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Abstract: Thermodynamic properties of various sorbents, namely carbon-based sorbents, silica 

gel and metal-organic frameworks (MOFs) were assessed and compared based on their adsorption 

isotherms at 25, 30 and 35 °C. The isotherms were measured in a custom-made and calibrated 

environmental chamber using a gravimetric method. Gibbs free energy demonstrated the 

spontaneity of the adsorption process and the hygroscopicity variation of the sorbents depending 

on their surface chemistry. The carbon-based sorbent, nanoporous sponges (NPS), and one of the 

MOFs, Cr-MIL-101, had lower sorbent-adsorbate interactions and thus had integral enthalpies 

converging rapidly to the heat of vaporization of pure water. As such, these samples would release 

less heat during an adsorption step with partial filling of the sorbent. Integral entropy showed that, 

for most of the environmental conditions, adsorbed water molecules had an entropy equivalent to 

pure water for most of the sorbent materials, except for the silica gel due to its higher energy sites 

and higher water-sorbent interactions. NPS and Cr-MIL-101 were shown to be entropically 
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advantageous for the recovery/removal of water. Enthalpy and entropy can provide favorable 

conditions to perform adsorption-desorption cycles in a practical water capture system.  

Keywords: sorbents, water adsorption, Gibbs free energy, enthalpy of adsorption, entropy 
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1. Introduction 
 

Water is essential to all living beings. Across the globe, it is unevenly distributed with countries 

such as Canada having 20% of the total freshwater for 0.5% of the world’s population [1] while 

the entire African continent has 9% of the freshwater resources for 16% of the world’s population 

[2]. Freshwater access inequalities and sanitation issues meant that, in 2017, 55% of the world 

population lacked access to properly sanitized or sanitary water [3]. Climate change is likely to 

heighten the global water crisis. Indeed, rising temperatures will make some places drier, while 

places that are not currently threatened by water scarcity could see their situation change in the 

next decades [4]. Extreme weather events can also have a negative impact on the water supply, 

namely where floods and droughts could threaten the surface and groundwater quality and supply 

[5]. The atmosphere will become a larger water reservoir with rising temperatures. Water is 

currently supplied from available freshwater either from groundwater or from the surface, in lakes 

and rivers, or by desalination. Desalination is currently estimated to produce 95 million m3/day 

through nearly 15,900 operational plants, with half of this water produced in the Middle East and 

North Africa [6]. However, these plants also release massive volumes of brine, a high 

concentration saltwater solution with high disposal costs and detrimental to the environment [7]. 

Desalination is largely limited to coastal regions, while dry inland regions face the additional cost 

of transportation. 

As such, innovation in water supply is required and might reduce the inequalities between the 

different world regions while helping countries better adapt to climate change. One of the most 

promising technologies, in this regard, is atmospheric water generation through water adsorption: 

a sorbent material is employed to spontaneously adsorb water and release it when provided with 

energy. The sorbents must be highly microporous, preferentially with narrow pore size 
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distributions minimizing hysteresis between adsorption and desorption [8]. Pore size is also 

important, it ensures that capillary condensation will occur: the critical pore size below which this 

mechanism will occur depends on the nature of the adsorbate and temperature. For example, argon 

at 77K has a critical pore size of 3.0 nm [9] while water at 298 K has a critical pore size of 2.2 nm 

[10]. Depending on the sorbent’s surface chemistry, water will adsorb differently onto the active 

surface area. For hydrophilic surfaces, adsorbed water first arranges in molecule monolayers at 

low relative humidity. As relative humidity increases, water forms multilayers until menisci 

appear: this is capillary condensation [11], [12]. At higher relative humidity, the menisci grow and 

fill the micropores, and then after the mesopores. Do et al. described a theoretical model to explain 

the adsorption mechanism in hydrophobic porous material, and more specifically carbon-based 

sorbents [13]–[15]. They demonstrated that water adsorbs preferentially at functional groups 

dispersed on the carbon surface (i.e. primary adsorption site). These first water molecules then 

become secondary adsorption sites and water nuclei grow with increasing relative humidity. At 

some point, small water clusters of more than 5 molecules detach and subsequently fill the 

micropores and mesopores.  

