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Methane Storage on Phenol-Based Activated Carbons at (293.15, 303.15, and
313.15) K
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The influence of pore size distribution of the phenol-based adsorbents (RP-15 and RP-20) on adsorption and

desorption of methane was investigated. The isotherm data were measured using a static volumetric method at
three different temperatures (293.15, 303.15, and 313.15) K and at pressures up to 35 atm. Experimental data
were well-correlated by the Sips and Toth isotherm models. The surface energetic characteristics of the adsorbents
were evaluated by using the Clausit@Glapeyron equation.

Introduction activated carbon is a quite favorable material for this operation.

Natural gas reduces the energy demand in the transportationPOWder’ granular, and fiber types of activated carbons are also

field nowadays. Unstable price and massive requirement of available for methane adsorption StUd'eS_'
crude oil allow the usage of natural gas in all fields. In view of N the present work, phenol-based activated carbons (RP-15

environmental aspects, natural gas is much better than gasoline®"d RP-20) were used as adsorbents for high-pressure methane
Natural gas has many positive points, but the low-energy density adsorption at three different temperatures (2_9_3.15, 303.15, and
is one of the major drawbacks that creates a very big obstacle313-15) K and at pressure up to 35 atm. Additionally this paper
for the commercialization of this fué® Conventionally, lique- ~ PaYs Special attention to the effect of pore size distribution of
fied natural gas (LNG) storage and compressed natural gasaqsorbent on methane adsorpnon and desorpnon. To'|nvest|gate
(CNG) storage are available to overcome this low-energy densityth's effect, methane adsorption and desorption studies on RP-
barrier. Huge investments and practical difficulties are the most 1> @nd RP-20 were conducted at 293.15 K and at pressures up
restricting factors for the utilization of LNG and CNG, although [© 35 atm. The experimental data were correlated by many
these methods have good applicability in storing natural gas. IS0therm models such as the Langmuir, Freundlich, Sips, and
Implementation of an adsorption process in gas storage is widerTOIh isotherm models. The isosteric enthalples_ of adsorption
accepted, securable, and moreover a very apt substitute for LNG/Vere calculated by the Clausiu€lapeyron equation to reveal
and CNG storagess the energetic nature of the adsorbents surface.

Adsorbed natural gas (ANG) storage is a booming technology
for natural gas storage due to its valuable advantages including
low capital cost. Usually, the operating conditions in ANG are  Materials. Phenol-based activated carbons, RP-15 and RP-
normal room temperature and pressure up to 35 atm. The major20 (Kuraray Chemical Co., Ltd., Japan), were taken as adsor-
constituent in natural gas is methane, and so the adsorption ofbents. High surface area, high adsorption capacity, and con-
methane has been analyzed by several researchers to developolled pore size distribution are the main reasons for the
better designs of natural gas storage systems. The role ofselection of these adsorbents.
adsorbent in the ANG process is very important; specially  Experimental Setup and ProcedureThe high-pressure
designed adsorbents are needed for this storage. The influencenethane adsorption studies on adsorbents were conducted in a
of each characteristic of adsorbent including the effect of surface volumetric apparatus, and a schematic diagram of this apparatus
area, the effect of micropore volume, the effect of pore volume, was given in our previous publicatiéhThe apparatus has two
and the effect of micropore size distribution have discussed in main parts, a loading cell (50% 1 mL) and an adsorption cell
the cited literatur&:” As a conclusion of these results, an (505+ 1 mL). The dead volume is the main problem for the
adsorbent with high surface area, narrow micropore size accurate measurement of the amount of adsorption. To minimize
distribution, large micropore volume, and high packing density this effect, the adsorption cell and loading cell were connected
has been suggested for feasible methane storage. In addition tqvith small tubes (3.18& 103 m) and valves (3.1& 10-3 m).
this, an optimal pore size above 7.6 A (the thickness of two The moisture content and impurity presented in the adsorbent
methane molecules) has been concluded from the simulatedwere removed by keeping the adsorbent in a vacuum drier at
results? 1% Until now various adsorbents including activated 423.15 K for 12 h. Consequently, impurities in the adsorption
carbons and zeolites have been utilized for methane adsorptioncell were evacuated by running the vacuum punsft after
Due to the structural limitation of zeolite, highly microporous introducing the adsorbent in to the cell. The isothermic condition

