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Abstract
This article presents the adsorption characteristics of Aluminium Fumarate (Al-Fum) Metal

Organic Framework (MOF) and water systems for the temperatures ranging from 25°C to 60°C
and pressures up to saturation conditions. The amount of water uptakes is measured by a
gravimetric analyser under static and dynamic conditions. The surface characteristics of Al-Fum
are performed by scanning electron microscopy (SEM), X-ray diffraction (XRD) and N,
adsorption analysis. The experimentally measured water uptake data are fitted with Langmurian
type isotherm and kinetic equations. The isosteric heat of adsorption is calculated from the
concepts of pressure — temperature — uptake co-ordinate system. The pore size distribution shows
a wide distribution of micropores. A decent ‘S’ — shaped isotherm curve is observed from the
experimental results. Based on the isotherms and kinetics data, Al-Fum MOF shows a potential

adsorbent for heat transmission applications such as heat pump and desalination.
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Introduction

The production of heating, cooling and fresh water employing low grade heat is essential
from economic and environmental viewpoints, as the conventional vapour compression systems
have already placed an escalating threat towards global warming and ozone depletion potentials.
Therefore, adsorption assisted heat transmission process is necessary. Adsorption system is
generally operated by solar radiation or waste heat generated from a cogeneration plant. The
thermal compression (TC) is occurred in the adsorption bed during the adsorption and desorption
of refrigerant. For adsorption assisted cooling, heating and desalination process, water is usually
preferred to be the adsorbate as it is non-toxic, easily available and has high latent heat of
evaporation [1]. The adsorbents are required to be mainly micro porous with higher pore volume
and heterogeneous in nature. Currently, the adsorbents used for cooling, heat pump and
desalination are silica gels and zeolites [2-7].

The major drawback of adsorption system is the bulky size of the system, which is mainly
caused by the lower uptake difference (Aq) during the TC of an adsorption cycle. The lower
working capacity of porous adsorbent available, from one adsorption cycle, is only a small part
of the limiting water vapour uptakes. Hence, a large amount of adsorbent is needed to be
installed in the test bed for sorption purposes [7]. The amount of adsorbate uptake on porous
adsorbent relies upon the interaction between adsorbent — adsorbate systems and the pore
structure of porous adsorbent [8, 9].

Currently, Metal Organic Frameworks (MOFs) has been attracted for adsorption assisted
heat transmission applications due to their designable and high micro-porosity properties. These
materials are made by the self-assembly of organic ligands and metal-containing nodes [10-14].

Recently, an aluminium based MOF, known as Aluminium Fumarate (Al-Fum), was synthesized



and patented by Kiener et al. [15]. The water adsorption capability on Al-Fum is high at
relatively higher pressures.

Alvarez et al. [16] had compared the characteristics of Al-Fum with MIL-53(Al) by
experimenting its selectivity with ethanol. Jeremias et al. [17] had synthesized Al-Fum
adsorbents with additional coating for higher stability and thermal conductivity. Elsayed et al.
[18] compared the water adsorption capability of Al-Fum with CPO-27(Ni) at 25°C under static
and dynamic conditions. Both materials were found suitable for adsorption heat pump and
desalination applications from simulation viewpoints.

In this paper, the synthesis process of the patented Al-Fum [15] is modified. The porous
properties are characterised by SEM, XRD and N, adsorption isotherm analysis. To observe the
amount of water uptake on Al-Fum MOF, water adsorption experiment is conducted by a
gravimetric method for temperatures ranging from 25°C to 60°C and pressures up to the
saturated region. The amount of water uptakes is also presented in time domain. The
experimentally measured isotherms and kinetics data are fitted with the equations derived from
the concept of Langmuir analogy [19, 20] within acceptable error ranges (< 5%). The isosteric
heat of adsorption will be presented as a function of uptake employing Clausius — Clapeyron

relation for the temperatures varying from 25°C to 60°C.

