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ABSTRACT: 

Controlling water adsorption on γ-alumina, i.e. the quantity and nature of the surface 

hydroxyl groups, is essential to adjust the acido/basic properties of the surface. IR and DFT 

studies have shown that different OH groups, each of them characterized by its own chemical 

environment and adsorption properties, can be present on the surface of γ-alumina. However, 

quantifying this surface heterogeneity and predicting the influence of the synthesis and 

activation conditions is still a challenging problem. In this paper, a detailed experimental 

study is conducted on a γ-alumina sample obtained by thermal decomposition of a 
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commercial boehmite. Using a thermogravimetric setup, both water adsorption equilibrium 

and desorption kinetics were acquired in a large range of controlled experimental conditions 

(1 Pa<water partial pressures<1400 Pa ; 100°C<temperatures<600°C). Based on theories 

developed for strongly heterogeneous surfaces, the Energy Distribution Function (EDF) of 

water adsorption enthalpy is evaluated. The OH adsorption enthalpy range of the EDF, and 

the experimental OH contents, are in good agreement with Density Functional Theory 

simulations, making a bridge between macroscopic and atomistic features. It is also shown 

that the EDF of the γ-alumina surface is a very powerful tool to predict the hydroxyl coverage 

as a function of the pretreatment history of the sample. 

 

1. INTRODUCTION 

γ-alumina is a high surface transition alumina which has wide range of applications as 

adsorbent and in catalysis technologies, especially as a catalysts support1. The physico-

chemical properties of the γ-alumina surface have therefore been the subject of many 

investigations2. The surface of alumina is composed of basic oxygen atoms, acidic low-

coordinated aluminum (Lewis acid sites) atoms, hydroxyls (dissociatively adsorbed water 

molecules) and physisorbed water molecules. Their relative concentrations depend essentially 

on synthesis conditions of alumina and its degree of hydration, itself tuned by the temperature 

and the water partial pressure3. 

Characterization of water adsorption on the surface of γ-alumina is therefore a subject of 

particular concern, and this for two main reasons. First of all, the acido-basicity of the surface 

is strongly dependent on its degree of hydration. Hindin et al.4 have studied the hydrogenation 

of ethylene as a function of the activation temperature, and shown that activity of the  γ-

alumina catalyst is multiplied by a factor 25 when the activation temperature is raised from 
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450°C to 650°C. Larmier et al.5,6 found that water on alumina can at the same time play the 

role of a promoter, a poison and an inhibitor at the alumina surface, regarding its ability to 

catalyze isopropanol dehydration. Wischert et al.7 demonstrated the existence of an optimum 

in surface hydroxylation for the dissociation of methane on γ-alumina. In an industrial 

process, the initial degree of hydration of the surface will depend on the activation procedure 

(i.e. the thermal pre-treatment). Moreover, traces of water in the feed can change the degree of 

hydration during the course of the reaction, yielding undesirable variations of the catalyst 

performance. The possibility to predict the quantity - and, even better, the nature - of the 

hydroxyl groups present on a γ-alumina surface as a function of the operating conditions is 

hence of great practical interest. 

The second reason is the possibility to gain some insight into the physico-chemical 

properties of the surface by the quantitative and qualitative characterization of the hydroxyl 

groups. Using Nuclear Magnetic Resonance8-10 and infra-red spectroscopy11-14 the presence of 

various OH groups have been detected on the surface of alumina, showing its strong 

heterogeneity2,11,14. By performing Density Functional Theory (DFT) simulations, the link 

between the stretching frequencies, proton chemical shifts and the nature of the OH (namely 

the number of their aluminum neighbors, the coordination number of the aluminum they are 

bonded to, and the hydrogen bond network they are involved in) has been proposed10,15-18. 

Surprisingly, very few experimental studies focus on the measurement of water adsorption 

equilibrium properties. Water adsorption isotherms have been measured on γ-alumina19-21, but 

the data in the chemisorption region are too scarce for a detailed interpretation to be possible. 

Men et al.22 have measured water Temperature Programmed Desorption (TPD) on γ-alumina 

but not attempt to model the results was made. By coupling calorimetry and 

thermogravimetry, McHale et al.23 have measured the enthalpies of adsorption of water on γ-

alumina as a function of coverage. The enthalpies decrease (in absolute value) logarithmically 
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with coverage from -280 kJ/mol at 2.6 OH/nm2 to -50 kJ/mol at 15 OH/nm2, showing the 

strong heterogeneity of the adsorption sites. Others11,13,24,16 have evaluated the residual 

number of OH groups after activation under vacuum at different temperatures. However, the 

equilibrium hydration state also depends on the water partial pressure, which has not been 

investigated in detail so far.  

Here, a detailed experimental study of water adsorption on γ-alumina - including 

equilibrium and kinetic data - is conducted via thermogravimetric analysis. Based on 

theoretical analysis developed for strongly heterogeneous surfaces, these data are modeled 

using a continuous distribution function of the water adsorption enthalpies. To our 

knowledge, this is the first time that such an approach is proposed for the characterization of 

water adsorption on the surface of alumina. These results are compared with success with 

Density Functional Theory calculations, allowing a connection between nanoscale features 

and macroscopic observations. 

 

2. EXPERIMENTAL SECTION AND METHODS 

2.1. Synthesis conditions  

The γ-alumina sample was synthesized using boehmite Pural SB3 (Sasol, amount of 

impurities < 5 ppm wt.) as a precursor. The partial pressure of water present in the air flow 

during the synthesis was about 230 Pa (measured by a capacitive hygrometer AlphaMoisture 

Model SADP). The thermal decomposition of boehmite into γ-alumina was performed in a U- 

shaped reactor with the following temperature program: from 20 to 120°C at 5°C/min, 3h at 

120°C to remove most of the water, from 120 to 650°C at 5°C/min, 6h at 650°C. The sample 

was then taken out of the oven and conserved at ambient atmosphere. 

