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Sodium chloride-activated rubber seed shell carbon for methylene blue removal
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Abstract. Rubber seed shell was converted into adsorbents via sodium chloride activation at mass ratios (NaCl-to-rubber
seed shell) of 0.5, 1.0, and 2.0 for methylene blue adsorption. The char (without NaCl activation) was also prepared for
comparison. The adsorbents were characterized for specific area, functional groups, and morphology, while the dye
adsorption was studied at different concentrations, contact times, and solution temperatures for equilibrium, Kinetics, and
thermodynamics, respectively. The surface morphology of activated carbon becomes more porous when NaCl
concentration for activation increases. The textural analysis shows a greater specific area of 330 m?/g for activated carbon
by NaCl activation at a mass ratio of 0.5, while char exhibits the magnitude of only 68.8 m?/g. However, the latter exhibits
the best adsorptive performance for methylene blue. The char displays a greater pore size of 4.7 nm, while all activated
carbons are relatively microporous, thus inhibiting the smooth diffusion of dye molecules.
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1. Introduction

Textile industry is one of the largest chemical industries
in the world; it significantly contributes to the economic
growth. The global production of dyes is nearly 8x10°
tons per year. However, synthetic dyes may eventually
leak from the process and find their way into streams, so
polluting the ecosystem [1]. About 10-15 % of dyes is
lost during different processes in the textile industry.
Over the time, dyes accumulate in the water, to such an
extent that light can no longer penetrate into the surface
which impairs the ability of aquatic plants to perform
photosynthesis, leading to an increase in oxygen
demand. Besides, some dyes are carcinogenic which can
cause cancer [2]. Long exposure to dye-contaminated
water can cause skin irritation and other health issues.
Consequently, the effluent discharge from textile
industries without sufficient treatment will bring
negative implications to the environment and human
health [1].

Various methods have been developed for dye
removal, including coagulation and flocculation,
membrane filtration, adsorption, chemical oxidation,
advanced oxidation processes and photodegradation.
Among others, adsorption is considered a preferred
method for dye removal because of its cost-
competitiveness and high performance, attributed to the
large surface area and strong affinity of adsorbents for
dye molecules. Moreover, bio-based adsorbents are
more advantageous than chemically synthesized ones
due to their lower toxicity, renewability, cheapness, and
straightforward preparation steps [3].

The adsorbent feedstock used in this study is rubber
seed shell (RSS). RSS is an abundantly available

resource from rubber plantation. According to the
Malaysia Natural Rubber Industry (MNRI), the natural
rubber production in 2019 is 61,731 tons from 1.1
million hectares of plantations. Meanwhile, biomass
residues such as RSS remain largely underutilized,
despite their potential as low-cost adsorbents [4]. About
1000 kg of RSS per hectare per year is expected to be
generated from the plantation sector [4, 5]. So, it offers
a sustainable feedstock for adsorbent and supports the
advancement of zero-waste production. RSS contains
high percentage of carbon of 49.5 %, making it a suitable
precursor for activated carbon production [5]. Also, it
has low ash content of 0.2 %. A high ash content can
interfere the activation process and reduce the quality of
resultant activated carbon [5]. The hard texture of RSS
allows it to decorate the porous structure during
activation that often results in high surface area of
activated carbon [4].

The novelty of this work lies on the use of sodium
chloride (NaCl) to activate RSS. NaCl is a less toxic
activator with insignificant impacts on the environment.
Three NaCl-to-rubber seed shell mass ratios were
employed, and the activated carbons were used for the
removal of methylene blue. NaCl is a promising
activator to decorate the porous structure that brings
about sufficient surface area of activated carbons.
Finally, the activated carbons were characterized and the
adsorption data were analyzed and discussed.

2. Experimental

2.1. Materials
Rubber seed shell (RSS) was collected from a local
rubber plantation in Johor state of Malaysia. Sodium
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chloride (NaCl) and methylene blue (CI 52015) were
supplied by R&M Chemicals (Malaysia). NaCl was
used for the activation of rubber seed shell, while
methylene blue (CisH1sN3SCI) with molecular weight
319.85 g/mol was used to produce synthetic dye
wastewater for adsorption tests.

2.2. Methods

RSS was washed with water to remove surface
impurities and dried in an oven at 110 °C for 24 h. Next,
it was crushed to a uniform size of 5 mm. A 2.5 g NaCl
was mixed with 5 g RSS (NaCl-to-RSS ratio of 0.5).
NaCl was dissolved in distilled water and the mixture
was stirred on a hot plate at 80 °C for 20 min and oven-
dried overnight for impregnation. After that, the
impregnated sample was transferred into a crucible and
covered with aluminum foil. The activation was
performed in a furnace at 550 °C for 1 h. The resultant
activated carbon was washed with hot distilled water,
dried and stored prior to use.