Experimental Setup
Synthesis

The synthesis of Al-Fum was performed at ambient pressure condition. First, 2.45g of
aluminium chloride hexahydrate (AICI3-6H,0, Sigma-Aldrich) and 1.4g of fumaric acid

(C4H404, 99%) were added into the suspension of N, N-dimethylformamide (DMF, 99.8%,



50ml) in a beaker. Next, the suspension is stirred at 130°C for 4 days. After 4 days, the
separation of the mixture is carried out using a centrifugal spinning machine. After separation,
the white synthesized material is rinsed twice with acetone and methanol. Then, the synthesized
material is heated at 80°C for drying. At last, the synthesized, powdered material is placed in the
vacuum oven for 3 hours and heated at 150°C for activation.
Characterisation

XRD (X-ray diffraction) measurement (Shimadzu XRD-6000 diffractometer) were
conducted with a step size of 0.02° using a monochromatic CuK, radiation (wavelength =
0.154nm) operated at 40kV and 40mA. The microstructure, morphologies and particle size of the
sample were determined by JEOL FESEM (Field Emission Scanning Electron Microscopy)
operated at 5kV. The pore volume, pore size and specific surface area of Al-Fum were measured
by N, adsorption/desorption isotherms data at 77K. The sample was heated at 160°C for 3 hours
to remove all gas molecules before N, adsorption measurement. The isotherm results are
equipped with BET (Brunuer-Emmet-Teller) equation to calculate BET surface area. The total
pore volume is obtained by N, adsorption data under saturation conditions. If the isotherm is
nearly horizontal throughout the range of P/P; as it approaches to saturation, macro pores are not
found in the adsorbent structure. Hence, the pore volume is defined properly. With the existence
of macropores, the isotherm will have a sharp increase as P/Ps approaches to 1. The limiting
uptake of the isotherm is used to identify as the total pore volume of adsorbent. Since N is
saturated at P/Ps = 1, the total pore volume is equivalent to the volume of liquid N2 (Viig)

adsorbed in the adsorbent, and it is calculated by V;, = %, where V45 is the volume of N

adsorbed, V,, is the molar volume of liquid N, (3.47 x 10®° m*mol), P, and T are ambient



pressure and temperature, respectively. Using the known total pore volume and surface area, the

. . 2V .
average pore size (rp) can be estimated by r,, = %, where Sger is the BET surface area.

Water Adsorption

The amount of water vapour on Al-Fum MOF at different temperatures and pressures are
measured by a thermogravimetric analyser (TGA) due to the high accuracy and ease of control of
pressure and temperature during experimentation. The TGA contains two microbalances with a
maximum load capacity of 5 g £ 0.1 pg each, which is housed in a temperature-controlled
chamber (200 cm®). Hence the microbalance measures the mass gain, or loss, over time. The
TGA gives a direct measurement of the adsorbate uptake throughout the adsorption process. A
microbalance is used to measure the adsorbate mass as a function of humidity ratio or relative
pressure (P/Ps) and time for a given temperature, T. The scheme of the TGA apparatus is shown
in Figure 1. In the TGA, the adsorbent container is suspended on an extension wire. The wire is
connected to the microbalance. The water vapour is generated in a humidifier (shown in Figure
1). The temperature inside the humidifier is measured by a class A RTD temperature sensor with
an accuracy of + 0.15 °C. The vapour charging flow rate is controlled automatically by a control
panel. A vacuum pump is used for vacuuming and purging the system before an experiment and
maintaining the adsorption chamber pressure in coordination with a vacuum controller. The
micro-balance measures the mass of adsorbent sample and it can detect the change of water
vapour mass within the sample in a very short time. A small furnace is used to provide isothermal
environment on the adsorbent container whilst a temperature sensor measures the temperature of

the chamber. The water vapour pressure is detected by the humidity sensor.



