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Sorption chiller research (started in 2012): 

● Focus:  Water-based systems 

● Built a 300 W/kg sorption chiller 

● Capillary-assisted evaporator 

● Adsorber bed heat exchangers 

Laboratory for Alternative Energy Conversion 

LAEC Lab        Surrey, BC, Canada (near Vancouver)  

● Transport in PEMFC catalyst and gas diffusion layers 

● Passive cooling systems for power electronics 

● Thermal management of batteries 

● Efficient HVAC-R 

● Atmospheric water generation 

● Sorbent materials:  

o CaCl2-silica gel and FAM-Z02 

o Organic binders 

o Graphite flakes   

● Rotary desiccant dehumidifiers 

● Adsorption thermal energy storage 
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Lab-scale Sorption Chiller 

1

4

2

3

1

Sorption chiller: 1) two adsorber beds, 
2) condenser, 3) expansion valve, and 
4) evaporator. 

Finned-tube HEx coated 
or packed with sorbent 

1700euros w/ shipping 

0.7 kg sorbent coating 

1.9 kg sorbent pellets 
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Functionalized Adsorbent Material (FAM)  
ASQOA-Z02 

SAPO-34 crystallites. Y. Iwase, Phys. 

Chem. Chem. Phys. (2009), 11, 9268 

Mitsubishi 

Pellets:  1.9 mm 

Zeolite: 83-94% wt 

SiO2 binder: 6-17% wt 

SixAlyPzO2·nH2O 
 
x = 0.05–0.25, y = 0.4–0.6, z = 0.25–0.50, n = 0–1.5 

 
FAM ASQOA-Z02 is a silicoaluminophosphate 
developed by Mitsubishi Plastics  
(similar to SAPO-34) 
 
 

 

0.38 nm 
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How is SAPO-34 or FAM-Z02 synthesized? 

Bonaccorsi et al., Micropor. Mesopor. Mat. 167 (2013) 30 
Bonaccorsi et al., J. Energy Chem. 22 (2013) 245 
University of Messina 

500 mm 

50 mm 

Hydrothermal synthesis  

(e.g. 200°C in a pressurized reactor) 
 aluminium isopropoxide  

 orthophosphoric acid 

 silica 

 tetraethylammoniumhydroxide  

Coating/pellets 
 prepare a silane solution (e.g. N-

propyltrimethoxy-silane, 5%) and add 

zeolite powder  

 dip coat cleaned and treated substrate 

 dry and cure 

Direct growth of SAPO-34 
on graphite and aluminum 
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TGA 

Anti-condensation 

System (50°C max) 

Thermostat 

Sample 

Microbalance 

Vapor 

source 

Turbo Pump 

Gas          

Thermogravimetric vapor sorption analyzer 

Thermometer 

Pressure gauges 
(not shown) 

Can operate with active pressure control.   
Balance temperature: 55C  
Cabinet and vapor source temperature: 45C or 50C 

Isotherms and isobars 

Hiden Isochema IGA-002 
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TGA vapor sorption kinetic data for a single point of an isotherm 

7.5-8.0 mbar step of a 25°C isotherm 

Sample:  Five 1.9 mm pellets     

      (19.3 mg) of ZO2  in a    

      conical wire mesh basket  

Pressure ramp 2-8 mbar/min 

Active pressure control 
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 The Z02 pellets adsorbed ~9% less than the Z02 powder 

 The Z02 coating adsorbed ~ 13.6% less that the Z02 powder 

Isobar and Isotherm for FAM-Z02 
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Water sorption isotherms for FAM-Z02 

Δw 

Uptake 
w  = massadsorbate/massdry adsorbent) 
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Isosters for water sorption of FAM-Z02 pellets 

Isosteric heat of adsorption 

van’t Hoff equation 

𝑄𝑖𝑠 𝑤 = 𝑅
𝑑 𝑙𝑛𝑃

𝑑 1 𝑇 
 

Qis (w) ~ 61 ± 2 kJ/mol 

for w range 0.1 to 0.3 g/g 
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Attempt to determine effective diffusivity from small 

