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Abstract 
We suggest an algorithm, which makes it possible to select promising adsorbent looking at its adsorption 

properties. This algorithm is based on the Poliani principle of temperature invariance, according to which the 
equilibrium moisture content w of an adsorbent is strictly determined by a product Т lnh, where h = P/Ps is a 
relative pressure of an adsorbate (water). A development of this method suggested by M.M.Dubinin makes it 
possible to link adsorption with a single parameter, namely, the free energy ∆F = – RT ln h, instead of two usual 
parameters (temperature and pressure). Thus, to estimate the prospects of an adsorbent, it is sufficiently to express 
specific water uptake as a function of ∆F and to determine the difference in the water uptake at ∆Fmin, which 
corresponds to the isoster of the cooling cycle with a minimum uptake, and at ∆Fmax, which corresponds to the 
isoster of the cooling cycle with a maximum uptake. For such analysis can be used already published data, even 
those obtained at temperatures and pressures different from those in a real cycle, but within the range ∆Fmin ≤ ∆F ≤ 
∆Fmax. In particular, this analysis can be performed based on a singe adsorption isotherm or isobar. We made such 
analysis for the following sorbents: zeolites, both natural (clinoptilolite and mordenite) and synthetic (NaA and 
NaX), commercial silica gels – microporous silicas “Speschim” (France), KSMG and ShSMG (Russia), composite 
adsorbents “a salt in a porous matrix” – SWS-1L, SWS-1A, SWS-1C and SWS –2L. 
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INTRODUCTION 

In development of an effective cooling system based on water as an ecologically sound adsorbate, 
it is important to choose an adsorbent that would allow the optimal output characteristics of the 
system, the most important of which are efficiency η and specific cooling per cycle Qcool. The ideal 
cycle of such device can be schemed in the Clapeiron diagram (Fig.1) under the assumption that  
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Fig.1. Thermodynamic cycle of adsorptive chiller.
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dehydration- rehydration of the adsorbent is in equilibrium. The cycle operation is determined by three 
temperatures – the temperatures of the coolant in the condenser Tcond and in the evaporator Tev, and the 
maximum temperature of the adsorbent dehydration Т3 = Тd. 

 
The condenser temperature Tcond is determined by the temperature of the environment where the 

condensation heat dissipates. Usually, this temperature is 30-40оС in summer. The evaporator 
temperature is determined by the temperature needed for cooling and is usually in the range from 0 to 
10оС. Finally, the temperature of the adsorbent dehydration depends on the temperature of the heat 
source available for water desorption (step 2-3). For such ecologically clean source of heat as the solar 
energy, this temperature is 85-110оС, which can be obtained with relatively simple and inexpensive 
solar receivers (without concentration of the solar light). 

 
The efficiency of the system can be defined as a ratio of the heat Q1 absorbed in the evaporator to 

the heat Q2 supplied to the device during isosteric heating (1-2) and the heat Q3 of isobaric desorption 
(2-3) [1]: 

 
η = Q1/(Q2 + Q3). 

 
In turn, these heats can be related to 1 g of the sorbent and represented as  
 

Qcool = ∆Нev ∆w, Q2 = Ср(wmin) (Т2 – Т1), Q3 = ∆Нdes ∆w + Ср (Т3 – Т2), 
 

where ∆Нev is a heat of water evaporation in the condenser, ∆Нdes is an average heat of water 
desorption at the stage 2-3 (in J/g); ∆w = wmax-wmin is a change in the water uptake of the sorbent 
during the stage 2-3 or 4-1 (g of H2O / g of dry sorbent), Ср(wmin) is an average heat capacity of the 
device (sorbent and elements of the construction) at the stage 1-2, and Ср is an average heat capacity at 
the stage 2-3 (J g-1 K-1). 

 
Therefore, the efficiency of the system can be expressed as  

 
η = Q1/(Q2 + Q3) = (∆Нev∆w)/[ ∆Нdes∆w + Ср(wmin) (Т2 – Т1) + Ср (Т3 – Т2)] = 

= (∆Нev ∆w)/[∆Нdes ∆w + Q] = ∆w/[(∆Нdes/∆Нev)∆w + (Q/∆Нev)] = ∆w/[А∆w + В], 
 
where the second term in the denominator expresses the consumption of heat for the heating the device 
and, as a first approximation, does not depend on ∆w. 

 
With an increase in the amount ∆w of water exchanged in the cycle, the efficiency increases 

monotonically and asymptotically approaches to 1/А = ∆Нev/∆Нdes, as schematically shown in Fig.2. 
The specific heat of cooling per cycle Qcool = ∆Нev∆w increases with the increase in ∆w even faster. 

 
 

1/ = ∆H /∆H

∆w  
 

Fig.2. Dependence of COP and of specific cooling energy 
on the amount of water exchangeable per cycle. 
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Thus, to increase both these characteristics it is necessary to use a sorbent that has the highest 
value of ∆w between boundary isosters of the cycle (1-2 and 3-4). Based on this criterion, it is 
interesting to develop a method of analysis, which would allow a preselection of different sorbents, 
promising in the adsorptive cooling, on the basis of their adsorptive properties. First step in this 
direction is done in the present paper. 

