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Abstract: Nanoporous carbon materials from biomass exhibit a high surface area due to well-defined
pore structures. Therefore, they have been extensively used in separation and purification technolo-
gies as efficient adsorbents. Here, we report the iodine and methylene blue adsorption properties
of the hierarchically porous carbon materials prepared from Areca catechu nut. The preparation
method involves the phosphoric acid (H3POj) activation of the Areca catechu nut powder. The ef-
fects of carbonization conditions (mixing ratio with H3POy, carbonization time, and carbonization
temperature) on the textural properties and surface functional groups were studied. The optimum
textural properties were obtained at a mixing ratio of 1:1, carbonized for 3 h at 400 °C, and the sample
achieved a high specific surface area of 2132.1 m? g~! and a large pore volume of 3.426 cm? g~ !,
respectively. The prepared materials have amorphous carbon structures and contain oxygenated
surface functional groups. Due to the well-defined micro-and mesopore structures with the high
surface area and large pore volume, the optimal sample showed excellent iodine and methylene blue
adsorption. The iodine number and methylene blue values were ca. 888 mg g~ and 369 mg g~ !,
respectively. The batch adsorption studies of methylene dye were affected by pH, adsorbent dose,
contact time, and initial concentration. The optimum parameters for the methylene blue adsorption
were in alkaline pH, adsorbent dose of 2.8 g L™!, and contact time of 180 min. Equilibrium data
could be best represented by the Langmuir isotherm model with a monolayer adsorption capacity of
333.3 mg g~ . Thus, our results demonstrate that the Areca catechu nut has considerable potential as
the novel precursor material for the scalable production of high surface area hierarchically porous
carbon materials that are essential in removing organic dyes from water.

Keywords: Areca catechu nut; chemical activation; nanoporous activated carbon; methylene blue
adsorption; iodine adsorption

1. Introduction

Synthetic dyes represent complex aromatic compounds and are extensively used in
textile, leather, cosmetics, paper, printing, plastic, rubber, and pharmaceutical industries
to color their products [1]. However, a massive discharge of dye effluents generated from
these industries into the water sources or the ecosystem adversely affects aquatic life and
human beings. The persistence of dyes even in small concentrations (<1 mg L~!) in water
reduces light penetration, thus affecting the photosynthetic activities and plant growth and
thus destroying marine ecosystems [2] and making the water unfit for human consumption.
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The data show that approximately 100 tons/year of dyes are discharged directly into water
streams by the fabric industry [3].

Methylene blue (MB), a thiazine cationic dye with a complex molecular structure,
is highly demanded in textile industries. It is extensively used for biological staining
and coloring paper, hair, cotton, wool, and silk [4,5]. Long-term exposure to MB dye can
cause difficulties in breathing, vomiting, eye burns, diarrhea, nausea, anemia, and hyper-
tension [5,6]. Its degradation products such as toluidine, benzidine, and other aromatic
components are potentially carcinogenic and mutagenic. Furthermore, plant growth can
also be interrupted when MB dye combines with phosphate and lipid molecules in cell
membranes [7]. Hence, the treatment of water and wastewater containing MB dye is
necessary. Different separation methods are applied to reduce MB dye from water and
wastewater, such as membrane filtration [8], coagulation—flocculation [9], advanced ox-
idation [10], adsorption [11], and electrochemical methods [12]. Among these methods,
adsorption has offered the most efficient, facile, and economical alternative for removing
MB dye from aqueous solutions [13]. Some of the common adsorbents used for MB dye
removal include carbon-based materials (e.g., activated carbon), polymeric materials (e.g.,
polystyrene), minerals (e.g., zeolite), and metal-organic framework (MOF), etc. [10,14-16].
Carbon materials have attracted increasing research attention in recent years because of
their unique internal structures, excellent performance, and extensive application prospects.
Carbon materials with different structural characteristics such as activated carbon [10,11],
mesoporous carbon [17], and carbon nanotubes (CNTs) [18] have been used as efficient
adsorbents to remove MB dyes from water.

Among carbon materials, nanoporous activated carbons (ACs) are considered as the
most concerning adsorbents for dye removal due to their higher specific surface area, hier-
archal porous texture composed of ultrafine micropores (0.5-1 nm), micropores (1-2 nm),
mesopores (2-50 nm) and macropores (50-100 nm), and extended functionalities on the
outward. The micropore and mesopores volume is the critical index of any AC for the
adsorption process of molecular species. Activated carbons with abundant micropores
are relevant to gas-phase adsorption systems [19]. Conversely, the ACs with abundant
mesopores are relevant to liquid-phase adsorption processes because of the larger size of
liquid molecules [20]. In the past few years, nanoporous carbon materials have become a
promising adsorbent for dye removal [21-23]. ACs can be prepared from the carbonaceous
materials by the chemical activation method, a single-step method in which the precursors
are carbonized in the presence of chemical activating agents at relatively lower tempera-
tures 400-600 °C [24]. The activating agent helps develop porosity in the AC by pyrolytic
decomposition of the carbonaceous materials through dehydration and degradation re-
actions. This more flexible method requires lower activation temperatures and shorter
activation times. In addition, it helps in producing AC with a large surface area and tunable
porosity [25]. The commonly used activating agents are H3POy, zinc chloride (ZnCl,), and
potassium hydroxide (KOH). Among these, H3PO, and ZnCl, are used for the activation
of lignocellulosic materials that have not been pre-carbonized previously [26]. The use of
H3POy as activating agent is preferable to ZnCl, because of its non-polluting character
than ZnCl,, its ease of elimination by leaching with water, and the recovered phosphoric
acid being recycled for further use. Moreover, H3PO allows developing micropores and
mesopores in resulting AC, which enhances mass transfer rates of pollutants [27].

