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Abstract

In this study, hydrolyzed Dipterocarpus alatus leaves (HDL), waste from biodiesel production, were used as precursor to prepare
activated carbon. The HDL residue was treated with 30 wt% ZnCl2 (raw material:ZnCl2 solution = 1:2 by weight) for 1 to 24 h followed
by carbonization at 500 °C for 1 h in N2 atmosphere. The highest specific surface area of 497 m? g was obtained with 12 h treatment.
The physicochemical properties of the optimum carbon were investigated by thermogravimetric analysis (TGA), Fourier transform
infrared (FTIR) spectroscopy, proximate analysis, bulk density and pH, and the potential of the activated carbon for methylene blue
(MB) adsorption was tested under various contact times and initial dye concentrations. Adsorption equilibrium was reached within 50
min. The adsorption of MB onto the HDL-derived activated carbon followed pseudo-second order kinetics through chemisorption,
with intra-particle diffusion as the significant controlling step. The Langmuir isotherm provided a better fit of the adsorption
equilibrium than the Freundlich isotherm, with a maximum monolayer adsorption capacity of 338.86 mg g=*. The activated carbon
prepared from Dipterocarpus alatus leaves residue exhibited good adsorption uptake for MB and therefore presents an attractive and
effective adsorbent for cationic dyes.
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1. Introduction

Due to the growing energy demand, limited availability of fossil fuel resources and environmental concerns, the development of
sustainable biomass-based fuels has received great consideration. As a promising alternative, oleaginous microorganisms (yeasts, fungi,
microalgae, and bacteria) can accumulate significant quantities of lipids. These single cell oils have fatty acid profiles similar to those
of vegetable oils that are traditionally used as feedstock for biodiesel production. However, biofuel production using single cell oils
from oleaginous microorganisms is hampered due to the high cost of sugar-based growth substrates. Therefore, inexpensive and
abundantly available growth substrates are required. Lignocellulosic biomass can serve as sugar source for the culturing of oleaginous
microorganisms because it contains a significant proportion of polysaccharides or polymeric carbohydrates (cellulose and
hemicelluloses). The breakdown of these carbohydrates can produce hexose and pentose sugars [1]. Pretreatment of the lignocellulosic
biomass is required for degradation, using techniques such as dilute acid hydrolysis [2].

Dipterocarpus alatus is a timber tree found in Thailand, Vietnam, Cambodia, Laos, Myanmar, Philippines and India. Its wood is
used for construction and its resin is used for illumination, lighting and waterproofing baskets and boats, used in printing ink industries
and making paint, varnish and lacquer [3]. The leaves of Dipterocarpus alatus present a valuable sustainable growth substrate for
oleaginous microorganisms. However, after acid hydrolysis, a solid leaf residue remains, which should be considered for zero waste
approach and value-added product.

Activated carbon is a highly porous material that can be produced by pyrolysis of carbonaceous materials. Due to the high
production costs, lignocellulosic materials from agricultural and forestry residues are preferred raw materials due to their low cost and
wide availability. Activated carbons can be produced via physical or chemical activation process. Physical activation is performed in
two steps, i.e. carbonization and activation, whereas chemical activation is achieved in one step in which the activation and
carbonization process are combined. In the chemical activation, the starting material is treated with an activating agent such as ZnCly,
KOH, NaOH, H3PO4 or H2SO4 and the treated raw material is carbonized at a temperature typically between 400 and 800 °C in an
oxygen-free atmosphere. For physical activation, the precursor is carbonized (below 700 °C) followed by activation of the resulting
char with an activating agent such as CO2 or steam at 700-1100 °C [4, 5]. Chemical activation is generally preferred over physical
activation due to the one-step simple process and lower activation temperature resulting in higher activated carbon yield and better
development of porous structure [6, 7]. However, the resulting activated carbons from chemical activation require a washing step to
remove any residual activating agent.
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The leaves from various plants have been utilized for the preparation of activated carbons. For example, Rashid et al. used coconut
leaves for the production of carbon using FeCls activation [8]. Anisuzzaman et al. prepared carbon from Typha orientalis or cattail
leaves via activation with H3POs [9]. Banana leaves were used as starting material for the preparation of six different carbons by
chemical activation with H3PO4 [10]. Patil et al. explored the feasibility of sugar cane leaves as an alternative precursor for preparation
of carbon using ZnCl: activation [11]. Other studies used palm tree leaves activated by ZnCl> [12] and reedy grass leaves by H3PO4
[13].

