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Abstract

The adsorption isotherms of n-butane on pitch based activated carbon (type Maxsorb III) at temperatures ranging from 298 to 328 K
and at different equilibrium pressures between 20 and 300 kPa have been experimentally measured by a volumetric technique. The porous
properties such as, the density, Brunauer–Emmett–Teller (BET) surface area, pore size, pore volume along with pore size distribution
(PSD) of Maxsorb III have been determined. The Dubinin–Astakhov (DA) adsorption isotherm model describes all of the isotherm
experimental data within the acceptable error ranges. The present isotherm data are compared with other published data of activated
carbon (AC)/n-butane and showed the superiority of the present findings in terms of uptake capacity. The isosteric heat of adsorption
(DHads) of n-butane on Maxsorb III is calculated for different loading. Using the adsorption isotherms and DHads, the thermodynamic
property maps as a function of pressure, temperature and adsorbate amount are also presented.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The adsorption of gas or vapor is widely used in the field
of gas separation [1,2], purification [3,4], adsorption chillers
[5–9], cryocoolers [10] and energy storage systems [11–13].
Each of the above mentioned applications requires basic
adsorption data as a function of pressure (P), temperature
(T) and the amount of adsorbate (q) for understanding and
predicting their performances. These data consist of
adsorption isotherms, heats of adsorption and kinetics,
which are required both to evaluate theories of adsorption
equilibrium and to calculate energy balances for adsorption
processes. Using these data, a thermodynamic property
field (enthalpy, internal energy and entropy) of adsor-
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bent–adsorbate system can be developed and analyzed
for the practical interests of adsorption processes.

The porous properties of the assorted adsorbent and the
adsorption characteristics of adsorbent–refrigerant pair
influence directly on the operating behaviors of adsorption
processes. Granular activated carbons made from coal or
coconut shell have a low surface area and poor adsorption
properties, so these are not suitable for industrial applica-
tions like environmental protection and medicine. Acti-
vated carbon fiber (ACF), which has a high surface area
and larger adsorption capacity than granular activated car-
bons, is the potential candidate for adsorption process
applications; however its widespread use has been limited
by cost considerations and low apparent density. Pitch
based activated carbons with high surface areas may offer
a solution to these problems, because (i) the pitch used as
raw materials is cheaper than fiber, (ii) it has a good
adsorption performance, and (iii) it has high surface area,

mailto:bidyutb@cm.kyushu-u.ac.jp


Table 1
Surface area and pore volume of different activated carbons

Activated carbons BET surface
area (m2/g)

Pore
volume
(cm3/g)

Activated carbon (norit R1 extra, shape:
cylindrical, raw materials: peat)

1450 0.47

Granular activated carbon (type BPL, raw
material: coal)

1150 0.43

Activated carbon (raw material: crushing
coconut shell)

1207 0.54

Activated carbon fiber (type A-20) 1900 1.03
Activated carbon (Kureha type) 1300 0.56
Pitch based activated carbon (type

Maxsorb III)
3250 1.79

Table 2
Porous properties of Maxsorb III

BET Surface Area (m2/g) 3140
Micropore volume (ml/g) 1.70
Total pore volume (ml/g) 2.01
Apparent density (g/ml) 0.31
Residual heat (%) 0.1
pH (�) 4.1
Mass reduction during preparation from carbon (%) 0.8
Average particle diameter (lm) 72
Mean pore diameter (nm) 2.008

Fig. 1. Scanning electron micrographs (SEM) photos of activated carbon
(type Maxsorb III) at magnifications (a) 3700 and (b) 370,000. The surface
structure is observed to be flake-like structures with porous volumes
embedded in between.
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apparent density and good thermal conductivity. So these
adsorbents are suitable for adsorption storage and cooling
applications. The BET surface area and pore volume of dif-
ferent activated carbons are shown in Table 1.

It is well known that pitch based activated carbon is pro-
duced by a direct chemical activation route in which oxida-
tive stabilized pitch derived from ethylene tar oil is reacted
with potassium hydroxide under various activation condi-
tions. Abundant oxygen-containing functional groups
(C–OH, C–O–C, C@O, COOR etc.) are found to exist on
its surface. On the other hand, the non-polar hydrocarbon
butane consists of four carbons and ten hydrogens and
generally classified as an alkane, or paraffin, where hydro-
gen saturates the carbon atoms via covalent single bonds.
A good number of adsorption isotherms and isosteric heat
of adsorption data for different adsorbates on various acti-
vated carbons are available in the literatures [14–19]. The
accumulation of a data bank can be found in a handbook
[20]. However, the adsorption characteristics data of pitch
based activated carbon (type Maxsorb III)/n-butane are
not available in the literature.

