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ABSTRACT:

Controlling water adsorption ogalumina, i.e. the quantity and nature of the siafa
hydroxyl groups, is essential to adjust the acidsitb properties of the surface. IR and DFT
studies have shown that different OH groups, ed¢hem characterized by its own chemical
environment and adsorption properties, can be ptesethe surface ofalumina. However,
qguantifying this surface heterogeneity and predgctthe influence of the synthesis and
activation conditions is still a challenging prablein this paper, a detailed experimental

study is conducted on g-alumina sample obtained by thermal decompositibnao



commercial boehmite. Using a thermogravimetric getoth water adsorption equilibrium
and desorption kinetics were acquired in a larggeaof controlled experimental conditions
(1 Pa<water partial pressures<1400 Pa ; 100°C<taanpes<600°C). Based on theories
developed for strongly heterogeneous surfacesEttergy Distribution Function (EDF) of
water adsorption enthalpy is evaluated. The OH mtism enthalpy range of the EDF, and
the experimental OH contents, are in good agreemgtit Density Functional Theory
simulations, making a bridge between macroscoptt atomistic features. It is also shown
that the EDF of thg-alumina surface is a very powerful tool to predit hydroxyl coverage

as a function of the pretreatment history of thasa.

1. INTRODUCTION

y-alumina is a high surface transition alumina whingds wide range of applications as
adsorbent and in catalysis technologies, especilya catalysts suppbrtThe physico-
chemical properties of thgalumina surface have therefore been the subjectmany
investigationd The surface of alumina is composed of basic oxyg®ms, acidic low-
coordinated aluminum (Lewis acid sites) atoms, bywlis (dissociatively adsorbed water
molecules) and physisorbed water molecules. Tle&tive concentrations depend essentially
on synthesis conditions of alumina and its degfdeydration, itself tuned by the temperature

and the water partial presstire

Characterization of water adsorption on the surf#cgalumina is therefore a subject of
particular concern, and this for two main reasémst of all, the acido-basicity of the surface
is strongly dependent on its degree of hydratidndH et al* have studied the hydrogenation
of ethylene as a function of the activation tempes and shown that activity of the-

alumina catalyst is multiplied by a factor 25 whée activation temperature is raised from



450°C to 650°C. Larmier et & found that water on alumina can at the same tilag fhe
role of a promoter, a poison and an inhibitor & #tumina surface, regarding its ability to
catalyze isopropanol dehydration. Wischert €t @gémonstrated the existence of an optimum
in surface hydroxylation for the dissociation of threne ony-alumina. In an industrial
process, the initial degree of hydration of thefare will depend on the activation procedure
(i.e. the thermal pre-treatment). Moreover, tramfesater in the feed can change the degree of
hydration during the course of the reaction, ymddundesirable variations of the catalyst
performance. The possibility to predict the quantitand, even better, the nature - of the
hydroxyl groups present onyaalumina surface as a function of the operatingddams is

hence of great practical interest.

The second reason is the possibility to gain sonsgght into the physico-chemical
properties of the surface by the quantitative andlitptive characterization of the hydroxyl
groups. Using Nuclear Magnetic Resondi€andinfra-red spectroscopyi**the presence of
various OH groups have been detected on the suidacalumina, showing its strong
heterogeneiy*''* By performing Density Functional Theory (DFT) sitations, the link
between the stretching frequencies, proton chersiudfls and the nature of the OH (namely
the number of their aluminum neighbors, the coatiom number of the aluminum they are
bonded to, and the hydrogen bond network they rarelied in) has been proposéd™?
Surprisingly, very few experimental studies focusthe measurement of water adsorption
equilibrium properties. Water adsorption isothetrase been measured palumind®%, but
the data in the chemisorption region are too scianca detailed interpretation to be possible.
Men et al’? have measured water Temperature Programmed Diesp (D) ony-alumina
but not attempt to model the results was made. Byplng calorimetry and

thermogravimetry, McHale et &4l.have measured the enthalpies of adsorption ofrveatg

alumina as a function of coverage. The enthalpéesahse (in absolute value) logarithmically



with coverage from -280 kJ/mol at 2.6 OH/M -50 kJ/mol at 15 OH/nfm showing the

strong heterogeneity of the adsorption sitéshers'****'®have evaluated the residual
number of OH groups after activation under vacuardifferent temperatures. However, the
equilibrium hydration state also depends on theewpartial pressure, which has not been

investigated in detail so far.

Here, a detailed experimental study of water adsgwrpon y-alumina - including
equilibrium and kinetic data - is conducteth thermogravimetric analysis. Based on
theoretical analysis developed for strongly hetenegpus surfaces, these data are modeled
using a continuous distribution function of the eratadsorption enthalpies. To our
knowledge, this is the first time that such an apph is proposed for the characterization of
water adsorption on the surface of alumina. Theselts are compared with success with
Density Functional Theory calculations, allowingc@nnection between nanoscale features

and macroscopic observations.

2. EXPERIMENTAL SECTION AND METHODS

2.1. Synthesis conditions

The y-alumina sample was synthesized using boehmite | PsiB8 (Sasol, amount of
impurities < 5 ppm wt.) as a precursor. The pagrassure of water present in the air flow
during the synthesis was about 230 Pa (measureddapacitive hygrometer AlphaMoisture
Model SADP). The thermal decomposition of boehnmte y-alumina was performed in a U-
shaped reactor with the following temperature paagrfrom 20 to 120°C at 5°C/min, 3h at
120°C to remove most of the water, from 120 to €5t 5°C/min, 6h at 650°C. The sample

was then taken out of the oven and conserved aeatdtmosphere.