Methylene blue (MB) is a cationic basic dye primarily used in textile, paper, leather, plastic, and automotive industries. About
10-15% of used dye is lost in the effluent of the dyeing process, which can cause allergic dermatitis, skin irritation, vomiting, eye burns,
shock, cyanosis, jaundice, quadriplegia, cancer and mutations [7, 14, 15]. Therefore, the treatment of effluents containing dyes is a
priority. Various techniques have been used to remove color of dyes from wastewater including oxidation, coagulation and flocculation,
photodegradation, solvent extraction, ultrafiltration, reverse osmosis, biodegradation and adsorption [7, 14, 16]. Adsorption is generally
preferred because of its simple design, ease of operation, low cost and high efficiency with low adsorbent dosage and process time
[17, 18]. Various adsorbents have been used to remove dyes from solution such as multiwalled carbon nanotubes [16], metal-organic
framework nanocomposites [19], carbon nanotube/metal-organic framework nanocomposites [18] or magnetic ferrite nanoparticles
[20]. In addition to these materials, activated carbon is also an efficient adsorbent to remove dyes from wastewater due to the high
surface area and adsorption capacity. Many researchers have used activated carbon from biomass wastes to adsorb MB from solution,
such as peach stones [21], cotton stalk [22], hulls [23], jute fiber [24], oil palm shell [25], date stone [26], piassava fibers [27], jackfruit
peel [28], walnut shell [29], black stone cherries [30] or waste cotton fibers [31]. To the best of our knowledge, activated carbon
prepared from Dipterocarpus alatus leaves have not been used as starting material to study MB adsorption.

The objective of the present study was to prepare activated carbon from Dipterocarpus alatus leaves residue from acid hydrolysis
process (HDL) and to optimize the activation conditions. From our previous studied [32], using different chemical activating agents
(H3PO4, HNO3, KOH, NaOH, ZnCl; and FeCls) demonstrated that activation of HDL with ZnCl for 1 h produced an activated carbon
with the highest surface area. Therefore, ZnCl2 was selected as activating agent and the conditions were further optimized. The HDL
was chemically activated with ZnCl: for 1 to 24 hours and subsequently carbonized at 500 °C for 1 h. The prepared carbons were
analyzed by TGA, proximate analysis, nitrogen gas adsorption, FTIR spectroscopy, bulk density and pH. Adsorption properties of the
obtained carbons were investigated for their ability to remove MB from aqueous solution under varying adsorption times and initial
dye concentrations. Adsorption kinetics and isotherms were studied and modeled with well-known mathematical equations.

2. Experimental
2.1 Materials

The hydrolyzed Dipterocarpus alatus leaves (HDL) in powder form were collected from the Department of Microbiology, Faculty
of Science, Khon Kaen University. The HDL samples were sieved with mesh no. 18 to obtain a fine powder (< 1 mm). Methylene blue
(MB) was supplied by Ajax Finechem (82% purity). A stock MB solution of 1000 mg L~ was prepared and the required concentrations
for the adsorption study were obtained by dilution in DI water. Other chemicals were analytical grade and used without further
purification.

2.2 Preparation of activated carbon

For chemical activation, 5 g of HDL was treated with 10 g of a 30% w/w ZnCl solution to obtain a weight ratio of 1:2 (HDL:ZnCl:
solution). This weight ratio was selected because of the low density of HDL. A lower weight ratio (less than 2 times) resulted in
incomplete wetting of HDL with the ZnCl2 solution, whereas a higher ratio will result in higher cost. The treatment time was varied
from 1 to 24 h and was carried out at room temperature without any mechanical stirrer. Under these conditions, the complete ZnCl.
solution penetrated into the HDL and there was no excess solution. The activated HDL was collected with a stainless steel laboratory
spoon and subsequently carbonized in a high temperature furnace at 500 °C for 1 h under continuous N2 flow (200 mL min) with a
heating rate of 30 °C min=t. The resulting activated carbon was washed with DI water until the pH of the washing effluent was equal
to the starting water, in order to remove the remaining ZnClz and possible impurities that were generated during carbonization. Finally,
the sample was dried in an oven (Memmert UNE 500) at 105 °C for 3 h.

The production yield of the activated carbon was determined through equation (1)

w,
Yield (wWt%) = M;C x 100 (€]

i
where Wac and Wi are the weight of carbon and the initial mass of HDL, respectively.
2.3 Characterization

Proximate analysis of HDL and obtained activated carbons including moisture, ash, volatile matter and fixed carbon contents was
performed according to standard methods. The moisture content was determined following ASTM D2867 method using oven
(Memmert UNE 500) drying. The sample was placed into a pre-weighed ceramic crucible and dried at 150 °C for 3 h. The sample was
weighed after cooling down and the moisture content was calculated by equation (2):

WimWa o 100 2
i @

Moisture (wt%) =
where W1 is the weight of the original (wet) sample and W: is the weight of the dried sample. The dried sample was heated at 950 °C
for 30 min in a muffle furnace (VULCAN TM3-550) according to ASTM D5832-98 method, and the volatile matter was calculated
using equation (3):
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Volatile matter (wt%) =
where W3 is the weight after heating. The residual sample was ashed at 800 °C for 2 h in a muffle furnace and the ash content was
calculated as follows:

W,
Ash (wt%) = WX 100 4)

where Wy is the ash weight. All measurements were determined in triplicate and the average values are reported. Finally, the fixed
carbon content was calculated by 100% - volatile matter (%) - ash (%).

The thermal behavior (TG-DTA curves) of the raw material and activated carbons was studied with a Thermogravimetric Analyzer
(DTG 60H, Shimadzu). About 10 mg of each sample was loaded into a platinum pan and heated from room temperature to 950 °C with
a heating rate of 10 °C min~! under N2 flow of 60 mL min-1.