From the above perspectives, the motivation for this
work is to investigate experimentally the porous character-
istics of Maxsorb III along with the adsorption isotherms,
the isosteric heat of adsorption of the Maxsorb III/n-
butane pair. The adsorption parameters are evaluated
using the DA equation. Further, the heat of adsorption
data is extracted, and the thermodynamic property maps
are explored for the Maxsorb III/n-butane pair.

2. Experimental section

2.1. Materials

The microporous adsorbent Maxsorb III manufactured
by Kansai Coke and Chemicals Co. Ltd., Osaka, Japan,
has been used in the present study. The porous properties
such as, the BET surface area, the pore size, the pore vol-
ume, the porosity, and the skeletal density are shown in
Table 2. For better appreciation of the Maxsorb III, the
scanning electron microscopic (SEM) photograph for
3700 times is pictured in Fig. 1. Hence the SEM photo-
graphs show that it is closer to flake-like layers type rather
than the conventional granular type. The porosity, total
pore volume, average pore diameter and surface area of
the activated carbon (Maxsorb III) samples are measured
by the adsorption isotherm of nitrogen at 77.4 K. Samples
are first treated for possible outgassing at a temperature of
473 K for 3 h and a residual pressure of 10�3 Pa by using
an Autosorb 1 MP machine. The analysis is performed
using the system’s built-in data reduction software. It mea-
sures the quantity of adsorbate (gas phase) adsorbed onto
or desorbed from an adsorbent surface (solid surface) at an
equilibrium vapor pressure by a static volumetric method.
The data are obtained by admitting or removing a known
quantity of adsorbate into or out of a sample cell contain-
ing the solid adsorbent which is maintained at a constant
temperature below the critical temperature of the adsor-
bate. As adsorption or desorption occurs, the pressure in
the adsorbent–adsorbate system changes until equilibrium
is established. The quantity of adsorbate gas adsorbed or
desorbed at the equilibrium pressure is expressed by the
difference between the amount of adsorbate gas admitted
or removed and the amount required to fill the space
around the void space of the assorted adsorbent. The
experimental adsorption data are analyzed using the
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non-linear density functional theory (NLDFT) and pore
volumes and pore size distribution (PSD) are determined.
The surface area is determined by the BET method from
the N2 adsorption isotherm data. The skeletal density of
the dry Maxsorb III is measured by the automated
Micromeritics AccuPyc 1330 pycnometer at room temper-
ature where the sample is regenerated at 413 K for a dura-
tion of 24 h. The mean diameter of the pore is found to be
2.008 nm which is an order higher that the molecules of the
n-butane vapor.

2.2. Apparatus and procedure

A bench scale high pressure adsorption/desorption
apparatus has been used to measure the adsorption iso-
therms of pure (99.998%) n-butane on Maxsorb III at tem-
peratures from 298 to 328 K and pressures up to 300 kPa.
Fig. 2 shows the schematic diagram of the experimental
apparatus. It comprises (i) a charging tank that is made
of stainless steel (SS 304) with a volume of 355.95 ±
11.6 cm3 with related piping and valves, (ii) a dosing tank
that is made of SS 304 of volume 1048.0 ± 14.6 cm3 with
related piping and valves, (iii) an evaporator with a volume
of 200 cm3, and (iv) three ball valves having volume of
1.9 cm3 per valve. The charging tank is designed to have
a high aspect ratio so that the adsorbent could be spread
on the large flat base.

The volumes of the charging and dosing tanks are cali-
brated by using a calibrated standard volume (210.9 ±
0.2 cm3) using helium gas. By measuring the pressures of
the combined volumes at isothermal conditions, the vol-
umes of both the charging and the dosing tanks are calcu-
lated using the ideal gas law. Pressures in the tanks are
measured with two calibrated pressure transducer (hystere-
sis 0.06%) whilst the temperatures are measured with five
Pt 100 X Class A (diameter = 1/1600) resistance temperature
detectors (RTD). The RTD for the charging tank, T1 as
shown in Fig. 2, is in direct contact with the Maxsorb III
Fig. 2. Schematic diagram of the constant volume variable pressure (CVVP)
sensors; P1,P2,P3: pressure sensors.
to give a representative adsorbent temperature. Except
for the 3.175 mm vacuum adaptors used to seal the RTD
probes, all other inter-connecting piping (SS 316), stainless
steel vacuum fittings, and vacuum-rated stainless steel dia-
phragm valves are chosen to be 12.7 mm to ensure good
conductance during evacuation. Isothermal condition in
the two tanks is obtained by immersing them in a temper-
ature-controlled bath (uncertainty ±0.01 K). Measurement
errors caused by a temperature gradient along the piping,
fittings and valves, are mitigated with a thermal jacket.
All other exposed piping and fittings are also well insu-
lated. Vacuum environment is maintained by a two-stage
rotary vane vacuum pump with a pumping rate of
315 � 10�6 m3 s�1. To prevent back migration of the oil
mist into the apparatus, an alumina-packed fore-line trap
is installed upstream of the vacuum pump. Helium with a
purity of 99.9995%, is sent through a column of packed cal-
cium sulphate before being used to purge the vacuum sys-
tem. Upon evacuation, a residual gas pressure of 100 Pa is
found in the apparatus.

