
Chemical Engineering Journal 448 (2022) 137590

Available online 16 June 2022
1385-8947/© 2022 Elsevier B.V. All rights reserved.

Thermochemical energy applications of green transition metal 
doped MIL–100(Fe) 

Tahmid Hasan Rupam a,b, Timothy Steenhaut c, Mujib L. Palash d, Yaroslav Filinchuk c, 
Sophie Hermans c,*, Bidyut Baran Saha b,e,* 

a International Institute for Carbon-Neutral Energy Research, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan 
b Green Asia Education Center, Kyushu University, Kasuga-koen 6-1, Kasuga-shi, Fukuoka 816-8580, Japan 
c Institute of Condensed Matter and Nanosciences (IMCN), UCLouvain, Place Louis Pasteur 1/L4.01.03, 1348 Louvain-la-Neuve, Belgium 
d Department of Electrical and Electronic Engineering, University of Dhaka, Dhaka 1000, Bangladesh 
e Mechanical Engineering Department, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan   

A R T I C L E  I N F O   

Keywords: 
Adsorption 
Energy storage and conversion 
MOFs, surface energy 
Transition metals 

A B S T R A C T   

Recently metal organic frameworks (MOFs), already known as adsorbent materials, have gained increasing 
research interest in thermal energy storage and conversion. MOF-water working pairs have been envisaged to 
provide the next revolutionary advancement in the existing sorption-based thermal energy storage and con
version systems. Herein, a promising MOF for high water sorption, MIL–100(Fe), and its transition metal-doped 
(Ni2+ and Co2+) derivatives are produced following a green synthesis procedure. The synthesized materials were 
tested in water sorption measurements using a thermogravimetric technique. The experimentally obtained 
adsorption data were correlated with the Sun-Chakraborty adsorption isotherm model. As an example of thermal 
energy conversion, an adsorption chiller is considered, and hence cooling cycles were drawn using the sorption 
data. The cooling cycles revealed that the nickel-doped MIL–100(Fe) demonstrates the highest value of the 
specific cooling effect (450.79 kJ kg− 1) among the studied MOFs. Inverse gas chromatography technique was 
employed to investigate the surface free energy of the parent and doped MIL–100(Fe) MOFs. It was found that 
nickel-doped MIL–100(Fe) had the highest total surface free energy of 105.41 mJ m− 2. Surfaces’ Lewis acid-base 
activities and the work of cohesion and adhesion (towards water molecules) were investigated. The surfaces’ 
properties were correlated with the water adsorption isotherms, which can provide crucial information for 
developing optimal adsorbents targeting water as the adsorbate for an efficient and effective thermal energy 
storage and conversion system.   

1. Introduction 

Nowadays, the global energy demand has dramatically increased 
with rising concerns over existing fuel reserves and environmental 
degradation. Thermal energy storage and conversion (TESC) systems 
have been a prominent research focus worldwide because they can 
reduce our reliance on fossil fuels while also contributing significantly to 
the use of renewable and waste heat energy, which can help alleviate 
CO2 emissions [1]. Additionally, the abundantly available low-grade 
thermal energy below 200C occupies approximately 36–54% of the 
total usable primary energy. Its appropriate utilization can mitigate the 
inconsistency between a lack of thermal energy supply and rising ther
mal energy demand [2,3]. 

Generally, materials used for TESC systems can be categorized into 
four types: sensible heat materials [4], phase changing materials [5], 
absorption working pairs [6], and solid sorption pairs [7]. Among the 
above-mentioned types, the solid sorption technology is facilitated by 
high energy density and low thermal energy loss during the storage and 
conversion process [8,9]. The solid sorption working pairs can be clas
sified into two major parts: physisorption caused by Van der Waals in
teractions and chemisorption dominated by complex chemical reactions. 
Among these two, physisorption has the benefit of being driven by low- 
grade thermal energies (typically below 100 ◦C), such as those found in 
industrial waste heat or solar thermal collectors, which can be easily 
collected [10]. However, the major drawback of these systems is their 
enormous sizes, which arises from the low sorption uptake generally 
observed in popularly used porous adsorbents such as silica gels, 
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zeolites, activated carbons, etc. Fortunately, a new class of porous ma
terials, metal–organic frameworks (MOFs, namely 3D porous materials 
made of metal centers connected by organic linkers) are emerging as 
adsorbent materials for TESC applications in recent years [11,12], even 
though their initial applications were focused on other sorption based 
applications such as gas purification [13], separation and storage 
[7,14–16], catalysis [17], gas sensing [18,19], water harvesting [20], 
pollutant removal [21], desalination[22], etc. When compared with 
traditional porous adsorbents, MOFs provide advantages with high 
crystallinity, well-defined porous structures, ultra-large surface areas, 
facile chemical modifications, and so on [23]. 

Water is an environmentally benign natural refrigerant, which has a 
high evaporation enthalpy and a high heat of adsorption when adsorbed 
into MOFs, which makes it a popular choice as a working fluid in MOF- 
based TESC systems. Additionally, water has no toxicity and flamma
bility. However, MOFs’ hydrothermal and cyclic stabilities have been a 
major limitation in the practical implementation of large-scale MOF- 
water paired sorption based-TESC systems. After years of research and 
cumulative contributions of many researchers, some MOFs such as 
MOF–801, MOF–841(Zr), MIL–53(Cr), CAU–10(Al)–H, MIL–101(Cr), 
and MIL–100(Fe) have been developed which are hydrothermally stable 
with moderate to high water uptakes [24]. Nevertheless, water sorption 
characteristics of these MOFs are yet to reach a satisfactory level to be 
implemented in practical TESC applications. Therefore there have been 
extensive studies on deliberate modifications introduced to the MOFs to 
enhance their water sorption characteristics [25–27]. Among various 

modification techniques, secondary metal doping into the MOF struc
ture has been found as one of the easiest solutions to reach improved 
performance [28–30]. Therefore, in this study, we have focused on 
MIL–100(Fe) and its transition metal-doped derivatives for TESC ap
plications. Apart from the TESC applications, these green MIL-100(Fe) 
and its derivatives can also find their applications in other open sys
tems such as desalination[31], water harvesting[20], indoor hygro
thermal conditioning[32], etc. Interestingly, the iron on which is based 
MIL–100(Fe) and its derivatives are cheap, abundant, and non-toxic. 
Studies have further evidenced that the MOF itself presents good 
water stability, low toxicity, and the main cost of the material up to now 
is related to the trimesate linker, which price would likely drop with the 
emergence of large scale applications [33]. Those arguments justify the 
study of MIL–100(Fe) materials for the above-mentioned indoor 
applications. 

