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Abstract: In this study, a feasible experiment on adsorbed natural gas (ANG) was performed using
activated carbons (ACs) with high surface areas. Upgraded ACs were prepared using chemical
activation with potassium hydroxide, and were then applied as adsorbents for methane (CH,) storage.
This study had three principal objectives: (i) upgrade ACs with high surface areas; (ii) evaluate the
factors regulating CH4 adsorption capacity; and (iii) assess discharge conditions for the delivery
of CHy. The results showed that upgraded ACs with surface areas of 3052 m?/g had the highest
CHy, storage capacity (0.32 g-CHy4/g-ACs at 3.5 MPa), which was over two times higher than the
surface area and storage capacity of low-grade ACs (surface area = 1152 m?/g, 0.10 g-CHy/g-ACs).
Among the factors such as surface area, packing density, and heat of adsorption in the ANG system,
the heat of adsorption played an important role in controlling CH,4 adsorption. The released heat
also affected the CHy storage and enhanced available applications. During the discharge of gas from
the ANG system, the residual amount of CH, increased as the temperature decreased. The amount
of delivered gas was confirmed using different evacuation flow rates at 0.4 MPa, and the highest
efficiency of delivery was 98% at 0.1 L/min. The results of this research strongly suggested that the
heat of adsorption should be controlled by both recharging and discharging processes to prevent
rapid temperature change in the adsorbent bed.

Keywords: adsorbed natural gas; activated carbon; potassium hydroxide; heat of adsorption;
gas delivery

1. Introduction

The use of alternative energies, such as hydrogen (H;) and methane (CHy4), has been studied.
Studies on Hj are usually focused on the production process [1-3], while those on CHy4 are mainly
concentrated on its storage and transport. Methane is one of the most significant sources of energy from
natural or purified biogas due to large resources with minimal environmental impacts. Liquefaction
and compression techniques are generally applied for the storage of natural gas, but these are not
practical for transportation purposes as automobile fuels because they require additional systems
to lower the temperature to 111 K for liquefaction and pressurization over 20 MPa for compressing
natural gas [4,5].

As an alternative method for natural gas storage, adsorbed natural gas (ANG) systems, which can
store natural gas at a relatively lower pressure (3—4 MPa), have been considered and intensively
studied [6-10]. The CH, storage capacity is the same or even higher than that of compressed natural
gas (CNG) at 20 MPa. Since adsorption of CH, involves the interaction between the gas phase and
adsorbents at a certain pressure, the gas storage capacity is strongly dependent on the adsorbent’s
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surface area and pore structures. Previous researchers have studied adsorbents such as activated carbon
(AQC), high surface activated carbon (HSAC), metal organic frameworks (MOF), and active carbon
fiber [11,12]. Among the various adsorbents, activated carbons (ACs) have been considered the most
suitable adsorbents due to their high surface area, microporosity, and regenerative capacity [13-15].
In this respect, previous works have been conducted to enhance the properties of adsorbents with
high surface areas to develop micropores using physical and chemical activation [16]. In the literature,
there are few studies on physical activation using steam or carbon dioxide (CO,), and on chemical
activation using potassium hydroxide (KOH), potassium chloride (KCI), phosphoric acid (HzPOy),
etc. [17-19]. Particularly, the CHy storage capacity of activated carbon by H3PO, (14 mmol CH,/g-AC)
followed by chemical activation is higher than that of KCl (9 mmol CH4/g-AC) [8]. Lu et al. [20]
mentioned that the diffusion rate of the potassium in KOH is more effective than the potassium in
K,CO3 due to high micropore volume and a larger surface area [21-23].

One of the difficulties in ANG techniques is the management of thermal effects. The heat
of adsorption significantly affects ANG storage capability even for adsorbents with high surface
areas. According to the computational results of Mota et al., it was suggested that gas should be
cooled before it is injected into vessels filled with adsorbents [24]. Owing to adsorbents having poor
thermal conductivity, heat transfer to the surroundings is limited. Thus, it can lead to the suppression
of adsorption storage capacity. According to the experimental results from Chang and Talu [25],
gas delivery capacity decreased by more than 8% when the temperature decreased to 268 K, and its
dynamic loss fluctuated from 15 to 25% due to changes in the heat capacity of the carbon bed. Thus,
many researchers have developed transient heat and mass transfer models to simulate the performance
of adsorption systems [26-28]. For instance, Ybyraiymkul et al. [27] proposed an ANG cylinder with
water passing through the tubes to effectively control the heat of adsorption.