pressure step TGA kinetic data 

• Uniform initial adsorbate 
concentration, Co, in the particle 

• Constant adsorptive concentration, 
cs, at the surface of the particle 

• Good mass transfer around particle 
and constant mass diffusivity 

• Uptake is controlled by diffusion 
mass transfer 

• Solid-side resistance on surface of 
sphere 

• Radial diffusion of adsorbate 

• Isothermal process 

cS 
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𝐷𝑒𝑓𝑓𝑡

𝑟2
 

𝑚𝑡

𝑚∞
= 1 − exp −15𝐹𝑂  

Mass balance 

𝐹𝑂 =
𝐷𝑒𝑓𝑓𝑡

𝑟2
 

Mass Fourier 
number 

Spherical particle, showing 
boundary conditions 

for small times for 𝑭𝑶 greater than 0.1 

Strategy:  Fit the initial linear portion the kinetic 
curves for small pressure steps (e.g. 0.3 or 0.5 mbar) 
plotted as a function of sqrt(t)   
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FAM-Z02 water uptake kinetics for 

11.5 to 12 mbar pressure steps 

FAM-Z02 kinetic data fit  
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Effective diffusivity from 25°C isotherm with 0.5 mbar steps  
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 The highest effective diffusivities were calculated from fits 

for 0.5 mbar pressure steps where the least amount of water 

was adsorbed (e.g. 0.02 mg adsorbed by a 20 mg sample) 
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Effective diffusivity from a 60°C isotherm with 0.5 mbar steps  
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 The uptake rate observed is clearly influenced by the rate of heat 

dissipation to the constant temperature low pressure vapor 

surrounding the sample 
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FAM-Z02 water and methanol adsorption isotherms 
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 FAM-Z02 is not a useful adsorbent for 

a methanol-based sorption cycle 
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Nitrogen adsorption porosimetry of FAM-Z02 
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N2  s = 0.162 nm2  

H2O  s = 0.106 nm2  

 
 

FAM-Z02 nitrogen adsorption 

isotherm (Type I curve) fit with 

Dubinin–Radushkevich (DR) 

method. 

Micropore volume: 0.265 cc/g 

Micropore surface area: 746 m2/g 
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A thin foil double-spiral of nickel is 

used to resistively heat the sample 

and monitor the temperature change 

as a function of time. 

Three samples of 2 mm FAM-Z02 

pellets, each measured five times. 

Thermal conductivity 

0.139 ± 0.005 W/mK 

Thermal diffusivity  

0.33 ± 0.5 mm2/s 

Specific Heat 

0.42 ± 0.5 MJ m3/K  

0.56 J/g∙K  (pellets ~757 g/L) 

 

 

 

Transient plane source (TPS) thermal analysis 

Powder Cell 

Z02 (2 mm pellets) 
Specific heat 0.560 J/g  K 
Thermal conductivity 0.139 +/- 0.005 W/m  K 
 

Kakiuchi et al. 2005 
0.117 W/mK at 30°C 
0.822 J/g∙K 
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 The binder in FAM-Z02 pellets and coatings reduces 
the water sorption capacity by 9% and 14%, 
respectively 
 

 Nitrogen adsorption data indicates that the binder in 
FAM-Z02 coatings appears to impact the width of the 
surface pores 

Conclusions 

 The effective diffusivities calculated from the kinetic 

data from our pressure step gravimetic sorption curves 

are heat dissipation limited 
 

 FAM-Z02 can adsorb a significant amount of 

methanol, however the regeneration temperature 

would be to great for an effective sorption cycle 
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Characteristic Curve 
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Adsorption kinetics of ZO2 coated heat exchangers 
Dawoud, Appl. Therm. Eng. 50 (2013) 1645 

Small scale samples:  Adsorption heat pump 
module with 53-57% Dw loading in 5-10 min 
ads-evap cycle times 

300 mm Z02 
on HEx 

300 mm Z02 
on substrate 

Small aluminum substrates coated with 200, 300 

and 500 mm thick FAM-Z02. 
 

Aluminum HEx coated with by 150-500 mm FAM-

Z02 (1.5-2.5 kg adsorbent on 5.6-6.6 kg HEx) 

* 

(200 mg) 

90°C desorption end 
35°C adsorption end 
35°C condensor 
5°C evaporator  
(0.87 kPa, 8.7 mbar) 
 

Sample temp jump 
56 C  to 35 C 
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Resistance increase of electrically heated disk as a 

function of time: 
 

𝑅 𝑡 = 𝑅0 1 + 𝛼 ∙ ∆𝑇𝑖 + ∆𝑇𝑎𝑣𝑒 𝜏  
 

𝑅0 = initial resistance of the nickel sensor 

𝛼 = temperature coefficient of resistivity  

∆𝑇𝑖 = constant temperature difference over the  thin 

 Kapton insulating layers covering  both sides of 

 the nickel hot disk sensor 

∆𝑇𝑎𝑣𝑒 𝜏  =  sample surface temperature increase 

 