The adsorption capacity of AC depends on the accessibility of the adsorbate molecules
to its micro and mesopores; thus, it becomes necessary for the AC to present a well-
structured network of interconnected micro, meso, and macropores. Furthermore, the
surface chemistry of the carbon or carbon hybrid materials plays an essential role in the
dye adsorption process [28]. The AC with properly balanced micro/mesoporosity can
be achieved by a well-controlled chemical activation procedure established by specify-
ing the preparation condition such as activating reagent/precursor ratio, carbonization
temperature, and carbonization time for a specific precursor [29].
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Commercial ACs are more often synthesized from fuel-based precursors such as coal,
petroleum coke, peat, and lignite. However, the utilization of coal-based precursors raised
its cost, which limits its widespread applications. The high cost of coal-based AC has
attracted remarkable attention to the production of AC from low-cost, renewable, and
eco-friendly raw materials. Recently, extensive efforts have been given to agricultural
waste or biomass to prepare AC due to their abundant availability at no or little cost [30].
For example, activated carbons prepared from Teak Sawdust hydrochars [31] and spent
coffee [32] have shown excellent MB adsorption properties. Accordingly, various agricul-
tural waste such as almond shell, walnut shell, apricot kernel shell [33], coconut shell [34],
apricot stone [35], cashew nutshell [36], soapnut shell, pineapple waste [37] was used as
potential precursors of ACs for MB dye removal. Among various agricultural bio-resources,
Areca catechu represents the potential to be a precursor for carbon production due to its
peculiar structure, composition (67% of carbon from cellulose, amino acids, tannins, and
lignin), and easy availability [38]. It is the edible fruit of the Areca palm tree and is native to
South-East Asia and the Pacific islands. Investigations have shown that fragments of the
Areca fruit such as betel nut husk [39,40], Areca nutshell [41], and Areca nut pod [42] had
been used for the preparation of AC for dye removal.

In this contribution, we report the iodine and MB adsorption properties of the AC
prepared from Areca catechu nut by the H3POy activation method. The effects of prepara-
tion conditions on the textural properties and iodine and MB adsorption characteristics
were systematically studied. We have found that, under the optimized condition, the
Areca catechu Nut-derived AC has an amorphous structure containing oxygen functionality
and exhibits a high specific surface area of ca. 2132.1 m? g~! and a large pore volume of
ca. 3.426 cm3 g~ !, respectively. Furthermore, due to well-defined micro-and mesopore
structures, the optimal sample displayed excellent iodine and methylene blue adsorption
properties achieving a high iodine number of 888 mg g~! and methylene blue value of ca.
369 mg g~ !, respectively. Furthermore, the Langmuir isotherm model could describe MB
adsorption with a monolayer adsorption capacity of 333.3 mg g~ !. These results reveal
that the porous carbon materials prepared from the novel Areca catechu Nut precursor have
considerable potential as the adsorbents for water purification, removing organic dyes
from water.

2. Materials and Methods
2.1. Materials

Areca catechu Nut (ACN) was purchased from the local market. Orthophosphoric acid
(H3POj4: 88% w/w) and hydrochloric acid (HCI) solution (2M) were purchased from Nacalai
Tesque Inc. Kyoto, Japan. Methylene blue (MB) and iodine were the products of Tokyo
Chemical Industry, Tokyo, Japan. Millipore filter water was used to prepare solutions.

2.2. Preparation of Nanoporous Activated Carbon Materials

ACs were prepared via the chemical activation method using H3POy as the activating
agent. First, ACN was washed with Millipore water to remove the impurities, and it was
dried at 100 °C for 12 h. Then, the dried ACN was crushed to powder in a mechanical
crusher and sieved through a mesh size of <250 pm. Next, ACN powder was chemically
activated with H3POy and the effects of impregnation ratio (H3PO4: ACN powder = 0.25:1,
0.5:1, 1:1, and 1.5:1), carbonization time (2, 3, and 4 h) and carbonization temperature (300,
400, and 500 °C) on the structure and properties were studied. Next, carbonization was
carried out in a tube furnace (KOYO, Tokyo, Japan) under nitrogen gas flow (120 cc min~1),
and the temperature ramp was 5 °C min~!. After cooling, the carbonized products were
washed with Millipore filter water several times until the supernatant liquid attained pH 7
and dried at 120 °C in a vacuum oven. The obtained products are designated as ANCx_y_z,
where X, y, and z, respectively, represent the ratio of H3POj, carbonization temperature,
and carbonization time.
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2.3. Yield of the Prepared Carbon

The yield of prepared ANC was calculated on a chemical-free basis. The yield is
regarded as an indicator of the process efficiency for the chemical activation process. The
yield of ANC was calculated by using the following equation.

