 4.3 (c) 

and 4.d, it shows the morphology for ACN14 samples given 
KOH activation treatment and nitrogen doping with carbon 
mass ratio compared to urea = 1: 4 formed pores in the front 
cross section. 

The results of SEM EDS using Cu-Kɑ rays for ACN14 
samples are shown in Figure 4.e carbon elements, 4.f nitrogen 
elements, 4.g oxygen elements. The content of each detected 
element is shown in Figure 4. h with values of 70.45 wt% 
carbon, 18.41 wt% oxygen, 7.85 wt% nitrogen, and 3.29 wt% 
potassium. The results of EDS showed that the carbon pore 
material was successfully activated using KOH with nitrogen 
doping of 7.85 wt% and a small amount of K of 3.29 wt%. 

The mechanism of the promotion and inhibition effect on 
nitrogen doping is the same as the effect on surface area. For 
the two-step method, then doping activation can destroy 
many functional groups containing oxygen, leaving carbon 
"non-active" in the inert atmosphere, so that the amount of 
nitrogen in the sample can be lower than before. formed 
during activation using KOH can also inhibit the formation of 
carbon so that the number of pores produced becomes less. 
Some samples that become "non-active" carbon because the 
formation of K2CO3 also has a portion of nitrogen mass, so 
that the insertion of heteroataom nitrogen becomes 
ineffective. nitrogen contained in the K2CO3 sample is higher 
than that produced by KOH activation[41]. 

D. N2 Adsorption-Desorption Isotherm 

Figure 5 shows that the isotherms that occur during the 
adsorption-desorption process of nitrogen from carbon 
materials with OPEFB precursors are included in type I 
isotherms based on the classification of the International 
Union of Pure and Applied Chemistry (IUPAC). Usually, 
type I isotherms display convex curves and this type of 
platform exits horizontally or almost horizontally, and the 
adsorption isotherm directly intersects with line P/P0 = 1 [38]. 
The highest nitrogen adsorption-desorption volume is owned 
by ACN14 and ACN15 by following type I isotherms, 
adsorption which occurs in pore averages which are included 
in micropore (diameter < 20 Å). Although the isotherm 
curves for ACN11 to ACN15 samples with higher urea mass 
ratios  show very small hysteresis loops,  which are indicative 
of type IV, they still resemble type I [21]. 
 

 

 

(a) (b) 
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Figure 4. Morphology of SEM (a) Carbon (without activation and doping) 500x magnification, (b) Carbon (without activation and doping) 1000x 
magnification, (c) ACN14 500x magnification, (d) ACN14 1000x magnification, EDX from ACN14 (e) carbon element , (f) element of nitrogen, (g) element 
of oxygen, and (h) percentage of content of each element obtained. 

 

 
Figure 5. Adsorption-desorption N2 isotherm 

The surface properties of carbon, activated carbon, ACN11 
to ACN15 are summarized in Table 2. The highest surface 
area calculated using the BET (SBET) method is found in 
ACN11 of 1309.47 m2 g-1 and ACN14 of 1230.30 m2 g-1. 
Comparable to the value of the surface area produced, the 
total pore volume (Vtot) of ACN11 and ACN14 were 0.114 
cm3 g-1 and 0.096 cm3 g-1, respectively. Comparison of the 
surface area produced between carbon, activated carbon (AC) 
and ACN11 has a significant difference. This shows that with 
activation followed by doping can increase the surface area 
(SBET; 217.54 < 699.14 < 1309.47 m2 g-1) and increase the 

micropore volume (Vmicro; 0.17 < 0.52 < 0, 84 cm3 g-1) on the 
surface of the carbon material produced. When the 
temperature increases, the amount of nitrogen inserted into 
carbon particles also increases. This is due to (i) formation of 
micro cracks due to higher internal pressure on carbon at 
higher temperatures and (ii) degradation of cellulose content 
from biomass particles at higher temperatures from 210-220 
°C [41]. Continuous increases in temperature causing urea 
decomposition reactions take place through pyrolysis which 
may occur at temperatures between 350 °C and 400 °C  [42]. 
The gases released  during pyrolysis are proposed as a key 
step to open parallel channels and develop pores of different 
sizes, followed by the activation process simultaneously by 
raising the temperature to 800 °C. 

