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ABSTRACT

This study aims to produce activated carbon from low-rank coal from East Kalimantan,
Indonesia by a mechano-chemical method and to determine its adsorption parameters: hydrogen
uptake/capacity, activation energy, the structural heterogeneity parameter, and the isosteric heat
of adsorption. The hydrogen uptake/capacity of the coal was determined by a volumetric
adsorption test using constant-volume-variable-pressure (CVVP). The characteristic adsorption
parameters, such as hydrogen uptake, characteristic energy and heterogeneity structure factor,
were determined using the coupled Langmuir and Dubinin-Astakhov (D-A) isotherm models,
with the assumption that the hydrogen uptake value would be similar, irrespective of the model
used. We found that the mechano-chemical method significantly reduced the particle size of the
activated carbon relative to the untreated control, by approximately 60%. In addition, the
activation process yielded a higher surface area for the activated carbon (390 m?/g) compared to
the untreated control (90 m?/g). We also found that greater surface area led to a greater uptake
of hydrogen by the activated carbon (40.17+1.56)x10 kg/kg than by the untreated control
(7.94+1.56)x10°3 kg/kg. We also found that the heterogeneity factor of the activated carbon was
3.73%0.23, lower than the untreated control 4.65+0.56, which reflects the more heterogeneous
pore diameter sizes for the activated carbon compared to the untreated control. Lastly, using the
obtained adsorption parameters, we observed that the hydrogen uptake-dependent isosteric heat
of adsorption on the activated carbon changed rapidly in the initial and final stages compared to
the untreated control due to the adsorption of hydrogen by smaller pores which reside inside
larger ones.

Keywords: Activated carbon; Adsorption isotherms; Heterogeneity; Planetary ball mill; Sub-
bituminous coal

1. INTRODUCTION

Hydrogen is an ideal future fuel source. For example, it can be utilized in combustion to
produce water, which does not contribute to air pollution (Serrano et al., 2009; Jiménez et al.,
2010; Nasruddin et al., 2016). In fuel cell applications, hydrogen is directly converted into
water, electricity and heat. Therefore, the use of hydrogen as an energy source may possibly
reduce harmful emissions of greenhouse gases (such as carbon dioxide, carbon monoxide,
hydrocarbons, nitrogen oxides, and sulphur oxides), and may reduce global dependence on
fossil fuels, especially in the transportation sector. For hydrogen to be properly used as
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an energy source, an effective storage medium is needed. The required properties of a hydrogen
storage medium are that it should be low in weight, low in price, easy to activate and have good
availability, high volumetric and gravimetric hydrogen density, and long-term cycle stability
(Niemann et al., 2008). Some examples of hydrogen storage materials are carbon-based ones
such as activated carbon (Marsh et al., 1984) and graphite nanofiber (Chambers et al., 1998),
and other materials such as metal organic frameworks (Li et al., 1999), zeolites (Dong et al.,
2007), clathrate hydrates (Lee et al., 2005) and metal hydride (Schlapbach & Ziittel, 2001).

Activated carbon is an appropriate choice for a hydrogen storage medium due to its high
porosity (Nor et al., 2016), low bulk density (Caturla et al., 1991), reasonable cost (El Qada et
al., 2006), relative abundance, and capability to store gases on its surface (De la Casa-Lillo et
al., 2002). It can be produced from carbon-rich materials such as coal and various agricultural
residues (loannidou & Zabaniotou, 2007). Among these, coal has the greatest potential as a
carbon-containing material because it is relatively abundant and economical. Further, the
production of activated carbon from coal can increase its commercial value.

Basically, activated carbon can be produced by two methods: by chemical activation (Marsh et
al., 1984; Kumamoto et al., 1994; Ahmadpour & Do, 1997; Tsai et al., 1998) or by physical
activation (Caturla et al., 1991; Ahmadpour & Do, 1996; Bouchelta et al., 2008; Nandi et al.,
2012; Sekirifa et al., 2013). In this study, we develop a combination of physical/mechanical and
chemical methods, known as the mechano-chemical method, to produce activated carbon by
means of a planetary ball mill and with KOH introduced. Mechanically-driven activation is
induced by imposing a mechanical force on a material, and chemical activation is induced by
reacting a chemical compound with the material. We expect that the combination will produce
activated carbon which has good characteristic adsorption parameters.