) Weight of activated carbon
Yield (%) = 1 1
ield (%) Weight of Areca Catechu Nut powder X100 @)

2.4. Characterizations

The surface and textural properties of the raw precursor and the ANCs were in-
vestigated. Thermogravimetric analysis (TGA) of ANP powder was performed on an
SII Instrument (Model Exstar 600) from 25 to 1000 °C at a temperature ramp of 10 °C
min~! under nitrogen gas atmosphere. The ANCs were characterized by powder X-ray
diffraction (XRD: Rigaku X-ray diffractometer RINT, Japan, Cu-K« radiation, ran at 40 kV
and 40 mA at 25 °C in the diffraction angles range from 10 to 50°), Raman spectroscopy
(NRS-3100, JASCO, Tokyo, Japan), Fourier-transform infrared (FTIR) spectroscopy (Nicolet
4700, Thermo Electron Corporation, Waltham, MA, USA), scanning electron microscopy
(SEM: 5-4800, Hitachi Co., Ltd. Tokyo, Japan operated at 10 kV), transmission electron
microscopy (TEM: JEOL Model JEM2100F, Tokyo, Japan operated at 200 kV), and ni-
trogen adsorption/desorption isotherms (Quantachrome Autosorb-iQ2, Boynton Beach,
FL, USA). Nitrogen adsorption/desorption isotherm analysis estimated specific surface
area, total pore volume, and pore size distribution were estimated from nitrogen adsorp-
tion/desorption isotherm analysis. Pore dimensions and pore volumes were calculated
by using the density functional theory (DFT) and Barrett—Joyner-Halenda (BJH) methods.
About 35 mg of sample was placed in a glass cell and degassed at 120 °C for 24 h before
recording the nitrogen adsorption isotherm.

2.5. Iodine and Methylene Blue Number

Iodine number (Iy) indicates the micro-porosity of ACs. It is defined as the milligram
of iodine adsorbed per g of carbon [43]. Following the standard method [44] iodine number
was. In determining the iodine number, HCl solution (5 wt%: 5 mL) was added to ANC
(1 g) and was allowed to boil. After cooling the solution, iodine solution (10 mL: 0.1N)
was added and shaken vigorously for 1 min, filtered, and washed with distilled water.
The whole of the filtrate was titrated against 0.1 N sodium thiosulphate using starch as an
indicator. The iodine number was calculated as:

_ Weight of iodine adsorbed on carbon (mg)

Iy Weight of carbon (g)

@
Methylene blue number (MBy) indicates the mesoporosity of ACs. It is defined as
the maximum amount of dye in mg adsorbed per g of adsorbent. MBy of the ANs was
determined by single point adsorption isotherm studies [45]. In this single-point adsorp-
tion isotherm method, 0.1 g of AC was mixed with 75 mL MB solution of concentrations
1000 mg L.=! each separately. The suspension was stirred intermittently in an electric
shaker at 200 rpm for 3 h at room temperature (25 °C). After that, the solution was fil-
tered, and the remaining concentration of methylene blue was analyzed using a UV /Vis
spectrophotometer (CECIL-CE-100) at absorbance 664 nm. The MBy was calculated as:

Co—CexV

MBy =
N M

©)
where C, = concentration of the MB solution (mg L~1), Ce = concentration of the MB
solution at equilibrium time (mg L1, V = volume of solution (L), and M = mass of
activated carbon added (g).
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2.6. Adsorption of MB Dye

MB dye adsorption on the prepared ANC was performed by batch experiments at
25 °C. The effects of adsorption parameters such as contact time, adsorbent dose, pH,
and initial dye concentration have been studied. The experiments were carried out in
100 mL stoppered conical flasks by mixing a definite ANC with 25 mL of dye solution.
The suspensions were agitated on an electric shaker (Digital VDRL Rotator) at a rotation
speed of 160 rpm. After equilibrium, the suspensions were filtered, and the residual dye
concentration of the filtrates was analyzed by a UV-visible. The absorbance was measured
at the maximum absorption wavelength of 664 nm.

2.6.1. Effect of Contact Time

The effect of contact time on the percentage of MB dye adsorption by the ANC was
investigated at different time intervals in the range of 15 to 280 min. Other parameters were
kept constant (adsorbent dose 1 g L1, initial MB concentration 350 mg L~!, and pH 6.5).

Percentage adsorption of MB dye adsorbed was calculated by using the following

equation.
Removal (%) = (Co — Ce) x 100 W
Co
where C, = initial concentration of MB dye (mg L™1); Ce = equilibrium concentration of
MB dye solution (mg L~1).