Porous properties of the activated carbon were studied by N2 adsorption at 77 K using a Surface Area and Porosimetry Analyzer
(ASAP 2460, Micromeritics). Prior to the analysis, the sample was outgassed at 150 °C until the pressure was less than 100 mTorr.
The specific surface area, Sge, of the carbon was calculated using the Brunauer-Emmett-Teller (BET) equation. The micropore volume,
Vmic, was determined from the t-plot and the total pore volume, Vr, was estimated as the nitrogen gas adsorbed at P/P° of about 0.99.
The mesopore volume, Vmeso, Was determined by the difference between Vr and Vmic. The average pore size, Dp, was determined by
the Barrett-Joyner-Halenda (BJH) method using desorption data.

The surface functional groups of the activated carbon were studied by Fourier Transform infrared spectroscopy (FTIR) using
a Bruker ALPHA 11. The activated carbon was dispersed into potassium bromide (KBr) tablets and spectra were recorded from 4000
to 550 cm™.,

The bulk density (i.e., the mass of a unit volume including both pore system and voids between particles) of the activated carbons
was determined following Ahmedna et al. [33]. A 10 cm?® glass cylinder was filled with activated carbon and the bulk density (g/cm?)
was calculated using equation (5):

o Wac
Bulk density = 7 )
c

where Wac (g) is the weight of carbon and V¢ (cmd) is cylinder volume.

The pH of activated carbon in distilled water was measured following Ekpete et al. [34]. Here, 100 mL of distilled water containing
1 g of carbon was boiled for 5 minutes. The pH was measured by using a pH meter (Ohaus ST3100-F) after addition of 100 mL of
distilled water (total volume of solution 200 mL) and cooling to room temperature.

2.4 Methylene blue adsorption studies

Adsorption studies were performed in batch mode at room temperature. The adsorption kinetics were determined by adding 0.05 g
activated carbon to 50 mL of MB solution with an initial concentration of 6 mg L for different times varying from 5 to 180 min. After
the desired contact time was reached, the activated carbon was separated from the dye solution by filtration. The residual MB
concentration in the filtrate was analyzed by UV-vis spectrophotometer (Agilent 8453) at the peak wavelength of 668 nm. The adsorbed
amount of MB at time t, gt (mg g™%), was calculated by

C, —COV
g = Lo ®)

where Co and Ct (mg L) are the MB concentrations at initial and time t, respectively, V (L) is the volume of dye solution and W (g) is
the weight of activated carbon used.

The adsorption isotherm was measured by adding 0.05 g of carbon into 50 mL MB solution with different initial concentrations
from 30 to 600 mg L-* without pH adjustment and kept for 50 min (this equilibrium time was determined in the previous experiment).
The equilibrium MB concentrations were measured by UV-vis spectrophotometer and the equilibrium adsorption capacity, ge (mg g=3),
was calculated by

_ (Co B Ce)V
Ge =~ ™

where Ce (mg L™?) is the concentration of MB at equilibrium.
3. Results and discussion
3.1 Properties of raw material

The proximate analysis results of hydrolyzed Dipterocarpus alatus leaves (HDL) are shown in Table 1. The moisture content of
12.61 wt% in the HDL can be ascribed to water. The HDL shows a high volatile matter content (78.51 wt%) and average contents of
ash (12.22 wt%) and fixed carbon (9.27 wt%). The high volatile matter makes HDL a good starting material for preparation of activated
carbon [35]. Ash is a non-carbon or mineral substance that typically comprises 1-20% depending on the raw material [36].

Figure 1 shows the TG and DTA curves of hydrolyzed Dipterocarpus alatus leaves (HDL). The weight loss from the TG curve
can be divided into three stages. The first stage occurs with a weight loss of 15% between 30 and 110 °C that is attributed to adsorbed
water. The corresponding endothermic DTA peak at around 70 °C was also found for Casuarina equisetifolia fruit waste [37]. The
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second stage with a weight loss of 68% takes place at around 200 to 450 °C, which is attributed to the thermal degradation of
hemicellulose and cellulose accompanied by the formation of tar and gases such as CO and CO2 [38, 39]. In this stage, two exothermic
DTA peaks are observed at around 330 and 390 °C. Similar results have been reported in literature for pyrolysis of other biomass
materials such as walnut shell [39]. The third weight loss stage takes place from 450 to 950 °C, with a smaller weight loss than the
second stage. This stage could be due to lignin decomposition that results in a carbonaceous residue [38, 39]. The shoulder DTA peak
at 460 °C is similar to that observed in activated carbon production from Casuarina equisetifolia fruit waste [37]. The final residue that
remains is approximately 15% of the initial weight. The results of the thermal analysis indicate that the optimum carbonization
temperature for the HDL is at 500 °C or higher, where no significant weight loss takes place. Therefore, in this research 500 °C was
chosen as the carbonization temperature.

Table 1 Physicochemical of raw material (HDL) [32] and optimum activated carbon prepared from HDL after 12 h treated with ZnCl..

