FINAL REPORT 

on research activity of Prof. Yury Aristov 

in CNR-ITAE from 06.06.08 till 16.06.08
Specific research aim of this visit was focused on testing a new composite adsorbent “Ca(NO3)2/silica gel” in a prototype of adsorption chiller driven by low temperature heat which was designed and built in ITAE. This new material was developed in BIC several years ago. Required amount of the new material (0.65 kg) has been synthesized in BIC and delivered to ITAE by Dr. Aristov. Since during large scale synthesis conditions are different from those of the small scale synthesis reported in [I.A. Simonova, Yu.I. Aristov, Sorption properties of calcium nitrate dispersed in silica gel: the effect of pore size, Rus. J. Physical Chemistry, 2005, v. 79, N 8, pp. 1307-1311], first, the delivered material has been characterized during the visit in ITAE by measuring its adsorption properties and choosing its grain size according to the heat exchanger available in ITAE. 
Synthesis 

Composite adsorbent “Ca(NO3)2/silica gel” was synthesized by a dry impregnation of a commercial silica KSK (Reakhim, Russia) with a saturated aqueous solution of Ca(NO3)2, the volume of the impregnating solution being equal to the pore volume of the silica. After that the material was dried at 200 oC. The salt content in the composite was determined by weighting the dry sample before and after impregnation and amounted to 45 wt. %.

Characterization 

The pore-size distribution of the composite was studied by BET method with N2 at 77 K. 
Water sorption isobars were measured in the temperature range of 30 to 150 oC at the vapour pressures 9.1, 12.4, 17.0, 31.8 and 45.6 mbar using a CAHN-C2000 thermobalance. First, the sample was dried at T = 200 oC and its dry weight mo was determined before the sorption measurements. The measurement was carried out as follows: the temperature of the composite was gradually decreased at the constant vapour pressure and the increase of the sample mass was measured. To determine the desorption isobars the temperature of the sample was gradually increased from 30 up to 150 oC. 
The amount of sorbed water m was measured as a function of T and pH20. The uptake was calculated as 
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or as a number of water molecules adsorbed by one molecule of the salt
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where C is the salt content in the composite, 
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= 164 g/mol are the molecular weights of water and calcium nitrate, respectively. 

Results and discussion 

Pore-size distribution

The cumulative and differential pore volume distribution curves obtained from the N2 desorption branches are presented in Fig. 1. A common feature of these distributions for the silica and the composite is a maximum in the mesopore range of about 15 nm, indicating that these mesopores make major contribution to the total pore volume of both the materials. The BET surface area Ssp, pore volume Vp and average pore diameter dav of the silica KSK and composite listed in Table 1 show that the insertion of the salt inside the pores reduces both the specific surface and pore volume while the average pore diameter remained unchanged. 

Table 1. The BET surface area, pore volume and average pore diameter.

	Sorbent
	Vp, cm3/g
	Ssp, m2/g
	dav, nm

	Silica KSK
	1.00
	220
	15

	Composite
	0.24
	60
	15


Sorption properties

The isobars of water sorption on the silica KSK, bulk calcium nitrate and composite SWS-8L measured at 12.4 mbar are presented in Fig. 2. For the silica gel, the sorption increases gradually with the rise of temperature up to 0.04 g of H2O per 1 g of silica. In contrast, the sorption of water by the bulk salt proceeds stepwise with the formation of calcium nitrate dihydrate in the course of reaction (1). Because of the monovariant equilibrium in the bulk system Ca(NO3)2 – H2O, at a fixed vapor pressure p the hydration occurs at a certain threshold temperature Tr(p): at p = 12.4 mbar, this temperature was measured to be Tr = 42 ( 1 °C (Fig. 2). This temperature is lower than the melting temperature of Ca(NO3)2(2H2O (Tm ≈ 51 oC), hence the salt dehydrate is solid. On the other hand, this transition temperature can be calculated from the Vant-Hoff equation, since the standard enthalpy ∆Ηof, 298 and entropy So298 of formation are known for both the bulk salt and dihydrate (Table 2): Tr (p = 12.4 mbar) ≈ 44 oC. 
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Fig. 1. Differential (solid) and cumulative (dotted) pore volume distribution curves: 1 –silica KSK, 2 – composite SWS-8L. 
Table 2. Standard enthalpy ∆Ηof, 298 and entropy So298 of formation for the bulk salt and dihydrate.