2.6.2. Effect of Dose

Effect of adsorbent dose on the percentage of MB dye adsorption by the ANC was stud-
ied by varying the adsorbent dose from 0.04 g L~! to 4.8 g L™, keeping other parameters
constant (initial MB concentration 850 mg L~!, contact time 180 min and pH 6.5).

2.6.3. Effect of pH

Effect of pH on the percentage of MB dye adsorption by the ANC was studied in the
pH range of 2 to 12 while maintaining all other variables constant (adsorbent dose 1 g L1,
initial MB concentration 450 mg L~! and contact time 180 min). The pH of solutions was
maintained using either 0.1 M HCl or 0.1 M NaOH.

2.6.4. Effect of Initial Concentration of MB

The effect of initial MB concentration on the adsorption phenomenon was studied by
changing the initial concentration from 300 to 650 mg mL~! dye concentration at 25 °C. The
adsorbent dose, pH, and contact time were setto 1 g L1 6.5, and 180 min, respectively.

2.6.5. Adsorption Isotherms

The adsorption isotherm experiments were carried out by agitating 25 mL of dye
solutions of various initial dye concentrations varying from 350 to 650 mg L~!. Other
parameters were kept constant, such as adsorbent dose 1 g L™, contact time 180 min, and
pH 6.5. The amount of dye adsorbed in milligram per gram (g.) was determined by:

(CO _Ce) X V

go = o ©)

where V = volume of MB dye solution (L); M = mass of the ANC (g). Thus, obtained
experimental data were analyzed using Langmuir and Freundlich models. The linearized
form of Langmuir adsorption isotherm can be described as

Ce 1 ( 1 )
=€ _ +(—)C 6
e mKy, gm ¢ ©)
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where Ce, ge, fm, and K, represents equilibrium concentration of solution (mg L‘l), amount
of adsorbate adsorbed (by 1 g of adsorbent) maximum amount of adsorbate (mg g '), and
the Langmuir adsorption constant (L. mg™), respectively.

Freundlich isotherm assumes the non-ideal systems, including multi-molecular ad-
sorption on a heterogeneous surface. The linearized form of Freundlich adsorption isotherm
can be expressed as:

1
log ge = log Kp + (n) log Ce (7)
where Kg represents the Freundlich constant and n indicates the adsorption intensity.

3. Results and Discussion
3.1. TGA and FTIR Analysis of Areca catechu Nut Powder

TGA analysis was performed to analyze the pyrolysis properties, and ANP precursor
material’s mass-temperature relationship. Figure 1a shows the TGA curve recorded from 25
to 1000 °C under the nitrogen gas atmosphere. The curve shows that the pyrolysis process
of the ANP follows in three stages: evaporation of crystal water or moisture (around at
100 °C), polymerization of cellulosic materials and degradation of carbohydrates or lipids
(in the range of 200 to 400 °C), and release of volatile gaseous or tar formed during the
pyrolysis (above 400 °C). Above 600 °C, there is no noticeable mass loss, suggesting the
successful transformation of ANP into carbon materials. Therefore, we performed the
carbonization in a low-temperature region (300 to 500 °C) in the present study.

(@Y R (b)
= o 1 s
< qof 15
S 8
O 40F AL 4 E
= 172)
20F \\\—- E
|_

0
0 200 400 600 800 1000
Temperature (°C)

Figure 1. (a) TGA curve of ANP. (b) Corresponding FTIR spectrum.

As seen in Figure 1b, ANP precursor materials contain several oxygenated surface
functional groups. The broad peak located at 3421 cm ! reflects the O-H stretching vibra-
tion of hydroxyl groups, while the bands at 2917 and 2849 cm~! correspond to the C-H
stretching vibration of CH; and CH, groups of cellulose. The band at 1737 cm ™! can be
assigned to the C=0 stretching vibration of acetyl groups in lignin and ester groups in
hemicelluloses. The band around 1617 cm~! may be assigned to the bending vibration
of O-H groups bound to the cellulose structure [42]. In addition, the absorption band at
1550 and 1250 cm~! arise from the aromatic C=C stretching and the C-O stretching of
guaiacyl unit in lignin, respectively. The band around 1441 cm~! can be assigned to the
C-H deformation in methoxyl, and aromatic skeletal vibrations in lignin and the band at
1370 cm ! can be associated with the C-H symmetric deformation that is typical in cellulose
and hemicelluloses [46,47]. The bands in the regions 1000-1180 and 900-650 cm ™! repre-
sent the stretching and asymmetric vibrations of C-O, C-C, and C-O-C and C-H bending
vibration related to cellulose hemicellulose the aromatic ring. Thus, the FTIR spectrum of
the biomass-based ANP precursor confirms the presence of cellulose, hemicelluloses, as
expected for lignocellulosic materials [48].
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3.2. Yield

Yield is an essential parameter in the preparation of nanoporous activated carbon
materials related to the industrial production cost. Therefore, we have studied the yield (%)
of the ANC by altering the carbonization conditions of impregnation ratio, carbonization
time, and carbonization temperature. Figure 2 shows the yield vs. carbonization conditions.