was successfully provided for the studies by the contribution
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700 Table 1. Physical Properties of RP-15 and RP-20
& 500 | BET H-K t-plot total
o surface pore micropore pore
‘;?’ 500 | area size volume volume
5 adsorbent rhg 1 A cm3g1 cmi-gt
5 400
E RP-15 1493 12.0 0.488 0.658
S 300 RP-20 1853 14.5 0.425 0.765
<
_‘;. 200 Table 2. Adsorption Isotherm Data of Methane on RP-15
§ T=293.15K T=2303.15K T=313.15K
=
& 100
a P q P q P q
0 ! ! : : atm mmotg~! atm mmotg~! atm mmotg~!
O lative pressure PP 0112 0160 0144 0160 0264 0312
’ 0.320 0.500 0.346 0.500 0.786 0.812
1 0.672 0.976 0.677 0.976 1.457 1.312
1.232 1.596 1.334 1.596 2.436 1.878
08 | 2.309 2.407 2.527 2.361 4.225 2.623
) 3.805 3.174 4.259 3.171 6.613 3.356
- 6.093 3.985 6.769 3.960 10.166 4.097
Pos | 9.808 4.870 10.361 4.732 14.508 4.743
£ 14.025 5.515 14.865 5.374 19.316 5.225
= 18.938 6.044 19.897 5.852 24.307 5.603
04 | 24.150 6.375 25.135 6.194 29.708 5.954
3 29.694 6.592 30.356 6.439 34.956 6.214
35.284 6.752 35.593 6.589
0.2 |
b Table 3. Adsorption Isotherm Data of Methane on RP-20
0 EE— i T=293.15K T=303.15K T=313.15K
1 1 10
Pore diaometer, A 0 P q P q P q
Figure 1. (a) Argon adsorption and desorption isotherms at 87 K for RP- atm mmotg~1 atm mmotg ! atm mmotg !
15 (@, adsorptiond, desorption) and RP-2@, adsorption0, desorption) 0.122 0.160 0.094 0.192 0.139 0.167
and (b) pore size distributio( RP-15;0, RP-20). 0.308 0.500 0.658 0.858 0.720 0.709
0.572 0.976 1.701 1.693 1.451 1.214
are important; therefore K type thermocouple, which gave a 1%12 %-291’2 2-8‘512 g-ggg i-ggg ;-222
measurement withiee 0.01 K, and pressure transducers were 3935 3049 2485 2920 2032 3561

inserted in each cell for the measurements. At the equilibrium g 395 4.071 11.461 5169 11.040 4516
step, pressure and temperature were recorded by a mobile 7.933 4.934 15.807 5.902 15.912 5.327
recorder (MV 100, Yokogawa Co.) A mass balance equation 11.359 5.762 20.395 6.465 20.761 5.913

was incorporated for the calculation of adsorbed amount by ;g-fég %‘gg gg-ggg ?‘233 gg-ggg g-;‘gg
using the experimental data: 25211 7.8 35802 7529 35410  7.123
30465  7.826
PV | PV| _ PV| PV| 35.645 8.055

ZRTu ' ZRTar  ZRTe + ZRTla2 +aM (@)