The dry mass of Al-Fum is obtained via heating at 120°C for two hours in an oven before
isotherms and kinetics experiment. Al-Fum adsorbent is then placed on the sample cell of the
analyser, which is held by a microbalance located at the top of the Adsorption Chamber. For this
experimental set up, the isothermal environment surrounding of the Al-Fum is required to be
maintained by direct heating. The heaters are placed at the door and around the hermetic reaction
chamber and homogenized by cooling air through the chamber and radiant heater. The dry Al-
Fum MOF is maintained inside the adsorption chamber by direct radiant heating of 90°C with
continuous supply of dry nitrogen (99.999% purity) to remove all moisture from the sample. The
system performs the isotherms measurement once the regeneration process is completed. To
prevent any condensation effects, the temperatures of adsorption chamber are required to set at
least 15°C above the experimental conditions. Dry Nitrogen will be introduced continuously to
the adsorption chamber to control the buoyancy effect of the microbalance.

During the adsorption experiment, the pressure and temperature of the adsorption chamber
are measured within acceptable error ranges. The humidity probe stabilises the value of relative
pressure (P/Ps) in the adsorption chamber by regulating the flow rate of dry N,. If P/Ps is higher
than that of expected values, the flow rates of dry N, are increased and the N flow across the
humidifier is halted. The excess water vapour is purged out of the chamber so that the P/Ps can
be achieved at the desired value, which also introduces the right distribution of dry nitrogen to
water vapour. If P/Ps is lower, the dry N, flow through the humidifier is increased for the
addition of water vapour content within the adsorption chamber. The water vapour uptake is
measured by the known values of P/Ps for a given temperature. During the adsorption process,
the overall sample mass in terms of pressure, Ms (P;), is increased due to the addition of water

vapour from the humidifier. Hence, the mass of adsorbate, m,, is measured by m, ; = Ms(P;) —



M,(P,), where i is the variable that signifies each pressure point, and Ms (P,) is the mass of Al-
Fum + water vapour at initial known pressure of P,. The gravimetric water uptake is calculated
by q; = mg; /M, for each pressure point, where M;s is the mass of dry solid adsorbent. The
change in mass (final reading — initial reading) of Al-Fum — water system due to the increase of
water vapour uptake is measured with respect to time, and these mass changes are varied from
the transient to steady states at different pressure points. Thus, the gravimetric method enables a
handful of adsorption uptake data to be taken under static and dynamic conditions. Employing
the same method, the water adsorption measurement on Al-Fum is repeated at least three times to
ensure that the repeatability is achieved within experimental uncertainties. The data related to the
increase in pressure (P) with respect to temperature (T) are captured during experimentation. A
plot of In (P) versus (1/T) extracts the isosteric heats of adsorption for any water vapour uptake.
All experimental data produce straight lines with higher regression coefficients. The slopes
determine the value of -Q«/R, where Qg indicates the isosteric heat of adsorption and R is the

gas constant.

Isotherm and Kinetics Modelling

The experimentally measured water vapour uptake on Al-Fum under static and dynamic
conditions are fitted with adsorption isotherms and kinetics models. The theoretical models are
generally utilized to understand adsorbent — adsorbate behaviour in a pressure — temperature —
uptake coordinate system. From the experimental data, it is found that Al-Fum + water system
indicates ‘S’-shaped isotherm curves. For simplicity, the ‘S’-shaped isotherm model is given by

[19]

o = K(P/Ps)™

"~ 14(K-1)(P/Ps)™ (1)



where K = aexp[m(Q’;t — hfg)/RT] , o 1s the pre-exponential coefficient, m defines the
heterogeneity factor, Q. is the isosteric heat of adsorption at zero surface coverage, h¢y defines
the enthalpy of evaporation and R is the gas constant. & is the adsorbate coverage and is given by

g/q°, where g is the amount of water vapour uptake as a function of pressure and temperature,

*

and q° indicates the limiting uptake. It is also known that (QSt - hfg) is featured as the adsorption

characteristics energy [20] and can also be approximated from experimental data.