Similar steps were repeated for NaCl activation at
mass ratios of 1:1 (5 g NaCl) and 2:1 (10 g NaCl). The
RSS char (without NaCl) was also prepared for
comparison. The char and activated carbons prepared at
mass ratios 0.5, 1.0, and 2.0 were designated as samples
A, B, C and D, respectively. The yield of activated
carbon was determined as [6]:

Yield, % = % x 100 1)

where Wac = dry weight of activated carbon (g) and W,
= initial weight of RSS (g).

The activated carbons were characterized for textural
properties by N2 gas adsorption at 77 K using a BET
Micromeritics TriStar 11 3020. The surface morphology
was obtained by a scanning electron microscope (SEM)
TM3000 (Hitachi Japan). The FTIR spectra were
determined using an infrared spectrometer Spectrum
One (Perkin Elmer, USA).

The effect of concentration on dye adsorption was
performed by adding 30 mg of adsorbent into 30 mL of
dye solution at different concentrations of 5 to 200
mg/L. A control solution without adsorbent was
prepared to represent initial concentration. The mixture
was allowed to reach equilibrium for 72 h, and the
concentration was measured using a visible
spectrophotometer Spectrumlab 750Pro at wavelength
of 600 nm. The dye adsorption capacity at equilibrium,
Qe was calculated as [4]:

_ (Co—Ce)
Q. = 2y )
where C, and C, (mg/L) are the equilibrium and initial
concentrations of dye, respectively, m (g) is the mass of
adsorbent, and V (L) is the solution volume. The
adsorption data were analyzed using Langmuir and
Freundlich models [4]:

_ Qm'b'ce
Qe = 1+b-C, ®)
Qe = K" (4)

where, Qn (mg/g) is the maximum adsorption capacity,
b (L/mg) is the Langmuir constant, Ke (mg/g)-(L/mg)*"
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is the Freundlich capacity, and n is the adsorption
intensity.

For the effect of contact time on dye adsorption, the
residual concentration was measured using a visible
spectrophotometer at pre-set intervals from 5 min until
the equilibrium is attained. The concentration of
methylene blue was fixed at 10 mg/L, and additional
concentrations of 5 mg/L and 20 mg/L were introduced
to assess the Kkinetics of adsorbent with greater
methylene blue capacity. The adsorption capacity at
time t, Q: was calculated as [5]:

(Co—Ct)
Q =ty ®)
where C, (mg/L) is the concentration of dye at time t.
The kinetics data were analyzed using pseudo-first-
order and pseudo-second-order models [4]:

0 =Q.(1—et)  (6)
Q. = -2kt %

T 14Qekst

where ki (1/min) and ko (g/mg-min) are the pseudo-first-
order and pseudo-second-order rate constants. All
models were solved by non-linear regression using
Solver of MS Excel by minimizing the sum-of-squared
errors (SSE) to optimize the regression coefficient (R?).

The effect of temperature on dye adsorption was
conducted in a temperature-regulated water bath at
solution temperatures of 40 °C, 50 °C, and 60 °C. The
methylene blue concentration was fixed at 20 mg/L. The
residual concentration was measured using a visible
spectrophotometer after 72 h. The thermodynamic
parameters of Gibbs free energy (AG”°), entropy (AS®)
and enthalpy (AH*°) were determined from [3]:

In(Ky) =~ +% (@)
AG = —RT In (K,) 9)
Ky = 2—: (10)

where Kg is the equilibrium constant, and AH° and AS®
were calculated from the slope and y-intercept of the
linear plot of In Kq against 1/T.

3. Results and discussion

3.1. Characteristics of adsorbents

Table 1 summarizes the characteristics of adsorbents,
i.e.,, char (A) and RSS activated carbons by NaCl
activation at mass ratios of 0.5 (B), 1.0 (C) and 2.0 (C).
The yield of adsorbents decreased with increasing mass
ratio of NaCl-to-RSS. The presence of NaCl within the
RSS matrix encourages the evolution of volatiles and
carbon burning-off during the activation at high
temperature [7, 8].