Table 2. 
Properties of the Surface of Carbon Material from OPEFB Precursors 

which are Pyrolyzed by a Single-Step Method at 800 °C 

Sample 
SBET 

(m2 g-1) 
Vtot 

(cm3 g-1) 
Vmicro 

(cm3 g-1) 
Vmeso 

(cm3 g-1) 
Average Pore 

Radius (Å) 

Raw 217.54 0.17 0.15 0.02 15.79 

AC 699.14 0.52 0.45 0.07 14.90 

ACN11 1309.47 0.84 0.72 0.11 12.80 

ACN12 1009.85 0.69 0.60 0.08 13.62 

ACN13 332.10 0.29 0.24 0.05 17.46 

ACN14 1230.30 0.78 0.69 0.10 12.71 

ACN15 875.03 0.62 0.52 0.10 14.06 

(c) (d) 

(e) (f) 

(g) (h) 
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However, the amount of nitrogen inserted can be reduced 
if the domain of K2CO3 formation is higher. In this study 
using a carbon mass ratio compared to KOH of 1:3 and mass 
doping of nitrogen from urea varied from 1 to 5. In ACN11 
the BET surface area is higher than the other samples, 
followed by total volume, micropore and mesoporous highest 
too. ACN14 ranks second with the highest score. Whereas, 
for ACN13 it has the lowest value with a surface area of 
332.10 m2 g-1, total volume of 0.29 cm3 g-1, micropore volume 
of 0.24 cm3 g-1, and mesoporous volume of 0.05 cm3 g-1. This 
value is smaller than activated carbon (with KOH activation) 
without nitrogen doping treatment. In terms of mass ratio 
between KOH as an activating substance and urea as a 
nitrogen precursor it can cause fewer carbon pores to be 
formed, because the complex thermal decomposition of urea 
produces products such as ammonia and carbon dioxide[43], 
thereby increasing the formation of K2CO3. Excess carbon 
dioxide encourages the formation of K2CO3 in the one-step 
pyrolysis process, so that the character of the carbon formed 
becomes less good[15]. 

The pore distribution shown in Figure 6 is pore distribution 
desorption data using the BJH method (Barrett, Joyner, and 
Halenda) for each sample of carbon material from the 
OPEFB. Carbon samples and activated carbon each have a 
mean pore radius of 15.79 and 14.90 Å and a micropore 
volume of 0.15 and 0.45 cm3 g-1, respectively. While for 
ACN11 and ACN14, each pore radius has an average of 12.80 
and 12.71 Å and the micropore volume is 0.72 and 0.69 cm3 
g-1, respectively. This is also because the surface area of 
ACN11 and ACN14 is greater than carbon and activated 
carbon, so the micropores owned by ACN11 and ACN14 are 
greater than carbon and activated carbon. Whereas for 
ACN13 samples which have a micropore volume of 0.24 cm3 
g-1 are between carbon and activated carbon, so the number 
of micropores based on the volume of the microporous is raw 
< ACN13 < AC. This is also due to the same mass ratio 
between KOH and urea which inhibits pore formation, 
especially the micropore of carbon material produced from 
OPEFB. Pore size distribution shows that the porosity of 
activated carbon consists mainly of micropores and some 
mesopores. These micropores are formed by the release of 
non-carbon components such as N and O during 
carbonization, and also the use of KOH as an activating 
agent[44]. 

 
Figure 6. The pore size distribution (PSD) characteristics of carbon material 
from OPEFB using the BJH method 

E. CO2 adsorption 

CO2 adsorption capacity was tested using the gravimetric 
method for carbon, activated carbon, ACN11 and ACN14 
samples at 30 °C. Before doing the adsorption, the carbon 
material sample is first degassed at 300 °C for 3 hours to 
remove pollutant gases in the pores of the carbon material 
[17], so that the adsorbed is pure CO2 gas. 

 
Figure 7. CO2 adsorption capacity using carbon adsorbent (without activation 
and doping), activated carbon, ACN11, and ACN14 

Figure 7 shows CO2 adsorption capacity of carbon 
adsorbents, activated carbon, ACN11, and ACN14 at 7.29 
wt%, 8.36 wt%, 12.67 wt% and 15.02 wt%, respectively. 
Based on the adsorption data of CO2, carbon and activated 
carbon have differences because activated carbon is activated 
using KOH so that the pores in the activated carbon of 
OPEFB become open and micropores and some mesopores 
are formed[41]. This is also supported by the data presented 
in table 2. While the difference between activated carbon and 
ACN11 and ACN14 differed significantly because there was 
CO2-philic heteroatom nitrogen doping[43]. Although SBET 
ACN11 > SBET ACN14, the CO2 adsorption capacity 
produced is greater than ACN11, because this amount of 
nitrogen inserted in the ACN14 sample is greater than 
ACN11. This proves that the more nitrogen mass added to the 
activated carbon, the greater the CO2 adsorption capacity, but 
it should be noted that other factors such as the type of 
activating agent and the activating agent mass are added so 
that the addition of doping nitrogen heteroatoms is not 
inhibiting the CO2 adsorptivity performance. 

