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Abstract

Zinc oxide based materials are commonly used for the final desulfurization of synthesis gas in
Fischer—Tropsch based XTL processes. Although the ZnO sulfidation reaction has been widely studied,
little is known about the transformation at the crystal scale, its detailed mechanism and kinetics. A
model ZnO material with well-determined characteristics (particle size and shape) has been
synthesized to perform this study. Characterizations of sulfided samples (using XRD, TEM and
electron diffraction) have shown the formation of oriented polycrystalline ZnS nanoparticles
with a predominant hexagonal form (wurtzite phase). TEM observations also have evidenced an
outward development of the ZnS phase, showing zinc and oxygen diffusion from the ZnO-ZnS
internal interface to the surface of the ZnS particle. The kinetics of ZnO sulfidation by H,S has been
investigated using isothermal and isobaric thermogravimetry. Kinetic tests have been performed that
show that nucleation of ZnS is instantaneous compared to the growth process. A reaction mechanism
composed of eight elementary steps has been proposed to account for these results, and various
possible rate laws have been determined upon approximation of the rate-determining step.
Thermogravimetry experiments performed in a wide range of H,S and H,0 partial pressures have
shown that the ZnO sulfidation reaction rate has a nonlinear variation with H,S partial pressure at the
same time no significant influence of water vapor on reaction kinetics has been observed. From
these observations, a mixed kinetics of external interface reaction with water desorption and
oxygen diffusion has been determined to control the reaction kinetics and the proposed
mechanism has been validated. However, the formation of voids at the ZnO-ZnS internal
interface, characterized by TEM and electron tomography, strongly slows down the reaction rate.
Therefore, the impact of the decreasing ZnO—ZnS internal interface on reaction kinetics has been
taken into account in the reaction rate expression. In this way the void formation at the
interface has been modeled considering a random nucleation followed by an isotropic growth of
cavities. Very good agreement has been observed between both experimental and calculated rates
after taking into account the decrease in the ZnO-ZnS internal interface.



1. Introduction

Among the second generation biofuels processes, the BTL process (for “Biomass To Liquid”) aims
at turning agricultural wastes into fuel. More generally, Fischer—Tropsch based XTL processes (X =
Biomass, Coal, or Gas) comprise a first step of feed gasification into a synthesis gas or syngas
composed of a CO—H, mixture. ! After multiple gas conditioning steps aimed at reaching the required
specifications,”® the syngas undergoes the Fischer-Tropsch reaction in order to produce
synthetic liquid fuel.*> However, this reaction is catalyzed and the syngas must not contain any
impurities, such as sulfur species, in order to avoid catalyst poisoning.®’ Deep desulfurization of
synthesis gas is generally achieved with solids made up of metal oxides, such as zinc oxide, which can
react with H,S according to the reaction:

ZnO (s) + H,S (g) > ZnS (s) + H,0 (g)

Although the ZnO sulfidation reaction has been widely studied at a macroscopic scale and in the
scope of industrial applications, little is known about the mechanism and reaction kinetics involved in
the solid state transformation of zinc oxide crystals into zinc sulfide in the presence of H,S, as also
highlighted in a recent review of Samokhvalov and Tatarchuk.®? The previously published kinetic
studies have been achieved thanks to thermogravimetry experiments, but industrial shaped solids
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have been often used for this purpose.” * Models based on the shrinking core model (grain model,

pore model),” including porosity aspects, have been frequently used to represent gas—solid

%15 1n these studies, the authors have

reactions and in particular the ZnO sulfidation reaction.
followed the evolution of solid porosity and sintering during the sulfidation reaction. The results
emerging from the models have been then compared to experimental data and good agreement has
been observed. However, the models used to represent the reaction have supposed an inward
growth of the zinc sulfide phase (namely a ““shrinking core’”) assuming the diffusion of sulfur
species in crystalline ZnO particles. This was indeed arbitrary as the whole reaction mechanism has
not been described accurately, and no clear evidence of a mechanism involving sulfur diffusion has
been proven. Indeed, very few studies have discussed the reaction mechanism, and no study has
described the elementary steps involved in the reaction mechanism at a crystal scale. A small
number of reports on real-time in situ experimental determination of the transformation at a crystal
scale of the ZnO sulfidation reaction can be found.? Only one study has referred to the mechanism of
the reaction of H,S with the surface of ZnO by diffuse reflectance FTIR.™ The conversion of H,S into
ZnS by successive proton transfers to chemisorbed hydroxyls on the Zn- and O-polar faces has
been proposed, but no proposition for the bulk transformation mechanism was reported.
Moreover, no rate-determining step for the ZnO sulfidation reaction has been clearly identified. For
that purpose, some studies related to the influence on the kinetic rate of the partial pressures of
the gases involved in the ZnO sulfidation are reported. Many studies have found that the
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reaction rate increases with H,S concentration at constant temperature. Besides, the reaction

was found to be of first order with respect to H,S concentration under isothermal conditions.***°
However, no clear dependence of the reaction rate towards H,O partial pressure has been
demonstrated. Indeed, according to one study, the presence of water vapor appears to interfere
with the reaction between ZnO and H,S and decreases the reaction kinetics.”* Some other studies
have found that the presence of water increases the reaction rate at the beginning of the reaction
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between ZnO and H,S and that ZnO conversion is promoted by water vapor. Another study has



shown no effect of water on the initial rate of the sulfidation reaction.”® From these observations, it
appears that water and H,S influence on ZnO sulfidation kinetics has to be investigated and clarified.