Methane adsorption capacities of adsorbents RP-15 and RP-
) ) ) ) 20 were determined by conducting experiments in a high-
whereP is pressureT is temperaturey is volume,Ris the gas  pressure volumetric setup at three different temperature condi-
constantM is the molecular weightZ is the compressibility  tjons (293.15, 303.15, and 313.15) K and at pressures up to 35
factor, andq is the amount adsorbed. The terms L and A atm. In each experiment, temperature and pressure at the

represent a loading cell and an adsorption cell, respectively. equilibrium state were recorded, and the consolidated data are
The values before and after adsorption are indicated by 1 andgi\,en in Tables 2 and 3 for adsorbent RP-15 and RP-20,
2, respectively. The methane gas was exhausted step-by-stepespectively. The adsorbed amounts were calculated by using
from the apparatus for the desorption studies. The apparatuseq 1. In addition, the desorption isotherm data are listed in Table
was allowed to reach equilibrium at each step, and the resulting 4. |t was found that a maximum capacity of 6.752 mrgot
temperature and pressure were recorded similar to the adsorptioRyas adsorbed by RP-15 at 35.284 atm under a constant
procedure. isothermal condition (293.15 K) while it was 8.055 mngpit
for RP-20 at 35.645 atm under the same isothermal condition.
Although the adsorbent RP-20 has a lower micropore volume
The Micrometrics ASAP 2020 analyzer was employed for as compared with RP-15, its methane adsorption capability was
the argon adsorption and desorption studies at 87 K to describequite high on a mass basis due to its higher surface area.
the characteristics of the adsorbents. Figure 1a shows the argon The isotherm equations including, Langmuir, Freundlich, Sips,
adsorption and desorption on adsorbents RP-15 and RP-20. The@nd Toth equations were considered for the adsorption data
microporous nature of the adsorbents was observed from thiscorrelations because of their different advantages. The Langmuir
type | curve. A Horvath and Kawazoe (H-K) plot was plotted isotherm is the most widely used expression for physical
based on the manufacturer data. and the average pore size ofdsorption. Also the Langmuir isotherm is mathematically
adsorbents RP-15 and RP-20 were 12 A and 14.5 A (Figure simple and can be easily derived from various approaches as
1b). The overall physical properties of the adsorbents are givencompared to other models. The Fruendlich isotherm is
in Table 1. applicable in gas-phase systems having a heterogeneous surface,

Results and Discussion
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Table 4. Desorption Isotherm Data of Methane on RP-15 and 10
RP-20 Sips
RP-15 RP-20 o g b
T=293.15K T=293.15K 3
£
P q P q £
< 6 .
atm mmotg~! atm mmotg~! s Langmuir|
[<]
35.28 6.589 35.64 8.055 § 4
30.46 6.503 30.94 7.910 ° .
25.74 6.350 26.22 7.617 g Freundlich
20.69 6.088 21.23 7.230 3
15.80 5.684 16.21 6.646 32
11.22 5.085 11.43 5.847
8.22 4.490 7.08 4.730 . . . a
5.58 3.769 4.69 3.842 0
3.93 3.137 3.33 3.171 0 10 20 30 40
2.86 2.620 251 2.682 Pressure, atm
0.8

provided the range of pressure is not too wide as this isotherm
equation does not have a proper Henry law behavior at low 0.6
pressuré? The Sips isotherm has three adjustable parameters

and is sometimes also called the Langmuireundlich iso- 04
therm?® This Sips isotherm gives a more accurate result T 0.2
correlation than the Langmuir and Freundlich isotherms, which §

have only two adjustable parametéf&inally, the Toth isotherm ¢ 0.0

has high thermodynamic consistency and is commonly good
for the adsorption of hydrocarbons on activated caf§orhe
mathematical relationships for the Langmuir, Freundlich, Toth,
and Sips equations are given sequentially as follows:

s
N

'
1N
»