Property Value
Hydrolyzed Dipterocarpus alatus leaves (HDL)
Moisture (Wt%, wet basis) 12.61
Ash (wt%, dry basis) 12.22
Volatile matter (wt%, dry basis) 78.51
Fixed carbon (wt%, dry basis) 9.27
Optimum activated carbon
Moisture (Wt%, wet basis) 13.42
Ash (wt%, dry basis) 9.44
Volatile matter (wt%, dry basis) 14.19
Fixed carbon (wt%, dry basis) 76.37
Bulk density (g cm~3) 0.44
pH 6.99
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Figure 1 Thermal analysis data (TG and DTA) in N2 atmosphere of hydrolyzed Dipterocarpus alatus leaves (HDL).
3.2 Porous structure and yield of the activated carbon

Figure 2 shows the N2 isotherms of prepared carbons for different activation times. The adsorption-desorption isotherm for 1 h
activation has been presented in our previous work [32]. The isotherms of all activation times show a similar trend with an upward
shift with increasing activation time from 1 to 12 h, and then the amount adsorbed decreases for 24 h. All isotherms are classified as
IUPAC Type IV that are indicative of mesoporous materials. The slope of the adsorption isotherms gradually increases and exhibits a
hysteresis loop at around P/P° = 0.4-1, indicating capillary condensation in the mesopores. Similar findings indicating the presence of
both micropores and mesopores were also reported elsewhere. For example, Angin et al. [40], Mahamad et al. [41] and Yagmur et al.
[42] used ZnCl: to activate safflower seed press cake, pineapple waste and oleaster fruit, respectively.

The effect of activation time on the yield and porous properties of the obtained activated carbons is presented in Table 2. The BET
surface area increased with an increase in activation time from 1 to 12 h. The data for 1 h activation from our previous work [32]
are also shown here for comparison. The activation process improves the pore development and creates new pores, resulting in an
increased surface area for longer activation times. However, further increasing the activation time to 24 h resulted in a slight decrease
in surface area. The long activation time likely resulted in a collapse of some of the pore walls which resulted pore widening [43]. This
is also evident from the decrease in Vmic and increase in Vmeso. Gupta and Garg [44] proposed that the chemical activation with ZnCl>,
a dehydrating agent, improves the porosity by promoting the aromatization of the carbon skeleton while suppressing tar formation. The
maximum Sget of 497 m? g was obtained after 12 h activation. Therefore, 12 h was selected as the optimum activation time for
production of the carbon from HDL.

The total pore volume (V) and average pore diameter (Dp) of the prepared carbons increased with activation time. This indicates
that increasing the activation time not only created more pores but also increased the pore size of the obtained activated carbons.
Adsorbent pores can be classified into (1) micropores with pore diameter less than 2 nm, (2) mesopores with pore diameter between
2-50 nm and (3) macropores with pore diameter larger than 50 nm. When the pore volume is considered, the micropore fraction of all
prepared activated carbons (69-79%) is higher than the mesopore fraction (21-31%). The mesoporosity is very important in facilitating
the access of the adsorbate molecules to the interior of the activated carbon particles [35]. The average pore size of the carbons
is 2.52-2.70 nm. The adsorbate molecules can only penetrate into the adsorbent when the pores have a diameter larger than the
molecular diameter of the adsorbate [45]. Methylene blue (MB) has a molecular diameter of 1.382 nm [46]; therefore, all prepared
activated carbons are suitable for MB adsorption.
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Figure 2 Nitrogen adsorption-desorption isotherms at 77 K for HDL-based activated carbons after different activation times.

Table 2 also shows the yield of activated carbons obtained with varying activation times. The yield slightly decreased from 66 to
60 wt% with increased activation time from 1 to 24 h. In the production of activated carbon, a relatively high yield of carbon is required.
The range of yields obtained (60-66 wt%) was similar to that reported in other works [39, 47, 48].

Table 2 Yield and porous characteristics of the prepared activated carbons after different activation times.

Activation time (h) Yield SeeT Vmic Vmeso VT Dp
(Wt%) (m’g™) (cm*g™) (cm*g™) (cm’g™) (nm)
1 66 456 0.22 (73%) 0.08 (27%) 0.30 2.52
6 62 481 0.22 (73%) 0.08 (27%) 0.30 2.63
12 60 497 0.26 (79%) 0.07 (21%) 0.33 2.65
24 60 479 0.22 (69%) 0.10 (31%) 0.32 2.70

Table 3 indicates the potential of hydrolyzed Dipterocarpus alatus leaves (HDL) for the preparation of carbon. The surface area
and total pore volume of the optimum carbon was similar to or higher than activated carbons prepared from other biomasses. The HDL-
derived activated carbon also had surface area similar to commercial activated carbons such as CAC (515 m? g1) [44]. Pastor-Villegas
et al. [49] reported that all industrial adsorbents have large specific surface areas generally well in excess of 100 m? g* and the total
pore volume of activated carbon usually exceeds 0.2 cm® g1, Therefore, HDL, a solid waste from biodiesel production, is an attractive
raw material for production of activated carbon. To avoid Zn leaching during use, Rozada et al. [50] suggested two possible treatments:
one consisting of a coating with a polymer and another involving successive washing stages.
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Table 3 Comparison of porous properties of the prepared HDL-derived carbon with previous studies.