T T T b
(@ , 1) [ 10e) i f ]
40 1 40} 1  4f ]
= = S
<35 1 <35t 1 <35t ]
o) k= o
[<5] [45]) []
S 30 1< 30} 1= 30} ]
25 1 5t 1 25t ]
0 1 1 1 20 1 1 1 1 1 20 1 1 1 1 1
0.0 05 10 15 20 25 30 35 40 300 350 400 450 500
Ratio (wt%) Time (h) Temperature (°C)

Figure 2. The effects of carbonization conditions on the yield (%) of ANC: (a) yield vs. H3POy4
impregnation ratio; (b) yield vs. carbonization time; (c) yield vs. carbonization temperature.

As shown in Figure 2a, the yield decreases gradually with the impregnation ratio of
activating agent (H3POy). Note that in H3POy activation of lignocellulosic materials, the
acid first attacks hemicellulose and lignin because the cellulose is more resistant to acid
hydrolysis. The acid hydrolyzes glycosidic linkages in the lignocellulose, promotes the
rupture of aryl ether bond in lignin, and forms crosslinks via cyclization, dehydration,
degradation, and condensation processes. Furthermore, it combines with organic polymer
to form phosphate and polyphosphate bridges that connect and crosslink polymer frag-
ments. The process is followed by the evolution of volatile matter such as CO,, CO, and
CHy, increasing aromaticity. The high acid concentration could react with the carbon and
volatile matter and diffuse out of the surface of the particles faster during the activation
process. It increases the gasification of surface carbon atoms, thus leading to an increase
in weight loss and a decrease in carbon yield. The mangrove-based AC showed a similar
trend [49].

In Figure 2b,c, the yield of ANC follows the decreasing trend with an increase in the
carbonization time and carbonization temperature. Increasing carbonization time enhances
the burn-off and tar volatilization by losing phosphate compounds from the carbonized
product, leading to decreased carbon yield. Similarly, the decreases in the carbon yield
with increasing carbonization temperature could be due to aromatic condensation reactions
among the small polyaromatic units, increasing the evolution of gaseous products and loss
of phosphate compounds from the hydroaromatic structure of carbonized char. It resulted
in an increased release of volatile matters to further decrease the yield [50]. Similar trends
in the yields with carbonizing temperature and carbonization time have been reported for
the AC from pre-leached cassava peels [51] and sugarcane bagasse [47], respectively.

3.3. Characterizations: XRD, Raman Scattering and FTIR

Figure 3 shows the XRD patterns, Raman scattering spectra, and FTIR spectra of the
prepared carbon samples. All the carbon samples exhibit two broad X-ray diffraction peaks:
a distinct peak at 24° and a less intense peak at 43.5° in the XRD patterns (Figure 3a). These
diffraction peaks correspond to the (002) and (100) lattice planes of graphitic structure,
which are characteristic of ACs [52]. The relatively intense peak at 24° represents the
amorphous carbon structure and disorderly stack-up of carbon rings. Similarly, the weak
peak at 43° indicates a graphitic carbon structure. However, there is a slight difference
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(a)

Intensity (a.u.)

in the graphite crystallinity and intensity of the (002) and (100) peaks in which different
preparation conditions may cause.
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Figure 3. (a) XRD patterns; (b) Raman scattering; (c) FTIR spectra of ANP derived nanoporous

carbon materials.

Raman scattering spectra exhibit two broad Raman bands: the first peak detected
in the range of 1339 and 1348 cm ™! can be assigned to the defect or disordered phase
(D-band), and the second peak at 1593 cm ™! can be attributed to the graphitic phase (G-
band) of carbon (Figure 3b). The D-band represents the vibrations of carbon atoms having
a dangling bond in the terminations of the disordered graphite structure, whereas the
G-band represents the stretching vibration mode of the sp? hybridized carbon atoms in the
graphite layer [53]. Furthermore, the ratio of the intensities of D-band and G-band (Ig/Ip)
measures disorder in carbon materials with the graphitic structure. The Ig/Ip increases
with the decrease in crystallinity. The carbon samples exhibited I /Ip ratios in the range
of 1.10 to 1.42, indicating the formation of amorphous graphitic carbon with a minimal
degree of defects. Careful observations reveal that the I /Ip ratio decreases from 1.42 to
1.27 upon the increase in the H3PO, impregnation ratio from 0.25 to 1.5, indicating more
and more defects in the carbon framework. An increase in carbonization temperature from
300 to 500 °C decreases the Ig/Ip ratio from 1.10 to 1.41, demonstrating an increase in the
graphitic carbon. An increase in the hold time during carbonization at a fixed temperature
of 400 °C does not cause any significant effect on carbon microstructure. The I /Ip ratio
remains apparently unchanged. Note that the Areca catechu nut-derived amorphous carbon
materials with a partial graphitic structure are similar to bimetallic ZIF carbon [54,55]. The
degree of graphitic structure strongly affects electrical conductivity, specific area, pore
size, and wettability and thus influences the carbon materials’ performance in sensing,
separation, and energy storage.