In addition, heat transfer on the adsorbent has an influence on gas delivery during discharge.
The heat of adsorption generally decreases during the discharge. Thus, the amount of delivered gas
decreases when the discharge flowrate is higher. Due to these reasons, a large amount of natural
gas still remained after discharging in the previous adsorption systems. Currently, to overcome the
limitations, MOF with flexible structures have been developed [29]. The pores in the MOF structure
were expanded at a certain pressure, and then the gases were adsorbed in the pores. On the other hand,
the adsorbents were desorbed from inside the pores while shrinking the pore structure at low pressure.
MOF have advantages for both adsorption and desorption of methane, but it is not yet commercially
developed and is also expensive [30]. NGVs (natural gas vehicles) with an adsorption system require a
large amount of adsorbents, leading to a high price. Using ACs for the adsorption system is much
cheaper than MOF, and is already commercialized. If the heat generation and discharging conditions
in the ANG system are controlled and optimized, respectively, this system with ACs can be used in
NGVs and for various other applications as well.

This study was performed (i) to evaluate the CH4 adsorption capacity in various conditions
and (ii) to optimize the discharge conditions for the delivery of CH,. In more detail, upgraded ACs
with a high surface area were produced by chemical activation and were applied in an ANG system.
In addition, ANG experiments were performed with different conditions, such as temperature and
pressure, and were compared with the amount of available CHy at different discharge rates.

2. Materials and Methods

2.1. Preparation of Activated Carbons

Two types of commercial ACs (wood: JIG-SC-2040, Ja Yeon Science Ind. Co., Chulwon, Korea;
coconut: LGL-100, Daelim Carbon Ind. Co., Seoul, Korea) were utilized as precursors for this
study. To upgrade the low-grade AC, 1 kg of AC was treated with potassium hydroxide (KOH,
Samchun chemical, Seoul, Korea) and the mass ratio of AC:KOH was 1:2 under an inert environment.
After the chemical activation, the average particle size of the upgraded ACs was around 500 pum.
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The mixture was put into a tubular furnace under N, flow and heated to 1123 K at a rate of 10 K/min,
and then held for 3 h, as described in a previous study [31]. After completion of the activation
processes, the prepared AC was washed with deionized water until the pH was neutral, and was
subsequently dried at 378 K. The commercial ACs based from wood and coconut were denoted as
AC-WR and AC-CR, respectively. The chemically activated ACs using the commercial ACs were also
denoted as AC-WA and AC-CA, respectively (AC: activated carbon, W: wood based, C: coconut based,
R: raw/commercial materials, and A: activation).

2.2. Analytical Methods for Determining the Chemical Properties of Activated Carbons

For the proximate analysis, the dried samples were put into a furnace (Daeheung Science, DF-4S,
Korea) and heated at 1223 K for 7 min. The weight loss of the samples was measured for volatile matter.
The samples were put into the furnace again and heated at 1023 K for 10 h to measure the amount of
weight loss for fixed carbon and the residual for ash contents. The ash, volatile matter, and fixed C
contents within the ACs were considered as a percentage of the weight. The elemental (C, H, O, N,
and S) contents were determined using an elemental analyzer (FLASH 2000, Thermo Fisher Scientific,
Waltham, MA, USA), and the results are listed in Table 1. The surface area of the AC was measured
using the Brunauer-Emmett-Teller (Sprr) method based on the N, adsorption at 77 K, which was
measured using an adsorption analyzer (ASAP-2010, Micromeritics Inc., Norcross, GA, USA). The pore
volume (V) of the AC was calculated according to the t-plot method for micropores (<2 nm) and the
Barrett Joyner and Halenda method for mesopores (>2 nm), respectively. Before carrying out the
N, isotherms, samples were outgassed at 623 K to a constant vacuum (P/Py: 2 pmHg) for 360 min.
To investigate the surface morphologies of ACs with and without chemical activation by KOH,
a field-emission scanning electron microscope (FE-SEM; 5-4300, Hitachi Co, Tokyo, Japan) was used.

