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ABSTRACT

Silica gel/water adsorption cooling systems suffer from size, performance and cost limitations. Therefore,
there is a need for new adsorbent materials that outperform silica gel. Metal organic frameworks (MOFs)
are new micro-porous materials that have extraordinary porosity and uniform structure. Due to the lack of
published data that characterise MOF/water adsorption, this paper experimentally investigates the
adsorption characteristics of HKUST-1 (Cu-BTC (copper benzene-1,3,5-tricarboxylate), C;gHgCu301;) and
MIL-100 (Fe-BTC (Iron 1,3,5-benzenetricarboxylate), CqH3FeOg) MOFs compared to silica gel RD-2060.
The adsorption characteristics of Silica gel RD-2060, HKUST-1 and MIL-100 were determined using an
advanced gravimetric dynamic vapour sorption analyser (DVS). Results showed that HKUST-1 performed
better than silica gel RD-2060 with an increase of water uptake of 93.2%, which could lead to a consider-
able increase in refrigerant flow rate, cooling capacity and/or reducing the size of the adsorption system.
However, MIL-100 MOF showed reduced water uptake comparable to silica gel RD-2060 for water chilling
applications with evaporation at 5 °C. These results highlight the potential of using MOF materials to
improve the efficiency of water adsorption cooling systems.

© 2012 Elsevier Ltd. Open access under CC BY license.

1. Introduction

Silica gel has been investigated as water adsorbent for a number
of cooling applications [1-3] including combined power, heating
and cooling (known as Trigeneration) [4,5], automotive air condi-
tioning [6] and solar powered cooling systems [7,8]. However,
one of the silica gel problems as adsorbent is that most of water
adsorption occurs at high partial pressure. This means that the
amount of water vapour adsorbed/desorbed in a cycle of normal
operating conditions is only a small part of the total adsorption
capacity of the silica gel [9,10] resulting in silica gel/water adsorp-
tion cooling systems having large footprint and high capital cost
[11,12]. Therefore there is a need for new adsorbent material that
can adsorb water at lower partial pressures than that of silica gel.

Metal organic frameworks (MOFs) are new micro-porous mate-
rials with exceptionally high porosity, uniform structure and large
surface area (up to 5500 m?/g) which have attracted a considerable
scientific interest recently [13,14]. These were initially investigated
for gas storage applications such as hydrogen and methane [15,16].
MOFs structures consists of two main components: the organic
linkers considered as organic secondary building unit, act as struts
that bridge metal centres known as inorganic primary building
units and act as joints in the resulting MOF architecture. These
components are connected to each other by coordination bonds
to form a network with defined topology [17,18]. MOFs are
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classified into two kinds: the zinc-based and other metals-based.
Metals that have been studied for MOFs synthesis are aluminium,
copper, chromium, manganese, iron, zirconium and scandium
[13,14]. Research by Henninger et al. [10] indicated the potential
of applying MOFs materials for water adsorption cooling systems.
However, limited work regarding their water adsorption character-
isation and cyclic performance was reported.

This paper experimentally investigates the water adsorption
characteristics of two types of MOFs; namely HKUST-1 (copper
based) and MIL-100 (iron based), in terms of adsorption isotherms,
isosteric heat of adsorption and adsorption kinetics for tempera-
tures up to 52 °C. Cyclic analysis up to 85 °C was investigated using
developed correlations based on the experimental data. These
MOFs are commercially named Basolite C300® and Basolite
F300®, manufactured by BASF, USA and marketed by Sigma Aldrich
UK. HKUST-1 is selected because it is one of the first robust metal
organic polymers made with a microporous structure that is
reminiscent of the topology of zeolite framework [19]. MIL-100 is
selected due to its stability during hot water treatment [17]. Also
the performance of silica gel RD-2060 was investigated as a refer-
ence material. Fig. 1 presents SEM images of HKUST-1, MIL-100
and silica gel RD-2060 and Table 1 presents the chemical formula,
granular size, BET surface area and bulk density for these materials.