Notably, FTIR spectra of all the ANC samples possess almost similar vibrational bands
(Figure 3c) with slight differences in their intensities. The weak broad peak at 3410 cm !
corresponds to the O-H symmetric stretching vibration of the H,O molecules. However,
in some cases, -OH functional groups almost disappeared during the high-temperature
carbonization/activation process. The small peak at 1710 cm ™! can be assigned to the
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C=0 stretching vibrations of carboxylic acids. The strong peak centered at 1580 cm ! may
be assigned to the stretched vibrations of the aromatic C=C bond, a typical characteristic
of carbonaceous materials. It could form by decomposition of C—-H bonds to form more
stable aromatic C=C bonds at the higher carbonization/activation temperatures. The small
peaks at 1430 and 1270 em ™! can be ascribed to the C-C stretching vibration of CH, or CHs
groups and the C-O stretching in carboxylic groups or the C-O-C stretching vibration.
Furthermore, a weak peak at 890 cm ! can be assigned to the C-H bending vibrations of
aromatic rings. The result agrees with the surface chemistry of the nano-porous prepared
from Lapsi seed stone [52]. Thus, FT-IR analysis results of ANCs confirm the existence of
oxygenated surface functional groups such as -OH, -CO, COOH, and lactones that could
be potential adsorption sites for interaction with the cationic MB dye.

3.4. Electron Microscopy: SEM and TEM Observations
Figure 4 shows SEM, TEM, and HR-TEM images of the optimal sample, ANC1_400_3h.

Figure 4. Electron microscopy observation of the ANCs. (a) SEM image; (b) high-resolution SEM
image, (c—e) TEM images at different magnifications, and (f) HR-TEM image.

A low-resolution SEM image (Figure 4a) reveals the regular pores or cavities with
macroporous channels. Macroporous surface structures are common in biomass-derived
AC. The high-resolution SEM image (Figure 4b) shows abundant mesopores distributed
randomly over the surface of carbon particles. The TEM images can show more detailed
internal microstructures (Figure 4c—e). The disordered hierarchically porous structures con-
sist of both micro and mesoporous architectures. HR-TEM image reveals the microporous
carbon with the randomly grown graphitic carbon layers with the interlayer distance of
0.355 nm (Figure 4f), similar to bimetallic ZIF carbon [54,55]. Formation of micro-mesopores
in the ANCs results from the gasification and release of volatile organic compounds during
carbonization/activation of carbonaceous ANP precursor material. This nanoporous struc-
ture should contribute to the adsorption of large molecules, such as dye, thus enhancing
the removal rate of dye from water [56].
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3.5. Surface Textural Properties: Nitrogen Adsorption/Desorption

The textural properties of the prepared carbon materials were studied by nitrogen
sorption measurements. Figure 5 shows the nitrogen adsorption/desorption isotherms
and the pore size distributions obtained from the density functional theory (DFT) and
Barrett-Joyner-Halenda (BJH) models. The nitrogen adsorption-desorption isotherms of
the prepared ANCs belong to the combination of type I and type IV isotherms suggesting
hierarchical micro-and mesopore structures.
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Figure 5. (a) Nitrogen sorption isotherms of ANP-derived ANCs (ANC0.25_400_3h, ANC0.5_400_3h,
ANC1_400_3h, ANC1.5_400_3h, ANC1_400_2h, ANC1_400_4h, ANC1_300_3h, and ANC1_500_3h).
(b) Pore size distribution profiles (DFT method). (c) Corresponding pore size distribution curves
obtained from the BJH method.

Nitrogen adsorption is significant at lower relative pressure. It increases steadily at
the higher relative pressure with the hysteresis loop in all the samples (Figure 5a). High
nitrogen uptake at lower relative pressure is a well-known phenomenon of micropore
filling, while the hysteresis loop is caused by capillary condensation occurring in the
mesopores. It demonstrates the coexistence of both micro and mesopore structures in the
ANCs. These micro-and mesopores provide a sufficiently large surface area, facilitating the
penetration and diffusion of dye molecules in the carbon surface during adsorption [57].
The pore size distribution obtained from the DFT method (Figure 5b) shows well-defined
micropores with half-pore peaks centered at 0.7 and 0.87 nm (see inset of Figure 5b).

Furthermore, peaks corresponding to mesopores can also be seen. The pore size dis-
tribution profiles obtained from the BJH methods further confirm the mesopore structure
(Figure 5c), giving an average pore diameter of about 3.6 nm. Table 1 summarizes the
textural properties of the ANCs obtained from the analyses of the nitrogen sorption mea-
surements. Due to the large hierarchically micro-and mesopore structure, the ANCs show a
high specific surface area. The total specific surface areas are found in the range of 1399.9 to
2132.1 m? g~1. At the same time, the total pore volumes are found in the range of 1.112 to
3.426 cm® g~ 1. The surface analysis results show that the preparation conditions, including
the ratio of the activating reagent with precursor material, carbonization temperature,
and carbonization time, play an essential role in the structure and properties of the final
product. For example, an increase in the mixing ratio of H3PO,4 with the precursor increases
the surface area, reaching the maximum at 1:1 and then decreasing. Similar effects were
observed with temperature and carbonization time, giving the optimum conditions for
carbonization is 1:1 mixing ratio at 400 °C for 3 h.
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Table 1. Surface textural properties of ANCs obtained from nitrogen sorption analysis.

