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Abstract

H>S 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 hydrogen sulfide
pressure in the presence of solid bases. The bases differed in their chemical composition, structural properties, and acid—base properti
The bases were cation-exchanged X-faujasites, magnesium oxide, alkaline- and alkaline-earth-doped magnesium oxides, and commercia
available and synthesized mixed magnesium/aluminum oxides. All of these catalysts were shown to achieve, in terms of both activity anc
selectivity, the addition of biS to methyl acrylate as compared with the patent literature. Catalytic runs have also been conducted on a
fixed-bed continuous-flow reactor with performances, in terms of selectivity, better than those observed in batch mode, particularly with
a Cs-exchanged X zeolite, which featured a selectivity level similar to that of modified ion-exchange resins. As previously assumed from
kinetics and IR studies on 4% and methyl acrylate adsorption and co-adsorption, the prerequisite for the title reaction to occur is the
dissociation of HS into HS™ and H™ species over weak acid/strong basic Lewis pair sites. This assumption is confirmed in this work and
is in agreement with the HSAB principle;J$ is dissociated into a soft HSnucleophilic species associated with a soft™™acid, and the
hard Ht species is associated with the haré-Chasic species.
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1. Introduction 97%, depending on the operating conditions and catalysts
used; the highest selectivity has been obtained under high
Methyl-3-mercaptopropionate (MMP) is of primary im- H2S pressure, where4$ is partially liquid and plays the
portance as a feedstock for the production of various indus- role of solvenf9]. However, a high selectivity for MMP is
trial chemicals, pharmaceuticals, and agrochemicals, as indi-generally achieved in the presence of a large excess$f H
cated by a significant number of patents granted in the periodwhatever the catalysts used.
from the 1970s to the 1990s that used homogeneous catalysts MMP is obtained through the nucleophilic Michael-type
[1-7]. For practical and environmental reasons, most of the reaction addition of HS to methyl acrylate (MA) over ba-
companies involved in this area have considered this reac-sjc catalysts$cheme 1Eq. (1)). Apart from MMP, dimethyl
tion_ in the presence of solid basgs, namely 5‘_”ion'eXChangedS,3-thiodipropionate (DMTDP) is the main secondary prod-
resins, basic oxides, and hydroxid8s11}. Satisfactory se- ¢t resulting from the addition of MMP to methyl acrylate
lectivities in MMP were generally claimed, between 82 and (MA) (Scheme 1Eq. (2)). Other side-reactions may also

take place, namely the condensation of two molecules of

* Corresponding author. Fax: +33 (0)467 163 470. MMP to give the corresponding disulfide and polymeriza-
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Scheme 1. Reaction scheme for the base-catalyzed additiopSofdinethyl acrylate.

Resins exchanged with tertiary amines or quaternary am-cane (99-% purity, internal standard) from Interchim, and
monium ions were not found to be stable enough. However, hydrogen sulfide (99.8% purity) from AGA.
an increase in both stability and efficiency was found with
the use of guanidine-grafted resifis]. MMP is produced 2.2. Sample characterization
in a continuous process without solvent, with a selectivity of

98% at 318 K and a 5/MA molar ratio of 6. Chemical analyses of the as-prepared solids were per-

In a recent work we reported on a detailed study (ki- f5meq at the Service Central d'Analyses du C.N.R.S. (So-
netics, FT-IR adsorption, and coadsorption experiments) of laize, France) by ICP-MS.

the mechanism of the addition of,8 to methyl acrylate in X-ray diffraction patterns were obtained on a powder

the presence of a commercial hydrotalcite (KW2200 from X-ray Philips PW1380 diffractometer with Cugkradiation
Kyowa) and magnesium oxide as catalysts. Under this chem—(k — 1,540 A, 40 kV and 50 mA).

ical regime, it was shown that chemisorbegS-species like
HS~, which result from HS dissociative adsorption, were
the active species and that strongly adsorbed MA was not
involved in the reactiorj12]. It was then anticipated that
selective and active catalysts should contain weak Lewis
acid/strong base pairs.

