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Water adsorbent AQSOA™ FAM-Z02 (Z02) coatings and pellets were evaluated in our custom-built lab-scale
sorption chiller with two adsorber beds. Two finned-tube heat exchangers (HEX) (4.08 L) were coated with Z02
by Mitsubishi Plastics and compared with two other HEX that were packed with Z02 pellets. When tested with
15, 30, 30 and 90 °C operating temperatures for the evaporator, condenser, adsorption and desorption, and
5-30 min cycle times, the sorption chiller had a peak volumetric specific cooling power of 90 + 5 kW/m? with

702-coated HEX compared to 59 * 2 kW/m?® for HEX packed with Z02 pellets. The specific cooling power (SCP)
and coefficient of performance (COP) were greater for Z02 coatings compared to pellets.

1. Introduction

Silicoaluminophosphate SAPO-34 zeolite was developed and com-
mercialized as AQSOA™ FAM-Z02 by Mitsubishi Plastics Inc. as a water
adsorbent for use in desiccant wheels and adsorption chillers operating
with low regeneration temperatures [1]. Z02 has an S-shaped isotherm
and a Aw = 0.21 g/g (H,O/sorbent) under 15, 30, 30, 90 °C sorption
chiller operation cycle temperatures (evaporator, condenser, adsorption
and desorption, respectively). Freni et al. [2] used a mathematical
model to evaluate the sorption cycle performance of numerous ad-
sorbent/adsorptive working pairs and concluded that, amongst water
sorbents for air conditioning applications, Z02 and salt-silica gel com-
posites had the highest potential coefficient of performance (COP) and
specific cooling power (SCP).

The dynamics of water ad-/desorption by Z02 loose grains were
studied by Girnik et al. through volumetric large temperature jump (V-
LTJ) tests on monolayers and multilayers of Z02 pellets [3,4]. They
found a “grain size insensitive regime” for uptake when comparing
samples with equal values for the ratio of heat transfer surface area to
adsorbent mass (S/m) from 0.44 to 1.75 m?/kg (e.g. S/m = 1.75 m?/kg
for two layers of 0.4-0.5 mm grains or four layers of 0.2-0.25 mm
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grains) and found that the cycle power increased linearly with in-
creasing S/m [3]. Temperature-step adsorption and desorption dy-
namics tests on 70-90 g of Z02 packed into small heat exchangers
(~0.2 m?) with three designs, each with a compactness of ~1100 m?/
m?3, were conducted by Santamaria et al. [5]. The dynamic behaviour
for different Z02 grain sizes was found to be a function of S/m for grain
sizes less than 1 mm, and cooling powers up to 2.3 kW per kilogram of
sorbent were reported, 6-8 times greater that the cooling powers
achieved in tests of larger prototypes [5].

To determine the relative importance of heat and mass transport
impedances, J. Ammann et al. conducted isochoric temperature swing
tests on coatings of SAPO-34 with 5 wt% binder and found that mass
transport limited the sorption dynamics for all coating thicknesses
tested (0.06-0.46 mm) [6].They found that the water adsorption rate
increased by up to two times when longitudinal channels were in-
troduced into coating layers in a structure that improved mass transfer
while maintaining same adsorbent mass to unit area [7]. In an earlier
study of silica gel spheres on a metallic substrate, J. Ammann et al.
found the sorption rate was dominated by heat transport impedances,
although the mass transport impedance for 1.8-2.0 mm sized beads also
contributed significantly to total transport impedance [8]. The effects of
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adsorbent intra-particle mass diffusion, interparticle flow resistance and
thermal transport have also been theoretically studied with respect to
optimizing heat exchanger geometry by Mitra et al. [9].

