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Abstract

H2S was added to methyl acrylate in a batch reactor at 313 K, 450 rpm, 0.2 M (in decane) in methyl acrylate, 5.5 bar of hydrog
pressure in the presence of solid bases. The bases differed in their chemical composition, structural properties, and acid–base
The bases were cation-exchanged X-faujasites, magnesium oxide, alkaline- and alkaline-earth-doped magnesium oxides, and co
available and synthesized mixed magnesium/aluminum oxides. All of these catalysts were shown to achieve, in terms of both a
selectivity, the addition of H2S to methyl acrylate as compared with the patent literature. Catalytic runs have also been conduc
fixed-bed continuous-flow reactor with performances, in terms of selectivity, better than those observed in batch mode, particu
a Cs-exchanged X zeolite, which featured a selectivity level similar to that of modified ion-exchange resins. As previously assum
kinetics and IR studies on H2S and methyl acrylate adsorption and co-adsorption, the prerequisite for the title reaction to occu
dissociation of H2S into HS− and H+ species over weak acid/strong basic Lewis pair sites. This assumption is confirmed in this wo
is in agreement with the HSAB principle; H2S is dissociated into a soft HS− nucleophilic species associated with a soft Mx+ acid, and the
hard H+ species is associated with the hard O2− basic species.
 2005 Elsevier Inc. All rights reserved.

Keywords: Aldolization; Michael addition; Base catalysis; Hydrotalcites; Cation-exchanged X-faujasites; Magnesium oxides; Alkaline- and

alkaline-earth-doped magnesium oxides
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1. Introduction

Methyl-3-mercaptopropionate (MMP) is of primary im
portance as a feedstock for the production of various ind
trial chemicals, pharmaceuticals, and agrochemicals, as
cated by a significant number of patents granted in the pe
from the 1970s to the 1990s that used homogeneous cata
[1–7]. For practical and environmental reasons, most of
companies involved in this area have considered this r
tion in the presence of solid bases, namely anion-excha
resins, basic oxides, and hydroxides[8–11]. Satisfactory se
lectivities in MMP were generally claimed, between 82 a
* Corresponding author. Fax: +33 (0)467 163 470.
E-mail address: claude.moreau@enscm.fr(C. Moreau).
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97%, depending on the operating conditions and cata
used; the highest selectivity has been obtained under
H2S pressure, where H2S is partially liquid and plays th
role of solvent[9]. However, a high selectivity for MMP i
generally achieved in the presence of a large excess of2S,
whatever the catalysts used.

MMP is obtained through the nucleophilic Michael-ty
reaction addition of H2S to methyl acrylate (MA) over ba
sic catalysts (Scheme 1, Eq. (1)). Apart from MMP, dimethy
3,3′-thiodipropionate (DMTDP) is the main secondary pro
uct, resulting from the addition of MMP to methyl acryla
(MA) (Scheme 1, Eq. (2)). Other side-reactions may al
take place, namely the condensation of two molecule

MMP to give the corresponding disulfide and polymeriza-
tion of methyl acrylate.

http://www.elsevier.com/locate/jcat
mailto:claude.moreau@enscm.fr
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Scheme 1. Reaction scheme for the b

Resins exchanged with tertiary amines or quaternary
monium ions were not found to be stable enough. Howe
an increase in both stability and efficiency was found w
the use of guanidine-grafted resins[11]. MMP is produced
in a continuous process without solvent, with a selectivity
98% at 318 K and a H2S/MA molar ratio of 6.

In a recent work we reported on a detailed study
netics, FT-IR adsorption, and coadsorption experiments
the mechanism of the addition of H2S to methyl acrylate in
the presence of a commercial hydrotalcite (KW2200 fr
Kyowa) and magnesium oxide as catalysts. Under this ch
ical regime, it was shown that chemisorbed H2S species like
HS−, which result from H2S dissociative adsorption, we
the active species and that strongly adsorbed MA was
involved in the reaction[12]. It was then anticipated tha
selective and active catalysts should contain weak Le
acid/strong base pairs.

