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Abstract: Up to 60-70% of the total textile dyes produced are azo dyes. An example of
azo dye is methylene blue, which is commonly used in dyeing wool, silk, and cotton. This
substance possessed harmful effects on the environment. Therefore, the removal process is
mandatory. The adsorption process is a common method for dye removal in wastewater.
One innovation to increase adsorption efficiency even further is by reducing adsorbent
particle size. To understand the effect of adsorbent particle size on the adsorption process,
in this study, granular activated carbon (GAC) was pulverized into powder (PAC) and
superfine powder (SPAC). Adsorbent characterizations, isotherm, kinetics, and
thermodynamics tests were conducted. Based on this study, surface area, pore volume,
and adsorption capacity were increased for smaller adsorbent particle sizes. Isotherm and
kinetic analysis showed that there was no difference in the isotherm and kinetic models
that applied to each activated carbon, but there was an increase in the isotherm and
kinetic coefficient values at smaller particle sizes. Meanwhile, based on the
thermodynamic test, there were differences in the dominant adsorption mechanism for
each activated carbon. In GAC and SPAC, the dominant adsorption mechanism was
electrostatic interactions, while in PAC was van der Waals forces.

Keywords: activated carbon; adsorption; methylene blue; superfine powdered activated
carbon

= INTRODUCTION

A textile company with an 8000 kg/day production
capacity requires 1.6 million liters of water, with the
dyeing process using about 16% of that amount. The
wastewater from the dyeing process contributes around
10-15% of the total textile industry wastewater discharge
[1]. The wastewater from the dyeing process contains
high concentrations of dyes because some of the dyes do
not bind to the textile fibers. The percentage of unbound
dye concentrations varies from 1-50% depending on the
type of dye used [2]. Because of this, the textile industry is
considered to be the largest producer of dye effluents in
the world, with a percentage of 54% of the total dye
effluents produced [3].

It is estimated that there are 10,000 different types of

textile dyes based on the color index. Among these
various kinds of dyes, azo dyes are the most widely used
dyes in the textile industry, reaching 60-70% of the total
dyes produced [4]. An example of azo dye is methylene
blue, which is commonly used in dyeing wool, silk, and
[5-6].
containing azo dyes into the environment can reduce

cotton fabrics The release of wastewater
dissolved oxygen concentrations and degrade water
quality. In addition, azo dyes also have acute toxicity,
carcinogenic, and mutagenic effects on living things [7].
The dye concentration in the textile industry effluent
varies from 10 to 250 mg/L [2].

Adsorption with activated carbon is a widely used
dye-removal process. This process is considered to be
fast, affordable, simple, does not produce sludge, has
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high efficiency, is stable, and can be recycled [8-10]. To
increase adsorption efficiency even further, reducing the
particle size of activated carbon is one of the efforts which
has been done [11]. Superfine powdered activated carbon
(SPAC) is a result of reducing particle size to improve the
adsorption process. SPAC is produced from the further
reduction of powdered activated carbon (PAC) by a
pulverization process using a bead mill, ball mill, or micro
grinding to a size of < 1 pm. SPAC is considered to have
advantages over PAC in terms of adsorption capacity and
high rate of absorption kinetics [12-14].

The study about the effects of activated carbon
particle size was limited because previously, it was
believed that adsorption occurred in the internal pores of
activated carbon, which does not depend on particle size
[15]. This belief was later contradicted by some newer
studies, which showed a significant effect of activated
carbon particle size on adsorption capacities, especially in
the adsorption of large molecular organic matters [16].
Although SPAC not always have higher adsorption
capacity (depending on the adsorbate molecules), the
kinetic rate of SPAC was always found to be superior
compared to PAC [15,17-19]. Based on these findings,
SPAC has
water/wastewater treatment process.

a big potential to be used in the
Therefore, to
understand the effect of particle size of activated carbon
even further, this research not only analyzes the
adsorption capacity and kinetics but also analyzes the
thermodynamics of the adsorption process. In this study,
the analysis was carried out on three types of activated
carbon with different sizes, namely granular, powder, and
superfine powdered.

m EXPERIMENTAL SECTION
Materials

The materials used in this study were deionized
water, methylene blue dye (99% purity, Merck 115943
C.1.52015), and Jacobi-activated carbon AquaSorb 1000.