Accelerated aging tests performed by Freni et al. confirmed the
hygrothermal stability of Z02 coatings prepared by Mitsubishi Plastics
Inc. and SAPO-34 coatings that they prepared [10]. In further experi-
ments, Freni et al. compared aluminium finned flat tube heat ex-
changers (HEX) (510 g) that were coated with SAPO-34 (0.1 mm thick,
84 g) to HEX that were filled with granular SAPO-34 (0.6-0.7 mm
grains, 260 g) using a lab-scale single bed sorption chiller under 15/28/
28/90 °C operating temperatures [11]. For 5 min cycles, the coated
HEX had a SCP of 675 W/kg and volumetric SCP of 93 kW/m?, while
the SCP of the HEX filled with granular Z02 (0.6-0.7 mm) was 498 W/
kg (212 kW/m?>). The cooling COP was 0.24 for the coated HEX com-
pared to 0.4 for the granular HEX with its substantially higher sorbent/
HEX ratio. In a subsequent study, heat exchangers (HEX) coated with
702 and then filled with granular microporous silica gel were tested in a
three adsorber bed sorption chiller. The SCP for was 508 W/kg and
658 W/kg for operating conditions of 15/28/28/90 °C and 15/25/25/
90 °C, respectively. However, the VSCP increased significantly up to
286.4 kW/m? (by adsorber volume), and a VCPgjjer of 9.8 kW/m?
calculated considering the volume of the system [12].

Dawoud tested Z02 coatings deposited by Mitsubishi Plastics on
small substrates and HEX. For small samples, as the coating thickness
was increased from 0.2 to 0.5 mm, the adsorption rate decreased by
47%. However, for Z02 coatings on extruded finned-tube and finned-
plate HEX the adsorption rates were substantially lower [13].

SAPO-34 was directly crystallized on a novel aluminium fiber flat
tube HEX (3.3 kg adsorbent on 8.5 kg HEX) by Wittstadt et al. and
tested in a single vacuum chamber that also contained an evaporator/
condenser. For 18/27/85 °C nominal operating conditions, the sorber
had a module volume specific cooling power of 82 kW/m? and a COP of
0.4 for cooling [14]. Calabrese et al. recently reviewed adsorbers coated
with SAPO-34 based zeolite for adsorption heat pumps, identifying is-
sues and presenting new coating formulations with improved me-
chanical and thermal properties [15].

During initial tests of our sorption chiller with finned-tube HEX
packed with 2 mm diameter Z02 grains, reported by Sharafian et al.
[16], the highest SCP (119 W/kg adsorbent) was observed when the
adsorbent loaded into each of the two HEX was reduced from 1.9 to
0.5 kg. At that time, the system performance was limited by the heat
transfer rate in the evaporator and pressure drops in the piping and
valves between the evaporator and the sorber beds in our testbed [16].
In the present study, an improved sorption chiller testbed was used to
compare the performance of Z02 pellets and coatings. Upgrades made
to the sorption chiller testbed include: (i) installation of four-way valves
for faster adsorption to desorption temperature switches between the
two sorber beds, (ii) larger diameter pipes and gate valves between the
evaporator and sorber beds, and iii) a more powerful capillary-assisted
low-pressure evaporator. The improvements result in higher system
SCP and greater ability to compare sorbent and sorber bed perfor-
mance.

2. Experiments
2.1. Material characterization

Water adsorbent silicoaluminophosphate powder (AQSOA™ FAM-
702 powder, Lot # ZZ114913) and 1.4-2.4 mm pellets containing si-
licoaluminophosphate powder and silicon dioxide-based binder
(6-17 wt%) (AQSOA™ FAM-Z02 pellets, Lot # ZA115401) were ac-
quired from Mitsubishi Plastics Inc. Two finned tube heat exchangers
(engine oil cooler, model #1268, Hayden Automotive) and an alumi-
nium plate were coated with a silicoaluminophosphate powder and
silicon dioxide-based binder (10 wt%) by Mistubishi Plastics using their
proprietary method and the average coating thickness was 0.33 mm.
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The Z02 coating samples were flaked from the aluminium plate without
scratching the substrate or any metal inclusions in the sample.