The n-butane is contained in an evaporator flask which
is immersed in a temperature-controlled bath. All pressure
and temperature readings are continuously monitored by a
calibrated data acquisition unit. The calibration of all pres-
sure transmitters, temperature sensors, and the data logger
are traceable to the National Institute of Standards and
Technology (NIST) standards. In the present test facility,
the major measurement bottleneck lies in the measurement
of vapor pressure.

The dry mass of Maxsorb III is determined by the cali-
brated moisture balance of type Satorious MA40 moisture
analyzer with an uncertainty of ±0.05%. The mass of the
adsorbent is continuously monitored and recorded until
there is no further change in the dry adsorbent mass. Max-
sorb III samples typically in ranges from 2.0 to 5.124 g are
introduced into the charging tank.

The dosing tank, the charging tank and all related pip-
ing systems are purged by purified but dried argon, and
test facility: T1, T2, T3: resistance temperature detectors or temperature
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evacuated. The adsorbent is again regenerated in situ at
433 K for 10 h. At the end of regeneration process, the test
system is purged with helium and evacuated further to
attain low vacuum conditions. The assorted adsorbent is
further regenerated at 433 K for another 8 h, and the test
system is evacuated again. Based on the measurements,
there is no measurable interaction between the inert gas
and the adsorbent, as the effect of the partial pressure of
helium in the tanks is found to be small.

At first, the refrigerant n-butane is charged into the dos-
ing tank. Prior to charging, the tank temperature is initially
maintained at about 10 K higher than the evaporator tem-
perature to eliminate the possibility of condensation. The
evaporator is isolated from the dosing tank soon after
the equilibrium pressure is achieved inside the dosing tank.
Taking the effect of any residual gas, the mass of the n-
butane is determined via the pressure and the temperature.
The temperatures of the charging tank and the dosing tank
are subsequently raised to the typical adsorber and desorb-
er temperature of an adsorption cooling cycle. Once the
test system reaches thermodynamic equilibrium at a desired
temperature, the ball valve between the dosing and charg-
ing tank is opened, and both tanks are allowed to approach
equilibrium. The temperatures of both tanks are adjusted
to the desired temperature via water baths before the pres-
sure and the temperature measurements are taken for both
tanks.

With the known initial mass of dry Maxsorb III, the
temperature of the test system is varied to measure the
uptake of n-butane at a different pressure. The test system
is subsequently evacuated. Maxsorb III is then regenerated,
and the apparatus is purged with dried helium before
n-butane at a given initial pressure is charged into the
dosing tank to enable measurements to be made along an
isotherm. Experiments are repeated at least twice for each
test condition with a fresh batch of Maxsorb III to ensure
repeatability and acceptable experimental uncertainty.

3. Results and discussion

3.1. N2 adsorption data

Fig. 3 shows the nitrogen adsorption/desorption iso-
therm data for Maxsorb III at 77.4 K. As the adsorption
experiments are run at a temperature lower than the critical
capillary condensation temperature, the adsorption theory
of infinite cylinder without any external surface predicts
Type I adsorption isotherm for Maxsorb III, which are
characterized by solid lines for adsorption and dotted lines
for desorption. The Type I isotherm is given by micropo-
rous solids and is concave to the P/Ps axis and adsorption
amount approaches a limiting value as P/Ps ? 1. Here Ps

denotes the saturated pressure of the adsorbate. The very
steep region at low P/Ps is due to the filling of very narrow
pores and limiting uptake is dependent on the accessible
micropore volume rather than on the internal surface area
[21]. The breakthrough curves for Maxsorb III are com-
pletely reversible in the whole range of P/Ps i.e., they do
not have any hysteresis. It is also evident from Fig. 3 that
the pore filling P/Ps values for Maxsorb III are equal and
are as low as 0.4.

