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Adsorption isotherms of ethanol onto surface treated activated carbons, namely H2 treated 
Maxsorb III and KOH-H2 treated Maxsorb III have been investigated experimentally. The magnetic 
suspension adsorption measurement unit of type MSB-VG-S2 is used for measuring the 
equilibrium uptake over adsorption temperatures range from 30 to 70 "C and evaporation 
temperatures between -6 and 65 °C. The Dubinin-Radushkevich (D-R) and Dubinin-Astakhov 
(D-A) adsorption isotherm models are used to correlate the experimental data and to draw 
pressure-temperature-concentration (P-T-W) diagrams of the assorted pairs. Employing a time 
independent thermodynamic model, the coefficient of performance (COP) and specific cooling 
capacity (SCE) of the ideal adsorption cooling cycle has also been studied. Theoretical results show 
that the cycle performance using Hi-Maxsorb IIUethanol pair is superior to that of 
KOH-HrMaxsorb IIUethanol pair. 
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1. Introduction 

Adsorption refrigeration and heat pump systems 
powered by waste heat with utilizing environment 
friendly adsorbents and refrigerants pairs received great 
attention in the past few decades. Before 1970s most of 
the adsorption study did exists for gas separation, 
purification and for catalysis, very few studies did exist 
on adsorption refrigeration system1>-6). But intensified 
efforts were taken on the thermally powered system after 
the imposition of international restrictions on the 
production and use of CFCs ( chlorofluoro-carbons) and 
HCFCs (hydrochlorofluoro-carbons). These two gases 
are identified as the major contributors to deplete the 
ozone layer around the globe and taking part in the 
global warming. After the Montreal protocol in 1987, a 
new chance is given to the adsorptive system with 
objective of a rational use of primary energy; the 

objective being to use either solar energy or waste heat to 
drive the refrigerators or heat pumps. The main 
advantage of solid sorption refrigeration cycles is that 
they can be operated with heat sources temperature 
typically about 100 °C, which is available in plenty of 
process industries or any other form of waste heat. 
However the main drawbacks of adsorption cooling/heat 
pump system is their poor performance in terms of 
cooling capacity and coefficient of performance (COP), 
thus a considerable performance enhancement is 
necessary to make the system economically 
competitive 7). 

Last few decades, much theoretical and experimental 
work has been done to develop the adsorption 
refrigeration systems which are in terms of different 
working pairs, system design and methodology. 
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Nomenclature 

A adsorption potential [J/mol.] 

COP coefficient of performance 

Cp,rec specific heat of refrigerant [J/kg K] 

Ci,,s specific heat of adsorbent [J/kg K] 

Ci,, bed specific heat ofbed [J/kg K] 

E adsorption characteristic parameter 
[J/mol] 

Ah evaporation heat [J/k:g] 

M, mass of adsorbent [kg] 

Mbed mass of bed [kg] 

pads saturation pressure of refrigerant at 
adsorption temperature [kPa] 

Peva equilibrium pressure of refrigerant [kPa] 

Q11es desorption Heat [J/kg] 

Q.i isosteric heat [J/kg] 

Q.i. sensible heat [J/kg] 

Q.i.,pr sensible hat during pre-heating [J/kg] 

Qsh,de1 sensible heat during desorption [J/kg] 

R gas constant [J/mol. K] 

SCE specific cooling effect [J/kg] 

Tads adsorption temperature [K] 

Tdes desorption temperature [K] 

w equilibrium uptake [kg/kg] 

Wo maximum adsorption capacity [kg/kg] 

Wmn maximum uptake [kg/kg] 

Wm.m minimum uptake [kg/kg] 

Sakoda and Suzuki8l proposed a transient simulation 
model for adsorption cooling cycle using silica gel -
water pair which is powered by solar energy. 

