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ABSTRACT: Metal−organic frameworks represent a class of
microporous adsorbents with high application potential for
adsorption heat transformation. Here, we present a functional,
full-scale heat exchanger coated with the microporous
aluminum fumarate MOF Basolite A520 using a polysilox-
ane-based binding agent. The function of the heat exchanger
was evaluated resulting in a gross cooling power of 2900 W (at
the beginning of the adsorption cycle) or, respectively an
average cooling power of 690 W (up to a limit of 90%
equilibrium loading in 7 min) under the working conditions of
a realistic adsorption chiller of 90 °C− 30 °C− 18 °C (temperature level of heat source, heat rejection/condenser, and
evaporator).

■ INTRODUCTION

Metal−organic frameworks (MOFs) receive continuous
attention as microporous adsorbents due to their unsurpassed
porosity and chemical variability. MOFs provide an enormous
potential for improvement in several fields of application, such
as gas storage,1−8 gas9−13 and liquid14−17 separation,
heterogeneous catalysis,18−22 drug delivery,23,24 or sensor
applications.25−27 On the basis of their favorable water vapor
adsorptive properties,28−30 they are especially attractive for
sorption-based heat transformation.31−42 Among the different
MOFs used for this purpose, microporous aluminum
fumarate43 has proven especially promising because of its
comparatively high hydrophilicity and excellent multicycle
stability34 (virtually no loss for 4500 ad-/desorption cycles
using advantageous water as the working fluid). Moreover,
aluminum fumarate is accessible by a cost-efficient synthesis,
which can be achieved by precipitation from low-cost bulk
chemicals in water at ambient pressure.44

Thermally driven adsorption heat pumps (AHPs) can be
applied to gain more heating energy from a given amount of
fuel than from its mere combustion enthalpy. Thermally driven
chillers (TDCs), on the other hand, make use of waste heat
(such as heat from combined power and heat cycles, or district
heat, during the hot season) for the production of useful cold.
The underlying process has been discussed in detail in the
literature.34,36,45−47 However, for the realization of an efficient
adsorption heat pump or chiller, the adsorbent has to meet

several requirements. Most importantly, the adsorbent must be
thermally coupled to the fluid circuit as efficiently as possible, as
the adsorption kinetics and hence the power and power density
of the unit directly depend on the transfer of heat of adsorption
away from and toward the adsorption site.48−50 Therefore, heat
exchangers coated with the adsorbent (HX, in the following
referred to as adsorbers) are by far superior to packed beds in
terms of power delivered per mass of adsorbent.51−56 Due to
the cyclic nature of the process, the overall mass of the adsorber
in relation to the adsorption capacity, must be kept as low as
possible in order to minimize losses by heating and cooling
passive thermal mass. Maximizing the amount of adsorbent
coating on a HX and, in addition, achieving fast and efficient
heat and mass transfer through the adsorbent, are among the
major challenges for the design of adsorbent-coated heat
exchangers. Furthermore, the coating has to be mechanically
and chemically stable toward thermal stress, due to the cyclic
operation, mechanical shocks, and vibration, for example, due
to transportation. These issues are addressed in the literature by
the development and evaluation of several routes to obtain
thick and sturdy binder-based or binder-free coatings, not only
for conventional adsorbents, but also for promising MOFs such
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as CAU-10-H, HKUST-1 or MIL-101(Cr).34,50,51,57−62 Yet the
scale-up toward a functional, fully coated MOF-based HX has
not yet been reported so far. This may be attributed to the fact
that the procurement, formulation, and deposition of the large
amounts of suitable MOFs needed for such applications is
arduous on a scale larger than in the laboratory.
In this contribution, we present the fabrication of a

functional full-scale HX coated with aluminum fumarate
MOF using a polysiloxane binder. Moreover a benchmark
evaluation of the HX with respect to adsorption equilibrium
and kinetics as well as cooling performance was conducted.

■ EXPERIMENTAL PROCEDURE
Procurement. A state-of-the-art water/air finned HX with

aluminum fins pressed onto copper tubes (diameter of copper
tubes = 12 mm, aluminum fins with thickness = 0.2 mm, fin
spacing = 3.0 mm, total dimensions of 480 × 160 × 120 mm3,
overall volume filled with lamellas = 385 × 160 × 110 mm3 =
6776 L, total mass of 3001 g) was manufactured by WÄTAS
War̈metauscher Sachsen GmbH, Olbernhau, Germany (see
Figure 1a). Microporous aluminum fumarate (Basolite A520,