Instrumentation

Several instruments used in the experimental phase
of this study include mortar and pestle, laboratory
glassware (beaker glass, Erlenmeyer flask, volumetric
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flask), high energy ball mill (Retsch planetary ball mill
PM  400),
instrumentation

Scanning Electron Microscope test
(SEM-EDX JEOL JSM-6510LA),
Brunauer-Emmett-Teller test instrumentation (BET,
Quantachrome Autosorb iQ ASiQwin-Automated Gas
Sorption), Fourier transform Infrared Spectroscopy test
(Shimadzu FTIR Prestige 21),
nanoparticle size analyzer (Horiba SZ-100), mechanical
sieve shaker (Gilson SS-8R), jartest (VELP Scientifica
JLT6), pH meter (ATC Pen Type PH-009), centrifuge
(Hettich Rotofix 32 A 35° angle rotor 12-place), Visible
light spectrophotometer (Thermo Scientific Genesys

instrumentation

30), heating and magnetic stirrer (Thermo Scientific
Cimarec 2), and analytical scale (OHAUS PA224).

Procedure

Size reduction and activated carbon characterization

The activated carbon used in this study was Jacobi
Aquasorb 1000 which is a commercial granular activated
carbon (GAC). The 20 g of Jacobi Aquasorb 1000 was
mashed using a mortar and pestle for 20 min to become
powder (PAC). Some of the PAC was further pulverized
to become superfine powdered activated carbon (SPAC)
using a high energy ball mill with a rotational speed of
350 rpm for 8h. All activated carbons were then
characterized physically and chemically. Physical
characterizations consist of an analysis of particle size
distribution (mechanical sieving and PSA), SEM, and
BET tests. The particle size distribution of GAC and
PAC was carried out using a mechanical sieving device,
and the test for SPAC was carried out using a nanoparticle
size analyzer at a scattering angle of 90°. The SEM test
for GAC was performed at magnifications of 500, 1000,
2000, and 5000 times while the magnifications used for
PAC and SPAC were 2000, 5000, 10000, and 20000
times. Meanwhile, the chemical characterizations of
activated carbon were carried out by FTIR test at the
wavelength of 400-4000 cm™ and point of zero charge
test conducted according to Khalil et al. [20].

Preliminary test of particle size effect on equilibrium
and adsorption capacity

This test was carried out by contacting different
types of activated carbon (GAC, PAC, and SPAC) with
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methylene blue artificial wastewater. Activated carbon as
much as 1 g was contacted with 500 mL of methylene blue
artificial wastewater at a concentration of 250 mg/L. The
mixture was then stirred at a speed of 120 rpm to ensure
there was sufficient contact between the adsorbent and
the adsorbate [21]. Samples of PAC and SPAC mixture
were then taken at a time range of 10, 20, 30, 60, 90, and
120 min to measure the concentration of dyes and COD
[22]. Whereas in the GAC mixture, the sampling time was
extended to 150, 180, 210, and 240 min to ensure
equilibrium was reached.

After the test, PAC and SPAC were separated from
the wastewater by centrifugation process with a force of
4.146 G for 5 and 20 min. The determination of color
concentration was carried out by converting the color
absorbance values using a visible spectrophotometer at a
wavelength of 664 nm with a calibration curve [22-23].
Meanwhile, the determination of COD concentration was
carried out using a method based on SNI 6989.2: 2019
about Spectrophotometric Closed Reflux COD Analysis.

Particle size effect on adsorption isotherms test

Identification of activated carbon particle size effect
on adsorption isotherms was carried out by contacting 1 g
of GAC or PAC with 500 mL of methylene blue artificial
wastewater at various dye concentrations 100, 125, 150,
175, and 200 mg/L. At the same time, the variations in dye
concentration used in the identification of SPAC
adsorption isotherms were 300, 350, 400, 450, and
500 mg/L. This mixture was then stirred with a stirring
speed of 120 rpm for 120 min (PAC and SPAC) and
240 min (GAC). The determination of dye concentration
variation and length of contact time was based on
preliminary tests. The experimental data were then
analyzed with non-linear equations of the isotherm model
to find out the isotherm coefficient values using
OriginPro2022b. Non-linear equations were used to
minimize bias due to data transformation into linear
equations. The obtained data then matched with Giles
isotherm classification to determine the most suitable
isotherm model and the adsorption mechanism for each
activated carbon [24-26].
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Particle size effect on adsorption kinetics test