In a previous work, various model ZnO materials with well-determined characteristics have been
synthesized and characterized after sulfidation.”® Characterizations of the reaction products using
electronic microscopies have indicated that a polycrystalline ZnS layer is formed around the
monocrystalline ZnO particles and cavities in the bulk of ZnO have been noticed at partial
conversion. At total conversion, a void has been observed in the core of the sulfided particles,
which has indicated that ZnS is more likely to be formed through an outward growth
mechanism. This observation consequently implies for the sulfidation mechanism, a zinc and
oxygen diffusion through the ZnS layer from the internal interface ZnO-ZnS to the surface of
the ZnS particle and no sulfur diffusion. Therefore, regarding the ZnO sulfidation reaction, the
relevance of the widely used shrinking core based models has to be reconsidered.

In this article, we provide additional evidences for outward growth mechanisms for the ZnO
sulfidation reaction, based on transmission electron microscopy and electron tomography
characterizations. This work also brings rational experimental kinetic data, performed through
thermogravimetry experiments, in order to determine a reaction mechanism of the solid
transformation, and to establish a kinetic rate model.

2. Experimental
2.1. ZnO synthesis

A ZnO material was synthesized by thermal decomposition of zinc acetate at 500°C
(Zn(CH3C00),,2H,0 from Prolabo, purity >99.9%). Mono-crystalline ZnO rods with hexagonal
sections were obtained, that exhibited a length of 500—1000 nm, a diameter of approximately 50 nm
(¢f. SEM micrographs shown in Fig. 3a.), and a specific surface area of 6 m”> g™.

2.2. Thermogravimetry

The sulfidation of ZnO was followed by thermogravimetry, in the temperature range from 200 to
400°C and at atmospheric pressure, using a commercial magnetic suspension balance
(Rubotherm) with a flowing mixture (from 0.5 to 3.5 NL h™") of hydrogen sulfide (from 1.6 to 100 kPa
H.S partial pressure) diluted in helium or nitrogen. The balance was equipped with a three lines gas
dosing system. One line was outfitted with a saturator in order to introduce water vapor into the
gaseous phase. The sample weight (10 mg) was sufficiently low to prevent any effect of gases
pressure gradients in the powder layer. To perform measurements, the sample was heated to the
desired temperature under a helium or nitrogen flow, then once the target temperature was
reached, the gas mixture of hydrogen sulfide and helium or nitrogen was introduced into the balance
under isobaric and isothermal conditions.



2.3. Material characterizations

X-ray powder diffraction patterns (XRD) were recorded using a PANalytical X'Pert PRO
diffractometer operating with CuKa radiation (A = 1.54182 A). XRD patterns were measured over
the 20 interval 20-80°.

Scanning electron microscopy (SEM) observations were performed using a JEOL JSM-6340F (Field
Emission Scanning Electron Microscope) apparatus operating at 1 kV. Transmission electron
microscopy (TEM) observations and electron tomography were performed using a JEOL 2100F-FEG
(Field Emission Gun) apparatus operating at 200 kV.

For electron tomography, the samples were suspended in ethanol and sonicated. A droplet of the
suspension was deposited on a copper TEM grid coated by a holey carbon film. A droplet of a
suspension of 5 nm gold nanoparticles was then applied on the grid. Images were taken in bright
field mode by rotating the sample in the electron beam over an angular range of £70° using a 1.5° tilt
increment, in the Saxton scheme, which corresponds to 130 pictures. Alignment of the TEM tilt series
was performed thanks to gold fiducial markers, 3D reconstruction was realized by filtered back
projection.

Material specific surface areas were determined from nitrogen adsorption isotherms. N, adsorption—
desorption isotherms were measured at 77 K using a Micromeritics ASAP 2420 apparatus. Specific
surface areas were calculated using the BET (Brunauer—Emmet—Teller) relation.

3. Results and discussion
3.1. Heterogeneous kinetics approach

The following heterogeneous kinetics bases developed to study gas—solid reactions have been
carried out. For gas—solid reactions, it is well admitted that two processes are involved in the
development of the solid product: nucleation and growth.”’” Growth process can occur either with
an outward or an inward development, and is composed of a succession of elementary steps. Each
step occurs in a zone (external interface, diffusion layer or internal interface), and in the most simple
case, one step kinetically controls the reaction rate (rate-determining step).

The assumption of a growth rate-determining step can be verified using the method of the sudden
changes in temperature or pressure, as further explained in Section 3.4.® The measurements using
the method of sudden changes rely on the use of eqn (1) for the rate of reaction:
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with P; the partial pressure of each gaseous compound i involved in the reaction. @(T,P;), called the
areic reactivity of growth, expressed in mol m? s, represents a kinetic constant, which depends on
the operating conditions. Su(t), expressed in m> mol™, is related to the extent of the geometrical
zone (surface, diffusion layer, internal interface), where the rate-determining step of growth occurs.
These functions are more general than k and f(a) in the classical da/dt = k f(a) equation since
@ is not constrained to vary with the temperature according to the Arrhenius law, and S;, is not



necessarily an analytical function of the fractional conversion and depends on the kinetic model
(geometry of the initial particle, growth direction, location of the rate-determining step).

3.2. Kinetic measurements

The kinetic curves have been obtained through thermogravimetric experiments with a thin amount
of powder in a crucible in order to ascertain isobaric and isothermal conditions in the reaction bed.
Indeed, powders are adapted for kinetic studies since they allow us to have results independent of
the shaping of solids, and to free oneself from the intragranular porosity that may affect reaction

kinetics.

Kinetic curves obtained for the sulfidation of the ZnO sample are reported in Fig. 1. Fig. 1la
shows the fractional conversion a as a function of time, deduced from thermogravimetry
experiments performed at 310°C, 5 kPa H,S partial pressure and 2.5 kPa H,O partial pressure. The
fractional conversion is defined as a = Am(t)/Am(total), where Am(t) represents the experimental
gain of mass during sulfidation reaction, and Am(total) represents the theoretical mass increase
expected for total conversion. The reaction rate da/dt as a function of the fractional conversion

a deduced from a(t) is reported in Fig 1b.
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Figure 1 : (a) variation of the fractionnal conversion versus time of ZnO sulfidation at 310°C, P(H,S)=5kPa and
P(H,0)=2,5kPa. (b) variation of the reaction rate da/dt as a function of fractionnal conversion a.