BET surface of 970 m2/g) was supplied by BASF SE.44 The
polysiloxane binder emulsion (SilRes MP50 E) was obtained
from Wacker Chemie AG.
Pretreatment. Prior to application of the coating, the HX

was degreased by submersion into a mild alkaline cleaning
solution (7 wt % SurTec 140, 0.5 wt % SurTec 089 obtained
from SurTec International GmbH) at 80 °C for 5 min, then
thoroughly rinsed with deionized water, oxidized by sub-
mersion into 13 wt % nitric acid (ACS grade, 69%, Sigma-
Aldrich), at RT for 2 min and again rinsed with deionized
water, then dried at room temperature with compressed air.
The cleaned HX is shown in Figure 1a. Areas not to be coated
were covered using adhesive tape.
Preparation of the Coating Dispersion. In a 25 L

stainless steel vat (530·330·200 mm3), 4338 g of microporous
aluminum fumarate (5.2 wt % adsorbed water; dry mass
content 4121 g) was dispersed in 13.0 L of deionized (DI)
water at room temperature using two two-bladed propeller
stirrers at 500 rpm for 30 min. The dispersion process was

assisted by ultrasonic treatment (Elmasonic x-tra basic 800 at
45 kHz and 1000 W) for 30 min, followed by another 45 min of
stirring; 2594 g of polysiloxane binder (dry mass content 1258
g) was added and stirring was continued for 60 min.

Coating process. The HX was immersed into the freshly
prepared dispersion (cf. above) and withdrawn. Excess slurry
between lamella was removed by compressed air. The lamellas
were put horizontally and dried in air for 60 min, then
reimmersed into the dispersion, again withdrawn, excess slurry
removed by compressed air and left in air for 6 d at room
temperature. After taking off the adhesive tape, removal of
volatile contents of the binding agent was assured by heating
the coated HX at 200 °C for 3.5 h in an air ventilated furnace.
Immediately after heating, the dry mass of the coated HX

was measured. The mass of the applied coating was determined
by subtracting the mass of the cleaned HX before coating from
the mass of the hot, dried HX. The adsorbent mass fraction of
the dispersion wAds = 0.77, calculated as dry adsorbent mass
divided by solid mass of adsorbent and binder in the dispersion.
The coating thickness was measured with a digital caliper on
eight different spots of the fins, coated on both sides. The fin
thickness was subtracted and the thickness of the upper and
lower coating was averaged.

Determination of Equilibrium Adsorption Properties.
Water vapor adsorption properties were measured isothermally
at 25 °C in a Quantachrome VStar up to a p/p0 = 0.99, after
activating the sample at 150 °C for 12 h. To crosscheck
adsorption properties of the coating, approximately 1 g of the
coating was scraped off the HX lamellas, slightly ground, and
measured in the same way as the original powder.

Estimation of Coefficient of Performance (COP) under
Cooling Conditions. The cooling COP is defined as useful
cooling energy output divided by the required regeneration
energy input.

=
Q

Q
COPcool

evap

regen

The useful cooling energy is simply the enthalpy achieved in
the evaporator Qevap and can be calculated as evaporation
enthalpy times the total water uptake. The required
regeneration energy consists of a sensible part (for heating up
the device) and the desorption enthalpy times the total water
uptake. The water uptake was interpolated between the
measured data sets as Gaussian approximation of three
isotherms (25 °C, 40 °C, and 60 °C). For the sensible part,
the mass of the height exchanger (3001 g with a specific heat
capacity of 900 J kg−1 K−1) and binder (150 g with a specific
heat capacity of 1200 J kg−1 K−1) has been taken into account,
whereas the realized adsorbent mass with 493 g was used along
with a corresponding heat capacity of 1200 J kg−1 K−1. Then
the COP was calculated for a set of temperatures as follows:
The evaporator temperature was varied from 10 to 22 °C in
steps of 2 K, adsorption temperature was fixed at 35 °C, and
desorption temperature was 65 °C, as aimed for data center
cooling. The heat rejection and adsorption temperature were
taken as identical. The uptake was calculated as loading
difference between loading at desorption condition xdes and
loading at adsorption condition xads.

Dynamic of Adsorption and Cooling Performance
Testing. The adsorption and cooling performance of the
coated HX was tested in a custom-made apparatus as described
in a previous work.50 The HX was placed into a vacuum sample