The adsorption kinetics test was carried out by
contacting 1g of activated carbon with 500 mL of
blue

concentration of 250 mg/L. The determination of

methylene artificial wastewater at a dye
duration for the adsorption kinetics test was based on
preliminary test results. In the SPAC experiment,
samples were taken every 4 min for 20 min; in the PAC
experiment, samples were taken every 12 min for
60 min; and in the GAC experiment, samples were taken
every 42min for 210 min. Analysis of the kinetic
coefficient values was carried out by matching the
experimental data with the non-linear equations of the
kinetic model using OriginPro2022b. If based on the
isotherm analysis, the adsorption process dominated by
chemisorption, the kinetic test data will be matched with

Meanwhile, if the
adsorption process is

pseudo-second-order model.

dominant mechanism in
physisorption, the kinetics test data will be matched with
pseudo-first-order and intraparticle diffusion model. To
determine which model is more suitable, error analysis
between the value of adsorption capacity at certain time
(q) based on model and q, value based on experiment
will be conducted. The error analysis consists of sum of
square error (SSE), average relative error (ARE), hybrid
fractional error function (HYBRID), and The
Marquardt’s percent standard deviation (MPSED). The
equations for each error analysis can be seen in Eq. (1)
through Eq. (4) as follows [24-26].

2
SSE = Z(qt,cal ~Qt,exp ) (1)

Qt,cal ~ qt,exp

ARE:%Z %100 (2)

qt,exp

1 (qt,cal “At,exp )2

HYBRID = 3 x100 (3)

qt,exp

2
Z((qt,exp ~At,cal )/qt,exp )
N-P
where q:q is the adsorption capacity at certain time (t)

MPSED = %100 (4)

based on calculation from each model (mg/g), Qeex is the
adsorption capacity at certain time (t) based on the
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experiment (mg/g), N is the number of data, and P is the
degree of freedom.

Particle size effect on adsorption thermodynamics test

The thermodynamic analysis was carried out by
varying the temperature of the adsorption system to 25,
35, 45, and 55 °C. From the obtained data, the maximum
adsorption capacity was determined to calculate the value
of K. (adsorption thermodynamic constant) with Eq. (5)
as follows:

9e/qm
K, = 5
¢ (1—qe/Qm)Ce/C0 ( )

where g is the adsorption capacity at equilibrium (mol/g),

Qm is the maximum adsorption capacity (mol/g), C. is the
adsorbate concentration at equilibrium (mol/L), and C, is
the molar concentration of the standard reference
solution (assumed to be 1 mol/L).

After that, a Van't Hoff curve can be constructed,
which is a plot of In(Ke) to 1/T. The values of AH°
(standard enthalpy change) and AS° (standard entropy
change) can be identified based on the slope and intercept
of the Van't Hoff curve [25,27].

m RESULTS AND DISCUSSION
FTIR test was performed on PAC and SPAC. The
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results of the GAC FTIR test were considered to be the
same as PAC because they came from the same material
source, namely Jacobi Aquasorb 1000. Meanwhile, the
SPAC test was carried out to determine whether the
pulverization process with a high-energy ball mill caused
changes in functional groups on the surface of the
activated carbon. The FTIR test results, as shown in Fig. 1
indicated that SPAC and PAC produced the same peak at
wavelengths of 3429.43 and 1568.13 cm™', which indicated
the presence of a functional group in the form of a
hydroxyl group (-OH) and an aromatic bond in the form
of C=C. However, the SPAC FTIR test showed a lower
transmission value (%T) at a wavelength of 3429.43 cm™".
A lower %T value indicates a greater number of functional
groups on the activated carbon surface. Therefore, it can
be concluded that the pulverization process with a ball
mill did not cause a change in the type of functional
groups but increased the number of functional groups
available on the activated carbon surface. Apart from
these two wavelengths, the peak also occurs at a
wavelength of 460.99; 796.60; 1091.71 cm™, which
probably indicates the presence of functional groups of
C-0O and C-C, C-H, and C-O-C, which are commonly
found in ether, ester or phenol groups [20,28].
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Fig 1. FTIR test results of PAC and SPAC
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Another chemical characterization test of
adsorbent, which was zero point of discharge, showed
different results on each activated carbon. The pHpsc
value of GAC was 6.65, while the pHpzcvalues of PAC and
SPAC were 6.75 and 7.00, as shown in Fig. 2. This finding
showed that activated carbon was more alkaline at smaller
particle sizes. These results are different from previous
research [17,29]. In those studies, the pHpzc values
decreased at smaller particle sizes, indicating a more
acidic nature. This difference can possibly be caused by a
different source of activated carbon used. In the previous
study, activated carbon was made from wood, coconut
shell, and lignite coal. Meanwhile, the activated carbon
used in this study was made from bituminous coal.