In order to corroborate the conclusion of our kinetic a
proach, the goal of the work reported in this paper wa
perform the title reaction with a series of catalysts ens
ing a large range of basicity regarding, on one hand,
Brønsted or Lewis nature of their sites, and on the o
hand, the very different strength of the Lewis-type ac
base pairs. For this purpose alkaline-exchanged X zeo
Mg(Al)O mixed oxides obtained from hydrotalcite precu
sor, meixnerite, and alkaline- or alkaline-earth-doped M
were investigated. They indeed cover a wide range of
sic strength, from weak for X zeolites[13] to moderate and
strong for Mg(Al)O mixed oxides and very strong for dop
MgO. Furthermore, meixnerite, in contrast to previous sa
ples, exhibits Brønsted-type basic sites assigned to the−
compensating anions of this lamellar structure.

2. Experimental

2.1. Reactants

′
MA (99% purity) and dimethyl 3,3-thiodipropionate
(99% purity) were obtained from Aldrich, MMP (98% pu-
rity) from Fluka, decane (99+% purity, solvent) and dode-
catalyzed addition of H2S to methyl acrylate.

,

cane (99+% purity, internal standard) from Interchim, an
hydrogen sulfide (99.8% purity) from AGA.

2.2. Sample characterization

Chemical analyses of the as-prepared solids were
formed at the Service Central d’Analyses du C.N.R.S. (
laize, France) by ICP-MS.

X-ray diffraction patterns were obtained on a powd
X-ray Philips PW1380 diffractometer with Cu-Kα radiation
(λ = 1.540 Å, 40 kV and 50 mA).

Specific surface areas (BET method) and pore volu
were calculated from the isotherms of nitrogen adso
tion/desorption recorded at 77 K with a Micromeritics ASA
2010 M apparatus. Samples (≈100 mg) were calcined a
723 K and outgassed at 523 K and 10−4 Pa.

The total basicity of the catalysts was measured by t
mal adsorption and desorption of CO2 with a Setaram TG
DSC-111 microcalorimeter. The samples were previou
outgassed at 723 K, cooled to 373 K, and brought into c
tact with flowing CO2 (25 ml min−1). The thermal event in
the microcalorimetric cell was recorded.

The total acidity of the catalysts was measured by ads
tion of deuterated acetonitrile followed by IR spectrosco
with a Nicolet FTIR 320 spectrometer. The IR spectra w
recorded at room temperature at a resolution of 2 cm−1

(100 scans). The samples were pressed into a disk waf
11 mg cm−2. The activation was performed in oxygen flo
(150 ml min−1 at 773 K for 8 h, then evacuated at the sa
temperature and a pressure of 1.33× 10−4 Pa. After evacu-
ation at 773 K, the sample was cooled to room tempera
and CD3CN was admitted to the cell, at full coverage, th
evacuated either at room temperature or at 333 K. IR spe
were then recorded.

2.3. Workup procedure
The procedure was typically as follows: 50 ml of decane
containing MA (0.870 g, 0.01 mol) and dodecane (0.850 g,
0.005 mol) was poured into a 0.1-liter magnetically stirred
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autoclave (Autoclave-Engineers). The freshly activated
alyst (≈100 mg) was kept under a nitrogen atmosphere u
its fast transfer into the reaction medium, thus avoiding
exposure to air. The reactor was closed, purged with n
gen, and cooled at 273 K. Then, H2S gas was introduce
under stirring (450 rpm) to the required pressure (5.5 b
and the reactor was heated to 313 K. Zero time was take
be when the temperature reached 313 K. Experimental
ditions were close to those used in the French patent[11],
that is, at a conversion of MA of 40%, and in such a man
that the reaction rates were not influenced by external
internal diffusional limitations.

The behavior of selected catalysts was also investig
with the use of a fixed-bed continuous-flow reactor in
absence of solvent under the following conditions: 4 g
catalyst (125–250 µm), 1.5 mol l−1 of MA, a MA/H2S molar
ratio of 6, 313 K[11].

2.4. Analyses

Samples were periodically withdrawn and analyzed
gas liquid chromatography (Hewlett–Packard 6890 gas c
matograph equipped with a flame ionization detector; H
capillary column (30 m× 0.32 mm, 0.25-µm film thickness
hydrogen as carrier gas), from 313 to 523 K, 30 K min−1).
Reaction products were identified by comparison with
thentic samples. The initial reaction rates (mean value
three runs) were deduced from the experimental curve
concentrations versus time by determination of the slop
the origin. Reaction rates are normalized to the specific
face area in order to take into account the variation in
surface areas for all catalysts and the variation in pore
umes for zeolites.