Water isotherms and isobars were collected on samples of Z02
powder, coating, and spherical pellets (5 pellets, average diameter
1.90 + 0.08 mm measured by optical microscopy) using a thermo-
gravimetric vapor sorption analyser (TGA) with active pressure control
(IGA-002, Hiden Isochema). Water uptake, w, is reported as

mass H,O
mass dry sorbent (€8]

High resolution isotherms (0.3-0.5 mbar steps) were collected at
seven temperatures ranging from 5 °C to 80 °C. From this data set,
isosters for water uptakes ranging from 0.11 to 0.32 where plotted, In
(Py20) vs 1/T, and the isosteric heat of water sorption for the pellets
was determined as a function of water content from the slopes of the
linear plots using the Clausius-Claperyon equation

—AH; (1
In(Piz0) = —5(= |+ C
(Pr20) R (T)

where AHj; is the isosteric heat of adsorption (J/mol), R is the universal
gas constant (8.31446 J K~ mol 1), T is the absolute temperature (K),
and C is a constant.

Nitrogen adsorption isotherms were measured using an Autosorb
iQ-MP (Quantochrome Instruments) to determine the porous properties
of the Z02 pellets and coating.

2.2. System description

The lab-scale sorption chiller is shown in Fig. 1. The two sorber beds
were connected to two heating/cooling (H/C) circulators using two
four-way valves for automated cycling from adsorption to desorption
temperatures. The HEX fins coated with Z02 and packed with Z02
pellets are shown in Fig. 2. The sorber bed specifications and operating
conditions are given in Table 1. Two additional heating/cooling cir-
culators controlled the temperature of the condenser and the custom-
built capillary-assisted low-pressure evaporator (CALPE). The eva-
porator features a serpentine HEX with 12 tubes, each 35.5 cm long and
1.9 cm in diameter, with 1.47 mm fin height, 0.64 mm fin spacing and
an inner spiral groove (Turbo Chil-40 FPI, Wolverine Tube Inc.). The
inner and outer surface areas of the evaporator are 0.051 m?/m and
0.263 m?/m. The overall heat transfer coefficient measured by our
custom-built apparatus for evaluating cooling power [17,18] was
1760 W/(m?K). When operated at 2.5 L/min flow rate, the evaporator
has a cooling capacity of 960 W.

Vapor flow was controlled by a check valve (cracking
pressure < 0.25 kPa) between each sorber bed and the condenser, and
by a 50 mm gate valve between each sorber bed and the evaporator.
Three positive displacement flow meters (FLOMEC, OM015S001-222)
with accuracy of 0.5%, four pressure sensors (Omega, PX309-005AI)
and 0.4 kPa accuracy, and ten T thermocouples (Omega, S5SRTC-TT-T-
36-36) with + 1.0 °C accuracy and two RTD thermocouples (Omega,
PR-13) with + 0.15 °C accuracy were used for detailed monitoring of
the cycle. The sorber bed specifications and operating conditions are
listed in Table 1.

The total heat transfer measured at the evaporator per cycle, Qevap
(J), is calculated as

Qevap = f Vf’le(En — Toy)dt
0 (2)

where the mass flow rate of cold water, r1, is 2.5 L/min, and the specific
heat for water, c,, is 4.18 kJ/kg. The coefficient of performance (COP),
specific cooling power (SCP) and volumetric specific cooling power
(VSCP) are calculated as follows

COP = Qevap/Qheat 3)
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Fig. 1. (a) Photo and (b) schematic of the lab-scale sorption chiller with two sorber beds (1,2), condenser (3), capillary-assisted low-pressure evaporator (CALPE)

evaporator (4), valves, sensors and heating/cooling (H/C) circulators.

SCP = Qevap/(mads'tcycle) 4)
VSCP = Qevap/ (Vads‘[cycle) 5)

The water uptake of the adsorbent as a function of time can be
calculated from the heat transfer at the evaporator. Dimensionless up-
take, X(t), can be described as a function of time by the following
equation, yielding a characteristic time, 7, for the process.