Based on the mechanical sieving test, GAC particle
size ranged from 0.42-2.00 mm with a ds, of 0.58 mm.
The dominant GAC particle size was 1.18 and 2.00 mm,
with occurrence frequencies reaching 71.02 and 22.40%.
The particle size of PAC ranges from 0.053-0.42 mm with
a dso of 0.108 mm. The dominant PAC particle size was
0.42 and 0.149 mm, with occurrence frequencies of 28.68
and 36.13%. Meanwhile, based on the nanoparticle size
analysis test, the particle size of SPAC ranged from
246.98-4622.81 nm with a dso of 550 nm and an average
diameter size of 704.93 nm. The dominant particle size
was in the range of 315.27-513.71 nm with occurrence
frequencies ranging from 4 to 13% and 1541.04-
2511.05 nm with occurrence frequencies ranging from 5
to 6%. The average size of the SPAC in this study
complied with the applicable requirement which is
smaller than 1 pm. The detailed results of mechanical
sieving tests and particle size analysis can be seen in Fig.
3,4,and 5.

The SEM test results on GAC with the magnification
of 500, 1000, 2000, and 5000 times are shown in Fig. 6.
Based on that figure, the GAC surface was corrugated and
porous. However, the pores formed were not uniform,
and some of the pore openings were covered with smaller
particles. Porous surfaces were also identified in the PAC
SEM test results with magnifications of 2000, 5000, 10000,
and 20000 times as seen in Fig. 7. Pores on the PAC
surface were seen more clearly than on the GAC surface.
This can be caused by the opening of small diameter pores
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to become larger due to the pulverization process [30].
Meanwhile, the SEM test results on SPAC with the
magnification of 2000, 5000, 10000, and 20000x, which
can be seen in Fig. 8, showed that the particle size of the
adsorbent was smaller than the previous two types of
adsorbents. This is in accordance with the results of the
particle size analysis test that has been described

previously.
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Fig 5. Particle size distribution of SPAC
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Fig 6. SEM test results of GAC with magnification of (a) 500x, (b) 1000x, (c) 2000x, and (d) 5000x

Based on BET tests, size reduction of activated
carbon from GAC to PAC and SPAC caused an increase
in total pore volume and surface area of activated carbon.
The total pore volume increased from 0.4576 cm®/g

(GAC) to 0.4618cm’/g (PAC) and 0.4743 cm’/g
(SPAC). This increase in pore volume can be caused by
the formation of spaces between particles due to the
pulverizing process, which is then measured as pores [29].
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Fig 8. SEM test results of SPAC with magnification of (a) 2000x, (b) 5000, (c) 10000x, and (d) 20000x

These results were in accordance with previous research,
which stated that the activated carbon particle size change
did not cause a substantial change in pore structure
[12,31]. Meanwhile, the surface area of activated carbon
increased from 776.439 m’/g (GAC) to 787.443 m*/g

(PAC) and 790.478 m*/g (SPAC). This increase was due
to a reduction of particle size and pore widening of
activated carbon. But the escalation of surface area in
smaller particle size was not as significantly different as
particle size. This can be caused by the disappearance of
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some surface area available in the parent material, such as
pore channels, due to the pulverization process [29-30].

