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Abstract

This study utilized Semecarpus Anacardium.(SA) and. Quercus Infectoria (QI) nutshells as raw materials to
manufacture activated carbon (AC) that.is both inexpensive and possesses a large surface area. All materials
were examined using Fourier. transform infrared spectroscopy (FTIR), Scanning Electron Microscopy
(SEM/EDX), X-ray powder diffraction.(XRD), and Brunauer, Emmett, and Teller (BET) surface area methods.
The effective synthesisof AC was validated by surface functional groups in FTIR spectra and XRD diffractograms,
which showed a broad peak in the region of 26=15-28° and a faint and wide peak in the range of 20=40-48°. The
BET results indicated that the AC synthesized from SA and activated with KOH (ACSAK) had the greatest surface
area (717 m?/g?), the most enormous pore volume (0.286 cm®/g?), and mean pore diameters (<2nm). The
synthesized AC in this research can be classified into micro-pore adsorbents entirely. Finally, the resulting ACSAK
was applied to Methylene Blue (MB) adsorption. Adsorption studies demonstrate that the Langmuir isotherm
(R?=0.996) matches somewhat more accurately than the Freundlich and Temkin isotherms. Our adsorption
kinetics findings show that the pseudo-second-order model has the maximum fitness and accuracy on MB
adsorption data in AC (R? = 0.999).
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Introduction

Water pollution, removal, and recovery of pollutants from aqueous systems have received considerable attention
in recent decades. Due to the adverse effects of water pollution on man-made life and the environment, there has
been an increasing literature dedicated to removing water pollution [1-5]. Various pollutants cause contamination
in the water and wastewater e.g. heavy metals, organic particles, inorganic particles, pharmaceutical hazardous
substances, and toxins [6-10]. Methylene blue (MB) as a cationic dye is one of the dangerous water-soluble
pollutants that is used in leather, tanning, and textiles which causes cancer, mutation, and skin diseases [11, 12].
Various techniques have been used to eliminate MB from a water-based system, such as adsorption,
electrocoagulation flocculation, electro-dialysis, biodegradation, catalytic ozonation, and ion exchange [13-17].
Aydin et al. conducted a study on the adsorption of acid and basic dye using powdered cotton fibers [18].
Additionally, Aydin and Cifci examined the color removal efficacy of HsPO4 activated cypress tree cone for the
removal of MB, using both traditional and ultrasonic-assisted adsorption procedures [19].. Regarding initial costs,
availability, operational capabilities, and effective separation, adsorption has been widely used to remove toxic
pollutants from aquatic systems [20].

Activated carbon (AC) is well-known as the most used and efficient adsorbent due to its large surface area, fast
adsorption kinetics, thermal and chemical stability, and well-developed pore structure [21]. Both the production
process and the nature of precursors have a significant influence on the porous structure and adsorption properties
of the resultant AC. The production process includes chemical and physical methods. Physical activation has
carbonization and activation steps [22]. During carbonization, non-carbon components such as hydrogen and
oxygen are removed from raw materials. Steam and/or. CO» as oxidizing reagents are used to activate the
carbonized char. Chemical activation commonly-occurs.at lower temperatures than physical activation based on
the agent activity and chemical reagent/precursor ratio. In chemical activation, carbonaceous materials are
impregnated with alkali and/or acidic reagents followed by heating the resulting slurry in an inert atmosphere. In
general, chemical activation has. priority over physical activation regarding lower carbonization temperature,
energy saving, shorter time of activation, and narrower porosity distribution with higher controllability. Moreover,
chemical activation leads to the production of ACs with higher surface area [23]. Many researchers have
introduced the production of AC by chemical activation during the last few years. EI Hadrami et al. used
phosphoric acid'as a chemical reagent to produce AC from hydrochar [24]. Said et al. studied KOH as a chemical
reagent for the synthesis of AC from date seeds [25].