PSD values for Maxsorb III are calculated on the basis
of N2 isotherms using the NLDFT method. To obtain a
more realistic PSD appearance, the NLDFT reports (pore
volume, DV, cm3 g�1) have been derived by normalizing
the pore volume to the pore size interval (differential vol-
ume, dV/d/, cm3 g�1 nm�1) and the PSD results are shown
in Fig. 4. The NLDFT method exhibits only one peak on
the PSD curve at the pore radius of 1.67 nm and the micro-
pore region lies between 0.1 nm and 4.4 nm. Therefore, it
can be said that the Maxsorb III is highly microporous.
3.2. Adsorption isotherms

From the equilibrium measurements of n-butane on
Maxsorb III, the measured isotherms are furnished in
Table 3 and the graphical plots are shown in Fig. 5. As
can be seen from Fig. 5, the isotherm of T = 298 K for



Table 3
Measured isotherm data for n-butane on Maxsorb III

Temperature (328.15 K) Temperature (318.15 K)

Pressure (kPa) Uptake (kg kg�1) Pressure (kPa) Uptake (kg kg�1)
25.25 0.4127 20.86 0.4292
31.70 0.4586 26.86 0.4823
39.10 0.4948 33.40 0.5228
44.94 0.5215 38.95 0.5499
69.60 0.5597 62.17 0.5933
109.35 0.5916 99.44 0.6319
158.15 0.6247 148.42 0.6552
230.19 0.6609 216.49 0.6977
286.44 0.6811 270.14 0.7101

Temperature (308.15 K) Temperature (298.15 K)
17.33 0.4459 14.97 0.4665
22.63 0.5037 18.97 0.5228
28.50 0.5472 22.98 0.5763
32.86 0.5806 27.41 0.6094
52.65 0.6401 44.93 0.6797
89.65 0.6732 81.04 0.7096
138.98 0.6848 127.85 0.7274
203.86 0.7360 189.96 0.7824
254.14 0.75011 232.34 0.7996
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Maxsorb III-n-butane pair exhibits signs of monolayer sat-
uration at high pressure. For design purposes, the experi-
mental data should be marched with an analytical
expression that includes adjustable parameters as a func-
tion of pressure and temperature. The Maxsorb III is a
highly microporous material and its pore size distribution
is wide, which ranges from 0.4 to 3 nm. Therefore, Max-
sorb III is considered to be a heterogeneous adsorbent.
For the adsorption on carbon based heterogeneous adsor-
bents, the Dubinin–Astakhov isotherm equation [22,23] is
found suitable and hence the DA equation is used to corre-
late the experimental isotherm data. The DA equation can
be written as

q ¼ qm exp � RT
E

ln
P s

P

� �� �n� �
ð1Þ
where q is the adsorbed quantity of adsorbate by the adsor-
bent under equilibrium conditions, qm denotes the mono-
layer capacity, P the equilibrium pressure of the
adsorbate in gas phase, T the equilibrium temperature of
gas phase adsorbate, R the universal gas constant. The
parameter, E denotes the activation energy and n is an
exponential constant usually varies between 1 and 3
[24,25]. The exponential constant n depends on the width
of the distribution curve of adsorption activation energy.
By using Curve-Expert 1.3 software, we have regressed
the experimental data and the parameters qm,E,n of Eq.
(1) are found to be 0.8 kg kg�1), 300 kJ kg�1) and 1.05,
respectively.

It is instructive to compare the present isotherm data
with the published references [14,18,26]. The activated car-
bon used by Ref. [14] is of granular type, whereas that used
by ref [18] is Brazilian coconut shell, and that used by ref
[26] is known as Kureha type activated carbon. Fig. 6 pre-
sents the isotherm comparisons of the present data with
those of the above mentioned activated carbon/n-butane
systems at 298 K. It is evident from Fig. 6, that the adsorp-
tion uptake of n-butane on Maxsorb III is significantly
higher than those obtained by other researchers. On the
other hand, the adsorption kinetics of Maxsorb III/n-
butane system has been great interest in the field of tran-
sient adsorption cooling sector. The amount of adsorbate
(n-butane) uptake on adsorbent (pitch based activated car-
bon of type Maxsorb III) as a function of time is shown in
Fig. 7. In most cases the n-butane adsorption is very fast
and occurs within few minutes and it takes about twenty
five minutes to reach the thermal equilibrium. The usual
encountered equilibrium times are captured between 100
and 300 s. It is noted that the most unfavorable kinetic con-
dition appears at low temperatures and low pressures.
3.3. Adsorption thermodynamics