X(t)=1—exp(—t/7) 6)
where X(¢) is the water uptake divided by equilibrium water uptake;
X(t) = Aw (t)/AWﬁnal @)

3. Results and discussion

Water sorption isobars and isotherms for Z02 powder, pellets, and
coating samples are shown in Fig. 3 (a) and (b). Mitsubishi Plastics
creates pellets and coatings from Z02 using a proprietary method that
includes a silicon dioxide-based binder. The binder does not influence
the isotherm shape. However, the water uptake per gram of dry ad-
sorbent is lower for the pellets and coating in comparison to the pure
702 powder due to the weight of binder in the adsorbent and, poten-
tially, pore blockage. As shown in Fig. 3, the decrease in equilibrium
water uptake for the Z02 pellets and coating samples was 9% and 13%,
respectively, relative to the Z02 powder. This suggests that the Z02
coating contains a greater amount of binder by weight or the binder has
impeded access to some zeolite powder grains or pores. The solution
formulation in which the Z02 is suspended for dip coating is likely
different than the one used for pelletizing.

For comparison, Calabrese et al.’s recent study of SAPO-34 coatings
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Table 1
Adsorber bed specifications and operating conditions.

HEX (LLW,H)  35.2cm X 3.8cm x 30.5cm  Cycle times 5, 10, 20, 30 min
Fin spacing 2.54 mm (10 fpi) Tesorption 75, 80, 90 °C
Surface area 2.8 m? Tadsorption 20, 30, 40 °C
HEX weight 2.51 * 0.03 kg Teondenser 20, 30, 40 °C
Z02 coating 0.80 kg per HEX Tevaporator 5,10, 15 °C

Z02 pellets 1.97 kg per HEX

containing a polymer binder also used the difference in maximum water
adsorption measured in isobars of coatings relative to pure zeolite
samples to determine the percentage of active SAPO-34 content in the
coatings, e.g. 96% of the SAPO-34 content was active for coatings
containing 10 wt% binder [17].

The adsorption branches of eight Z02 pellet isotherms (5-80 °C, 285
data points) were used to generate the isosters that were fitted to de-
termine the heat of adsorption as a function of water content, see Fig. 4.
The isosteric heat of adsorption for the pellets for water content less
than 0.3 g/g was —61 kJ/mol (—3400 kJ/kg). This is in agreement
with isosteric heats of adsorption determined by Kayal et al. [19], and
slightly greater than the values reported by Teo et al. [20]. Kakiuchi
et al. reported a similar differential heat of adsorption for Z02, 58.3 kJ/
mol at 298 K [1].

The nitrogen adsorption isotherms of the Z02 pellets and coating are
compared in Fig. 5 (a), and shown separately in Fig. 5 (b) and (c) with
the y-axis scales adjusted to better show the hysteresis in the desorption
curves. The steep initial region (< 0.15P/P,) of the Z02 pellet nitrogen
adsorption corresponds to the filling of micropores. The curve shape
(Type 1V, H4), particularly the hysteresis in the desorption branch of

Fig. 2. (a) Heat exchanger (HEX) fins coated with Z02, (b) HEX fins packed with Z02 pellets, (c) empty sorber bed HEX.
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Fig. 3. Comparison of water vapor sorption of AQSOA FAM-Z02 powder, pellets (~2 mm diameter) and coating (a) isobars at 12 mbar and (b) isotherms at 35 °C.

the isotherm at higher partial pressure indicates that the material also
has slit-like mesopores. The pore volume of the Z02 pellets calculated
from the nitrogen adsorption was 0.3 cc/g (P/Py 0.975, pores with
radius < 38 nm). In contrast, multiple nitrogen adsorption isotherm
runs on three samples (from 0.1 g to 0.7 g) of the Z02 coating yielded
isotherms with low uptake at saturation pressure in all cases,
0.001-0.003 cc/g (P/Py 0.975, pores with radius < 42 nm (Fig. 5a, c).
The results suggest that the binder on the surface of the Z02 particles in
the coating impedes the access of nitrogen molecules to the silicoalu-
minophosphate micropores.

FAM-Z02 has a chabazite (CHA) cage structure that water molecules
enter through 0.38 nm windows [1]. Nitrogen molecules have a larger
kinetic diameter (0.363 nm) than water molecules (0.265 nm), there-
fore it is possible to create a coating where water is adsorbed (Fig. 3a)
and nitrogen is not adsorbed (Fig. 5c). A narrowing of the pore windows
at the surface of zeolite by less than 0.02 nm could produce this effect.
In this case, the results suggest that the surface coverage of binder on
the sorbent grains is greater in the coating compared to the pellets.

