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Energy, freshwater, and the environment are interrelated
factors that permeate all our activities on the earth. They have
become the most important and popular topics in research fields
nowadays. This paper studies improving the performance of the
adsorption desalination system by improving a commercial silica
gel as an adsorbent. Acid treatment has been used to activation
for the silica gel. Then, a composite adsorbent is prepared chem-
ically using silica gel as a host matrix and impregnated in CaCl,salt
hydrate. Water vapor adsorption isotherm and kinetics are inves-
tigated for raw, treated, and composite silica gel. The Dubinin-
Astakhov (D-A) and linear driving force models (LDF) have fitted
experimental isotherm and kinetic results. The system is driven
by renewable energy such as solar energy. The results illustrated
that the silica gel/CaCl, achieved water uptake (0.95 kgrao/kg). It
is also observed that the composite silica gel based-adsorption
desalination cycle provides specific daily water production of 70
% higher than the raw silica gel-based adsorption desalination cy-
cle.

Keywords
Silica gel, Adsorption, Isotherm, Kinetics, Desalination, Renewa-
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1. Introduction

The adsorption desalination system has been viewed as a potentially competitive desalina-
tion method. (Ng et al., 2008; Thu et al., 2013a), Adsorption desalination is an emerging ther-
mally-driven method that has been proven to be energy efficient and environmentally friendly.
(Ng et al., 2013), It works by extracting waste heat from the exhaust or renewable solar and ge-
othermal energy. (Ng et al., 2009; Ng et al., 2011; Thu et al., 2014), Unlike conventional methods,
the adsorption desalination cycle produces two useful effects: potable water and cooling effect
with only a single heat source input. The adsorption desalination system depends on the adsorp-
tion theory and uses a working adsorption pair (adsorbent and adsorbate). The adsorption desal-
ination system consists of three major components, namely (i) adsorption beds, (ii) evaporator,
and (iii) condenser, as shown in Fig. 1.
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Figure 1. Adsorption desalination system.

Adsorption water vapor uptake is a major factor in adsorbents selection for adsorption ap-
plications. (Thu et al., 2013b), So, many researchers have studied the adsorption water vapor
characteristics onto many adsorbents for use in adsorption applications. For example,
Goldsworthy (2014) measured the water vapor adsorption isotherms for RD silica gel, AQSOA-
701, AQSOA-Z02, AQSOA-Z05, and CECA zeolite 3A as adsorbent materials. The Maximum ad-
sorption water vapor capacity were 0.315 kg/kg of silica gel, 0.22 kg/kg of Z01, 0.33 kg/kg of
702, 0.235 kg/kg of Z05 and 0.235 kg/kg of CECA, Ng et al. (2001) investigated the adsorption
water characteristics of three types of silica gel (A, 3A, and RD) for adsorption cooling applica-
tion. The results showed that the maximum adsorption capacity was 0.4 kg/kg of silica gel. Chua
et al. (2002) studied the adsorption characteristics of water vapor on two types of silica gel (A
and RD). The maximum adsorption capacity for A and RD silica gel were 0.4 and 0.45 kg/kg,
respectively. Xia et al. (2008) tested the adsorption equilibrium of water on silica gel for adsorp-
tion refrigerating application. The adsorption capacity was 0.3 kg/kg silica gel at 2.3 kPa and 25
°C. Alsaman et al. (2017) studied water vapor adsorption of a commercial silica gel for adsorp-
tion desalination—cooling application. The maximum adsorption capacity was 0.36 kg/kg of sil-
ica gel. The specific daily water production (SDWP) of about 4 m3/ton of silica gel, with specific
cooling power (SCP) 112 W/kg and coefficient of performance (COP) 0.45.

Researchers have studied the adsorption system's performance theoretically and experi-
mentally at different operating parameters as; hot and cooling water temperature sources, cy-
cle and switching time, etc. (Mitra et al., 2015; Alsaman et al., 2017; Rezk et al., 2019). Those
studies illustrated that the SDWP was in the range of 1.5-7.2 m3/ton of adsorbent, with SCP 45-
170 W/kg and COP 0.2-0.5. The adsorption desalination system still needs to improve perfor-
mance from the previous studies. Therefore, this paper examines enhancing the performance
of adsorption systems by enhancing the ability of adsorbents to increase the adsorption capac-
ities, which leads to an increase in the system's performance.
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2. Results and Discussion

This section may be divided into subheadings. It should provide a concise and precise de-
scription of the experimental results, their interpretation, as well as the experimental conclu-

sions that can be drawn.

As shown in Fig. 2, the silica gel/CaCl, shows a higher adsorption capacity, reaching as high
as 0.95 kgnao/kg of silica gel/CaCl, at 0.9 P/Ps. silica gel/HCI curve is increase until reaching 0.55
kgn20/kg at 0.9 P/Ps. Fig. 3(a—c) shows the water vapor adsorption isotherm onto raw silica gel,
silica gel/HCl, and silica gel/CaCl, samples and their fittings with the D-A model at different ad-
sorption temperatures. The fitted values for the D-A model are listed in Table 1.
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Figure 2. Water vapor adsorption isotherm onto raw silica gel, silica gel/HCI, and silica

gel/CaCl; samples at 25 °C.
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Figure 3. Water vapor adsorption isotherm onto: (a) raw silica gel; (b) silica gel/HCI; (c)
silica gel/CaCl, samples and their fittings with D-A model at different adsorption tempera-

tures.