Boelman et al.9> and Saha et al.10> investigated 
experimentally and analytically the system performance 
of two-bed single stage silica gel - water based 
adsorption cooling systems. El-Sharkawy et al.11

),
12> 

investigated the performance of ideal adsorption cooling 
cycle employing activated carbon ethanol pair which is 
attractive for solar adsorption cooling application. 
Miyazaki et al. 13> evaluated the performance of 
~ovative dual evaporator type three-bed adsorption 
chiller for cooling application where they found more 
than 50% improvement of system performance over 
two-bed single stage chiller. Saha et al.14

) also evaluated 
the performance of low temperature waste heat driven 

multi-bed silica gel - water adsorption chiller and 
showed the system can work even if the heat source 
~mp~ture is 60 °C. Uddin et al.1

S) analytically 
mvestlgated the performance of adsorption-compression 
hybrid system which can save 30% energy compared to 
the conventional system under same operating condition. 
In designing and developing adsorption cooling system, 
the adsorption characteristics of the adsorbate - adsorbent 
pair provides the key information. Chua et al. l6) 

experimentally measured the adsorption characteristic of 
si?ca gel - water system at temperature range 25 to 65 °C, 
Himeno et al.1

7) measured high pressure excess equilibria 
of methane and carbon dioxide on five microporous 
activated carbons at temperature range O to 60 °C. 
El-Sharkawy et al.18

) experimentally measured the 
adsorption characteristics of ethanol and activated carbon 
fibers at temperature range 11 to 60 °C. Saha et al. 19

> 

measured the adsorption characteristics and heat of 
adsorption of R-134a on activated carbon at temperature 
range of 5-70 °C. 

In the present study, adsorption isotherms are 
measured experimentally following evaporation 
temperature ranges from -6 to 65 °C and adsorption 
tem~erature 30 to 70 °C for a possible use in adsorption 
cooling system application. The isotherms data are 
correlated using the D-R and D-A equations from which 
P-T-W diagrams are plotted. The performance of a single 
stage ideal adsorption system for HrMaxsorb III/ethanol 
and KOH-HrMaxsorb III/ethanol pairs is also 
investigated. 

2. Materials 

The adsorbent activated carbon powder, namely 
Maxsorb III, has been supplied by Kansai Coke and 
Chemicals Co. Ltd. with surface area 3045 m2/g and 

. 1 3 micropore vo ume 1.7 cm /g. During surface treatment, 
the parent Maxsorb III is placed in a reduction 
environmental condition (Ar/H2=8/2 (v/v)) at 6000C for 
24 h, where the sample is named HrMaxsorb III. 
Potassium hydroxide (KOH) treatment was applied to 
H2-Maxsorb III at 600-7500C for lh under nitrogen flow 
to get the higher contents of oxygen containing 
functional groups which is namely KOH-H2-Maxsob 
III20). The elemental composition of the treated sample 
was measured by a CHN analyzer which is summarized 
in Tablel. 

The parent Maxsorb ill contains 0.13% of ash and 
4.35% of oxygen whereas the surface treated Maxsorb III 
does not contain any ash, however, the oxygen contents 
changes for HrMaxsorb III and KOH-HrMaxsorb ill 
after the treatment (see Table 1). During treatment some 
pore wall of Maxsorb ill, which is composed of 
d~f~ctive and thin fragile graphite sheet, gasified easily 
givmg small decrease of specific surface area. The 
micropore volume of Hi-Maxsorb III and 
KOH-HrMaxsorb III is 1.73 and 1.65 cm3/g 
respectively. ' 
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1. Magnetic suspension balance unit, 2.Sample cell, 3. Circulation oil jacket, 4. Isothermal oil bath, 5. Sheathed 
heater used during regeneration, 6,9. Rotary and Diaphragm pump, respectively, 7. Refrigerant pool, 8. Isothermal 
oil bath, 10. Nitrogen, 11. Helium, TMP- Terbo-molecular pump, T- Thermocouple. P- Pressure gauge. 

Fig. 1 Schematic diagram of the experimental apparatus. 

The refrigerant has been used in the present study is 
ethanol with purity 99.5% (vol.) which is supplied by 
Osaka Kishida Chemical Co. Ltd. During system 
performance analysis, the thermophysical properties of 
ethanol were evaluated using Refprop version 9 21l. 

Table 1 Elemental composition of adsorbents. 

