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Introduction

Fossil fuels make up about 90% of the world's energy
source [ 1]. Considering that the world's population and
fuel consumption is constantly increasing, removing
fuel pollutants before using fuel is of particular
importance. Nitrogenous and sulfurous compounds
are one of the main pollutants in fuel [2], which after
combustion turn into NOx and SOx, which, leads
to global warming and very adverse effects on all
kinds of animal and plant species, and acid rain [2,
3, 4]. Until now, efforts have been made to remove
nitrogenous compounds and refine fuel using various
methods [5], such as extractive denitrogenization |1,
5, 6], biological denitrogenization [1, 5], oxidative
denitrogenation [1, 5] and adsorptive denitrogenation
[1]. Hydrodenitrogenation process is used in the
industry, which requires high temperature, high
pressure, more active catalysts and larger reactors,
in addition to expensive hydrogen, and hence it is
considered a costly and energy-intensive process
[2-4,7.8]. Among the studied methods, adsorptive
denitrogenation may be considered an attractive and
promising method [1, 9]. Today, activated carbon
has become one of the most widely used adsorbent
materials due to its unique features such as easy access,
neutral impact on the environment, simple production
method, and highly porous structure [10]. In spite of
the fact that activated carbons (granular or powdered)
are particularly capable of adsorbing organic
pollutants, their use is limited due to their high cost.

Accepted: August/10/2024

As a result, from an economic point of view, the use
of new precursors that are cheap and available in large
quantities is an important challenge in the commercial
production of activated carbon. Iran is the third largest
producer of walnuts in the world with the production
of 10% of walnuts in the market, so walnut shells can
be used as an alternative source for the production
of activated carbon. In this study, the adsorptive
removal of indole and quinoline nitrogen compounds
from a model fuel was investigated with the help of
activated carbon prepared from green walnut skin as
a biosorbent. The synthesized activated carbon were
characterized by XRD, FT-IR and BET analyses.
Various parameters including time, temperature, initial
concentration of nitrogen compound and adsorbent
dosage were investigated as process design parameters.
Also, adsorption equilibrium isotherms and kinetic
parameters in the process were determined.

Material and Methods

Activated Carbon Preparation

First, in order to remove dust and impurities, the green
skin of walnut was washed once with distilled water,
and then it was placed at laboratory temperature for 48
hours to dry. Then, the green skin of the walnut was
powdered with a laboratory grinder and sieved with a
600 micron sieve. Next, the H,PO, with a concentration
of 85 wt.% was diluted to 70 wt.%, then 50 g of the
prepared precursor was diluted in 100 ml of acid and
soaked overnight at 80 °C. Then the wet masses were
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poured into the porcelain crucible and placed in an
electric furnace at a temperature of 600 °C for 2 hours
for carbonization. The obtained materials were washed
with hot distilled water and dried until constant weight
was reached.

Characterization

To analyze the crystal structure of synthesized activated
carbon, X-ray diffraction (XRD) patterns (XRD-
6000, Shimadzu, Japan) with Cu-Ka radiation were
used. Fourier transform infrared spectroscopy (FT-IR)
(Avatar, Thermo, USA) was performed to determine
the groups and surfactants of the synthesized activated
carbon. BET analysis (Bel, Sorp, Japan) was used to
check the specific surface area of the studied adsorbents.
Catalytic Activity Test

The model fuel was prepared by dissolving 10,000 ppm
nitrogenous compounds (indole or quinoline) in normal
heptane. The concentration of the nitrogen-containing
compound was reduced to 200 ppm. 0.05 g adsorbent
was added to 10 mL of the prepared model fuel. The
adsorption was carried out under atmospheric pressure
and laboratory temperature (25°C) for 360 min. After
the adsorption process, the solution was separated from
the solid with a syringe filter (PTFE, hydrophobic, 0.5
pum) and analyzed using a UV spectrometer (UV-1800,
Shimadzu, Japan). UV absorptions at 313 and 287 nm
wavelengths were used to determine quinoline and
indole concentrations. Determination of the absorption
capacity of nitrogenous compounds from fuel was
done using Equation 1:

o —CiCr¥ (1)
t m

where Ci is the initial concentration, Cf is the final
concentration, Qt is the amount adsorbed (mg/g) at
time t, V is the volume of the solution (mL) and m is
the mass of the adsorbent (g).