Raw material Preparation conditions Porous properties
Hydrolyzed Soaking: ZnCl2 30 wt%, chemical ratio Seet = 497 m2 gt
Dipterocarpus alatus 1:2,12h VT =0.33cmigt
leaves (HDL) Carbonization: 500 °C, 1 h

Peanut shell [51]

Soaking: KOH 20%, impregnation ratio
1:1, 24 h, room temperature
Carbonization: 170 °C for 1 h, then 450 °C
for 1 h under N2 or 450°C for 1 h under air

SeeT = 88.85-95.51 m? ¢!
Vr = 0.33-0.35 cmn® gt

Palm kernel shell [52]

Carbonization; 400 °C, 1 h

Soaking: KOH, impregnation ratio
1:1,80°C,2h

Activation: 800-1,000 °C, 15-45 min

Sger = 17217 m?g !
V1=0.015-0.12 cm®g*!

Jowar Stalk [15]

Soaking: H2S04 50 (v/v), 24 h
Carbonization: 800 °C, 0.5 h

SeeT =292 m?g!
Vr=0.31cmig?

Kenaf core fiber [53]

Carbonization: 400 °C, 1 h

Soaking: H3POa4 30 %, impregnation ratio
1:4

Activation: 500 °C, 1 h

SeeT =299 m?g!

Palm tree leaves [12]

Soaking: ZnClz, impregnation ratio
1:15,24h
Carbonization: 500 °C

SgeT =299.84 m?g?
V1=0.129 cm3g!

Black gram husk and
millet husk [54]

Soaking and carbonization:
H3P0O4 450 °C, 1 h

Millet husk: Sger = 397 m?g?, V1 =0.67 cm®g?
Black gram husk: Sger = 480 m?g~?, Vr =0.50 cm®g!

Macadamia nutshell
[55]

Carbonization: 350 °C, 1 h
Soaking: H2S04 50% or K2COs,
impregnation ratio 1:1, 24 h
Calcination: 650 °C

H2S04: Sget = 426 m?gL, V1 =0.21 cm3g™?
K2COs: Sget = 460 m?gt, Vr =0.23 cm3g*

Casuarina equisetifolia
fruit waste [37]

Carbonization: 300 °C, 1 h

Soaking: ZnClz or KOH or H3PO4 10 %,
impregnation ratio 4:1, overnight
Activation: 700 °C, 1 h

ZnClz: SgeT =335 m?g L, Vr=0.42 cm3g!
KOH: Sger =514 m? g%, Vr =0.45 cm3g!
H3POa: Sget = 548 m?gt, V1 = 0.43 cm3g?

Pomegranate seeds [56]

Soaking: ZnClz, 24 h
Carbonization: 600 and 800 °C, 1 h

SgeT =455.3-978.8 m?g?
V1=0.217-0.563 cm®g™*

3.3 Characterization of the optimum activated carbon

As described in the previous section, the optimum activation time that gave the highest surface area of carbon (497 m? g?) was
12 h. Therefore, this activated carbon was characterized in detail and used as adsorbent for MB adsorption. Thermal analysis of the
optimum activated carbon is presented in Figure 3. The activated carbon did not show a significant weight loss until the temperature
exceeded 400 °C, where a weight loss of 28% was observed. According to the TG curves presented in Figure 3b, the thermal
decomposition of the activated carbon was significantly different from the raw material (hydrolyzed leaves). The activated carbon
shows a higher thermal stability with total weight loss of 45% compared to 87% for HDL. This was due to the fact that during the
carbonization process, tar and volatile compounds were removed. The DTA curve of activated carbon shows that thermal degradation
occurred at around 80 and > 420 °C, which may be due to dehydration and destruction of organic matter [57]. The shape of the TG
curve of the prepared carbon is similar to previous studies [6, 58-60].

Table 1 also shows the results of proximate analysis and bulk density of the optimum activated carbon. Compared to the HDL, the
fixed carbon increased from 9.27 to 76.37 wt% whereas the volatile matter decreased from 78.51 to 14.19 wt%. This is because the
volatile matter was released during carbonization as liquid and gas, leaving a material with high purity carbon. The increase in fixed
carbon and moisture contents and decrease in volatile matter content of activated carbon compared to the HDL are in agreement with
previous studies [61]. The ash content of the activated carbon slightly decreased compared to the starting material. This can be attributed
to the washing step with DI water that likely removed water-soluble minerals from the activated carbon. A high ash content reduces
the mechanical strength of a carbon which negatively affects the adsorption capacity [34, 47]. Abdullah et al. [47] also suggest that the
ash content of activated carbons used as adsorbent should be within a range of 1-20%. The HDL-derived activated carbon in the current
study falls within this range.