Elemental composition Surface 
Sample c H N 0 area 

[%] [%] [%] [%] [m2/g] 

Hi-Maxsorbill 97.91 0.22 0.12 1.75 3029 

KOH-H2 
89.15 0.27 0.08 10.5 2992 

-Maxsorbill 

3. Experiment 

The adsorption characteristics of ethanol onto surface 
treated activated carbons were measured by a magnetic 
suspension adsorption measurement unit. The 
experiment was conducted using the multi-step technique 
within evaporation temperature between -14 and 77 °C 
and adsorption temperature in the range of 20 to 80 °C. 
In each step adsorption temperature was kept constant 
and evaporation temperature increased step by step until 
reaching relative pressure of about 0.9. Before starting 
adsorption the sorbent was first heated at 120 °C for 4 
hours under vacuum condition of 3 x 10"4 Pa to remove 
any adsorbed gas inside the sample. As the weight 
measurement method is influenced by the buoyancy 
force so the effect of buoyancy is considered during 
measurements. The schematic diagram of the 
experimental apparatus is shown in Fig.I, where an 

isothermal air bath is used to avoid the condensation 
inside the connecting tube by setting the bath 
temperature 20 °C higher than the saturation temperature 
of the vapor. A detailed description of the experimental 
procedure can be found elsewhere22>. 

4. Results and discussion 

4.1 Adsorption isotherm 

To correlate the adsorption isotherm data, the 
Dubinin-Radushkevich (D-R) and Dubinin - Astakhov 
(D-A)23> equations (Eqs. 1 and 2) are found to be 
suitable. 

W=W0 •+~T~;:)J] 
W=W0 exp[-{~r] 

(1) 

(2) 

Where A is the adsorption potential that can be 
estimated as; 

A= RT 1n(pads J 
ads p 

eva 

(3) 

Where W stands for the equilibrium uptake [kg/kg] for 
the adsorbent/refrigerant pair, W0 defines the maximum 
adsorption capacity [kg/kg], D is an adsorption 
parameter that depends on the adsorbent/adsorbate pair 
[K-2

], E is the adsorption characteristic parameter 
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[J/mol.]. InEq. (3), Toas is the adsorption temperature [K.], 
P oJs and P eva defines the saturation pressure of refrigerant 
at adsorption temperature and equilibrium pressme at 
evaporation temperature [kPa], respectively. The 
exponential parameter n gives the best fitting of ln(W) 
versus A,. plot in Eq. (4). 

Logarithmic form ofEq. (2) is 

(4) 

Experimentally measmed equilibrium data are correlated 
with D-R and D-A equations and the numerical values of 
fitting parameters are furnished in Table 2. 

Table 2 Fitting parameters ofD-R and D-A equation. 

Adsorbents Wo n D E 
[kg/kg] [-] [Ki] [J/mol] 

HrMaxsorb III 1.23 
1.57 
xio-6 

KOH-Hr 
1.0 1.9 7002 

MaxsorbIII 

It is found that the maximum adsorption uptake for 
H2-Maxsorb III is higher than the KOH-Hi-Max.sob III 
(see Table 2), which follows the order of surface area 
and micro pore volume of the sample. The adsorption 
isotherms of Hz-Maxsorb III/ethanol and 
KOH-Hz-Max.sob III/ethanol pairs are shown in Figs. 
2(a) and (b), respectively. 

4.2 Isosteric heat of adsorption 

The Isosteric heat of adsorption (Q.,) is defined as the 
difference between the activation energy for adsorption 
and desorption. The value of Qsi is very important for 
kinetic studies of adsorption process because the heat 
released upon adsorption is partially adsorbed by the 
adsorbent which causes a rise in adsorbent temperatme 
and thus influences the rate of adsorption. 

The numerical values of isosteric heat of adsorption at 
constant uptake is estimated from equilibrium data using 
Clausious - Clapeyron equation which is given by 

-Q,,M olnP.,.. 

-R-= {r~J 
(5) 

Where Q,, is the isosteric heat of adsorption [J/kg] . R is 
the gas constant [J/(mol.K)], M is molar constant 
[kg/mol.]. The measured values of Qsi for HrMaxsorb 
III/ethanol and KOH-H2-Maxsoib III/ethanol pairs are 
1035 [kJ/kg] and 1037 [kJ/kg], respectively. 