Several models have been developed to characterize gas adsorption in microporous materials
(Do, 1998). Among them, the Dubinin-Astakhov (D-A) model is well known for its
characterization of the non-homogeneous structure of microporous materials. In this model,
some parameters can be revealed to evaluate the gas adsorption characteristics of microporous
materials, such as carbon-based ones. Several previous studies have examined the D-A model to
characterize the adsorption behaviour of multiple gas species on activated carbon materials (Hu
& Ruckenstein, 2006; Ushiki et al., 2013; Wu et al., 2014) and have determined that it is
applicable for such a purpose.

This study aims to produce activated carbon from Indonesian low-rank coal by a mechano-
chemical method and to determine its adsorption parameters: hydrogen uptake/capacity,
activation energy, the structural heterogeneity parameter, and the isosteric heat of adsorption.
The volumetric method-based experiment was designed to determine the adsorption parameters,
and two simultaneous isotherm methods—the Langmuir and D-A methods—were coupled to
calculate the adsorption parameters properly. Further, the parameters obtained from the
calculation can be used to predict the mechanism of hydrogen adsorption on the activated
carbon surface.

2. GAS ADSORPTION MODELS

The Langmuir and D-A models were both employed to determine the isosteric heat of
adsorption. The Langmuir model is used to describe monolayer adsorption phenomena in a
microporous solid, assuming that the adsorbent surface is homogenous. The adsorption on the
surface is localized, with each site only being able to accommodate a single molecule. Thus, the
adsorption energy is constant at all sites. Because the study focuses on an average value of the
thermo-physical parameters, this model is appropriate for the system examined here. The
Langmuir model can be written as (Dubinin, 1975):
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C _ koexp(h,/RT)P )
C, 1l+k,exp(h,/RT)P

where C,is the hydrogen/gas uptake or the saturated amount of the adsorbed gas, ko is the

equilibrium constant, hSt is the isosteric heat of adsorption, T is the temperature (K), P is the

equilibrium pressure (Pa), and R is the gas constant. Equation 1 can be used directly to fit the
experimental results. Sudibandriyo et al. (2015) employed the Langmuir model to analyze
hydrogen adsorption data in order to determine the adsorption capacity of carbon nanotubes
used as hydrogen storage.

The D-A model of micropore volume postulates that the gas adsorption mechanism in
micropores is a porosity filling mechanism (Dubinin, 1975). Accordingly, to describe the
adsorption process correctly, the heterogeneity of the solid surface, which is related to the
energetics, should be considered (Gil & Korili, 2000). The heterogeneity of the surface can
originate from crystal and geometric irregularities which exist on the solid surface (Jaroniec,
1995). Commonly, the heterogeneity is measured by relating the distribution gradient of
multiple adsorption sites to the adsorption energy. The distribution function used is a Gaussian-
like function which expresses the distribution of pore sizes. The generalized D-A model can be
written as follows (Dubinin, 1975):

C= Coi f, exp{(ej } (2)

where f; is the local fraction of the adsorption sites (Dubinin, 1975).
PO
A=-AG=RTIn o (3)

is the adsorption potential of the Polanyi theory, which is related to the change in the Gibbs free
energy AG . The change in the relative pressure %, E is the characteristic energy of the

adsorption system, and n is the structural heterogeneity parameter, which is linked to the
adsorption of structurally heterogeneous solids. Lower values of n indicate greater

heterogeneity than that of higher values. P, =(T/Tc)2 P. (for T>T,) is the saturation pressure,

with P. and T, being the critical pressure and temperature, respectively. In contrast to the