3. Catalyst preparation and characterization

3.1. Cation-exchanged zeolites

KX, RbNaX, and CsNaX zeolites have been prepared
ion exchange at room temperature of the parent NaX
lite from Aldrich (Si/Al = 1.33) with aqueous solutions o
KCl, RbNO3, and CH3COONH4 followed by CH3COOCs
for CsNaX. Their cationic content and textural properties
listed inTable 1. Specific surface areas and pore volumes
tained are in agreement with those reported in the litera
[14] and decrease when Na+ is replaced by K+, Rb+, or
Cs+, because of the increase in the cation radius.

By XRD analysis, it is verified that the structure of t
starting material is not affected by the exchange pro
dure. These patterns are indeed characteristic of a w
crystallized NaX faujasite structure[15]. Nevertheless, th
intensity of the peaks at around 2θ = 6◦, 10◦, 15◦, 23◦ and

◦ + + + +
31 decreases when Nais replaced by K , Rb , or Cs ,
respectively, because of a greater structural disorder induced
by the position of the cations.
lysis 233 (2005) 288–296

Table 1
Chemical composition and textural properties of cation-exchanged X
jasites

Catalyst % of cation
exchange

Surface
areaa

(m2 g−1)

Pore
volume
(cm3 g−1)

Cation
radius
(Å)

NaX 100 (Na) 666 0.314 Na= 0.97
KX 98.5 (K) 1.5 (Na) 581 0.275 K= 1.33
RbNaX 64 (Rb) 36 (Na) 473 0.224 Rb= 1.47
CsNaX 68 (Cs) 32 (Na) 371 0.168 Cs= 1.67

a Activation at 773 K under air flow for 6 h, then outgassed at 523 K.

Table 2
Chemical composition and specific surface area of hydrotalcites HT(0
HT(0.31) and HT(0.34)

Catalyst Chemical composition Surfac
areaa

(m2 g−1)

HT(0.25) Mg0.75Al0.25(OH)2(CO3
2−)0.103(NO3

−)0.08·mH2O 208
HT(0.31) Mg0.69Al0.31(OH)2(CO3

2−)0.14(NO3
−)0.04·mH2O 318

HT(0.34) Mg0.66Al0.34(OH)2(CO3
2−)0.153(NO3

−)0.03·mH2O 180

a Activation at 873 K under N2 flow for 6 h, then outgassed at 523 K.

3.2. Hydrotalcites

Three hydrotalcite samples with an aluminum molar fr
tion of Al/(Mg + Al) = 0.25, 0.31 and 0.34 have been p
pared with a coprecipitation procedure at a constant pH
10[16]. Their chemical composition (Table 2) and XRD pat-
terns are characteristic of pure and highly crystallized lam
lar phases. A thermal treatment of these structures indu
as already described[17], dehydration, dehydroxylation, an
decomposition of anions, leading to a Mg(Al)O mixed ox
structure.

The influence of the temperature of calcination on b
the structural and textural properties of HT(0.31) has b
particularly followed. The characteristic XRD pattern of t
lamellar structure changes above 473 K to that of the m
oxide, becoming more crystalline when the temperature
creases to 1073 K. In the same temperature range the sp
surface area and pore volume pass through a maximu
around 823 K.

3.3. Meixnerite form of hydrotalcites

The meixnerite form of the hydrotalcite HT(0.31) (i.e
the lamellar structure with OH− as compensating anion
was prepared by decomposition of the precursor at 72
for 6 h under nitrogen flow to obtain the mixed-oxide for
followed by rehydration at room temperature under a fl
of water vapor for 7 days to take advantage of the so-ca
memory effect. The XRD pattern of this sample shows

the lamellar structure has been restored with a slight loss of
the crystalline character compared to the HT(0.31) precur-
sor.
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Table 3
Chemical composition and specific surface area of alkaline and alka
earth doped magnesium oxides

Dopant Precursor
salt

Wt%

cation g−1a
104 mol of

cation g−1b
Surface areac

(m2 g−1)

None – – – 240
Li hydroxide 0.48 10 103
Na hydroxide 0.44 2.7 156
K hydroxide 0.48 1.7 179
Rb nitrate 0.46 0.78 166
Cs hydroxide 0.47 0.5 202
Ca hydroxide 1.23 4.4 222
Sr nitrate 0.49 0.79 222
Ba hydroxide 0.4 0.42 234

a Elemental analysis before thermal treatment.
b Calculated taking into account the weight loss due to activatio

823 K.
c Activation at 823 K under air flow for 6 h, then outgassed at 523 K.

3.4. Magnesium oxide and doped magnesium oxides

Alkaline and alkaline-earth oxides are generally prepa
from their hydroxide or carbonate form. The nature and
strength of the basic sites depend on the temperature o
cination, as for the mixed oxides[18,19].