In order to corroborate the conclusion of our kinetic ap-
proach, the goal of the work reported in this paper was to
perform the title reaction with a series of catalysts ensur-
ing a large range of basicity regarding, on one hand, the
Bragnsted or Lewis nature of their sites, and on the other
hand, the very different strength of the Lewis-type acid—
base pairs. For this purpose alkaline-exchanged X zeolites
Mg(Al)O mixed oxides obtained from hydrotalcite precur-
sor, meixnerite, and alkaline- or alkaline-earth-doped MgO
were investigated. They indeed cover a wide range of ba-
sic strength, from weak for X zeolit¢$3] to moderate and
strong for Mg(Al)O mixed oxides and very strong for doped
MgO. Furthermore, meixnerite, in contrast to previous sam-
ples, exhibits Bragnsted-type basic sites assigned to the OH
compensating anions of this lamellar structure.

Specific surface areas (BET method) and pore volumes
were calculated from the isotherms of nitrogen adsorp-
tion/desorption recorded at 77 K with a Micromeritics ASAP
2010 M apparatus. Samples: 100 mg) were calcined at
723 K and outgassed at 523 K andftPa.

The total basicity of the catalysts was measured by ther-
mal adsorption and desorption of g@ith a Setaram TG-
DSC-111 microcalorimeter. The samples were previously
outgassed at 723 K, cooled to 373 K, and brought into con-
tact with flowing CQ (25 mimin~1). The thermal event in
the microcalorimetric cell was recorded.

The total acidity of the catalysts was measured by adsorp-
‘tion of deuterated acetonitrile followed by IR spectroscopy
with a Nicolet FTIR 320 spectrometer. The IR spectra were
recorded at room temperature at a resolution of 2-tm
(100 scans). The samples were pressed into a disk wafer of
11 mgcnt2. The activation was performed in oxygen flow
(150 mimint at 773 K for 8 h, then evacuated at the same
temperature and a pressure a33x 10~* Pa. After evacu-
ation at 773 K, the sample was cooled to room temperature,
and C3CN was admitted to the cell, at full coverage, then
evacuated either at room temperature or at 333 K. IR spectra

2. Experimental were then recorded.

2.1. Reactants 2.3. Workup procedure

MA (99% purity) and dimethyl 3,3thiodipropionate The procedure was typically as follows: 50 ml of decane
(99% purity) were obtained from Aldrich, MMP (98% pu- containing MA (0.870 g, 0.01 mol) and dodecane (0.850 g,
rity) from Fluka, decane (98% purity, solvent) and dode-  0.005 mol) was poured into a 0.1-liter magnetically stirred
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autoclave (Autoclave-Engineers). The freshly activated cat- Table 1
alyst (~ 100 mg) was kept under a nitrogen atmosphere until Chemical composition and textural properties of cation-exchanged X-fau-
its fast transfer into the reaction medium, thus avoiding its 12s'es

exposure to air. The reactor was closed, purged with nitro- Catalyst % of cation Surface  Pore Cation
gen, and cooled at 273 K. Then,$l gas was introduced exchange ared  volume radius
- : m?g™h  (em*g™) A
under stirring (450 rpm) to the required pressure (5.5 bar),
and the reactor was heated to 313 K. Zero time was taken to'\&X 100 (Na) 666 @14 Na=0.97
be when the temperature reached 313 K. Experimental con- 98.5(K)15(Na) 581 @75 K=133
p - EXp RbNaX 64 (Rb)36(Na) 473 024 Rb=1.47

ditions were close to those used in the French pdtetit CsNaX 68 (Cs) 32 (Na) 371 068 Cs=1.67
. X 0 .

thatis, ata co_nverS|on of MA of 4_0 %, and in such a manner 5 Activation at 773 K under air flow for 6 h, then outgassed at 523 K.
that the reaction rates were not influenced by external and
internal diffusional limitations.