An optimal sorbent must present a set of attributes to reach commercial application: high water 

uptake, fast kinetics, low energy requirements, stability over adsorption-desorption cycles, capital 

and operational cost effectiveness and synthesis scalability. Several sorbents have been extensively 

studied in the literature for atmospheric water capture. Metal-organic frameworks (MOFs) are 

networks of metallic sites bonded with organic ligands in a crystalline structure whose porosity is 

tightly controlled. Some MOFs have been reported to reach water uptakes of more than 1 

kgwater/kgsorbent (abbreviated as kg/kg) [16], and several promising MOF candidates were tested 

under real conditions [17]. However, MOFs sometimes suffer from poor hydrolytic stability, i.e. 
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the degradation of their structure in presence of water [18], and require complex synthesis 

processes that limit scalability. Efforts in the field of MOFs scale-up have identified avenues to 

facilitate synthesis with the help of microwaves or electrochemistry [19]. On the other hand, silica 

gel has a known commercial availability, and is one of the most studied sorbents for 

dehumidification purposes. For atmospheric water capture, silica gel has drawbacks, and notably 

has a strong interaction with water molecules due to its high surface concentration of hydroxyl 

groups, making the desorption step energy intensive [20]. This is namely observed via the large 

hysteresis between its adsorption and desorption isotherms. Carbon-based sorbents are an 

interesting alternative to MOFs due to their simpler synthesis processes and higher scalability 

potential [21], [22]. Legrand et al. recently described nanoporous sponges (NPS) sorbents made of 

pyrolyzed resorcinol-formaldehyde resin and eventually functionalized with oxygen through air 

oxidation [23]. This carbon-based sorbent exhibited lower water uptakes than MOFs and silica gel 

with values ranging from 0.14 kg/kg in its native state to 0.3 kg/kg when functionalized, though 

on-going work aims to improve these performance. Indeed, Huber et al. described methods to 

improve the water uptake of such materials up to 0.5 kg/kg with different types of treatment, 

including CO2 and KOH activation [24]. NPS energy requirements have however yet to be 

thoroughly characterized. 

Thermal management has been described by Lapotin et al. to be a limiting factor in an actual water 

capture system [25]. Water adsorption is an exothermic process, and the released heat can affect 

the adsorption performance. Several solutions have been proposed in the literature, including the 

dispersion of sorbents in metal foams to promote heat dissipation, or the use of dual stage systems, 

where the heat of adsorption is used to desorb water from a subsequent compartment [25], [26]. 

Thus, it appears important to better understand the fundamental thermodynamic properties of 
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sorbents to improve the thermal management in water capture set-ups. Herein, five sorbents 

representing carbon-based materials (NPS and O-NPS), silica gel (type A) and MOFs (MOF-801-

P and Cr-MIL-101) are studied to assess their thermodynamic properties that, despite being 

necessary variables, are generally ignored in atmospheric water capture studies. To do so, we 

applied an innovative method where the thermodynamic data are extracted from the isotherms at 

three specific temperatures. These properties include (i) Gibbs free energy, linked to the 

spontaneity of the adsorption process and the hygroscopicity of the sorbents, (ii) differential and 

integral enthalpy, representing the energy released during the exothermic adsorption process, and 

(iii) differential and integral entropy, being the distribution of energy in possible microscopic 

states. In other terms, entropy corresponds to how the energy is dispersed in the overall system 

when new water molecules are adsorbed, and insight about the interactions between water 

molecules and the sorbent surface can thus be derived. One of the objectives of the present study 

was to determine if our carbon-based sorbents could thermodynamically compete with sorbents 

reported to have higher water uptake.  

2. Materials and methods 
 

2.1. Sorbent materials 
 

The thermodynamic properties are assessed for five samples. They consist of nanoporous sponges 

(NPS), oxidized nanoporous sponges (O-NPS), silica gel and two metal-organic frameworks 

(MOFs): MOF-801-P and Cr-MIL-101. NPS are synthesized from the pyrolysis of resorcinol-

formaldehyde resin and their characterization was described in details in Legrand et al. [23]. O-

NPS were obtained by oxidizing the NPS sample in air atmosphere at 700 °C for 1h. Silica gel 

(type A, Dry-Packs®) was purchased from Amazon. Finer powders of silica gel were obtained by 
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grinding of the gel beads for 20 s in a Simplicite automatic grinder. Cr-MIL-101 and MOF-801-P 

were respectively chromium- and zirconium-based MOFs that were already described in literature 

[27]–[30]; both were purchased from Nanoshel-UK LTD.  