2.2. Characterization of the solid



Nitrogen physisorption isotherms at 77K were reedrebn a Micrometrics ASAP 2024
physisorption analyzer. Before analysis, sample adegmssed under vacuum at 350 °C for 2h.
Specific surface area was calculated using the &rerEmmett-Teller (BET) method. The
studied sample exhibits a specific surface arez28fm2/g, which is a common value among

commercial aluminas.

Powder X-Ray diffraction (XRD) diffractograms werecorded on a PANanytical X’PERT
Pro MPD with a copper anode ¢k= 0.15402 nm) and a scanning rate of 0.02-0.04 per
second between 20-70°. The XRD pattern of the sanfpigure S1.1) confirms that we

prepared a-Al,0O3 (ICDD 00-050-0741).

Transmission Electronic Microscopy (TEM) has beenfgrmed using a (JEM-2100, JEOL,
Japan) to evaluate the morphology of the samplgu(Ei S1.2). Samples were prepared by
drying a drop of diluted alumina powder in ethaoal copper grids coated by amorphous
carbon. The particles aggregate together into dangkshape form, making it difficult to

determine precisely their morphology and their $&geund 10 nm).

2.3.Thermogravimetric measurements

To perform water adsorption experiments, a symmethermogravimetric analyzer

SETARAM TAG-B12 was used. It is equipped with tworfaces: one for the studied sample
placed in a quartz crucible, one used as a referanith an empty quartz crucible. This
configuration allows to reduce drastically therrgap phenomena and Archimides principle
variations between the furnaces. As such, no ciorecs needed. As shown on Figure 1, the

water content of the gases flowing through the cait be tuned between 1 and 1400 Pa.



* 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 measimgd hygrometer AlphaMoisture

SADP.

\ -—[:]— 1 Pa— Molecular sieves

( | le————— 20 Pa — Specific bottle

le—————— > 20 Pa — Saturation device

Reference oven N

\ Sample oven

D D : Molecular sieves

Figure 1. Schematic representation of the TAG-B12 thermagratric unit.

Sorption experiments include three different protecusing the device previously described:
classical TPD, interrupted TPD, adsorption expenisieFor all experiments, about 70 mg of

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

* Temperature Programmed Desorption (TPD)



Classical TPD The sample is first pretreated in the thermognatric unit: 10h at
30°C to remove most of the physisorbed water foldwby 4h at 100°C. After
pretreatment, the temperature is raised to 60082@&imin and the mass variation due
to water desorption is recorded. All the TPDs waeeformed at a partial pressure of
water of 1 Pa.
Interrupted TPD After pretreatment (same procedure as for claksi®Ds), the
temperature is raised step by step from 100 to ®d@°increments of 100°C. The
desorption kinetic varies with temperature and wptetial pressure, the duration of
the temperature plateau was therefore adapted teorasord the signal until the mass
was considered as stabilized.

* Adsorption experiments
The sample was first heated at 600°C with a fixadigl pressure of water (between 1
and 1400 Pa). Temperature steps are then appbetdy down from 600 to 100°C, for

5h.

For interrupted TPDs and adsorption experiment$na step of 4h at 600°C and 1 Pa of

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

This notion of reference mass was introduced becthese is no way, by thermogravimetric
measurements, to evaluate the “absolute” mags of the sample, that is to say its mass in
its completely dehydrated state (if such a staist®€x without risking a phase transition from
y- to & or evenb-alumina. This issue is illustrated on Figure 2e Taw measurement in a
TPD experiment are the initial masg and the mass variatiohim as a function of time.

When the temperature is raised, the mass approdbkesbsolute mass of the alumina
sample, but also the temperature of phase tranditon y- to d-alumina. The reference mass
m,.r IS therefore the one measured under the most detinygl state obtainable with no risk

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

experimental device) and 3 h (time necessary tolgt@ the mass signal).

mass R temperature

A ‘r
=

T 600°C for 3h

m(T, Py, ) | = = = V- 2

m reffm—=m = ————fpmm———==
[ Myes
Maps b e e e e e e ¥ e e e e e e e =

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" (T, Puyo,t) = m(T'PH,iZ;?_mM Eq. (1)
with:

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

Myer: the mass at the reference state (g)

m(T, Py, 0, t): the mass for a given operating condition (g)

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

m=m; —Am Eq. (2)

To express the concentration in OH/nm?, the formula is:



N X2
MH20XSBETX1018

q"¢/ (OH/nm?) = q"*/ (g/g) Eq. (3)

with:
N,: Avogadro number (md)
My, o: molecular mass of water (g/mol)

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

To form a water molecule, two hydroxyls are needeqgblaining the presence of a factor 2 at
the numerator of eq 3. In this paper, the expertaleghermogravimetric data are compared
with DFT simulations, which supplgbsolute OH concentrations. It is thus necessary to
establish the relation between these two quantiths show in Supporting Information S2

that with a good level of approximation, the abslsurface OH concentratiofi®§jis given

by eq 4:

qbs(T, Py,0, t) =q (T, Py,0, t) +q" Eq. (4)

where ¢f*°is the absolute residual surface concentratio@lafgroups. This means that the

absolute concentration can be easily evaluated frarthermogravimetric data provided the
residual OH concentration is known. In this papke residual OH concentration will be

measured by chimiometry (see section 2.4.) andilitbe shown that its mass is indeed

negligible compared to that of the dehydrated sampl
From eq. 4, and knowing that the residual concéatras a constant, one can also write:

dq“bs(T,PHZO,t) dqref(T,PHzo,t)

dt dt Eq. (5)