The study begins with synthesizing the MOFs following a green 
synthesis protocol proposed by Steenhaut et al. [34]. The secondary 
transition metals, nickel, and cobalt were introduced into the parent 
structure in a one-pot doping procedure. Necessary material character
izations, including PXRD and thermal stability testing, were performed. 
N2 adsorption/desorption experiments were conducted to investigate 
the porous properties, while AAS and ICP-OES were done to determine 
the doping concentrations of the transition metal ions in the modified 
MOFs. Water sorption capacity onto the MOFs was experimentally ob
tained thermogravimetrically at different temperatures and pressures. 
The sorption isotherms were correlated with the Sun-Chakraborty 

Nomenclature 

cP Specific heat capacity [kJ kg-1K− 1] 
Fc Carrier gas flow rate [kg s− 1] 
G Gibbs free energy [kJ kg− 1] 
H Adsorption enthalpy [kJ kg− 1] 
H Enthalpy [kJ kg− 1] 
M Molar mass [g] 
NA Avogadro number 
j James-Martin correction factor [–] 
n Heterogeneity parameter [–] 
P Pressure [kPa] 
PD Deformation polarizability [cm3g− 1] 
q Uptake [kg kg− 1] 
R Universal gas constant [kJ kg-1K− 1] 
T Temperature [K] 
t Time [s] 
t0 Dead time [s] 
tR Retention time [s] 
vn Retention volume [cm3g− 1] 
W Work of adhesion/cohesion [mJ m− 2] 

Greek symbols 
α Pre-exponential constant [–] 
αa Atomic polarizability [–] 
αe Electronic polarizability [–] 
Δ Difference [–] 
γ Surface energy [mJ m− 2] 
η Refractive index [–] 
ρ Molar density [g cm− 3] 

Superscripts 
0 Free state 
CH2 Methylene group 
Cn+1H2n+4 Alkane molecule 
D Dispersive 

SP Specific 

Subscripts 
ads Adsorption 
adh Adhesion 
coh Cohesion 
cond Condenser 
des Desorption 
evap Evaporator 
f Fluid 
g Gas 
L Mobile phase/probe 
M MOF 
S Stationary phase 
s Saturation 
+ Acidic part 
– Basic part 
W Water 

Abbreviation 
AAS Atomic absorption spectroscopy 
BET Brunauer, Emmett and Teller 
BJH Barrett-Joyner-Halenda 
COP Coefficient of performance [–] 
DP Diaphragm pump 
FID Flame ionization detector 
GWP Global warming potential 
ICP-OES Inductively coupled plasma-optical emission spectroscopy 
MOF Metal-organic framework 
ODP Ozone depletion potential 
PXRD Powder X-ray diffraction 
RP Rotary pump 
RMSD Root mean squared deviation 
SCE Specific cooling effect [kJ kg− 1] 
TESC Thermal energy storage and conversion 
TMP Turbo molecular pump  

T.H. Rupam et al.                                                                                                                                                                                                                               



Chemical Engineering Journal 448 (2022) 137590

3

adsorption isotherm model. To determine the thermal energy storage 
capacity, adsorption enthalpy of water sorption onto the MOFs was 
investigated. To check the feasibility of thermochemical energy con
version, an adsorption heat pump was selected, and the cooling capacity 
and the cooling efficiencies were determined. It is expected that the 
incorporation of a secondary metal dopant into the structure of a MOF 
could enhance its water sorption properties [35–37]; however, the ul
timate goal of this study is to determine the factors which altered due to 
the dopant metals that resulted in the enhanced characteristics. 
Adsorption being a surface phenomenon, it is greatly influenced by 
Gibbs free surface energies of the adsorbents [38]. Hence to investigate 
the effects of metal dopants onto the surface free energies of parent 
MIL–100(Fe), the pristine and modified MOFs were characterized using 
the inverse gas chromatography technique. Gibbs free energies of 
adsorption, surfaces’ Lewis acid-base constants, and the work of adhe
sion and cohesion were determined for the studied MOFs. In short, this 
study focused on the following agendas:  

• The green transition metal doped MIL-100(Fe) derivatives were 
characterized for thermal energy conversion (adsorption cooling) 
and storage applications. 

• Gibbs free surface energies of the studied samples were experimen
tally measured using inverse gas chromatography.  

• The surface energy parameters were correlated with the adsorption 
isotherm data related to the corresponding samples. 

2. Materials 

In this study, green synthesized parent and transition metal-doped 
MIL–100(Fe) metal–organic frameworks have been used as adsorbent 
materials. Nickel and cobalt metals were chosen as the transition metal 
dopants, and their salts were added in the precursor solution for syn
thesizing MIL–100(Fe) at 20 mol% doping in the second metal (intro
duced amount in the synthesis). The samples were then named as parent 
MIL–100(Fe), MIL–100(Fe, Ni), and MIL–100(Fe, Co). The detailed 
synthesis procedures can be found in the works of Steenhaut et al. [34]. 

