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THE MEASUREMENT OF METHANE UPTAKES ON ACTIVATED
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639798, Republic of Singapore

ABSTRACT: We have designed and developed the cryo-adsorption chamber to measure methane uptakes on
various MOFs and activated carbons for the temperatures ranging from 120 K to 300 K and pressures up to
10 bar with temperature and pressure controls. The experimentally measured data are fitted with the modified
Langmuir adsorption (MLA) equation. The MLA isotherm describes all of the isotherm experimental data
within the acceptable error ranges. The thermo-physical properties of activated carbon (type Maxsorb I11) and
MOFs (Fe-BTC) are also presented in this paper. The present isotherm data are compared with other
published data and showed the superiority of the present findings in terms of uptake capacity employing the

newly designed metal organic frameworks (MOFs).

1. INTRODUCTION

Over the last decade, metal-organic frameworks
(MOFs) and activated carbons have emerged as an
important class of new materials for gas storage or gas
separation tasks as well as catalysis and industrial
applications [1]. This paper presents the experimental
methods for methane adsorption onto pitch-based
activated carbon type Maxsorb Il and metal organic
frameworks (MOFs) for understanding methane capture
and storage at temperatures ranging from 120 to 160 K
and pressures up to 10 bar. Temperatures at cryogenic
ranges are maintained using a purpose-built cryostat. The
volumetric technique is employed to measure the
adsorption uptake data. These data are important in the
study of adsorbed natural gas (ANG) storage system
when low temperature natural gas is charged into the
adsorptive gas storage. In the ANG storage system, the
adsorbate molecules are captured in the pores of the
adsorbent with an evolution of heat since adsorbate (gas)
molecules are denser on the adsorbent surface than in the
bulk phase. Consequently, the gas storage vessel requires
a cooling system during gas charge to remove the heat of
adsorption so as to increase the storage capacity. If the
methane is in liquid form or at very low temperature, a
dedicated cooling system is not required. Since
transcontinental transport of natural gas is only as LNG,
an ANG system with LNG cooled charging will be an
ideal proposition. This tech and it helps to avoid the
complexity of (i) re-gasification of the LNG to ambient
condition, (ii) using compressor to charge the gas in the
ANG vessel, and (iii) the cooling arrangement. To
implement this, the adsorption characteristics of methane
+ various porous adsorbents like MOFs must be known

at low temperature ranges. However, the adsorption
parameters of methane for sub and super-critical
temperatures (>190.56 K) on activated carbons are
available in the literature [2-5]. The adsorption
parameters are evaluated from the measured uptake data
using the modified Langmuir isotherm model. The heat
of adsorption, which is concentration and temperature
dependent, are also extracted from the isotherm data.

2. CRYOGENIC EXPERIMENTAL
INVESTIGATION

The experimental apparatus is described in two
sections: (i) the volumetric apparatus to measure the
adsorption uptake for an adsorbate+ adsorbent pair at
various isothermal conditions and (ii) the cryostat to
maintain the adsorption cell at constant temperature in
cryogenic states.

2.1 Volumetric Apparatus

The experimental apparatus consists of a stainless
steel adsorption cylinder and a charging cylinder with
internal volume of 183.842 + 0.159ml and 323.347 +
0.273 ml. The schematic for the adsorption and charging
chambers where the adsorption occurs are shown in
Figure 1. Two pressure transducers (Kyowa-PGS-
200KA) are mounted on the stainless steel adsorption
and charging chambers by 6.35 £ 10-3 m stainless steel
tube. The uncertainty of the pressure transducers are of
0.2 % in measurement. The temperature of the
adsorption and charging chambers are recorded using
class-A Pt 100 RTDs with estimated uncertainty of
+0.15 °C. The RTD in the adsorption cell is in contact
with the adsorbent materials to enable direct temperature
measurement, by wrapping the adsorbents with metal



mesh onto the RTD probes. All temperature and pressure
data are logged into the Agilent 34972A LXI data
acquisition every 1 s to enable real time monitoring of
the adsorption uptake. A set of compression fittings to
withstand pressure of larger than 40 MPa are used.
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Fig. 1. Schematic diagram of a typical
volumetric apparatus for isotherm
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The adsorption and charging chambers are
immersed in a bulk of circulated water at a controlled
constant temperature until it is thermally stabilized
before the experiments are conducted. The
heating/refrigeration circulator is used, and its accuracy
to maintain the preset temperature is +0.01 °C. With this
design and mechanism, we assume that the experiment is
performed isothermally with no significant temperature
fluctuation. Helium gas with purity of 99.999 %,
supplied in small cylinder, is used to remove residual
gases on the surfaces of adsorption chamber before the
experiment. CH, gases with purity of 99.999 %, also
provided in small cylinder, are used in the experiment.