Langmuir Isotherm

The Langmuir isothermal model is checked through
Equation 2:

¢ G, 1 @)
q. O, 0O
In this equation, C_ is the equilibrium concentration of
the adsorbate (mg/L) and ge is the adsorption capacity
of adsorbent in the equilibrium (mg/g), Q, is the
maximum adsorption capacity in (mg/g) and b is the
Langmuir constant in (L/mg).

Freundlich Isothermal Model

Freundlich isothermal model is checked from Equation 3.
1

qe :KFCe; (3)

In Equation 3, K is Freundlich’s adsorption constant,
which specifies the absorbent’s absorption capacity,
and n is Freundlich’s exponent, which indicates the
intensity of absorption or the heterogeneity of the
surface. Moreover, this model cannot be used for high

concentration of nitrogen-containing compounds

Kinetics of Surface Adsorption Process

First Order Pseudo Model

One of the most widely used kinetic relations is the
pseudo-first-order kinetic model, and it is usually
suitable for physical adsorption. The pseudo-first-
order kinetic model is expressed based on Equation 4:
q,=q,(1-e™*") 4)
In the above relationships, gt, ge and kL are respectively
the absorbent capacity at time ¢ (mg/g), the absorbent
capacity at equilibrium time (mg/g) and the kinetic
rate constant (lit/min)

Second Order Pseudo Kinetic Model

In the pseudo-second-order kinetic model, the
absorption process is considered along with the
chemical reaction, which Equation 5 represents the
equation of this kinetic model.

_ K.t (5)
a 1+K,q,t
In Eq. 5, qt is the adsorbent capacity at time t (mg.g-
1), t is time (min) and ge is the adsorbent capacity at
equilibrium (mg.g-1). Moreover, K2 is also the rate
constant of the pseudo-second order model.

Results and Discussion

Catalyst Charachterization

Fig. 1 shows the X-ray diffraction (XRD) patterns
for activated carbon synthesized from green walnut
skin. Indicator peaks are observed at 25, 45, 65 and
78 angles. A broad peak in the angle range of 5 to 25
degrees confirms the amorphous nature of the prepared
carbon. These peaks confirm the amorphous and
graphitic nature of activated carbon. FT-IR spectrum
for activated carbon prepared from green walnut skin
is shown in Fig. 2. For activated carbon, the wide and
flat band at 3200-3600 cm can be related to O-H
stretching vibration and at 2923, 1933 and 841 cm! it is
referred to C-H stretching. Peaks at 2338 and 2362 cm™
indicate C=C groups due to symmetric or asymmetric
stretching of the aliphatic band, which increased during
carbonization. The peaks between 1750-1600 cm! refer
to the C=0 bond (carbonyl bond).
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Fig. 1 XRD patterns of synthesized samples.
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Fig. 2 FT-IR analyze.

The observed peaks at 1000-1380 c¢cm™ show CO
vibration in phenol and alkoxy groups. The C-H bond
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in alkenes is detected by peaks at 700-1000 cm™'. The
process of carbonization and activation has created an
aromatic ring or C=C stretching vibration, which is
observed at about 1400 cm-1. An increase in the peak
around 11,400 cm leads to an increase in absorption
capacity. The band located around 1458 cm™' was
attributed to the carboxylate ion group.

BET isotherm of activated carbon synthesized
from green walnut skin is shown in Fig. 3. From
the isothermal shape, according to the IUPAC
classification, the isothermal profile can be classified
as type I, which shows dense micropore structures and
shows a single layer adsorption diagram. The surface
properties of activated carbon synthesized from green
walnut skin are shown in Table 1.

Table 1 Analysis of specific surface area for activated carbon synthesized from green walnut skin.

BET surface area | Pore size . . Total pore volume
Sample R Pore volume (cm,g™) | Particle size (nm) lp
(m,g") (nm) (cm,g™)
Walnut activated
502.27 4.4127 0.4086 1.26 0.5541
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Fig. 3 Nitrogen adsorption-desorption isotherms for synthe-
sized activated carbon.

Effect of Contact Time on Denitrogenation Reaction
In order to establish the absorption equilibrium
conditions and to understand the effect of absorption
duration on the absorbed quantity, absorption tests were
performed in a six-hour period (Fig. 4). The rate of
surface absorption for indole increased more strongly
up to 60 minutes and quinoline up to 90 minutes, and
after that it was almost constant, which is related to
the high amount of adsorption sites in the outer layer
of the adsorbents at the beginning of the process. As
the adsorption time increases, the adsorption sites of
the adsorbents are gradually occupies by indole and
quinoline compounds, and the adsorption capacity
reaches the saturation limit after 6 hours without
significant change. The environment created by the
active sites of activated carbon synthesized from green
walnut skin led to the absorption capacity of 42.26
indole and 37.68 mg.g"' of quinoline in 360 minutes.