2.2. Characterization of the solid 
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Nitrogen physisorption isotherms at 77K were recorded on a Micrometrics ASAP 2024 

physisorption analyzer. Before analysis, sample was degassed under vacuum at 350 °C for 2h. 

Specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method. The 

studied sample exhibits a specific surface area of 228 m²/g, which is a common value among 

commercial aluminas. 

Powder X-Ray diffraction (XRD) diffractograms were recorded on a PANanytical X’PERT 

Pro MPD with a copper anode (Kα = 0.15402 nm) and a scanning rate of 0.02-0.04 per 

second between 20-70°. The XRD pattern of the sample (Figure S1.1) confirms that we 

prepared a γ-Al 2O3 (ICDD 00-050-0741). 

Transmission Electronic Microscopy (TEM) has been performed using a (JEM-2100, JEOL, 

Japan) to evaluate the morphology of the sample (Figure S1.2). Samples were prepared by 

drying a drop of diluted alumina powder in ethanol on copper grids coated by amorphous 

carbon. The particles aggregate together into an oblong-shape form, making it difficult to 

determine precisely their morphology and their size (around 10 nm). 

 

2.3.Thermogravimetric measurements 

To perform water adsorption experiments, a symmetric thermogravimetric analyzer 

SETARAM TAG-B12 was used. It is equipped with two furnaces: one for the studied sample 

placed in a quartz crucible, one used as a reference with an empty quartz crucible. This 

configuration allows to reduce drastically thermal gap phenomena and Archimides principle 

variations between the furnaces. As such, no correction is needed. As shown on Figure 1, the 

water content of the gases flowing through the unit can be tuned between 1 and 1400 Pa. 
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• The lower partial water partial pressure, 1 Pa, was obtained by installing gas dryers 

(i.e. fixed beds of 3A zeolite) on the inlet and outlet (to prevent water counter-

diffusion from ambient air) of the unit.  

• A calibrated water content gas bottle can deliver a gas at water partial pressure of 20 

Pa.  

• For the highest partial pressure, a saturation device was used. The maximum partial 

pressure of water is 1400 Pa (to avoid condensation in the lines). Intermediate partial 

pressures are obtained by dilution with dry gas. 

For all experiments, the water content is measured by a hygrometer AlphaMoisture 

SADP. 

 

 

Figure 1: Schematic representation of the TAG-B12 thermogravimetric unit. 

Sorption experiments include three different protocols, using the device previously described: 

classical TPD, interrupted TPD, adsorption experiments. For all experiments, about 70 mg of 

sample was used, and the temperature increase or decrease rate is kept at 5°C/min. 

• Temperature Programmed Desorption (TPD) 
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Classical TPD: The sample is first pretreated in the thermogravimetric unit:  10h at 

30°C to remove most of the physisorbed water followed by 4h at 100°C. After 

pretreatment, the temperature is raised to 600°C at 5°C/min and the mass variation due 

to water desorption is recorded. All the TPDs were performed at a partial pressure of 

water of 1 Pa. 

Interrupted TPD: After pretreatment (same procedure as for classical TPDs), the 

temperature is raised step by step from 100 to 600°C in increments of 100°C. The 

desorption kinetic varies with temperature and water partial pressure, the duration of 

the temperature plateau was therefore adapted so as to record the signal until the mass 

was considered as stabilized.   

• Adsorption experiments 

The sample was first heated at 600°C with a fixed partial pressure of water (between 1 

and 1400 Pa). Temperature steps are then applied, going down from 600 to 100°C, for 

5h.  

For interrupted TPDs and adsorption experiments, a final step of 4h at 600°C and 1 Pa of 

water is always applied, in order to evaluate the reference mass of the sample. 

This notion of reference mass was introduced because there is no way, by thermogravimetric 

measurements, to evaluate the “absolute” mass ����	of the sample, that is to say its mass in 

its completely dehydrated state (if such a state exists), without risking a phase transition from 

γ- to δ- or even θ-alumina. This issue is illustrated on Figure 2. The raw measurement in a 

TPD experiment are the initial mass �� and the mass variation ∆� as a function of time. 

When the temperature is raised, the mass approaches the absolute mass of the alumina 

sample, but also the temperature of phase transition from γ- to δ-alumina. The reference mass 

��	
 is therefore the one measured under the most dehydrating state obtainable with no risk 

of phase transition, i.e. 600°C (50°C under the temperature selected for the thermal 
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decomposition of boehmite), 1  Pa of water (the lower partial pressure obtainable with our 

experimental device) and 3 h (time necessary to stabilize the mass signal). 

 

Figure 2: Reference and absolute mass for TPD experiments. 

The OH concentration on the surface with respect to the reference state is evaluated using the 

expression: 

q�	
�, ���� , �� �
���,����,�������

����                                           Eq. (1) 

with: 

q�	
: the OH concentration with respect to the reference state (g/g) 

��	
: the mass at the reference state (g) 

��, ���� , ��: the mass for a given operating condition (g) 

Note that the absolute masses are calculated from the raw data using the following equation: 

� � ��  ∆�                       Eq. (2) 

 

To express the concentration in OH/nm
2
, the formula is: 
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q�	
(OH/%�&) � q�	
(g/g) )*×&
,���×-./0×1234

                  Eq. (3) 

with: 

56: Avogadro number (mol-1) 

7���: molecular mass of water (g/mol) 

89:�: specific surface area of the sample (m²/g) 

To form a water molecule, two hydroxyls are needed, explaining the presence of a factor 2 at 

the numerator of eq 3. In this paper, the experimental thermogravimetric data are compared 

with DFT simulations, which supply absolute OH concentrations. It is thus necessary to 

establish the relation between these two quantities. We show in Supporting Information S2 

that with a good level of approximation, the absolute surface OH concentration qabs is given 

by eq 4: 

q����, ���� , �� � q�	
�, ���� , �� + q�	�                        Eq. (4) 

where qres is the absolute residual surface concentration of OH groups. This means that the 

absolute concentration can be easily evaluated from the thermogravimetric data provided the 

residual OH concentration is known. In this paper, the residual OH concentration will be 

measured by chimiometry (see section 2.4.) and it will be shown that its mass is indeed 

negligible compared to that of the dehydrated sample. 