As shown in Fig. 6, in lab-scale sorption chiller tests, the Z02 coated
HEX had greater volumetric and mass specific cooling powers than the
702 pellet filled HEX. This was in part due to the thermal contact re-
sistance at the interface between the pellets and the HEX, which im-
pedes heat transfer. Rouhani et al. measured the thermal conductivity
of a packed bed of the Z02 pellets as 0.2 W m ™~ K™, and determined
that when a monolayer of pellets was pressed between metal plates
under contact pressure of 0.7 kPa thermal contact resistance was 67%
of the overall thermal resistance [21]. The pellets were tightly packed
in the HEX and in contact with both sides of each fin (0.2 mm fin
thickness, 2.54 mm fin spacing), however a relatively small portion of
the pellets had both top and bottom contact points. The heat transfer
surface/adsorbent mass ratios, S/m, for the pellet and coating sorber
beds were 1.5 and 3.6 m?/kg, respectively.

Sapienza et al. examined the effect of grain size and by large tem-
perature jump, calculated VSCP for 80% of equilibrium water uptake,

assuming a fixed dead volume, and found cooling power peaked at
~120 kW/m? for grain sizes between 1.1 and 1.6 mm, and declined
sharply for larger grain sizes [22]. The pellet size available for the
present study, average 1.9 mm, is considered to be a performance
limiting factor, i.e. an increase in SCP and VSCP would be expected if
the pellets were crushed into smaller, irregularly-shaped loose grains.

The Z02 coated HEX had an SCP of 456 W/kg (90 kW/m?) and a
COP of 0.27 for 10 min cycles. For 30 min cycles with the Z02 coated
HEX, the uptake rate was 0.04-0.05 g/100 g-s during the first 4 min of
sorption while 96% of sorption capacity was achieved in 10 min.
Dawoud reported a sorption rate of 0.06 g/100 g-s for small samples of
0.3 mm Z02 coatings, and much lower uptake rates for HEX coated with
1.5 kg of sorbent (57% uptake capacity in 10 min) [10].

For comparison, the SAPO-34 directly crystallized on an aluminium
fiber flat tube HEX tested by Wittstadt et al. had a SCP of 478 W/kg and
VSCP for the adsorber bed (without header) of 190 kW,/m? when tested
with 12, 32, 32 and 90 °C operating conditions [14]. The difference in
VSCP between the aforementioned study and the results presented here
is consistent with the greater sorbent loading possible in the fiber flat
tube HEX (0.39 kg/L compared to 0.20 kg/L), although there are other
differences between the systems (single module versus 2 bed). Even
greater VSCP of 286 kW/m?> by adsorber volume was achieved by the 3-
bed sorption system with hybrid sorber beds combining a Z02 coating
with loose grain silica gel for tests at 15, 28, 28, and 90 °C, which also
had a greater SCP, 508 W/kg [12]. Sorption chiller tests on a small
coated HEX (0.08 kg sorbent) by Freni et al. achieved 93 kW/m® and
675 W/kg [9].

The evaporator inlet and outlet temperatures were used to de-
termine the total heat transfer measured at the evaporator per cycle, see
Eq. (2). The system performance metrics (SCP and COP) are shown in
Fig. 6 for Z02 coated beds operated with 5, 16 and 30 min cycles and
evaporator, condenser, adsorption and desorption temperatures of 15,
30, 30 and 90 °C, respectively. The reported SCP values are the average
calculated from measurements of 4 to 7 consecutive cycles of the
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Fig. 4. (a) Water vapor sorption isosters for AQSOA-Z02 pellets, and (b) the isosteric heat of adsorption of AQSOA FAM-Z02 pellets as a function of water content.
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(a) Nitrogen adsorption isotherms for AQSOA-Z02 pellets and coating, (b) isotherm detail for the pellets, and (c) isotherm detail for the coating.
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Fig. 6. Performance of sorption chiller for Z02 coating and pellet; (a) VSCP by HEX volume, (b) SCP by sorbent weight, and (c) COP. Operating conditions:
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cycle SCP measurements ranged from 0.5 to 3%.