In the case of precursors nature, different feed-stocks have been used to produce AC (Table 1) e.g. varied
agricultural wastes with low-cost and efficient adsorption. However, there is no reported study based on the
production.of’/AC from semecarpus Anacardium (SA) and Quercus Infectoria (QI) nutshells. The production of
AC from SA and QI nutshells can most likely prevent leaving agricultural waste in the environment. Moreover,

(SA) and (QI) nutshells have a high percentage of carbon materials.
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Table 1. Previous research on the production of AC

Precursor Activation method | Reference
Date seeds Chemical activation [25]
Tea residue Chemical activation [21]
Walnut shells Chemical activation [26]
Scotch pine bark Chemical activation [27]
Coal Chemical activation [28]
Jatoba fruits barks | Chemical activation [29]
Paper sludge Chemical activation [30]
Cherry kernel shell | Chemical activation [31]
tobacco waste Chemical activation [32]
Hydrochar Chemical activation [33]
Corn straw Chemical activation [34]
Peanut Chemical activation [35]
Coconut shell Physical Activation [36]

To describe the reduction of aqueous pollutants concentration according to the reaction time variation, adsorption
kinetics is needed. Moreover, adsorptionisotherms are accounted to consider the amount of adsorbate as a function
of concentration at constant temperature [37]. An adsorption process starts with the external mass transfer,
followed by external diffusion. First, there is an external mass transfer, and then there is an external diffusion, in
an adsorption process. As the next steps, the intra-particle diffusion occurs, and eventually, the physical or
chemical reaction between the'adsorbate and the surface of the adsorbent. Each described phase has the potential
to act as the phase that limits rate and has an impact on the process of adsorption as seen by various isotherms and
kinetic madels.

In this study, (SA) and (QI) nutshells were used as raw materials to produce inexpensive activated carbon (AC)
with a high. surface area. The carbonization process was investigated at a temperature of 600 °C under an N
atmosphere where H3sPO, and KOH were utilized as chemical reagents. The synthesized AC was employed to
adsorption of MB from an aqueous solution. During the adsorption process, adsorbate trends were determined
according to the adsorption kinetic models compared to the pseudo-first-order (PFO) kinetic model, pseudo-
second-order (PSO) kinetic rate laws, and intra-particle diffusion model. The Langmuir, Freundlich, and Temkin
models were used to obtain the adsorption isotherms. It is noted that ACSAK stands for AC produced from SA
and activated by KOH, ACSAH stands for AC produced from SA and activated by HsPO4, ACQIK stands for AC
produced from QI and activated by KOH and ACQIH stands for AC produced from QI and activated by H3POa.
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Materials and methods

Materials

SA and QI raw materials used for the production of AC were taken from the Kurdistan region in Iran. Potassium
hydroxide (KOH, >85%, KianKaveh Pharmaceutical and Chemical Company) and ortho-phosphoric acid
(H3P04,85%, Fluka) were used as activating agents. Methylene blue, the compound C16H1sCIN3S (MB, 319.85 g
mol) was supplied by Merck Company, and was used as a model organic pollutant to investigate the adsorption
models. Double distilled water was used in all phases of the tests. All the chemical agents were used as received
without further purification. The carbonization process was conducted in a closed steel chamber specifically
designed in our laboratory to allow nitrogen to enter and exit. This chamber was placed inside a Paragon furnace
model Xpress Q-11A. The setup of the closed steel chamber within the furnace ensured an inertatmasphere during

carbonization, preventing unwanted reactions and preserving the integrity of the carbon structure.

Adsorbent preparation

The SAand QI nutshells were first rinsed with hot water to eliminate any soluble contaminants, and then dried in
an oven at a temperature of 105 °C for the duration of the night. Precursor particles were sieved and sized less
than 4mm. Chemical reagents including KOH and H3PO, were used in the.impregnation step. The chemical ratio
(activating agent/precursor) was 100% in this case. In the impregnation-step, the mixing was performed via a
magnetic stirrer at 50 °C for 4 hours. The slurry was dried in an.oven at a temperature of 105 °C for the whole
night after being mixed.

The pyrolysis step was performed in a horizontal-tube furnace with 15 cm in height and 4cm in diameter under
N, atmosphere (150 cm®/min). For each pyrolysis.experiment, 10 g of impregnated samples was used. The heating
rate, final temperature, and maintenance.time were 10 °C/min, 600 °C, and 90 min, respectively. To bring the
sample down to ambient temperature after carbonization, N2 gas was used. The AC samples underwent several
washes with distilled hot water, followed by oven-drying at a temperature of 105 °C for the duration of one night.