From the experimentally measured adsorption iso-
therms, the isosteric heat of adsorption (DHads) as a func-
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tion of loading (q) can be calculated by the following equa-
tion [27]

DH ads ¼ RT 2 oðln P Þ
oT

� �
ma

" #
þ Tvg

dP
dT
ðP ; T Þ; ð2Þ
where the first term of the right hand side indicates the con-
ventional form of the isosteric heat of adsorption derived
from the Clausius–Clapeyron equation and the second
term defines the behavior of adsorbed mass with respect
to both the pressure and the temperature changes during
an adsorbate uptake, which occurs due to the non-ideality
of the gaseous phase. Using the DA equation, Eq. (2) can
be written as,

DH ads ¼ hfg þ E ln
q�

q

� �1
n

þ Tvg

dP
dT
ðP ; T Þ ð3Þ
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The isosteric heat of adsorption (DHads) for n-butane on
Maxsorb III as a function of surface loading and tempera-
ture are shown in Fig. 8. From Fig. 8, one can observe that
DHads decreases with increasing loading. The Maxsorb III
consists mainly of micropores with different widths and
n-butane adsorbs rapidly onto sites of high energy, and
as adsorption progresses, molecules then adsorb onto sites
of decreasing energy. The n-butane molecules first pene-
trate into narrower pores, resulting in a stronger interac-
tion between the adsorbate and the adsorbent. This
implies a higher value of DHads at lower loadings. After
completely filling the smaller pores, n-butane molecules
are gradually accommodated in larger pores, in which the
adsorption affinity becomes weaker. Therefore, a mono-
tonic decrease in the DHads as a function of loading is
observed.

The extensive thermodynamic properties such as
enthalpy (h) and entropy (s) of an adsorbent–adsorbate
system have been developed from the rigor of classical ther-
modynamics and these are written as
h ¼ cp;ac �
Z T

T 0

dT þ q
Z T

T 0

cp;gðP ; T Þ þ
DH ads

T
� DH ads

mg

omg

oT

� �
dT

þ
Z q

0

hgðP ; T Þ � DH ads

� 	
dqþ

Z P

P0

vac dP ð4Þ

and

s ¼ cp;ac

Z T

T 0

dT
T
þ q

�
Z T

T 0

cp;gðP ; T Þ þ
DH ads

T
� DH ads

mg

omg

oT

� �
dT
T

þ
Z q

0

sgðP ; T Þ �
DH ads

T

� �
dq; ð5Þ

where cp,ac is the specific heat capacity of the Maxsorb III
[28], vg indicates the specific volume of the gaseous phase.
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Subscripts ‘‘g” and ‘‘0” indicate the gaseous phase and the
reference value in these above equations. Using the exper-
imentally measured adsorption isotherm data and the isos-
teric heat of adsorption, the extensive properties h and s are
calculated as a function of adsorption uptake q and these
are shown in Fig. 9. From Fig. 9, one could observe that
the entropy (s) of an adsorbent–adsorbate system is an
increasing function of uptake (q) and temperature (T).
Hence, s goes through a maximum value against uptake
or surface coverage and the curves approximately ap-
proach a constant value when the filling of n-butane adsor-
bate on Maxsorb III becomes weaker. Such curves
represent the characteristics of heterogeneous surfaces.
On the other hand, the enthalpy (h) also increases with sur-
face coverage, reaches a maximum and approaches to
constant.

4. Conclusions

The isothermal characteristics and the porous properties
of Maxsorb III are determined from the nitrogen adsorp-
tion isotherms, which are followed by equilibrium adsorp-
tion isotherm of Maxsorb III/n-butane pair. As of the
nitrogen adsorption/desorption isotherms at 77.4 K, Max-
sorb III has no hysteresis and can be characterized by Type
I isotherm. The porous property data show that the BET
surface area and micropore volume of Maxsorb III are
3140 m2 g�1 and 1.70 ml g�1, respectively. The derived
monolayer capacity of Maxsorb III-n-butane pair has been
measured 0.8 kg kg�1. We have found that the isosteric
heat of adsorption varies from 406 to 975 kJ kg�1 depend-
ing on the adsorbate loading. The thermodynamic property
fields such as the entropy (s), the enthalpy (h) of Maxsorb
III/n-butane systems are presented in terms of pressure,
temperature and the amount of adsorbate. The informa-
tion of isotherms, kinetics and thermodynamics for Max-
sorb III/n-butane system has immense importance as it
affects directly the computation of the energy and entropy
balances of the adsorbed phase, which in turn is employed
for the design and analysis adsorption processes in cooling
applications.
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