Langmuir model, the D-A model considers the structural heterogeneity of the adsorbent.
Equation 2 relates the summation of multiple isotherms which have different characteristic
energies to a specific pore-group distribution. In fact, this model is very suitable for describing
adsorption in highly activated carbon (Stoeckli et al., 1994). However, in order to be coupled to
the Langmuir model, the D-A model needs to be simplified, assuming that a single distribution
of pores exists related to only one characteristic energy. In this way, it is possible to couple the

equations, assuming that the outcome of Co for both models is similar. Therefore, the
simplified D-A equation can be written as follows (Dubinin, 1975):

C=C, exp{—[?j ] (4)
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where C is the adsorption potential, E is the adsorption system characteristic energy, and n is a

2
T
parameter of structural heterogeneity. P, :(T_] P. (for T>T. ) is the saturation pressure, and

[+

P. and T, are the critical pressure and temperature, respectively. In contrast to the Langmuir

model, the D-A model considers the structural heterogeneity of the adsorbent. Here, to make
fitting more convenient, the D-A model (Equation 2) can be reformulated as (Dubinin, 1975):

(3 {3

The heat which evolves during the adsorption process or the isosteric adsorption heat (hst) can
be calculated from the Chakraborty derivation (Chakraborty et al., 2006) and is written as
follows:

C )" dP
—2RT+E| 22| +Tv,—(P,T 6
n=2RTE[ 2] 4Ty () ®

where V is the vapor phase specific volume.

3. METHODS

3.1. Materials

The raw material for the activated carbon was untreated low-rank coal obtained in January 2013
from coal mines in East Kalimantan, Indonesia. This was crushed to obtain micrometer-sized
particles (<150 um). After crushing, the carbonization process was conducted at a temperature
of 973 K for around 60 minutes in an inert furnace. At this point, the sample was ready to be
activated using the mechano-chemical method. This method is composed of two basic
activation processes: chemical and mechanical activation (see Figure 1).

Chemical activation + Mechanical activation
K,0 =2 C-O0-K +K

Figure 1 Schematic illustration of the novel mechano-chemical activation method, using planetary ball
milling and addition of KOH

The first activation was the chemical activation using KOH, which produces potassium
(Moreno-Castilla et al., 2001). This activation was conducted by mixing the carbonized coal
with KOH at a weight ratio of 1:4, which is the optimum ratio required to promote the highest
surface areas at reaction temperatures below 1073 K (Marsh et al., 1984). K:CO3z might be
formed during the process, which will then be decomposed to K>O and CO.. In the carbon-rich
environment, a reduction reaction may take place to produce potassium (Figure 1). The next
process was mechanical activation. In this process, the mixed coal was milled inside a planetary
ball mill NQM-4 in dry conditions for around 4 hours, with a rotation speed of 200 rpms. The
diameters of the planetary balls were in the range from 5 to 20 mm, with the ratio between the
sample and planetary ball weight being 1:5. After milling, the coal was then heated at a
temperature of 1023 K for around 75 minutes in the inert furnace and was then washed using 5
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M HCI and distilled water. The samples were dried again at 120°C for about 4 hours. The final
products were called activated carbon.

The composition of the untreated low-rank carbon is shown in Table 1. This composition was
obtained from proximate analysis in accordance with the ASTM D 121 standard. The untreated
coal can be categorized as sub-bituminous coal, which contains a low fraction of fixed carbon
(Ahn et al., 2001). The Brunauer Emmett Teller (BET) test (quantachrome NOVA 1200e
Surface Area & Pore Size Analyzer) was conducted to measure the surface area, pore size and
pore volume of the samples (untreated coal and activated coal) using nitrogen gas. X-ray
diffractometer characterization was made by an XRD instrument Shimadzu Maxima 7000,
while microstructure characterization of the samples was made using a Scanning Electron
Microscope (SEM, FEI INSPECT F50).