After successful synthesis, to investigate the structural consistency of 
the samples, powder X-ray diffraction (PXRD) data were collected using 
the STOE STADI P Combi diffractometer utilizing CuKα radiation at 40 
kV, 40 mA (the data are given in Figure S1, supplementary file). The 
PXRD analysis confirmed that the incorporation of metal dopants did not 
alter the structure of the parent MIL–100(Fe) MOF. 

Thermal stability tests were performed using a Mettler Toledo TGA/ 
DSC 3 + STARe system. Prior to the experiment, all the samples were 
subjected to an isotherm at 27 ◦C for 15 min before being heated to 
900 ◦C under an airflow of 100 ml min− 1 at a heating rate of 10 ◦C 
min− 1. The experimental outcomes suggested that all the samples are 
thermally stable up to approximately 300 ◦C (Figure S2), which is 
adequate for heat pump applications [39]. Additionally, it can also be 
stated that the doping by transition metals had no effect on the thermal 
stability of the samples. 

N2 adsorption/desorption isotherms onto the synthesized MOFs were 
experimentally measured at 77 K utilizing a Micromeritics ASAP 2020 
device. Before the experiment, the samples were degassed at 200 ◦C for 
10 h. Results showed that the N2 adsorption isotherms had a sharp in
crease at very low relative pressures (P/P0 less than 0.05), which is a 
characteristic feature of microporous materials (Figure S3). Hence, it 

can be concluded that the materials are highly microporous, as expected. 
Employing the BET method, the surface areas of the studied adsorbent 
materials were obtained from the isotherm data, as well as the pore 
volumes and pore size distributions according to the BJH method. 
Atomic absorption spectroscopy (AAS) and inductively coupled plasma- 
optical emission spectroscopy (ICP-OES) experiments were conducted to 
investigate the actual concentration of Co and Ni in the doped samples. 
The detailed experimental descriptions can be found in the supple
mentary file. BET surface areas, pore volumes, AAS, and ICP-OES data 
are summarized in Table 1. From Table 1, it can be seen that doping of 
Co and Ni ions has resulted in increasing the BET surface areas. The pore 
size distribution profiles (Figure S3) show that all the samples possess 
two types of micropores, in accordance with the crystal structure of 
MIL–100 MOFs, and do not show the presence of mesopores that could 
indicate the presence of defects. The increased surface areas and pore 
volumes of the bimetallic samples can be explained by the absence of 
charge balancing anions in the MIIFeIII-µ3O (M = Co or Ni) clusters. The 
absence of such anions results in the potential removal of three solvent 
molecules for each bimetallic cluster instead of only two for FeIII–µ3O, 
leading to higher surface areas. The results of AAS and ICP-OES analyses 
are consistent and indicate that the amount of doping metal incorpo
rated into the framework is lower than the concentration that was 
engaged for the syntheses. This can be explained by the higher affinity of 
the hard Lewis acidic carboxylate linkers for Fe3+ than for Co2+ and 
Ni2+, resulting in preferential incorporation of the former. Nevertheless, 
significant doping was achieved, attaining 11% in the case of Co and 7% 
in the case of Ni, which should impact the properties of the obtained 
materials. 

3. Thermogravimetric water adsorption isotherms 

Water adsorption isotherms onto the untarnished and doped MIL- 
100(Fe) were experimentally measured using a thermogravimetric 
method. The experimental facility used for water adsorption measure
ment was the Rubotherm: MSB-VG-S2 supplied by MicrotracBEL, Japan. 
The schematic diagram of the experimental unit is shown in Fig. 1. This 
apparatus is equipped with a magnetic suspension balance to measure 
the adsorption uptake thermogravimetrically. There are two isothermal 
oil baths (Julabo) for controlling the temperatures of the adsorption cell 
and the evaporator unit. Air baths are included in the system to omit any 
chances of unnecessary condensation inside the pipes. The measurement 
accuracy of the magnetic suspension unit is in the range of ± 30 µg with 
an approximate error of ± 0.002%. The oil circulation baths connected 
in this system have their temperature stabilities in the order of ±
0.01 ◦C. 

For initiating the experiment, around 90 mg of MOF samples were 
placed in the adsorption cell and treated at 90 ◦C for 4 h under vacuum 
conditions to remove any pre-adsorbed water vapor. A diaphragm pump 
(DP), a rotary pump (RP), and a turbo molecular pump (TMP) have been 
employed to achieve the necessary vacuum conditions. After degassing, 
the dry mass of the samples was noted, and this mass was used for all the 
computations. After that, Helium gas is passed into the adsorption cell to 
make the buoyancy corrections. Once the pretreatment, dry mass 
recording, and buoyancy corrections have been done, the adsorption cell 
and the evaporator unit are brought to their respective specified tem
peratures using the oil baths. Once thermal equilibrium is achieved, the 
adsorption cell and the refrigerant cell are connected by opening the 

Table 1 
BET surface areas, pore volumes, AAS, and ICP-OES data [34].  

Sample name BET surface area [m2g¡1] Pore volume 
[cm3g¡1] 

AAS 
[mol %, Co or Ni] 

ICP-OES 
[mol %, Co or Ni] 

MIL–100(Fe) 2048  0.9290 [–] [–] 
MIL–100(Fe, Co) 2256  1.0671 11.4 11.0 
MIL–100(Fe, Ni) 2274  1.0369 7.0 7.5  
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Fig. 1. Schematic diagram of the adsorption measuring unit (Rubotherm: MSB-VG-S2).  

Fig. 2. Water adsorption isotherm data (markers represent the experimental data) correlated with the Sun-Chakraborty adsorption isotherm model (dashed lines) for 
(a) MIL–100(Fe), (b) MIL–100(Fe, Ni), and (c) MIL–100(Fe, Co) (with an error bar of ± 5%). (d) Comparison of water sorption isotherms onto pristine and modified 
MIL–100(Fe) MOFs (plotted with respect to relative pressure). 
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valve to initiate adsorption. The water adsorption data onto the MOFs 
were measured at three different temperatures 303 K, 323 K, and 343 K, 
at variable evaporator pressures. 