Figure 1. (a) Heat-exchanger (HX) after cleaning and (b) after
coating with the aluminum fumarate MOF and drying.
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chamber, attached to a digital suspension balance and
connected to a fluid circuit in such a way that the weight
signal was not affected by the tubing. The weight signal was
recorded continuously. A sufficiently large evaporator chamber
provided a constant, settable water vapor pressure via a
solenoid valve. Prior to the adsorption experiment, the adsorber
was degassed at a temperature of 90 °C under vacuum (>0.01
kPa) for 12 h and then preloaded at 0.3 kPa for simulating the
preloaded state under field operating conditions (desorbing
against a condenser at 30 °C). Adsorption was initiated by
opening the connection between the sample chamber and the
evaporator chamber. Adsorption kinetics and cooling perform-
ance were determined at a HX fluid temperature of 30 °C and a
constant water vapor pressure of 1.8 kPa, corresponding to an
evaporator temperature (useful cold) of 18 °C.
Cooling Performance of the HX. The cooling perform-

ance was calculated from the adsorption kinetic experiments as
follows: Under isobaric conditions and constant adsorption
temperature, it can be anticipated that the evaporated amount
of water equals the adsorbed amount of water at any point of
time t. Thus, the integral heat of evaporation Qint,evap(t) that has
been provided at any time t can be calculated from the
adsorbed amount of water mAds(t) and the standard evaporation
enthalpy of water, ΔH0

evap (H2O) = 2230 kJ/kg according to

= ·Δ °Q m t H H( ) ( O)int,evap Ads evap 2

The gross cooling power Pcool, provided during adsorption by
evaporation, is proportional to the evaporation rate, that is, also
to the adsorption rate, assuming stationary conditions, and
equals the time derivative of the integral heat of evaporation:

=P
t

Q
d
dCool int,evap

■ RESULTS AND DISCUSSION
After final drying of the coated HX, a smooth, homogeneous
MOF-binder surface was obtained (see Figure 1b). The final
dry weight of the MOF-coated HX was determined at 3644 g,
resulting in 643 g of dried coating being applied and therefore
493 g of aluminum fumarate are coated on the HX. This
corresponded to a low adsorbent to sensible mass ratio of 0.135
for the overall adsorber. Assuming an even distribution of the
dispersion components, the adsorbent mass fraction of the
coating can be taken as identical to the wads of the dispersion,
therefore the MOF-adsorbent content of the coating is 77 wt %,
corresponding to 23 wt % binder in the coating.
The average thickness of the MOF-containing coating was

found to be between 300 and 330 μm, distributed evenly on the
aluminum lamellas and copper tubes of the HX. Blocking of the
space between the lamellae was not observed. The coating
proved mechanically resistant against handling (touchable
without flaking) and under conditions of operating during
performance testing. After 4 days in the climate chamber and 3
days in the closed dynamic setup, the steel plates at the ends of
the HX started to corrode by forming brown rust, probably
triggered through removing the zinc galvanized protection layer
during treatment in HNO3 solution. Also the coating on these
steel parts had an orange to brown color, probably caused by
diffusion of iron oxide into the coating (see Figure 1b, coated
steel part on the left end).
A comparison of the equilibrium adsorption isotherms of the

coated HX with those of the pure microporous aluminum

fumarate (Figure 2) shows that the water loading characteristic
of the MOF has largely been maintained. The original, spray-

coated material shows an additional rise, starting at a p/p0 of
0.6. This is probably induced by early condensation through
macrostructures of the spray-coated particles which results in
high hysteresis of the desorption path. At a p/p0 = 0.48
(adsorption point at 30 °C against evaporator at 18 °C) the
equilibrium loading is x = 0.317 g g−1. The corrected
adsorption loading for the adsorbent in the coating is x =
0.309 g g−1, therefore 97% of the adsorption capacity remained.
Also comparing with the equilibrium point out of the kinetic
measurement at 30 °C and a p/p0 = 0.48, the loading x is 0.275
g g−1, which corresponds to 88% of the original uptake. Taking
into account a lower equilibrium loading at higher temperature
(25 to 30 °C), this is consistent with the isothermal
measurements. In addition the hydrothermal stability was
tested and the capacity of the coating remained at 95% after
360 cycles (see Supporting Information for more details).
From published equilibrium data,34 an estimation of the

achievable COP is possible, taking into account the sensible
mass of the HX structure and binder without heat recovery. At
operating conditions of 90 °C− 30 °C− 18 °C, the equilibrium
COP could reach 0.61, and this holds true for realistic cycle
loadings of 90%.
The strength of this material is operating conditions with low

desorption temperatures not more than 65 °C, for example,
data center cooling. The COP overview for a variation of the
evaporator temperature at 65 °C heat source and 35 °C heat
rejection temperature is shown in Figure 3. It reveals a
maximum COP of 0.72 at an evaporator temperature of 22 °C.
For data center cooling, with heat rejection at 35 °C and useful
cold at 18 °C, the equilibrium cooling COP is 0.69. A wider
variation of the COP for heat source temperatures of 65, 70,
and 90 °C can be found in the Supporting Information.
The kinetics of the mass gain during water sorption at a

constant water vapor pressure of 1.8 kPa with a heat rejection
temperature of 30 °C is depicted in Figure 4. The equilibrium
loading of 0.275 g g−1 was determined at tend = 25 min after
starting the experiment. After t60 = 3 min the adsorber is already
loaded to about 60%, after t90 = 7 min it is loaded to 90%, and
after 12.5 min, the adsorber is virtually saturated. According to
Dawoud52 the rise-up time t80−t15 was calculated to tr = 270 s,
the sorption speed vs = (x50 − x0)/t50 = 0.08 g/100 g