The schematic diagram of the synthesis of different ACs is shown in Fig. 1.
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Fig. 1. Schematic diagram of AC synthesis



Batch studies

A stock solution of MB was produced at a concentration of 500 mg/L. Adsorption tests were conducted in four
250 mL Erlenmeyer flasks containing 100 mL of MB solution that was obtained from the stock solution and had
a concentration of 25 mg/L. 0.2 g of each AC sample was added to solutions as follows. Following a 24-hour
period, during which the mixes achieved equilibrium, the solutions were subjected to filtration, and the
concentration of MB in the resulting solutions was examined. To analyze adsorption isotherms, a diverse
concentration of MB was prepared, and 1 g of AC was added to solutions after equilibrium was reached. It was
calculated how much MB was adsorbed for every gram of adsorbent It should be emphasized that all tests were

carried out at neutral pH and ambient temperatures.

Kinetic experiments
Kinetic experiments were started with 100 ml of a solution of 55 mg/L.of MB. containing 1g of AC. The

concentration of MB in solution per 1 g of adsorbent was evaluated after 20, 32, 44, 56, 68, 80, and 92 minutes.

Characterization

X-ray powder diffraction data from a PHILIPS/PW1730 diffractometer employing CuKa radiation (A= 1.5418 A)
at 30 kV and 30 mA was used to determine sample crystal structure: The N adsorption/desorption tests (BEL/
BELSORP MINI I1) at 77 K were used to evaluate the BET porosity and surface area of all AC samples. The
surface functional groups of AC samples were characterized using a Fourier transform infrared spectrometer
(FTIR, Thermo/AVATAR) by KBr pellets containing 1.0.wt. % of the samples. To investigate the AC morphology,
scanning electron microscopy (SEM) images with TESCAN - MIRA 11 equipped with an EDX energy dispersive
analysis (EDX) system are 'performed on gold-coated samples to reduce costs. Ultraviolet-visible
spectrophotometer (UV-Vis) data collected by an Optima INC-SP300DB UV-Vis spectrophotometer were
performed on synthesized AC. The UV wavelength was set at 665 nm to quantify the amount of MB adsorbed on

AC samples.

Results and discussion

Effect of raw materials and chemical reagents

Four samples.of AC were synthesized by two kinds of raw materials and chemical reagents. All samples were
exerted to adsorb MB from an aqueous solution, and the outcomes are recorded in Table 2 According to the data
shown in Table 2, SA is a more appropriate raw material than QI for the synthesis of AC. Chemical reagents have
an operative effect on synthesized AC; however, the performance of chemical reagents depends on the raw

material. According to the adsorption experiments, KOH and HsPO, are well-suited for SA and Ql, respectively.



Table 2. Quantitative results of MB adsorption on AC

Raw Chemical The initial concentration of dye Amount of dye adsorbed
Abb. Dye
materials reagents (ppm) (ppm)
SA ACSAK KOH MB 25 19.4
SA ACSAH H3PO4 MB 25 16.5
Ql ACQIK KOH MB 25 8.1
Ql ACQIH H3PO4 MB 25 10
XRD analysis

An X-ray diffraction graph of the SAand AC has the highest surface area (ACSAK) is seeniin Fig. 2./ The relatively
distinct diffraction peak of the SAshell sample at about 26 =16° and 34° compared to that of obtained AC indicates
that carbonization can produce AC with a highly amorphous nature. The produced AC sample (ACSAK) displayed
XRD patterns with a large peak in the 15-28° range of 20 scale and a weak and broad peak in the 40-48° range
of 20 scale, originating from the (002) and (100) planes, respectively. The intensity of these peaks is indicative of
the degree of graphitization of the AC, with higher intensity ‘peaks corresponding to higher degrees of
graphitization. This is significant because the degree of graphitization.of AC affects its properties, such as its
surface area, porosity, and electrical conductivity. It may be attributed to the randomly formed amorphous
arrangements of carbon with disordered built up carbon rings and the low concentration of crystalline graphite,
respectively [38, 39]. The presence of microspores:in the samples scattered the X-ray beam between 15 and 28°
and caused a decrease in the crystallinity and-an increase.in the amorphous background [40]. The XRD data shown
in Fig. 2 indicate that both ACSAK and:MB-ACSAK samples possess the XRD peaks characteristic of AC. As
seen in XRD patterns, there is no:noticeable difference between these samples, suggesting that the MB adsorption
on AC does not affect the microstructure of prepared carbon materials. As seen in Fig. 2, the intensities of the

reflections are only slightly changed, indicating that the main features of the AC structure are preserved.
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Fig. 2. XRD patterns of SA, ACSAK, and MB-ACSAK powder samples
FT-IR analysis