-0.6
q= meP (2) Pressure, atm
1+ bP Figure 2. Comparison of isotherm models (a) for methane adsorption on
RP-20 ©O, experimental data) and residuals (bottod) Sips;d, Toth; A,
q=KpP" (3) Langmuir; O, Freundlich) at 293.15 K.
q.P Table 5. Sips Isotherm Parameters for Methane Adsorption on
g= _m (4) RP-15 and RP-20
(b+ P T . b
q ppYn adsorbent K mmeg ! atnt n SOR
q=——7?m (5) RP-15 293.15 8.311 0190  1.127  0.005
1+ bF)1 303.15 8.333 0.176 1.158 0.006
. ) 313.15 8.583 0.131 1.190 0.002
whereq is the amount adsorbe®, is pressure; andm, b, n, RP-20 293.15 10.711 0.148 1.175  0.013
andt are isotherm parameters. The isotherm models (eds 2 303.15 10.556 0122 1180  0.002
313.15 10.663 0.095 1.750 0.002

were applied to fit the experimental data of RP-20 measured at
293.15 K (Figure 2a). The residual graph (Figure 2b) showed tapje 6. Toth Isotherm Parameters for Methane Adsorption on
that the Sips model followed by the Toth model were good RP-15 and RP-20

isotherm models to describe the experimental data. Meanwhile, T

. . . O b
the residual was the difference between the experimental adsorbent ” o R — X SOR
adsorbed amount e and the calculated adsorbg®' amount.
The values of SOR (square of residual) were determined as RP-15 293.15 8.688 3.305  0.776  0.090
follows: 303.15 8.904 3126 0773  0.001
: 313.15 9.563 3534 0665  0.001
1 RP-20 293.15 11.670 3412 0694  0.015
_ exp _ cah2 303.15 11.514 4028  0.693  0.007
SOR= 5 > @-q ) 6) 313.15 12.484 4474 0650  0.001

whereq ®Pis the experimental adsorbed amount afillis the storage. In particular, the optimal pore size depends on the
calculated adsorbed amount. The calculated SOR are given fortemperature, storage pressure, and exhaustion pressure of the
the Sips and Toth isotherm parameters in Tables 5 and 6.0perating cycle. According to the simulated results, the optimal
Adsorption isotherms of methane on RP-15 and RP-20 at threepore size for methane storage is 7.6 A (thickness of two methane
different temperatures are shown in Figure 3. Good correlations molecules). When deliverability is also taken into consideration,
were observed for RP-15 (panel a) and RP-20 (panel b). Thethe pore size of the adsorbent should be at least 11.4 A
solid lines are the predicted results using the Sips isotherm (thickness of three methane molecules). This ensures maximum
parameters (Table 5). deliverability by minimizing methane retention in the micropores
The characteristics of the adsorbent are very important for at ambient pressufe1?4In this study, the methane adsorption

methane adsorption, in specific the pore size effect on both and desorption on RP-15 (12.0 A) and RP-20 (14.5 A) were
methane adsorption and desorption were carried out in this study.done at 293.15 K to analyze the effect of pore size (Figure 4).
The pore size and pore shape should be considered for methané can be observed that compared with RP-20 a small hysteresis
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Figure 3. Adsorption isotherms of methane on (a) RP-15 and (b) RP-20 Figure 4. Methane adsorption and desorption capacities of (a) RP-15 and
(b) RP-20 at 293.15 K&, adsorptionO, desorption).

(O, 293.15 K; 4, 303.15 K;O, 313.15 K;—, Sips isotherm).

was found in RP-15. The higher pore size of RP-20 showed
the best result for both methane adsorption and desorption. Also
these experimental results coincided with the previous results
where a 15 A pore size had a high adsorbent capacity for both
methane adsorption and desorption as compared with the
adsorbent having a pore size of 10.%#.

Methane adsorption and desorption are basically exothermic
and endothermic processes so that the adsorbent with a low heat
of adsorption is the preferable one for methane storage. The
isosteric heats of adsorptions were calculated by using the
Clausius-Clapeyron equation:

oo

where P is pressure] is temperatureR is the gas constant,
andgg is the isosteric heat of enthalpy. Basically, the isosteric
heat of adsorption is the amount of heat released when an atom
adsorbs on a substradfe At a given adsorbed amount, the
pressure corresponding to the isotherm at each temperature was
calculated by the obtained Sips and Toth isotherm parameters
separately. Then the calculated pressures were used in eq 7 for
the determination of isosteric heats of adsorption and the
resultant figures are shown in Figure 5. Based on the Sips
isotherm, the isosteric heats of adsorption as a function of the
surface loading varied in the range betwee (/1 to—18.10)
kJmol~* for RP-15 and {19.88 to—20.31) kdmol~1 for RP-