2.2. Environmental chamber 
 
Water adsorption isotherms were measured for each sorbent, at three temperatures: 25, 30 and 35 

°C. The measurement of these isotherms was performed in a custom-made and fully automated 

environmental chamber, depicted in Figure S1, employing a gravimetric method. In this method, 

the weight of the sample is continuously measured while the relative humidity varies and the 

temperature remains constant. The A sample of 3-5 g sorbent is dispersed on a thin layer in a 71 

cm2 glass dish suspended under an AB204-S analytical balance from Mettler Toledo. Relative 

humidity (RH) was controlled by a humidifier and a solenoid valve connected to a dry air inlet. 

Temperature was controlled with a heater for the duration of the experiment. Also, a fan kept the 

conditions homogeneous in the entire volume of the environmental chamber. Both humidifier, 

solenoid valve, heater and fan were controlled by an Arduino via a Python interface. Prior to 

isotherm measurement, the samples were left to dry in the environmental chamber for several hours 

until mass equilibration was reached. The adsorption isotherm protocol involved increasing the 

RH in 5 % steps from 5 to 95 % RH, and each step was maintained (1-4 h) until the sorbent mass 

could equilibrate.  

2.3. Thermodynamic equations 
 

Water adsorption isotherms were fitted applying the Stineman’s algorithm [31] using the 

KaleidaGraph 4.5 (Synergy) software package. This fitting allowed extrapolating 100 data points 

based on the experimental isotherms. Gibbs molar free energy was estimated using  Equation 1: 

∆G = RTln(a!) (Equation 1) 
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where T [K] is the absolute temperature, R [J/mol·K] is the universal gas constant and aw  

(= RH/100) [-] is the water activity. 

To calculate the differential enthalpy or isosteric heat, the methodology reported by Flores-

Andrade et al. was applied [32]. First, Othmer’s equation (Equation 2) was used to determine the 

changes in differential enthalpy at the water-solid interface at different stages of adsorption [33]:  

𝑙𝑛(𝑃") = .#!(%)
#!"(%)

/
'
𝑙𝑛𝑃"( + 𝐶)  (Equation 2) 

Where M [g H2O/100 g dry sorbent] is the air moisture, Hv(T) [J/mol] is the isosteric heat for water 

sorption, Hv0(T) [J/mol] is the heat of condensation for pure water and 𝐶) is a constant of 

adsorption, Pv [Pa] is the partial vapor pressure of water in the system and Pv0 [Pa] is the standard 

state vapor pressure. By plotting 𝑙𝑛(𝑃") vs. 𝑙𝑛(𝑃"(), a straight line can be obtained if the ratio 

𝐻"(𝑇)/𝐻"((𝑇) is constant for the studied range of temperature. The differential adsorption molar 

enthalpy Δ𝐻*+,, [J/mol] or net isosteric heat of adsorption was then computed with Equation 3: 

6Δ𝐻*+,,7% = .#!(%)
#!"(%)

− 1/
'
𝐻"((𝑇) (Equation 3) 

The differential enthalpy values previously calculated were used to calculate the change in the 

molar differential entropy ΔSdiff [J/mol], following the methodology reported by Flores-Andrade 

et al. [32] using Equation 4: 

6Δ𝑆*+,,7% = −
-.##$%%/&

%
− 𝑅𝑙𝑛𝑎0 (Equation 4) 

The molar integral enthalpy (ΔHint)T [J/mol] was calculated by maintaining diffusion pressure (𝜙) 

constant, as reported by Flores-Andrade et al. [32] using Equation 5. The diffusion pressure is the 

available work to adsorb humidity. Rowley and Innes defined it as the total reversible work 

involved in the formation of an interface between the condensed water and the gas [34]. 