The desorption rates based on the absolute orefeeence mass are hence equivalent. The
energy distribution functions (EDF) can hence beedly estimated from the TPD data

(without taking into account the residual hydro)yls



Evaluation of energy distribution functions from TPD data

As seen previously, the surfaceyeflumina is extremely heterogeneous, that is toisay
expected to be composed of adsorption sites oéréifit chemical nature characterized by a
whole range of water adsorption enthalpies. Thetisl proposed in the literatdre® to
represent such a surface is the Energy Distribuiomction (EDF), a continuous function that
relates the relative frequencies (existence prditiab) of surface sites associated to a given

adsorption enthalpy:
S Aa S
f(BgasH) = el Eq. (6)

Wheregq, is the OH saturation concentration related tovemjiadsorption enthalp, sH,
andgqs , is the total saturation concentration of the stefas the EDF will be estimated from
TPD experiments, the concentrations in eq. 6 (artte rest of this section) are relative to the
reference mass of the sample. For a given EDF ifumcthe quantities adsorbed on an

heterogeneous surface at equilibrium can be caenlilasing the following relation:

Ht(T' PHZO) = f_Q H(T, PHZO'AadsH)f(AadsH)dAadsH Eq (7)

where 6, = q,./qs, is the total fractional coverage) = q(AyqsH )/qs(DgqsH ) is the
fractional coverage on a site of adsorption enthalp;.H andQ is the domain of adsorption
enthalpy considered i.€Q = [AagHmin; AagH mad- EQ. 7 simply expresses that the total
fractional coverage is the sum of the fractionalezage of each site, balanced by its existence

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

d6¢(T,Py,0) f dO (T ,Py,0.0adsH)

dt 0 dt f(AadsH)dAadsH Eq (8)

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

between a heterogeneous surface and a given atisdtha a very powerful tool, because it

10



contains intrinsically all the information requiréd simulate the equilibrium state and the

desorption kinetic of the surface for any experitaboondition.

The drawback of this theory is the difficulty toadwate the EDF from experimental data. In
the literature, EDF estimation procedures are megdased on either kinetic (i.e. TPD) or
equilibrium dat&> In this work, the EDF for water on owalumina sample will be evaluated
from both classical and so called “interrupted” T@®Xperiments. Secondly, the EDF has to be
validated using independent experiments, i.e. m@tseme set as used in the estimation step.

In our case, adsorption experiments will be used.

Adsor ption/desorption on each site

To describe the properties of a heterogeneous cgyrfia is first necessary to define an
adsorption model for each individual site. In thisrk, the theoretical framework to extract
the EDF is based on the kinetic derivation of trendgmuir adsorption isotherm. Water
adsorption ory-alumina can be considered as a chemical reacgbmelen a water molecule

and an adsorption site s:

k

Hw+s§m0—s Eq. (9)
d

whereH,0 — s is the water molecule in the adsorbed state. temwancounters dissociative
chemisorption, as it is the case fealumina, one should rigorously write:

k

%0+&+&—0§gmﬂﬂﬂH Eq. (10)
d

where s is the hydroxyl acceptor site and-@ the proton acceptor site. As each water
molecule needs both types of sites in order to cmim the two adsorption sites can be

gathered and considered as a unique adsorption site

11



ka
Hy0 + (s152) g (s152) — H,0 Eq. (11)

Thus dissociative and non-dissociative adsorptian then be represented by the same
eguation. Assuming that there is no interactiomken adsorbed molecules, then adsorption

on each site can be modeled with the Langmuir esath

k720

0 = —’;HZ Eq. (12)

1+K'T
where:
_ k_a _ _ AggsH
K = P Koexp( T ) Eq. J13

with:

K, = exp(AadsS/R) Eq. (14)

andA,4.H, the (negative) adsorption enthalpy @gg,S the adsorption entropy.

Equation 13 shows that for adsorbates having stnotggactions with the surface sites (i.e.
high values of K), as is the case for water on @&amadsorption is much faster than
desorption. It can therefore be assumed (as witdrgirmed in section 3.3) that adsorption

experiments yield equilibrium data.

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

can be neglected and the desorption rate for angiite is:

dao
rdz—z—kde Eﬂ]S)
dt

If the activation energy for adsorption is negllgilthen the activation energy for desorption

is equal to the opposite of the enthalpy of adsampt

All S
ky = Agexp (— Rd—T”) Eq. (16)

12



According to the Transition State Theory (TST), pre-exponential factod,; should be a
function of temperature, entropy of activation, afdoltzmann’s and Planck’s constafts.
However, for different reasons extensively discdsse the literaturé>?®% a linear
relationship - not predicted by the TST - is ofteund between the logarithm of the
preexponential factor and the enthalpy of adsonptoalled the “compensation effect”. It is
therefore necessary to determine the pre-expohéattar - and its relationship with,, H -

for each adsorbant/adsorbate couple.