The water adsorption isotherms onto the pristine MIL–100(Fe) and 
the Co and Ni-doped MIL–100(Fe) were thermogravimetrically obtained 
at different temperatures with varying evaporator pressures, and the 
isotherm data are correlated with the Sun-Chakraborty adsorption 
isotherm model [40] which is given in Eq. (1). 

q = q0

{

αexp
(
[
n
(
h0 − hfg

) ]/
RT

)}(
P/Ps

)n

1 +

{

αexp
(
[
n
(
h0 − hfg

) ]/
RT

)

− 1
}(

P/Ps

)n (1)  

Here, q and q0 are the instantaneous and equilibrium uptakes, whereas 
h0 is the zero-uptake adsorption enthalpy. α and n are non-dimensional 
fitting constants defined as the pre-exponential coefficient and hetero
geneity parameter, respectively. The experimental uptake data fitted 
with the Sun-Chakraborty adsorption isotherm model is depicted in 
Fig. 2 (a-c). The fitting parameters of the isotherm model are furnished 
in Table 2. The RMSD error percentage (less than 5%) suggests that the 
Sun-Chakraborty model correlates with the experimental data reason
ably well. Fig. 2 (d) shows the comparison between the water sorption 
isotherms onto the parent and modified MIL–100(Fe) MOFs. 

Fig. 2 (d) shows the effect of metal doping on the green synthesized 
MIL–100(Fe). Though the equilibrium uptakes are almost similar for the 
parent and doped samples, in the case of Ni doping, the water adsorption 
isotherm has shifted in the low-pressure region in the relative humidity 
range between 0.2 and 0.5. Whereas for Co doping, the isotherm expe
rienced a right shift towards the high-pressure region. The shifting of 
adsorption isotherm is a crucial parameter in system performance. 
Usually, a shift in the lower pressure region corresponds to better 
cooling output as lower evaporative pressures can be reached. On the 
other hand, a right shift in the pressure scale can provide the advantage 
of reducing the minimum required regeneration temperature, which 
enhances the system’s efficiency. The water sorption uptake in the green 
synthesized MIL-100(Fe), and its derivatives are slightly lower than that 
of the other traditional MIL-100(Fe)’s reported elsewhere[20,41]. The 
MIL-100(Fe)’s reported by Jeremias et. al.[41], and Maher et. al.[20], 
had F– and Cl– as charge balancing anions, whereas the green synthe
sized MIL-100(Fe) had OH–. According to Chen et al., [42] This differ
ence in charge balancing anion can have a significant impact on the 
water sorption when the relative pressure is less than 1. In their study, 
they showed that although the saturation uptake (at relative pressure 1) 
the F–, Cl–, and OH– whichever charge balancing anion is used, the up
take remains the same ar this does not alter the structure of the MOF. 
However, in the case of OH– anion, the water uptake at a lower pressure 
than the saturation pressure can be lower due to the weaker water- 
structure interactions. 

Along with the water adsorption uptake, sorption kinetics were also 
measured and are provided in the supplementary section (Figure S4). As 
expected, the adsorption equilibrium time for the studied samples is 
almost the same. However, a closer look reveals that the water sorption 
onto the Ni doped sample is slightly faster than the parent one, whereas 
the kinetics of the Co doped sample is somewhat slower. The difference 
in kinetics is negligibly small and will not have a major impact on the 
system performance. 

For a better understanding of the effect of transition metal doping, P- 
T-q diagrams are drawn into the water adsorption isotherms at different 
temperatures, as depicted in Fig. 2 (a), (b), and (c). While constructing 
the P-T-q diagrams, the adsorption and desorption temperatures were 
considered as 303 K and 343 K, respectively. The evaporative pressure 
was chosen as 1.2 kPa (Corresponding to a 283 K cooling temperature), 
whereas the condenser pressure was selected as 5.6 kPa (308 K). The P- 
T-q cycle has four steps: adsorption, preheating, desorption, and pre
cooling, denoted as 1, 2, 3, and 4, respectively. Similar to other 
adsorption-based energy conversion systems, the system performance of 
the adsorption heat pump is directly proportional to the net adsorbate 
(water) uptake. The net uptake, Δq is defined as the difference between 
the adsorption uptake and desorption uptake within an operating con
dition. The net uptakes for MIL–100(Fe), MIL–100(Fe, Ni), and MIL–100 
(Fe, Co) are 0.165, 0.190, and 0.155 kg kg− 1, respectively. 

Another parameter associated with the energetics of an adsorption- 
based system is the adsorption enthalpy (ΔHads). The heat produced 
during the exothermic Van der Waals interaction between the adsorbent 
and adsorbate molecule is defined as the adsorption enthalpy or isosteric 
heat of adsorption [43]. For cooling purposes, a lower value of 
adsorption enthalpy is desired because this adsorption enthalpy denotes 
the minimum regeneration temperature. A lower value of isosteric heat 
of adsorption will result in a lower thermal energy requirement for 
regeneration which will eventually enhance system efficiency. However, 
for heating applications, a higher isosteric heat of adsorption is desired 
as the generated heat can be utilized in space heating. Therefore, this 
study has focused on computing the adsorption enthalpy of the studied 
pairs as a function of adsorbate loading using Eq. (2). 