	
	So298, J/(mol∙K)
	∆Ηof, 298, kJ/mol

	Ca(NO3)2
	193.3
	-938.4

	Ca(NO3)2∙2H2O
	269.4
	-1540.8


We calculated the foreseen adsorption by the composite as an amount of water sorbed at 12.4 mbar by the bulk salt and the silica taken with appropriate weight coefficients 
wΣ = C∙wCa(NO3)2 + (1-C)∙wSiO2,


(4)

where wCa(NO3)2 and wSiO2 are the water uptakes for Ca(NO3)2 and SiO2, respectively (Fig. 2). A comparison of the calculated curve with the isobar experimentally measured for the composite shows that the sorption properties of the composite cannot be presented as the simple addition mentioned above. Indeed, if the salt is confined to the silica pores, the temperature of transition (1) increases up to 48 ± 2 oC due to the dispersion of calcium nitrate to a nanosize scale (Fig. 2). 
Isobars of the water sorption for composite are shown in Fig. 3. Each curve has a steep part which position is shifted towards higher temperatures with the pressure increase. By analogy with the bulk salt this can be attributed to the monovariant process similar to reaction (1). However, no plateau corresponding to the formation of a crystalline dihydrate of calcium nitrate was found in our experiments. 
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Fig. 2. Isobars of the water sorption on the silica KSK (1), bulk Ca(NO3)2 (2), composite SWS-8L (3) and a linear addition of the isobars of silica and calcium nitrate (4). PH2O = 12.4 mbar. 

At the average N > 2.7-2.8 the sorption isobars become smoother. This indicates that only the salt solution is located inside the pores, and the equilibrium, becomes divariant. 
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Fig. 3. Isobars of the water sorption for the composite adsorbent: 1 – 9.1 mbar, 2 – 12.4 mbar, 3 – 17.0 mbar, 4 – 23.6 mbar, 5 – 31.8 mbar, 6 – 45.3 mbar. Symbols – experimental data, lines – approximation by eq. (1) with the fitting parameters from Table. Desorption run. 

Simulation of sorption properties

The theoretical base of this simulation is originated from the Polyani principle of temperature invariance which declares a one-to-one correspondence between the uptake and the free sorption energy ΔF: 
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(1)

PH2O is the vapor pressure, Po is the saturated vapor pressure at temperature To, that is valid for many porous materials.
Using equation (1) we plotted a dependence of water uptake N on the free sorption energy ΔF (Fig 4). This dependence can be divided into three regions I-III. Each can be approximated with expression:

ln(N) = a + b∙ΔF,





(2)

where a and b are fitting coefficients presented in Table 2. Coefficients a and b provide the best fit to the experimental isobars of the water sorption on the new composite. Equation (2) allowed quite good approximation of the equilibrium sorption curves (Fig. 3 and 4), so that, the standard deviation SD is less than 0.23 (Table 2). Therefore any sorption isobar of composite SWS-8L can be calculated using equation (2) with the only two fitting coefficients. 
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Fig. 4. Temperature-invariant curve of water sorption by composite SWS-8L. Symbols – experimental data, lines – approximation by eq. (2). 

Table 2. Coefficients a and b providing the best fit to the experimental sorption isobars.

	Part
	N, mole/ mole
	F, kJ/mol
	a
	b
	SD

	I
	> 2.70
	3.0 – 5.6
	2.34977
	-0.24122
	0.042

	II
	0.48 – 2.70
	5.6 – 6.8
	9.06108
	-1.43376
	0.228

	III
	0.1 – 0.48
	6.8 – 22.6
	0.03507
	-0.12466
	0.205


Comparison with other SWS composites
Comparison of the equilibrium uptake as a function of the relative pressure (Fig. 5) clearly shows that calcium nitrate is less hygroscopic than the other salts confined to the silica KSK pores, namely, CaCl2, MgSO4 and LiBr, as it starts sorbing water vapour at higher relative pressure (0.10 – 0.13). This P/Po-interval is almost equal to that for the transition between di- and tetrahydrates of confined CaCl2 in SWS-1L which was suggested for application in adsorptive air conditioning units. The expected advantage of the new composite for this application could be the lesser corrosive activity of Ca(NO3)2 with respect to CaCl2. 

Table 2. Comparison of various SWS composites (matrix – silica KSK)
	Salt 
	Salt content, wt. %.
	Transition
	P/Po  

	Ca(NO3)2
	45
	0 – 2
	0.10 – 0.13

	CaCl2
	33
	0 – 2
	0.025

	
	
	2 – 4
	0.11-0.13

	MgSO4
	38
	0 – 2
	0.01 – 0.03

	
	
	2 – 6
	0.14 – 0.19

	LiBr
	32
	0 – 1
	< 0.02

	
	
	1 – 2
	0.03 – 0.05
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Fig. 4. Isotherms of water vapour sorption on composites based on Ca(NO3)2 (○), CaCl2 (□), MgSO4 (●) and LiBr (∆) confined to the silica KSK pores. 
After that the optimal size of adsorbent grains has been selected (0.25-0.4 mm) according to the design of the heat exchanger provided by ITAE. Then the new adsorbent has been put inside the heat exchanger made of alumina to be ready for the following measurements which will be continued in ITAE after the departure of Prof. Aristov to his home Institute. 
Messina 17/6/2008
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