The starting magnesium oxide was obtained by calc
tion of magnesium hydroxide at 823 K for 6 h under air flo
As the specific surface area and the number of basic sit
doped materials were shown to pass through a maximum
a low metal content[20], doped magnesium oxides, conta
ing around 0.5 wt% Li, Na, K, Rb, Cs, Ca, Sr, and Ba, w
prepared by impregnation with aqueous solutions of thei
trate or hydroxide precursor, followed by drying at 353
under vacuum for 8 h. The nature of the salts used for
pregnation, cation amounts, and specific surface area
listed inTable 3.

It is observed from this table that the specific surface
eas of alkaline-doped magnesium oxides fall in the ra
from 100 to 200 m2 g−1 and are therefore smaller than th
of bulk magnesium oxide (240 m2 g−1), whereas those o
alkaline-earth doped magnesium oxides are nearly simil

Because of the low content of dopant added, no fun
mental change is observed in the XRD spectra of the di
ent doped magnesium oxides with respect to the parent M
sample.

4. Results

4.1. Catalytic results

The initial specific activities and selectivities in MM
obtained for the different samples in a batch reactor at a
version of 40% MA are listed inTable 4.

Each series of samples shows at very different acti

level. The activity is indeed one order of magnitude higher
for alkaline- and alkaline-earth-doped MgO than for cation-
exchanged X zeolites. The sequence of activity for the dif-
alysis 233 (2005) 288–296 291
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Table 4
Experimental results summary: catalysts, calcination temperature, initia
tivity, methyl 3-mercaptopropionate selectivity, cation radii

Entry Catalyst T

calcination
(K)

Initial
activity
(×108 mol
s−1 m−2)

MMP
selectivity
at 40% MA
conversion

Cation
radius
(Å)

1 NaX 773 1.0 77 0.97 (Na)
2 KX 773 2.6 79 1.33 (K)
3 Rb64Na36X 773 2.4 81 1.47 (Rb)
4 Cs68Na32X 773 4.0 83 1.67 (Cs)

5 HT(0.31) 473 11.9(1.0)a 82
6 HT(0.31) 573 11.9 75
7 HT(0.31) 723 13.4 68
8 HT(0.31) 823 14.4(4.6)a 64
9 HT(0.31) 1073 14.0 62

10 MgO 873 13.6 80
11 HT(0.25) 873 13.0 68
12 HT(0.31) 873 18.0 64
13 HT(0.34) 873 10.0 60
14 γ -Al2O3 873 9.6 61

15 Meixnerite – (0.6)a 68

16 MgO 823 15 76
17 MgO–Li 823 23 71 0.68 (Li)
18 MgO–Na 823 39 78 0.97 (Na
19 MgO–K 823 26 83 1.33 (K)
20 MgO–Rb 823 20 77 1.47 (Rb
21 MgO–Cs 823 26 80 1.67 (Cs
22 MgO–Ca 823 30 75 0.99 (Ca
23 MgO–Sr 823 27 80 1.12 (Sr
24 MgO–Ba 823 14 77 1.33 (Ba

a ×105 mol s−1 g−1 (As the surface area of meixnerite cannot be m
sured, initial reaction rates are compared on a catalyst weight basis).

ferent types of catalysts is then the following: alkaline- a
alkaline-earth-doped MgO> Mg(Al)O > cation-exchanged
X zeolites> meixnerite.

Several significant features inTable 4are worth noting:

(i) For the cation-exchanged X zeolites, the initial spec
activity increases with the ionic radius of the alkali
cation (entries 1–4). The influence of the ionic rad
is less straightforward in the case of MgO-doped c
alysts: a slight decrease is observed for the alkal
doped MgO (entries 17–21), whereas it decreases
the alkaline-earth-doped MgO (entries 22–24).