Preliminary Tests

Preliminary test results showed that activated
carbon was effective at removing the dye in methylene
blue artificial wastewater. SPAC had the highest dye
adsorption capacity compared to PAC and GAC. The dye
adsorption capacities of SPAC ranged from 112.57-
122.21 mg/g, while the dye adsorption capacities of PAC
and GAC ranged from 34.67-60.96 mg/g and 4.34-
16.66 mg/g. Reduction in dye concentration was also
followed by a decrease in COD concentration. The COD
adsorption capacities of SPAC ranged from 158.97-
171.32 mg/g, while the COD adsorption capacities of PAC
and GAC ranged from 39.64-55.61 mg/g and 9.91-
22.99 mg/g. The escalation in adsorption capacity was
mostly due to the increase of activated carbon’s surface
area rather than the increase in pores volume [18].
Structural pore changes due to the pulverizations process
were not large. The increase in pore volume was only
0.0042 (GAC to PAC) and 0.0167 cm’/g (GAC to SPAC).
But the increase in adsorption capacity can be explained
based on the shell adsorption model (SAM). Based on
SAM, more adsorbate is adsorbed on the outside (shell) of
a particle if the radius of the activated carbon particle is
smaller than the diffusion penetration depth of a particle
whose value depends on the type of adsorbent and
adsorbate. Because the outer surface area of the particles
increases as the particle size decreases, the adsorption

225 1

-
~
(8 ]

150 1
125 +
100 +

~
(&)

Adsorption capacity (mg/g)
(4,
o
’[

N
(8]

200 '//‘———-'

Indones. J. Chem., 2023, 23 (2), 461 - 474

capacity increases [14].
Particle Size Effect on Adsorption Isotherms Test

The isotherm test results on each activated carbon
can be seen in Fig. 9. Based on the Giles isotherm
classification, the methylene blue adsorption process on
each activated carbon followed the “High-Affinity
Isotherm”. This is because the q. value is always greater
than zero, even though the adsorbate concentration is
close to zero. This type of isotherm generally occurs in
adsorbates with large molecular sizes, such as polymers.
This isotherm indicates the adsorption process occurs
chemically  (chemisorption) or adsorption by
electrostatic forces 25].

Although each adsorption process followed a high-
affinity isotherm, the adsorption process for each
activated carbon was in a different subclass. The
methylene blue adsorption process using GAC followed
the mx subclass, while PAC and SPAC followed
subclasses 4 and 2. The mx subclass was characterized by
a decrease in adsorption capacity when the adsorbate
concentration was increased. This decrease in
adsorption capacity occurs because the interaction
between the adsorbate molecules is stronger than the
interaction between the adsorbate and the adsorbent.
Subclass 4 is characterized by the presence of two lines
with a gentle slope connected by a line with a steeper
slope. This indicates the formation of a new active
surface which can be caused by the reorientation of the

adsorbed molecules from horizontal to vertical, which

~—e— SPAC
~—u— PAC
=t GAC

o

< = —a

o

25 50 75

100 125 150 175

Dye equilibrium concentrations (mg/L)

Fig 9. Isotherm graph
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allows more adsorbate particles to be adsorbed. While
subclass 2 is characterized by the appearance of
longitudinal horizontal lines caused by the absence of
intramolecular interactions of the adsorbate. Since there
is no intramolecular interaction of the adsorbate, the
adsorption process is monolayer [25]. All of these
isotherm subclasses indicate a monolayer adsorption
Therefore, the data obtained from the
experiment were matched with the Langmuir isotherm to

process.

determine the value of the coefficient (K;) and maximum
adsorption capacity (qm) using OriginPro2022b. qn and
K} values can be seen in Table 1.

The maximum adsorption capacity and Langmuir
coefficient (K.) increased in the adsorbent with the
smaller particle size. An increase in K| value indicates a
stronger interaction between the adsorbent and the
adsorbate on the smaller activated carbon particles [32].
The increase in maximum adsorption capacity for
adsorbents with smaller particle sizes also occurred in
previous research [15,29]. According to Ando et al. [31]
adsorption capacity of activated carbon for certain
adsorbate depends on adsorbent particle size. The
dependence of adsorption capacity on activated carbon
particle size might be associated with high-molecular
mass of adsorbate and adsorbate characteristics.
Moreover, the properties of activated carbon can also

affect the adsorption capacity in smaller particle sizes.
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Particle Size Effect on Adsorption Kinetics Test

Based on isotherm analysis, the adsorption process
of methylene blue on all activated carbon was caused by
electrostatic forces. This will be further proven in
thermodynamic tests to determine the enthalpy value of
the adsorption process. Because the adsorption process
was caused by electrostatic forces, the adsorption
process was considered physisorption. Several kinetic
models that can be used to describe the kinetics of the
physisorption process are pseudo-first order and
intraparticle diffusion models [33-34]. Therefore, the
experimental data were analyzed with both models using
OriginPro 2022b. From these two models, one model
was then selected based on the lowest sum of square
error (SSE), average relative error (ARE), hybrid
fractional error function (HYBRID), and The
Marquardt's percent standard deviation (MPSED)
[24,35]. Analysis of the kinetic parameters using
OriginPro2022b produced kinetic parameters of the
pseudo-first-order and intraparticle diffusion models as
seen in Table 2 and 3.