The FTIR method was used to evaluate the surface functional groups of both the source materials and the produced
ACs. The FTIR spectra of QI and SA precursors, ACQIH, and ACSAK prepared AC and MB adsorbed ACSAK
samples are shown in Fig. 3. For ease of comparison, the FTIR spectrum of SAand QI nutshells are also included.
As shown, most of the samples exhibit similar IR peaks.

The AC samples represented four impartant absorption peaks at 2900-3500 cm, 1300-1730 cm™, 1000-1250 cm-
L and 450-700 cm. A broad stretching band at around 3400 cm™ is mainly caused by the hydroxyl groups'
vibration of the adsorbed water molecules on the surface of nutshells and ACs after carbonization. Absorption
peaks appearing at 2850 t0:2925 cm™ for all samples suggest the presence of CH stretching vibration and CH;
asymmetrical vibrations.

For ACSAK, the band at about 1626 cm™ is attributed to the tensile vibration of C = O, which has decreased in
comparison to the raw crust probably due to KOH water scarcity [41]. The weak band at 1524 cm™ for QI and
SAsamples,.in short, indicates the presence of C = C bonds of aromatic compounds after carbonization cannot be
observed for ACQIH and ACSAK-activated samples [42].

The FTIR spectrum of synthetic carbons ACQIH and ACSAK at around 1454 cm* shows absorption bands due
to —CH- deformation. The peak at around 1383 cm is assigned to the bending vibrations of the methyl group
[43]. The broadband observed in the region of 1000 to 1250 cm™ is related to a characteristic absorption of the
hydroxyl (—-OH) group. These results are consistent with the findings of many researchers [44]. The vibrations of
in-plane and out-of-plane aromatic ring deformations have a peak in about the 480-485 cm™ range [45]. The
presence and intensity of these peaks can provide insights into the surface chemistry of the AC. For example, the
intensity of the O-H stretching peak is indicative of the number of hydroxyl groups on the surface of the AC,
which can affect its hydrophilicity and adsorption properties. The presence of the C=0 and C-O stretching peaks


file:///C:/Users/a-aliasghar/Documents/سایر/Manuscript%20(%23IJCCE-6224%20R5).docx%23_3as4poj
file:///C:/Users/a-aliasghar/Documents/سایر/Manuscript%20(%23IJCCE-6224%20R5).docx%23_1pxezwc
file:///C:/Users/a-aliasghar/Documents/سایر/Manuscript%20(%23IJCCE-6224%20R5).docx%23_49x2ik5
file:///C:/Users/a-aliasghar/Documents/سایر/Manuscript%20(%23IJCCE-6224%20R5).docx%23_2p2csry
file:///C:/Users/a-aliasghar/Documents/سایر/Manuscript%20(%23IJCCE-6224%20R5).docx%23_147n2zr

is indicative of the presence of oxygen-containing functional groups, which can also affect the adsorption
properties of the AC.
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Fig. 3. FTIR spectra of parent materials (QI, SA), corresponding ACs (ACQIH, ACSAK) and MB adsorbed ACSAK (MB-
ACSAK)
Analysis of adsorption-desorption isotherms
The results of the N, adsorption-desorption experiments are displayed in Fig. 4, which exhibits type | isotherm
according to Brunauer's classification for synthesized samples entirely. Type | represents micropores, including
pores with a diameter below 2 nm. Two samples derived.from QI have a hysteresis loop in their adsorption-
desorption plots, which implies that these samples have mesoporous structures. The type of this loop can be related

to the shape of the pores. Thus, a classical open cylindrical or tabular pore shape was expected according to the
form of the hysteresis loop.
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Fig. 4. ADS-DES plot of ACSAK, ACSAH, ACQIK, and ACQIH samples



BET results

The BET analyses determine the physical characteristics and porosity of the adsorbents. N, adsorption-desorption
isotherms provide measurements for specific surface area, pore diameter, and total pore volume. Fig. 4 illustrates
the adsorption-desorption isotherms and Table 3 lists the surface properties of the AC derived from SA and QI.
Table 3 shows BET results including, total pore volume, BET surface area, and mean pore diameters of the
prepared AC. The results indicated that AC synthesized from SA has a higher surface area than AC synthesized

from QI nutshells.