The shape of the curves reveals a kinetic blocking (da/dt - 0), which may restrain the reaction for a
values above ~0.7. Indeed the final conversion never reached 100% even if the duration of the

experiment was significantly increased.



The initial increase in da/dt (from O up to a fractional conversion value around 0.1 (at t~10 min)) is
due to the increasing H,S partial pressure during the filling of the measuring cell. Thereby, at the
very beginning of the reaction, the reaction is limited to the provision of H,S, which gives to the rate
curve this particular bell-shape. The experimental curve was consequently corrected in order to be
able to compare experimental rates to those calculated for isobaric conditions. To perform that
correction, the H,S concentration profile versus time was expressed according to eqn (2):

LGS R R
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where V stands for the measuring cell volume (0.39 x 10 m?), Q the gas flow rate (m* h™), t the time
(h), P(H,S)q is the H,S partial pressure of the feed gas, P(H,S) is the H,S partial pressure in contact
with the sample at instant t. As the reaction rate seems to vary according to the law v = kP(H,S)>** (as
further discussed in Section 3.6, cf. Fig. 13 and 14), the correction of the reaction rates can be
performed using eqn (3):

As shown in Fig. 2, the corrected experimental rate curve does not exhibit any more a bell-shape
feature and can be compared to a calculated curve obtained from the kinetic modeling. All da/dt
curves presented in the following of this article are corrected.

The constantly decreasing reaction rate da/dt, reported in Fig. 2, suggests that at least a diffusion
step should be controlling the kinetic rate. Indeed, since the growth of ZnS proceeds outwards the
initial ZnO particle (as further discussed in Section 3.3), the rate of the reaction should increase if the
rate-determining step of growth was located on the outer surface, or remain constant if the rate-
determining step of growth was located at the internal interface.
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Figure 2 : Correction of the expérimental reaction rate of ZnO sulfidation at 310°C, P(H,S)=5kPa and
P(H,0)=2,5kPa.



3.3. Materials characterizations

As shown in SEM micrographs reported in Fig. 3, ZnO material used in this study is made of
monocrystalline ZnO rods exhibiting hexagonal sections. After sulfidation, at almost total conversion
(a = 0.9), voids are observed inside the resulting ZnS particles, that have replaced the initial ZnO
phase. The formation of voids at the ZnO-ZnS internal interface has also been evidenced by TEM
observations for partially sulfided ZnO particles (Fig. 4). As reported more thoroughly in a previous
paper,” these observations evidence a ZnS growth with an outward development during ZnO
sulfidation, which may result from zinc and oxygen diffusion through the ZnS layer from the ZnO-Zn$S
internal interface to the ZnS surface.

Figure 3: SEM micrographs of ZnO particles: (a) before sulfidation and (b) after sulfidation at 295°C and
P(H,S)=10 kPa (a1=0.9)
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Figure 4: TEM micrographs of partially sulfided ZnO particles (a=0.3) at 230°C, P(H,S)=5 kPa and P(H,0)=2.5
kPa



Additional characterizations have been performed in order to get more information on the cavities
formation during the ZnO sulfidation process. As conventional TEM analysis only provides a 2D-
projection image of the sample, electron tomography”*>' has been employed to study voids
formation. Fig. 5 shows the TEM micrograph at 0° tilt angle of a partially sulfided ZnO particle. Fig. 6
shows some successive slices through the 3D volume obtained by electron tomography.

Figure 5 : TEM micrograph at 0°tilt angle of a partially sulfided ZnO particle (a=0.3) at 230°C, P(H,S)=5 kPa
and P(H,0)=2.5 kPa. Gold nanoparticles (black dots) are used as fiducial markers for tilt series alignment.

The formation of a ZnS layer around the ZnO particle surface is clearly evidenced by electron
tomography. Cavities are only observed on the ZnO surface (Fig. 6a for the upper ZnO surface, and
Fig. 6f for the lower ZnO surface). Indeed, sections in the bulk of the ZnO particle do not show
cavities (Fig. 6¢ and d6). Consequently, it seems that the voids formation only occurs at the ZnO-ZnS
interface.

Figure 6 : Electron tomography study of a partially sulfided ZnO particle (a=0.3) at 230°C, P(H,S)=5 kPa and
P(H,0)=2.5 kPa (from a to f). Numerical slices (0.55 nm thickness) of the 3D reconstruction in a perpendicular
plane to the electron beam from the upper rod surface to the lower rod surface.



As an outward growth process of the ZnS phase is consistent with zinc and oxygen atoms diffusion
through the ZnS layer toward the ZnS surface,” the nature of the point defects that may allow solid
diffusion in the ZnS phase has been investigated. First investigations have been related to the study
of the crystalline structure of the ZnS phase. Wurtzite is regarded in the literature as the sulfur
deficient hexagonal ZnS phase, and sphalerite as the zinc deficient cubic ZnS phase.** XRD analysis
performed on sulfided ZnO shows the formation of the mainly hexagonal ZnS phase (wurtzite). The
comparison has been made to the literature values (JCPDS Pattern No. 04-008-7254) (cf. Fig. 8).
However, the presence or absence of the cubic ZnS phase (sphalerite) cannot be clearly evidenced by
XRD, as main sphalerite and wurtzite diffraction peaks at 20 ~ 28.6° might be overlaid. One may
notice that relative intensities are not consistent with theoretical wurtzite XRD patterns calculated
using Diamond software (3.1d version) for infinite crystal size (cf. Table 1). ZnS crystallites sizes have
also been measured by XRD (Table 1), which shows that nanometric monocrystalline ZnS particles
(~¥10 nm) were formed during sulfidation of ZnO samples at 310°C. Some ZnS particles were also
measured by TEM and show nanometric sizes of 6, 7, 9 or 10 nm (cf. Fig. 7).