(ii) The initial specific activity depends on the calcinati
temperature and the Al molar fraction for the Mg(Al)
mixed oxides. The initial activity goes through a ma
imum after calcination at around 823 K (entry 8). F
thermore, when the different mixed oxides are co
pared, their initial activities are close to those of Al2O3

and MgO at high and low Al contents (entries 11 a
13). The initial activity of the mixed oxide is interme
diate between those of the parent MgO andγ -Al2O3
oxides, and a remarkable maximum is observed for a
molar Al fraction of about 0.3 (entry 12). Such a max-
imum has already been reported[21,22], for which the
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Fig. 1. Adsorption CD3CN over MgO: (a) introduction of CD3CN (6 Torr)
at 293 K, (b) evacuation at 293 K, (c) evacuation at 333 K.

composition is supposed to correspond to that of
true mixed oxide.

(iii) The initial specific activity obtained with the meixneri
is very low. Meixnerite is by far the least active cataly
(entry 15) compared with the mixed oxide HT(0.3
calcined at low (entry 5) or high (entry 8) temperatu

The results ofTable 4show that the Brønsted-type sit
present in the meixnerite sample are poorly active in the
action[23]. This is also confirmed by the weak activity
the mixed oxide calcined below 723 K (entries 5 and 6) t
are still partially hydroxylated.

Less straightforward correlations could be established
tween selectivities for MMP and the nature of the catio
and the activation temperature and the nature of sites
one hand, it is worth noting that high selectivities are
tained with the most active cation-doped MgO samples.
the other hand, despite its low activity, meixnerite also
hibits low selectivity.

4.2. Characterization of the acid–base properties

As emphasized in the Introduction, the solids used
this study were chosen because of their different acid–
properties, and the preceding results actually indicate
ferent behaviors in the catalytic reaction. In order to
more insight into the relationship between catalytic beh
ior and acid–base properties, representative samples,
as MgO, Na-doped MgO, Mg0.69(Al0.31)O, and Al2O3, have
been characterized by acetonitrile adsorption followed by
spectroscopy.

Acetonitrile is an amphoteric probe well suited to elu
dating the nature and eventually evaluating the strengt
surface Lewis or Brønsted basic and acidic sites[24].

IR spectra obtained after the introduction of CD3CN over

the catalysts calcined at 773 K are reported inFigs. 1–4,
with particular emphasis on the spectral range of 2400–
2000 cm−1, characteristic ofν(C≡N) vibration modes, be-
lysis 233 (2005) 288–296

h

Fig. 2. Adsorption CD3CN over MgO–Na: (a) introduction of CD3CN
(6 Torr) at 293 K, (b) evacuation at 293 K, (c) evacuation at 333 K.

Fig. 3. Adsorption of CD3CN over the mixed oxide Mg0.69(Al0.31)O:
(a) introduction of CD3CN (6 Torr) at 293 K, (b) evacuation at 293 K
(c) evacuation at 333 K.

cause all of the surface species feature characteristic si
in this region.

MgO and Na-doped MgO show very similar behavio
Theν(C≡N) modes in the 2230–2050 cm−1 spectral region
are assigned to the CD2CN− and/or to polymeric anion
formed on strongly basic O2− sites and adsorbed thereaf
to adjacent cationic sites[24–26].

The weak bands at 2285 and 2273 cm−1 on MgO (Fig. 1)
and Na-doped MgO (Fig. 2), respectively, which totally van
ish after desorption at 333 K, are due to CD3CN N-bonded
to Mg2+ Lewis acid sites[26,27].

It is worth noting that after evacuation at 333 K the
tensities of the bands at 2140–2145 cm−1 remain higher on
Na-doped MgO than on MgO, revealing a stronger ba
strength of the former sample.

IR bands characteristic of the adsorption of CD3CN on

both basic and acid sites are also found on Mg0.69(Al0.31)O
(Fig. 3). However, the important feature is that they ex-
hibit an intensity ratio very different from that of the pre-
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Fig. 4. Adsorption of CD3CN overγ -Al2O3: (a) introduction of CD3CN
(6 Torr) at 293 K, (b) evacuation at 293 K.

vious samples. Indeed, CD3CN adsorbed on the Lewis ac
sites gives rise to a band with a stronger intensity shifte
higher frequency (i.e., at 2293 cm−1). In contrast to MgO
or Na-doped MgO, this band is maintained after evacua
at 333 K with an intensity rather similar to that of the ba
species, giving a broad peak with a maximum at 2157 cm−1.
This typically shows that Mg(Al)O mixed oxides have
acid–base character that is attributed, on one hand, to
presence of Al3+ cations acting as stronger acid sites th
Mg2+, and, on the other hand, to O2− basic sites. The in
tense band at 2259 cm−1 before evacuation was associat
with both physisorbed and H-bonded acetonitrile[26].