In a TPD experiment, the solid is heated from amaintemperature iTto a final temperature

T; with a constant heating rge The desorption rate can be evaluated using emsati5 and

16:
ae ae AgasH
= By = Ad(BagsH)exp (—™27) 6 Eq. (17)
Integration between;&ind T yields:
1T AgasH
0 = exp [_EfTif Ag(A, i H)exp (— ;—T) dT] Eg. (18)

Eq. 18 does not have an analytical solution. Thewing expression has been propcSeas

a good approximation when i small :

—Aq(8qasH)RT? 1 —AggsH
BAqasH J1+2RT/AggsH exp( RT )] Eqg. (19)

0 = exp

Extension to the whole heterogeneous surfaces

Once the behavior of each individual site has beedeled, the kinetic properties of the
surface as a whole can be assessed. Combiningatu8tand 17 gives the total desorption

rater, . that can be easily extracted from the experimeh&imogravimetric signal:

13



do.(T,P
rdt = % f _Adexp( adsH) H(AadSH T PHZO)f(AadSH)dAadSH Eq (20)

Inversion of this equation in order to evalug@,,,H) from TPD desorption kinetic has
been shown to be a numerically ill-posed proBifeih®?i.e. very different EDF can yield
nearly similar kinetics. Getting around this diffity has been the object of considerable

studies’®

In this work, the TPD experiments will be interg@tusing the approach proposed by
Barrie®, who recommends an original methodology to esenthe kinetic pre-exponential
term A, as a function ofA,,;H. We will not go through the detailed derivation thie
equations. Interested readers are invited to corBairie’s original papef® However, a

summary of the main hypotheses and of the resudtiugtions is given below.

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

fractional coverage of a given site is a step fianctthat is to say:
0(A,qH,T) = 0 for —=A,, H < —A 4 H* and8(A,4H,T) = 1 for —=A,, H > —A 4 H
Eqg. (21)

At a given temperature, all the sites with an goison enthalpy inferior to the critical value
ALasH (in absolute values) are empty while all the pthiées are saturated. Next, the
relation between the critical enthalpy and the terapre has to be established. Barrie

supposes that the critical enthalpy is the one #varages the desorption kinetics, which

gives?®
AadsH* Ad(AadsH )T
(P2 — 0.368) exp (T 0.368) = 2leds T Eq. (22)
If A; does not vary withA,;sH* , then the EDF can be calculated using:
* _l rd,t(T)
f(AadsH ) - Bd(AadsH*)/dT Eq' (23)

14



with:

dAgasH* (x*2+1.632x*—0.368)
dr X*+0.632

Eqg. (24)

wherex* = 2aast’

Eq. 23 shows that the EDF can be derived from éxeerital desorption kinetics (i.&; .(T)).
For a given value ofi;, A,4sH* can be evaluated at each temperature using edlhzh

dA.qsH*/dT is calculated using eq. 24. Substitution of thisction into eq. 23 directly gives

the EDF.

If A, varies with the adsorption enthalpy, estimatiortted EDF is more complicated. To
begin with, it requires complementary TPD experitagnalled interrupted TPD. The solid is
first heated with a heating rafeto a given temperaturg,,;. The temperature is then kept at
that value for a chosen duration, before the sangplence again heated until the next

interruption. From these interrupted TPD, the etiotuof A; with A,4;H™ can be evaluated.
The procedure is schematized on Figure 3:

- A, is fixed at a guess value.

- The EDF is calculated from classical TPD experiraent

- The fractional coverage at the beginning of isatiarstep is calculated, as well as the
evolution of the fractional coverage during the penature plateau &t,,.. During the
interruption, the temperature is constant, and tttal desorption kinetic can be
calculated using eq. 20 with the kinetic of eadhvidual adsorption site being:

H(AadsH*: t) = Qint(AadsH*)exp[_kd (Ad: AadsH*) ' t] Eq. (25)

where 8, (ALqsH™), the fractional coverage of an individual sitetla beginning of the

isothermal period, can be calculated using eq. 19.

15



- Finally, the optimal value ofi; (the one that minimizes the difference between th

experimental and simulated desorption curves)tisrdened.

- This procedure is repeated for different valueg;Qf. The value ofA, 4, H* can be

calculated for eacfi;,,; ,yielding the evolution ofl; with A, .H".

Once the function relatind,; with A 4;cH* is known, the EDF can be estimated from a

classical TPD desorption kinetic:

fQgasH?) = Eq.(26)

f_Q ra(BaasH")dBgasH”

107 < Ay < 103

y Classical TPD

(23) E ; T
eq o]
d f(AadsH*)< 9

t
A

Initial state at t
eq (19) => O,
eq (7) => O ins

Desorption kinetic during
interruption:

eq (25) => 0(AyqsHY )
eq (17)=>d6/dt

eq (8) =>0,(t)
L Interrupted TPD
2
&= Z(et - Qt,exp) - Ti”t
O |2
l tint
&£
J " . Tint,Z Ag = aexp(bAyqsH™)
A1) A(T)

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

As seen in section 2.3., the hydroxyls that ark atisorbed on the surface after a heat
treatment at 600°C cannot be quantified by themtlbgravimetric analysis. Hence, in order to
calculate the absolute coverage of surface OH grgthy (in OH per nm2), we measured the
residual number of OH groups on the surface ofytaiminag™ in the reference state by
chimiometry®. To do so, the-alumina sample was treated under vacuuni (@Par, or 1¢

