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Methane is a potential alternative energy source which is abundant and produces
lower CO2 emissions when it is used as fuel due to the content of C in the methane
molecule is much lesser than its H content. Besides in a form of gas, methane in nature
can also be in the form of methane hydrates. The formation process of methane
hydrates in nature can be adopted as a method of storage of methane. In this study, a
thermodynamics review will be studied related to temperature and pressure in a phase
equilibrium system of methane hydrate . Thermodynamic model aims to predict the
stability of methane hydrates for effective storage of methane. Each volume of methane
hydrate contains as 164 volumes of methane gas under standard conditions ( STP ). The
study was conducted by adsorbing methane on a wet porous carbon with the method
of static volumetric.. The experimental results show that at the temperature of 274 K
methane hydrates was formed at a pressure of 2.75 MPa; at a temperature of 275 K,
pressure of 3.16 MPa; at a temperature of 276 K, pressure of 3.44 MPa, while at a
temperature of 277 K, pressure of 3.67 MPa. Temperatures and pressures data are used
to calculate the parameters of Langmuir equation constants modeled by the Van der
Waals - Platteeuw for the chemical potential of water in the hydrate phase, Holder et al
for the chemical potential of water in the liquid phase, as well as for the Gibbs-Thomson
effect of porous carbon media.

Keywords : methane hydrate , modeling thermodynamics , Langmuir constants, porous

carbon, mechanism of hydrate formation, methane storage

INTRODUCTION by hydrogen bonds. It has been confirmed
the existence of abundant gas hydrate

hydrate is non-stoichiometric reserve on the sea floors so that methane

crystal structure consist of host molecule hydrate has been believed as a very
as water and chlarated guest potential energy source to replace the

molecules that are bounded to each other depleting oil (Sloan 2008). Beside a high
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energy content, methane has also has
higher octane number and burns cleaner
than conventional petroleum based motor
vehicle fuels.

Methane hydrate is a solid chlarated
where a umber of guest molecule trapped
within a crystal structure of host molecules
that are formed a cage through hydrogen
bounding. Methane hydrate is stable
under low temperature and high
pressures. One cubic meter of methane
hydrate will release 164 m® of natural gas
at 25 °C and atmospheric pressure. It is
estimated that the current reserve of
methane hydrate will not be depleted until
800 years with the current rate of gas
production (Soesilo 2008). For each of 1
m* of column, there will be 0.2 m? of
methane, while the rest ill be filled with
the water (Makogon 2007).

Methane
phenomena can be adopted as a safer

hydrate formation
methane storage technology compared to
the existing ones. Currently, Methane is
stored at room temperature under high
pressure ranging from 200 to 250 bar or
under low pressure (close to atmospheric
pressure) under cryogenic temperature
around -162 °C. High pressure storage
necessitate the use multistage
compressors which consumed significant
energy and also very thick storage vessel.
Additionally, high pressure methane may
potentially cause explosion. Same wise,
cryogenic gas storages also need relatively
energy consuming process and special
material for the storage vessel. This
research proposes alternative methane
storage based on hydrate formation on
porous material (Prasetyo et al. 2011).
Previous studies show that methane

storage in the form of adsorbed molecules
on porous material is a promising
technology from safety and energy
consumption point of view (Dai 2009).
Porous carbon is an attractive material for
as an adsorbent for this purpose due to
the a high surface area and low price
(Talu 1992). In addition, carbon possesses
an advantage of being hydrophobic and
chemical resistant toward acids and
alkaline, and stable structure at high
temperatures and having non-polar
surface (Yang 2003). Previous work by
Yunanto (2012) shows that adsorption
capacity of wet carbon toward methane is
higher that of the dry one. Hydropobic
nature of carbon is positive for hydrate
formation. This may cause by the
hydrophobic nature of the carbon surface
that cause the water droplet formation
that can enhance the contact surface. The
higher the contact surface area, the more
hydrate will form.

This research is aimed to study
thermodynamics behavior of methane
hydrate formation in porous carbon.
Thermodynamics will enable to predict
response of methane hydrate system
toward system condition such as changes
in system pressure and temperature.