Fig. 4 The effect of reaction time on the removal of quinoline
and indole. 0.05 g of catalyst, 10 ml of solution (ppm 200),
and temperature of 25 °C.

Effect of Reaction Temperature on Denitrogenation Re-
action

Fig. 5 shows the effect of different temperatures on
absorptive denitrification in the temperature range
of 25 to 40 C in a period of 360 minutes and 0.05 g
of absorbent. According to the figure, the increase
in temperature leads to a decrease in the adsorption
capacity for the combination of indole and quinoline,
although this decrease in capacity was not associated
with great intensity. As the temperature increased
from 25 to 40 °C, the absorption capacity of indole
decreased from 42.26 to 39.09 mg.g ! and for quinoline
from 38.68 to 33.152 mg.g.
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Fig. 5 The effect of reaction temperature on the conversion
of quinoline and indole, 0.05 g of catalyst, 10 ml of solution
(200 ppm), and 360 minutes of reaction time.

Effect of Catalyst Amount on Denitrogenation Re-
action

Fig. 6 shows the effect of the amount of adsorbent in
the range of adsorbent dose from 0.03 to 0.06 g per 10
ml of solution on the removal of indole and quinoline
and it is found that increasing the amount of adsor-
bent improves the denitrogenation performance. 0.05
g of the synthesized activated carbon adsorbent led to
the adsorption capacity of 43.08 and 41.79 mg.g! for
indole and quinoline, respectively. By increasing the
adsorbent dosage from 0.03 to 0.05, the absorption
capacity increased at first and then decreased. Also,
the interaction between the indole compound and the
synthesized active carb adsorbent was more effective
compared to quinoline, and a lower adsorbent dose
was needed to remove the indole compound compared
to the quinoline compound.
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Fig. 6 Effect of catalyst amount on the conversion of
quinoline and indole, 10 ml of solution (200 ppm), and 360
minutes of reaction time at 25°C.

Effect of initial concentration of quinoline on
denitrogenation reaction

Fig. 7 shows the surface absorption of indole and
quinoline for different initial concentrations of indole
and quinoline in the concentration range of 100 to 250
ppm. As can be seen from Fig. 7, activated carbon
synthesized at lower concentrations (less than 200

ppm for indole and quinoline) has a lower absorption
rate. By increasing the concentration to 200 ppm,
the absorption capacity improves and decreases
at higher concentrations. The removal of both
nitrogen compounds increased with increasing initial
concentration. This increase is probably promoted
as the concentration gradient is increased. However,
at high initial concentrations of quinoline and indole
(above 200 ppm), the catalytic performance decreased
due to the association of indole and quinoline
molecules on the adsorbent sites.
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Fig. 7 The effect of the amount of quinoline and indole
adsorbed on the catalyst at different concentrations of
quinoline (0.05 g of catalyst, 10 ml of solution (ppm 200),
and temperature of 25 degrees Celsius.)

Adsorption Isotherm

Fig. 8(a) shows surface adsorption isotherms for
activated carbon synthesized from green walnut skin
for both indole and quinoline nitrogen compounds.
In order to find the value of R, Q, and K, for the
Langmuir isotherm for the adsorption of indole and
quinoline nitrogen compounds by the synthesized
activated carbon, the graph of C/ge was drawn against
q. The maximum surface adsorption capacity (gm)
was determined using the Langmuir isotherm in Fig.
8(b). The maximum surface adsorption capacity of
indole and quinoline on activated carbon synthesized
from green walnut skin was 44.64 and 39.52 mg.g"!,
respectively. Fig. 8(c) and 8(d) show the Freundlich
isotherm and separation factor. Activated carbon
synthesized from green walnut skin has absorbed
indole to a greater extent. All constants and correlation
coefficients are summarized in Table 2. The values of
R? were obtained from two isothermal models applied
for the adsorption of indole and quinoline nitrogen
compounds by activated carbon synthesized from
green walnut skin.

Based on the results in Table 2, for both indole and
quinoline nitrogen compounds, according to the values
of the squared errors (R?), the degree of conformity
of the experimental results with the Langmuir and
Freundlich adsorption models is suitable. The order of
squared errors is Langmuir < Freundlich.
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Fig. 8 a) surface adsorption isotherms, b) Langmuir
diagram, c¢) Freundlich diagram, d) separation factor around
synthesized activated carbon.