The behavior of selected catalysts was also investigatedTable 2
with the use of a fixed-bed continuous-flow reactor in the Chemical composition and specific surface area of hydrotalcites HT(0.25),
absence of solvent under the following conditions: 4 g of HT(0-31)and HT(0.34)

catalyst (125-250 um), 1.5 mot! of MA, a MA/H»S molar Catalyst Chemical composition Surface
ratio of 6, 313 K[11]. ared

(m?g~1)
2.4. Analyses HT(0.25) Mgy 75A10.25(0H)2(C03%7)0.103(NO3 ™)g,08:mH20 208

HT(0.31) Mgy g9Al0.31(OH)2(CO3%7)0.14(NO3 )0, 04mH20 318
HT(0.34) Mgy g6Al 0.34(0H)2(CO3%7)0,153(NO3 ™) 0,03mH20 180

& Activation at 873 K under N flow for 6 h, then outgassed at 523 K.

Samples were periodically withdrawn and analyzed by
gas liquid chromatography (Hewlett—Packard 6890 gas chro-
matograph equipped with a flame ionization detector; HP5
capillary column (30 mx 0.32 mm, 0.25-pm film thickness, 35 Hydrotalcites
hydrogen as carrier gas), from 313 to 523 K, 30 Kmiin
Reaction products were identified by comparison with au-
thentic samples. The initial reaction rates (mean value of
three runs) were deduced from the experimental curves of
concentrations versus time by determination of the slope at
the origin. Reaction rates are normalized to the specific sur-
face area in order to take into account the variation in the
surface areas for all catalysts and the variation in pore vol-
umes for zeolites.

Three hydrotalcite samples with an aluminum molar frac-
tion of Al/(Mg + Al) =0.25, 0.31 and 0.34 have been pre-
pared with a coprecipitation procedure at a constant pH of
10[16]. Their chemical compositioméble 9 and XRD pat-
terns are characteristic of pure and highly crystallized lamel-
lar phases. A thermal treatment of these structures induces,
as already describdil7], dehydration, dehydroxylation, and
decomposition of anions, leading to a Mg(AI)O mixed oxide
structure.

The influence of the temperature of calcination on both
the structural and textural properties of HT(0.31) has been
particularly followed. The characteristic XRD pattern of the
lamellar structure changes above 473 K to that of the mixed
oxide, becoming more crystalline when the temperature in-
creases to 1073 K. In the same temperature range the specific
surface area and pore volume pass through a maximum at
around 823 K.

3. Catalyst preparation and characterization
3.1. Cation-exchanged zeolites

KX, RbNaX, and CsNaX zeolites have been prepared by
ion exchange at room temperature of the parent NaX zeo-
lite from Aldrich (Si/Al = 1.33) with aqueous solutions of
KCI, RbNQO;z, and CHCOONH, followed by CHCOOCs
for CsNaX. Their cationic content and textural properties are o )
listed inTable 1 Specific surface areas and pore volumes ob- 3-3. Meixnerite form of hydrotalcites
tained are in agreement with those reported in the literature
[14] and decrease when Nas replaced by K, Rb", or The meixnerite form of the hydrotalcite HT(0.31) (i.e.,
Cs", because of the increase in the cation radius. the lamellar structure with OH as compensating anions)