Table 1 Composition of the untreated Indonesian low-rank coal

Proximate Analysis

Moisture 11.71 %
Ash 2.70 %
Volatile Matter 39.86 %
Fixed Carbon 45,73 %

3.2. Apparatus and Procedure

The hydrogen uptake of the coals was determined by a volumetric adsorption test. The pressure
drop due to the adsorption of hydrogen by the samples was measured, and the hydrogen uptake
investigation was conducted using constant-volume-variable-pressure (CVVP).

Figure 2 shows a schematic diagram of the experimental apparatus used in the study; it is
similar to that used in previous works (Martin et al., 2011; Harjanto et al., 2013). The apparatus
consisted of two cylinders: a charging cylinder made of stainless steel (SS 304) and a
measuring cylinder, with volumes of 1118 ml and 80.8 ml respectively. The cylinders were
connected by a stainless steel tube immersed in a temperature-controlled fluid bath, in which
temperature fluctuation was kept below +0.1 K. The pressure was measured using an absolute
pressure transmitter (DRUCK PTX 1400) with a range of 0 to 40 bar and 0.15% accuracy.
Temperature is measured by a Class-A Type K thermocouple. The measurement data were
acquired using a National Instrument data logger.

Data
acquisition

— system

Thermocouple

N

' Charging
Hydrogen vessel
container l

Pressure

— transmitter \

|- Thermocouple

Thermal
Circulator

Figure 2 Schematic diagram of the experimental apparatus
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Prior to the isotherm test (at a constant temperature), a degassing process was conducted for
around 8 hours to ensure that there was no substance or impurity contamination in the
measurement system. After isothermal conditions were attained, hydrogen was pumped into
into the charging cell. The pressure varied by up to 4 MPa. This process was repeated for
different temperatures. The variable obtained from the experiment was the pressure-dependent
hydrogen uptake C, which is the ratio of the amount of adsorbed gas to the mass of adsorbent.

The Langmuir and D-A models were coupled and used to fit the experimental data
simultaneously. They were then analyzed to capture the heterogeneity of the activated carbon
adsorbents and to predict the mechanism of hydrogen adsorption in the activated carbon
produced.

4. RESULTS AND DISCUSSION

4.1. Physical Properties and Microstructure of the Activated Carbon

The physical properties are attributed to the product of the ball-mill mechano-chemical
activation method. A shift in particle size distribution to smaller diameters was observed after
the mechano-chemical treatment (see Figure 3). The particle size distribution of the milled
samples fell by around 60%, from their average size of 55 xm to 22 & m. This indicates that
the mechano-chemical method can significantly reduce the particle size of the samples.
Consequently, this method also contributes to the transformation of other physical properties, as
listed in Table 2.

100 . . 100
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Low Rank Coal "
80 H=o— Activated Carbon u’ 180 —
_ . X
< 6o} " F {60 2
3 T
< Tl =]
$ 40} A\ {40 E
g V. o
- 20} cA 120
\ =
0 el 00, 0
1 10 100 1000

Particle diameter (um)

Figure 3 Particle size distribution of the raw material (untreated low-rank coal) and activated carbon
after mechano-chemical treatment

Several physical properties of the activated carbon were compared with the untreated coal;
these are listed in Table 2. Its micropore volume increased more than two-fold compared to the
untreated coal. This result also shows that the surface area increased more than 400% compared
to that of untreated coal. The treatment method decreased the pore size slightly, from 1.89 nm
of the untreated coal, to 1.15 nm of the activated carbon. The mechanical/physical procedure,
the ball milling, results in an increase in BET surface, as previously shown by Baheti et al.
(2015), whose activated carbon surface area almost doubled. However, this is not always the
case. Welham et al. (2002) showed that physical activation does not translate into an increase in
surface area; in their case, this decreased after ball mill physical activation. The chemical
activation by KOH, as reported by Ahmadpour and Do (1997), only increased the surface area
by 20 to 30%. In our study, the combination of the physical (ball mill) and chemical (KOH)
increased the carbon surface area more than three-fold.
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Viswanathan et al. (2009) showed that that the potassium created in chemical activation
intercalates into lamellae of the crystallite. However, in our experiment the washing by HCI
removed the potassium, thus increasing porosity and carbon surface area. The XRD results in
Figure 4 show that no peaks of potassium hydroxide were detected.