The bulk density of material depends on the shape, size and density of the individual particles [36]. The bulk density of the optimum
carbon was 0.44 g cm=3, which is comparable to previous studies. For example, Ravichandran et al. [37] found that KOH, ZnCl> and
HsPOg activation of Casuarina equisetifolia fruit waste resulted in a bulk density of 0.40, 0.43 and 0.49 g cm=3, respectively, and the
bulk density of activated carbons prepared from plantain (Musa paradisiaca) fruit stem with H3PO4 and ZnCl2 activation were 0.32
and 0.34 g cm=3 [34], respectively. The bulk density for activated carbons used in gas adsorption range from 0.40 to 0.50 g cm~3, while
those used in decolorization have a bulk density ranging from 0.25 to 0.75 g cm2 [49]. Therefore, the optimum HDL-derived activated
carbon will be suitable for color removal purpose. Ademiluyi and David-West [62] also proposed that a low bulk density of activated
carbon stimulates quick adsorption in gas and liquid phase systems.

The pH of the activated carbon directly influences the adsorption process and a neutral pH (6-8) is generally preferred [37].
Table 1 shows that ZnCl activation gave activated carbon with a pH of 6.99. In contrast, Ekpete et al. [34] and Ravichandran et al.
[37] reported that the pH values of carbons prepared from ZnCl: activation of plantain fruit stem and Casuarina equisetifolia fruit
waste were 9.30 and 9.78, respectively. A different pH value may be due to differences in raw material, preparation process and even
washing method [37].
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Figure 3 (a) TG and DTA curves of the optimum activated carbon prepared after 12 h treated with ZnClz and (b) TG curve of activated
carbon compare with raw material (hydrolyzed leaves).

A qualitative investigation of the surface functional groups was carried out by FTIR as shown in Figure 4. The broad band at 3384
cm™ of hydrolyzed leaves corresponds to -OH vibrations that probably originate from hydroxyl groups, while a strong broad band at
3418 cm of activated carbon corresponded to -OH group from an alcohol [34]. The presence of this group in the raw material and
activated carbon was reported in the literature [34, 52]. The spectra show that some surface groups were removed from the raw material
after carbonization, for example at 2114 cm~2, which indicates that a chemical transformation took place during carbonization. The
band at 1601 or 1607 cm~* could be ascribed to the stretching vibration of aromatic C=C bonds [63]. The peaks detected around 1000
cm™ could be related to vibrations of C-O functional groups [44] and the peaks around 920 cm™ are assigned to C-H and C-O [32].
The band at around 600 cm™ observed for both samples is associated with out-of-plane angular deformations of benzene derivatives
[5]. Verma and Samanta [64] reviewed that the active functional groups that participate in the binding of MB molecules are -OH, C-O,
C=0 and -COO-. The presence of these functional groups on the HDL-derived activated carbon can help to adsorbed MB, in addition
to the specific surface area.
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Figure 4 FTIR Spectra of optimum activated carbon compare with the raw material (hydrolyzed leaves).
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3.4 Methylene blue adsorption of optimum activated carbon
3.4.1 Adsorption kinetics

The kinetic and equilibrium studies were used to study the adsorption of methylene blue (MB) onto HDL-derived carbon. The
effect of contact time on the MB removal at an initial concentration of 6 mg L™ is displayed in Figure 5. The MB adsorbed amount
increased with time. The adsorption process is rapid during the first 40 min and equilibrium was reached after 50 min. At the equilibrium
point, the MB molecules that are desorbed from the porous materials are in dynamic equilibrium with the MB being adsorbed onto the
material. This equilibrium time is used to evaluate the affinity of an adsorbate to porous material [65]. Therefore, the equilibrium time
for MB adsorption of the optimum carbon was 50 min, which was chosen for measurement of the adsorption isotherm.
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Figure 5 Effect of contact time on the MB adsorption onto optimum carbon.

Methylene blue adsorption onto activated carbon may involve 4 steps including (1) film or external diffusion, (2) pore diffusion,
(3) surface diffusion and (4) adsorption on the pore surface [66]. In this study, three kinetic models (i.e., pseudo-first order, pseudo-
second order and intra-particle diffusion models) have been applied to the experimental data. The pseudo-first order rate equation is
given as [67]:

kyt
log(q. — q¢) = logq, — 5303 8

where ge and gt (mg g) are the amount of MB adsorbed on activated carbon at equilibrium and time t and ki (min) is the rate constant.
A plot of log(ge - qt) versus t from experimental data gives a linear relationship and the value of ki can be determined from the slope.
The intercept is used to calculate ge,cal.

The linearized form of pseudo-second order kinetic model is [67]:

t_ 1 +t (9)
ac ka2 qe

where ka2 (g mg min~') is the rate constant. A plot of t/q: versus t from the experimental data gives a linear relationship and ge,ca and
k2 can be calculated from the slope and intercept, respectively.