ΔHads = hfg −

{

αexp
(
[
n
(
h0 − hfg

) ]/
RT

)}(
1 − q/q0

)

{

αexp
(
[
n
(
h0 − hfg

) ]/
RT

)}(
1 − q/q0

)
+ q/q0

(
hfg − h0)

(2) 

Fig. 3 illustrates the adsorption enthalpy of the studied pairs as a 
function of water uptake at 303 K. From Fig. 3, it is evident that the 
isosteric heat of adsorption is a decreasing function of increasing water 
loading. This is because adsorbates first adsorb in the high energy sites 
and then gradually move into the adsorption sites having lower energy. 
A sorption site with high energy usually corresponds to the strongest van 
der Waals interactions; hence a higher adsorption enthalpy has resulted. 
The adsorption enthalpy of the parent MIL–100(Fe) is significantly 
higher than that of the doped MOFs. As the adsorption enthalpy changes 
with the increase of adsorbate uptake, it can be concluded that the 
surface of MOFs is energetically heterogeneous. However, the rate of 
decrement for the parent and doped MOFs are not the same. The 

Table 2 
Fitting parameters of Sun-Chakraborty adsorption isotherm model.  

Fitting parameters MIL–100(Fe) MIL–100(Fe, Co) MIL–100(Fe, Ni) 

q0 [kg kg¡1]  0.72  0.73  0.69 
h0 [kJ kg¡1]  3295.41  2671.73  2805.95 
α [-]  0.02  0.90  0.40 
n [-]  0.82  1.45  1.52 
RMSD [%]  2.8  3.1  2.3  
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Fig. 3. Isosteric heat of adsorption as a function of water loading at 303 K.  
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transition metal dopants have caused the adsorption enthalpy to 
decrease as well as stabilizing the rate of decrement. Therefore, it can be 
stated that the incorporation of metal dopants has made the MOFs 
energetically more homogeneous. 

Utilizing the adsorption enthalpy and net adsorbate uptake at a fixed 
operating condition, the energy density of the studied MOFs can be 
obtained by the following relation: 

Energy density = ΔHads * Net uptake (Δq). 
Using the above formula, the energy density for MIL–100(Fe), 

MIL–100(Fe, Co), and MIL–100(Fe, Ni) are 528.0 kJ kg− 1, 414.63 kJ 
kg− 1, and 532.0 kJ kg− 1, respectively. While computing the energy 
densities, the average values of the adsorption enthalpy were 
considered. 

4. Performance indicators 

To investigate the enhancement in system performance induced by 
deliberate metal doping, it is necessary to analyze the system perfor
mance indicators. In the case of adsorption heat pumps, the specific 
cooling effects and the coefficient of performance are two of the most 
important system performance indicators to consider in which the first 
one accounts for the cooling capacity while the latter deals with how 
efficiently the system can provide the cooling. 

Equations (3) [9] and (4) [36] can be utilized for computing the 
specific cooling effect and coefficient of performance for the parent and 
doped MIL–100(Fe) MOFs. In Eq. (4), a correction factor of 0.80 has 
been included to mimic the heat energy losses (20% losses) in the heat 
exchangers. 

SCE = (qads − qdes)hfg(Tevap)+
∫ evap

cond
dhf (3) 

The maximum cooling effect per cycle in adsorption chillers can be 
assumed to be equal to the refrigerant’s latent heat of evaporation, while 
the minimum heat energy required to drive the system can be approx
imated as the sum of the adsorption enthalpy and the specific heat ca
pacities of the adsorbent and adsorbate materials. However, in this 

study, the net sorption uptake is greater than 0.15 kg kg− 1; thus, the 
effects of specific heat capacities will be minimal. Therefore, for 
simplicity, the heat losses due to the specific heat capacities of MOFs and 
water were neglected, and the simplified equation for obtaining the COP 
value takes the following form: 

COP =

(
hfg(T,P)
ΔHads(q)

)

× 0.80 (5) 

Eqs. (3) and (5) were used to calculate the specific cooling effect 
(SCE) and coefficient of performance (COP). Fig. 4 shows the specific 
cooling effect values of the pristine and modified MIL–100(Fe) MOFs. 
The parent MIL–100(Fe) has an SCE value of 391.47 kJ kg− 1, whereas 
the Ni-doped sample shows a 15% increment with an SCE value of 
450.79 kJ kg− 1. However, in the case of Co-doped MIL–100(Fe), there is 
a 6% reduction in SCE value (367.75 kJ kg− 1). The variation of SCE 
values has resulted from the different values of net uptake for the parent 
and doped MOFs, Δq obtained from the P-T-q diagrams. The cooling 
efficiencies were also checked for the studied pairs. The MIL–100(Fe), 
MIL–100(Fe, Co), and MIL–100(Fe, Ni) showed an average cooling COP 
of 0.64, 0.75, and 0.76, respectively. The COP values of the studied 
MOFs are comparable to the popular MOFs studied for adsorption 
chiller, such as cooling COPs for aluminum fumarate and its transition 
metal doped derivatives are approximately 0.61 [36], and for MOF-801 
and its transition metal doped derivatives, the cooling COPs are 
approximately 0.63 [44]. The COPs for aluminum fumarate, MOF-801, 
and their respective derivatives are factored with 0.80 assuming a 
20% heat loss in the heat exchangers. The lower COP of the parent 
MIL–100(Fe) has resulted from the high adsorption enthalpy of the 
associated pair. For investigating the performance indicators, a working 
condition of Tads = 303 K, Tdes = 343 K, Pevap = 1.2 kPa, and Pcond = 5.6 
kPa was considered. 

5. Surface chemistry 

Transition metal doping has resulted in a favorable outcome in terms 
of system performance indicators (COP and SCE). Therefore, from an 
engineering point of view, this work is already a successful one. How
ever, from a scientific viewpoint, there are still some questions, such as 
why the water adsorption isotherms on the doped samples are altered 
and the effects of the dopant metals on the adsorption phenomena. In the 
quest for answers to these questions, the studied MOFs were charac
terized using inverse gas chromatography to investigate their surface 
chemical properties. 

