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ABSTRACT

This work was aimed at evaluating the adsorption properties of methylene blue dye by CO,-activated
pyrolysis tyre powder carbons. The activated carbons were prepared under the flow of CO, at
temperatures between 900°C and 1,000°C for durations of 2-8 h. Consequently, the activated carbons
were characterized for textural properties, pH,, ., surface functional groups, and surface morphology.
Batch adsorption was conducted by varying the concentrations of methylene blue and contact times,
from which the experimental data were fitted into isotherm and kinetic models. Results show that
CQO, activation at 1,000°C for 2 h yields a 57.2% activated carbon with a 243 m?*/g specific surface
area and a maximum methylene blue adsorption capacity of 132 mg/g. The Langmuir and Redlich—
Peterson models appeared to fit the equilibrium data well. The rate of adsorption data obeyed the
pseudo-second-order kinetic model, while the rate-limiting step in the adsorption of methylene blue is
probably film diffusion. The adsorption is endothermic and spontaneous with increasing temperature.
Activated carbon prepared from pyrolysis tyre powder by CO, activation is a promising candidate to
abate dye wastewater pollution.
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1. Introduction

Dyes are broadly used in printing materials, fabrics,
textiles, cosmetics, plastics, papers, and foods [1-3].
Globally, 7 x 10° tons of more than 0.1 million types of dyes
are manufactured annually [4]. Unfortunately, the dyes
eventually end-up as industrial wastes, and consequently
are discharged into the water bodies in the form of colored
wastewater. The colored wastewater leads to the aesthetic
pollution, prevent the penetration of sunlight and further
upsetting the marine ecosystem and growth rate of aquatic
living creatures, and food chains as a result of decreasing
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oxygen content due to the inhibition of photosynthesis of
aquatic plants [5,6]. Also, excessive exposure to dye may
cause increased heart rate, vomiting, shock, jaundice,
quadriplegia, cyanosis, tissue necrosis, skin reaction, and
cancer [7,8].

A number of treatment strategies including that of
physical, chemical, and biological methods have been
applied to dye-containing wastewater [9]. Of these,
adsorption is a preferred technique because of several
advantages, namely simple and easy to operate, inex-
pensive, ease of accessibility to a variety of adsorbents,
high efficiency, and negligible by-product, thus an
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environmental friendly process [10-12]. Adsorption is an
effective treatment process to remove various pollutants
in water even at lower concentration. Activated carbon is a
commonly used adsorbent for dye adsorption [13,14]. The
state-of-the-art research on activated carbon has intensified
over the years, in response to the competitive pursuits
in finding eco-friendly and low-cost solutions to treat
wastewater from several industrial sectors.

Each year, scrap tyres are discarded in huge bulks to the
environment in a staggering amount of 1.5 billion [15]. The
trend of discarding the unwanted tyres is consistent across
the city-status townships [16]. Typically, two strategies are
chosen to deal with scrap tyres — disposing and recycling.
Through a conventional disposal strategy, the scrap tyres are
either incinerated at high temperatures or buried in landfills.
However, the disposal strategy often results in polluting the
natural environment, hence impacting the public health. For
instance, lands filled with the used tyres may eventually
become the sites for flies and mosquitoes to breed and thrive,
while the incineration of scrap tyres releases greenhouse
gases that are also the causal factors of cancer [17,18]. Hence,
the recycling of scrap tyres is seen as a sustainable solution to
overcome the above-mentioned issues.