.2 Cryostat Setup

In order to conduct adsorption isotherm experiments at
cryogenic temperature ranges of 110 - 220 K, a
cryogenic adsorption setup was designed, developed and
fabricated, and this is shown in Figure 2. The setup
consists of an adsorption reactor chamber, made up with
oxygen-free high thermal conductivity (OFHC) copper
for optimum isothermal operation by its high thermal
conductivity. The internal volume of the chamber is 100
ml and the indium wire seal is used to prevent leakage of
adsorbate gas. Liquid nitrogen is introduced from the 50
liter aluminum dewar by cryogen entry and flow through
the convey hose, which is isolated from the ambient by
evacuated sleeve outside. Following that liquid nitrogen
flows out from the cryogen venting port, and heat is
drawn out from the react chamber by the copper stick led
to the liquid nitrogen flow cycle. The copper stick is
isolated from the ambient by vacuum shroud.
Temperatures inside the chamber are expected to be
cooled down to 77 K in this way. Two cartridge heaters
are mounted into the lower wall of the reactor at 180
degrees from each other to increase the temperature of
the reactor from 77 K to 420 K depending on
experimental requirements. The heaters are manipulated
by Model 22C cryogenic temperature controller with
enhanced PID adjustor. An internal spring and pressure
plate are applied to hold adsorbent materials and push
them up against the DT-670B-CU-HT silicon diode

thermometers, so that the temperature of the adsorbent
could be measured directly. The working pressure range
of this setup is 0 - 15 bar, which is controlled by the gas
source regulator. The pressure changes are recorded by
GS4200-USB digital pressure transducer with an error of
+0.1%. The cryogenic adsorption isotherms of hydrogen
and methane are to be studied with this setup.
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Fig. 2 Schematic diagram of cryogenic
adsorption set-up

2.3 Adsorbate Uptake Measurements

The data collected from the volumetric adsorption
experiment are pressure and temperature readings of the
charging and the adsorption cells shown in Figures 1 and
2. These readings need to be reduced into uptake data
and be fitted into isotherm and kinetics equations. In
order to calculate the uptake, additional information such
as the volume of the charging and the adsorption cells,
and the density of the gas as a function of temperature
and pressure, are required. To get the volume of the
charging and the adsorption cells, both liquid volume
calibration and gas volume calibration were conducted.
In liquid calibration method, two sub-methods were
applied, 1) volume of water filled into the cells
measurement, or 2) liquid within the cells gravimetric
measurement. In this research, both methods were
performed to evaluate the suitability and accuracy of
each chamber. The liquid calibration is conducted on the
charging cell, and the adsorption cell is calibrated by gas
calibration. Therefore, the charging cell has to be
calibrated very precisely, as it will affect the
measurements of the subsequent gas calibration. As the
adsorbents are later put inside of the adsorption cell, the
volume taken by the adsorbent samples Vg are needed
to be deducted. Firstly, liquid water was injected into the
charging cell with a syringe, and amounts of injected by
syringe and drained from the measuring cylinder are
recorded. Secondly, dry cells under vacuum were
weighed and then water was charged into the cell, and
weighed again together. The difference on weight is seen



as water that occupies all space inside the cell. Finally,
after volume of charging cell V., has been determined
by liquid calibration, high purity methane gas was filled
into the charging cell and the equilibrium temperature
and pressure were recorded. By allowing CH, to travel
to adsorption cell, the value of T and P were recorded
again. With the density of CH, as function of
temperature and pressure based on real gas model, the
volume of adsorption cell V¢ was determined by the
difference between the total volume of charging and
adsorption cells Vepar + Vieaet and Vepae. All calibration
steps were repeated for 5 times to maintain the precision
and accuracy.

The density of gas, with respect to temperature and
pressure, p (Tread; Pread), IS Obtained from NIST Standard
Reference Database 23 of Version 8.0 at specified state
points. The adsorbed mass is determined by the
volumetric method experiment. At the first step, there is
remaining gas inside the adsorption cell:

Xremain = P react (T reads P read ) WV react

Following adsorbate gas is dosed into the charging cell:

Xchar :pchar(Tready Pread) . Vchar

After the adsorption reaction, the residual mass is left in
the apparatus as:

Xres = Pres (T reads P read) . (Vchar + Vreact)

Therefore, the subsequent adsorbed mass is calculated
with the following equation

Xa = Xremain t Xchar — Xres

The amount of adsorbed mass at equilibrium after each
charging pressure will be accumulated to obtain the
uptake of adsorption under each equilibrium pressure.
These cumulative adsorbed uptakes are plotted with the
absolute equilibrium pressure or the relative pressure to
saturated value, to get experimental adsorption isotherm
chart.

3. ADSORBATE AND ADSORBENT MATERIALS
3.1 CH, Adsorbate

The ultra pure methane sample supplied by SOXAL
(Singapore Oxygen Air Liquid Pte Ltd) was used for the
present experiment. The purity grade of the sample used
was 99.9995% of CH, with the supplier stated impurity
levels as follows: N, <4 ppm, O, < 0.5 ppm, OHC < 0.5
ppm, C,Hg < 0.5 ppm, and H,O < 1 ppm.