RESEARCH METODOLOGY

Materials

This study used methane with purity
999 %, demineralized water, porous
carbon  specifically  prepared  from
polymeric materials synthesized from
formaldehyde and ethylene glycol (hence

named RPF-EG?2).
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1. Methane Gas Supply

2. Supply Valve (V)

3. Gas Reservoir

4, Pressure Transducer

5. Injection Valve (V)

6. Porous Carbon

7. High-Pressure Container
8. Degassing Valve (V;)

9. Vacuum Pump

Fig. 1: . Schematic diagram of Methane Hydrate Formation Experiment

Research Tools

Experimental set-up is depicted in
Figure 1.
Experimental Procedure

Experimental set-up for methane

hydrate formation in porous carbon is
shown in Figurel. The set up is basically an
adsorption ~ messurement  apparatus
assembled by using ultra high vacuum
fitting
Swagelok® Prior to adsorption experiment,

and valve VCR® type from
a specified amount of porous carbon
sample was placed inside the sample cell,
followed by degassing process to remove
contaminants and moisture from the
system. Subsequently, porous material was
taken from the cell and then was weighed.
The sample was returned to the cell and
added with demineralized water with mass
ratio = 1:1 gram water per gram of porous
carbon.

During adsorption experiments, system
temperature was varied to 174 K, 275, K,
276 K, and 277 K. By injecting methane
gas varied

under system  pressure,

data obtained.

Equilibrium conditions were indicated by

adsorption were
the stabilized system pressures which were
normally achieved for varied time ranging
from 10 up to 120 minutes. The data
obtained is presented as an adsorption
isotherm curve.

The following measures must be taken
prior to the adsorption test: regulator had
been set at the maximum test pressure,
assuring the vacuum pump work properly,
the
vacuum 0 bar, and no leaking was found.

system pressure reach absolute
Subsequently, valves V, and Vs were then
closed. To fill the cell, valve V1 was
opened until the desired
reached (P1). Once the

required pressure is reached valve V1 was

gradually
pressure was

then closed. Adsorption experiment was
conducted by opening valve V2 and then
observing the cell pressure changes until
the equilibrium pressure (P2). To obtain
different the
previous experimental procedure should

equilibrium  pressure,

be repeated for different initial pressure
(P1) until the allowable maximum pressure
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was reached (4.0 MPa).
The mole of adsorbed gas can be
determined by the following equation:

Plvl P2V2

as = oT T RT (M
Van der Waals and Platteeuw (1959)
thermodynamically modeled methane
hydrate formation similar to Langmuir
model for adsorption. This was modeled
as cages formation by water molecules
wherein gas molecules enter into the cage
structures. Upon equilibrium  during
methane hydrate formation, the water
chemical potential difference in hydrate
phase is equal to the chemical potential

difference in liquid phase as shown by Eq

(1).

Aull = Dl — Aull = Apl) — Au @
= Ay,

H . . . .
Where 1, is water chemical potential in
ﬂ . .
the hydrate phase, (£ is water chemical

potential in an empty lattice at the
system’s temperature and pressure and
,ua/ is water chemical potential in the liquid
phase.

Auw" can be computed through the
mechanism modeled by Van der Waals
and Platteew (1959) as:

2 N,
i=1

Jj=1

For type | hydrate, the number of small
cavities is 1/23, and the large cavities is
3/23. 6; can be calculated by equation:

4
1+ XE Gy

On equilibrium among hydrate-liquid-
vapor phases, fugacity of CH; on all
phases are equal, hence:

féu, = ftu, = ftu, (5)

Where superscripts H, L, and V are for
hydrate, liquid, and vapor respectively.
Fugacity of CH4 in vapor phase can be
computed using EOS that was developed
by Duan et al. (1992). By modifying Lee
and Kesler EOS, that can be written in the
form:

PV BV,

Z:—:
R,T T,

B Cc D E
_1+Z+F+F+E (6)

+%(ﬁ +#)exp (—#)

Apk,  can be calculated the model
proposed by Holder et al. (1980):

Ay (T, P) _ Bl (T5,0) fT AR, Pt T
R.T R.T, n \ R.T?

()

+ fOP (AVWB_L) dP — Ina,,

R.T

Porous media influence the equilibrium on
the liquid phase on which dissociation as
described by Gibbs-Thomson developed
by Dicharry et al. (2005) can be described
as:

F.oyy.cosa
Auk,(pore) = Auk (bulk) + VF * (8)
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Fig. 2: . Nitrogen Adsorption-Desorption Isotherm on Porous Carbon

Langmuir constant is the key parameter
to predict cage occupancy (cages that are
filled with guest molecules). Value of
Langmuir constant (C;j) of j type gas on |
type cavity depend on the temperature.
According to Sun et al. (2007), Langmuir
contestant of gas j on cavity type of c is
defined as:

Z;; &d(r, Q)
Cyj =77 = kTﬂ [ drd (9)

In this work, equation to predict Langmuir

constant is simplified as:

B
Cijcn,(T) = ——exp (A + ) (10)

R,T T

RESULT AND DISCUSSION

Porous Carbon Characterization
The study use mesoporous carbon
material. Material characterization was

performed  using  BET.  Adsorption

desorption characteristics of the material
is shown in Figure 2 while the pore
structure is given in Table 1.