2. Experimental work

The adsorption characteristics that affect the chiller perfor-
mance are adsorption isotherms, isosteric heat of adsorption and
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adsorption kinetics. There are two methods for measuring adsorp-
tion characteristics namely; volumetric method and gravimetric
method [20,21]. In this investigation a dynamic vapour sorption
(DVS) gravimetric analyser has been used to study the water
adsorption characteristics (adsorption isotherms, kinetics and iso-
sters) of the selected adsorbents, Fig. 2. In this DVS analyser, the
adsorbent mass is measured directly using sensitive recording
microbalance (Cahn D200) which has high long-term stability as
it adsorbs controlled concentrations of water or organic vapours.
Dry Nitrogen is used to purge the balance head and reaction cham-
ber prior to sample loading. The purge flow is automatically con-
trolled to prevent vapour condensation in the balance head and
hence accurate uptake measurement is guaranteed. The microbal-
ance is housed in a controlled temperature chamber to avoid va-
pour condensation in connections. Mass flow controller is used to
control the vapour pressure with a mixture of dry and saturated
vapour gas. The test conditions were measured using optical va-
pour pressure sensor and RTD temperature probe very close to
sample pan. The DVS analyser is controlled by a PC microcomputer,
which is interfaced with the microbalance. The accuracy of the DVS

Nomenclature
Symbol R, particle radius (m)
Ao coefficient in Eq. (2) (kg/kg) T temperature (K)
Aq coefficient in Eq. (2) (kg/kg K) t time (s)
A coefficient in Eq. (2) (kg/kg K3) w uptake value (kgwater/Ksitica)
As coefficient in Eq. (2) (kg/kg K3) Wi equilibrium uptake (Kkgwater/KEsitica)
B, coefficient in Eq. (3) (K) A difference
B, coefficient in Eq. (3) (K1)
B, coefficient in Eq. (3) (K2) Subscripts
Bs coefficient in Eq. (3) (K™3) ads adsorbent
Dso pre-exponential constant (m?/s) ref refrigerant
AH, isosteric heat of adsorption (J/kg) s silica gel RD-2060
Eq activation energy (J/mol) sat saturation
Ksa, overall mass transfer coefficient (kW/m K) i time index
P pressure (kPa) w water
R Universal gas constant (J/mol K)
Table 1

Physical properties of tested materials.

Property HKUST-1 MIL-100 Silica gel RD-2060
Chemical Formula C;gHgCus01, CoHsFeOg SiO,
Granules size 16 um 5um 0.18-1 mm

1500-2100 m?/g  1300-1600 m?/g 840 m?/g
0.35 g/cm® 0.16-0.35g/cm®> 1 g/cm?

BET surface area
Bulk density

analyser microbalance Cahn is verified by using 100 mg standard
calibration mass, where the expected mass accuracy of the tested
sample is +0.05 mg.

Samples of 10 mg (+0.05 mg) each has been placed in the reac-
tion chamber. All samples were dried until the condition of no
change of mass is reached (Fig. 3 shows such drying process at
36 °C), then adsorption/desorption processes at various partial
pressures were carried out. The sample mass is recorded every
4 s at different vapour pressure value to determine the adsorption
kinetics. The sample isotherms are measured at each value of

Fig. 1. SEM images for (a) Silica gel RD-2060 (b) HKUST-1 (c) MIL-100.
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Fig. 3. Drying curves for different adsorbents at 36 °C.

vapour pressure at the point of no change in adsorbent mass by
measuring the adsorbent uptake. For each adsorbent, this proce-
dure (drying, adsorption and desorption) was conducted at tem-
peratures ranging from 20T to 52T at a step of 8 degrees and
vapour pressure ranging from 200 Pa to 10000 Pa.

In physical adsorption phenomena the intraparticle mass trans-
fer resistance dominates interparticle resistance [22]. The key
parameter of intraparticle mass transfer is the diffusion time con-
stant which is directly proportional to the surface diffusion, but in-
versely proportional to the adsorbent granules size. The rate of
intraparticle mass transfer for different adsorbent/adsorbate pairs
is normally measured using the gravimetric analyser and modelled

Predicted Temporal Uptake [ kg /kg |

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Exp Temporal Uptake [ kgw{kg“. 1

Fig. 5. Comparison between the measured water vapour uptake of silica gel RD-
2060 and those predicted by the LDF model.
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Table 2

Empirical constants for LDF model.
Parameter Value Unit
Silica gel RD-2060
F.Dso 3.81 x 103 m?[s
E, 42 % 10* J/mol
R, 0.16 x 10 m
HKUST-1
F.Dso 4.08 x 1073 m2/s
Ea 1.99 x 10* J/mol
R, 8 x 10 m
MIL-100
F.Dsgo 2.63 x 1073 m?[s
E. 2.70 x 10* J/mol
R, 2.5 % 10° m

2
ksa, = (F.Dso/R})exp(—Eq/RT) (2)

where R, Dso, E;, R and wx are particles radius, pre-exponential
constant, activation energy, universal constant and equilibrium up-
take respectively and their values were given in Table 2 [27].