Table 1. The characteristics of adsorbents

Adsorbent sample A B C D
Yield (%) 72.3 184 12.8 9.71
SeeT (M?/9) 68.8 330 324 317
Total pore volume

(cm¥/g) 0.0809 0.198 0.217  0.195
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Adsorbent sample A B C D
Micropore volume

(cmd/g) 0.0446 0.114 0.142 0.106
Mesopore content

(%) 44.9 424 345 456

Average pore

diameter (nm) 4.70 2.40 2.68 2.46

As the NaCl ratio increases from 0.5 to 2.0, the
specific area (Sger) of activated carbons slightly
decreased from 330 to 317 m?%g, while char exhibits the
Sger of only 68.8 m?/g. It shows that NaCl remarkably
increases the specific area of an adsorbent upon
activation [3]. NaCl acts as a template that enhances the
Sgeet by promoting the surface roughness and formation
of micropores. During the carbon burning-off, NaCl also
facilitates the development of interconnected pore
channels, thereby improving the diffusion of volatiles
and carbon porosity [9]. The average pore diameter of
activated carbons is in the range of 2.40 to 2.68 nm,
while char, despite its low Sger, displays a greater pore
diameter of 4.70 nm, implying that all adsorbents are
predominantly mesoporous [10].

The adsorptive performance of activated carbon also
relies on the chemical reactivity of functional groups on
its surface. Figure 1 shows the FTIR spectra of all
adsorbents. All samples depict a broad band at 3700-
3200 cm, ascribed to O-H stretching of hydroxyl
groups and moisture in the cellulose material [6].
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Figure 1. FTIR spectra of adsorbents

A sharp peak at 1570-1562 cm™ corresponds to the
C=C bonds. A low intensity peak at 2970-2950 c¢m™
belongs to C—H stretching vibrations, associated with
aliphatic —CH; and —CHjs groups. For activated carbon
samples, the intensity is mild, implying the
transformation of aliphatic chains into graphitic
structure with some liberation of volatiles during NaCl
activation. The peak at 1690 cm is attributed to C=0
stretching of carboxyl groups in activated carbons. In
addition, all activated carbon samples exhibit a peak at
1228-1160 cm, indicating C-O stretching vibrations
originating from the lignocellulosic components in RSS
[4, 6].

The SEM was used to observe the physical
morphology of the prepared samples [11]. Figure 2
displays the SEM images of adsorbents. The surface of
activated carbons is smooth with considerable number
of pore openings, suggesting the high Sger of the
materials [12]. As the NaCl concentration increases, the
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pore development is uniformly distributed over the
surface. Conversely, char establishes a rough structure
with insignificant pore development on its surface. The
NaCl activation promotes the development of pore
volume as a result of its reaction with lignocellulosic
material [11, 13]. However, excessive amount of NaCl
may lead to destruction of porous structure.

c(1.0 NL D51 <0k f0um

Figure 2. SEM images of adsorbents, (a) A: char, and NaCl
activated carbons at ratios of (b) 0.5, (c) 1.0, and (d) 2.0.

3.2. Equilibrium adsorption

The effect of methylene blue concentration was carried
out to determine the maximum loading of dye onto
adsorbents. The equilibrium adsorption is essential in
upscaling the process in practical operation. Figure 3
shows the equilibrium of methylene blue adsorption by
adsorbents.

20
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Figure 3. The equilibrium of methylene blue adsorption onto
adsorbents (lines were fitted using Langmuir model)

From Figure 3, the char (sample A) demonstrates a
greater removal of methylene blue. The maximum
capacity was recorded at 14.6 mg/g. Samples B and C
display a comparable performance of 6.30 mg/g, while
sample D exhibits a poor removal of only 4.14 mg/g.
Although the Sger of activated carbons is greater than
that of the char, their textural characteristics offer trivial
impact towards dye adsorption. A greater performance
of char can be ascribed to its larger average pore
diameter. Char with pore diameter of 4.70 nm allows
more dye molecules to diffuse and lodge on its surface,
thereby increasing the adsorption capacity [14].
Conversely, the smaller pore diameter of activated
carbons restricts the diffusion of dye molecules. Also,
the deposition of Na cations on the carbon surface could
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possibly repulse the incoming positively charge dye
molecules in the solution, so decreasing the removal
capacity [15].

Table 2 summarizes the constants of Langmuir and
Freundlich isotherm models.

Table 2. The constants of isotherm models

Sample A B C D
Q,exp (Mg/g) 14.6 6.30 6.30 4.14
Langmuir
Qm (mg/g) 16.5 6.47 6.41 431
b (L/mg) 0.0867 0.145 0.291 0.121
R? 0.927 0.723 0.956 0.440
SSE 15.8 10.7 0.790 8.38
Freundlich
Kr (mg/g) 3.49 2.13 2.31 1.63
(L/mg)
1/n 0.300 0.223 0.199 0.183
R? 0.758 0.532 0.870 0.448
SSE 51.6 18.1 2.34 6.39
10
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The equilibrium data fitted best into Langmuir
model with reasonably higher R? and lower SSE. Except
for sample D that exhibits a lower R? of 0.440 because
the data are scattered at smaller Qe values. Accordingly,
the adsorption can be described as monolayer coverage
onto homogeneous carbon surface [16]. The values of
the maximum adsorption capacity (Qm) show close
agreement with the experimental data, signifying the
accuracy of the model to predict the capacity at
equilibrium.