F. Adsorption Kinetics Study 

In  order  to  investigate  the  mechanism  of  adsorption 
rate  for  the  adsorption  of  CO2  by  activated  carbon derived  
from  OPEFB,  the  rate  constants  were  determined by 
applying eqn (2), (4), and (6). 
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(a) 

 
(b) 

 
(c) 

Figure 8. Kinetics model (a) pseudo-first order, (b) pseudo-second order, and 
(c) intraparticle diffusion for CO2 adsorption in raw, AC, ACN11, and 
ACN14 

The adsorption parameters for pseudo-first order, pseudo-
second order, and intraparticle diffusion kinetics were 
determined from the plot ln (qe-qt) based on time t, plot t / qt 
with time t, and plot qt with t1/2 is shown in Figure 8. Constant 
parameters and regression coefficients (R2) are shown in 
Table 3. The results of straight-line analysis show the 
application of the pseudo-first order adsorption kinetics 
model, pseudo-second order, and change the intraparticle 
diffusion rate. 

 

Table 3. 
Comparison of the pseudo-first and pseudo-second order adsorption, and 

intraparticle diffusion rate constants of raw, AC, ACN11, and ACN14 

Model Parameter 

Pseudo-first order kf qe R2 

Raw -0.09 2.34 0.86 

AC -0.17 1.65 0.56 

ACN11 -0.07 2.00 0.61 

ACN14 -0.11 3.81 0.79 

    

Model Parameter 

Pseudo-second order h qe R2 

Raw 0.10 3.33 0.64 

AC 0.13 9.80 0.09 

ACN11 0.16 4.38 0.48 

ACN14 0.50 4.08 0.95 

    

Model Parameter 

Intraparticle diffusion kid C R2 

Raw 0.34 -0.32 0.95 

AC 0.63 -0.63 0.84 

ACN11 0.44 -0.13 0.95 

ACN14 0.59 0.16 0.97 

The assumption used in the pseudo-first order model is the 
concentration of reactants in this case the adsorbate is much 
higher than the concentration of other reactants. The 
assumption used in the pseudo-second order model is the 
number of sites active on the surface of the adsorbent which 
is always the same as the adsorption capacity[45]. 

The difference can be seen in Figure 8c which shows two 
adsorption steps for ACN11 and ACN14, the first is external 
surface adsorption, or macropore diffusion and the last is 
internal surface adsorption or micropore diffusion. External 
diffusion occurs faster than internal diffusion[32]. The kinetic 
model suitable for raw materials, AC, ACN11 and ACN14 is 
the intraparticle diffusion. This can be seen from the R2 
values of raw, AC, ACN11, and ACN14, respectively 0.95, 
0.84, 0.95, and 0.97. However, asking further, such as 
molecular modeling is needed for the phenomenon of the 
application. 

IV. CONCLUSION 

In this study the development of biomass-based adsorbent 
material has been successfully synthesized. OPEFB has the 
potential as a precursor for activated carbon because it 
produces a yield of 61.5 wt%. The activated carbon produced 
can be carried out using the single-step pyrolysis method at 
800 °C using a KOH chemical activator because it produces 
SBET of 699.14 m2 g-1 with Vmicro of 0.45 cm3 g-1. The 
development of activated carbon material by adding doping 
nitrogen heteroatoms can increase the surface area to reach 
1309.47 m2 g-1 and 1230.30 m2 g-1 for ACN11 and ACN14, 
respectively. The increase in surface properties was followed 
by an increase in CO2 adsorption capacity of 12.67 wt% and 
15.02 wt% for ACN11 and ACN14, respectively. This is 
because the basic properties of nitrogen can attract CO2 which 
is acidic by physisorption. The adsorption rate compares the 
raw and AC kinetics models, the results show that the same 
adsorption kinetics model for ACN11 and ACN14 follows 
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the adsorption model of intraparticle diffusion kinetics with 
R2 values for ACN11 and ACN14 of 0.95 and 0.97, 
respectively. 
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