Figure 7: TEM micrograph of a partially sulfided ZnO particle (a=0.3) at 230°C, P(H,S)=5 kPa and P(H,0)=2.5
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Figure 8 : XRD patterns obtained for (a) ZnO sample before sulfidation, (b) ZnO sample after sulfidation at
310°C, P(H,S)=5 kPa and P(H,0)=2.5 kPa (a=0.9).



Moreover, it is known that ZnS can form particles with a random stacking. It was shown that in this
case the 102 peak of wurtzite (20 = 39.6°) is absent and the 103 peak of wurtzite (26 = 59°) is very
broad.*®* However in the present experiments, the 102 peak of wurtzite (26 = 39.6°) is absent but
the 103 peak of wurtzite (26 = 59°) is barely observed in Fig. 8 and is not broad. Therefore, a random
stacking of the ZnS particles cannot be confirmed.

The structural study of the sulfided ZnO rods up to a fractional conversion a value of 0.9 has
also been carried out by TEM and electron diffraction (in Selected-Area Electron Diffraction mode
(SAED)) XRD study shows that the sulfided rod is composed of about 10 nm ZnS nanoparticles.
However, the SAED pattern of a sulfided rod (Fig. 9) is formed of spots rather than rings, as expected
for a polycrystalline material. It indicates that there exists an epitaxial relationship between the ZnS
nanoparticles. Moreover, the most intense spots on the pattern (nonoriented) correspond to
interplanar spacings, d values, characteristic to wurtzite: (100) at 3.31 A and (110) at 1.91 A. The ZnS
particles orientation may consequently explain the deviation between the theoretical intensities of
the wurtzite diffraction peaks on XRD patterns. Thus, very likely, ZnS sphalerite may not be present in
the sulfided samples.

Figure 9 : (a) TEM micrograph of almost totally sulfided ZnO (0=0.9) at 295°C, P(H,S)=5 kPa. (b) Selected-area
electron diffraction pattern of the whole particle.



Some studies referring to sphalerite—wurtzite phase transformation and to point defects present in
both ZnS crystalline phases can be found in the literature. Sphalerite and wurtzite are usually
regarded as the low-temperature cubic and high-temperature hexagonal polymorphs,
respectively.®> However, more recently, it was shown that sphalerite—wurtzite inversion is not an
invariant reaction at 1020°C at atmospheric pressure but depends on both sulfur pressure and
temperature.® Indeed, when the H,S pressure is high and the temperature is low, the sphalerite
phase is formed preferentially. Luminescence studies have demonstrated that sulfur vacancies
are produced in ZnS when it is heated in the vacuum or zinc vapor, and zinc vacancies when heated
in sulfur vapor.®” Some authors have examined phase changes in thin films consisting of a sphalerite
and wurtzite mixture which were annealed in zinc and then in sulfur vapor between 850-1000°C.
After heating in zinc vapor, the proportion of wurtzite was greatly increased. Annealing in sulfur
vapor produced the reverse effect, the hexagonal phase changed to sphalerite.*®*° Such
observations suggest that sphalerite—wurtzite equilibrium conditions can be illustrated as shown in
Fig. 10a.
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Figure 10 : Schematic representations of ZnS sphalerite—wurtzite phase transition, (a) 338 as a function of

temperature and P(H,S), (b) % as a function of temperature and ZnS crystal size.

Considering the sulfidation experiments carried out for the present article, the ZnS sphalerite phase
should be expected because of the low temperature (300°C) and the high H,S partial pressure (>5
kPa). Moreover, the defects present in the ZnS phase resulting from the sulfidation reaction are
more likely to be zinc vacancies, as sulfur vacancies are definitely not produced under sulfur vapor,
and cationic point defects allow an external growth of the ZnS phase. Nevertheless, characterizations
from both XRD and electron diffraction evidence wurtzite as the major phase after ZnO sulfidation.
Several reasons may be argued to explain such a result:



-the nanometric size of ZnS particles: as it has been shown by several authors, the sphalerite to
wurtzite transition temperature can be strongly reduced for low ZnS particles size (hanometric)
as illustrated in Fig. 10b;*0*

-the formation of a possible solid solution Zn(S,0) due to substitution of sulfur sites by small amounts
of oxygen. Because ZnO has the same structure as the wurtzite (hexagonal), the presence of oxygen
in solid solution may play a role in promoting the formation of the hexagonal phase of ZnS.*

Therefore, the formation of the wurtzite hexagonal ZnS phase exhibiting zinc vacancies, allowing
an external growth of ZnS, will be considered in the following. In order to study the reaction
mechanism and to determine the rate-determining step, some kinetic assumptions have to be
validated. These validations were carried out thanks to thermogravimetry experiments.

3.4. Rate-determining step assumption

In order to verify that the reaction kinetics is governed by a rate-determining step which remains the
same over a large range of O values (0.2-0.8), we have used the method of jumps.* The existence
of a rate-determining step can be shown by testing the validity of eqn (1), which states that the
reaction rate is the product of two separable functions @T,P), depending on the operating
conditions, and S, (t), depending on time. Thermogravimetric experiments were carried out to
check this assumption, making successive jumps in temperature (or pressure) at different values of
fractional conversion d. In Fig. 11, reaction rates da/dt ratio values as measured just after and before
a sudden change in temperature are plotted as a function of a. During a jump, the value taken by the
Sm function should remain practically constant, whereas the value of the areic reactivity of growth, @,
should depend on the temperature. The ratio between the rate measured after the temperature
change (v,) and the rate measured before the change (vp) should be equal to the ratio of
Q(T1)/Q(To) according to eqn (4):
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where T, and T, are, respectively, the temperature after and before a sudden change. Each
experimental point represented in Fig. 11 corresponds to a temperature jump of 10°C from 285°C to
295°C performed during an experiment started each time with a fresh ZnO sample. The rates after
and before a jump were calculated by differentiating the curves representing the fractional
conversion function of time on both sides of the jump.