Table 1. Ultimate and proximate analysis of ACs (activated carbons) as precursors. AC-WR:
the commercial ACs based on wood material, AC-CR: the commercial ACs based on coconut material,
n.d.: not detected.

Sample Ultimate Analysis (wt.%) Proximate Analysis (wt.%)
Carbon Hydrogen Oxygen Nitrogen Sulfur Volatile Fixed Carbon  Ash

AC-WR 71.60 1.60 17.20 0.80 n.d. 18.56 74.68 6.76

AC-CR 89.03 0.30 2.50 0.00 n.d. 5.14 92.73 2.12

2.3. Adsorbed Natural Gas System Experiments

The ANG system consisted of a compressor with an adjustable flow rate and a prototype storage
cylinder with a volume of 50 mL (Diameter: 40 mm; Height: 40 mm) that was filled to maximum
capacity. Using this system, the CHy4 storage capacity was evaluated as a function of pressure up to
20 MPa. In the charge period, the CH, gas was maintained at a constant pressure with a pressure
regulator. The weight of the reactor filled with ACs was measured using a balance, and the CHy
was sufficiently adsorbed in the reactor. The weight difference was the amount of CH, adsorbed.
The desorption of CH4 was then tested in atmosphere (101 kPa) and vacuum conditions (20 kPa) with
a discharge flow rate of 0.5 L/min. After the desorption process, the weight of the reactor with ACs
was measured again using the balance. The weight differences indicated the amount of CHy desorbed.
In the ANG system, deliverability, which represents useable gas capacity, is one of the main factors in
the application. It can be defined as the difference in the amount of CHy between adsorption at the
target storage pressure and the residual after desorption. To evaluate delivery capacity, discharge flow
rates were regulated with a flowrate of 0.1 and 0.5 L/min at 0.4 MPa, respectively. A CNG experiment
in the absence of absorbents was also performed as a function of pressure up to 20 MPa for comparison.
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3. Results

3.1. Upgrading Activated Carbons

Elemental contents, such as C, H, O, N, and S, were different in the precursors of wood and
coconut (Table 1).

C contents were relatively high in the samples from coconuts, while H and O were relatively
more concentrated in the wood samples. Similarly, the level of volatile matter in the wood samples
was 2.5 times higher than in the coconut samples. The molar ratio of O/C, which is indicative of
oxygenated functional groups (OFGs), of the wood samples was eight times higher than that of coconut
samples. OFGs, as electron donors, may accelerate the redox reaction more easily than elemental C
when chemical activation with KOH is applied. Thus, pore development on the surface of the wood
samples would be more enhanced [32,33].

N, adsorption and desorption isotherms of ACs followed the type I isotherms regardless of
activation with KOH, as shown in Figure 1a,b.
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Figure 1. Nitrogen ad-/de-sorption isotherms and pore size distribution for coconut (a,c) and wood
(b,d) based ACs (activated carbons). These ACs were classified into low and upgraded without/with
KOH treatment.

As shown in Figure 1a,b and Table 2, the surface area and micropore volume of wood based ACs
(AC-WR and AC-WA) were higher than coconut based ACs (AC-CR and AC-CA). After activation,
the surface area of upgraded ACs was over two times higher than that of raw-graded ACs. In the
adsorption and desorption isotherms of the adsorbents, the hysteresis loop in the relative pressure
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(P/Pp) range of 0.4-1.0 was indicative of the mesoporosity of ACs. In the case of AC-WA, the fraction
of mesoporosity was rapidly increased compared to AC-WR. However, in the case of AC-C, the 24.5%
fraction of mesoporosity was increased to 47.5% after upgrading. The pore size distribution of
the adsorbents clearly showed that the mesopores had a broad pore size distribution (Figure 1c,d).
All samples dominantly developed micropores, but the mesopore fractions increased after KOH
treatment. The surface areas (Sppr) of the upgraded samples (AC-WA and AC-CA) increased
significantly, and were over two times greater than those of the precursors (Table 2 and Figure 1).

Table 2. Textural properties and methane storage capacity.