adsorption = 30 °C, and Tgesorption = 90 “C. SCP and COP measurement uncertainty was 7.5% and the standard deviation for cycle to
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Fig. 7. (a) The inlet and outlet temperatures of the evaporator for different cycle times. The sorption as a function of time calculated from the cooling power delivered
by the evaporator for (b) the 30-minute cycles, and (c) the first minutes of sorption for short and long cycles. Note: The initial uptake rate is under represented for the
equilibrium (30 min) cycles as the thermal inertia of the evaporator was not included in the calculation.

system. The cooling power can be used to calculate the evaporation rate
and, consequently, the uptake rate of the active adsorber bed.

The inlet and outlet temperatures of the heat transfer fluid (water)
to the evaporator are shown for different cycle times in Fig. 7 (a). Fig. 7
(b) shows the cumulative uptake as a function of time for a 15 min half
cycle including the initial brief transition period during which the
temperature of the bed decreases from the desorption temperature (the

outlet temperature of the 30 °C bed cooling loop is shown in red). No
evaporation occurs until after the vapor pressure in the adsorber de-
creases, triggering the opening of the valve between the adsorber and
evaporator (~20 s for the cycle shown).

For 30 min cycles, the calculated initial uptake rate is under-
estimated as the delivered cooling power used for the calculation does
not include the evaporation required to rapidly cool the evaporator
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(~4.5 kg of copper) from 15 °C to 9 °C. As shown, the temperature
fluctuation of the evaporator was much lower for shorter cycles, and the
impact of the thermal inertia of the evaporator on the adsorbent water
uptake calculation was less significant, Fig. 7 (a) and (c). Neglecting the
initial 150 s of the half cycle, correlations of the dimensionless uptake
as a function of time, as per Eq. (6), of six half cycles yielded an average
characteristic time of 194 *+ 2 s for the system operating with Z02
coating (800 g per HEX).

4. Summary

The performance of the lab-scale sorption chiller was comparable to
the expected potential of Z02 coatings based on previous kinetic studies
of small samples and small coated heat exchangers. For the operating
conditions tested, Z02 coated sorber beds the highest cooling power
observed was 456 W/kg (90 kW,/m?) for 10 min cycles for which system
the COP was 0.27. Correlations of water uptake rates from tests with
longer cycle times yielded a characteristic time, t, of 194 = 2s.
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The heat transfer rate in the evaporator is calculated from the measured flowrate and inlet to outlet AT of the thermal fluid (water) as follows

Qevap = mcp(T;n = Tou)

and the instrumental uncertainty is

. [ 2
8Quap _ (5_m)2 NEARNECE
Qevap V m Cp (Tm Tout)

The uncertainty of the calculated SCP (Eq. (4)) is therefore

= /(0.005)% + (0.0007)? + (0.07)

scp evap Mads tcycle

ascp (5Quap Y (6mags) | (Ot
O 100 = \/( e““") + ( m‘m) + ( ”C’e) x 100 = /(0.07)2 + (20/800)* + (1/300)2 x 100 = 7.5%

where the relatively large uncertainty ( = 20 g) in the adsorbent mass, m,qs, is due to differences in the weights of the empty and coated heat
exchangers reported by Mitsubishi Chemical Corporation and the values measured in our laboratory. Each reported SCP is the average of 4 to 7
consecutive cycles, and standard deviations for the cycle to cycle variations for the sorbents and cycle times tested ranged from 0.5 to 3% of the

reported value.

6Quap Y (8 :
55% x 100 = (@) + (M) X 100 = /(0.07)2 + (0.1)?

Qdexorp

The greater uncertainty in the T type thermocouples used to monitor the inlet and outlet temperature of the thermal fluid (water) used for

desorption at 90 °C.

Appendix B. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.applthermaleng.2020.115219.
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