Sample SSA (m? g-1) Smic (m? g~1) Vp (cm® g-1) Vinic (cm® g—1) Vmeso/Vp % 100 (%) Wp (nm) Dp (nm)
ANCO0.25_400_3h 1399.9 1008.8 1.464 0.925 36.81 0.704 3.67
ANCO0.5_400_3h 1705.0 1124.7 2.088 1.257 39.79 0.705 3.68
ANC1_400_3h 2132.1 1320.8 3.426 1.920 43.95 0.705 3.29
ANC1.5_400_3h 1945.2 1219.3 3.152 1.791 43.17 0.705 3.30
ANC1_400_2h 1970.4 1278.1 2.643 1.563 40.86 0.704 3.67
ANC1_400_4h 1781.3 1187.5 2.333 1.393 40.29 0.705 3.68
ANC1_300_3h 1156.1 903.4 1.112 0.709 36.24 0.286 3.66
ANC1_500_3h 1934.8 1217.4 2.878 1.635 43.18 0.705 3.49

SSA, specific surface area; Spic, micropore surface area; Vy, total pore volume; Vi, micropore volume; Vimeso,
mesopore volume; Wp,, average half pore width; and Dj,, average mesopore diameter.
3.6. lodine and Methylene Blue Numbers
Figure 6 shows the results of iodine and methylene blue adsorption at different
carbonization conditions vs. specific surface areas of the carbon materials. Iy increases
significantly with an increase in the mixing ratio of H3PO, from 0.25 to 1 and then decreases
(Figure 6a), which agrees with the micropore surface area (Table 1). The highest Iy ca.
888 mg g~ ! is observed for the optimal sample. Conversely, MBy increases with the ratio
of H3PO,4 and remains unchanged above the mixing ratio of 1. The decrease in Iy at a high
mixing ratio indicates micropore coalescence leading to the formation of mesopores; as a
result, the MBy remains unchanged or minor increase. This result agrees with the previous
findings [58]. Similarly, I and MBy; increase with the carbonization time up to 3 h and then
decrease (Figure 6b). It suggests that carbonizing for a prolonged period probably destroys
the micropores and mesopores forming macropores. It may be due to the contraction in the
material to some extent and breaking polyphosphate linkage. Increasing the carbonization
temperature from 300 to 400 °C increases both Iy and MBy;, at which point it decreases
(Figure 6¢). As carbonization temperature increases, the porosity also increases due to the
release of tars from the cross-linked framework generated by phosphoric acid treatment.
Above 400 °C, the phosphate and polyphosphate bridges become thermally unstable and
break up. It results in the contraction in the carbon structure that destructs micropores and
mesopores hence decreasing I, MBy;, and surface area.
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Figure 6. The effect of carbonization conditions on the specific surface area, iodine, and methylene blue
adsorptions. (a) Results of mixing ratio of H3POy; (b) carbonization time; (c) carbonization temperature.

3.7. Adsorption Studies

The batch adsorption experiments were carried out to optimize the physical parame-
ters on the MB dye adsorption efficiency using the optimal sample, ANC1_400_3h. Figure 7
shows the effect of different parameters (contact time, adsorbent dose, pH, and initial
concentration of dye) on the adsorption properties of MB. Contact time can influence the
economic efficiency of the process and the adsorption kinetics. As shown in Figure 7a,
the adsorption (%) increases rapidly with the contact time and attains equilibrium within
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180 min. The initial rapid uptake of the dye is due to the availability of many adsorption
sites on the ANC surface. As a result, the mass transfer of the adsorbate from the bulk phase
towards the adsorbent surface is rapid. With time, available active sites on the adsorbent
decrease. Thus, the adsorption rate decreases, eventually reaching an equilibrium state
of MB concentration on the adsorbent and the solution [59]. Figure 7b shows the effect of
adsorbent dose on MB adsorption. An increase in adsorbent dose from 0.04 to 2.8 g L~!
increases the MB adsorption, and an equilibrium is reached. A further increase in adsorbent
dosage (>2.8 g L 1) does not cause any significant change in dye adsorption.
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Figure 7. Effects of adsorption parameters on the MB adsorption on ANC1_400-3h: (a) contact time;
(b) adsorbent dose; (c) pH; and (d) initial concentration.

The pH of the solution is one of the critical parameters in the adsorption process,
which affects surface charge by causing the adsorbent to ionize [60]. Figure 7c shows
the effect of pH on the adsorption of MB dye. Increasing pH monotonously increases
the adsorption of MB dye with maximum adsorption of ~99% at pH 12. MB is a cationic
dye; therefore, when the dye solution is at pH 2 (acidic medium), the surface of the ANC
adsorbent is positively charged. Therefore, it does not favor the adsorption of cationic MB
dye. Conversely, when the pH of the dye solution increases (alkaline medium), the ANC
surface becomes negatively charged. As a result, the adsorption of MB dye increases due to
increasing electrostatic attraction [61,62].