 
 

RESULTS AND DISCUSSION 
This analysis is to be made on the basis of the Polanyi principle of temperature invariance 

according to which, at different temperatures Тa and Тb, equal uptake can be achieved at the vapor 
pressures Рa and Рb related through the formula  

 
Ta Ln h a = Tb Ln h b,          (1) 

 
where h = P/Ps is a relative pressure of adsorbate. 

This approach allowed Dubinin and Astakhov to suggest the following analytical equation for a 
description of equilibrium adsorption in micropores [3-6]  

 
V = V0 exp(–(∆F/E)),          (2) 

 
where V0 is a volume of the micropores, free energy ∆F = – RT ln h, E is a characteristic energy of 
adsorption, which is an empirical value and depends on the affinity of an adsorbent and an adsorbate. 
This equation has been successfully applied for a description of sorption of gases and vapors in 
microporous adsorbents such as activated carbon [4] and synthetic zeolites [5, 6], which are widely 
used for the adsorptive cooling. 

 
Since the Polanyi principle of temperature invariance is rather universal, the application area of 

equation (2) turned out to be wider and it can be generalised for non-microporous adsorbents as well 
[7-9]  

 
А = А0 exp(–В∆F),          (3) 

 
where А is the equilibrium adsorption, Ао and В are empirical constants. 

 
Thus, equations (2) and (3) give one-to-one correspondence between the equilibrium adsorpion 

and a single parameter, so called the potential (free energy) ∆F = – RT ln h, instead of usual two 
(pressure and temperature), hence it is convenient to use the equations for our analysis. 

 
Using the Polanyi approach for the hydration of adsorbents, the equilibrium moisture content w can 

be uniquely determined by the product Т Lnh. For the most left isoster of the cycle, corresponding to w 
= wmax, the following equation is true  

 
∆F(wmax) = -RТ1 Ln[P1/Ps(T1)] = -RТ2 Ln[P2/Ps(T2)] = K1, 

 
whereas for the most right isoster (w = wmin), the equilibrium cam be written as  
 

∆F(wmin) = -RТ3 Ln[P2/Ps(T3)] = -RТ4 Ln[P1/Ps(T4)] = K2. 
 

Thus, to compare different adsorbents, it is sufficiently to express the water adsorption normalized 
to the weight of the dry adsorbent in the coordinates of equation (2), i.e. in the form of temperature-
invariant curve of sorption. Those materials, for which difference in sorption at ∆F equal to K1 and K2 is 
maximal, will be most promising for the adsorptive cooling, at least, in the sense discussed above. For 
solar-driven chillers, the typical pressures and temperatures are Тcond = 313К and, correspondingly, Р2 = 
7380 Pa; Тev = 278К and Р1 = 870 Па; ТД = 373K. For these conditions, one can obtain К1 = -313 R 
Ln(870/7380) = 5.55 kJ/g and К2 = -373 R Ln(7380/100000) = 8.1 kJ/g. Note that for more brief 
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analysis, the relative pressure h of the adsorbate can be used instead of potential ∆F, which changes in 
the narrow range from 0.075 to 0.12 along the cycle. 

 
The advantage of the suggested approach is that for the analysis already published data on 

adsorptive properties of adsorbents can be used, including those that were obtained at temperatures and 
pressures different from those realized in the real cycle. In particular, this analysis can be based on a 
single isotherm or isobar of water sorption. What only matters is that the experimental data should be 
obtained in the range К1 ≤ ∆F ≤ К2 

 
At the first stage of the analysis, we checked applicability of relation (1) for the following 

adsorbents, which are considered promising for the use in adsorptive coolers: natural zeolites – 
clinoptilolite (from a deposit Dzegvi, Georgia) which was dealuminated during an acidic treatment, 
mordenite (from Lipcha, Ukraine); synthetic zeolites - NaA and NaX, commercial silica gels - 
mesoporous Speschim (France), KSMG and ShSMG (Russia) and macroporous MSKG. For new 
composite sorbents “a hygroscopic salt in a porous host matrix” (so called Selective Water Sorbents, 
SWSs) – SWS-1L (CaCl2 in silica gel KSK), SWS-1A (CaCl2 in alumina), SWS-1C (CaCl2 in carbon 
Sibunit) and SWS-2L (LiBr in silica gel KSK), applicability of this relation has been shown in [8, 9]. 

 
The sorbents under study were pre-dehydrated at 620K (zeolites) or 470K (the other adsorbents) at 

the residual pressure 0.1 Pa and their dry weight was measured. Then, the equilibrium water uptake wo 
was measured at temperature 373K and vapor pressure 2790 Pa, which corresponded to ∆F  = -373 R 
Ln(0.0279) = 11.1 kJ/g, and was taken as a reference point. 