The scrap tyres are recycled to create new products and
to generate energy [19]. For instance, they are milled and
blended to strengthen the concrete structures owing to their
unique physical characteristics; light weight, easily drained
and compressed, and retain heat well. In energy generation,
pyrolysis of spent tyres is a process that allows fuel of infe-
rior quality to be produced. Recovering energy from wastes
maximizes the profitability, reduces the release of toxic
gases, and allows the energy to be integrated in-house [20].
However, the pyrolysis process itself inevitably produces
a by-product in the form of fine carbon powder, known as
pyrolysis tyre powder. It is envisioned that the solid residue
would be a promising precursor of activated carbon, which
later could be used to treat various water pollutants such
as dyes and heavy metals. Previous studies reported the
chemical activation of pyrolysis tyre powder to remove
dyes from water [21,22]. However, it should be noted that
the residue is already rich in carbon content as it already
undergone a pyrolysis process, hence the chemical activation
and pre-carbonization may not be necessary in the activated
carbon preparation. The present work was aimed to evaluate
the physical activation of pyrolysis tyre powder using CO, at
different activation times and temperatures. Methylene blue
dye was utilized as a model pollutant to probe the adsorption
performance. Isotherm, kinetic and thermodynamic models
were used to analyze the adsorption data.

2. Materials and methods
2.1. Materials

The pyrolysis waste tyre powder (WTP) was obtained
from a brick factory in Johor state of Malaysia. The vessel
of CO, gas for activation was supplied by Mega Mount
Gases (Malaysia). Methylene blue dye powder (C, H, /N,SCI,
319.9 g/mol) for batch adsorption studies was purchased
from QReC (Malaysia). All chemicals are of analytical grade

and were used as received.

2.2. Preparation and characterization of activated carbon

Activated carbons were derived from WTP by physical
activation using CO,. The desired mass of WTP was added
on a ceramic boat, and was placed at the centre of a tubu-
lar furnace. A flow of CO, was introduced into the furnace
for 10 min to prevent oxygen from initiating the combustion
during activation. Activated carbons were prepared at tem-
peratures of 900°C and 1,000°C for durations of 2-8 h. Table 1
summarizes the designation of activated carbons prepared
by CO, activation.

The WTP was characterized for oil content and ash con-
tent. The oil content was determined by dividing the mass
of oil with the original mass of WTP before extraction. The
oil was extracted by refluxing hexane using a Soxhlet unit,
and the recovery of oil and solvent was performed using a
rotary evaporator. The ash content was determined by sub-
jecting WTP in a muffle furnace at temperature of 850°C for
2 h. The ash content was calculated by dividing the residual
mass (left-over) with the initial mass of WTP. The thermal
degradation profile of WTP was obtained using a TGA 4000
(PerkinElmer, USA) at a N, flow of 40 mL/min and a heating
rate of 10°C/min from room temperature to 900°C.

Activated carbons were characterized for yield, textural
properties, surface functional groups, pH,,. and surface
morphology. The yield was calculated by dividing the mass
of activated carbon with the initial mass of WTP. The pH of
point zero charge (pH,,.) is defined as the pH at which the
net surface charge is equal to zero. A hundred milligrams of
activated carbon were brought into contact with 0.1 M NaCl
solution of varying initial pH, and the mixture was allowed
to equilibrate for 24 h. The pH,,. is determined when the
final pH is equal to the initial pH. The specific surface area of
activated carbon was obtained using a PulseChemisorb 2705
analyzer (Micrometrics, USA). The surface morphology of
activated carbon was elicited via a TM3000 scanning electron
microscope (Hitachi, Japan). A PerkinElmer FTIR spectrome-
ter was used to evaluate the chemical bonds and functional
groups on the surface of activated carbon.

2.3. Batch adsorption studies

Thirty milligrams of activated carbon were added into
a flask containing 30 mL of methylene blue dye (MB) solu-
tion of varying concentrations between 5 and 200 mg/L,
and the solution pH was not adjusted. For the effect of solu-
tion pH on MB adsorption, few drops of 0.5 M NaOH and
0.5 M NaOH were used to adjust the solution pH. The mix-
ture was allowed to equilibrate at ambient temperature for

Table 1
Designation of activated carbons

Activating temperature ~ Activating time Designation
O (h)

900 2 AC9-2

900 5 AC9-5

900 8 AC9-8

1,000 2 AC10-2
1,000 5 AC10-5
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72 h. The concentration of MB was analyzed using a Drawell
UV-Vis spectrophotometer (DU-8200) at a wavelength of
620 nm (R?=0.9995). The adsorption capacity, Q, (mg/g), was
calculated as:

_V(,-C)

Q, M (1)

where V (L) is the volume of MB solution, M (g) is the mass of
activated carbon, C and C, (mg/L) are the initial and equilib-
rium concentrations, respectively [23].