Time-dependent temperature increase: 
 

∆𝑇𝑎𝑣𝑒 𝜏 =
𝑃0

𝜋
3
2 ∙ 𝑎 ∙ 𝛬

∙ 𝐷(𝜏) 

 

  P0 = power output of sensor 

  a = sensor radius 

  Λ = thermal conductivity 
  𝐷(𝜏) = Dimensionless time function 
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●Water uptake rate of ZO2 is faster in films than in loose grains 

●Thinner films and smaller grains have highest uptake rate 

●Attributed to increase of both heat and mass transfer resistances with 

increasing the layer thickness 

 

Dawoud, Appl Therm Engi 50 (2013)1645  
Dawoud, J. Chem. Eng. Jpn. 40 (13)1298 & IMPRES conference 2007 

Note:  Adsorption systems never operate from x0 
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Dawoud, Appl. Therm. Eng. 50 (2013)1645  
Dawoud, J. Chem. Eng. Jpn. 40 (13)1298 & 
IMPRES conference 2007 
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• Initial adsorbate concentration (co) is uniform 
throughout particle 

• Constant concentration of adsorbate (cs) at surface 
of adsorbent particle 

• Adsorbate uptake is controlled by diffusion mass 
transfer 

• Solid-side resistance on surface of sphere 

• Radial diffusion of adsorbate 

• Constant mass diffusivity 

• Isothermal process 

• Good mass transfer 

     around particle 

• Fickian process 
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Adsorption kinetic data fitting 
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= 1 − exp −15𝐹𝑂  

(on small times = t) 

Series solution 

Mass balance 

𝐹𝑂 =
𝐷𝑒𝑓𝑓𝑡

𝑟2
 

Mass Fourier number 

𝑚𝑡

𝑚∞
=
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2
𝐷𝑒𝑓𝑓
𝑟2

𝑥 

Linearizing, where:  𝑥 = 𝑡 
(on 𝐅𝐎 greater than 0.1)  

Plotting uptake data  vs. SQRT(time), we perform linear 
regression on multiple intervals on “short” times, picking 
interval with highest r^2, yielding our coefficient. 

[1,2] 

[1,3] 

[2] 
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"Hot Disk" Transient Chart

Fit section 

1.23 ± 0.01 Wm-1K-1 

Average & standard deviation 

Nine tests, 3 locations  
35C, 20% RH 

●Sample:  8 mm thick, 30%wt CaCl2, 

30%wt silica gel, 25%wt graphite 

flakes, 15%wt polyvinylpyrollidone 

(binder, 40,000 MW) 

●Specific heat measured & value 

entered for fit 

●TPS test 

●Sensor radius 3.189 mm 

●Pulse 0.15 W, 20 s 

●Temperature rise 0.4 s 

●Penetration depth ~ 6 mm 
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Thermodynamic data for “sorptive-sorbent” pairs 

●Polanyi potential theory.  

●Considers the adsorption similar to condensation; the adsorbed state 
behaving like a liquid. 

●The principle of temperature invariance:   

 

       at temperatures, T1 and T2, equal uptake at the gas pressures, P1      
  and P2, linked as in the equation above. 

●Dubinin. 

●Free energy of adsorption or adsorption potential 

𝑇𝑎𝑙𝑛 ℎ𝑎 = 𝑇𝑏𝑙𝑛 ℎ𝑏  

ℎ = 𝑃 𝑃0  relative pressure of 
the adsorbate 
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Measured adsorption kinetics on the small scale coated samples 
compared to five full scale adsorber heat exchangers. 

Longitudinal fin HEx 
300 mm Z02 coating * LAEC 

We only have one point for comparison to this graph.  The 15 minute point in an 
uptake cycle from dry to equilibrium for 1.5 kg pellet Z02.   
NOTE:  Our uptake rate was evaporator power limited.   
Also,  our Tevap=10°C vs Dawoud’s experiments with Tevap=5°C  

Aluminum plate 
300 mm Z02 coating 

(200 mg) 

90°C desorption end 
35°C adsorption end 
35°C condensor 
5°C evaporator  
(0.87 kPa, 8.7 mbar) 
 

Sample temp jump 
56 C  to 35 C 