(∆𝐻+12)% = .#!,$()(%)
#!"(%)

− 1/
3
𝐻"((𝑇)  (Equation 5) 
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where Hv,int(T) [J/mol] is the integral molar heat of water adsorbed in the material, Hv0(T) [J/mol] 

is the heat of condensation for pure water and can by determined with the Wexler equation 

(Equation 6), valid between 0 and 100 °C [35]: 

𝐻"°(𝑇) = 6.15𝑋105 − 94.14𝑇 + 17.74𝑥1067𝑇7 − 2.03𝑥1065𝑇8 (Equation 6) 

The diffusion pressure 𝜙 can be found via Equations 7 and 8:  

𝜙 = 𝜇9: − 𝜇9 = 𝑅𝑇;*+
;!

∫ 𝑀𝑑𝑙𝑛(𝑎0)
9,
(  (Equation 7) 

𝜙 = 𝛼)𝑇 ∫ 𝑀𝑑𝑙𝑛(𝑎0)
9,
(  (Equation 8) 

where μap [J/mol] is the chemical potential of the pure adsorbent, μa [J/mol] is the chemical 

potential of the adsorbent in the condensed phase, Wap [kg/mol] is the molecular weight of the 

adsorbent, and Wv [kg/mol] is the molecular weight of water. 

The changes in the molar integral entropy (ΔSint)T [J/mol] were calculated as reported by Pascual-

Pineda et al. and Acosta-Domínguez et al. in Equation 8 [36], [37]: 

(Δ𝑆+12)% = 𝑆) − 𝑆< = − (.#$())&
%

− 𝑅𝑙𝑛(𝑎0)  (Equation 8) 

where S1=S/N1 [J/mol·K] is the integral entropy of the water adsorbed; S [J/ K] is the total entropy 

of water adsorbed in the adsorbent; N1 [mol] is the moles of water adsorbed in the adsorbent, and 

𝑆<  [J/mol·K] is the molar entropy of the pure liquid water in equilibrium with the vapor. 

3. Results and discussion 
 

3.1. Sorbent surface chemistry 

The five studied sorbents presented various surface chemistry and physical properties and were 

thus expected to have different thermodynamic properties (Table 1). Simplified surface chemistry 

is illustrated in Figure 1.  
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Table 1: Physical properties and surface chemistry of the sorbents. 

Sorbent Silica gel 
[38], [39] NPS [23] O-NPS 

[23] 
Cr-MIL-101 

[40], [41] 
MOF-801-P 

[40], [42] 
Surface area 

(m2/g) 650 487 484 990 1300 

Pore size (nm) 2.2 1.5 1.7 2.0 0.5 

XPS composition 
(at%) 

Si: 33.3 
O: 66.7 

C: 93.8 
O: 6.2 

C:93.0 
O: 7.0 

C: 48.9 
O: 33.1 
Cr: 18.0 

C: 20.3 
O: 45.1 
Zr: 34.6 

Estimated –OH 
concentration  

(-OH/nm2) 
3.1 0.5 0.8 1.5 1.8 

 

Silica gel can be considered as a polymeric form of silicic acid in an amorphous network of SiO4 

tetrahedra. The surface is terminated by either siloxane (-Si-O-Si-) or silanol groups (-Si-OH) and 

thus exhibits high oxygen concentration, rendering it hydrophilic [43]. In average, 3.1 –OH groups 

per nm2 are present on the surface with irregular distribution [44]. For the rest of the sorbents, the 

hydroxyl surface concentration was estimated based on available atomic O concentration from 

XPS, and surface area measurement from BET. NPS and O-NPS were derived from the pyrolysis 

of resorcinol-formaldehyde resin pyrolysis (with an oxidation step added for O-NPS) and thus are 

mostly composed of carbon sp2, with slightly more oxygen for O-NPS compared to NPS. Among 

the oxygen moieties contained on the carbon-based sorbents, -OH groups were identified as 

primary adsorption sites using the Do & Do model [23]. NPS and O-NPS contained respectively 

0.5 and 0.8 –OH groups per nm2. Cr-MIL-101 was synthesized from Cr(NO3)3·9H2O salt and 

trimesic acid. The resulting sorbent material contained a high oxygen concentration on its surface. 

However, most of these oxygen atoms were involved in the MOF structure where they were linked 

to Cr atoms, and thus only a few oxygen atoms from carboxylic moieties would be able to 
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participate in the water adsorption. From surface analysis data in [28], [41], it was estimated there 

were 1.5 –OH groups per nm2. Many derivatives of Cr-MIL-101 could be found in the literature 

by functionalizing the organic linkers with various groups such as –NH2, -NO2 or SO3H [28]. 