From eq. 4, and knowing that the residual concentration is a constant, one can also write: 

<=>?@��,����,��
A� ≈ <=�����,����,��

A�                    Eq. (5) 

The desorption rates based on the absolute or the reference mass are hence equivalent. The 

energy distribution functions (EDF) can hence be directly estimated from the TPD data 

(without taking into account the residual hydroxyls). 
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Evaluation of energy distribution functions from TPD data  

As seen previously, the surface of γ-alumina is extremely heterogeneous, that is to say it is 

expected to be composed of adsorption sites of different chemical nature characterized by a 

whole range of water adsorption enthalpies. The solution proposed in the literature25,26 to 

represent such a surface is the Energy Distribution Function (EDF), a continuous function that 

relates the relative frequencies (existence probabilities) of surface sites associated to a given 

adsorption enthalpy: 

C(∆�A�D) � E@(∆>F@�)
E@,G                                             Eq. (6) 

Where H� is the OH saturation concentration related to a given adsorption enthalpy ∆�A�D, 

and H�,� is the total saturation concentration of the surface. As the EDF will be estimated from 

TPD experiments, the concentrations in eq. 6 (and in the rest of this section) are relative to the 

reference mass of the sample. For a given EDF function, the quantities adsorbed on an 

heterogeneous surface at equilibrium can be calculated using the following relation: 

I��,�D2K� � L I(,�D2K, ∆>F@D)C(∆>F@D)M∆>F@DN                  Eq.  (7) 

where I� � H�/H�,� is the total fractional coverage, I � H(∆�A�D	)/H�(∆�A�D	) is the 

fractional coverage on a site of adsorption enthalpy ∆�A�D	and Ω is the domain of adsorption 

enthalpy considered i.e. Ω = [∆adsHmin; ∆adsH,max]. Eq. 7 simply expresses that the total 

fractional coverage is the sum of the fractional coverage of each site, balanced by its existence 

probability. Consequently, the adsorption/desorption kinetic is given by eq. 8: 

AOG��,�D2K�
A� � L AO(�,�D2K,∆>F@�)

A� C(∆>F@D)M∆>F@DN                     Eq. (8) 

Thus, the EDF is essentially a mathematical representation of the complex interaction 

between a heterogeneous surface and a given adsorbate. It is a very powerful tool, because it 
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contains intrinsically all the information required to simulate the equilibrium state and the 

desorption kinetic of the surface for any experimental condition. 

The drawback of this theory is the difficulty to evaluate the EDF from experimental data. In 

the literature, EDF estimation procedures are proposed based on either kinetic (i.e. TPD) or 

equilibrium data.25 In this work, the EDF for water on our γ-alumina sample will be evaluated 

from both classical and so called “interrupted” TPD experiments. Secondly, the EDF has to be 

validated using independent experiments, i.e. not the same set as used in the estimation step. 

In our case, adsorption experiments will be used. 

 

Adsorption/desorption on each site 

To describe the properties of a heterogeneous surface, it is first necessary to define an 

adsorption model for each individual site. In this work, the theoretical framework to extract 

the EDF is based on the kinetic derivation of the Langmuir adsorption isotherm. Water 

adsorption on γ-alumina can be considered as a chemical reaction between a water molecule 

and an adsorption site s:  

D&K + P	QFRS
Q>TU	D&K  P                                            Eq. (9) 

where D&K  P is the water molecule in the adsorbed state. If water encounters dissociative 

chemisorption, as it is the case for γ-alumina, one should rigorously write: 

D&K + P1 + P&  K	QFRS
Q>TU	P1KD + P&KD                          Eq. (10) 

where s1 is the hydroxyl acceptor site and s2-O the proton acceptor site. As each water 

molecule needs both types of sites in order to chemisorb, the two adsorption sites can be 

gathered and considered as a unique adsorption site: 
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D&K + (P1P&)	QFRS
Q>TU	(P1P&)  D&K                            Eq. (11) 

Thus dissociative and non-dissociative adsorption can then be represented by the same 

equation. Assuming that there is no interaction between adsorbed molecules, then adsorption 

on each site can be modeled with the Langmuir isotherm: 

I � V∙�D2KX°
1ZV∙�D2KX°

                                                       Eq. (12) 

where: 

[ � \>
\F � [2exp	̀  

∆>F@�
a� b                                            Eq. (13) 

with: 

[2 � exp(	∆�A�8/c)                                         Eq. (14) 

and ∆�A�D, the (negative) adsorption enthalpy and ∆�A�8 the adsorption entropy. 

Equation 13 shows that for adsorbates having strong interactions with the surface sites (i.e. 

high values of K), as is the case for water on alumina, adsorption is much faster than 

desorption. It can therefore be assumed (as will be confirmed in section 3.3) that adsorption 

experiments yield equilibrium data. 

However, for TPD experiments where water partial pressure is very low, the adsorption rate 

can be neglected and the desorption rate for a given site is: 

dA � AO
A� �  eAI                                                Eq. (15) 

If the activation energy for adsorption is negligible, then the activation energy for desorption 

is equal to the opposite of the enthalpy of adsorption: 

eA � fAexp	̀  ∆>F@�
a� b                                  Eq. (16) 
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According to the Transition State Theory (TST), the pre-exponential factor fA should be a 

function of temperature, entropy of activation, and of Boltzmann’s and Planck’s constants.27 

However, for different reasons extensively discussed in the literature,25,28,29 a linear 

relationship - not predicted by the TST - is often found between the logarithm of the 

preexponential factor and the enthalpy of adsorption, called the “compensation effect”. It is 

therefore necessary to determine the pre-exponential factor - and its relationship with ∆>F@D - 

for each adsorbant/adsorbate couple.   