By XRD analysis, it is verified that the structure of the was prepared by decomposition of the precursor at 723 K
starting material is not affected by the exchange proce- for 6 h under nitrogen flow to obtain the mixed-oxide form,
dure. These patterns are indeed characteristic of a well-followed by rehydration at room temperature under a flow
crystallized NaX faujasite structufé5]. Nevertheless, the  of water vapor for 7 days to take advantage of the so-called
intensity of the peaks at around 2 6°, 10°, 15°, 23° and memory effect. The XRD pattern of this sample shows that
31° decreases when Nais replaced by K, Rb", or Cs", the lamellar structure has been restored with a slight loss of
respectively, because of a greater structural disorder inducedhe crystalline character compared to the HT(0.31) precur-
by the position of the cations. sor.
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Table 3 Table 4
Chemical composition and specific surface area of alkaline and alkaline- Experimental results summary: catalysts, calcination temperature, initial ac-
earth doped magnesium oxides tivity, methyl 3-mercaptopropionate selectivity, cation radii
Dopant Precursor  Wt% 10* mol of Surface aréa Entry Catalyst T Initial MMP Cation
salt cation g-12 cation g 1P (m?g1 calcination activity selectivity  radius
None ~ _ — 240 (K) (x10° mol  at40% MA (A)
—1 -2 ;
Li hydroxide Q48 10 103 s "m™°)  conversion
Na hydroxide o4 27 156 1 NaX 773 10 77 0.97 (Na)
K hydroxide 048 17 179 2 KX 773 26 79 1.33 (K)
Rb nitrate 046 Q78 166 3  RhyNaggX 773 24 81 1.47 (Rb)
Cs hydroxide o7 05 202 4 CsggNagoX 773 40 83 1.67 (Cs)
Ca h_ydromde 23 44 222 5 HT(0.31) 473 11.91.02 82
a Elemental analysis before thermal treatment. 8 HT(0.31) 823 14.446)% 64
b calculated taking into account the weight loss due to activation at 9 HT(0.31) 1073 10 62
Sg3 K. ) 10 MgO 873 1% 80
Activation at 823 K under air flow for 6 h, then outgassed at 523 K. 11 HT(0.25) 873 19 68
12 HT(0.31) 873 19 64
3.4. Magnesium oxide and doped magnesium oxides 13 HT(0.34) 873 10 60
14 y-Al,04 873 96 61
Alkaline and alkaline-earth oxides are generally prepared 15 Meixnerite - (06)?* 68
from their hydroxide or carbonate form. The nature and the 16 Mgo 823 15 76 _
strength of the basic sites depend on the temperature of cal4/ ~ MgO-Li 823 23 1 0.68 (Li)
cination, as for the mixed oxid¢&8,19]. 8 MgO-Na 823 39 8 0.97 (Na)
MgO—K 823 26 83 1.33 (K)
The starting magnesium oxide was obtained by calcma— 20 MgO-Rb 823 20 77 1.47 (Rb)
tion of magnesium hydroxide at 823 K for 6 h under air flow. 21 MgO-Cs 823 26 80 1.67 (Cs)
As the specific surface area and the number of basic sites o2 MgO-Ca 823 30 75 0.99 (Ca)
doped materials were shown to pass through a maximum for23 ~ MgO-Sr 823 21 80 L.12(sn
MgO-Ba 823 14 77 1.33 (Ba)

a low metal conten20], doped magnesium oxides, contain-
ing around 0.5 wt% Li, Na, K, Rb, Cs, Ca, Sr, and Ba, were 2 x 10° mols™tg~ (As the surface area of meixnerite cannot be mea-
prepared by impregnation with aqueous solutions of their ni- sured, initial reaction rates are compared on a catalyst weight basis).
trate or hydroxide precursor, followed by drying at 353 K

under vacuum for 8 h. The nature of the salts used for im-

pregnation, cation amounts, and specific surface areas aréerent types of catalysts is then the following: alkaline- and
listed inTable 3 alkaline-earth-doped Mg@& Mg(AI)O > cation-exchanged

X zeolites> meixnerite.
Several significant features rable 4are worth noting:

It is observed from this table that the specific surface ar-
eas of alkaline-doped magnesium oxides fall in the range

from 100 to 200 mg~! and are therefore smaller than that _ _ . .
of bulk magnesium oxide (240 %g~1), whereas those of (i) For the cation-exchanged X zeolites, the initial specific

alkaline-earth doped magnesium oxides are nearly similar. activity increases with the ionic radius of the alkaline
Because of the low content of dopant added, no funda- pauon (enmes 1-4). The influence of the ionic radius
mental change is observed in the XRD spectra of the differ- is less straightforward in the case of MgO-doped cat-
ent doped magnesium oxides with respect to the parentMgo ~ @lysts: a slight decrease is observed for the alkaline-
sample. doped MgO (entries 17-21), whereas it decreases for

the alkaline-earth-doped MgO (entries 22—-24).
(i) The initial specific activity depends on the calcination