Employing the concept of Langmurian analogy, the adsorption equilibrium constant K is
expressed in terms of adsorption and desorption rate coefficients Kags and kges, respectively i.e. K
= Kads/Kges. Using the value of K from equation (1), the adsorption surface coverage (6) under
equilibrium conditions becomes [20]:
kaesO[1 — (P/Ps)™] = kqas(1 — 0)(P/P)™. )

According to Langmuir, adsorption is regarded as a reversible process between adsorbent
and adsorbate molecules [21, 22]. Therefore, under non-equilibrium condition, the amount of
adsorbate surface coverage as a function of time (6;) is expressed as [23]

% = Kgas(1 —6) (Pﬂs)m — kgesO¢ [1 - (Pis)m] (3)

With the relation between kags and the gas molecular collision frequency, the adsorption
coefficient, Kags, IS calculated as kags = WSAs, where W is the number of collisions of molecules
with the surface per unit time, A is the specific surface area of the adsorbent and g is shown as

the sticking coefficient. The number of collisions of molecules with adsorbent surface is

determined by W= MP/v2mMRT, where M is the molecular weight of molecules in gram per

mole. The sticking coefficient is determined by f = [Boexp(—E,/RT)], where f, is the pre-



exponential or frequency factor and E, is the activation energy [24]. Rearranging Equation (3),

the first order equation can be written as

% = kaas (P%)m — 0, {kads (P%)m + KgesO: [1 - (P%)m]}

= kaas (5) - 6,2 @
where 1/t = kgqs(P/Ps )™ + kges0:[1 — (P/P;)™] is the time constant [20]. After achieving
the analytical solution of Equation (4), the equation is written as 8, = C’e_Tt + (kgas (P/PY™)/
1/ = C’e_7t + 6. Using the initial condition (6 = i, at t = 0) of the adsorption process, the

constant C'is found to be 6;,,; — 6. Thus, with rearrangement [20], the Kinetic theoretical model

IS written as
-t -t -t -t
91_-:9—0@7 +0im-ef —>0t—9inl’=9—0€7 +9im-e _Hini
-t -t
Ht—Hl-m- =9<1—ef)—9ini<1—ef)
A0 _ 6t=0ini _ 4 =t
A0 0—Omi 1-e= (5)

Equation (5) has also been shown by the works of Aristov et al. [25].

Results and Discussion
Characterisation

Figure 2 shows the SEM (Scanning Electro-Microscopy) diagram for the Al-Fum. The size
of the sample is about 1xm with quadrahedral shape. The shape synchronises with the molecular
structure of Al-Fum [16, 26]. Hence, this proves that Al-Fum is synthesized correctly. It is noted

the particles have a strong agglomeration, which is very similar to MOF801 [27]. Figure 3 shows



the PXRD (Powder X-Ray Diffraction) graphs of the Al-Fum. The first peak can be seen at 10
degree with small peaks shown at higher angles. The peaks correlate the intensity of AI** in the
adsorbent structure. It also shows that the purification of the material was properly done. Thus,
the material structure is stable as no additional peaks are detected.

Figure 4 shows the N, adsorption isotherm on Al-Fum adsorbent. From the experimental
data, it is found that the volumetric N, uptake for Al-Fum is within 300 to 400 cm®cm?® of
adsorbent before approaching to saturated pressure. As approaching towards the saturated
pressure, the volumetric uptake increases up to approximately 1400 cm®cm?® of sorbent. This
suggests that the material has large variations of micropores and macropores within Al-Fum
structure. The pore width, pore volume and surface area are calculated employing BET analysis
and N, adsorption data. These data are furnished in Table 1. For comparison purposes, the pore
width, volume and specific surface area of MIL-101(Cr) MOF and AQSOA-Z05 zeolite are also
shown in Table 1. With the comparison of previous work, Al-Fum has lower BET surface area
and pore volume as compared to MIL-101(Cr). Nonetheless, the average pore size of Al-Fum is
smaller as compared to that of MIL-101(Cr). This is due to the lack of benzene chemical
structure of fumaric acid used to synthesized Al-Fum. Further comparison was made with
AQSOA-Z05, and it shows that Al-Fum has higher BET surface area and pore volume. The
average pore size of Al-Fum is also shown to be smaller than that of AQSOA-Z05. This may be
possible as C atoms are smaller than P atoms. Figure 5 shows the Pore Size distribution of Al-
Fum. The smallest pores are estimated to have a width of 6A. Subsequently, the next two peaks
are estimated with a width of 7A and 11A. Thus, Figure 5 shows that Aluminium Fumarate
consists majority of micropores throughout its surface.