In a TPD experiment, the solid is heated from an initial temperature Ti to a final temperature 

Tf with a constant heating rate β. The desorption rate can be evaluated using equations 15 and 

16: 

AO
A� � g

AO
A� �-fA(∆>F@D)exp	̀  ∆>F@�

a� b I                        Eq. (17) 

Integration between Ti and Tf yields: 

I � hij k 1
l L fA(∆>F@D)exp	̀  ∆>F@�

a� b M
��
�m n                   Eq. (18) 

Eq. 18 does not have an analytical solution. The following expression has been proposed26 as 

a good approximation when Ti is small : 

I � hij o�6F(∆>F@�)a��l∆>F@� ∙ 1
p1Z&a�/∆>F@� hij `

�∆>F@�
a� bq  Eq. (19) 

 

Extension to the whole heterogeneous surfaces 

Once the behavior of each individual site has been modeled, the kinetic properties of the 

surface as a whole can be assessed. Combining equations 8 and 17 gives the total desorption 

rate dA,� that can be easily extracted from the experimental thermogravimetric signal: 
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dA,� � AOG��,�D2K�
A� � L  fAhij `�∆>F@�a� b I(∆>F@D, ,�D2K)C(∆>F@D)M∆>F@DN  Eq. (20) 

Inversion of this equation in order to evaluate C(∆>F@D) from TPD desorption kinetic has 

been shown to be a numerically ill-posed problem26,30-32 i.e. very different EDF can yield 

nearly similar kinetics. Getting around this difficulty has been the object of considerable 

studies.28 

In this work, the TPD experiments will be interpreted using the approach proposed by 

Barrie26, who recommends an original methodology to estimate the kinetic pre-exponential  

term fA 	as a function of ∆>F@D. We will not go through the detailed derivation of the 

equations. Interested readers are invited to consult Barrie’s original paper.26 However, a 

summary of the main hypotheses and of the resulting equations is given below. 

One of the major hypothesis is the condensation approximation (CA), which supposes that the 

fractional coverage of a given site is a step function, that is to say: 

I(∆>F@D, ) � 0 for  ∆>F@D <  ∆>F@D∗ and I(∆>F@D, ) � 1 for  ∆>F@D >  ∆>F@D∗  

Eq. (21) 

At a given temperature, all the sites with an adsorption enthalpy inferior to the critical value 

∆�A�D∗  (in absolute values) are empty while all the other sites are saturated. Next, the 

relation between the critical enthalpy and the temperature has to be established. Barrie 

supposes that the critical enthalpy is the one that averages the desorption kinetics, which 

gives:26 

`∆>F@�∗a�  0.368b hij `∆>F@�∗a�  0.368b � 6F(∆>F@�∗)�
l       Eq. (22) 

If fA  does not vary with ∆�A�D∗ , then the EDF can be calculated using: 

C(∆�A�D∗) � 1
l

�F,G(�)
A(∆>F@�∗)/A�                                      Eq. (23) 
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with: 

A∆>F@�∗
A� � c `{∗�Z1.|}&{∗�2.}|~{∗Z2.|}& b                              Eq. (24) 

where i∗ � ∆>F@�∗
a� . 

Eq. 23 shows that the EDF can be derived from experimental desorption kinetics (i.e. dA,�()). 
For a given value of fA, ∆�A�D∗ can be evaluated at each temperature using eq. 22. Then 

M∆�A�D∗/M is calculated using eq. 24. Substitution of this function into eq. 23 directly gives 

the EDF. 

If fA varies with the adsorption enthalpy, estimation of the EDF is more complicated. To 

begin with, it requires complementary TPD experiments, called interrupted TPD. The solid is 

first heated with a heating rate g to a given temperature ���. The temperature is then kept at 

that value for a chosen duration, before the sample is once again heated until the next 

interruption. From these interrupted TPD, the evolution of fA with  ∆�A�D∗ can be evaluated.  

The procedure is schematized on Figure 3: 

- fA is fixed at a guess value. 

- The EDF is calculated from classical TPD experiments. 

- The fractional coverage at the beginning of isothermal step is calculated, as well as the 

evolution of the fractional coverage during the temperature plateau at ���. During the 

interruption, the temperature is constant, and the total desorption kinetic can be 

calculated using eq. 20 with the kinetic of each individual adsorption site being: 

I(∆�A�D∗, �) � I���(∆�A�D∗)hij� eA(fA, ∆�A�D∗) ∙ ��                Eq. (25) 

where I��� (∆�A�D∗), the fractional coverage of an individual site at the beginning of the 

isothermal period, can be calculated using eq. 19. 
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- Finally, the optimal value of fA  (the one that minimizes the difference between the 

experimental and simulated desorption curves) is determined. 

- This procedure is repeated for different values of ���. The value of ∆�A�D∗ can be 

calculated for each ��� ,yielding the evolution of fA with ∆�A�D∗. 

Once the function relating fA with  ∆�A�D∗ is known, the EDF can be estimated from a 

classical TPD desorption kinetic: 

C(∆�A�D∗) � �F,G
L �F(∆>F@�∗)A∆>F@�∗�

                                     Eq.(26) 

 

Figure 3: Representation of the procedure to evaluate Ad  
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2.4.Determination of the OH content in the reference state 

As seen in section 2.3., the hydroxyls that are still adsorbed on the surface after a heat 

treatment at 600°C cannot be quantified by the thermogravimetric analysis. Hence, in order to 

calculate the absolute coverage of surface OH groups q��� (in OH per nm²), we measured the 

residual number of OH groups on the surface of the γ-alumina qres in the reference state by 

chimiometry33. To do so, the γ-alumina sample was treated under vacuum (10-4 mbar, or 10-2 