Error analysis to compare the suitability of each
model to the experimental data can be seen in Table 4.
Based on Table 4, the pseudo-first-order kinetic model
had smaller error values for all types of activated carbon
compared to the intraparticle diffusion model. This
indicates that the first-order pseudo model was more

Table 1. Langmuir Isotherm Coefficients

Adsorbent types qm (mg/g) K (L/mg)
GAC 27.72505 + 3.49558 0.01156 + 0.00329
PAC 66.46779 + 5.81396 0.51107 + 0.38549
SPAC 197.70408 + 7.1626 2.28743 + 1.00784

Table 2. Pseudo-first-order kinetic parameters

Adsorbent types K, (min™) q. (mg/g)
GAC 0.01472 + 0.00129 24.15746 + 0.74313
PAC 0.11407 + 0.04308 41.66993 + 2.97193
SPAC 1.13446 + 0.03338 119.82991 + 0.07587

Table 3. Intraparticle diffusion kinetic parameters

Adsorbent types Ki (mg/g.min%%) Ci (mg/g)
GAC 1.47001 + 0.11054 2.85518 + 1.23684
PAC 2.59757 + 1.26843 35.53882 + 7.6106
SPAC 0.53902 + 0.15386 117.76349 + 0.53299
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Table 4. Error values of kinetic models
. Pseudo-first-order Intraparticle diffusion
Adsorbent Time Qexp
types  (min) (mg/g) a SSE ARE HYBRID MPSED , ¥ SSE  ARE HYBRID MPSED
(mg/g) (mg/g)
GAC 42 11.84 11.14 12.38
84 16.63 17.14 16.33
126 20.19 20.38 1.148 2.709 2.492 4.178 19.36 1.435 2.607 2.657 3.982
164 21.68 22.00 21.68
210 23.56 23.06 24.16
PAC 12 33.42 31.07 44.54
24 35.83 38.97 48.26
36 36.60 40.98 70.661 8.307 57.459 11.961 51.12 710.742 31.017 632.012 41.245
48 41.01 41.50 53.54
60 47.61 41.63 55.66
SPAC 118.55 118.55 118.84
119.60 119.82 119.29
12 119.84 119.83 0.068 0.071 0.019 0.126 119.63 0.269 0.176 0.075 0.251
16 119.89 119.83 119.92
20 119.97 119.83 120.17
Table 5. Adsorption thermodynamics parameters
Temp Ce Qe qm K AG® AH® AS°
(K) (mol/L) (mol/g) (mg/g) ¢ (KJ/mol) (KJ/mol) (J/mol.K)
GAC
298 0.000228 0.000041 27.73 3886.50 -20.48
308 0.000169 0.000064 28.77 14965.52 -24.62
59.92 272.35
318 0.000128 0.000092 35.52 38167.25 -27.89
328 0.000123 0.000097 38.87 32221.93 -28.31
PAC
298 0.000014 0.000149 66.47 187063.39 -30.08
308 0.000007 0.000150 72.91 288742.62 -32.20
14.68 150.94
318 0.000006 0.000151 74.63 294613.25 -33.30
328 0.000006 0.000160 77.67 337172.66 -34.71
SPAC
298 0.000005 0.000488 197.70 780186.08 -33.61
308 0.000002 0.000445 201.94 1571975.09 -36.54
58.92 309.46
318 0.000001 0.000463 205.83 1798797.87 -38.08
328 0.000000 0.000468 207.92 8525412.86 -43.52

suitable for describing the adsorption mechanism that
occurred. In addition, based on Table 2, the value of the
adsorption kinetics coefficient increased on activated
carbon with a smaller particle size. This indicates a faster
adsorption process on SPAC compared to PAC or GAC.
An increase in the adsorption rate on the smaller activated
carbon particles also occurred in previous research
[17,19].