The results reported in Fig. 11 show that the rate ratios remain approximately constant in the o
range 0.2—-0.8, so that it can be concluded that under these conditions eqn (1) and therefore the
assumption of a rate-determining step are valid.
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Figure 11 : Ratios of the rates after and before the jumps from 285 to 295°C as a function of a, P(H,S)=5 kPa.

3.5. Instantaneous nucleation assumption

As previously recalled, the reaction between ZnO and H,S involves nucleation and growth processes.
In order to check whether during the reaction one of both processes can be considered as
instantaneous compared to the other (otherwise nucleation and growth kinetics should lead to more
complex models), a second type of experimental test can be performed.

In the limiting cases of instantaneous nucleation or growth the S,, function may be rewritten as a
function of a. The kinetic rate can therefore be written as in eqn (5):

=R, @) o

An experimental test, as described by Pijolat et al.,”” consists of performing two successive
experiments under two distinct operating conditions Y; and Y, . At instant t = t;, the operating
conditions of the second experiment are suddenly changed from Y, to Y,. It was shown that if the
rate curves superimpose after instant t,, then the reaction should proceed according to a limiting
case. Here, two experiments were carried out under a fixed H,S partial pressure equal to 5 kPa. The
first experiment was achieved at 295°C. The second experiment was started at 285°C until a
fractional conversion of 0.17 then the temperature was suddenly changed to 295°C, and the
transformation was continued at 295°C until the end of the experiment. As shown in Fig. 12, the rate
curves are superimposed after the temperature jump, which means that one of the growth or
nucleation processes should be instantaneous toward the other processes. Therefore, the sulfidation
reaction is a limiting case and the rate of the reaction can be written as in eqn (5). It also means that
the sulfidation kinetics does not depend on the solid history before reaching the same temperature
and pressure conditions.



Figure 12 : Sudden temperature change from 285 to 295°C at 0=0.17 and comparison to the experiment done
at 295°C, P(H,S)=5 kPa.

Moreover, electron micrograph observations of sulfided ZnO for very low fractional conversion (0 =
0.01) show that all ZnO particles are entirely covered with a thin layer of ZnS (Fig. 13). Indeed, a
textural transformation is observed between ZnO before sulfidation and after sulfidation. Initial
surfaces of ZnO rods are smooth (monocrystalline particles), whereas they become rough after some
minutes of sulfidation at 295°C and 10 kPa (0 = 0.01) due to the formation of a thin layer of
polycrystalline ZnS. Consequently, it can be concluded that the nucleation process is instantaneous

toward the growth process.

Figure 13 : SEM micrographs of ZnO particles: (a) before sulfidation and (b) after sulfidation at 295°C and
P(H,S)=10 kPa at very low fractional conversion (a=0.01).



3.6. Influence of H2S partial pressure

An analysis of the influence of the H,S and H,0 partial pressures on the reaction kinetics has been
carried out thanks to the kinetic curves da/dt as a function of fractional conversion o obtained with
various pressure conditions. Since eqn (5) has been shown to well describe the kinetic rate, it is
possible to plot the values of da/dt measured at a given value of a (for example o = 0.2, and o = 0.3
in Fig. 14) as a function of P(H,S).
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Figure 14 : Variation of the kinetic rate versus P(H,S) of ZnO sulfidation for the same fractional conversion
(a=0.2 and a=0.3) at 260°C, P(H,S) variable up to 100 kPa, P(H,0)=1.8 kPa.

The experimental values of reaction rate represented in Fig. 14 follow a law, which might vary
according to the equation v = kP(HZS)b, with b < 1, while most studies report a linear variation of

120 This might be explained by the fact that much

reaction rates toward H,S partial pressures P(H,S).
weaker P(H,S) and narrower partial pressure ranges were considered. Indeed, to our knowledge no
data on the influence of H,S partial pressure on ZnO sulfidation reaction for values higher than 4 kPa
have been published. This might have led to an incorrect determination of the order of reaction with

respect to P(H,S).

In order to confirm this result, additional thermogravimetry experiments were performed using the
sudden change or jump method.”® The dependence of the reaction rate, toward H,S partial pressure,
can also be studied by performing H,S partial pressure jumps (for the same fractional conversion) up
to various P(H,S) values. Observing the dependence of rate ratios versus H,S partial pressure,
P(H,S)./P(H,S)y, , allows us to follow the ¢ dependence toward H,S partial pressure, as evidenced by
eqgn (6):

v,(P(H,S),) _ 4(T.P(H,8),)S.(a) _ ¢(P(H,S),)

_qlP( 6
v(P(H,9),)  dT.P(H,9),)8,@)  dPH,S),)

During an experiment with P(H,S), condition, at a given fractional conversion the H,S partial pressure

is suddenly changed to another H,S partial pressure, P(H,S),. For a sulfidation with constant H,S
partial pressure (P(H,S), = (P(H,S).), the reaction ratio is equal to 1. Several jumps were carried out
from the same H,S partial pressure (P(H,S), = 1.4 kPa) to various H,S partial pressures up to 100 kPa
at a constant fractional conversion a = 0.34. By calculating the ratios between the rates measured
just after and before a jump, the variation of f versus P(H,S) can be obtained as shown in Fig. 15.