Because of the well-known acidic character of Al2O3, the
IR spectrum (Fig. 4) after adsorption at 273 K shows a
intense band at 2321 cm−1 for CD3CN N-bonded to Al3+
cations. Physisorbed and H-bonded species give rise
band at 2259 cm−1 that is maintained after evacuation
293 K. Furthermore, a broad band appears in theν(OH)
vibration range of 3000–3600 cm−1, which confirms the
presence of acetonitrile H-bonded to the surface. These
tures can be related to the presence of higher amoun
surface hydroxyls of higher acidity on alumina able to g
H-bonded acetonitrile species. The characteristic band
the anionic species present for the previous samples ar
detected here.

The IR spectra previously described upon adsorptio
the amphoteric CD3CN probe were evidence of the evol
tion of acido-basicities from strong basic/weak acidic s
for Na-doped MgO and MgO to medium/strong acid a
basic sites for Mg(Al)O mixed oxides and mainly acid
sites forγ -Al2O3. Moreover, it is known that the blue shi
of the ν(C≡N) band of acetonitrile, which depends on t
electron-withdrawing power of the cationic site, can be ta
as a measure of the Lewis acid strength[28,29]. This or-
der of strength for the previous catalysts is the followi

γ -Al2O3 > Mg0.69(Al0.31)O > MgO > Na–MgO (Table 5).
A rank of the catalysts regarding the basic strength is less
straightforward because of the adsorption of acetonitrile on
alysis 233 (2005) 288–296 293

-
f

t

Table 5
CD3CN· · ·Mx+ frequencies and corresponding�ν(C≡N) shifts

Catalyst Frequency of
CD3CN· · ·Mx+ species

�ν(C≡N)

None 2259 cm−1 0 cm−1

MgO 2285 cm−1 25 cm−1

Na-doped MgO 2273 cm−1 14 cm−1

HT(0.31) 2293 cm−1 34 cm−1

γ -Al2O3 2318 cm−1 59 cm−1

Table 6
Heats of CO2 adsorption at 373 K

Catalyst �H CO2 (kJ mol−1)

Na-doped MgO −78.2
MgO −69.6
HT(0.31) −60.3
γ -Al2O3 −52.8

Table 7
CD3CN· · ·Mx+ frequencies, corresponding�ν(C≡N) shifts and heats o
CO2 adsorption at 373 K

Catalyst ν(CN) (cm−1) �H CO2 (kJ mol−1)

Cs68Na32X −49
Mg0.69(Al0.31)O 2293 (�ν = 34) −60
MgO 2285 (�ν = 25) −70

MgO–Li −77
MgO–Na 2273 (�ν = 14) −78
MgO–K −86
MgO–Rb −88
MgO–Cs −90
MgO–Ca −68
MgO–Sr −78
MgO–Ba −85
γ -Al2O3 2318 (�ν = 59) −53

acid–base pairs giving CH2CN− species and on O2− and
OH− sites giving acetamide species. However, the ev
tion of intensity of the bands could not be disregarded
shows a net evolution of basic strength. Therefore a s
of the basicity has also been performed by microcalorim
with the use of adsorption of CO2, whose heat of adsorp
tion allows an evaluation of the basic strength. The res
reported inTable 6 show that for the previous series
samples the basic strength is in the following order: N
MgO > MgO > Mg0.69(Al0.31)O > γ -Al2O3.

This sequence is the reverse of the ranking establishe
the acid strength and is in agreement with the results alre
reported for IR spectroscopy of adsorbed acetonitrile. T
confirmed that for these solids with coupled acid–base s
the individual strength of sites necessarily evolved in the
posite direction.