Table 3. Nz sorption and chemical analysis of AC produced from Semecarpus Anacardium and Quercus Infectoria

Elemental analysis
SgeT Total pore volume | Mean pore diameter
Sample (wt.%)
(m2.g7) (cm3g?) (nm)
C N (6] S K P
SA - - - 44 11.3 | 44.1 | 0.08 | 0.52 | 0.06

ACSAK 717.59 0.2863 1.5956 72.2 | 145} 125 | 0.17 | 0.62 -
ACSAH | 337.89 0.1531 1.8126 - - - - - -
ACQIK 122 0.04919 1.6127 - - - - - -
ACQIH 170.46 0.08365 1.963 - - - - - -

KOH as the chemical reagent was significantly more efficient than HsPO4 for activating the AC prepared from
SA. Consequently, the ACSAK had the best characters among all the samples. KOH plays an important role in
the pore-making process of activated carbon, resulting in a high surface area. When KOH is mixed with the carbon
precursor and heated, a series of chemical-reactions occur. These reactions break down the carbon structure and
create new pores. The KOH also reacts with the carbon to form potassium carbonate (K.CO3), which acts as a
catalyst and further enhances the pore-making process.

KOH also removes water and hydrogen from the carbon precursor, which leads to the formation of pores and
reacts with the carbon precursor to form carbon monoxide and hydrogen gas. These gases are then released from
the‘carbon, creatingnew pores [46].

Barrett-Joyner-Halenda (BJH) analysis results showed that mean pore diameters were below 2 nm for all samples;
in other words, synthesized AC in this research could be classified into micropore adsorbents entirely. Fig. 5
includes BJH figures and presents the pore size distribution in samples of produced AC. This figure reveals that

ACQIK and ACQIH were mesopores materials that can be referred to the raw materials.
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Fig. 5. BJH plots of AC produced from SA and QI

Microscopic structure and chemical analysis.of the AC
EDX analysis was used to investigate the chemical constituents of the SA and ACSAK samples. Table 3 displays

the outcomes of the comprehensive analysis. The SA nutshell used mainly contains carbon (44%), nitrogen
(11.3%), and oxygen (44.1%), as expected like most lignocellulose materials. The elemental composition ACSAK
sample is given in Table 3. The data shown in Table 3 clearly demonstrates that the use of KOH as an activating
agent had a substantial impact on the production of ACs with a high carbon content (72.2%). After the activation
process, the carbon contents of the activated sample significantly increased compared to the SA nutshell raw
material, and the:Oxygen contents, unlike Carbon, will decrease after activation as expected.

In the activation and pyrolysis processes, SA nutshell decomposed and as a result, volatile compounds that contain
mostly oxygen and phosphorus were released resulting in a carbon-rich product. The SEM was used to study the
surface appearance and basic physical parameters of AC that were synthesized from SA and its matching MB-
loaded AC. Fig. 6 presents the SEM images of both ACSAK and ACSAK-MB. As can be seen from Fig. 6 there
is a difference between ACSAK and ACSAK-MB materials. The surface of ACSAK demonstrates a well-

developed porous media, including great pores with high surface area and cracks.



Fig. 6. Microscopic structure analysis of the activated carbon ACSAK(a-b) and MB-ACSAK(c-d).

This unique microporous structure observed contains pores.with varied sizes and shapes that have a channel role
for the network of adsorbents. Whereas the SEM images.of ACSAK-MB represent that the surface of the
adsorbent has been covered by adsorbate and dye molecules have formed a film masking the pores and aggregates

which the pore structure of the adsorbent cannot be seen.