MOF-801-P was synthesized from ZrOCl2·8H2O salt and fumaric acid. Similarly to Cr-MIL-101, 

most oxygen atoms participated in the MOF structure, and it was estimated that only 1.8 –OH 

groups per nm2 were available for water adsorption.  

 

 

Figure 1: Simplification of the surface chemistry of the different studied sorbents to illustrate 
various oxygen concentration. NPS and O-NPS structure is idealized since it contains more than 

90% of sp2 carbon. 

 

Adsorption isotherms at 30 °C for the five studied sorbents are presented in Figure 2 (with 

hysteresis shown in Figure S2 and isotherms at 25 °C, 30 °C and 35 °C shown in Figure S3). NPS 

and silica gel exhibited decreasing equilibrium moisture content when increasing temperature at 

constant water activity due to the exothermic nature of the adsorption process [35]. O-NPS, MOF-
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801-P and Cr-MIL-101 had several regions of the isotherms where the opposite phenomenon was 

observed, and the equilibrium water constant increased with increasing temperature. 

 

Figure 2: Summary of the adsorption isotherms measured at 30 C for the studied sorbents. The 
experimental points are fitted with the Stineman’s algorithm, represented by the continuous line.  

 

NPS, O-NPS and Cr-MIL-101 isotherms presented a type V shape, according to the classification 

proposed by the International Union of Pure and Applied Chemistry (IUPAC); this is an S-shaped 

isotherm commonly found on various charcoals, carbon black and more generally hydrophobic 

materials [45]. Non-porous carbons with a void or small presence of  Oxygen Functional Groups 

(OFGs) such as graphite or Graphitized Carbon Black (GCB) would present a Type III isotherm 

instead [45]. Silica gel was in good agreement with the experimental isotherms from literature 

[38]. However, it was observed that the isotherm from the commercial MOF-801-P deviated from 

literature reports, especially at low water activity, where the isotherms from literature exhibit a 



13 
 

sharp increase [17]. Due to the constituency and adequacy of the other isotherms, it was concluded 

that this behavior came from the sample itself, and that scale-up of the MOF-801-P sorbent 

synthesis might have altered its adsorption properties.  

3.2. Gibbs free energy 

Gibbs free molar energy of the different sorbents are shown in Figure 3 as a function of moisture 

(M, g H2O / 100 g of dried sorbent) (available at other temperatures in Figure S4). Free energy 

increased with increasing water activity; thus, the process was less spontaneous as the sorbent 

moisture increased. It was also observed that at low moisture content and with increasing 

temperature, adsorption was less spontaneous since more energy was required for adsorption to 

occur [5]. At higher moisture, the reverse phenomenon happened for sorbents that had higher water 

uptakes at higher temperatures.  

Gibbs free energy was also used to compare the hygroscopicity of the sorbents, i.e. the facility for 

a sorbent to adsorb water vapor from its surrounding environment. The lowest energy values were 

correlated to the most hygroscopic materials. Silica gel appeared to be the most hygroscopic 

material, followed by the two MOFs, Cr-MIL-101 and MOF-801-P and then the carbon-based 

samples, NPS and O-NPS. This behavior aligns with the –OH concentration on the sorbents’ active 

surface area, and more generally with the surface chemistry. Both NPS and O-NPS samples 

reached a “plateau” rapidly at around -2000 J/mol during the adsorption process, which suggested 

that water was adsorbed with homogenous spontaneity over a considerable range of relative 

humidity. 
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Figure 3: Gibbs free energy of the sorbents based on their moisture content. The x-axis was 
stopped at 25 g H2O/ 100 g of dried sorbent because most thermodynamic information was 

contained at low moisture content.  