Water Adsorption Isotherms

10



Figure 6 shows the adsorption — desorption phenomena of Al-Fum + water system. Hence,
for Al-Fum + water and AQSOA-Z05 + water systems [28, 29], the uptakes are measured in the
direction of adsorption as the amount of water vapor uptake is increased with pressure. When the
equilibrium is achieved at the maximum uptake point, the system is depressurized and the
uptakes ate measured and recorded in the direction of desorption. In the present experiment the
adsorption—desorption cycle is repeated at least two times to establish the repeatability of
experimental data. A hysteresis behaviour in the adsorption-desorption curve is observed at very
low pressures. This occurs due to the fact that desorption process is not completed. Some
residual water remains trapped in the porous adsorbents even when the pressure is low. It is also
found from Figure 6 that the adsorption uptake increases greatly for the relative pressure above
P/Ps>0.2. Subsequently, the uptake increases in a gentle slope for the relative pressure of P/Ps <
0.3. As it approaches to saturated pressure, a slight increase of uptake is observed due to the
existence of marcopores. It is also noted that the desorption isotherm for Al-Fum has almost the
same trend as its adsorption behaviour. The highest uptake — offtake difference between the
adsorption and desorption isotherm of Al-Fum is Aq = 0.12. For comparison purposes, the
adsorption isotherms of AQSOA-Z05 are also shown in Figure 6. The comparison is performed

as both materials contain AI**

metal nodes in its structure. Based on the isotherms, AQSOA-Z05
has longer hydrophobic length (0 < P/Ps < 0.25) as compared with Al-Fum. It is also shown that
Al-Fum (g = 0.37 at P/P =0.35) has higher uptake as compared to AQSOA-Z05 (q = 0.2 at P/Ps
=0.35). Since AQSOA-Z05 consists of AlO,4 and POy structure, this may form lesser micropores
to initiate water adsorption at a lower pressure. On the other hand, Al-Fum mainly consists of Al,

C and O atoms. This may indicate that having carbon atoms in solid adsorbent allows better pore

size distribution for water adsorption process.
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The experimentally measured isotherm data of Al-Fum + water system for temperatures
ranging from 25°C to 60°C and pressures up to saturated regions are shown in Figure 7.
Employing the isotherm model (Equation 1), the experimental results are fitted for type V
isotherm curves within an acceptable range of 5%. The isotherm parameters such as the
heterogeneity factor (m), the isosteric heat of adsorption at zero surface coverage (Qi:), pre-
exponential coefficient («) and the limiting uptake (q°) are shown in Table 2. It is noted that a
relates to the entropy of adsorption and m is responsible to the shape of isotherm curve.

Water Adsorption Kinetics

Figure 8 shows the water uptake of Al-Fum at 25°C and 60°C as a function of time. The
adsorption rate at 25°C is much longer than that of 60°C as the dynamic conditions is measured
at two different pressures. The kinetics model (Equation 5) is fitted with the experimentally
measured data within acceptable error range of 5%. Employing the Langmuir constant, K,
estimated from Equation 1 and surface area, the adsorption kinetic constant of ks can be
determined, which is shown in Table 3. The activation energy, E,, for Al-Fum is also presented
in Table 3. The frequency factor, S, is considered as 1 since a thin layer of adsorbent [20] is used
for the experiment. Based on these results, longer cycle time is required to implement Al-Fum as
adsorbent for adsorption chiller or heat pumps.