Adsorption isotherms

The adsorption isotherms were evaluated by employing the Langmuir, Freundlich, and Temkin isotherm models.
The values of isotherm model parameters were calculated from each model's linear graph. The linear graphs were
traced according to the linear mathematical expressions of isotherm models, respectively. The Langmuir model
supposes that monolayer adsorption occurs at the adsorbent's sites with no lateral interactions between the
molecules adsorbed, the surface is homogeneous energetically and all adsorption sites are active equally. The
linear equation of the Langmuir isotherm model is [47,48]:

Ce 1 Ce
(E) = (@ + (a) D
where the Ce (mg. L) is the dye concentration in equilibrium, ge (mg. g% is the amount of adsorbate that can be

absorbed per unit mass of adsorbent, gm (mg. g) is the maximum adsorption capacity and k. (L. mg?) is the

Langmuir constant, which refers to the adsorbent/adsorbent affinity. The regression of the plot (;—e) versus Ce

provides a slope (qi) and intercept of (ﬁ) of the straight line, respectively.
m Ldm

For the heterogeneous surface, the Freundlich isothermal model is used that defines multilayer adsorption not only
for mono-layer distribution. It expresses the relationship between the solute concentration on the adsorbent and
the solute concentration in the liquid. The linearized equation of the Freundlich model [49] is:



1
logq, = log kf + (;) logC, (2)

where k; denotes the adsorbent's sorption capacity constant. Moreover, it points out the affinity between the
species. ‘n’ denotes the Freundlich constants that take into account the adsorption rate influencing factor. The
slope of the linear plot of logge against log C. gives the (1/n), where the intercept of the same plot provides logks.
According to the Temkin isotherm model, as the surface area of the adsorbent increases, the adsorption of all
molecules decreases linearly, and adsorption is measured by the uniform distribution of binding energies up to the
maximal binding energy. The linear form of the Temkin model is written as [49]:

Q. = (%) Ink; + (%) InC, 3)

B= (RT/br) is considered as the heat adsorption in (J.mol), where R is the gas constant (8.3145 J.mol . K1), T
(K) is the absolute temperature, br (J.mol?) is Temkin constant adsorption thermal-based and kr (L.g%) is the
Temkin isotherm equilibrium binding constant. The plot of Q. against InC. reveals B and*Ar as the slope and

intercept of the figure, respectively.
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Fig. 7. Plots o Langmuir, Freundlich, and, Temkin model of MB adsorption on the AC
The adsorption of MB on the ACSAK was exerted in four different concentrations 32, 39, 46, and 53 (mg. L) to
evaluate the adsorption isotherms. The residual concentration of MB was measured utilizing a UV-vis
spectrophotometer at 665 nm. Quantitative results of adsorption isotherms have been listed in Table 4, which have

been calculated from Fig. 7.



According to Table 4, ki and gm have been calculated as 2.06 L.mg™ and 3.258 mg.g* respectively. Table 6
summarizes a comparative evaluation of the MB adsorption capacities of different Acs.

However, the calculation of the related correlation coefficient points out that all three models yielded a good fit
on experimental data. The Langmuir isotherm had a somewhat better fit than the Freundlich and Temkin
isotherms. ks and n derived from the Freundlich equation were 1.24 and 2.591, respectively. The value of n was
more significant than unity, which indicated the optimal absorption of MB in AC. The high value of the correlation
coefficient showed good linearity of the Temkin isotherm model, where the kr was determined with a value of 4.3

L.g* and B was equal to 0.75 J.mol.

75 J.mol.,
Table 4. Adsorption parameters of adsorption equilibrium models
Langmuir model Freundlich model Temkin model
am(mg.g?) | ke(L.mg?) | R2 n | ki(mg/g)(L/mg)* | R? | B(j.mok?!) | kr(L.g?) | ~ R?
3.258 2.06 0.996 | 2.591 1.24 0.993 0.75 43 0.994

Table 5. Comparison of MB maximum adsorption capacity

on to activated carbon prepared from various precursors.