Inverse gas chromatography experiments were performed using an 
iGC-SEA (Surface Energy Analyzer) unit supplied by Surface Measure
ment Systems, UK. The experimental unit is equipped with a flame 
ionization detector (FID) to detect organic molecules. There are twelve 
reservoirs where polar and nonpolar probes are kept. Before the 
experiment, the samples were pre-treated at 120 ◦C for 24 h under 
vacuum to remove any moisture contained within their structures. After 
that, the dry masses of the studied adsorbents were recorded. About 5 
mg of each sample (dry) was kept inside a sterilized glass column having 
an inner diameter of 3 mm and a length of 30 cm. The columns were 
prepared under mechanical vibration, and the samples were fixed inside 
the columns with glass wool at both ends of the samples. To remove any 
physisorbed moisture onto the samples, the columns were then heated at 
120 ◦C for two hours with a carrier gas (helium in this case) flow at 30 Fig. 4. Comparison of specific cooling effects among the parent and doped 

MIL–100(Fe) MOFs. 

COP =

⎧
⎪⎪⎨

⎪⎪⎩

hfg(T,P)

ΔHads +
{
cp,MOF

/
Δq(Tdes − Tads)

}
+
[
q0
/Δq

{
cp,water(Tdes − Tads)

} ]

⎫
⎪⎪⎬

⎪⎪⎭

× 0.80 (4)   
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ml/min. 
Measurements were carried out at 120 ◦C with a carrier gas flow rate 

of 20 ml/min. In this study, four nonpolar probes (hexane, heptane, 
octane, and nonane) and four polar probes (ethyl acetate, acetone, 
acetonitrile, and dichloromethane) were used to investigate the surface 
properties. The properties of the probe molecules are provided in 
Table S1 in the supplementary section. The probe gasses were trans
ported to the stationary samples by helium (carrier gas), where the 
probes got adsorbed onto the surface of the adsorbents (MOFs). Later, 
these adsorbed molecules were eluded from the surface using the same 
carrier gas and detected through the FID. The schematic diagram of the 
experimental facility is given in Fig. 5. 

The chromatograph recorded in the iGC-SEA contains the informa
tion on the retention time (tr), which is defined as the time required for 
generating the chromatographic peak after elution. However, this 
retention time also includes the noninteracting dead time (t0) taken by 
the probe molecules to travel from one end of the column to the other. 
Therefore, the actual interaction or the retention time can be found as tr 
– t0. Utilizing this time interval, the retention volume (vn) of the probe 
gases can be obtained from Eq. (6). 

vn = jFc(tr − t0) (6)  

Here Fc is the carrier gas flow rate, and j is the James-Martin correction 
factor compensating for the variations in vn caused by the pressure drops 
inside the column and the packing density of the adsorbent material. At 
equilibrium, the changes in molar Gibbs free energy (ΔG0) of adsorption 
and desorption are equal, and hence it can be written as: 

ΔG0
ads = ΔG0

des = RTlnvn+C (7)  

where R is the molar gas constant (8.314 J mol-1K− 1), and T is the ab
solute temperature. C is an arbitrary constant designated for the dif
ferences in the reference states. The molar Gibbs free energy of 
adsorption or the surface energy consists of two components: dispersive 
and specific surface energies. The dispersive surface energy is caused by 
the nonpolar interactions based on London forces, whereas the specific 

part is composed of the polar interactions. The changes in Gibbs free 
energy of adsorption can be written as [45]: 

ΔG0
ads = ΔGD

ads+ΔGSP
ads (8) 

On the other hand, the change in Gibbs free energy is related to the 
number of carbon atoms present on the alkane molecules, which can be 
mathematically expressed as[46]: 

− ΔG0
ads = NA × Across ×WA (9) 

Here, NA is the Avogadro’s number, Across is the cross-sectional area 
of the probes, and WA stands for the work of adhesion of the adsorbent’s 
surface towards the alkane molecules. The work of adhesion has an 
explicit relation with the dispersive surface energies of the interacting 
surfaces. According to Fowkes, the work of adhesion as a function of 
dispersive surface energies of the respective interacting surfaces can be 
obtained by: 

WA = 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γDS × γDL
√

(10) 

Here γD
S and γD

L are the dispersive surface energies of the stationary 
phase (solid porous adsorbent) and the mobile phase (probe molecules). 
Combining Eqs. (7), (9), and (10) the experimentally measured retention 
volume can be expressed as a function of surface energy components via 
the following equation: 

RTlnvn = 2NA × Across ×
̅̅̅̅̅̅̅̅̅̅

γDS γDL
√

+C (11) 

In the Dorris-Gray method, the free energy of alkane probes varies 
linearly with the carbon number in the alkane molecule, and the slope of 
the linear line determines the free energy component of a single meth
ylene group [47]. 

According to the Dorris-Gray method, the dispersive surface energy 
of the stationary phase (MOFs) can be obtained from the following 
equation: 

Fig. 5. Schematic diagram of the iGC-SEA experimental unit.  
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γDS =
1

4γDCH2

(
− ΔG0

CH2

NAAcross CH2

)

(12) 

However, the Dorris-Gray method is incompatible with determining 
specific surface energy components; for this purpose polarization 
method is invoked [48]. The microscopic polarizability (α) of a molecule 
has two major components: electronic (αe) and atomic polarizability 
(αa). The atomic polarizability is negligibly small; hence it would be α ≅

αe that can be considered. 
The molar deformation polarization can be correlated with the free 

energy of adsorption using the following mathematical expression: 

RTlnvn+C1 = C2PDLPDS +
(
− ΔGSP) (13) 

Here, C1 and C2 are two constants relating to the reference states 
andPDL,PDS are defined as the molar deformation polarization of the 
mobile and stationary phase, respectively. In the cases of nonpolar 
alkane probes, the specific interaction energy ΔGSP can be neglected, 
and then Eq. (16) reduces to the following form: 

RTlnvn+C1 = C2PDLPDS (14) 

RTlnvn varies linearly with changing PDL, and the slope of the 
straight line is C2PDS which is proportional to the straight line obtained 
from the Dorris-Gray method. Polar probes have both dispersive and 
specific interactions. Therefore, the Gibbs free energy resulting from the 
specific interactions can be obtained from the vertical distances between 
the RTlnvn points and the straight line resulting from the dispersive 
interactions. The plots of RTlnVn versus the molar deformation polari
zation are given in Figure S5. in the supplementary section. 