It can be observed in Fig. 15 that the values of the kinetic rate ratios might follow, as well as
previously in Fig. 11, the equation v = kP(H,S)°, with b < 1 better than a linear variation (higher
regression coefficient). To conclude, the kinetic rate is not linear toward H,S partial pressure but
might vary according to the equation v = kP(HZS)b, with b < 1 on the H,S partial pressure domain
explored (3.3 kPa to 100 kPa).
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Figure 15 : Ratios of the kinetic rates after and before the jumps from a H,S partial pressure of 14.5 kPa to
various H,S partial pressures as a function of P(H,S) at 260°C, P(H,0)=1.8 kPa, 0=0.34.

3.7. Influence of H,0 partial pressure

The variation of the kinetic rate toward H,0 partial pressure has been studied by thermogravimetry.
Three isothermal ZnO sulfidation experiments were performed under the same H,S partial pressure
and various H,0 partial pressures P(H,0): without adding H,0 to the reacting gas (P(H,0) = 0), with
P(H,0) =1.25 kPa, and P(H,0) = 2.5 kPa. As shown in Fig. 16, resulting d(t) obtained are all identical.
Consequently, H,O partial pressure has no influence on the ZnO sulfidation reaction kinetics. Thus,

the @function does not depend on the H,0 partial pressure.
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Figure 16 : Variation of the fractional conversion versus time of ZnO sulfidation at 295°C, P(H,S)=5 kPa and
various P(H,0).



4. ZnS phase growth mechanism
4.1. Proposition of elementary steps involved in the reaction

As previously discussed according to the materials characterizations, a mechanism of ZnS growth
with outward development can be proposed. This implies zinc and oxygen diffusion from the ZnO-
ZnS internal interface to the ZnS surface. The external development is made possible with the
presence of zinc vacancies in the ZnS phase. Moreover, as explained in Section 3.3, the most
probable point defects expected in the ZnS phase in the sulfidation operating conditions are zinc
vacancies. Therefore, zinc ions should diffuse via zinc vacancies. Oxygen atoms may diffuse via
interstitial sites. A mechanism can be proposed that considers the diffusion reactions through ZnO
and ZnS crystals point defects (Kréger—Vink notation). The following eight steps are detailed in Table
2.

4.2. Determination of the rate-determining step

Assuming one of the eight steps (1) to (8) is the rate-determining step, eight possible rate laws
corresponding to each of these eight steps can be calculated. For each possibility, a system of
equations based on equilibrium conditions applied to the nonrate-determining steps, and on the
electro-neutrality conditions has to be solved. Table 3 reports the possible expressions of the areic
reactivity of growth for each of the elementary steps supposed to be rate-determining. These
expressions are simplified considering the experimental conditions chosen for the study are far from
the equilibrium conditions, otherwise the rate of the reverse reaction would have been taken into
account. In the case of a diffusion rate-determining step (steps (4) and (5)), growth laws are
expressed in terms of @8, instead of @ €, being a length equal to 1 m, in order to maintain units
homogeneity (D represents diffusion coefficients).

The notation used are k; (1<i<8) for the kinetic constants, K; (1<i<3 and 5<i<8) for the equilibrium
constants, i corresponding to each of the steps and y for the sites fraction at the ZnS surface.



(1) H,S dissociative adsorption at the ZnS surface

H,S+2s +5' »> 2 H-s+S-s'

(2) External interface reaction with desorption of water at the ZnS surface

2H-5+0' e+ 2h%e > H0+2s

(3) External interface reaction with creation of building units of ZnS at ZnS surface (sulfide ion and
zinc vacancy)

S-s ~» SS ext t s'+ VIIZn ext T 2 hoext

(4) Zinc ion diffusion via zinc vacancies from the ZnO-ZnS internal interface to the surface of the ZnS
layer

" "
\Y Znext \Y Znint

ZnZnint > ZnZnext

(5) Oxygen diffusion through the ZnS layer from the internal interface to the ZnS surface via
interstitial sites

O”i int > O”int ext

(6) Internal interface reactions with creation of an oxygen vacancy in the ZnO phase and jump of an
oxygen ion at an interstitial site of the ZnS phase

Oozno) > V*°0izno) + O iint

(7) Internal interface reaction with creation of a zinc vacancy in the ZnO phase

ZNzn(zno) *+ V''znine > Znznint + V'"zn(zno)

(8) Annihilation reaction between zinc and oxygen vacancies, which leads progressively to the
formation of voids into the bulk of the ZnO phase

V" z0zno) + V°0(zn0) > R

Table 2 : Elementary steps proposed for the ZnO sulfidation mechanism, where s and s’ represent free
adsorption sites on the ZnS surface, the subscripts ext and int, respectively, refer to the external and internal

interface, VZn and VO correspond, respectively, to a zinc and oxygen vacancy, Oi to an oxygen atom

located in an interstitial site, and ZN,, to a zinc atom located in a zinc position in the crystal structure.

It is interesting to compare these rate laws to the experimental results considering the kinetic rate
dependence towards H,S and H,0 partial pressures. The laws @ and ¢ do not depend on the gases
partial pressures. Three laws (@, @ and @) depend on the ratio P(H,S)/P(H,0). The law ¢, has a
linear variation with P(H,S) but also a dependence toward P(H,0). Finally, only the @, and ¢ laws
exhibit a nonlinear variation with P(H,S), but as these steps are located on the external
interface, they would lead to an increasing reaction rate versus a since the surface of the particles
continuously increases up to the end of the transformation (outward development). Consequently,
none of the eight growth laws reported in Table 3 is consistent with a kinetic rate decreasing versus
a, increasing versus P(H,S), and independent toward P(H,0). Therefore, a possible way to account
for the experimental data was to combine two elementary steps assuming that both are
controlling the kinetics. Such treatment, called “mixed kinetics”, is based on the assumption that the
kinetic rates of both steps are equal.
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Table 3 : Calculated possible @growth laws in the approximations of the rate-determining steps for each step
(1) to (8).