Table 2 Physical properties of untreated low-rank carbon and activated carbon determined using
Brunauer Emmett Teller (BET)

Analysis parameter Untreated low-rank coal Activated carbon
Micropore volume (I/kg) 0.085 0.23
Surface area (m?/g) 90 390
Pore size diameter (hm) 1.89 1.15

Figure 5a shows secondary images of the microstructure of the untreated sample, while Figure
5b shows that of the activated sample. It can be observed that the activated carbon contains
abundant pores. In general, these can be classified as macropores, mesopores and micropores,
which have diameters of more than 400 nm, 2-400 nm and less than 2 nm, respectively
(Dubinin 1975). Figure 5b shows porosity which can be classified as macropores on the surface
of the activated carbon. Other smaller porosities inside the macropores are shown in the Figure
5b. The existence of mesopores and micropores on the surface and/or inside the macropores can
be expected, although they cannot be observed clearly.

% Carbon
Raw Material o KOH

Intensity (a.u)

10 20 30 40 50 60 70 80
Angle (260)
Figure 4 XRD pattern of the raw material and activated carbon from coal

Figure 5 Secondary images of the sample microstructure: (a) untreated low-rank coal; (b) activated
carbon. Abundant macropores are observed in (b)
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4.2. Hydrogen Adsorption Parameters
It was expected that the hydrogen uptake, or the saturated amount of the adsorbed gas

(hydrogen) of the activated carbon C,, would be higher than that of the untreated coal due to
the increase in pore volume and surface area, which leads to a higher amount of hydrogen that

can be adsorbed by the material. To determine the value of C;, the adsorption experiment results

were fitted to both models. Figure 6 shows the adsorption experiments which were conducted at
temperatures of 268 K, 283 K and 298 K for activated carbon (298 K for untreated coal, see
Figure 6a) and pressures of up to 4 MPa.

According to the Langmuir model, there is a saturation value or plateau of hydrogen uptake
when the system reaches high pressure, depending on the adsorbate gas and adsorption surface.
Our system can be categorized as an “L type” of isotherm, which is the characterization of non-
solid adsorption on the solid surface (Limousin et al., 2007). The trend of the curve shows the
progressive saturation of the solid. In other words, physically the adsorbent reaches its capacity
to adsorb the surrounding gas. It can be clearly seen that in Equation 1, if one takes the limit,

where P — oo, then we get C — C;. However, from the experimental results obtained (see

Figure 5b), one can see that only a linear relationship between hydrogen uptake and pressure is
observed. Our apparatus can only produce pressure up to 4000 kPa. Therefore, to avoid
obtaining incorrect fitting parameters, the data were also fitted using the D-A model and both
models coupled.
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Figure 6 Langmuir model and experimental results for: (a) untreated low-rank coal; (b) activated carbon.
D-A model and experimental results for: (c) untreated low-rank coal; (d) activated carbon. The fitting
parameters are shown in Table 3. By employing both the Langmuir and D-A models for experimental

data fitting, the correct parameters were obtained
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This novel approximation is valid as long as the coupled parameter C, is assumed to be similar

in value, regardless of the isotherm model used. Figures 6¢ and 6d show that the range of our
experimental results was sufficient to obtain correct fitting parameters. The fitting of the
experimental results with the D-A model calculations shows very good agreement. The fitting
parameters calculated from the results are shown in Table 3.

Table 3 shows that both C,s for the activated carbon were much higher than the C, for

untreated low-rank carbon, as expected. This is because the total pore volume of the activated
carbon is higher and the surface area larger than the untreated material. The activated carbon
may have higher heterogeneity in its structure and energy, which indicates that the width of the
particle size distribution of activated carbon is greater than that of the untreated carbon. The
isosteric heat of adsorption (hst) of the activated carbon is also higher. This might be for the
same reasons, that the total pore volume and surface area of the activated carbon were higher
and larger than those of the untreated coal.