Pa) at 600 °C for 4 hours (ramp 5 °C/min). Afteplaay down to room temperature under
dynamic vacuum, the sample was transferred intmaegox (Ar). For the titration, 65.3 mg
of sample were introduced into an air-tight J-Youhgbe, along with 30 mg of
dibenzylmagnesium (BMg(thf),) (homemade, 87 umol, in excess), 14.7 mg of femec
(Sigma-Aldrich, sublimed before use) as an interst@ndard (79.0 pmol) and 1 mL of
deuterated benzenel@; (CortecNet, vacuum distilled from purple Mzenzophenone before
use). The tube is vigorously stirred for severatutes in order to dissolve all the components
and react the alumina surface with the dibenzylreamgm, according to the titration equation

27:

Al-OH + BnpyMg(thf), = AI-O-MgBn + Toluene Eq. (27)

After reaction, a'H NMR spectrum is recorded (Brucker 250 MHz speugter) with a
recycling delay @ of 60 s to ensure a quantitative measurementgratien of the toluene
signal (area 0.167, 2.6 ppm, 3H) and ferroceneasi@mea 1.00, 4.6 ppm, 10H) allows access
to the amount of toluene formed and hence the numbeurface OH groups'G The
calculation yields § = 1.7 OH.niif or 6 mg/g. The hydroxyls represent therefore thas

1% of sample mass and the approximation correspgridieq. 4 is therefore fully justified.

The preparation procedure used for this experinsbould yield a surface hydration state

close to the reference state defined in section alBough it was prepared under a lower

17



pressure (18 Pa instead of 1 Pa). Nonetheless, note that the cO¥rage does not
significantly depend on the water pressure for temrajures higher than 400 °C and water
pressures lower than 100 Pa (see later, FigurentiOFggure 12). Hence, we calculate the

absolute OH coverage using eq. 4.

2.5.DFT calculations

Calculation settings. The hydrated surface of thealumina has been modeled by periodic
DFT, with the PBE exchange correlation functidhahnd dispersion corrections at the D2
level ® using the VASP®' code, with a cutoff energy of 500 eV (PAW pseudeptials®).
The criterion for the convergence of the self-csiasit cycles was fixed to 28V. Geometry
optimizations were performed using a conjugate4gradcalgorithm and convergence criterion
on forces of 0.02 eV.A In addition to the adsorbate species, the tweenppomic layers of
the slab were allowed relaxing for the (100) antiOjlsurface models (asymmetric models,
see below) whereas the full slab was relaxed fer(1i1) surface model. Dipolar correction
along the z axis was found to have no impact oh lbgtimized structure and energies, and
was subsequently omitted. Vibration analysis weeefggmed using the finite difference
method by displacing each atom by 0.01 A in eachctibn. The harmonic frequencies of
adsorbed species were used to derive the vibratipagition function and calculate

adsorption enthapies and entropies, as describédroyier et af

Models. We used the models for thealumina surface developed by Digne et’df based on

a non-spinel bulk structure
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The (100) surface model used in the present stodgists of a triperiodic cell, the size of
which is 16.8 x 11.1 x 28.0%A occupied by a 6.0 A wide alumina slab (normathe Q
axis) surmounted by a 22 A wide vacuum slab. THioBm zone integration is performed on
a1l x 2 x 1 k-points grid mesh. The (110) surfacelehis 16.1 x 16.8 x 28.0°Awide,
occupied by a 6.0 A thick alumina slab (normalhe Dz axis), representing four alumina
layers, surmounted by a 22 A wide vacuum slab. Biiiouin zone integration is performed
onal x 1 x1kpoints grid mesh. Both surfacescaresidered in a dehydrated or hydrated
state, with OH-coverage increasing from 0 to 15 @H? The hydrated models were
constructed by adsorbing water molecules and opitnqithe structure, as performed by
Digne et a*'® For the (100) surface, no significant differeméth their work has been found
in terms of geometries (slight energy differencdse to different parameters in the
calculations and cell size). For the (110) termorgta surface reconstruction leading to a
strong stabilization for OH coverage superior ouaqto 9.0 OH-nif, as proposed by
Wischert et af® was also taken into account. The differences betwbese surface models
are detailed in supporting information S3. The {(1durface models employed are exactly the
same (in terms of initial geometry) as in ¥&fThe slab is symmetric (hydroxylated on both
surfaces) with a vacuum thickness of 12 A betwéainss For reasons explained in réf.the
(111) surface is considered at three hydroxyl cager which are 9.8, 12.3 and 14.7
OH-nm? In the operating conditions experimentally coneer here (dehydration
temperature < 600°C), lower hydroxyl contents ao¢ 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, takingantmunt the different possible facets of the
alumina, was calculated according to a procedwggitied from Joubert et &:*° and reported

elsewher&
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We consider herein that the whole surface of eaghtallographic plane ((100), (110) or
(111)) is composed of N elementary surface celéshEcell behaves as a complex that can
bind water molecules: from 0 to 6 for the (110)staylographic plane, 0 to 4 for the (100)
plane, 4 to 6 for the (111). Let us define the sssive adsorption reactiofSi) and global
adsorption reaction&si):
A1+ HOg=A  (S) Eq. (28)

i H:Og)+ Ao = A (Gi) Eq. (29)
whereA stand for the surface cell withwater molecules attached €0i < 4 for the (100)
surface, 6<i <6 for the (110) surface,4i <6 for the (111) surface). Each modekntails a
given OH coverage 100,110y Of 0i,111) The associated thermodynamic constants are noted
K and B®. For each of these reactions, standard enthalkpies entropies have been
calculated using DFT. The results at 25 °C for tieas (Si) are reported in Supporting
Information S4. These values have a very small egatpre dependence over the range 0 to
750 °C. For this reason, the value at 25 °C ha® lemeployed on the whole temperature
range. From these data, reaction constants caalbeated. The following equations lead to
the values of the proportions of cells occupied by water molecules, as a function of the

temperature, for a given water partial pressyg at equilibrium.