Oxygen diffusion (step (5)) and external interface reaction with water desorption (step (2)) have been
considered leading to eqn (7) (v,=vs):

kzea—s |,Oi",ext ]l,hext Jsz = Doi" (I,Oi",intJ_ I.Oi",ext J)Sm5 (7)

The choice of mixed external interface reaction with water desorption and oxygen diffusion
kinetics allows us to free oneself from the water partial pressure dependence. Thus, the rate



law of a mixed kinetics of external interface reaction with water desorption and oxygen diffusion has
been calculated and is given by eqgn (8):

aP
Vs —__ HS (8)
ﬁ§+b
with:
DS,
a=K,K;?D_S, ; b= i
I k2K1K3K7K828m2

and where S,,; and S5 functions, respectively, stand for the S, function related to external interface
reaction with water desorption and oxygen diffusion. These functions depend on the extent of the
geometrical zone where the rate-determining step of growth occurs, which is the external interface
for S,,; and the ZnS layer for S,s. These functions can be calculated from geometrical considerations,
as a function of particle shape.”” For a cylinder the expressions are:

S :%(H zor)y2 (9)

m2
I’0

a4l OVmZnO

r2In(1+ za) 1o

m5

where Vzn0 represents the molar volume of ZnO (m* mol™), z the expansion coefficient (Vizns wurtzite
/Vmzo = 1.66), 1o the initial radius of the particle (m), €, = 1 m. Thus the calculated rate varies with
P(H,S) according to eqn (8), which can be compared to the experimental rate variation. Fig. 17 shows
this comparison for the experimental data obtained at a fractional conversion of 0.3. Same results
were obtained with other fractional conversions.
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Figure 17 : Variation of the reaction rate versus P(H,S) of ZnO sulfidation for the same fractional conversion
(a=0.3) at 260°C, P(H,S) variable up to 100 kPa, P(H,0)=1.8 kPa.



The predicted variation is in good agreement with the experimental results. Therefore, the kinetic
rate of the reaction is more likely to be controlled by a mixed kinetics of external interface reaction
with water desorption and oxygen diffusion, as the rate variation exhibits a nonlinear
dependence with P(H,S), which fits very well the experimental data, and no dependence with
P(H,O) in agreement with experimental observations. It is worth noting that the vapor pressure
has no influence on the reaction rate, while desorption of water molecules is one of the limiting
steps. It can be explained by the fact that, far from the equilibrium, the desorption rate depends on
intermediates which formation does not require water vapor pressure.

A mixed kinetics of zinc diffusion and external interface reaction with water desorption has also
been considered, but the corresponding variation toward H,S partial pressure was not in good
agreement with the experimental data. A kinetic model can now be proposed in order to explain the
variation of the experimental rate versus a.

4.3. Expression of the reaction rate

From eqn (8), (9) and (10), the expression of the reaction rate can be rewritten as in eqn (11):

Vv _ k2K1K3K6K7K8}éPHZSDO;'SmZSmS
25

= (11)
k2K1K3K7K8% Pstsz + Dof‘ Srs

However, according to microscopy observations, there is formation of voids at the internal interface
which leads to a decrease in the contact area between ZnO and ZnS phases, which consequently
slows down the kinetic rate. Therefore it is necessary to account for this phenomena by correcting
the S5 function with a surface fraction F.(a) defined as in Eqn (12):

S

S.(a)

Fola)==g

(12)

where S.(a) represents the contact surface between ZnO and ZnS phases at the internal interface
at a given fractional conversion a, and Sy the initial ZnO particle surface area. The variation of the
surface fraction F(d) can be determined thanks to the modeling of nucleation and growth of

.** Since there is no analytical

voids at the internal interface in analogy with the Mampel mode
expression of Fa) for the considered geometry, this function has been obtained by means of
numerical Monte Carlo calculations performed at different fractional conversions. The extension of
this methodology to other particle geometries will be a subject of future work. The reaction rate can
therefore be written according to eqn (13) by taking into account the decrease in the ZnO-ZnS
interface:

k2K1K3K6K7K8}éPHZSD0TS F (G)Sms

m2° ¢

Vys (13)

k2K1K3K7K8}/2 Pstsz + Dor‘ F (G)Sms

It is worth noticing that single diffusion (step 5) and external interface reaction (step 2) rate
determining steps are both included as limit cases in eqn (11). Moreover the expression of the
reaction rate law can also be calculated by the law of additive reaction times involving oxygen



diffusion and external interface reaction with water desorption.*® This law allows us to find the same
expression as the one proposed. However, the use of this law is allowed only if some conditions are
respected. Indeed, it must be a pseudo-steady state reaction, the two steps considered should
belong to a linear mechanism and the multiplying coefficient of the linear combination, which
allows us to obtain the global reaction, must be the same for both steps. In this case, these
conditions are all fulfilled, that is why both calculations lead to the same rate expression.

It can be noticed that the fS m assumption (egn (1)) should not be valid because of the presence of
Sm functions in the denominator. Nevertheless kinetic tests showing that the ¢5,, assumption was
verified can also be explained by some calculations. The rate law can be expressed as in eqn (14):

— CS’I’IZ Sm5

Vas 75 hds, ()
with:
__Rlko, Rl
T GK KK P KKK K2R,

Indeed, the c and d values functions of temperature, as expressed in the rate law detailed in eqgn
(14), were obtained thanks to sulfidation experiments performed at four distinct temperatures. Fig.
18, which shows the variation of Ln(c) and Ln(d) versus 1/T, indicates an Arrhenius dependence with
the temperature. Thus, c and d values may be evaluated for any temperature and the ratios of the
rates before and after a temperature jump can be calculated using eqn (15):

c(295C)S,,S.
V254(295C) _ s, +d(295C)s,, s
V2,5 g (2850C) C(285°C)Sm28m5

S,, +d(285C)s,

Lnfd}

——
Lnle)

1T (K")

Figure 18 : Representation of Ln(c) and Ln(d) functions of 1/T for ZnO sulfidation reaction at various
temperatures 295-310-325-350°C, P(H,S)=5 kPa, P(H,0)=2.5 kPa, where c and d are the values expressed in
eqn (14).