The equilibrium data were analyzed using three empir-
ical equations, that is, Langmuir, Freundlich, and Redlich—
Peterson models. The Langmuir model is given as follows:

p— mece
Q= (1+bC,) @)

where Q (mg/g) represents the maximum adsorption
capacity and b (L/mg) is the Langmuir constant which
reflects the adsorption energy and the site binding affinity.
The Langmuir isotherm assumes that the adsorption takes
place over a homogeneous adsorbent surface with a single
layer coverage [24]. The Freundlich model is expressed as
follows:

— 1/n
Q. =K, 3)

where K, ((mg/g)(L/mg)"") is the Freundlich isotherm con-
stant attributed to the adsorption capacity, and n is the
empirical parameter of adsorption intensity. The Freundlich
isotherm assumes that the adsorption takes place over a
heterogeneous surface with a multilayer coverage [6]. The
Redlich-Peterson (R-P) model is expressed as follows:

KC

" racy) G

where K (L/g) and a represent the R-P isotherm constants,
and g is a booster that falls between zero and one. This model
is a hybrid featuring both Langmuir and Freundlich models,
and is applicable for a wide range of concentration, either for
homogeneous or heterogeneous system [25].

Two selected activated carbons were evaluated for the
rate of adsorption at concentrations of 5, 15 and 20 mg/L.
Thirty milligrams of activated carbon was brought into inti-
mate contact with 30 mL of MB solution of known concen-
trations. The residual concentration was measured at various
time intervals. The adsorption capacity at time, ¢, was com-
puted as follows:

_V(,-C)
Qi - M (5)

where Q, (mg/g) is the dye adsorption at time ¢, and C, (mg/L)
is the dye concentration in the solution at time ¢ [26].

The kinetics data were analyzed using kinetics models,
namely pseudo-first-order, pseudo-second-order, and intra-
particle diffusion as expressed in Egs. (6)—(8), respectively
[27,28].

Q =Q,[1-exp(-kt)] (6)
__kQit

Q= (1+k,Q1) @)

Q =kt +c (8)

where k (min™) is the pseudo-first-order rate constant,
k, (g/mg min) is the pseudo-second-order rate constant,
k,(mg/g min®) is the intraparticle diffusion rate constant, and
¢ (mg/g) represents the y-intercept of intraparticle diffusion
plot. The pseudo-first-order model assumes that the rate
of physical adsorption (physisorption) increases with
increasing the removal capacity of solute, and that the
external diffusion is significant. The pseudo-second-order
model is based on the assumption that the ion exchange
and/or covalent forces promote the electron sharing and
exchanging (chemisorption) between the adsorbent and
solute. On the other hand, the intraparticle diffusion model
allows the diffusing mechanisms to be identified [29].

Adsorption thermodynamics was carried out by varying
the process temperatures between 30°C and 50°C to evalu-
ate the reversible and spontaneous nature of the adsorption
process [30]. The Gibbs energy (AG°), enthalpy (AH®), and
entropy (AS°) were computed by the van’t Hoff equation as
follows:

AS’  AH’
InK, = R - RT )

(10)

where K, is the distribution constant and C, (mg/L)
is the concentration of dye on the activated carbon at
equilibrium [31].

3. Results and discussion
3.1. Characteristics of activated carbon

The oil content and ash content of pyrolysis tyre pow-
der (WTP) are 5.02% and 22.4%, respectively. The thermo-
gravimetric analysis as displayed in Fig. 1 was carried out
to investigate the weight loss pattern of WIP during phys-
ical activation. The ignition temperature of combustion and
decomposition is initiated at around 600°C-700°C, while the
burnout temperature is approximately 810°C. The ignition
temperature is quite high compared with the common tem-
perature to incinerate the waste tyre, ca. 270°C. The material
with ignition temperature of 550°C or lower is mostly rich in
organic compounds, which are generally broken down and
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eliminated during the pyrolysis of tyres. The high ignition
temperature indicates that it is difficult to ignite WTP due to
its high fraction of inorganic/ash content, which retards the
glowing of combustion. The temperature at which the mate-
rial has reached 8% weight loss is known as the burnout tem-
perature. The burnout temperature of 810°C is higher than
that of spent tyres (~500°C), attributed to a high content of
inorganic matters that are incombustible [32,33].