The initial dye concentration also affects adsorption phenomena, either increasing
or decreasing the availability of binding sites on the adsorbent. Figure 7d shows the
adsorption of MB vs. initial dye concentration. The adsorption decreases with the initial
dye concentration and eventually reaches equilibrium. The higher adsorption of dye at
lower concentrations may be caused due to the availability of abundant active sites on the
carbon surface. However, at higher concentrations, dye adsorption decreases due to the
saturation of the binding sites [63]. In addition, the electrostatic repulsion between negative
charges of adsorbate ions results in the decrease of the adsorption percentage. Therefore, it
results in a decrease in the efficiency of the adsorption of dye [37]. Thus, the adsorption
results show that the optimum conditions for adsorption of MB dye on the Areca catechu
nut-derived nanoporous activated carbon are: contact time of 180 min, alkaline pH, and
adsorbent dose of 2.8 g L~! with an initial dye concentration of 300 mg mL 1.

The adsorption isotherm describes the distribution of MB dye between the solid and
the liquid phase in equilibrium and reflects the relationship between MB dye adsorbed
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and its concentration at a constant temperature. Langmuir and Freundlich isotherms
are widely used models in water and wastewater treatment [64]. Figure 8a shows the
linearized Langmuir isotherm model: plot of Cc/ge vs. Ce for the adsorption MB on the
optimal sample (ANC1_400_3h). A good correlation coefficient suggests a homogeneous
monolayer exposure of the MB dye on the surface of the adsorbent without interaction
between adsorbed species. From the slope, the maximum amount of MB adsorbed on the
carbon materials is ca. 333.3 mg g~ !, and from the intercept, the Langmuir constant is ca.
0.833 L mg~!. The high MB adsorption capacity can be attributed to the high surface area
of the Areca catechu nut carbon.
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Figure 8. The adsorption isotherms. (a) Langmuir adsorption and (b) Freundlich adsorption model
for the MB adsorption on the ANC1_400-3h at 25 °C.

Figure 8b shows the Freundlich isotherm model. The correlation coefficient of the
Freundlich isotherm model is ca. 0.611, which is poorer than the Langmuir model, sug-
gesting that the Langmuir model better explains the MB adsorption. Table 2 compares the
maximum MB adsorption capacity of similar adsorbents described by the Langmuir model.

Table 2. Comparison of maximum adsorption capacity of Areca catechu Nut carbon with activated
carbon materials prepared from other carbon sources.

Carbon Source qm (mgg—1) Ref.

Delonix regia Pod 175.4 [65]

Coconut shell 320.5 [34]

Tea seed shells 324.7 [66]

Dipterocarpus alatus fruit 269.3 [67]

Bamboo 305.3 [68]

Almond shell/Zr3;O Composites 208.3 [69]
Areca catechu Nut 333.3 This work

4. Conclusions

In conclusion, we successfully synthesized nanoporous activated carbon materials
from a novel carbon source, Areca catechu nut powder, by the phosphoric acid activation
method and studied their adsorption performance for the iodine and methylene blue
adsorption from aqueous solution. In addition, the effects of carbonization conditions on
the surface textural properties were systematically studied. Depending on the carbonization
condition, the Areca catechu nut-derived amorphous carbon materials with partial graphitic
carbon structure display high surface areas and large pore volumes from 1156.1 to 2132.1 m?
g~ ! and from 1.112 to 3.426 cm® g~ !, respectively. Due to the excellent textural properties
(surface area and pore volume) and hierarchically porous structures consisting of micro-
and mesopores, the optimal sample displays the outstanding iodine and methylene blue
adsorption properties. The material achieved a high iodine number and methylene blue
values of ca. 888 and 369 mg g~ !, respectively.

The batch adsorption of MB dye from the water was found to be affected by pH,
adsorbent dose, contact time, and initial concentration. The optimum parameters for
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adsorption of MB dye were found to be the contact time of 180 min, alkaline pH (~12),
and adsorbent dose of 2.8 g L1, with an initial dye concentration of 300 mg mL~!. The
adsorption equilibrium data follow the Langmuir isotherm model with a maximum value
of monolayer adsorption capacity of 333.3 mg g~ !. Our results demonstrate that Areca
catechu nut would be a suitable carbon source for synthesizing activated carbon materials
with a high surface area desired in the high-performance adsorbent for water purification,
especially for removing organic dyes. Therefore, we will explore the energy-related applica-
tions of the materials such as supercapacitors in the future. Furthermore, we will produce
novel carbon materials using Areca catechu nut powder by activating with ZnCl, and KOH
at different temperatures. Since the pore architectures and surface chemistry depend on
the activating agents, it is worth having a complete phase diagram of the surface textural
properties and functions of the Areca catechu nut-derived nanoporous carbon materials,
particularly in water purification and energy storage applications.
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