Figure 6 demonstrates the linear plots of the pseudo-first order and pseudo-second order models, and the obtained parameters along
with correlation coefficient or R? are summarized in Table 4. The pseudo-first order Kinetic is not appropriate to describe the adsorption
behavior due to the low R? value of 0.771. The calculated amount adsorbed (Gecar) in the pseudo-first order model was also much
smaller than the experimentally obtained value (geexp). This is attributed to the existence of an external boundary layer or mass transfer
resistance at the beginning of adsorption, since this model is only suitable for the initial stage of the adsorption process [65]. On the
contrary, the pseudo-second order model fits the data very well with a high R? value of 0.999, and the g value calculated by this model
(5.139 mg g™?) is very close to the experimental result (5.181 mg g=*). The pseudo-second order model describes the chemical
adsorption of MB onto carbon involving valence forces or electron exchange between adsorbate and adsorbent [68, 69]. Similar findings
that MB adsorption onto activated carbon follows pseudo-second order kinetics rather than pseudo-first order have been reported by
Gecgel et al. [14], Hameed et al. [70], Ahmad et al. [71] and Ozer et al. [72]. The rate constant k2 can be used to calculate initial sorption
rate as h = koge?. The higher value of h indicated a higher initial rate of adsorption. In this case, the h value was equal to 2.535 mg g
min~L.

The pseudo-first order and pseudo-second order kinetic models do not explain the diffusion mechanism. Hence, the effect of intra-
particle diffusion resistance on adsorption can be determined by [67]:

qe = kat'/? +C (10)
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where k¢ (mg gt min~2) is the constant of this model and constant C (mg g*) is an approximation of the boundary layer thickness [5].
The values of kg and C can be obtained from the slope and intercept of the linear plots of g: versus tY2. As shown in Figure 6 (c) and
Table 4, the intra-particle diffusion model also well described the adsorption kinetics (R? = 0.999 and 0.990 for the first and second
stage, respectively). Figure 6 (c) shows that the diffusion mechanism exhibited two stages and the lines do not cross the origin,
indicating that the adsorption is not only rate controlled but also boundary layer diffusion controlled [73]. The first stage is related to
transfer of the adsorbate molecules to the external surface of the adsorbent or film diffusion mechanism [5, 44]. The second stage is
more gradual and could be attributed to the penetration of adsorbate molecules into inner layers of the adsorbent or intra-particle
diffusion mechanism [5, 44]. A similar two stage adsorption process was mentioned for the MB adsorption onto activated carbons
derived from other raw materials such as cocoa shell [71], sewage sludge [44], Lupinus albus seed [73] and chitosan flakes [66].
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Figure 6 Fitting of the kinetic models for (a) pseudo-first order, (b) pseudo-second order and (c) intra-particle diffusion for adsorption
of MB onto optimum carbon.

3.4.2 Adsorption isotherm

The adsorption isotherm is used to determine the interaction between adsorbate and adsorbent and thus to optimize the use of
adsorbent [65, 74]. So, the effect of initial dye concentration on the adsorption capacity of the optimum activated carbon was also
studied and the results are presented in Figure 7. The amount adsorbed at equilibrium (ge) increases from ~22 to ~264 mg g~* with an
increase in the initial MB concentration from 30 to 600 mg L%, This indicates that the HDL-derived carbon was very efficient to
remove MB cationic dye from aqueous solutions over a large concentration range. The isotherm presents a large increase in the
adsorption capacity at low MB concentrations followed by a plateau as the concentration increases.
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Table 4 Parameters from kinetic models of the MB adsorption by using optimum carbon.

Model Value
Ce,exp (mg g‘l) 5.181
Pseudo-first order
Qe.cal (Mg g*l) 0.771
ki (min-1) 0.013
R? 0.729
Pseudo-second order
Qe.cal (Mg g*l) 5.139
ka2 (g mg~tmin) 0.096
R2 0.999
Intra-particle diffusion
Stage 1:
kd (mg g~ min2) 0.306
C(mgg™?) 3.145
R2 0.999
Stage 2:
kd (mg g~ min2) 0.172
C(mgg™) 3.748
R2 0.990

The Langmuir and Freundlich non-linear isotherm models were applied to the MB adsorption isotherm data. The Langmuir
isotherm assumes monolayer adsorption and the sorbent contains a finite number of adsorption sites, uniform energy of adsorption and
no transmigration of adsorbate in plane of surface [68]. The mathematical expression of this model is given by:

quL Ce
= 11
1 =1¥K,.C, an
where gm (mg g1) and Kv (L mg™) are the maximum monolayer adsorption capacity and the Langmuir adsorption equilibrium constant
related to the adsorption rate, respectively. The Langmuir dimensionless separation factor (RL) can be determined by:

1

R,=——
L™ 14k,

(12)

where C, is the initial concentration of dye. This factor indicates the possibility of the adsorption process i.e. favorable adsorption when
0 < RL < 1, unfavorable adsorption when Rv higher than 1, linear adsorption when Ri equal to 1 and irreversible adsorption when R.
equal to 0 [65].

The Freundlich model is based on heterogeneous surface energies of the adsorbent and assumes that the adsorbate first occupies
the strong binding sites until all sites are exhausted [75]. The Freundlich isotherm also assumes multilayer adsorption and the adsorption
capacity is related to the adsorbate concentration at equilibrium [76]. The non-linear form of this model is:

qe = KeCJ'™ (13)

where Kr ((mg g7%)-(L mg)¥") and n are the constant associated with the binding energy and the tendency of adsorption, respectively.
A value of 1/n below 1 indicates a normal Langmuir isotherm, 1/n above 1 is indicative of cooperative adsorption [50] while 1/n=1is
a linear adsorption isotherm. Moreover a value of n between 1 and 10 indicates favorable adsorption, while n < 0.5 is unfavorable
[65, 77].