From Fig. 1, the thermal behavior of WTP can be divided
into three phases. In the first phase, a significant weight loss
from room temperature to 200°C is caused by the gasifica-
tion of volatile matters. In the second phase, a weight loss
at temperatures between 500°C and 600°C indicates the
decomposition of remaining organic compounds, including
oil residue that was not fully recovered during pyrolysis. The
third phase shows a sideway pattern of weight loss ranging
between 600°C and 900°C, which corresponds to the combus-
tion of fixed carbon. This phase indicates that the combustion
has almost ended. A small decrease in weight of only 8% at
900°C could be attributed to the domination of fixed carbon.

Table 2 summarizes the characteristics of activated car-
bons. The yield of activated carbons by CO, activation is
ranging between 32.1% and 66.2%. A longer activation
time at a higher temperature often results in the collapse of
pore textures due to excessive burning-off, hence decreas-
ing the carbon yield [34]. From Table 2, AC9-5 and AC10-2
exhibit the highest specific surface area of 238 and 243 m%/g,
respectively. Obviously, the specific surface area decreases
with increasing activation time (AC9-8) and temperature
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(AC10-5). The surface area of activated carbon is likely to
diminish under heating at high temperature as a result of
pores collapse [35].

Fig. 2 shows the N, adsorption-desorption isotherms
of ACI10-2, and the textural properties of AC10-2 are
summarized in Table 3. The adsorption branch in Fig. 2
shows a distinctive isotherm of mesopore-rich non-porous
material. It signifies the unrestricted monolayer-multilayer
adsorption on the carbon surface, whereby the monolayer
adsorption is dominant at low relative pressure, while the
multilayer adsorption takes place at high relative pressure.
The adsorbate thickness gradually increases until the
condensation pressure has been reached. The pressure of the
first monolayer formation is lower if the interaction between
the adsorbate and adsorbent is stronger, but the monolayer
and multilayer formation processes are always overlapped
[36]. From Fig. 2, the desorption branch shows type H3
hysteresis that is commonly attributed to mesoporous mate-
rial with particles forming slit-shaped pores (plates or edged
particles such as cubes), of which the size and/or shape are
not uniform. The hysteresis is generally caused by different
behavior in adsorption and desorption. For pore that is
formed by parallel plates, the meniscus is flat (large) and
cylindrical (radius is half the distance between plates) during
desorption, wherein the condensation does not take place
at any relative pressure [37]. From Table 3, AC10-2 is highly
mesoporous (90.3%) with average pore size of 8.68 nm.

Fig. 3 shows the SEM images of pyrolysis tyre powder
and AC10-2. Obviously, the surface of the two materials is
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Fig. 1. Thermal degradation profile of pyrolysis tyre powder.

Table 2

Yield, maximum adsorption capacity of methylene blue (Q,),
and specific surface area of activated carbons

Activated Yield Q, BET surface
carbon (%) (mg/g) area (m%/g)
WTP - - 28.4
AC9-2 66.2 46.5 97.0
AC9-5 61.5 128 238

AC9-8 55.7 86.0 204

AC10-2 57.2 132 243

AC10-5 32.1 70.7 146

400
350 u Adsorption
éﬁ 300 0 Desorption .
2
§ 250
-
_g 200
o 150
g
% 100
> # L
50
0
0 0.2 0.4 0.6 0.8 1
Relative pressure (P/P,)
Fig. 2. N, adsorption-desorption isotherms of AC10-2.
Table 3
Textural properties of AC10-2
BET surface area, m?%/g 243
Micropore area, m*/g 122
Mesopore area, m?/g 121
Total pore volume, cm’/g 0.514
Micropore volume, cm®/g 0.0498
Mesopore volume, cm®/g 0.464
Mesopore content, % 90.3
Average pore width, nm 8.68
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Fig. 3. SEM images of (a) pyrolysis tyre powder and (b) AC10-2.

comparable, that is, flat and non-porous. However, the latter
exhibits a greater surface area of 243 m?/g, that is nearly 8.6
times higher than the former. Upon the activation, the sur-
face aggregate forms the slit-like pore that gives rise to pore
volume and specific surface area of mesoporous AC10-2.