Table 1. D-A fitted values for silica gel-water pairs.

Adsorbent Co (kg/kg) E (kJ/kg) N (-) Average Hst (kJ/kg)
Raw silica gel 0.45 4360 1.69 2890
Silica gel /HCI 0.55 4836 1.68 2957

Silica gel/CaCl; 0.95 4021 1.39 2782
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Figure 4 shows the experimental adsorption kinetics for the silica gel samples. The figure
shows the similarity of the beginning of each of the raw silica gel, silica gel/HCI, and silica
gel/CaCl; samples. Figure 5(a—c) shows the fitting of the experimental adsorption kinetics re-
sults for the different silica gel samples by the LDF model at different adsorption temperatures.
The figure shows an excellent agreement between the LDF model and experimental results. The

fitted values for the LDF model are listed in Table 2.
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Figure 4. Water vapor adsorption kinetics onto raw silica gel, silica gel/HCI, and silica

gel/CaCl; samples at P/Ps=0.9 and adsorption temperature=25 °C.
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Figure 5. Water vapor adsorption kinetics onto: (a) raw silica gel; (b) silica gel/HCI; (c) silica
gel/CaCl; samples and their fittings with LDF model at P/Ps=0.9 and different adsorption

temperatures.
Table 2. LDF fitted values of silica gel-water pairs.
Adsorbent E, (kg/kg) Dy, (m?/s) F(-)
Raw silica gel 4337.83 1.31211E-21 45
Silica gel/HCI 4025.31 6.20821E-22 58

Silica gel/CaCl; 5378.41 4.39860E-21 45
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Figure 6(a—c) shows a P-T-C diagram (pressure, temperature, and water vapor capacity) for
the adsorption desalination cycle of the investigated materials. The thermodynamic P-T-C cycle
includes desorption (2-3) and adsorption (4-1) processes, and two switching time processes as
pre-heating (1-2) and pre-cooling (3-4). The figure expressed that the silica gel/CaCl,-based ad-
sorption desalination cycle has an adsorption load (the difference between adsorption and de-
sorption concentration) 70% higher than the raw silica gel-based adsorption desalination cycle.
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Figure 6. P-T-C diagram for adsorption desalination cycle: (a) raw silica gel; (b) silica
gel/HCI; (c) silica gel/CaCl,.

3. Materials and Methods
3.1. Pretreatment and preparation

The silica gel is treated with HCI for the highest surface area and adsorption capacity. The
silica gel is placed in 60 ml of 2 mol HCI for 24 hours, stirring at room temperature. The mixture
was filtered, washed with distilled water, and dried at 150 °C for 12 hours. The treated dried
silica gel is impregnated with 30 wt.% CaCl, in distilled water. The mixture is filtered and dried
at 150 °C for 12 hours to produce silica gel/CaCl, composite.

3.2. Water adsorption characteristics

The adsorption isotherms and kinetics of water vapor onto raw silica gel, silica gel/HCl, and
silica gel/CaCl; are investigated using a water vapor adsorption analyzer (Lab. of Mech. Eng.
Dep., Tabbin Institute for Metallurgical Studies, Cairo, Egypt). A 0.5 g of dried adsorbent is
placed on the water vapor adsorption analyzer and heated at 100 °C for about 5 hours, with
evacuation by the nitrogen.

For isotherm, the relative pressure (P/Ps) steps are set in range (0.05-0.9). The P/Ps, tem-
perature, and weight are recorded every second. The adsorption isotherm step is ended when
stable the sample weight during 15 min and moving to the next step. The D-A model is used to
fit the experimental isotherm results given by Eq. 1. (Gordeeva et al., 1998)

C=C, exp { <§—ET|n (%))n} (1)

The isosteric heat of adsorption can be given by Eq. 2 below (Aristov et al., 1996);

Ln
n

1
C\n| ETap /(C,
Hstzhfg'l'E In (E) +T In (E)] (2)

For adsorption kinetics, the P/Ps value is set at 0.9. The adsorption water vapor uptake is
measured with time (0-850 s). This procedure is repeated for different adsorption temperatures
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(25-55 °C). The LDF model is used to fit the experimental results, given by Eq. 3 (Gordeeva et al.
1999; Mrowiec-Biaton et al., 1999)

oC F,D
—= C,-C 3
ot sz( ) (3)
where,
E
D,=Dg,exp ( R—i) (4)

4, Conclusions

The adsorption isotherms and kinetics of the composite silica gel-water pair have been in-
vestigated. The maximum adsorption capacity is about 0.95 kg/kg of composite. The experi-
mental data have been fitted with D-A and LDF models. The average SDWP for the silica
gel/CaCl2-based adsorption desalination cycle is 70 % higher than the raw silica gel-based ad-
sorption desalination cycle. The adsorption desalination system can be powered by a low-grade
heat source as solar energy, which can be operated efficiently in Egypt weather. From these
conclusions, it can be recommended that it is better to increase the performance of the adsorp-
tion system for future work, which can be achieved by increasing the overall heat transfer co-
efficient. Future work should also investigate new adsorbent and composite materials.
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