Table 2 Langmuir and Freundlich adsorption isothermal pa-
rameters for synthesized activated carbon.

Model Parameters | Indole Quinoline

KL (L/mg) | 10.5900 10.66

. gm (mg/g) | 44.6400 39.52

Langmuir

RL 0.0018-0.0003 | 0.0028-0.0013

R? 0.9991 0.9997

K, (mg/g) | 17.8460 19.176
Freundlich | N 7.2600 6.77

R? 0.8867 0.8317
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Therefore, it can be assumed that the surface of both
adsorbents is homogeneous, and the absorption is a
single layer, so that the absorbed molecules do not
have any interaction with each other.

Investigating the Kinetics of Denitrogenation
Reaction

From Fig. 4, during 6 hours, it can be seen that the
absorption effect increases gradually with time. It can
also be seen that between minutes 240 and 360, the
absorption effect becomes stable. The explanation for
this is that it has reached the maximum adsorption or
equilibrium adsorption state, so, the activated carbon
synthesized from green walnut skin can no longer
adsorb nitrogen, because the pores of the carbon
are completely filled with molecules of indole and
quinoline nitrogen compounds. qt (mg/g) versus (min)
t is plotted in Fig. 9 for pseudo-first-order kinetics.
For second-order kinetics, a plot of t/qt versus (min)
t is plotted in Fig. 10. Comparing graphically, it
can be concluded that the adsorption process of
indole and quinoline nitrogenous compounds using
activated carbon synthesized from green walnut skin
as adsorbent follows the pseudo-second order model.
Table 3 shows kinetic parameters for adsorption
process over activated carbon synthesized for indole
and quinoline.
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Fig. 9 Pseudo-first-order kinetic model for the
adsorption of indole and quinoline on activated carbon
synthesized from green walnut shell.
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Fig. 10 Pseudo-second-order kinetic model for the adsorption
of indole and quinoline on activated carbon synthesized from
green walnut shell.
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Table 3 Kinetic parameters for the surface adsorption process around the synthesized activated carbon for indole and quinoline

pseudo-first-order pseudo-second-order NCCs

K (min™) q, (cal.)(mg S/g) | R? K, (g/mg.min) | q, (cal.)(mgS/g) |R?

0.0059 3.045 0.7794 0.543 8.9525 0.9999 Indole

0.0026 2.13 0.8539 0.255 2.257 0.9989 quinoline
Conclusions using metal-organic framework-based/-derived

In this study, activated carbon was synthesized using
green walnut skin waste. Different parameters of time,
temperature, adsorbent dosage and initial concentration
of nitrogen compounds of quinoline and indole
were investigated in the adsorptive denitrogenation
process of n-heptane model fuel. Moreover, the
environment created by the active sites of activated
carbon synthesized from green walnut skin led to the
adsorption capacity 0f42.26 indole and 37.68 mg.g"!
of quinoline in 360 min. An increase in temperature
led to a decrease in the adsorption capacity for indole
and quinoline, although this decrease in capacity was
not accompanied by a large intensity. In addition,
as the temperature increased from 25 to 40 °C, the
adsorption capacity of indole decreased from 42.26 to
39.09 mg.g"! and for quinoline from 38.68 to 33.152
mg.g'. 0.05 g of the synthesized activated carbon
adsorbent led to the adsorption capacity of 43.08 and
41.79 mg.g"! for indole and quinoline. Moreover, by
increasing the adsorbent dosage from 0.03 to 0.05
g, the adsorption capacity increased at first and then
decreased. Also, the interaction between the indole
compound and the synthesized activated carbon
adsorbent was more effective compared to quinoline
and a lower adsorbent dosage was needed to remove
the indole compound compared to the quinoline
compound. Furthermore, activated carbon synthesized
at lower initial concentrations (less than 200 ppm for
indole and quinoline) has a lower adsorption rate.
By increasing the concentration to 200 ppm, the
adsorption capacity improved and decreased at higher
concentrations. However, at high initial concentrations
of quinoline and indole (above 200 ppm), the catalytic
performance decreased due to the association of
indole and quinoline molecules on the adsorbent sites.
According to the values of the square errors (R?),
the degree of conformity of the experimental results
with the Langmuir adsorption model is suitable.
Ultimately, it is found that the order of squared errors
was Langmuir>Freundlich. Therefore, it is possible to
consider the adsorbent surface as homogeneous and
the adsorption as a single layer in such a way that the
adsorbed molecules of indole and quinoline do not
interact with each other. Also, the pseudo-second-order
kinetic model described the kinetic behavior better.
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