Pa) at 600 °C for 4 hours (ramp 5 °C/min). After cooling down to room temperature under 

dynamic vacuum, the sample was transferred into a glovebox (Ar). For the titration, 65.3 mg 

of sample were introduced into an air-tight J-Young tube, along with 30 mg of 

dibenzylmagnesium (Bn2Mg(thf)2) (homemade, 87 µmol, in excess), 14.7 mg of ferrocene 

(Sigma-Aldrich, sublimed before use) as an internal standard (79.0 µmol) and 1 mL of 

deuterated benzene C6D6 (CortecNet, vacuum distilled from purple Na0/benzophenone before 

use). The tube is vigorously stirred for several minutes in order to dissolve all the components 

and react the alumina surface with the dibenzylmagnesium, according to the titration equation 

27: 

Al-OH + Bn2Mg(thf)2 = Al-O-MgBn + Toluene              Eq. (27) 

After reaction, a 1H NMR spectrum is recorded (Brucker 250 MHz spectrometer) with a 

recycling delay d1 of 60 s to ensure a quantitative measurement. Integration of the toluene 

signal (area 0.167, 2.6 ppm, 3H) and ferrocene signal (area 1.00, 4.6 ppm, 10H) allows access 

to the amount of toluene formed and hence the number of surface OH groups qres. The 

calculation yields qref = 1.7 OH.nm-2 or 6 mg/g. The hydroxyls represent therefore less than 

1% of sample mass and the approximation corresponding to eq. 4 is therefore fully justified. 

The preparation procedure used for this experiment should yield a surface hydration state 

close to the reference state defined in section 2.3., although it was prepared under a lower 
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pressure (10-2 Pa instead of 1 Pa). Nonetheless, note that the OH coverage does not 

significantly depend on the water pressure for temperatures higher than 400 °C and water 

pressures lower than 100 Pa (see later, Figure 10 and Figure 12). Hence, we calculate the 

absolute OH coverage using eq. 4. 

 

 

2.5.DFT calculations 

Calculation settings. The hydrated surface of the γ-alumina has been modeled by periodic 

DFT, with the PBE exchange correlation functional34, and dispersion corrections at the D2 

level,35 using the VASP36,37 code, with a cutoff energy of 500 eV (PAW pseudopotentials38). 

The criterion for the convergence of the self-consistent cycles was fixed to 10-5eV. Geometry 

optimizations were performed using a conjugate-gradient algorithm and convergence criterion 

on forces of 0.02 eV.Å-1. In addition to the adsorbate species, the two upper atomic layers of 

the slab were allowed relaxing for the (100) and (110) surface models (asymmetric models, 

see below) whereas the full slab was relaxed for the (111) surface model. Dipolar correction 

along the z axis was found to have no impact on both optimized structure and energies, and 

was subsequently omitted. Vibration analysis were performed using the finite difference 

method by displacing each atom by 0.01 Å in each direction. The harmonic frequencies of 

adsorbed species were used to derive the vibrational partition function and calculate 

adsorption enthapies and entropies, as described by Larmier et al.6  

 

Models. We used the models for the γ-alumina surface developed by Digne et al.15,16 based on 

a non-spinel bulk structure17.   
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The (100) surface model used in the present study consists of a triperiodic cell, the size of 

which is 16.8 × 11.1 × 28.0 Å3 , occupied by a 6.0 Å wide alumina slab (normal to the Oz 

axis) surmounted by a 22 Å wide vacuum slab. The Brillouin zone integration is performed on 

a 1 × 2 × 1 k-points grid mesh. The (110) surface model is 16.1 × 16.8 × 28.0 Å3 wide, 

occupied by a 6.0 Å thick alumina slab (normal to the Oz axis), representing four alumina 

layers, surmounted by a 22 Å wide vacuum slab. The Brillouin zone integration is performed 

on a 1 × 1 × 1 kpoints grid mesh. Both surfaces are considered in a dehydrated or hydrated 

state, with OH-coverage increasing from 0 to 15 OH·nm−2. The hydrated models were 

constructed by adsorbing water molecules and optimizing the structure, as performed by 

Digne et al15,16. For the (100) surface, no significant difference with their work has been found 

in terms of geometries (slight energy differences, due to different parameters in the 

calculations and cell size). For the (110) termination, a surface reconstruction leading to a 

strong stabilization for OH coverage superior or equal to 9.0 OH·nm−2, as proposed by 

Wischert et al.18 was also taken into account. The differences between these surface models 

are detailed in supporting information S3. The (111) surface models employed are exactly the 

same (in terms of initial geometry) as in ref.16. The slab is symmetric (hydroxylated on both 

surfaces) with a vacuum thickness of 12 Å between slabs. For reasons explained in ref. 16, the 

(111) surface is considered at three hydroxyl coverage, which are 9.8, 12.3 and 14.7 

OH·nm−2. In the operating conditions experimentally concerned here (dehydration 

temperature < 600°C), lower hydroxyl contents are not expected at this very hydrophilic 

surface.  

Calculation of the hydroxyl coverage. The total OH coverage of the surface under given 

temperature and water partial pressure, taking into account the different possible facets of the 

alumina, was calculated according to a procedure inspired from Joubert et al.39,40 and reported 

elsewhere6. 
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We consider herein that the whole surface of each crystallographic plane ((100), (110) or 

(111)) is composed of N elementary surface cells. Each cell behaves as a complex that can 

bind water molecules: from 0 to 6 for the (110) crystallographic plane, 0 to 4 for the (100) 

plane, 4 to 6 for the (111). Let us define the successive adsorption reactions (Si) and global 

adsorption reactions (Gi): 

Ai-1 + H2O(g) = Ai  (Si)                                   Eq. (28)  

  i H2O(g) + A0  = Ai  (Gi)                                   Eq. (29) 

where Ai stand for the surface cell with i water molecules attached (0 ≤ i ≤ 4 for the (100) 

surface, 0 ≤ i ≤ 6 for the (110) surface, 4 ≤ i ≤ 6 for the (111) surface). Each model Ai entails a 

given OH coverage qi,(100) qi,(110)  or qi,(111). The associated thermodynamic constants are noted 

Ki
0 and Bi

0. For each of these reactions, standard enthalpies and entropies have been 

calculated using DFT. The results at 25 °C for reactions (Si) are reported in Supporting 

Information S4. These values have a very small temperature dependence over the range 0 to 

750 °C. For this reason, the value at 25 °C has been employed on the whole temperature 

range. From these data, reaction constants can be calculated. The following equations lead to 

the values of the proportions xi of cells occupied by i water molecules, as a function of the 

temperature, for a given water partial pressure ���� at equilibrium. 