Interestingly, the heat of adsorption of CO2 is also given
for Cs68Na32X and for the series of alkaline- and alkalin
earth-exchanged MgO samples inTable 7. Heats of adsorp

tion listed inTables 6 and 7were obtained on samples pre-
viously treated at 723 K. TG analyses of these samples do
not show any weight loss at temperatures higher than 723 K.
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Scheme 2. Proposed reaction mechanism f

Therefore, we may assume that CO2 is totally desorbed a
this temperature and that stronger basic sites are not pre
According to the literature[30], it has also been shown th
the CO2 desorption at temperatures above 773 K was n
ligible for Cs-exchanged faujasites. Cs68Na32X exhibits a
weak basic strength, in the same range as Al2O3, because
of its high loading in Na+. The basic strength increases w
the cation size in the alkaline- and alkaline-earth-exchan
MgO samples. Similar behavior has already been repo
[31–33] and was accounted for by the increasing electr
donating ability of the different alkaline and alkaline-ea
oxides formed on the MgO support, which increases the
erage negative charge on the basic O2− sites.

5. Discussion

We had previously determined from kinetics and furt
IR study on H2S and MA adsorption and coadsorption th
the prerequisite for this reaction was the dissociation of H2S
into HS− and H+ species over Lewis acid/base pair si
[12]. The HS− species formed by the dissociation of H2S
on O2− sites and adsorbed on the adjacent Lewis acid
is able to attack the terminal carbon atom of a MA spec
present in the surrounding liquid phase. This leads to a M
molecule adsorbed on a Lewis acid site through the S a
as we proposed in the mechanism given inScheme 2.

Following this mechanism, the H abstraction on H2S
leading to HS− species must be easier as the basic stre
of the O2− sites increases. Therefore one could expec
increase in the initial reaction rate with the basic stren
of the catalysts evaluated by the heat of adsorption of C2.
This is actually the case, as reported onFig. 5 for the series
of Cs68Na32X, Al 2O3, Mg0.69(Al0.31)O, MgO, and Na–MgO
samples.

Regarding the cation-exchanged X zeolites, it has b
established for a long time that the basic strength depend
the nature of the cations and increases in the order Li< Na<

K < Rb< Cs (Table 8). In this table are also listed the valu
of the intermediate electronegativity,S int, and of the partia
oxygen charge,δ, which were calculated according to th
principle of Sanderson[34]. Indeed, from microcalorimetri

measurements based on the adsorption of acidic and basi
probe molecules, the intermediate electronegativity,S int, of
the zeolite structure was shown by Auroux et al.[14] to be
base-catalyzed addition of H2S to methyl acrylate.

t.

Fig. 5. Initial specific activities (×107 mol s−1 m−2) of MgO and Na-doped
MgO, both calcined at 823 K, hydrotalcite HT(0.31) andγ -alumina, both
calcined at 873 K, and CsNaX zeolite calcined at 773 K, as a functio
CO2 adsorption heats (kJ mol−1) measured at 373 K.

Table 8
Initial specific activity, MMP selectivity at 40% MA conversion, electrone
ativity (S int), partial negative charge on oxygen atom (δ) and cation radius

Catalyst Initial activity

(×108 mol
s−1 m−2)

MMP
selec-
tivity

Electro-
negativity
(S int)

Oxygen
charge
(δ)

Cation
radius
(Å)

NaX 1.0 77% 2.404 −0.314 0.97 (Na)
KX 2.6 79% 2.335 −0.331 1.33 (K)
Rb64Na36X 2.4 81% 2.294 −0.342 1.47 (Rb)
Cs68Na32X 4.0 83% 2.220 −0.360 1.67 (Cs)

an indication of the Lewis acid strength of the cation, a
the calculated oxygen charge,δ, to be an indication of the
Lewis basic strength of the zeolites. It was also shown
the activity and selectivity of the reaction studied were b
affected by the acid–base properties of the catalysts.

The increase in the catalytic activity from NaX to Cs
is well correlated with the increase in the basic characte
the cation-exchanged zeolites (Fig. 6), and the selectivity for
MMP tends to decrease from CsX to NaX (Fig. 7). The exis-
tence of acid–base pairs is then important to considered
regard to both activity and selectivity.

A correlation of the same kind between the initial re
tion rate and the nature of the cations was obviously

cpected regarding the MgO-doped samples. However, this is
not strictly the case upon examination of the results reported
in Table 4. This can be related to the different cation loading
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Fig. 6. Initial specific activity (×108 mol s−1 m−2) against calculated par
tial oxygen charge for cation-exchanged X-faujasites.

Fig. 7. MMP selectivity at 40% MA conversion against calculated interm
diate electronegativity for cation-exchanged X-faujasites.