Particle Size Effect on Adsorption Thermodynamics
Test

The results of the thermodynamic test on each
activated carbon can be seen in Table 5. Based on Table
5, the change in Gibbs free energy (AG®) was negative.
This indicates that the methylene blue adsorption
process using activated carbon was spontaneous and
favorable. The increasingly negative AG® value indicates
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Fig 10. FTIR test results of MB solution before adsorption
process

that the adsorption process was better and more
spontaneous on the smaller activated carbon particle size
and at higher temperatures [25].

Unlike the AG® values, the AH®, and AS° values were
positive for all activated carbons. A positive AH® value
indicates the adsorption process was endothermic. This is
proven by the increased adsorption capacity at higher
temperatures. Meanwhile, a positive AS® value indicates
increased randomness at the interface of adsorbent-
adsorbate and a good affinity of adsorbent to adsorbate
[25]. The value of AH® can also be used to determine the
adsorption mechanism that occurred. The value of AH® at
PAC, which was less than 20 KJ/mol
physisorption was dominated by van der Waals forces
interactions. Meanwhile, the AH® values of GAC and
SPAC which were in the range of 20-80 KJ/mol indicate
physisorption  was

indicates

dominated by electrostatic
interactions.

These adsorption mechanisms were supported by
FTIR test results on methylene blue artificial wastewater
before and after the adsorption process (Fig. 10 and 11).
Before the adsorption process, methylene blue artificial
wastewater showed peaks in the functional group region
(A>1500 cm™) at the wavelength of 3429.43; 2924.09;
2856.58; and 1602.85 cm™. These peaks indicated the

presence of hydroxyl (OH-), methylene (CH.), methyl
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Fig 11. FTIR test results of MB solution after adsorption
process

ether (O-CH3), and C=C functional groups. Meanwhile
in fingerprint region (A < 1500 cm™") peaks were formed
at wavelength of 1492.90; 1442.75; 1396.46; 1350.17;
1247.94; 1176.58; 1141.86; and 1041.56 cm™'. These
peaks could be formed because of the presence of
aromatic bonds of (C=C-C), methyl (CHs), tri-methyl,
methine (=CH-), aromatic ether, secondary amine (C-
N), cyclic ether, and cyclohexane ring [36]. After the
adsorption process, peaks in the functional group region
remain unchanged. But, in the fingerprint region, some
peaks disappeared at wavelength 1492.90; 1442.75;
1247.94; and 1176.58 cm™.

The disappearance of some functional groups
could be caused by several interactions: 1) m-m
interactions between the aromatic functional groups on
the surface of the adsorbent and aromatic bonds (C=C-
C), aromatic ethers, and other benzenic rings of
methylene blue, 2) Electrostatic interactions between the
negatively charged functional groups on the surface of
the adsorbent and the positively charged methylene blue
molecules (cations), 3) The hydrogen bond between the
nitrogen (N) on the methylene blue molecule and
functional groups containing oxygen, such as hydroxyl
(OH-) on the surface of activated carbon [6,20,37].

The schematic mechanisms of the methylene blue
adsorption process can be seen in Fig. 12.
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m CONCLUSION

The chemical characterization of activated carbon
showed that the pulverization process could change the
pHyz to be more alkaline and increase the number of
functional groups present on the surface of the activated
carbon but did not change the type of functional groups
available. At the same time, the physical characterization
showed that there were differences in particle size
distribution in GAC, PAC, and SPAC. The pulverization
process also caused an increase in the surface area and
pore volume of activated carbon. Based on isotherm and
kinetic analysis, particle size variations did not change the
type of isotherm and kinetics model that applied to the
adsorption process, but it caused an increase in maximum
adsorption capacity, Langmuir coefficient, and kinetics
coefficient in smaller particle sizes. The thermodynamic
test showed that the adsorption process took place more
spontaneously and more favorably at the smaller particle
size, and there was a difference in the dominant
mechanism that caused the adsorption process in
different particle sizes of activated carbon based on AH®
values. The dominant adsorption mechanism on GAC
and SPAC was electrostatic interaction, while on PAC was
van der Waals forces. Based on these results, SPAC has
good potential to be used in the water/wastewater
treatment process, especially in the tertiary process, to
remove recalcitrant pollutants such as hydrocarbons,
pesticides, and textile dyes.
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