3. MOFs performance characterisation

Samples of MOF materials of HKUST-1 and MIL-100 are tested
using the DVS analyser in order to characterise their adsorption
isotherms, cyclic and kinetic performance compared to those of
the reference material silica gel RD-2060.

4. Adsorption Isotherms

The adsorption isotherm determines the amount of the
adsorbed adsorbate over the dry mass of adsorbent as a function
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of its vapour pressure at constant temperature. Fig. 6 presents
the adsorption isotherms for the tested HKUST-1 and MIL-100
compared to those of silica gel RD-2060 for the temperatures 20,
28, 36, 44 and 52 °C. This temperature range was dictated by the
capability of the DVS used. Fig. 6 also shows that silica gel
RD-2060, HKUST-1 and MIL-100 isotherms behave as type-I,
type-1I and type-V adsorbents respectively, based on Brunauer
classification [30]. For all tested vapour pressures, HKUST-1 ad-
sorbs more water vapour than the other adsorbents where the
average maximum water vapour uptake value is 0.50 kg/kgaqs
which is 78.6% higher than that of the tested silica gel RD-2060.
Fig. 6 also shows that the MIL-100 has low water adsorption at
low vapour pressure and higher value at higher vapour pressures.
The average maximum equilibrium uptake value of MIL-100 is
0.35 kg/kgaqs which is 25% higher than that of silica gel RD-2060.
Based on these results, the maximum equilibrium uptake is highest
for HKUST-1 followed by MIL-100 and silica gel RD-2060.

Fig. 7 presents the ratio of the equilibrium water vapour uptake
to its maximum value (percentage) versus the partial pressure for
the three materials tested. It can be seen that HKUST-1 is more
effective than silica gel RD-2060 in adsorbing water vapour closer
to its maximum water uptake in particular at low partial pressure
values. For example, HKUST-1 adsorbs 50% of its maximum capac-
ity at partial pressure of 0.13 while silica gel RD-2060 adsorbs up
50% of its maximum capacity at partial pressure of 0.22. As for
MIL-100, at partial pressure below 0.3, its performance is inferior
to silica gel RD-2060 but it is slightly improved above the partial
pressure of 0.3.

Fig. 8 shows the measured adsorption and desorption isotherms
at 52 °C for all the materials tested. It is clear from this figure that
both silica gel RD-2060 and MIL-100 have demonstrated little dif-
ference between the adsorption and desorption while HKUST-1 has
shown clear hysteresis between adsorption and desorption.
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e D
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Fig. 6. Adsorption isotherms comparison for different adsorbents.



7370 A. Rezk et al./International Journal of Heat and Mass Transfer 55 (2012) 7366-7374

120

—/— HKUST-1
| | —o—miL-100

100 4

40

20 .

100 x (Equilibrium Uptake / Max Equilibrium Uptake)

[, <IN NI SN S —— I P SN N S SN

0.4 0.5 0.6 07 0.8 0.9 1.0

Partial Pressure [ - |

Fig. 7. Ratio of water vapour equilibrium uptake to its maximum value versus
partial pressure.

Isosteric analysis is one of the key characteristics that need to
be studied. Ruthven [30] correlated the relation between vapour
pressure (P,), adsorbent temperature (T) and the isosteric heat of
adsorption (AH;) of adsorbent/refrigerant pairs as shown in Eq.
(3). Table 3 presents the average calculated isosteric heat of
adsorption based on the experimentally measured isotherms for
water adsorption on silica gel RD-206, HKUST-1 and MIL100 com-
pared to published values.

Ln(P,) = constant — AH;/RT (3)

where R is the Universal gas constant.

5. Adsorption kinetics

The adsorption kinetics should be considered during compari-
son between different adsorption pairs [25]. It determines the rate
at which the adsorbent material adsorbs/desorbs the refrigerant.
As outlined in the experimental procedure section, the sample
mass is recorded every 4 seconds at different vapour pressure va-
lue to determine the adsorption kinetics. Fig. 9 shows the mea-
sured water vapour uptake variation with time for HKUST-1 and
MIL-100 using different vapour pressures at 36 °C. Measurements
shown in Fig. 9 were then used to develop the LDF model (Egs.
(1) and (2)) for HKUST-1 and MIL-100 and Table 2 gives the empir-
ical values of F.Dy, and E,. Fig. 10 compares the measured water
uptake values with those predicted by the developed LDF model
with a maximum deviation of +15%. Fig. 11 compares the mea-
sured water vapour uptake versus time for all materials tested at
different temperatures for a vapour pressure of 0.5 mbar. It is clear
that HKUST-1 shows the maximum adsorption rate (highest
adsorption kinetics) followed by silica gel RD-2060 and MIL-100.
The faster adsorption rate of HKUST-1/water pair implies shorter
adsorption/desorption [31] cycle than that of silica gel RD-2060.