3.3. Enthalpy of adsorption 

The net isosteric heat of adsorption or differential enthalpy at 30 °C are presented in Figure 4, 

while temperature dependent graphs are available in Figure S5. At low water activities, the 

differential enthalpy was higher than the enthalpy of vaporization of pure water for all the samples, 

indicating that the interactions between the water molecules and the surface of the sorbent material 

were higher than the intermolecular forces of water molecules in the liquid state (bulk). It was 

observed that the net isosteric heat of adsorption decreased exponentially when increasing the 

water activity, evidence that the highly active sites (-OH groups) were being occupied as 

adsorption process evolves. After that, differential enthalpy slightly oscillated close to the 

reference (pure water), meaning that the enthalpy of adsorption was practically the same as the 
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heat of vaporization of water at each specific temperature (~44 kJ/mol). Liu et al. (2017) concluded 

that during the main pore filling in porous carbons, the isosteric heat was close to the heat of 

condensation because the water adsorption was governed by water-water interactions [44]. One 

should note that the NPS sample presented an equivalent behavior to the commercial Cr-MIL-101 

adsorbent, i.e., relatively low water-absorbent interactions when compared to silica gel and MOF-

801-P. The weak interactions on the NPS and O-NPS became advantageous for water harvesting 

applications since less energy would be required to dry the sorbent before using it again in a 

cyclical adsorption-desorption process.  

 

Figure 4: Net isosteric heat of adsorption depending on the moisture content for the different 
sorbents. 

The integral enthalpy of the different sorbents at 30 °C are shown in Figure 5 (temperature 

dependence is given in Figure S6). This property represents the average energetic state of the 

adsorbed water on the surface of the material. That is, the average interactions between water 
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molecules and adsorbent at a specific moisture content [31]. Integral enthalpy was directly 

correlated to the amount of energy released during water adsorption. The highest amount of energy 

was released for the first water molecules being adsorbed, which had the highest water-sorbent 

interaction. This behavior could be employed to better understand energy release during the 

adsorption step and optimize the energy management in a water capture set-up, where heat was 

demonstrated to be a limiting step in certain cases [25], [26].  

 

Figure 5: Integral enthalpy of adsorption of the sorbents. The y-axis origin corresponds to the 
heat of vaporization of pure water at 30 °C. 

 

The moisture content was defined as a percentage of the maximum water uptake %Mmax. For 

example, 30 %Mmax of silica gel would correspond to 11.5 gH2O/100 gsorbent. Taking into account 

the heat of vaporization for pure water at 30 °C, adsorbing water from 0 %Mmax to 30 %Mmax for 



17 
 

silica gel would release an average energy of 63.5 kJ/mol, compared to 51.5 kJ/mol to adsorb water 

from 0 %Mmax (dry sorbent) to 100 %Mmax, due to high water-adsorbent interaction at low moisture 

content. The summary of the released heat of adsorption for different cases applied on all sorbents 

was shown in Table 2. These simple cases show that the samples with the lowest water-sorbent 

interactions at higher water activity, i.e. NPS and Cr-MIL-101, released lower amounts of energy 

than silica gel and MOF-801-P that have higher water-sorbent interactions. In other words, the 

amount of energy released during the adsorption, and by analogy the required energy for 

desorption, could be controlled in an actual water capture set-up by setting the moisture content 

levels during cycles of adsorption-desorption. O-NPS was considered as an intermediate in terms 

of water-sorbent interactions between NPS and Cr-MIL-101 on one side and silica gel and MOF-

801-P on the other side.  

Table 2: Heat of adsorption released during three adsorption cases for the sorbents. 

Sorbent 

Heat of adsorption for 

0 %Mmax → 10 

%Mmax (kJ/mol) 

Heat of adsorption for 

0 %Mmax → 30 %Mmax 

(kJ/mol) 

Heat of adsorption for 

0 %Mmax → 100 %Mmax 

(kJ/mol) 

NPS 57.5 49.3 43.8 

O-NPS 71.5 54.0 44.3 

Silica gel 75.9 63.5 51.5 

MOF-801-P 81.1 63.7 43.2 

Cr-MIL-101 45.8 43.4 40.6 

 

The enthalpy of adsorption for silica gel has already been characterized in literature. Chakraborty 

et al. determined that silica gel type RD had an enthalpy of adsorption at 30 °C of 2,550 kJ/kg, i.e. 
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46.0 kJ/mol [47]. Ng et al. reported a value of 2,380 kJ/kg, i.e. 42.8 kJ/mol for silica gel type 3A 