The pyrolysis waste tyre powder and its derived activated
carbons were characterized for surface chemistry and
functional groups. The presence of functional groups on the
material surface is associated with the acid-base properties of
activated carbon. Fig. 4 displays the FTIR spectra of pyrolysis
tyre powder and ACI10-2. The precursor holds several
functional groups, attributed to the abundance of volatile
substances. The band within the range of 3,700 cm™ and
above is normally assigned to physisorbed water molecules
and Si-OH groups. A small peak at 3,307 cm™ may be
attributed to O-H stretch or N-H stretch. It infers whether the
hydroxyl-containing compounds such as alcohol, phenol, and
carboxylicacid are present. Asmall peakat2,980 cm™isascribed
to the stretch of C-H in aliphatic chains, with the possible pres-
ence of 2-methyl-1,3-butadiene and 2-methyl-1-butane. Also,
the peak at 2,350 cm™ probably indicates the compensation
of carbon dioxide and water in FTIR data acquisition. While,
peaks at 1,775 and 1,500 cm™ indicate the presence of C=O
groups and C-H groups, respectively. In general, peaks at
1,400 cm™ or lower are associated with the fingerprint region,
which indicate the C-X bonds where X can be represented
by C, N, and O. However, in some references, the peaks may
also represent silicone, halogenated compounds, and sulphur
stretch. Briefly, the pyrolysis waste tyre powder contains a
wide range of functional groups, owing to the presence of
many volatile substances [38,39].

Upon physical activation, the spectrum of activated car-
bon becomes more simplified. The volatiles and surface func-
tional groups are most likely released during the activation
at high temperature leading to the formation of pores. From
Fig. 4(b), the intensity of absorbance decreased owing to the
decreasing amount of functional groups remained on the car-
bon surface. Most of the peaks previously present in the raw
material have been disappeared upon activation at 1,000°C.
The high temperature process enhances the elimination of
light and volatile matters. The new peaks assigned as, N, O,
P and Q in Fig. 4(b) represent alkenes, aromatic ring, and
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Fig. 4. FTIR spectra of (a) pyrolysis tyre powder and (b) AC10-2.

halogen compounds, signifying the development of graphitic
structure of activated carbon.

Fig. 5 shows the interception point of pH,,. drift curve
along the 45° dashed line that represents the pH,,,. of AC10-2.
The value was recorded as 7.0. Following this convention,
the cationic dye adsorption is preferably occurred in a solu-
tion where the pH is greater than the pH,,. for a negatively
charged surface of activated carbon.

3.2. Equilibrium adsorption

Fig. 6 shows the adsorption of methylene blue dye (MB)
onto CO,-activated WTP carbons. In general, the adsorption
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capacity, Q, rises as concentration increases, up until the
attainment of maximum saturation. At equilibrium, the
rate of adsorption is equal to the rate of desorption. The
amount of Q is trivial at lower concentration because of a
small volume of molecules restricts the adsorption capabil-
ity. However, the adsorption capacity rapidly increases with
increasing dye concentration, indicating a favorable, high
affinity of adsorption to overcome the solid mass transfer
resistance.

Fig. 7 displays the role of specific surface area of acti-
vated carbons on MB adsorption. The surface area has a
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Fig. 6. Methylene blue adsorption onto activated carbons (lines
were predicted by Langmuir model).
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Fig. 7. Relationship between maximum uptake of methylene blue
and surface area.

positive effect on the adsorption performance of activated
carbons. It can be established that the higher the surface
area, the higher the interaction probabilities between the
surface sites and dye molecules, hence the greater the
removal capacity.