Precursor gm(mg.gl) | Reference
Semecarpus anacardium 3.258 This study
Guinea corn stem carbon 0.259 [50]
Maize cob carbon 0.325 [50]
Coconut shell 0.455 [50]
Corncob-activated carbon 0.84 [51]
Almond shell 1.33 [52]
Walnut shell 3.53 [52]

Kinetic studies
To explain the rate and process of the adsorption, the PFO equation, PSO equation, and intra-particle model were

investigated: The PFO assumes that the rate of adsorption is based on adsorption capacity as:

d
e Ki(ge—q0) (4)

The linearized equation is as:
tK;

2.303 ©)

n(qe— q¢) = Inq -

Where ge (mg/g) and g: (mg/g) are the quantities of adsorbate adsorbed at equilibrium and any time, respectively,
t (h) is time, and K; (1/h) is the adsorption rate constant. A straight line with slope and intercept of K1/2.303 and
Inge is obtained by regressing the plot In (qe- ;) against ‘t’. The PSO describes that the rate of the adsorption is
proportional to the square of the difference between amounts of adsorbate variable with time and amounts of

adsorbate at equilibrium as [53]:



dq
d—tt = K1(qe — q1)* (6)

The linearized form of the equation is as:
t 1 t

— = +— 7
. K.q2  qe

Where K; (g/mg. h) is the rate constant of the second-order adsorption. To be noted the assumptions are almost
the same in both kinetic models except that in the PSO model, the adsorption of the adsorbate on the adsorbent is
regulated by the second-order rate equation. The t/g: and t linear plot slope and interception are as 1/ge and 1/Kzqe?,
respectively, which helps to find the Kz and g.. Whereas the intra-particle model assumes that internal diffusion
controls the adsorption process. The intra-particle diffusion includes three steps, including:

1- Diffusion of the adsorbate through the bulk of the solution

2- Diffusion through the film around the adsorbent

3- Diffusion through the micropores and macrospores of the adsorbent

Each step can be the limiting step. By the way, the intra-particle diffusion equation can be written as [53]:

q = K;t°°5 + C (8)

Where Kg (mg/g.h®9) is the intra-particle diffusion equation constant, which.can be obtained from the slope of the
linear plot of qragainst t°5. C is the intercept of the current plot which indicates the depth of the boundary layer.
The adsorption kinetics of MB with ACSAK was investigateduin 20, 32, 44, 56, 68, 80, and 92 minutes.
Quantitative results of adsorption kinetics have been listed in Table 6 which is calculated from linearized figures
of each kinetic model in Fig. 8.

By investigation of quantitative results of adsorption kinetics can be obtained that the PSO model had the best
fitness and accuracy on adsorption data of MB.on AC, and the rate of the adsorption was proportional to the square
of the difference between several'adsorbate variables with time and number of adsorbates at equilibrium. Due to
the gap and duality of the intra-particle diffusion model, it can be concluded that the absorption process consists
of almost two or more steps. The first step shows the adsorption of dye on the adsorbent, which occurs
immediately. The second stage describes the penetration of dye into adsorption sites gradually, where the intra-
particle diffusion controls the ‘adsorption process.
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Table 6. Quantitative results of adsorption kinetics of MB on AC
Pseudo-first-order Pseudo-second-order Intraparticle
admeg/g) | Ki(1/h) | R2[ | qcdmg/g) | Ka(g/mg.h) | R? C Ki(mg/g.h®%) | R?
4.295 0.055 {.0.991 5.71 40.22 0.999 | 4.248 0.103 0.96
Conclusion

The AC was successfully synthesized from SA and QI nutshells as practical and low-cost materials. The
synthesized ACs were characterized using XRD, FTIR, SEM/EDX, and BET surface area technigques. The results
showed that SAinutshells had higher adsorption capacity than QI nutshells. In other words, SA nutshells activated
by KOH.(ACSAK) were a well-suited and cost-effective adsorbent with a higher surface area (717 m2. g'%), highest
pore volume (0.2863 cm®.g?) and lowest mean pore diameter (1.5956 nm). Isotherm data were significantly
correlated with the Langmuir isotherm model (R?=0.996). Kinetic studies showed that PSO had the highest fitting
on the adsorption experiments (R?= 0.999). This research exhibits that SA can be a suitable source for AC
preparation, and the resulting adsorbent can be a cost-effective adsorbent with a high surface area which is

appropriate for adsorption of water and wastewater pollutions.
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