Sample SBET VMicro VMeso Rmicro Rmeso Methane Storage Capacity
m?2g~")  (migD) (mPghH (%) (%) (g-CHy/g-AC)

AC-WR 1152 0.50 0.59 46.1 53.9 0.17

AC-WA 3052 0.04 2.37 1.73 98.3 0.32

AC-CR 1068 0.35 0.11 75.5 24.5 0.11

AC-CA 2258 0.48 043 52.5 475 0.25

We observed the adsorbents with an FE-SEM to investigate their morphologies, as shown in
Figure 2. SEM images of the activated adsorbents (AC-WA and AC-CA) revealed rough surfaces
caused by pore generation.

Figure 2. SEM image of altered carbon (AC) such as AC-WR, AC-WA, AC-CR, and AC-CA.
3.2. Characteristics of CHy Storage by Compressed and Adsorbed

Figure 3a shows the CHy storage capacity as a function of pressure under a compressed system.
The storage capacity of CH, increased with pressure; the storage capacity was 0.176 g-CH4/mL at
20 MPa, which was beyond the expectation (0.131 g-CH4/mL) because of the compression properties
(Z-factor of 0.84 at 298 K) of CH, [34].
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Figure 3. (a) Comparison of measured methane storage in the reactor and the calculated methane
amount based on the reactor volume at different pressures using the ideal gas law; and (b) comparison
of methane storage between adsorbed natural gas (ANG) and compressed natural gas (CNG) at
different pressures (inset Figure 3b illustrating the ratio for ANG/CNG).

On the other hand, the CH, storage capacities of the ANG system under the given pressure
conditions were up to 20 MPa higher than those of the CNG system (Figure 3b). The CHy
storage capacity at a pressure of less than 6 MPa was over two times higher than that of the CNG
system (Figure 3b), while it became close to the capacity of the CNG system towards a pressure of
20 MPa. The parabolic CHy storage trend in the ANG system at a relatively lower pressure strongly
indicated that the number of active sites that adsorb CH,; molecules is one of the most important
adsorbent properties.

3.3. Methane Storage Capacity at Different Conditions

Adsorbents are mainly affected by the surface area, pore size distribution, and packing density.
These factors should be addressed to achieve higher storage capacity in the ANG system [4,11,35].
Among these factors, the surface area seems to primarily affect the CHy storage capacity. Figure 4a
clearly shows a positive correlation between the surface area and the CHy storage capacity, as shown
in previous studies [7,36,37].
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Figure 4. Influence of (a) the methane storage capacity on the surface area over upgraded ACs.
Di-directional error bars show standard deviation for the CH, storage capacity and the surface area
of ACs; (b) the unit mass of the adsorbed on the packing density of the AC-WA (3052 m?2/ g); and (c)
the differential temperature as a function of adsorption time with each adsorbed pressure (®: 2.0 MPa,
0:5.0 MPa, ¥: 6.0 MPa, AA: 7.0 MPa, B: 20 MPa), with a flow rate of 0.5 L /min over AC-WA (3052 mz/g).
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By using upgraded ACs (AC-WA) in ANG experiments at 3.5 MPa in this study, the CHy
storage capacity of upgraded samples increased by 59.6% for AC-WR (0.273 g-CH,4/g-ACs) compared
with the low-grade sample (0.171 g-CH4/g-ACs). However, its capacity did not show a positive
relationship with the packing density (Figure 4b). As mentioned previously, the increase in the number
of adsorption sites could lead to the enhanced CHy storage capacity in the ANG tank. However,
this adsorption process entails an exothermic reaction, so the decreasing patterns of CH, storage
capacity in Figure 4b could be explained by the increase in packing density. The heat control of
adsorption plays an important role in gas storage because it significantly affects adsorption rates.
Experimental and modeled results from Yue et al. revealed that the temperature induced by the heat
of adsorption at the beginning of the adsorption experiment increased sharply and reached up to
14 K of temperature difference using a coal sample [28]. A few studies on the heat of adsorption
according to various pressures, and even on CHy stored under compression, were reported in the
literature. The temperature difference (AT) inside the reactor decreased as the pressure decreased,
as shown in Figure 4c. At the beginning of adsorption, the rapid increase in AT influenced the CHy
adsorption capacity.