5.1. Surface energy 

Gibbs free energies of the nonpolar probes were determined using 
the Dorris-Gray method, whereas, for polar probes, the polarization 
method was utilized. For both cases, surface coverage of 0.01 was 
chosen. In the polarization method, for obtaining the specific surface 
energy part, the Della Volpe scale [49] was employed where two polar 
probes, ethyl acetate (γ−L =475.67 mJ m− 2 andγ+L = 0 mJ m− 2) and 
dichloromethane (γ−L =0 mJ m− 2 andγ+L = 124.58 mJ m− 2) were used 
[50]. The alkane lines along with the Gibbs free energies of the polar 
probes can be found in the supplementary section (Figure S4 (a-c)). The 
dispersive and specific surface energies of the parent and doped 
MIL–100(Fe) are illustrated in Fig. 6. 

It is evident from Fig. 6. that the transition metal doping has altered 
the nature of the surface of MIL–100(Fe) MOF. In the case of Co doping, 
the specific surface energy almost had no change, whereas the dispersive 

surface energy experienced a significant reduction. This decrement in 
the dispersive surface energy, as well as the total surface energy (73.08 
mJ m− 2), might be responsible for lower water uptake in MIL–100(Fe, 
Co) sample in the pressure regions 0.01 to 0.4 RH (see Fig. 2 (d)). On the 
other hand, Ni doping has increased the specific surface energy around 
two folds while keeping the dispersive surface energy almost un
changed. As a result, the total surface energy in the Ni-doped MIL–100 
(Fe) MOF is the highest among the studied samples (105.41 mJ m− 2), 
and consequently, this sample exhibits the highest water sorption uptake 
in the working pressure region. Therefore, it can be concluded that the 
total surface energy (combining the dispersive and specific surface en
ergies) has a direct relationship with the water uptake in the working 
region. 

5.2. Surface Lewis acidity/basicity 

Once the specific surface energy is determined, the surface’s Lewis 
acid-base activities can be obtained using Gutmann’s approach via Eq. 
(18). 

−
ΔGSP

AN*
=

(
DN
AN*

)

Ka+Kb (18) 

Here, DN and AN* are the donor and corrected acceptor numbers of 
the polar probes. The exact values of DN and AN* are furnished in 
Table S1. The slope and y-axis intercept from their respective plots of 
ΔGSP as a function of DN/AN* presented in Fig. 7 can be used to derive 
the Lewis acid and base constants of the examined MOFs. Table 3 lists 
the Lewis acid and base constants of the various MOFs. From Table 3, it 
can be concluded that all of the MOFs studied in this study have a surface 
that responds like a Lewis base since the Ka/Kb ratio is less than 1. The 
prevailing base constant indicates that the adsorbent’s surface will first 
interact mostly with the H+ component of water. 

5.3. Work of cohesion and work of adhesion 

The affinity of any MOF to capture water molecules is indicated by its 
work of adhesion with water, whereas the work of cohesion indicates the 
compressibility of the adsorbent material, which is required for a 
compact system. The total work of cohesion or adhesion comprises two 
components, according to the Fowkes equation: dispersive component 
γD (resulting from Lifshitz-van der Waals interactions) and specific 
component γSP (resulting from acid-base interactions) [51,52]. As a 
result, the total work of adhesion and/or cohesion can be expressed as: 

Wadh/coh = γD + γSP (19) 

Neglecting the irreversible interactions, the work of adhesion and 

Fig. 6. Comparison of dispersive and specific surface energies among parent 
and transition metal-doped MIL–100(Fe) MOFs. 

Fig. 7. Determination of Lewis acid-base constants for the parent and modified 
MIL–100(Fe) MOFs via the Gutmann approach. 
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cohesion can be obtained by the geometric means of the surface energies 
of the interacting materials. Therefore, the total work of adhesion and 
cohesion of the studied materials can be computed using the following 
equations: 

Wadh = 2
[
γMD γ

W
D +

̅̅̅̅̅̅̅̅̅̅̅

γM+ γW−
√

+

̅̅̅̅̅̅̅̅̅̅̅

γM− γW+
√ ]

(20)  

Wcoh = 2
[
γMD +

̅̅̅̅̅̅̅̅̅̅̅

γM+ γM−
√

+

̅̅̅̅̅̅̅̅̅̅̅

γM− γM+
√ ]

(21) 

Here, according to Good and Oss’s suggestion, the specific compo
nent γSP has been replaced with an acid and base parameter γ+ andγ− , 
respectively [53]. The ‘M’ and ‘W’ superscripts indicate that the com
ponents are associated with the MOF or water, respectively. 

The individual surface energy components are tabulated in Table 4. 
The total work of adhesion and cohesion of the studied samples for a 
surface coverage of 0.01 are depicted in Fig. 8. 