Figure 2. Equilibrium isotherms at 25 °C of the aluminum fumarate
powder (red ■), coating (blue ●) and aluminum fumarate (calculated
from coating by subtraction of the masses of the binding agent [aqua
◆]) in comparison with the 30 °C equilibrium points of the kinetic
setup (coating [dark green ■] and corrected aluminum fumarate [light
green ▲]). Adsorption is shown with filled symbols. Gray dotted line
shows the operational window of the dynamic measurement.
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adsorbent/s. Adsorption kinetics for a comparable full scale fin
heat exchanger coated with the silicoaluminophosphate SAPO-
34 (AQSOA-Z02 by Mitsubishi Chemicals) with a thickness of
300 μm was reported previously by Dawoud et al.52 In this
study, using operating conditions of 90 °C− 35 °C− 5 °C,
57% of the loading was reached after 10 min. Even when taking
into consideration the harsher operating condition at lower
adsorption pressure of the SAPO-34-coated HX, the water
sorption kinetics for the HX coated with the aluminum
fumarate MOF clearly shows the huge potential for this
application.
According to the mass gain over time (Figure 4), the

calculated integral heat of evaporation and the cooling power
are provided in Figure 5. A maximum performance of 2900 W
is achieved at the beginning of the working cycle. Even at t = 74
s, the cooling power is still in the range of 1000 W. The average
cooling power until reaching a loading of 90% is still at 690 W.
Dividing PCool by the volume of the finned part, the volume
specific cooling power (VSCP) of the HX can be calculated. A
peak VSCP of VSCPpeak = 430 W L−1 can be achieved, and also
with a realistic cycle loading of 90%, the VSCPx90 amounts to
101 W L−1. The achieved specific cooling power (SCP) per
kilogram of MOF is a crucial value for estimating the cost of the
adsorber. SCP calculated for the peak performance is SCPpeak =
5880 W kg−1 and for x90 is SCPx90 = 1394 W kg−1. These
results show the high potential of this aluminum fumarate-
coated HX. From the fast adsorption kinetics, it can be deduced
that the MOF particles, which are not excluded from
adsorption by blocking through the binding agent, are
accessible for unhindered and rapid mass transfer. Furthermore,

the steep adsorption isotherm of microporous aluminum
fumarate probably also contributes to the fast adsorption and
high cooling power, given that pore filling occurs over a small
p/p0 range and the driving force for filling the pores remains
high as long as unfilled pores are still present.

■ SUMMARY AND OUTLOOK
This work shows that a functional heat exchanger fully coated
by the MOF aluminum fumarate can be prepared using a
convenient binder-based approach. The coating is evenly
distributed among the aluminum fins of the HX and is
mechanically stable. The equilibrium adsorption properties of
the coating are comparable to those of the pure MOF
adsorbent. Adsorption kinetics is very fast compared to
conventional adsorbers, and the resulting cooling performance
(2900 W at the beginning, 690 W average, until 90% loading) is
suitable from an industrial point of view. Together with the
inherent multicycle stability of microporous aluminum
fumarate and the excellent long-term stability of polysiloxane
coatings reported in the literature, these results clearly suggest
that the technology has the potential for industrial application
and can significantly advance sorption-based chilling. Further
research should focus on a deeper understanding of the
dynamic and COP in comparison to state of the art HX and
implementation of the coating process in a technical
manufacturing line, corrosion issues, and implementation of
other MOFs for different boundary conditions, such as CAU-
10-H or MIL-100.
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Figure 3. COP calculation for a fixed heat source and heat rejection
temperature of 65−35 °C. Blue bars indicate the achievable
equilibrium cooling COP of the coated HX without heat recovery,
the red dots indicate the calculated loading difference at these
operation conditions.

Figure 4. Time dependence of the HX mass gain during adsorption
for operating condition 90 °C− 30 °C − 18 °C (blue line). Adsorption
started with the valve opening at t = 0 s.

Figure 5. Gross cooling power Pcool of the aluminum fumarate-coated
HX for operating conditions 90 °C− 30 °C − 18 °C (red line, lower
part), calculated from the integral heat of evaporation Qint,evap (blue
line, upper part). The derivative was calculated using OriginPro and
smoothed with the method of Savitzky−Golay using a 2nd order
polynome. The green line indicates PCool = 1000 W for a half cycle
time of t = 74 s.
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