Table 4 summarizes the constants of isotherm models. The
Langmuir model was found to better fit the equilibrium data
with R? ranging between 0.836 and 0.989, suggesting a mono-
layer-type adsorption onto a homogeneous surface of acti-
vated carbon. The sum of squared errors (SSE) also supports
the notion of fitted data. Besides, the n values of Freundlich
model are greater than one for all activated carbons, implying
an ordinary Langmuir isotherm. The Langmuir constant, b is
related to the energy of adsorption. AC9-8 has the highest b,
suggesting a favorable MB adsorption at low concentration.
It also signifies a high affinity interaction between MB mole-
cules and AC9-8 sites. The b constant for AC9 series shows an
increasing pattern with activation temperature which could
be attributed to the increase of surface reactivity of activated
carbons as a result of longer activation time and exposure in
CO,, leading to the enhancement of adsorption affinity. On
the other hand, a decreasing affinity of AC10 series with acti-
vation time could be associated with the decrease in surface
area [40].

Fig. 8 shows the separation factor, R, of ACI10-2 at
different initial concentrations of dye. The values are in the
range of zero to one, signifying that the MB adsorption onto
AC10-2 is favorable and reversible.

The equilibrium data of MB adsorption also satisfied
the Freundlich model to a certain extent. Nevertheless, it is
the least fitted model to reflect the equilibrium data as com-
pared with Langmuir and Redlich-Peterson models. The
Freundlich constant, n is linked to the adsorption intensity,
whereby the 1/n value greater than 1 indicates a cooperative
adsorption, while that lesser than 1 obeys the Langmuir iso-
therm. In this work, the n values are in the range of 3.51 to
14.4, accordingly the 1/n values are lesser than one, signifying
a satisfactory fitting to Langmuir isotherm.

The adsorption data were fitted into R-P model using
non-linear regression to solve for isotherm constants, namely
g, a, and K [41]. In this work, the g values are ranging from
0.770 to 0.960. For g approaching unity, the R-P equation
reduces to Langmuir isotherm. Generally, the adsorption of
large adsorbate (dye molecules) renders a constant g lesser
than 1 due to the obstruction of solid particles between the
adsorbate and pores. Overall, the Langmuir and Redlich-
Peterson models demonstrate a better fitting to the equi-
librium data of MB adsorption, signifying a dominant sin-
gle-layered adsorption of dye molecules onto a homogeneous
surface of activated carbons.

Fig. 9 shows the effect of pH on the removal of MB by
AC10-2. In general, the adsorption of MB is somewhat
pH-independent with no obvious pattern of increasing or
decreasing removal percentage with increasing solution
pH from 3.0 to 10.3. The average removal is about 67.6%.
However, an increasing adsorption could be observed at
pH 6.3 (solution pH unadjusted) to pH 10.3. At pH 10.3,
the solution pH is greater than pH, . of AC10-2, given the
condition where the dye removal is 80.6% due to surface
deprotonation as a result of hydroxyl anions governing the
surface, hence favoring the cationic dye adsorption.
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Table 4
Isotherm constants
Isotherm models AC10-2 AC10-5 AC9-2 AC9-5 AC9-8
qup (mg/g) 130 68.1 47.5 135 91.6
Langmuir model
Q. (mg/g) 132 70.7 465 128 86
b (L/mg) 0.320 0.204 0.549 0.946 1.750
SSE 892 178 293 2962 1558
R? 0.946 0.989 0.925 0.836 0.849
Freundlich model
K, ((mg/g)(L/mg)"") 427 36.1 21.4 56.7 65.3
n 3.51 7.16 5.38 4.44 14.4
SSE 2,299 189 365 4,496 1,405
R? 0.867 0.987 0.877 0.754 0.864
Redlich—Peterson model
K 47.2 19.5 33.3 163 115,182
a 0.416 0.340 0.886 1.61 17,645
g 0.960 0.956 0.948 0.933 0.931
SSE 866 175 286 2,812 1,406
R? 0.948 0.990 0.922 0.845 0.864
04 3.3. Adsorption kinetics
Fig. 10 shows the rate of MB adsorption by AC9-5 and
& 03 AC10-2. Both activated carbons display similar pattern of
g adsorption kinetics at different concentrations, owing to
2 their comparable specific surface area. The adsorption of MB
£ 0.2 increases with time, while the time taken to reach equilibrium
g becomes longer when the initial concentration increases due
2 0 to the decreasing number of vacant sites, hence declining the
) rate of adsorption.
Table 5 shows the constants of kinetic models. The
0 fitting of kinetics data suggests that the rate of adsorption is
0 50 100 150 200 250