_ _AadsH —TAgqdsS _ Xi
K, = exp( — ) = aProo Eq. (30)
BO = . S - 1
o) K31)
BY = [Th=1Kn K82)
Timar g =1 q.H33)
B?(Pﬁzo)i
L =200 Eqg. (34
YT BY(Pujo) a-(39)
Xg =————— Eq. 35

Smax B(py, o)’
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Finally, the total OH coveragerg (in OH.nm?) is calculated by the following formula (eq.

36):

4 6

2
dprr = X(100) Z di,(100)%i,(100) T X(110) Z qi,110)%i,(110) T X(111) Z qi,(111)%i,(111)
i=1 i=1 i=1

Eq. (36)

whereX100), X1100andX11) are the proportions of facets (100), (110) and ) ldespectively.

We considered the ratio of these different facetset 20 %, 70 % and 10 %, respectively.

3. RESULTSAND DISCUSSION

3.1. TPD experiments.

The results of the “classical” (non-interupted) TBi2 shown on Figure 4. Note that
the OH concentration is not zero at the end ofetkgeriment, because of the 3 hours

plateau at 600°C necessary to reach the refer¢atee(see Figure 2).
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Figure 4: Classical TPD at 1 Pa of water.
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The OH concentration decreases monotonously withpégature, in agreement with the
results of Men et &, and the desorption rate shows only one minimuri88°C. This
continuous distribution is less discrete than tfRDTprofiles simulated by Joubert et*3l.
who attributed this discrepancy to an underestwnadif the surface heterogeneity by the DFT
model. Also, the desorption rate is not zero ateth@ of the experiment (600°C), confirming

that all the OH have not yet desorbed from theasaxf

The thermogram of the interrupted TPD at 1 Pa dewe presented on Figure 5. It can be
seen that the desorption kinetic is substantiddwer during the temperature-constant steps.
Consequently, the signal is not stabilized evearafth at constant temperature. This effect

has been noticed for all water partial pressures.
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Figure5: Interrupted TPD at 1 Pa of water.

In order to evaluate the deviation from equilibrigthe end of each temperature plateau,
comparison between adsorption and desorption erpets have been performed for a water

partial pressure of 1400 Pa. As a reminder, fooge®n experiments, the saturated sample is
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heated from 100°C to 600°C by steps of 100°C (as €& Figure 5) at a water pressure of
1400 Pa, whereas for adsorption experiments, tmepleais first heated to 600°C (to

dehydrate the surface), then cooled down to 10G/6tdéps of 100°C under a water pressure
of 1400 Pa, and finally heated at 600°C under aemptessure of 1 Pa to obtain the

dehydrated reference state.
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Figure 6: Thermogram for the adsorption experiment at 1490fRvater .

As can be seen on the adsorption thermogram (Figréhe time necessary to stabilize the
OH concentration during the constant temperatwepssts far from negligible, particularly at
100°C. From the comparison of the adsorption arsdgidion kinetics in the same conditions
(1400 Pa of water and 300°C, Figure 7), it can becluded that more than an hour is
necessary to stabilize the signal, both in the mud®m and in the desorption mode.
Moreover, the two signals do not converge to thenesavalue: the OH coverage is
substantially higher on the surfaces obtained ®pgion, showing that the thermodynamic

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

scale is corrected so that the temperature plase@ached at t=50 min)

A possible explanation would be an evolution of #lemina surface during the thermal
treatment. Indeed, for the adsorption experiména, sample is first heated at 600°C,which is
not the case for the desorption experiments. Telckfethe thermal history could have any
influence on the sample surface, successive adsofgesorption experiments have been
carried-out by cycling the temperature from 30°C6@D°C (desorption) and back to 30°C
(adsorption), always keeping the water partial gues of water at 1400 Pa. The results can be
seen in Supporting Information S5. The data froerrtial cycles fit perfectly with data from
single desorption and adsorption experiments. Magothe specific surface area of the
sample after 5 cycles is 2671 m? ¢, that is to say very close to the initial valu@§212 m?2
g!). The alumina surface can therefore be considasashaltered by the hydrothermal cycles.
The good reproducibility of these experiments gismts out the excellent precision of the
experimental measurements. Thus, the differencevdaet adsorption and desorption

behaviors cannot be assigned to a surface recaotistruAt this stage, the offset between
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adsorption and desorption results might be expthibg the higher activation needed for

desorption as compared to adsorption.

From these preliminary experiments, it can be aaled that a large set of interaction
strength between water and the alumina surfacessilple: both easy-to-desorb hydroxyls,
that can be removed at relatively low temperatare hydroxyls strongly bonded to the
surface, whose kinetic of desorption is negligiblelow temperature, are present at the
surface. In other words, the surface of the sangleighly heterogeneous, constituted of
adsorption sites of different types and strength ggreement with previous IR and DFT
studies, see Introduction). As seen in the experiateand methods section, this kind of
surface can be represented by an Energy Distriblimction (EDF), that relates the relative

frequencies of surface sites associated to a gidsarption energy.