Fig. 19 shows the calculated values of these ratios for atemperature jump from 285°C to 295°C
at various fractional conversions.
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Figure 19 : Calculated rate ratios after and before the jumps from 285 to 295°C functions of a, P(H,S)=5 kPa,
P(H,0)=2.5 kPa.

The calculated rate ratios do not vary significantly with the fractional conversion. This result might
explain why the test validating the @S, assumption was verified experimentally. Indeed, because
of the measurement error and the weak variation of the calculated rate ratios, the experimental
values remain approximately constant in the explored domain (from 0.2 to 0.8). Finally, the
experimental rate of the sulfidation reaction can be confronted to the expression of the calculated
rate assuming a constant ZnO-ZnS internal interface (eqn (11)) and the calculated rate taking F.(a)
into account (egn (13)). An example of numerical fitting is presented in Fig. 20.
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#. Experimental rate

:-cIII*Il:I

dlex
ot

Figure 20 : Comparison between experimental and calculated reaction rates for ZnO sulfidation at 310°C,
P(H,S)=5 kPa and P(H,0)=2.5 kPa. The calculated rates were determined assuming a constant ZnO-ZnS
internal interface (grey line) and by taking F.(a) into account (black line).

As shown in Fig. 20, calculated and experimental curves appear to be in rather good agreement
but there is a slight deviation from a fractional conversion of 0.2. The gap observed between the
experimental and the calculated curves can be explained by the formation of voids at the ZnO-
ZnS internal interface, as shown by TEM and electron tomography characterizations (Section 3.3).
The formation of these voids may lead to a decrease in the ZnO and ZnS phases contact area, and
consequently this may strongly restraint the kinetic rate. When considering this phenomenon in the



kinetic modeling (eqn (13)), through the function F.(a) (described in eqn (12)), very good agreement
is observed between both experimental and calculated kinetic rates.

The same plot is presented in Fig. 21 under the form of fractional conversion a versus time. The
calculated fractional conversions were obtained by numerical integration of the respective
calculated (considering and not considering ZnO-ZnS interface surface fraction F(a)) and
experimental rates. Since the experimental data do not exceed a fractional conversion of 0.865, the
integration was consequently stopped after reaching this value for both calculated curves. Fig. 21
shows the comparison between experimental and calculated fractional conversions.
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Figure 21 : Comparison between the experimental and calculated fractional conversions (from eqn (11) and
(13)) for ZnO sulfidation at 310°C, P(H,S)=5 kPa and P(H,0)=2.5 kPa.

As expected, the calculated fractional conversion assuming a constant ZnO-ZnS interface is not in
good agreement with the experimental data. On the other hand, the calculated fractional conversion
obtained when taking F.(a) into account is in much better agreement with the experimental data up
to a fractional conversion of around 0.82. After this value, a discrepancy from the experimental curve
is observed. This is due to the fact that the Mampel model fails to describe the strong experimental
decrease in F(a) observed at high fractional conversion values (a > 0.6) as observed in Fig. 22. This
phenomenon can be explained by the fact that Mampel modeling implies an isotropic growth while
in our experiments the growth of cavities seems to be anisotropic (the growth rate appears to be
more rapid along the ZnO-ZnS interface than along the radial direction). The regular void layer
observed in Fig. 4 provides evidence for the anisotropic growth of cavities during ZnO sulfidation
reaction.
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Figure 22 : Evolution of the calculated ZnO-ZnS interface surface fraction F (0) obtained by Mampel
modeling and the experimental surface fraction F.(a) obtained from the experimental and calculated rate
curves for ZnO sulfidation at 310°C, P(H,S)=5 kPa and P(H,0)=2.5 kPa.

5. Conclusions

The kinetics of ZnO sulfidation by H2S has been investigated using isothermal and isobaric
thermogravimetry. Characterizations have shown mainly the formation of the ZnS hexagonal phase
composed of oriented nanoparticles. Eight elementary steps of the sulfidation reaction were
proposed with the outward growth of ZnS and diffusion of zinc, via zinc vacancies, and oxygen, via
interstitial sites, through the ZnS layer from the internal interface to the surface.
Thermogravimetry experiments showing the influence of hydrogen sulfide and water partial
pressures on the reaction kinetics have allowed us to determine the rate-determining step of the
reaction. It was shown that water vapor has no influence on the reaction rate, whereas the reaction
rate has a nonlinear variation with H2S partial pressure. A mixed kinetics of oxygen diffusion and
external interface reaction with water desorption is more likely to control kinetically the reaction.
Void formation at the internal interface leads to a decrease in the ZnO—-ZnS internal interface and to
a strong slowing down of the reaction rate. Consequently, this phenomenon has been taken into
account in the kinetic modeling by balancing the S,,s function with a surface fraction F.(0) accounting
for the evolution of the contact area between the ZnO and ZnS phases during the reaction. The void
formation has been represented by a random nucleation followed by an isotropic growth of cavities
in analogy with the Mampel model.

An expression of the reaction rate, including the Fa) function, depending on the operating
conditions, geometry of the particle and fractional conversion has been obtained. Very good
agreement has been achieved between both experimental and calculated rates when taking into
account the decrease in the ZnO-ZnS interface. Moreover, the same results were also obtained for
other ZnO materials with different characteristics (size and shape). Finally, this study should
contribute to a fundamental knowledge of the reaction that is, at the present time, missing in the
literature.
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