Initial concentration, C, (mg/L)

> Yo

Fig. 8. Effect of initial concentration of methylene blue on
separation factor, R, of AC10-2.

100

80 ]
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40

% Removal

20
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Fig. 9. Effect of pH on the removal of methylene blue onto
AC10-2 (C,=20 mg/L).

better represented by the pseudo-second-order model. It is
supported by the close agreement between the experimental
Q, and that from the pseudo-second-order model. From
Table 5, the pseudo-second-order rate of constant, k, of AC10-2
and AC9-5 displays a decreasing trend with increasing
dye concentration. The increase in concentration decreases
the number of available (vacant) active sites, consequently
decreasing the adsorption rate and rate constant [42].

Fig. 11 represents the intraparticle diffusion model for
methylene blue adsorption onto AC10-2, which explains that
the pore diffusion is not the sole rate-limiting step because
the intercept did not pass through origin. The thickness of
boundary layer can be determined by the c value in Eq. (8).
A larger c suggests a better influence of film diffusion in
the rate-limiting step. The trend of this model for all
concentrations studied is identical. In the beginning, the
adsorption demonstrates a dramatical increase signifying
a strong attraction between dye molecules and the outer
surface of activated carbon. Then, it is followed by a steady
increase which indicates the pore adsorption. Lastly, a slow
adsorption signifies the pore diffusion, and levelling-off to
achieve the equilibrium state [43].
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Fig. 10. Adsorption kinetics of methylene blue onto (a) AC9-5

and (b) AC10-2.

Table 5
Kinetic constants

3.4. Adsorption thermodynamics

Fig. 12 shows the van’t Hoff plot of AC10-2 at different con-
centrations. Generally, increasing the process temperature has
resulted in the increase of equilibrium constant. It indicates that
a greater capacity of equilibrium could be achieved at higher
temperature. A greater equilibrium capacity is influenced by
kinetic energy of MB molecules, whereby, in the presence of
heat, the movement of molecules are energized, resulting in an
increased adsorption rate due to the availability of active sites.

Table 6 summarizes the thermodynamic parameters of
MB adsorption onto AC10-2. The entropy (AS°) and enthalpy
(AH®) were determined from the slope and intercept of van't
Hoff plot, respectively. The positive enthalpy represents an
endothermic adsorption onto AC10-2, which could also be
related to chemical adsorption mechanism [44].

25

20
025mg/L
§ 15 015 mg/L
g} A5 mg/L

105 (hO.S)

Fig. 11. Intraparticle diffusion of methylene blue adsorption by
AC10-2 at different concentrations.

Kinetic models AC10-2 AC9-5

5mg/L 15 mg/L 25 mg/L 5 mg/L 15 mg/L 25 mg/L
Experimental
Q, (mg/g) 4.96 14.5 24.3 4.97 14.4 24.3
Pseudo-first-order model
Q, (mg/g) 4.60 13.5 22.8 457 13.4 22.7
k, (min™) 0.024 0.015 0.011 0.038 0.014 0.011
SSE 9.20 78.9 251 7.59 89.8 274
R? 0.835 0.899 0.920 0.791 0.886 0.915
Pseudo-second-order model
Q,(mg/g) 4.90 14.4 24.0 4.90 14.3 24.1
k, (g/mg.min) 0.0078 0.0016 0.0008 0.0117 0.0015 0.0007
SSE 3.0 22.8 85.9 2.36 27.4 97.4
R? 0.938 0.968 0.965 0.937 0.962 0.963
Intraparticle diffusion model
k, (mg/g min®?) 0.062 0.184 0.375 0.050 0.269 0.286
c (mg/g) 2.82 7.27 10.3 3.23 5.80 11.5
SSE 11.6 135 285 9.44 52.9 467
R? 0.724 0.759 0.746 0.677 0.790 0.771
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Fig. 12. Van't Hoff plot for methylene blue adsorption onto
AC10-2 at different concentrations.