Heat transfer accompanied adsorption. Thus, the temperature of the adsorbent bed had a
significant influence on the ANG storage system. We investigated the CH, storage as a function of
adsorption temperature, as shown in Figure 5. The results showed that the CHy capacity in AC-WA
increased at low adsorption temperatures. The residual amount of CH, after atmospheric pressure
(101 kPa) desorption showed that the residual CHy increased from 15 to 20% as the temperature
decreased. In the vacuum desorption, residual CHy increased from 5 to 10% as the temperature
decreased. The residues were dependent on both the desorption temperature and pressure.
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Figure 5. Methane storage and residual capacity as a function of adsorption/desorption temperature
for AC-WA. All adsorption experiments were performed at 3.5 MPa and with 12.0 g of AC.

3.4. Gas Delivery

Previous research has only addressed the enhancement of storage efficiency without considering
gas delivery, which is the amount of gas available under certain circumstances using porous adsorbents.
The CHj storage capacity is not equal to useable gas capacity due to the strong interaction with the
adsorbents [36]. To provide intensive research, we confirmed that gas delivery after adsorption
depended on the discharge rates (0.1 L/min, 0.5 L/min) at 0.4 MPa after adsorption at 10 MPa
(Figure 6).



Appl. Sci. 2018, 8, 1596 80f 10

1.0
E i ANG system (discharging rate=0.1L/min)
E 08+t ANG system (discharging rate=0.5L/min)
= CNG system (discharging rate=0.5L/min)
% 06
—
()]
£ 04
—
2
0 (.2
o U
()] 0 O ;;:::::E:E:E:E:E:E:E:E:E:E:E:E:E:E:E:;:;o;0:1:;o'o'o'0'1-'o'o'o'o'o'o“o'o'o'o'o‘

o
-
o
N
o

30 40 50 60
Time on stream (min)

Figure 6. Variation of delivery capacity with specific flow rate for constant pressure charging.

A CNG experiment was conducted at 0.5 L/min for comparison. The accessible CH, varied with
different discharge rates. Useable masses of CH, after delivery of ANG were much higher than those
in the CNG system. For instance, the mass of available CHy in the ANG system was 6.8% higher than
in the CNG system at a constant flow rate (0.5 L/min, 0.4 MPa). In addition, the storage capacity in the
presence of ACs was 25.4% higher than in the CNG system at the same pressure of 10 MPa (Figure 3b)
and also the useable CH, in ANG was higher, as mentioned previously. Both the high storage capacity
and the discharging rate of CHy in the ANG system lead to the high gas delivery.

In the ANG system, deliverable CH4 became greater when the discharge rates decreased. Over 87%
(6.22 L) of total adsorbed CH, could be delivered at a discharge rate of 0.5 L/min, while over 98% of
CHy4 (7.01 L) was available at 0.1 L/min. This was because of the changes in the heat of the carbon
bed during CHy discharge. During the gas discharge, the temperature of the carbon bed might have
cooled, thereby reducing the CH, delivery capacity. Zakaria and George also reported that the delivery
capacity was highly influenced by the carbon bed temperature [38]. Thus, a heating system could be
introduced to improve the CHy delivery capacity during discharge periods.

4. Conclusions

This work aimed to determine the most efficient storage of CHy gas using an ANG system.
An upgraded adsorbent was applied in the ANG system, and the efficiency was tested under various
conditions, such as temperature, pressure, and discharge flow rate. To upgrade the adsorbents,
ACs were chemically activated with KOH, thereby resulting in a high surface area (3052 m?/g) with a
micropore volume of 0.58 cm3/g. The surface area of the ACs increased with increasing CH, storage.
Among them, AC-WA with a high surface area showed the highest storage value of 0.32 g-CH,4/g-AC.

The heat of adsorption significantly influenced the amount of adsorbed and/or desorbed CH, in
the ANG system. During the adsorption of CHy gas, the exothermic temperature should be suppressed
to increase the adsorption amount. The amount of discharged CH,4 increased as the temperature
increased. The results also confirmed that CHy capacity was controlled by heat during both recharging
and discharging conditions. These results could form the foundation for the practical application of
the ANG system.
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