 
 

Table 1. Equilibrium water uptakes  
 

Р = 280 Pa Р = 610 Pa Р = 870 Pa 
∆W,  g/kg ∆W,  g/kg  ∆W,  g/kg 

 
Adsorbent 

wo
*
, 

g/kg W, 
g/kg exp. calc. 

W,  
g/kg exp. calc. 

W,  g/kg 
exp. calc. 

Speschim  
KSKG  
NaX  
Clinoptilolite  
Mordenite  
NaA  
ShSKG  

   27 
   47 
 191 
   83 
   90 
 194 
     7 

   95 
   95 
 238 
 121 
 122 
 232 
   27 

   68 
   48 
   47 
   38 
   32 
   38 
   20 

   64 
   52 
   51 
   36 
   32 
   36 
   18 

 151 
 137 
 259 
 133 
 133 
 243 
   36 

 124 
   90 
   68 
   50 
   43 
   49 
   29 

 133 
   94 
   64 
   46 
   41 
   45 
   27 

  191 
  173 
  270 
  140 
  137 
  248 
    43 

 164 
 126 
   79 
   57 
   47 
   54 
   36 

  184 
  126 
    70 
    53 
    43 
    50 
    32 

 
* - equilibrium adsorption at temperature 373К and vapor pressure 2790 Pa.  

 
Table 1 shows that for all the adsorbents studied, the differences of equilibrium adsorption 

measured experimentally and those calculated via equation (1) coincide with the precision not worse 
than 15%. The satisfactory fit of these values shows the possibility to predict the efficiency of the 
adsorbents on the basis of the measured isotherm of water adsorption. 

 
Fig.3 shows the dependence of water uptake on the free energy ∆F for all studied adsorbents. It is  
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Fig. 3. Water uptake as a function of the free energy 
of adsorption for the adsorbents studied. 

 
appeared that the most promising materials for the adsorptive cooling are mesoporous silica gels 
Speschim and KSMG. For them the difference of sorption at ∆F  equal to K1 = 5.55 J/g and K2 = 8.1 
kJ/g appeared to be maximal and equal to 0.05 - 0.09 g/g. These silica gels have pores with an averaged 
diameter 1.8 and 3.5 nm, respectively, and a specific volume 0.3-0.35 cm3/g. 

 
For the composite sorbents, this difference is much bigger and can achieve 0.20 g/g [8,9] (Fig.4). 

The best characteristics belong to SWS-1L (mesoporous silica gel KSK modified with calcium 
chloride), which is, consequently, to be recommended for the use in adsorptive cooling system driven 
by heat sources with low-temperature potential 85-100оС (for example, plane solar receivers). Indeed, 
the first experimental tests of a lab-prototype of an adsorptive chiller operating with working pair 
“water – SWS-1L” resulted in a high COP equal to 0.6 at the desorption temperature as low as 85-
90оС [10]. It makes the tested adsorbent a real alternative to the traditional materials (silica gel, 
zeolites) for the use in ecologically clean adsorptive chillers. 
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Fig. 4. Equilibrium water adsorption as a function of the free energy 
of adsorption and relating vapour pressure for SWS-1L. 
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Modification of this silica gel with lithium bromide (SWS-2L) results in a decrease in the water 
amount exchanged in the range mentioned above, because a considerable amount of water still remains 
in the sorbent at ∆F = К2 = 8.1 kJ/g [9]. This water can be removed at the higher temperature, hence 
this adsorbent is more suitable for units driven by heat sources with T = 110-130oC. Thus, by varying 
the nature of inserted salt, it is possible to adapt the properties of the composite sorbent to an available 
heat source. Alternatively, it is possible to change the property of the SWSs by lodging the same salt, 
for example CaCl2, into different porous matrices [9, 11]. 

In conclusion, let us make brief general discussion on applicability of known types of the 
adsorbents in the systems of adsorptive cooling based on water as an ecologically clean adsorbate. It is 
well known that most isotherms of adsorption can be ascribed to one of five types, from I to V, 
according to a classification first suggested in [12]. Besides, we will consider the relatively rare step-
like isotherms of adsorption, which were ascribed in [13] to type VI. The later is typical, for instance, 
for water adsorption by crystalline hydrates of inorganic salts. 

 
As mentioned above, those materials will be promising for the use in the systems of adsorptive 

cooling that can reversibly adsorb/desorb a large amount of water in a relatively narrow range of 
potential ∆F (or of relative vapour pressure h), i.e. those with the large derivative dw/d(∆F) or dw/dh. 
Brief sight on the typical isotherms and their derivatives shows that this criterion is apparently fulfilled 
for the adsorbents with the isotherms of type I, IV, V or VI (Fig. 5). 

 
 

 
Fig. 5. Typical adsorption isotherms and their derivatives. 

 
 
The isotherms of water sorption of type I are typical of solids with micropores, for 

example, zeolites. Commonly, the jump of water uptake is observed at rather low h ≈ 2-7 % 
that leads to the desorption temperature Tdes ≈ 200-250oC. 
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