The isotherm curves on Figure 2
indicate that mesopore structure is more
dominant than micropore structure. This is
shown by the shape of the isotherm
curves that that are steeper at relative
pressure (P/Pg) close to 1.0 and similar to
type IV of those IUPAC standards. Figure 2
also shows the hysteresis phenomena as
indicated by the separation of desorption
and  adsorption  curves.  Hysteresis
phenomenon occurs only for adsorbents
with predominantly mesopore or macro
pore structure.

Porous carbon structure that includes
internal surface  area, pore  size
distribution, mean pore diameter, and
pore volume can be obtained from
adsorption-desorption isotherm utilizing
NOVA 2000 (No Void Analysis) apparatus.
Characterization result of material use in
this study is shown in Table 1.
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Fig. 3: . Influence of Water-Carbon Ratio on Methane Hydrate Formation

Table 1. Characteristics of the Mosepores
Carbon

Specific internal surface
ara (Seer)

Total pore volume 1.23 cm3/g
Micropore volume (V) 0.1149 cm?/g
% Vu 9.34 %
Mesopore volume (Vime) 1.1151 cm3/g
% Ve 90.66 %
Mean pore diameter 6.389 nm

770 m?/g

Table 1 shows that volume of
mesopores reaching 1.1151 cm?/g s
significantly  higher that volume of
micropores that amount only 0.1149
cm?/g. The average pore diamater is 6.389
which is fall under the range of mesopore
size (2 nm< Dag< 50 nm). These results
lead to the conclusion that the porous
carbon material used in this study is
mosopore carbon.

Determining Optimum Water-Porous
Carbon Ratio for Methane Hydrate
Formation

Water : carbon ratio (w/w) significantly
influence the onset of methane hydrate

formation. To find the optimum water:
carbon ratio, study was performed under
the water: carbon ratio variation of 0.5, 1.0,
1.5, and 2.0. Adsorption system was
carefully controlled above the water
freezing point temperature (275 K) to
avoid the ice formation.

Figure 3 shows that water : carbon
ratio of 1 gives the maximum methane
hydrate. Under pressure below 31.6 MPa,
methane gas was only dissolve into water.
Once the pressure high enough to allow
hydrate formation (31.6 MPa), the adsorb
methane rise significantly. This indicates
the hydrate formation. According to
Carroll (2009) there are 3 requirement of
the hydrate formation, i.e. the existence of
guest molecules (methane gas), the
existence of host molecule (sufficient
water), and conducive operating condition.
Hence, it can be concluded that under
water : <carbon ratio of 1, these
requirement was met optimally.

Experimental results for water-carbon
ratio of 0.5 show a straight linear trend
without a steep change in the end. This
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Fig. 4: . Comparison of Adsorption Isotherms of Methane Gas on Dry and Wet

Mesoporous carbon (Yunanto 2012)

indicates that no methane hydrate was
formed. Experimental results for carbon
ratio of 1.5 and 2.0 show proper trends of
hydrate formation by steep change in
methane adsorption in the ends although
the amount of adsorbed methane was
lower than that of experiment with water
carbon ratio 1.0. This lead to a conclusion
that the existence of excess water is not
beneficial in maximizing methane hydrate
formation since the excess water may
block pores of the mesoporous carbon
and hence lower the available surface area
to facilitate the contacts between water
and methane molecules.

These results are inline with results of
the previous work from this group by
Yunanto (2012). Yunanto (2012)
compared methane adsorption on dry and
wet mesoporous carbon. As shown in
Figure 4, wet mesoporous carbon could
not significantly adsorb methane under
system pressure 0-3.0 MPa. This very

dramatically changed when the system
pressure reach the range of 3.0 — 4.0 MPa.
Under 3.0 MPa, only physisorption occurs
which is very limited due to the blocking
some of the carbon pores by water
(Celzard et al. 2005). When the system
pressure reach 3.0 MPa, methane hydrate
starts to form since all the requirement of
methane hydrate formation are present.
This is shown by the dramatic change in
the amount of adsorbed methane to the
extend far exceed the adsorbtion capacity
of dry mesoporous carbon. Under 4.0 MPa
pressure, adsorption capacity of wet
mesoporous carbon reach almost twice of
that dry mesoporous carbon.