4. Results temperature and the Al molar fraction for the Mg(Al)O
mixed oxides. The initial activity goes through a max-
4.1. Catalytic results imum after calcination at around 823 K (entry 8). Fur-
thermore, when the different mixed oxides are com-
The initial specific activities and selectivities in MMP pared, their initial activities are close to those of @4
obtained for the different samples in a batch reactor at a con- and MgO at high and low Al contents (entries 11 and
version of 40% MA are listed iffable 4 13). The initial activity of the mixed oxide is interme-
Each series of samples shows at very different activity diate between those of the parent MgO and\l,03
level. The activity is indeed one order of magnitude higher oxides, and a remarkable maximum is observed for a
for alkaline- and alkaline-earth-doped MgO than for cation- molar Al fraction of about 0.3 (entry 12). Such a max-

exchanged X zeolites. The sequence of activity for the dif- imum has already been reportgd,22], for which the
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Fig. 2. Adsorption CBCN over MgO-Na: (a) introduction of GITN

Fig. 1. Adsorption CBCN over MgO: (a) introduction of CBCN (6 Torr) (6 Torr) at 293 K, (b) evacuation at 293 K, (c) evacuation at 333 K.
at 293 K, (b) evacuation at 293 K, (c) evacuation at 333 K.

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

(iii) The initial specific activity obtained with the meixnerite
is very low. Meixnerite is by far the least active catalyst
(entry 15) compared with the mixed oxide HT(0.31)
calcined at low (entry 5) or high (entry 8) temperature.

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

Less straightforward correlations could be established be- 3500 3000 2500 2000 1500
tween selectivities for MMP and the nature of the cations, Wavenumbers (cm-1)
and the activation temperature and the nature of sites. On
one hand, it is worth noting that high selectivities are ob- Fig- 3. Adsorption of CBCN over the mixed oxide Mgeg(Alo.3)0:
tained with the most active cation-doped MgO samples. On (a) mtrodugtlon of CICN (6 Torr) at 293 K, (b) evacuation at 293 K,

. o A N (c) evacuation at 333 K.
the other hand, despite its low activity, meixnerite also ex-
hibits low selectivity.

Absorbance (a.u.)

(a)

cause all of the surface species feature characteristic signals
4.2. Characterization of the acid—base properties in this region.
MgO and Na-doped MgO show very similar behaviors.

As emphasized in the Introduction, the solids used for Thev(C=N) modes in the 2230-2050 crhspectral region
this study were chosen because of their different acid—baseare assigned to the GON~ and/or to polymeric anions
properties, and the preceding results actually indicate dif- formed on strongly basic © sites and adsorbed thereafter
ferent behaviors in the catalytic reaction. In order to get to adjacent cationic sit§24—26}
more insight into the relationship between catalytic behav-  The weak bands at 2285 and 2273¢nen MgO (Fig. 1)
ior and acid—base properties, representative samples, sucland Na-doped MgOHig. 2), respectively, which totally van-
as MgO, Na-doped MgO, Mgo(Al0.31)O, and AbOsz, have ish after desorption at 333 K, are due to £IN N-bonded

been characterized by acetonitrile adsorption followed by IR to Mg?* Lewis acid site§26,27]
spectroscopy. It is worth noting that after evacuation at 333 K the in-

Acetonitrile is an amphoteric probe well suited to eluci- tensities of the bands at 2140-2145¢memain higher on
dating the nature and eventually evaluating the strength of Na-doped MgO than on MgO, revealing a stronger basic
surface Lewis or Brgnsted basic and acidic Sik=. strength of the former sample.