3.2. Evaluation of the EDF.

To evaluate the EDF from TPD experiments, the mtooe described in the experimental
section was applied. First, the evolution of @he pre-exponential factor of the desorption
kinetic parameter) with the adsorption enthalpy wasmated, by fitting experimental and
simulated interrupted TPD at different temperatuassdescribed on Figure 4. The evolution
of Ag with A,gH is presented on Figure 8-a. A linear relationdigfween the logarithm of the
pre-exponential factor and the adsorption enthakpyobserved. That is typical of the

“compensation effect”, observed for many rate-lediprocesse®:?%%°

Using this linear function, the desorption kinetatseach plateau of the interrupted TPD were
simulated and are compared with experimental resuitFigure 8-b. The experimental points
are very well simulated by the model for all tengteres, showing the good precision of the

estimated parameters.
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desorption experiments (points) at 1 Pa of watesiwsulations (lines) using correlation of
Figure 8-a (the time scale is corrected so thahaltemperature plateaus start at t=0).

As A4 can now be calculated for any value &QfH, it is thus possible to use eqg. 19 to

determine the EDF of the sample. The curve is ptegan black on Figure 9.
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Figure 9: Energy Distribution Function (EDF) of the sampdbtained from experimental and
DFT data, with models inspired from Digne et° for the (110) surface. In the latter case,
the individual contributions from the three maigstallographic surfaces is shown.
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As expected, the EDF has the same shape as thpu@skinetic shown on Figure 4. The
maximum of the curve (i.e. the more frequent adsamgenthalpy) is around -100 kJ/mol. The
adsorption enthalpies vary from -70 kJ/mol to -X3d0mol in very good agreement with the
calorimetric data reported in literatété* One has to keep in mind that, as evaluated by
chimiometry in section 2.4., residual hydroxyls 7(10H/nnf) with higher adsorption
enthalpies are still present on the surface ag¢titeof the experiment.

It is also insightful to compare the enthalpy valugrovided by the EDF with DFT
calculations (Supporting Information S4). The siatetl adsorption enthalpies vary from -54
to -236 kJ/mol, which coincides with the intervdlvalues given by the EDF (-70 to -270
kJ/mol). To go further in the comparison, simulaiF was obtained from DFT calculations
by considering a Gaussian broadenieg= 17 kJ/mol)starting from the discrete values
reported in Supporting Information S4, taking imocount a 20%:70%:10% proportion for
the (100):(110):(111) facets.

We found a much better agreement of the EDF dedéroed experiments with the DFT
calculations starting from the model of Digne ef”df rather than from the models of
Wischert et af® for the (110) surface. The latter consider a |lomadfface reconstruction
leading to more stable structures. It is possihb this reconstruction needs to overcome
some kinetic limitations that are not overcomehe present experimental approach. As a
consequence, we will mainly report in the manusaligductions made from the model of
Digne et al™*®whereas the one obtained with models similar tedhért et at® are reported

in Supporting Information S6. The main maximum loé €DF is shifted by 14 kJ.mblas
compared to the EDF deduced from thermogravimestidies, which is typical of the
uncertainty of the DFT calculations, so the agre@ma this enthalpy region is very

satisfactory. This main peak close #,gH = 100 kJ.mof is due to both the (100) and (110)
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surfaces (see the decomposition of the EDF obtdirmed DFT data in Figure 9). Also, the
same shoulder is obtained from experimental and @4, close to 150 kJ.mbllt is mainly
due to the (110) surface and also to part of tid)Ysurface. However, the shape of the DFT
EDF curve is too much structured between 170 afidkd5not'. From DFT calculations, this
zone is mainly assigned to the (110) surface aradnmnor extent to the (111) surface. This is
in line with previous observations from Jouberakt’ when they compared their simulated
TPD profiles for the (110) surface with experimerii®te that considering the model from
Wischert et al. (Supporting information S6) doe$ bong significant improvement of the

comparison in this zone, while decreasing the ages¢ in the 50-170 kJ.mibkzone.

3.3. Simulation of the adsor ption isothermsusing the EDF.

Validation of the EDF estimation procedure has besmmied out by comparing experimental
and simulated adsorption equilibrium data. To sateiadsorption isotherms, eq. 6 has been
numerically integrated using the trapezoidal riilee entropy change due to water adsorption
AagsS is assumed to be independent of coverage. Acaptdi DFT calculationsiagsS varies
between -143 and -186 J/mol/K (Supporting InforovatiS4). Simulations were therefore
conducted using these two extreme values to anghgeensitivity of this parameter. The

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

As one can see, a very good agreement betweenatedudnd experimental data is achieved
for AaaS=-186 J.mot.K™. This value is very close to the gas phase stdnuatar entropy of
water at 25°C (188.7 J.mbK™), confirming that the translational and rotationabtion of

the hydroxyl groups on the surface is strongly bned.

The good agreement between simulations and expetsns@own on Figure 10 validates the
EDF estimation procedure and consequently the gssums on which it relies: the
desorption (activation) step is a kinetically liedtprocess. At a given activation temperature,
some of the strongly bonded hydroxyl groups remainthe surface even though, from
thermodynamic equilibrium considerations, they stia@lesorbed. The practical consequence
is that the surface state of a thermally activatgehlumina depends not only on temperature
but also on the gas phase water partial pressuceefde for very low partial pressures for
which the readsorption kinetic can be consideredeaggigible) and, just as important, on the

whole dynamic of the hydrothermal treatment (dorattemperature program). The EDF is in
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fact a very efficient tool to predict the surfaceverage depending on the hydrothermal
history of the sample, as can be seen on Figurevfiére the simulated surface coverage for

different thermal treatments under 1 Pa of watelesicted.