Table 3 Adsorption fitting parameters simultaneously obtained using the Langmuir
and D-A models

Parameter Untreated low-rank coal Activated carbon
Co (7.94+1.56)x10°® (40.17+1.56)x10°®
hs/R (K) 536.02+4.05 778.30+30.27
Ko (1/kPa) (5.49+0.02)x10°® (1.79+0.03)x10°®
E (J/mol) (170.37+0.62)x10? (149.46+0.31)x10?
n 4.65+0.56 3.73+0.23

4.3. lsosteric Heat of Adsorption

Figure 7 shows the pressure dependence of the isosteric heat of adsorption plotted using
Equation 6 with the parameters obtained in Table 3. The boldest line corresponds to the
untreated coal, while the other lines correspond to the activated carbon. The shape of the curves
is quite similar.
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Figure 7 Uptake dependent of isosteric heat of adsorption for hydrogen on activated carbon using
Equation 4 at 268 K, 283 K and 298 K, compared with untreated coal at 298 K

In general, the isosteric heat of adsorption decreases at higher vapor uptake. The adsorption of
hydrogen is much faster at the initial and final stages of adsorption compared to the
intermediate stage. This is attributed to the high value of parameter n, which is around 3.73. For
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microporous carbon, this value is as expected (Choma et al., 1993). However, according to
Dubinin (1975), his model captures adsorption with ideal micropores which have a size of
around 0.7 nm. The average pore size of the activated carbon in this study is around 1.2 nm,
which is hardly an ideal micropore. Therefore, it is safe to say that there are smaller pores
which meet the defined micropore size, and there also exist larger ones whose size is at the
boundary between the definition of micropores and mesopores (around 1.2 nm to 2 nm or
larger).

In this sense, the physical explanation of the results can be made using several stages. At the
initial stage, the difference is profound. For activated carbon, the hydrogen may be adsorbed
rapidly into smaller micropores which reside inside larger micropores and/or mesopores. This
produces a stronger interaction between hydrogen and the activated carbon surface (Figure 8).
In addition, the heterogeneous pore sizes also lead to the non-uniform adsorption rate, which
can be seen in the narrower intermediate stage compared to the untreated coal. On the other
hand, with regard to the untreated coal, at the initial stage the hydrogen may not be adsorbed as
rapidly as with the activated carbon, and the intermediate stage is broader than with the
activated carbon, which reflects a lower heterogeneity value. The final stages for the two
samples are more or less similar.

macropore H. gas mesopore

@

micropore

Figure 8 Schematic illustration of the hydrogen adsorption mechanism on the activated carbon surface.
At the initial stage of adsorption, hydrogen gas is rapidly adsorbed in the relatively smaller micropores
which reside in the larger micropores and/or mesopores (indicated by the grey circles)

5. CONCLUSION

Activated carbon has been produced from untreated Indonesian low-rank coal using a ball mill
mechano-chemical method and its adsorption parameters have been successfully calculated
using a coupled Langmuir and D-A isotherm model. It was found that the activated carbon has a
higher pore volume and larger surface area than the low-rank coal. This leads to a higher
hydrogen uptake or saturated amount of adsorbed hydrogen in the activated carbon compared to
the untreated coal. The saturated hydrogen adsorption capacity of activated carbon led to an
increase of about 500%, from 0.8% to 4.02%. From the calculation using the coupled Langmuir
and D-A models, it is observed that the heterogeneity of energy distribution (which is related to
the width of pore size distribution) of the activated carbon structure slightly increases, as shown
by the n parameter, which is lower than that of untreated coal. It was found that the isosteric
heat of adsorption increases rapidly at the initial and final stages of adsorption due to the
adsorption of hydrogen on smaller micropores which reside inside larger ones.
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