[� � exp	� �>F@� ���>F@-
a� � � {m

{m�3����
                         Eq. (30) 

��2 � {m
{�������

m                                                Eq. (31) 

��2 � ∏ [����1                                                 Eq. (32) 

∑ i���>���2 � 1                                                  Eq. (33) 

i� � 9m�������
m

∑ 9m�������
mm�>�

m��
                                           Eq. (34) 

i2 � 1
∑ 9m�������

mm�>�
m��

                                            Eq. (35) 
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Finally, the total OH coverage qDFT (in OH.nm-2) is calculated by the following formula (eq. 

36): 

H��� � �(122)�H�,(122)i�,(122)
�

��1
+ �(112)�H�,(112)i�,(112)

|

��1
+ �(111)�H�,(111)i�,(111)

&

��1
 

Eq. (36) 

where X(100), X(110) and X(111) are the proportions of facets (100), (110) and (111), respectively. 

We considered the ratio of these different facets to be 20 %, 70 % and 10 %, respectively.  

 

3. RESULTS AND DISCUSSION 

3.1. TPD experiments.  

The results of the “classical” (non-interupted) TPD are shown on Figure 4. Note that 

the OH concentration is not zero at the end of the experiment, because of the 3 hours 

plateau at 600°C necessary to reach the reference state (see Figure 2). 

 

Figure 4: Classical TPD at 1 Pa of water. 
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The OH concentration decreases monotonously with temperature, in agreement with the 

results of Men et al.22, and the desorption rate shows only one minimum at 180°C. This 

continuous distribution is less discrete than the TPD profiles simulated by Joubert et al.39, 

who attributed this discrepancy to an underestimation of the surface heterogeneity by the DFT 

model. Also, the desorption rate is not zero at the end of the experiment (600°C), confirming 

that all the OH have not yet desorbed from the surface. 

The thermogram of the interrupted TPD at 1 Pa of water is presented on Figure 5. It can be 

seen that the desorption kinetic is substantially slower during the temperature-constant steps. 

Consequently, the signal is not stabilized even after 4 h at constant temperature. This effect 

has been noticed for all water partial pressures. 

 

Figure 5: Interrupted TPD at 1 Pa of water. 

In order to evaluate the deviation from equilibrium at the end of each temperature plateau,  

comparison between adsorption and desorption experiments have been performed for a water 

partial pressure of 1400 Pa. As a reminder, for desorption experiments, the saturated sample is 
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heated from 100°C to 600°C by steps of 100°C (as seen on Figure 5) at a water pressure of 

1400 Pa, whereas for adsorption experiments, the sample is first heated to 600°C (to 

dehydrate the surface), then cooled down to 100°C by steps of 100°C under a water pressure 

of 1400 Pa, and finally heated at 600°C under a water pressure of 1 Pa to obtain the 

dehydrated reference state. 

 

Figure 6: Thermogram for the adsorption experiment at 1400 Pa of water . 

As can be seen on the adsorption thermogram (Figure 6), the time necessary to stabilize the 

OH concentration during the constant temperature steps is far from negligible, particularly at 

100°C. From the comparison of the adsorption and desorption kinetics in the same conditions 

(1400 Pa of water and 300°C, Figure 7), it can be concluded that more than an hour is 

necessary to stabilize the signal, both in the adsorption and in the desorption mode.  

Moreover, the two signals do not converge to the same value: the OH coverage is 

substantially higher on the surfaces obtained by desorption, showing that the thermodynamic 

equilibrium is clearly not reached.  
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Figure 7 : adsorption and desorption thermogram at 1400 Pa of water and 300°C (the time 

scale is corrected so that the temperature plateau is reached at t=50 min) 

A possible explanation would be an evolution of the alumina surface during the thermal 

treatment. Indeed, for the adsorption experiment, the sample is first heated at 600°C,which is 

not the case for the desorption experiments. To check if the thermal history could have any 

influence on the sample surface, successive adsorption/desorption experiments have been 

carried-out by cycling the temperature from 30°C to 600°C (desorption) and back to 30°C 

(adsorption), always keeping the water partial pressure of water at 1400 Pa. The results can be 

seen in Supporting Information S5. The data from thermal cycles fit perfectly with data from 

single desorption and adsorption experiments. Moreover, the specific surface area of the 

sample after 5 cycles is 207±11 m² g-1, that is to say very close to the initial value (228±12 m² 

g-1). The alumina surface can therefore be considered as unaltered by the hydrothermal cycles. 

The good reproducibility of these experiments also points out the excellent precision of the 

experimental measurements. Thus, the difference between adsorption and desorption 

behaviors cannot be assigned to a surface reconstruction. At this stage, the offset between 
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adsorption and desorption results might be explained by the higher activation needed for 

desorption as compared to adsorption. 

From these preliminary experiments, it can be concluded that a large set of interaction 

strength between water and the alumina surface is possible: both easy-to-desorb hydroxyls, 

that can be removed at relatively low temperature, and hydroxyls strongly bonded to the 

surface, whose kinetic of desorption is negligible at low temperature, are present at the 

surface. In other words, the surface of the sample is highly heterogeneous, constituted of 

adsorption sites of different types and strength (in agreement with previous IR and DFT 

studies, see Introduction). As seen in the experimental and methods section, this kind of 

surface can be represented by an Energy Distribution Function (EDF), that relates the relative 

frequencies of surface sites associated to a given adsorption energy.  