3.2 MOFs and Activated Carbons

MOF materials are synthesized in a self-assembly
process in which metal vertices are connected by organic
linkers. The wide variety of possible linker and corner
units results in a large number of metal-organic
frameworks. Over 13000 crystalline, extended metal
containing frameworks are catalogued in the Cambridge
Structure Database [6]. The chemical composition,
building blocks and pore structure of typical MOFs are
shown in Figure 3. More and more porous metal-organic
materials are emerging that show promising properties.
The modular building process allows systematic tailoring

of the physical and chemical properties of the cavities,
chemical composition, building blocks and pore structure
of the MOFs.

The texture of the MOFs composite and activated
carbon (type maxsorb-I11) can be observed by scanning
electron microscopy (SEM) images as presented in Fig. 4.
Fig. 4(a) shows a SEM photograph of Maxsorb IlI,
where the surface structure is observed to be flake-like
layers with porous volumes entrenched between the
layers. On the other hand, The MOF (type HKUST-1) is
clearly visible with a crystalline phase and it shows that
crystals of HKUST-1 have smooth surfaces and have an
average size of 10 mm as shown in Fig. 4(b).
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Fig. 3. Chemical composition, building blocks and
pore structure of the MOFs

Fig. 4 SEM pictures of (a) Maxsorb-I11 and (b)

HKUST-1

Table 1 Thermo-Physical Properties

Properties Maxsorb 11l [IRMOF-1
BET surface area 3.14x10° 2.099x10°
(m?/kg)
total pore volume 2.01x10™* 1.69x10™
(m®- kg)
micro pore volume 1.79x10* | 1.37x10™
(m*/kg)
average pore diameter | 20.08 10.9/14.3
A

Table 1 tabulates the properties of Maxsorb 111 and
MOFs, such as the Brunauer-Emmett-Teller (BET)
surface area, pore size, pore volume, porosity, and the
skeletal density. These thermo-physical properties were



measured using an Autosorb machine: The surface area
was calculated by the BET method from the N,
adsorption isotherm data, which has been performed at
77.3 K. The pore size distribution (PSD) has been
obtained by the nonlocal density functional theory
(NLDFT) method.

4. MODIFIED LANGMUIR EQUATION

From the perspective of adsorption energy
distribution, the Langmuir adsorption isotherm equation
is modified and reformulated on the basis of Fermi-Dirac
distribution function. The proposed isotherm model
including the loading effect (5), the adsorbent-adsorbate
interaction (n) and the surface structural heterogeneity
factors (m), overcomes the limitations of the existing
isotherm models such as Langmuir, Téth or Dubinin
equations. The modified equation is written as [7]

)

: (1)

where 6 ((: q/q°) defines the surface coverage, P is the
pressure, T indicates the temperature, q is the amount of
adsorbate uptake and g° stands for the limiting uptake.
¢ is the factor that depends on the isosteric heat of
adsorption and temperature. Here

n
i,kzﬂequj—ml—ﬂ +2¢,
P RT P
and the exponential term of compressibility factor (z) is
givenby a = {l/exp(2)|" .

5. RESULTS AND DISCUSSION

The experimentally measured uptake data at
different isothermal conditions (constant T) for the
adsorption of methane on Maxsorb Ill are shown in
Figure 5. The isotherm data have been measured for
temperatures ranging from (120 to 150) K and pressures
up to 1.0 MPa and regressed using the modified
Langmuir model with an average regression error of 6 %.
The solid lines in Figure 5 represent the isotherms
calculated from the MLA model using the regressed
adsorption parameters (q° = 0.56 kg/kg, & = 0.135, m = 2,
n =0.15, § =1 and ¢,, = 250 kJ/kg). As the Maxsorb 111
adsorbent is highly microporous and heterogeneous in
the surface structure, the MLA isotherm model provides
a good representation due to the accountability of the
heterogeneity parameter (m).

Methane sorption isotherms on Fes(BTC), have
been measured at temperatures between 130 and 140 K
and pressures up to 10 bar and are provided in Fig. 6.
They show a gene- rally decreasing trend with
temperature from 0.1 to 0.8 kg CH4/kg MOF at 140 K.
After passing a maximum value, the excess sorption
isotherms in Fig. 6 decrease slightly until the final
pressure value is reached. This declination nature can be
attributed to a volumetric effect (non-negligible volume

of the adsorbed phase) that needs to be considered when
calculating  absolute  sorption  capacities.  The
experimental data are fitted with the modified Langmuir
equation as shown in equation (1).
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Fig. 5 CH, uptakes on activated carbons (type
Maxsorb-111) for the temperatures ranging from 120 K
to 150 K and pressures up to 10 bar.
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Fig. 6. CH, uptakes on Fe based MOFs for the
temperatures of 140 and 150 K and pressures up
to 8 bar.

6. CONCLUSIONS

The conventional volumetric apparatus has been
successfully incorporated with a specially designed
cryostat where the uptake of pure methane on Maxsorb
Il and MOFs has been measured for cryogenic
temperatures ranging from (120 to 150) K and pressure
up to 10 bar. The experimental results have been
regressed with the modified Langmuir isotherm model
and found to be well described with regression error of
5%. The uptake results provide the necessary
information about the charging pressure and temperature
for ANG storage systems, especially when the natural
gas is charged from the LNG terminal at near cryogenic
temperatures.
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