It is evident from Table 4 and Fig. 8 that Co2+ doping has caused the 
work of adhesion and cohesion in the modified MOF to decrease, 
whereas, in the case of Ni2+ a slight increase is observed. A closer in
spection of Table 4 suggests that the incorporation of Ni2+ and Co2+ in 
the structure of pristine MIL–100(Fe) has reduced the dispersive work of 
adhesion (towards water), which is reflected by the decrement of 
adsorption enthalpy shown in Fig. 3. The lower dispersive work of 
adhesion has resulted in weaker exothermic Van der Waals interactions, 
which caused the adsorption enthalpy to decrease. On the other hand, 
the increase in the specific component of the work of adhesion in the 
case of Ni2+ doped MIL–100(Fe) might have caused a higher amount of 

water molecules to get adsorbed in the pores; which in turn provided the 
additional nucleon sites for the water cluster formation in the steeper 
uptake region (Fig. 2(d)). Additionally, the Ni2+ incorporated MOF had 
a higher work of cohesion which suggests that this MOF can be utilized 
more easily in making compressed, consolidated adsorbents that will 
offer enhanced volumetric water uptake and higher thermal 
conductivity. 

6. Conclusions 

In this study, MIL–100(Fe) and transition metal doped MIL–100(Fe, 
Ni) and MIL–100(Fe, Co) metal–organic frameworks were successfully 
synthesized following a green synthesis procedure. The doped samples 
offered higher BET surface areas of 2256 m2g− 1 and 2274 m2g− 1 for 
cobalt and nickel doped MIL–100(Fe) MOFs, respectively, when 
compared with the parent one (2048 m2g− 1). 

The water adsorption isotherms onto the parent and modified 
MIL–100(Fe) MOFs were experimentally obtained using a thermogra
vimetric measurement technique at three different temperatures of 
30 ◦C, 50 ◦C, and 70 ◦C with varying evaporative pressures. The Sun and 
Chakraborty model for adsorption isotherms was used to correlate the 
experimental data with an RMSD error of around ± 3%. P-T-q diagrams 
were drawn using the adsorption isotherms data to get the net water 
uptake within an operating condition of Tads = 303 K, Tdes = 343 K, 
Pevap = 1.2 kPa, and Pcond = 5.6 kPa. Under a similar condition, the 
specific cooling effects were calculated and the values obtained are 
391.47 kJ kg− 1, 450.79 kJ kg− 1, and 367.75 kJ kg− 1 for the parent, 
nickel, and cobalt doped MOFs, respectively. The nickel doped MIL–100 
(Fe) showed the highest SCE value (450.79 kJ kg− 1) because of the 
highest net uptake it possesses within the considered working pressure 
range. This SCE value is comparable to the values obtained for other 
potential MOFs, such as aluminum fumarate (499 kJ kg− 1)[36] or 
MOF–801 (373 kJ kg− 1) [39], and is significantly higher than the SCE 
values obtained for traditional adsorbents like silica gels (around 310 kJ 
kg− 1). The energy density for MIL 100(Fe), MIL 100(Fe, Co), and MIL 
100(Fe, Ni) are 528.0 kJ kg− 1, 414.63 kJ kg− 1, and 532.0 kJ kg− 1, 
respectively. 

Inverse gas chromatography technique was employed to investigate 
the surface Gibbs free energies of the pristine and modified MOFs at a 
specific surface coverage of 0.01. The Co2+ doped MIL–100(Fe) has a 
lower value (73.08 mJ m− 2) of total surface energy than the unmodified 
MIL–100(Fe) (101.56 mJ m− 2), whereas Ni2+ doping has caused the 
surface energy of the modified MOF (105.41 mJ m− 2) to exceed the 
parent one. Lewis acid and base constants were investigated using 
Gutmann’s approach for all the studied MOFs. The study revealed that 
all of the studied MOFs have a surface acting as a Lewis base. Transition 
metal doping has not significantly altered the acid-base characteristics 

Table 3 
Lewis acid-base constants for the studied MOFs.  

Sample Lewis acid constant, Ka 

[–] 
Lewis base constant, Kb 

[–] 
Ka/Kb 

[–] 

MIL–100(Fe)  0.2775  0.4180  0.6639 
MIL–100(Fe, Co)  0.2717  0.4125  0.6587 
MIL–100(Fe, Ni)  0.2979  0.5296  0.5625  

Table 4 
Surface energy components and work of adhesion and cohesion.  

Sample Dispersive surface energy 
[mJ m¡2] 

Specific surface energy 
[mJ m¡2] 

Work of adhesion 
[mJ m¡2] 

Work of cohesion 
[mJ m¡2] 

γD γ+ γ− γD,adh γSP,adh γD,coh γSP,coh 

MIL–100(Fe)  92.83  6.50  2.93  89.97  43.05  185.65  17.47 
MIL–100(Fe, Co)  65.06  6.19  2.60  75.32  41.40  130.13  16.04 
MIL–100(Fe, Ni)  89.80  8.24  7.39  88.49  56.45  179.61  31.22  

Fig. 8. Total work of adhesion (towards water) and cohesion for the parent and 
modified MIL–100(Fe) MOFs. 
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in the MOFs. Work of cohesion and work of adhesion towards water was 
also obtained for the parent and doped MIL–100(Fe) MOFs. Co2+ doping 
has resulted in a decrement of work of adhesion and cohesion; however, 
in the case of Ni2+ doping, an increment in both the work of adhesion 
and cohesion was observed. This increase in work of adhesion towards 
water molecules might have caused the nickel-doped sample to have a 
higher net uptake, which resulted in a higher specific cooling effect. This 
study includes both experimental and theoretical analyses on how 
different features of porous materials can affect the systems performance 
of the thermal energy conversion system. Approaches were made to 
correlate the experimentally obtained surface energy data with the 
water adsorption phenomena onto the porous MOFs. The results indi
cate that an optimum MOF adsorbent can be designed by modifying the 
organic linker with hydrophilic functional groups, which can enable the 
sample to have higher work of adhesion toward water. This can be 
achieved by increasing the surface acidity, which will trigger the 
enhancement in specific Gibbs free energy. These findings will be crucial 
for designing optimum porous materials for next generation thermal 
energy utilization systems. 

7. Data availability 
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be shared at this time as the data also forms part of an ongoing study. 
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