[48] and 45.2 kJ/mol for silica gel type RD. Chua et al. reported values of 48.8 and 48.5 kJ/mol 

for silica gel of respectively type A and type RD [49]. The enthalpy of adsorption varied from a 

silica gel type to another, but variations were also observed for the same type of silica gel, 

depending on the studies. It appeared that the present study slightly overestimated the enthalpy of 

adsorption compared to available literature data. Explanations for this could include the material 

itself, purchased from large-scale commercial supplier, and experimental errors that make difficult 

the precise determination of moisture content at low water activity and potentially causing 

variations in the thermodynamic properties. Enthalpy of adsorption was also studied in literature 

for MOF-801-P. Kim et al. determined values of 55 kJ/mol for this sorbent at 30 °C [50] while 

Furukawa et al. reported enthalpy of adsorption of 60 kJ/mol at similar temperature [16]. While 

the present study reported a lower value, it appeared more delicate to compare our value with 

literature since the isotherm shape measured here greatly differed from those studies.  

3.4. Entropy 

Differential and integral entropy are respectively presented in Figure 6 and 7. Statistical 

thermodynamics describes entropy as the distribution of the system energy in a number of possible 

microscopic states at thermodynamic equilibrium [51]. Applied to water adsorption, entropy 

corresponds to the energy spreading or dispersing by adsorbed water molecules, and the impact of 

intermolecular interaction between the water molecules and the sorbent surface on the energy 

dispersal within the system. It is important to point out that the differential adsorption molar 

entropy does not represent the energy spreading of the entire system, instead it shows the 

contribution to the energy spreading when the last molecules of water are adsorbed at a specific 

water level [31]. As such, this property allows us to determine the water content for which new 
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arriving molecules do not affect the energy spreading of the system for each sample. This is 

valuable information for the design and scale-up of sorbent technologies for water recovery since 

it allows to predict the minimal drying conditions for the sorbent before it is used again to absorb 

water in a cyclical system. Indeed, new arriving water molecules that do not contribute to the 

energy spreading would practically arrange in an equivalent way as they would do in pure water. 

This implies that extraction conditions will then be equivalent as in pure water. An equivalent 

shape or behavior of the differential entropy has been observed in a MOF [52]. It can be observed 

that, for the NPS and the Cr-MIL-101 samples, differential entropy rapidly reaches a value of 0, 

indicating that additional molecules of water being adsorbed become equal to the molar entropy 

of liquid water in equilibrium with gaseous water. Even though the energy dispersal for the MOF-

801-P sample is affected at low water contents, it also becomes stable close to 0 at around 13 g 

H2O/100 g of MOF-801-P. Silica gel was the sample where the energy dispersal is least affected 

by the new arriving molecules due to the higher energy sites and higher water-sorbent interactions. 
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Figure 6: Differential entropy of the sorbents and enhanced view of the low moisture content 
region. 

Integral entropy represents the average entropy of the entire system and is shown in Figure 7. This 

property is defined as the integral entropy of the water in the adsorbed state minus the molar 

entropy of the pure liquid water in equilibrium with the vapor (S1-SL). It then allows us to observe 

that, for most of the sorbent the adsorption process, the energy of the water molecules spreads in 

an equivalent way as it would in pure liquid water. Overall, NPS and Cr-MIL-101 saw their entropy 

rapidly converge to 0, showing the energy of the adsorbed water rapidly reached the same 

distribution of microscopic states than pure water. The integral entropy of MOF-801-P, also 

converged towards 0, but the water molecules remained in a lower energy dispersal before fully 

filling the sorbent. Water molecules in silica gel did not reach the entropy of pure water and the 

strong interactions with sorbent surface maintained a lower energy dispersal. This also shows that 

it is entropically advantageous to adsorb water up to the maximum uptake, especially for NPS and 

Cr-MIL-101. It is shown that it is not necessary to completely dry the samples before using it again 

in a cyclical process since a more negative entropy is correlated with higher difficulty to remove 
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them from the sorbent. From a practical point of view, this implies that NPS and Cr-MIL-101 

should maintain a moisture content of 3-5 gH2O/100g of dried sorbent between cycles to ensure that 

the system keeps an entropy close to that of pure water. This conditions could be achieved by 

performing adsorption-desorption steps with a lower limit at 20-35%RH.  