Temperalure, "C 

Equilibrium p,..,...., (kh] 

Fig. 2(a) Adsorption isotherms of HrMaxsorb 
III/ethanol pair as predicted by D-R equation. 

Temperetun:, "C 

____ ____ so 

60 

70 

80 

0.4 

25 

Fig. l(b) Adsorption isotherms of KOH-H2-Maxsorb 
III/ethanol pair as predicted by D-A equation. 

4.3 Thermodynamic cycle 

Figs. 3 (a) and (b) show the schematic diagrams of a 
single bed basic cycle with adsorption and desorption 
mode, respectively. Each cycle mainly consists of three 
heat exchangers, namely an evaporator, a condenser and 
an adsorber/desorber heat exchanger (sorption element). 
The condenser and the evaporator are connected through 
a throttling valve or a bending capillary tube. Here the 
basic cycle is assumed to be an ideal and as consequence, 
the pressure drops as well as the heat loss are neglected. 

The equilibrium adsorption cycle is best understood 
using the P-T-W diagram which shows the relationship 
between the equilibrium pressure, adsorbent temperature 
and adsorption capacity at equilibrium state conditions. 
The cycle processes can be presented on this diagram 
which makes it possible to estimate the performance of 
adsorption cycle. In the present study, the D-R and D-A 
equations are used to plot the P-T-W diagrams of 
Hr Maxsorb III/ethanol and KOH-Hz-Max.sob III/ethanol 
pairs which are presented in Figs. 4 (a) and (b), 
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respectively. Where, the concentration is kept constant 
and the equilibrium pressure is calculated at different 
values of adsorption temperatures. The ideal cycle for the 
same adsorbent-refrigerant pair is super imposed in the 
same figure. It can be seen from Figs. 4(a) and (b) that 
the concentration difference for HrMaxsorb III/ethanol 
pair is about 20% higher than that of KOH-HrMaxsorb 
III/ethanol pair in the same operating condition, 
demonstrating the superiority in cooling applications. In 
addition to uptake difference, the adsorption kinetics of 
assorted working pair is another essential parameter that 
needed to be considered during making a comparison 
between two working pairs. The aim of surface treatment 
on Maxsorb III is to increase the kinetics of assorted 
working pairs considering the oxygen content in the 
sample. The detailed analysis of kinetics will be studied 
by the present authors. 

It can also be noticed from Figs. 4(a) and (b) that the 
cycle consists of two isosteric and two isobaric processes. 
In adsorption process (a-b), the pressure is kept constant 
at Peva· The refrigerant vapor evaporates in the 
evaporator picking up its latent heat from the chilled 
water then, adsorbed by the adsorber via the valve VJ 
(see Fig. 3(a)). The refrigerant concentration in the 
adsorber increases from Wmin to Wmax· In Pre-heating 
(b-c) process, both the valves VJ and V2 are closed and 
the adsorber is heated at constant concentration using a 
high temperature heat source and hence the pressure 
increases from P eva to Peon· In desorption process (c-d), 
the refrigerant regenerates and condenses on the 
condenser at pressure Peon via the valve V2 (see Fig. 
3(b)). The refrigerant concentration on the desorber 
decreases from Wmax to Wmin· In pre-cooling process (d-a), 

(a) 

Cooling 
water out 

Heat rejection 

Cooling 
water in 

...... ~~~~~---==--~-·-

Cooling 
water out 

ChiUed 
water out 

Heat 
input 

Liquid 
refrigerant 

ChiUed 
water in 

Extraction of cooling load 

the adsorbent bed is cooled at constant concentration 
which makes the pressure decrease from Peon to Peva· 

The model described here is a thermodynamically 
equilibrium model. This means, all the thermal 
contributions are calculated based on heat and mass 
balance provided by the (P-T-W) diagrams. 

Cooling effect can be estimated as, 

Where Ms is the mass of the sample adsorbent, W max and 
Wmin is the maximum and minimum sorption uptake, 
respectively. 

L1heva is the vaporization enthalpy and Cp,ref is specific 
heat of refrigerant. 