3.3. Adsorption kinetics

Adsorption kinetics describe the rate of methylene blue
removal by adsorbents and the time required to reach
equilibrium. Figure 4 shows the rate of methylene blue
adsorption onto adsorbents. The dye capacity for char
increased with increasing concentration, but the time
needed to attain equilibrium becomes longer [17]. The
adsorbents took around 2-3 days to reach equilibrium.
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Figure 4. The rate of methylene blue adsorption by (a) char at different concentrations, and NaCl activated carbons by ratios of (b)
0.5, (c) 1.0, and (d) 2.0 at Co = 10 mg/L (solid lines: pseudo-first order model; dashed lines: pseudo-second order model).

Table 3. The constants of kinetic models

Sample A B C D

C, 5.0 10 20 10 10 10

(ma/L)

Q.exp 2.62 4.02 7.80 331 3.38 1.37

(mg/g)

Pseudo-first order

Q.(mglg) 277 402 775 303 342 1.32

ki(minl)  70x 110 80x 45x 4.1x 2.1x
10  x10°  10* 103 108 102

SSE 193 483 636 276 295 0.541

R? 096 096 098 091 0.92 0.86

Pseudo-second order

Q. 3.14 4.49 9.10 3.28 3.72 1.40

(mglg)

kz (g/mg. 3.0x  4.0x 1.0% 2.0% 1.6% 2.1x

min) 10* 10* 10* 103 108 102

SSE 126 234 289 193 1.80 0.293

R? 097 097 099 093 0.5 0.92
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Table 3 summarizes the constants of kinetic models.
The kinetics data fitted well into pseudo-second order
model with higher R? and lower SSE. The model
adequately predicts the Qe values that are closely aligned
with the experimental data. The applicability of this
model to describe the kinetics data implies that the
adsorption rate is controlled by chemisorption [12].

3.4. Adsorption thermodynamics

Figure 5 shows the van‘t Hoff plot for methylene blue
adsorption at different temperatures, and the
thermodynamic parameters are summarized in Table 4.
The positive AH° (48.8 kJ/mol) indicates that the
adsorption by char (sample A) is endothermic, whereby
the removal of methylene blue increased with solution
temperature. At higher temperature, the viscosity of the
solution decreases that brings about an increase in
kinetic energy and diffusion rate of dye molecules onto
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the active sites. Additionally, the value of AH°® > 40
kJ/mol, implying that the process is more driven by
chemisorption [16].

The positive AS°® (0.154 kJ/mol-K) explains the
randomness of the system at the adsorbent-liquid
interface during adsorption, with possible structural
changes between dye molecules and the adsorbent
surface [12]. The negative AG° at 50 °C and 60 °C as
recorded by char suggests a removal process that is more
spontaneous and favorable with increasing solution
temperature [18]. On the contrary, the two activated
carbons (samples B and C) show an opposite
thermodynamic behavior of adsorption. The adsorption
is exothermic and becomes non-spontaneous with
increasing solution temperature.
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Figure 5. The van‘t Hoff plot for dye adsorption at different
solution temperatures

Table 4. Thermodynamic parameters for methylene blue
adsorption onto adsorbents

Sample T AH® AS® AG®
(K)  (kd/mol)  (kJ/mol.K) (kJ/mol)

313 0.735

A 323 48.8 0.154 -0.802

333 -2.34

313 1.77

B 323 -1.30 -9.81x1073 1.86

333 1.96

313 1.71

C 323 -8.46 -3.25x1072 2.04

333 2.36

4. Conclusions

Rubber seed shell (RSS) was converted into char
(without NaCl activation) and activated carbons. Three
NaCl-to-RSS ratios of 0.5, 1.0, and 2.0 were used to
convert RSS into activated carbons. The specific area
(Seet) of activated carbons is 5 times higher greater than
that of char (Sger = 68.8 m?/g). The average pore
diameter of char is 4.70 nm, nearly doubled that of
activated carbons, which brings about higher removal of
methylene blue. To conclude, sodium chloride is a
promising activator that can produce high surface area
activated carbon. Nevertheless, more studies would be
required to unlock the true potential of NaCl-activated
RSS for wastewater treatment.
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