 

Figure 7: Integral entropy of the sorbents. The y-axis origin corresponds to the entropy of pure 
water at 30 °C. 

The five studied sorbents exhibited various levels of –OH concentration on their active surface 

area, as shown in Table 1 [23]. The different thermodynamic properties were correlated with these 

surface chemistries. Gibbs free energy confirmed the hygroscopicity of the sorbents. At low 

relative humidity, the carbon-based sorbents, NPS and O-NPS were the least hygroscopic samples 

while silica gel had the highest hygroscopicity. In terms of integral enthalpy, the sorbents with the 

lowest –OH surface concentration had the highest enthalpy adsorption at low moisture content, 

due to a higher water-sorbent interaction. However, the adsorption enthalpy for these samples 
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converged more rapidly towards the heat of vaporization of pure water than for the samples with 

higher water-sorbent interactions. Similar trends were observed with the integral entropy, where 

NPS, O-NPS and Cr-MIL-101 had lower values of entropy at low moisture content, indicating a 

higher number of possible microscopic states of the first adsorbed molecules. The integral entropy 

of these samples was converged rapidly towards 0, equivalent of the entropy of pure water. In 

contrary, silica gel and MOF-801-P kept lower integral entropies for higher moisture content, due 

a higher water-sorbent interaction and preventing the dominance of water-water interactions.  

Despite a general good agreement between the –OH concentration and thermodynamic behaviors, 

some discrepancies were still observed for enthalpy and entropy, and especially with Cr-MIL-101 

that had a lower enthalpy and higher entropy at low moisture content compared to O-NPS. This 

phenomenon was representative that water adsorption was a more complex phenomenon, and 

several additional parameters should be considered. For example, even if –OH groups were 

identified as primary adsorption sites for NPS and O-NPS, surface chemistry could be more 

complex with other moieties having various repulsive or attractive behavior towards water. On top 

of the surface chemistry, water adsorption also depends on the pore size and geometry. For 

example, sudden variations in the pore diameter could locally lead to pore blocking, one of the 

potential causes for hysteresis between adsorption and desorption [53]. The present work focused 

mainly on the thermodynamic properties of the sorbent during the adsorption step. While 

hysteresis during desorption is likely to affect the thermodynamic behavior of the sorbent, one 

should expect only minor differences between adsorption and desorption integral properties. This 

is because the thermodynamic properties of interest are mainly extracted in the low humidity 

region (water activity = 0 – 0.2) where the sorbent surface – water molecules interactions are the 

strongest and the hysteresis is minimal (Figure S2).  
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4. Conclusion 
 
The thermodynamic properties of five sorbents (Cr-MIL-101, MOF-101, silica gel, NPS and O-

NPS) have been assessed based on the adsorption isotherms at three temperatures. Thermodynamic 

properties of silica gel were in good agreement with those found in literature. Gibbs free energy 

gave insight on the spontaneity of the adsorption process and on the hygroscopicity of the sorbents 

surface, that was correlated with the surface chemistry and more specifically the –OH surface 

concentration. Enthalpy of adsorption demonstrated that the highest amount of released energy 

occurred for the first adsorbed water molecules that had the highest water-sorbent interaction. The 

changes of adsorption enthalpy between the analyzed sorbents could be mostly correlated with the 

surface chemistry; other parameters could potentially affect the thermodynamic properties, such 

as pore size distribution and surface heterogeneity, whose effect should be studied in future.  Based 

on the enthalpy of adsorption, it could be possible to optimize the amount of released energy by 

performing incomplete desorption between adsorption steps, and particularly for the most 

hydrophobic sorbents, namely NPS and Cr-MIL-101. Entropy provided information on the 

distribution of microscopic states in adsorbed water molecules, i.e. which is related to the energy 

spreading or dispersing within the system. While the most hydrophobic sorbents rapidly reached 

a similar entropy to that of pure liquid water, silica gel maintained a lower entropy due to higher 

water-sorbent interactions. It showed that it was entropically advantageous to entirely use the 

materials to adsorb water and set conditions to avoid complete desorption. A narrow temperature 

range suitable for atmospheric water capture was studied in the present work. Future work should 

extend the study of the thermodynamic properties to wider temperature range (10-50 °C) to 

simulate the harsher conditions that can be found in the desert, for example.  
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