Desorption heat, Qdes =Ms Q st (W max -Wmin) (7) 

W~ =W,exp[-{ R~~ 1n(~:r 

w.,0 = w, exp[-{ R~. 1n( ~= Jr] 
Sensible heat, Q - Q + Q sh - sh,pr sh,des 

(b) 

Cooling 
water out 

Heat rejection 

(8) 

(9) 

(10) 

Cooling 
water in 

Hot 
water out Liquid 

refrigerant -

Hot 
water In 

water out Heat 
input 

ChiUed 
water in 

Extraction of cooling load 

Fig. 3 Schematic diagram of ideal adsorption cooling cycle (a) adsorption mode, (b) desorption mode 
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Fig. 4(a) P-T-W diagram of HrMaxsorb III/ethanol 
pair. 
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Fig. 4(b) P-T-W diagram of KOH-HrMaxsorb 
Ill/ethanol pair. 

Sensible heat during pre-heating, 

Lr. Lr. Q.hpr =M. cp.dT+M.Wmu. cprefdT , 1b ' 1j. , 
(11) 

Sensible heat during desorption, 

(12) 

The specific cooling effect (SCE) and the coefficient 
of performance (COP) of the time independent ideal 
adsorption cycle is calculated using the following 
equations: 

SCE = (W max -W min)[ M~ - J;:c p,refdT J (13) 

COP=M SCE 
• Qlks + Q,h 

(14) 

For simplicity, the thermal capacity of the adsorption 
bed is considered two times that of thermal capacity of 
the adsorbent. 

Fig. 5. Shows the variation of SCE with desorption 
temperature for five different adsorbents/ethanol pairs at 
evaporation temperature 5 °C. The value of SCE 
increases linearly with the increase of desorption 
temperature. This is due to the concentration difference 
with increase of regeneration temperature at constant 
adsorption and evaporation temperature. It can be seen 
from the figure that the SCE values for Hi-Max.orb III is 
higher than the other studied working pairs. 

700 -+-MlWIOlb m (1 IJ 

- 112-MaxJorb m 
600 

-tr-KOH-H2-Mauot'b ill 
- ACF (A-20) [18] 
-+-ACF (A-IS) [18] 

--Clinop1ilolite (24] 500 ., 
~400 
IOl 

~ 300 

200 

100 

0 ......... ......_ ......... ......_ ......... ......_ ......... ......_ ........ ......_ ........ ......_ ........ _._ ........ _._ ......... 

60 70 80 !JO 100 110 
De1orptlon temperatllre ["Cl 

Fig. 5 Effect of desorption temperature on specific 
cooling effect. 
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T ... =S"C 
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0.45 
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0.35 
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Fig. 6 Effect of desorption temperature on COP. 
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Fig. 6 shows the variation of coefficient of 
performance with desorption temperature at evaporation 
temperature 5 °C. It can be noticed that the COP 
increases sharply only when the desorption temperature 
is below 90 °C. After that there is no significant change 
in COP even though SCE increases. This is happened 
due to the requirement of heat input becomes 
significantly large when the temperature difference 
between heat source and heat sink becomes higher than 
60°C. 

5. Conclusions 

Adsorption isotherms of H2-Maxsorb III and 
KOH-HrMaxsorb III with ethanol have been measured 
experimentally using a magnetic suspension adsorption 
measurement unit. Experimental results show that, the 
maximum adsorption capacity of H2 treated Maxsorb 
III/ethanol pair is about 1.23 kg/kg whilst KOH-H2 

treated Maxsorb III/ethanol has maximum adsorption 
capacities of 1.0 kg/kg. The Dubinin-Radushkevich and 
the Dubinin-Astakhov equations are used to correlate the 
equilibrium uptake data and to plot P-T-W diagrams of 
assorted pairs. Thermodynamic analysis shows that the 
H2-Maxsorb III/ethanol adsorption cycle can achieve a 
COP as high as 0.58 with a regeneration temperature 
below 100 °C along with a coolant at 30 °C whereas the 
KOH-HrMaxsorb III/ethanol pair can achieve COP 0.56. 
It is also found that SCE of ideal cycle using 
Hi-Maxsorb III/ethanol pair is superior to that of 
KOH-HrMaxsorb IWethanol pair. 
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