6. Adsorption cycle analysis

In order to carry out the cycle analysis of the three materials
tested, the isotherms for the required operating temperature range
need to be established. In this work, the isotherms at the upper
temperature range 85 C were predicted based on the measured iso-
therms up to 52 C and using established adsorption models. There
are a number of adsorption isotherm models including Dubinin-
Astakhov (D-A), Sips, Toth, Freundlich, Modified Freundlich, Lang-
muir and Temkin and Hill-de-Boer [32-35]. For silica gel RD-2060,

0.35 4 1 t ¥ i }
—&— Silica Gel Ads
— os0dl” < 'Sllu:a"Gul Des |
4 T-52°C
eb
k-, Co-=
~ 025+ [¢ e e +
m‘ ’
) ’
S 020 ] . F
-E I
B
= 015+ +
E
=2
é 0.10 4 L
3
& 005t L
0.00 i t i i i ;
0 2 4 ] 8 10 12 14
Vapour Pressure [ kPa |
0.40 - - - +
—— MIL-100 Ads]
0.35 - <~ -MIL-100 Des +
'—‘ﬁ T=52"C - ==
0.30 L -
» o
=
e 0251 oY,
=2 )
T o Y,
2 L
=9 i
:g 0.15 + ‘
s
2 o
E omwo+ P
'—g‘ 0.05 5
g .05 |- |
0.00 + + 4 + +
0 2 4 6 8 10 12 14
Vapour Pressure [ kPa ]
0.6 + + + t
—&— HKUST-1 Ads
= = HKUST-1 Des
P 05+ T-s2°C 1
[~} (4
-
=
o 04+ +
-~ rd
— -
= &
= 03+ Lo - +
5 i
E 0.2 -
£ &
& 01+ L
122
0.0 . - - : .
0 2 4 6 8 10 12 14

Vapour Pressure [ kPa ]

Fig. 8. Adsorption and desorption isotherms for silica gel RD-2060, MIL-100 and

HKUST-1 at 52 °C.

Table 3

Isosteric heat of adsorption.
Author AH; (J/kg) Deviation
Silica gel RD 2060
Current work 2.43 x 108
Wang [40] and Wang et al. [20] 2.51 x 10° 3.2%
Wang et al., [21] 2.69 x 108 9.7%
Akahira et al., [41] and Uyun et al., [42] 2.80 x 106 13.2%
HKUST-1
Current work 2.693 x 106
Henninger et al., [10] 2.814 x 108 4.5%
MIL-100
Current Work 2.632 x 108
Kusgen et al., [17] 2.710 x 106 2.96%
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Fig. 9. Temporal water vapour uptake at various vapour pressures at T = 36 °C.

the Modified Freundlich model is used [36-37] while for HKUST-1
and MIL-100, Langmuir [38] and Sips models [39] are used.

Fig. 12 shows the adsorption isotherms for all tested materials
up to 85 °C with isotherms measured at temperatures up to 52 °C
and predicted for higher temperatures up to 85 °C. Fig. 10a shows
the silica gel RD-2060 isotherms as predicted by the modified
Freundlich model (Eq. (4)-(6) with constants given in Table 4) with
the deviation between the experimental results and those predicted
at temperatures up to 52 °C (solid lines) are found to be within
+16%. For HKUST-1, the measured isotherms were used to develop
a correlation based on Langmuir model as given in equation 7 with
W and b equal to 0.6576 and 4.548 respectively. Fig. 12b shows
the predicted isotherms of HKUST-1 up to 85 °C with the deviation
between the measured isotherms and those predicted by equation
4 up to 52°C (solid lines) is +15.5%. Similarly, the measured
isotherms of MIL-100 were used to develop a correlation based
on the Sips model as shown in equation 8 with W*, b and n equal
to 0.3571, 3.508 and 3.2395 respectively. Fig. 12(c) shows the pre-
dicted isotherms up to 85 °C with the deviation between the mea-
sured isotherms and those predicted by equation 8 up to 52 °C
(solid lines) is +18.6%.