Fig. 8. Initial specific activity (×103 mol s−1 m−2 mol−1
cat) versus heat of

CO2 adsorption (kJ m−2 mol−1
cat) for alkaline (2) and alkaline-earth (1)

doped MgO.

of the samples, which is a main factor influencing the s
face basicity[31–33]. Indeed, one can note that the expec
correlation with cation size is found when one considers

initial reaction rate per mole of cation (Fig. 8).

According to our proposed reaction scheme, it appears
that the adsorbed MMP must be more rapidly desorbed when
alysis 233 (2005) 288–296 295

Fig. 9. MMP selectivity at 40% of MA conversion as a function of the d
ference�ν(C≡N) in the wavelength of Lewis acid coordinated CD3CN
and that of physisorbed CD3CN.

the acid strength weakens and consequently induces a
crease in selectivity. This tendency is confirmed when
examines the evolution of selectivities at 40% MA co
version for the Na-doped MgO, MgO, Mg0.69Al0.31O, and
Cs68Na32X samples as a function of the acid strength eva
ated from theν(C≡N) shift of adsorbed acetonitrile (Fig. 9).
The highest selectivities in MMP at 40% MA conversion a
obtained for MgO and doped MgO (Table 4, entries 10 and
16–24). Selectivities of only from 60 to 68% are obtained
the three mixed oxides, and a selectivity of 61% is obtai
for γ -alumina (Table 4, entries 11–14).

6. Micropilot test

As summarized inTable 4for the different series of cata
lysts studied, the highest selectivities in MMP were obtai
over the cesium-exchanged zeolite and magnesium ox
doped or not. H2S was then added to MA with the use of
fixed-bed, continuous-flow reactor over those catalysts
over the basic ion-exchange Amberlyst A21 resin for co
parison.

Under the operating conditions described in patent[11]
(i.e., without solvent and with a larger amount of cataly
it was confirmed that sodium-doped MgO was more ac
than the Cs-exchanged X zeolite and more active than
reference ion-exchange resin (Fig. 10).

However, from the comparison of the results obtained
another series of experiments in a batch reactor and thos
tained in a continuous reactor, a higher selectivity in MM
is obtained over the Cs-exchanged X zeolite and the re
ence ion-exchange resin than over the sodium-doped M
(Table 9).

It is then possible to anticipate that the new cataly
systems developed in this work with a batch reactor in

presence of a solvent should also demonstrate both high
activity and high selectivity in MMP under continuous op-
eration without solvent.



f Cata

on-
A]:

ous

ely
in-

ped
eady
ral
hiev
n

y in

her
at

sic
rk.
B

ac-
r a

7), to

8), to

Pe-

on

itco

Ko-

KK

gé,

s,

m.

51

95)

hem.

04

t,

71

xes,

ste,

37

ia,

8)

ed.,

ses,

d Soft
296 E. Breysse et al. / Journal o

Fig. 10. Methyl acrylate conversion vs time for Na-doped MgO, i
exchange A21 resin and Cs-exchanged X-faujasite (catalyst: 4 g, [M
1.5 mol l−1, [MA] /[H2S] = 6, 313 K).

Table 9
Methyl 3-mercaptopropionate selectivity for batch and fixed bed continu
flow reactors

Catalyst MMP selectivity
at 50% MA conversion
(batch)

MMP selectivity
at 40% MA conversion
(continuous flow)

Cs68Na32X 96% 84%
MgO–Na 72% 78%
Amberlyst A21 91% 79%

7. Conclusion

It has been shown in this work that basic solids, nam
alkaline cation-exchanged X zeolites, magnesium–alum
ium hydrotalcites, and alkaline- and alkaline-earth-do
magnesium oxides, a series of catalysts that were alr
known to differ in their chemical composition, structu
properties, and acid–base properties, were capable of ac
ing the addition of H2S to MA. Experiments have also bee
developed that use a continuous mode with a selectivit
MMP higher than that obtained with a batch mode.

We had previously determined from kinetics and furt
IR study of H2S and MA adsorption and coadsorption th
the prerequisite for this reaction was the dissociation of H2S
into HS− and H+ species over Lewis weak acid/strong ba
sites[12]. This hypothesis was then confirmed in this wo

According toScheme 2, and in agreement with the HSA
principle[35,36], H2S would be dissociated into a soft HS−
nucleophilic species associated with a soft Mx+ acid, and
the hard H+ species would be associated with the hard O2−
basic species.
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