The non-linear fitting curves resulting from both isotherms are presented in Figure 7 and the calculated constants and R? are
summarized in Table 5. When comparing the two models, the Langmuir model described the experimental data better than the
Freundlich model because its R? was closer to unity. This suggests that adsorption of MB mainly occurs as a monolayer onto
homogeneous sites at the internal and external surfaces of activated carbon. All values of R. lie between 0 and 1 (Figure 8), indicating
that the adsorption process was favorable. Furthermore, the 1/n value of 0.450 and the n value of 2.222 obtained from the Freundlich
model indicated a normal Langmuir isotherm and the MB adsorption onto HDL-derived activated carbon is favorable. The same
observation that MB adsorption onto biomass-based carbon followed the Langmuir isotherm was previously found by Dod et al. [15],
Oliveira et al. [38], Lin et al. [65] and Tan et al. [68].

Table 5 Adsorption isotherm parameters for MB adsorption on optimum activated carbon.

Model Value
Langmuir
gm (Mg g™ 338.86
KL (L mg™) 0.012
R2 0.990
Freundlich
Kr ((mg g~H)-(L mg1)¥m) 21.544
1/n 0.450

R? 0.952




Engineering and Applied Science Research 2022;49(4)

350
5 300 1 e
[e)) -
.

£ 250 1 LI
o e
S 200 A o0
< =
g 150 - i
g 2
§ 100 1 / ®  Experimental data
IS / — Langmuir model
< 50 v/ === Freundlich model

0 r v y r . r

0 50 100 150 200 250 300 350
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The maximum adsorption capacity of MB (gm) onto the HDL-derived carbon was 338.86 mg g%, which is comparable to or higher
than activated carbons from various other biomasses (Table 6). Therefore, the prepared carbon could be used as an effective adsorbent
for this purpose. Moreover, it can be seen that the amount of MB adsorbed not only depended on the surface area of the activated
carbon, because some materials with a higher surface area had a lower adsorption capacity. Therefore, the adsorption of MB by
activated carbon was also dependent on surface chemistry (surface functional groups and surface charge). In addition, the suitable
activated carbon for removal of MB from solution should contain plenty mesopores due to the larger molecular size of dye compared

to gas molecules.

Table 6 Comparison of maximum adsorption capacity for MB by HDL-derived carbon with other biomass-based carbons.

Raw material Activating agent  Surface area  Mesoporosity  Adsorption capacity

(m*g™) (%) (mg g™)
Hydrolyzed Dipterocarpus alatus leaves (HDL) ZnCl2 497 21 338.86
Hazelnut husk [72] H3PO4 770 - 204.00
Cotton stalks [22] KOH 950 29 222.00
Jute fiber [24] H3PO4 - - 225.64
Watermelon rind [17] ZnCl2 1,156 94 231.48
Oil palm shell [25] KOH 596 - 243.90
Date stone [26] FeCls 780 22 259.25
Buriti shell [5] ZnClz 843 25 274.62
Piassava fibers [27] ZnCl2 1,190 2 276.40
Oil palm fibre [68] KOH 1,354 - 277.78
Jackfruit peel [28] H3PO4 1,261 36 280.30
Pineapple leaves [41] ZnCl2 914 73 288.34
Fruit of Catalpa bignonioides [14] ZnCl2 896 93 299.40
Walnut shell [29] ZnCl2 1,800 - 315.00
Black stone cherries [30] H3PO4 - - 321.75
Waste cotton fiber [31] H3PO4 694 19 344.82
Date stone [7] ZnCl2 1,046 - 398.19
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4. Conclusions

In this work, activated carbons were prepared via pyrolysis of hydrolyzed Dipterocarpus alatus leaves (HDL) treated with ZnCl:
as activating agent. The effect of treatment time on the porous characteristics of carbons was examined, and the maximum surface area
was 497 m? g! for a treatment time of 12 h. This optimum carbon was also characterized by TG, FTIR, proximate analysis, bulk
density and pH. The optimum activated carbon was a very efficient adsorbent for the color removal of methylene blue (MB) from
aqueous solution. Kinetic data followed a pseudo-second order model indicating a chemisorption process. The intra-particle diffusion
model suggests that adsorption of MB onto activated carbon was controlled by both film as well as pore diffusion mechanism. The
adsorption behavior is well described by Langmuir isotherm (R?= 0.990). The maximum monolayer adsorption capacity of 338.86 mg
gt is comparable to or higher than several biomass-based activated carbons reported in the literature. As a conclusion, hydrolyzed
Dipterocarpus alatus leaves, a solid waste residue from production of biodiesel, can be utilized as a low-cost material for the production
of activated carbon and is a promising sustainable adsorbent for the color removal of dyes from wastewater.
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