W = A(Taas) [Psar (Tref ) /Psar (Taas)] ™" (4)

A(Tags) = Ao + A1 Tags + Ay T2y, + AsToy (5)
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Fig. 10. Comparison between the measured water vapour uptake of HKUST-1 and
MIL-100 and those predicted by the LDF model.

B(Tads) = Bo + BiTags + By T2 + B3Toy (6)
W = Wb (Psarr,, /Psarryes) /(1 + b - (Pt /Psat1,y,)] (7)
W =W>[(b- Peact,, /Psact,y,)" /(1 + (b Psar,, /Prarr,y,)")] (8)

The thermodynamic relation between pressures, adsorption
temperatures and water vapour concentration is presented by the
P-T-W (pressure-temperature-concentration) diagram where the
concentration is defined as the mass of water vapour per unit mass
of dry adsorbent. Fig. 13, presents the P-T-W diagram for HKUST-1,
MIL-100 and silica gel RD-2060 with the ideal adsorption cooling
cycle superimposed. For all the materials tested, the ideal adsorp-
tion cooling cycle consists of adsorption and condensation at 32 C,
desorption at 85C and evaporation at 5T typically used in chilled
water systems. Fig. 13 also shows that the values of the water va-
pour concentration at the end of desorption/adsorption are 0.158/
0.328 kgw/kgads, 0.033/0.092 kg,y/kg.qas and 0.033/0.121 Kgy,/Kkgads
for HKUST-1, MIL-100 and silica gel RD-2060 respectively. It is clear
that HKUST-1 has the highest values of water vapour concentration
at the end of desorption/adsorption indicating higher rates of refrig-
erant circulation which leads to higher cooling capacities.
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Fig. 14 shows the ideal adsorption cooling cycle for HKUST-1
and MIL-100 (1-2-3-4-1) compared to that of silica gel RD-2060
(1s-2s-3s-4s-1s). From this figure, the values of the water uptake
difference (W3-W1) for HKUST-1 material is 0.17 kg,/kg.qs and
that of silica gel RD-2060 (W3s-W1s) is 0.088 kg,,/kg.qs which yield
93.2% enhancement in the water uptake difference. Similarly,
Fig. 14 shows that the water uptake difference for the MIL-100
(0.059) is lower than that of silica gel RD-2060 (0.088) by up to 33%.



A. Rezk et al./International Journal of Heat and Mass Transfer 55 (2012) 7366-7374 7373

Table 4

Adsorption characteristics parameters.
Parameter Value
Ao —6.5314
Aq 0.72452 x 107!
A, 0.25493 x 105
As 0.25493 x 107°
By 0.15915
B, ~0.50612 x 1073
Bs 0.53290 x 107°
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Fig. 13. PTW diagram for different adsorption pair with ideal cycle superimposed.
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Fig. 14. Comparison of the ideal cycles superimposed on adsorption isotherms.

7. Conclusions

Metal Organic Framework materials have recently attracted
extensive research interest for a number of applications like gas-
eous fuel storage, gas separation and carbon dioxide capture.
Regarding water adsorption for cooling application, limited pub-
lished work is reported. The adsorption characteristics (adsorption
isotherms, adsorption kinetics and cyclic performance) of HKUST-1
and MIL-100 MOFs were experimentally investigated and com-
pared to silica gel RD-2060. Results show that HKUST-1/water pair
presents the best adsorption characteristics with 93.2% increase in
the water vapour uptake difference compared to silica gel RD-2060
at evaporating temperature of 5°C. This favourable trend is
persistent throughout the temperature range tested. HKUST-1
has shown higher capability in adsorbing water vapour than silica
gel RD-2060 at low partial pressures. Also, it shows higher adsorp-
tion kinetic rates implying shorter adsorption/desorption cycle
than that of silica gel RD-2060. However, HKUST-1 has shown sig-
nificant hysteresis between the adsorption and desorption values
indicating thermal instability and need to be further investigated.
Results for the MIL-100 have shown an inferior performance com-
pared to that of the silica gel RD-2060 with 33% reduction in the
water vapour uptake difference in the cycle at 5 °C. It is important
here to point out that this trend for MIL-100 is reversed for
evaporating temperatures above 12 °C at the same adsorption,
condensation and desorption temperatures. The significance of this
finding implies that the MIL-100 can be used in cascade cooling
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applications where the evaporation temperature can be higher
than 12 °C. The outcome of this work highlights the potential of
using MOF materials in water adsorption for cooling applications.
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