Previous work by Celzard (2006)
investigate the optimum water-carbon
ratio for methane hydrate formation. The
optimum ratio of 1.0 in this work, in fact,
confirms the previous finding by Celzard
(2006).
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Fig. 5: Methane Hydrate Formation Curve at Various Temperatures

Table 2. Influence on System Condition to the Hydrate Number

Temperature (K)

Pressure (MPa)

Hydrate Number (n)

274 2.75 5.77
275 3.16 6.00
276 3.44 6.43
277 3.67 7.90

Influence on Temperature on Methane
Hydrate Formation on Wet Mesoporous
carbon

The experiment was performed by
adsoprtion of methane gas on porous
carbon with the method of static
volumetric. The adsoprtion system was
conditioned at various experimental
temperatures (274 K, 275 K, 276 K, and
277 K) and vacumed prior to the injection
of the the adsorbate (CH4). The test gas
(methane) was injected gradually under
various pressure. The equilibrum was
presumed when a stable system pressures
are reached. This normally toke between
20- 120 minutes. Experimental results are

shown in Figure 5.

The amount of water that form hydrate
cages can be indicated by the hydrate
number. Hydrate number is defined as
ratio between the number of water
molcule and the number of methane
molecule in the hydrate. The minimum
number hydrate is 5.75 which shows that
all the water form hydrate. Experimental
results show that as the system
temperature is higher, the measured
hydrate number is lower. This is shown in
Table 2. This indicates that as the
temperature is higher, the number of
methane gas molecules in the hydrate is
lower.
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Thermodynamics Analysis of Methane
Hydrate Formation on Porous Carbon
Material

One of the objectives of this research is
to determine the Langmuir constants for
methane hydrate systems at equilibrium.
The values of constants A and B for small
and large cages were fitted to the
experimental temperature and pressures
data that fulfill the equilibrium criteria, e.i.
the water chemical potentials in hydrate
phase are equal to those in liquid phase.
Measured temperature are compared with
the calculated temperature that fulfilled

Eqg. (3).

2 _ A (To,0) (7 Ak
Zi=1ln(1_9"f)_ R,.T, _fTo R )97

P (AV, Pt
—fo ( RT >dP—lnaW

F.oyy.cosa

+ VP

The best fitted values of the contants
are shown in Table 3.

(1

Table 3. Langmuir Cosntants for Methane

Hydrate System on Porous
Carbon
Constants Small Cages Large Cages
A 7.5562 7.8734
B 18.9996 18.9986
Hence:

For small cage,

R,T

g

1 18,9996
Ci1CH4(T)=EXp[7,5562+ j (12)

For large cage,

1 18,9986
C. (T)=——exp| 7,8734+—
I,CH4 ) R,T p[ ] (13)

Figure 6 shows that the model can well
fit the experimental data. This shows that
well  fit  the
This shows that
of Van der Waals

model
data.
equlibrium  model

equilibrium
experimental

8
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Fig. 6: Equilibrium model and the experimental data
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Platteeuw and Gibbs-Thomson can be

used to accurately model the formation of

methane hydrate in porous carbon.

Allow it to air dry for some time and

then spray 50% sulfuric acid, then heat for

10 minutes. The formations of colored

spots were observed.

CONCLUSION

Several conclusions can be drawn from

this study, they are :

1.

Hydrophocity of the pore walls of
porous carbon material caused the
water absorbed on the carbon surface
forms small clusters which act as
nuclei for the crystallisation of
methane hydrate. Therefore the
formation of methane hydrate within
porous material is easier than that in
the bulk water.

At the equilibrium of Hydrate-Liquid-
Vapor, the higher the temperature
require greater pressure of hydrate
formation and

resulting  bigger

hydrate number.

3. Langmuir constants can be used to

predict the equilibrium conditions of
methane hydrate and cage filling
fraction of methane molecules. In this
study, the Langmuir constant values

obtained are:

For small cage,

1 18,9996
C. =——exp| 7,5562 + ———
I,CH4 (T) RgT p( T j

For big cage,

1
C. =——exp| 7,8734 +
I,CH4(|-) RgT p[

18, 9986]

4. The mechanism of hydrate formation

in porous media can be adopted as an
effective method for methane storage.
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