The initial EDF corresponds to the maximum OH cager after saturation of the sample at
ambient condition and a first desorption step &tC3@nd 10h. The reference state is the
minimum coverage of the sample, at 600°C and 1 fPaater. From the initial EDF, a
temperature rise from 100°C to 300°C at 5 °C:hjields a new distribution function : for -
AaaH<120 kJ.mol, all the sites are empty ; for 120gqH <150 kJ.mof, the sites are
partially filled ; for 150 kJ.mot <-A.qH , all the sites are still saturated. Keepingshmple

at 300°C for one hour results in further desorptidrthe hydroxyls. Comparing this final
curve (obtained by simulating desorption experimentith the equilibrium coverage
(obtained from equilibrium calculations) at 300°@ws that after 1 h at 300°C the surface

has not yet reached the thermodynamic equilibrium.
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Figure 11: Evolution of surface coverage at 1 Pa for diffefgydrothermal treatments
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3.4. Simulation of the adsor ption isothermsusing DFT calculations.

A comparison between the amount of OH groups detlfmeeach temperature and water
partial pressure from DFT calculations and the arpental data at equilibrium is presented
in Figure 12. Regarding DFT results, they relatehte (110) surface model deduced from

Digne et al. The trends obtained with the modelMi$chert et al. are reported in supporting

information S7.
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Figure 12: Comparison between experimental adsorption isoth@nd DFT calculations
(Digne et al. model).

The agreement between experiments and DFT is extelbr temperatures higher than
200°C. At 200°C, it is also excellent for water ggares up to 20 Pa. This can be seen as a
consequence of the good agreement between DFT addled EDF curves. For higher water
pressures at 200°C and for 100°C, the DFT modetestienates the amount of adsorbed
water, which can be tentatively assigned to a lkinktitation for reaching the highest

coverage, with steric hindrance for water adsorptan already strongly hydroxylated
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surfaces. Such a kinetic limitation is also susbépto be the highest at low temperatures as
observed here. Another explanation could be th# ehithe DFT and modeled EDF, with
slightly too strong interaction as given by DFT. last explanation could be found in
adsorption entropy values, often calculated by @Ehigher than -186 Jmol*, leading to
higher adsorbed amounts. The agreement betweeBRheadsorption isotherms obtained
with the models inspired from Wischert et al. angerimental results is poor at most
temperatures and water partial pressures (supgartiarmation S7) except at 100°C where it

is better than with the models inspired from Dignheal.

To conclude, thanks to the model of Digne et a@icusate predictions of the temperature and
pressure dependence of the hydroxyl coverage caedmied, provided this coverage does
not exceed 8 OH.nfon the whole alumina particles (in practice, femperatures higher
than 200°C). This is the case for most practical afsthe solid, in particular when employed
as catalyst support for reforming or hydrotreatingpose$ Entropic and kinetic reasons
might be at the origin for discrepancies at higheverage. Thus, a direct link can be
established between the nanoscale hydration/defiydrgphenomena investigated in

references 15-16 and the present macroscopic @isBTs.

CONCLUSIONS AND PERSPECTIVES

In this work, a detailed set of experimental daiafater adsorption ogalumina has
been acquired using a thermogravimetric equipm@ytcomparing desorption experiments
with equilibrium data, it was demonstrated thatitied activation classically applied before
catalytic tests is a kinetically limited process. ithat the surface hydroxyl coverage is

dependent not only on the final temperature bud atsthe entire hydrothermal history of the
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sample. DFT calculations were performed to givatmmic scale insight in the energetic data

obtained.

An Energy Distribution Function (EDF) has beenrasted from classical and interrupted
TPD experiments with temperatures going up to 60G0A€lding the hydroxyl adsorption
enthalpy distribution for the givepalumina sample. The enthalpies range from -270.00
kJ.mol*, in good agreement with DFT calculations. A fiempt to simulate the EDF, i.e. a
continuous function, with a DFT model, which yielolg nature discrete energy values, has
been proposed, by attributing to each adsorptichagpy a common Gaussian behavior.
Starting from alumina surface models proposed m plast, a good agreement is found
between experimental and DFT EDF for 50 A4 < 170 kJ/mol, provided no surface
reconstruction is considered by DFT for the (11@get, which indicates that such
reconstructions probably require barriers to ber@wae, which is not the case in the present
experimental conditions. In the high enthalpy ra@ggsH >170 kJ/mol), the simulated EDF
still display several optima, whereas the expertaleBDF curve is smooth. Further work
should therefore be conducted to better undergtemtink between the discrete DFT data and
the continuous EDF function. Nonetheless, the tghitir the atomic-scale model to simulate
the macroscopic adsorption properties allows tk the chemical nature of the sites to the

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

The capacity of the EDF to predict totally indepemidadsorption equilibrium data was
tested with success, showing both the validityhef éstimation methodology and the capacity
of the EDF to simulate the surface water coveragedry different hydrothermal treatments.
The comparison with DFT calculated hydroxyl congeistvery good for temperatures above
200°C, although DFT overestimates the OH coverdmve 8 OH.nrf (for temperatures

lower than 200°C).
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Evaluating the EDF of alumina nanoparticles obtaihg different synthesis methods
should be very useful to better understand theaiogiship between the surface properties, the

particles morphology and the nature of the siteaheftomic scale.
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