 

3.2. Evaluation of the EDF.  

To evaluate the EDF from TPD experiments, the procedure described in the experimental 

section was applied. First, the evolution of Ad (the pre-exponential factor of the desorption 

kinetic parameter) with the adsorption enthalpy was estimated, by fitting experimental and 

simulated interrupted TPD at different temperatures, as described on Figure 4.  The evolution 

of Ad with ∆adsH is presented on Figure 8-a. A linear relationship between the logarithm of the 

pre-exponential factor and the adsorption enthalpy is observed. That is typical of the 

“compensation effect”, observed for many rate-limited processes.26,28,29  

Using this linear function, the desorption kinetics at each plateau of the interrupted TPD were 

simulated and are compared with experimental results on Figure 8-b. The experimental points 

are very well simulated by the model for all temperatures, showing the good precision of the 

estimated parameters.  
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Figure 8 : (a): Evolution of pre-exponential term Ad with adsorption enthalpy ; (b): Kinetic 
desorption experiments (points) at 1 Pa of water vs. simulations (lines) using correlation of 

Figure 8-a (the time scale is corrected so that all the temperature plateaus start at t=0). 

As Ad can now be calculated for any value of ∆adsH, it is thus possible to use eq. 19 to 

determine the EDF of the sample. The curve is presented in black on Figure 9.  

 

Figure 9: Energy Distribution Function (EDF) of the sample, obtained from experimental and 
DFT data, with models inspired from Digne et al.15,16 for the (110) surface. In the latter case, 
the individual contributions from the three main crystallographic surfaces is shown. 

y=7.05E-05x+12.04 

R
2
=0.984 
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As expected, the EDF has the same shape as the desorption kinetic shown on Figure 4. The 

maximum of the curve (i.e. the more frequent adsorption enthalpy) is around -100 kJ/mol. The 

adsorption enthalpies vary from -70 kJ/mol to -270 kJ/mol in very good agreement with the 

calorimetric data reported in literature23,24. One has to keep in mind that, as evaluated by 

chimiometry in section 2.4., residual hydroxyls (1.7 OH/nm2) with higher adsorption 

enthalpies are still present on the surface at the end of the experiment.  

It is also insightful to compare the enthalpy values provided by the EDF with DFT 

calculations (Supporting Information S4). The simulated adsorption enthalpies vary from -54 

to -236 kJ/mol, which coincides with the interval of values given by the EDF (-70 to -270 

kJ/mol). To go further in the comparison, simulated EDF was obtained from DFT calculations 

by considering a Gaussian broadening (σ = 17 kJ/mol) starting from the discrete values 

reported in Supporting Information S4, taking into account a 20%:70%:10% proportion for 

the (100):(110):(111) facets. 

We found a much better agreement of the EDF deduced from experiments with the DFT 

calculations starting from the model of Digne et al.15,16 rather than from the models of 

Wischert et al.18 for the (110) surface. The latter consider a local surface reconstruction 

leading to more stable structures. It is possible that this reconstruction needs to overcome 

some kinetic limitations that are not overcome in the present experimental approach. As a 

consequence, we will mainly report in the manuscript deductions made from the model of 

Digne et al. 15,16 whereas the one obtained with models similar to Wischert et al.18 are reported 

in Supporting Information S6. The main maximum of the EDF is shifted by 14 kJ.mol-1 as 

compared to the EDF deduced from thermogravimetric studies, which is typical of the 

uncertainty of the DFT calculations, so the agreement in this enthalpy region is very 

satisfactory. This main peak close to –∆adsH = 100 kJ.mol-1 is due to both the (100) and (110) 
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surfaces (see the decomposition of the EDF obtained from DFT data in Figure 9). Also, the 

same shoulder is obtained from experimental and DFT data, close to 150 kJ.mol-1. It is mainly 

due to the (110) surface and also to part of the (111) surface. However, the shape of the DFT 

EDF curve is too much structured between 170 and 250 kJ.mol-1. From DFT calculations, this 

zone is mainly assigned to the (110) surface and in a minor extent to the (111) surface. This is 

in line with previous observations from Joubert et al.39 when they compared their simulated 

TPD profiles for the (110) surface with experiments. Note that considering the model from 

Wischert et al. (Supporting information S6) does not bring significant improvement of the 

comparison in this zone, while decreasing the agreement in the 50-170 kJ.mol-1 zone. 

 

3.3. Simulation of the adsorption isotherms using the EDF.  

Validation of the EDF estimation procedure has been carried out by comparing experimental 

and simulated adsorption equilibrium data. To simulate adsorption isotherms, eq. 6 has been 

numerically integrated using the trapezoidal rule. The entropy change due to water adsorption 

∆adsS is assumed to be independent of coverage. According to DFT calculations, ∆adsS varies 

between -143 and -186 J/mol/K (Supporting Information S4). Simulations were therefore 

conducted using these two extreme values to analyze the sensitivity of this parameter. The 

results are presented on Figure 10. 
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 Figure 10: Simulation of adsorption isotherms (lines) compared to experimental data 
(points), starting from the EDF (extracted from experimental data), using different adsorption 

entropies. 

As one can see, a very good agreement between simulated and experimental data is achieved 

for ∆adsS=-186 J.mol-1.K-1. This value is very close to the gas phase standard molar entropy of 

water at 25°C (188.7 J.mol-1.K-1), confirming that the translational and rotational motion of 

the hydroxyl groups on the surface is strongly hindered.  

The good agreement between simulations and experiments shown on Figure 10 validates the 

EDF estimation procedure and consequently the assumptions on which it relies: the 

desorption (activation) step is a kinetically limited process. At a given activation temperature, 

some of the strongly bonded hydroxyl groups remain on the surface even though, from 

thermodynamic equilibrium considerations, they should desorbed. The practical consequence 

is that the surface state of a thermally activated a γ-alumina depends not only on temperature 

but also on the gas phase water partial pressure (except for very low partial pressures for 

which the readsorption kinetic can be considered as negligible) and, just as important, on the 

whole dynamic of the hydrothermal treatment (duration, temperature program). The EDF is in 
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fact a very efficient tool to predict the surface coverage depending on the hydrothermal 

history of the sample, as can be seen on Figure 11, where the simulated surface coverage for 

different thermal treatments under 1 Pa of water is depicted. 