20 (Figure 5a). In the case of isosteric heats adsorption from
the Toth isotherm model«(11.37 to—17.36) kdmol~* for RP-

15 and 18.32 to—20.37) kdmol~! for RP-20 (Figure 5b).

More or less the same values of isosteric heat of adsorptionFigure 5. Isosteric heat of adsorption from (a) Sips isotherm and (b) Toth
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were observed in both the Sips and the Toth isotherms. Theisotherm as a function of loading.
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isosteric heat of adsorption for the adsorbent RP-20 was more (5) Iaozaém-CasteIIg, D.;bCazorIa(-jAmoros, 3'; LinbareSf- bSoIar}o, A. P?]W-
i ; ered activated carbons and activated carbon fibers for methane
or less Cons.tam’ Whemfas an .mcreasmg trend Was opserved for storage: a comparative studgnergy Fuels2002 16, 1321-1328.
RP-15. The increasing isosteric heats of adsorption with surface (g) | ozano-Castello, D.; Cazorla-Amoros, D.; Linares-Solano, A.; Quinn,
coverage indicate the lateral interaction of methane adsorbed D. F. Influence of pore size distribution on methane storage at relatively
on these adsorbentdé low pressure: preparation of activated carbon with optimum pore size.
Carbon 2002 40, 989-1002.

c lusi (7) Choi, B. U.; Choi, D. K.; Lee, Y. W.; Lee, B. K. Adsorption equilibria

onclusions of methane, ethane, ethylene, nitrogen, and hydrogen onto activated

PR _ carbon.J. Chem. Eng. Dat2003 48, 603-607.

The methane aFisorptlon ISOtherms on adsorbents RP-15 and(8) Sosin, K. A.; Quinn, D. F. Using the high pressure methane isotherm
RP-20 were obtained at three different temperatures (293.15, * or determination of pore size distribution of carbon adsorbehts.
303.15, and 313.15) K and pressures up to 35 atm. The Porous Mater.1995 1, 111-119.
experimental data were well-correlated by the Sips and Toth (9) Sun, J.; Jarvi, T. D, Conopask, L. F.; Satyapal, S., Rood, M. J.;
isotherm models. Althouah the adsorbent RP-20 has low Rostam-Abad|, M. Direct measurements of volumetric gas storage
'SQt € : g > ‘ capacity and some new insight into adsorbed natural gas storage.
micropore volume as compared with RP-15, its methane Energy Fuels2001, 15, 1241-1246.
adsorption capability was quite high on a mass basis due to its(10) Sunt, J';AJSnél-' LI %5 Cct)nopask, L. Ft Saftyar?aly St Rood, t’V'- J

; : ostam-Abadi, M. Direct measurements of volumetric gas storage
higher ;urface "f‘rea' It was also found from the adsorption and capacity and some new insight into adsorbed natural gas storage.
desorption studies that RP-20 (14.5 A) was better than RP-15 Energy Fuel2001, 15, 1241-1246.

(12 A) for methane deliverability. In addition, based on the (11) Lee, J. W.; Kang, H. C.; Shim, W. G.; Kim, C.; Moon, H. Methane

; ; ; _ adsorption on multi-walled carbon nanotube at (303.15, 313.15, and
isosteric heat of adsorption evaluated by the ClausCisp 323.15) K.J. Chem. Eng. Dat2006 51, 963-967.

Ruthven, D. MPrinciples of Adsorption and Adsorption Processes
John Wiley & Sons: New York, 1984.

eyron equation, RP-20 was found to be a relatively homoge- (1)

neous surface characteristic as compared to RP-15.
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