Table 6
Thermodynamic parameters of methylene blue adsorption onto
AC10-2

C (mg/L) AG®(kJ/mol) AH®  AS°
30°C 40°C 50°C (k]/mOl) (]/mol K)
80 -10.32 -12.67 -1298 303 135
150 -237 374 458 312 111
200 -026 218 224 300 101

From Table 6, a greater adsorption capacity at higher
temperature suggests that the adsorption activity is
energized, as indicated by the positive AH®. On the other
hand, the negative AG®° indicates that the adsorption of
methylene blue is attainable, spontaneous and encouraging
by thermodynamics. However, the AG® values are gradually
approaching positive zero at lower temperature and higher
concentration, indicating a non-spontaneity and a controlled
adsorption activity. Under such conditions, the adsorption
activity would require additional energy source to encourage
spontaneity. At higher concentration, the movement of MB
molecules to the surface of activated carbon would be delim-
ited by the ‘overly-packed’ molecules [40]. During adsorption,
the irregular randomness increased in the composition of
adsorbent solution as indicated by the positive AS®. This study
recorded a decreasing trend of AS°, with increasing dye con-
centration. It indicates a less-favorable endothermic process
when the randomized movements of molecules are restricted.
The AS° is directly influenced by the ability of molecules to
move, whereby at higher concentration, the movement of
molecules are impeded, resulting in a lower AS°. Meanwhile,
the AH® is directly affected by the frequency of adsorbate col-
lision, generating a greater kinetic energy, driving a lower
dependency for heat from the outside source, thus, resulting
in a higher AH®. The spontaneous and endothermic nature of
adsorption have been reported in a number of studies [45,46].

The pyrolysis tyre powder-based activated carbon
(AC10-2, S, = 243 m*/g) displayed a promising prospective
as dye adsorbent candidate for wastewater treatment. In
relation to the recent studies on MB adsorption, H,PO,-
activated shrimp shell (S, = 560.6 m?/g) exhibits a capacity of
826 mg/g (b=0.7908 L/mg), which increases with pH and tem-
perature [47]. Li et al. [48] reported a 733 mg/g (b=1.92 L/mg)

capacity onto activated carbon derived from loofah sponge
(Syer= 733 m?/g), which also increases with pH and tempera-
ture [48]. The karanj fruit hulls-based activated carbon shows
a capacity of 154.8 mg/g, which increases with temperature
but the solution pH does not offer significant change on
the adsorption [30]. The AC10-2 (Q, = 132 mg/g) from this
work exhibits comparable findings, although the adsorption
capacity is somewhat lesser as a result of low surface area.
Hence, the post-treatment strategies are recommended to
improve the inherent properties of activated carbon for a bet-
ter performance in adsorption.

4. Conclusion

Activated carbons were synthesized from pyrolysis tyre
powder by CO, activation at different activating times and
temperatures. Activated carbon prepared at 1,000°C for 2 h
(AC10-2) shows a higher surface area of 237 m?/g, and a greater
methylene blue adsorption of 132 mg/g. The equilibrium
data fitted well with Langmuir and Redlich-Peterson mod-
els, implying a monolayer adsorption onto a homogeneous
activated carbon surface. AC10-2 displays a somewhat pH
independent adsorption behavior with varying solution pH.
However, an increasing pattern is evident from pH 6.3 to pH
10.3, where the removal increases from 55.8% to 80.6%. The
adsorption mechanism could be described as chemical adsorp-
tion in which film diffusion is probably the rate-controlling
step. Also, the adsorption of methylene blue is endothermic
and spontaneous in nature with increasing temperature.
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