Isosteric Heat of Adsorption

Figure 9 shows the isosteric heat of adsorption (Qs) of Al-Fum + water systems based on
Clausius — Clapeyron relation for the temperatures varying from 25°C to 60°C. A sharp increase
of Qg is observed at the Henry’s or low uptake region, follow by a gentle increment of energy as
uptake increases. This is due to the fact that at the beginning of adsorption, the water molecules

are adsorbed rapidly onto sites of higher energy initially. In the second stage, the interaction

12



between Al-Fum and water molecule is continued to increase due to the presence of micro-
porosity in Al-Fum structure. Finally, a sharp decrement of Q is observed at the saturated
pressure region as meso and macro pores are available in the material structure. Therefore, water

molecules are adsorbed at low energy sites at limiting uptake region.

Conclusions

Al-Fum was synthesized and the porous properties are characterised for water adsorption
experiment. The static and dynamic behaviours of Al-Fum + water system is experimentally
measured by gravimetric method. From experimental data, a decent hydrophobic length of water
uptake is observed. It is also noted that the adsorption and desorption isotherms at 25°C provide
the similar trends. The isotherms and kinetics equations are fitted with experimentally measured
data within the acceptable range of 5%. Hence, it is also found that the adsorption isotherm
coefficients (K = Kkags/Kges) calculating from the isotherm model are used to estimate the
adsorption (kags) and desorption (kges) rate coefficients. The isosteric heat of adsorption is
approximated from experimental isotherms in a pressure-temperature-uptake coordinate system.
This study provides detailed experimental and theoretical findings of Al-Fum for water
adsorption process. By analysing experimental data, we find that to replace Al-Fum from the
current conventional adsorbents, these theoretical parameters of Al-Fum + water system are

useful for designing an adsorption assisted heat transmission application.

Nomenclature
SgeT BET surface area, m?/kg

Ea activation energy;, J/mol
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kads

kdes

Ps

Pa

Qst
Qst

latent heat of vaporisation
Langmuir coefficient
adsorption rate coefficient
desorption rate coefficient
heterogeneity parameter
pressure

saturated pressure

ambient pressure

amount of water vapour uptake
limiting uptake

isosteric heat of adsorption
isosteric heat of adsorption in Henry’s region
average pore size

gas constant

temperature

time

pore volume

volume of liquid N,

volume of N, adsorbed

molar volume of liquid Ny, 3.47 x 107

pre-exponential coefficient (isotherm model)

sticking coefficient

14

kJ/kg

9/gs

9/gs

kPa

kPa

kJ/kg

kJ/kg



Bo pre-exponential coefficient (sticking coefficient)

T time constant, s

% adsorption uptake fraction

Bini initial adsorption uptake fraction

0 real time adsorption uptake fraction
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Table 1: N, Adsorption Analysis

Adsorbent BET Surface Area | Pore Volume Average Pore | Ref
(m?/g) (cm*/g) Radius (A)
Al-Fum 792.26 0.926 10.91 This work
MIL-101 3402.69 1.597 11.3905 Previous
Work
AQSOA-Z05 187.1 0.07 11.76 Previous
work, [22]

Table 2: Parameters of proposed isotherm model for various MIL-101 + water systems

System o° (kg /kg) | Q: (kJ/kg) m o
Al-Fum + Water 0.407 2780 6.5 6.78 x 10™

Table 3: Parameter of adsorption kinetics for Aluminium Fumarate + Water systems

System Kags (1/5) Bo Ea (J/mol)
Al-Fum + Water B..P -E 1 36660
14705.93] —— |exp :
JT RT

K = Kags/Kges. Hence the pressure P is in Pa and the temperature T is in K.

The isotherm coefficient K is obtained from equation 1.
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