The initial EDF corresponds to the maximum OH coverage after saturation of the sample at 

ambient condition and a first desorption step at 30°C and 10h. The reference state is the 

minimum coverage of the sample, at 600°C and 1 Pa of water. From the initial EDF, a 

temperature rise from 100°C to 300°C at 5 °C.min-1 yields a new distribution function : for -

∆adsH<120 kJ.mol-1, all the sites are empty ; for 120<-∆adsH <150 kJ.mol-1, the sites are 

partially filled ; for 150 kJ.mol-1 <-∆adsH , all the sites are still saturated. Keeping the sample 

at 300°C for one hour results in further desorption of the hydroxyls. Comparing this final 

curve (obtained by simulating desorption experiments) with the equilibrium coverage 

(obtained from equilibrium calculations) at 300°C shows that after 1 h at 300°C the surface 

has not yet reached the thermodynamic equilibrium.  

 

Figure 11: Evolution of surface coverage at 1 Pa for different hydrothermal treatments  
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3.4. Simulation of the adsorption isotherms using DFT calculations. 

 A comparison between the amount of OH groups deduced for each temperature and water 

partial pressure from DFT calculations and the experimental data at equilibrium is presented 

in Figure 12. Regarding DFT results, they relate to the (110) surface model deduced from 

Digne et al. The trends obtained with the model of Wischert et al. are reported in supporting 

information S7. 

 

Figure 12: Comparison between experimental adsorption isotherms and DFT calculations 
(Digne et al. model). 

 

The agreement between experiments and DFT is excellent for temperatures higher than 

200°C. At 200°C, it is also excellent for water pressures up to 20 Pa. This can be seen as a 

consequence of the good agreement between DFT and modeled EDF curves. For higher water 

pressures at 200°C and for 100°C, the DFT model overestimates the amount of adsorbed 

water, which can be tentatively assigned to a kinetic limitation for reaching the highest 

coverage, with steric hindrance for water adsorption on already strongly hydroxylated 
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surfaces. Such a kinetic limitation is also susceptible to be the highest at low temperatures as 

observed here. Another explanation could be the shift of the DFT and modeled EDF, with 

slightly too strong interaction as given by DFT. A last explanation could be found in 

adsorption entropy values, often calculated by DFT as higher than -186 J.K-1.mol-1, leading to 

higher adsorbed amounts. The agreement between the DFT adsorption isotherms obtained 

with the models inspired from Wischert et al. and experimental results is poor at most 

temperatures and water partial pressures (supporting information S7) except at 100°C where it 

is better than with the models inspired from Digne et al.  

To conclude, thanks to the model of Digne et al., accurate predictions of the temperature and 

pressure dependence of the hydroxyl coverage can be reached, provided this coverage does 

not exceed 8 OH.nm-2 on the whole alumina particles (in practice, for temperatures higher 

than 200°C). This is the case for most practical use of the solid, in particular when employed 

as catalyst support for reforming or hydrotreating purposes3. Entropic and kinetic reasons 

might be at the origin for discrepancies at higher coverage. Thus, a direct link can be 

established between the nanoscale hydration/dehydration phenomena investigated in 

references 15-16 and the present macroscopic observations.  

 

CONCLUSIONS AND PERSPECTIVES 

In this work, a detailed set of experimental data for water adsorption on γ-alumina has 

been acquired using a thermogravimetric equipment. By comparing desorption experiments 

with equilibrium data, it was demonstrated that thermal activation classically applied before 

catalytic tests is a kinetically limited process, i.e. that the surface hydroxyl coverage is 

dependent not only on the final temperature but also on the entire hydrothermal history of the 
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sample. DFT calculations were performed to give an atomic scale insight in the energetic data 

obtained. 

An Energy Distribution Function (EDF) has been estimated from classical and interrupted 

TPD experiments with temperatures going up to 600°C, yielding the hydroxyl adsorption 

enthalpy distribution for the given γ-alumina sample. The enthalpies range from -270 to -100 

kJ.mol-1, in good agreement with DFT calculations. A first attempt to simulate the EDF, i.e. a 

continuous function, with a DFT model, which yields by nature discrete energy values, has 

been proposed, by attributing to each adsorption enthalpy a common Gaussian behavior. 

Starting from alumina surface models proposed in the past, a good agreement is found 

between experimental and DFT EDF for 50 < -∆adsH < 170 kJ/mol, provided no surface 

reconstruction is considered by DFT for the (110) facet, which indicates that such 

reconstructions probably require barriers to be overcome, which is not the case in the present 

experimental conditions. In the high enthalpy range (-∆adsH >170 kJ/mol), the simulated EDF 

still display several optima, whereas the experimental EDF curve is smooth. Further work 

should therefore be conducted to better understand the link between the discrete DFT data and 

the continuous EDF function. Nonetheless, the ability for the atomic-scale model to simulate 

the macroscopic adsorption properties allows to link the chemical nature of the sites to the 

global properties of the surface, mainly driven by the (100) and the (110) orientations.   

The capacity of the EDF to predict totally independent adsorption equilibrium data was 

tested with success, showing both the validity of the estimation methodology and the capacity 

of the EDF to simulate the surface water coverage for very different hydrothermal treatments. 

The comparison with DFT calculated hydroxyl contents is very good for temperatures above 

200°C, although DFT overestimates the OH coverage above 8 OH.nm-2 (for temperatures 

lower than 200°C).   
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Evaluating the EDF of alumina nanoparticles obtained by different synthesis methods 

should be very useful to better understand the relationship between the surface properties, the 

particles morphology and the nature of the sites at the atomic scale.  
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