IR spectra obtained after the introduction of §IN over IR bands characteristic of the adsorption of £TIN on
the catalysts calcined at 773 K are reported-igs. 1-4 both basic and acid sites are also found orgstgAl .31)O
with particular emphasis on the spectral range of 2400- (Fig. 3). However, the important feature is that they ex-
2000 cntl, characteristic of/(C=N) vibration modes, be-  hibit an intensity ratio very different from that of the pre-
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0.0

Table 5
05 CD3CN. --M** frequencies and corresponding (C=N) shifts
-10 ) Catalyst Frequency of Av(C=N)
S 15 CD3CN..-M** species
% 20 None 2259 cm! Ocm?!
g ’ MgO 2285 cmt 25cml
8 25 Na-doped MgO 2273 cmt 14cnit
g 30 () HT(0.31) 2293 cr! 34cnrl
< 35 y-Al,03 2318 cnr1 59 cn 1
4.0
Table 6
45 Heats of CQ adsorption at 373 K
3500 3000 2500 2000 1500 Catalyst AH COp (kImor™t)
Wavenumbers (cm-1) Na-doped MgO -782
MgO —69.6
Fig. 4. Adsorption of CRCN overy-Al,03: (a) introduction of CBCN HT(0.31) —60.3
(6 Torr) at 293 K, (b) evacuation at 293 K. y-Al,03 -52.8

vious samples. Indeed, GDON adsorbed on the Lewis acid Table 7
sites gives rise to a band with a stronger intensity shifted to CD3CN:- -M’f+ frequencies, correspondingv(C=N) shifts and heats of
higher frequency (i.e., at 2293 ci). In contrast to MgO ~ COz adsorption at 373 K

or Na-doped MgO, this band is maintained after evacuation Catalyst v(CN) (cm™1) AH COy (kJmol1)
at 333 K with an intensity rather similar to that of the basic cggNagyXx —49
species, giving a broad peak with a maximum at 2157tm  Mgo.edAlo.300 2293 v =34) —60
This typically shows that Mg(A)O mixed oxides have an M30 2285 v =25) —70
acid-base character that is attributed, on one hand, to theMgO-Li =77
presence of AYt cations acting as stronger acid sites than mgO—Ea 2273 by =14) ~’8
Mg?t, and, on the other hand, to?O basic sites. The in- Mgngb :22
tense band at 2259 cmh before evacuation was associated MgO-Cs 90
with both physisorbed and H-bonded acetonitf2é]. MgO-Ca —68
Because of the well-known acidic character o§®@4, the mgg—gf —gg
) X _Ba _
IR spectrum Fig. 4) after adsorption at 273 K shows an y-gA|203 2318 (Av = 59) es

intense band at 2321 cmh for CD3sCN N-bonded to At
cations. Physisorbed and H-bonded species give rise to a

band at 2259 cm' that is maintained after evacuation at acid-base pairs giving G/€N~ species and on © and
293 K. Furthermore, a broad band appears iniif@H) OH~ sites giving acetamide species. However, the evolu-
vibration range of 3000-3600 cth, which confirms the  tion of intensity of the bands could not be disregarded and
presence of acetonitrile H-bonded to the surface. These fea-shows a net evolution of basic strength. Therefore a study
tures can be related to the presence of higher amounts ofof the basicity has also been performed by microcalorimetry
surface hydroxyls of higher acidity on alumina able to give with the use of adsorption of CQwhose heat of adsorp-
H-bonded acetonitrile species. The characteristic bands oftion allows an evaluation of the basic strength. The results
the anionic species present for the previous samples are noteported inTable 6 show that for the previous series of

detected here. samples the basic strength is in the following order: Na—
The IR spectra previously described upon adsorption of MgO > MgO > Mgg.eo(Al9.31)O > y-Al20s.
the amphoteric CBCN probe were evidence of the evolu- This sequence is the reverse of the ranking established for

tion of acido-basicities from strong basic/weak acidic sites the acid strength and is in agreement with the results already
for Na-doped MgO and MgO to medium/strong acid and reported for IR spectroscopy of adsorbed acetonitrile. This
basic sites for Mg(Al)O mixed oxides and mainly acidic confirmed that for these solids with coupled acid—base sites
sites fory-Al,03. Moreover, it is known that the blue shift  the individual strength of sites necessarily evolved in the op-
of the v(C=N) band of acetonitrile, which depends on the posite direction.

electron-withdrawing power of the cationic site, can be taken  Interestingly, the heat of adsorption of €@ also given

as a measure of the Lewis acid stren{@?B,29] This or- for CssgNagoX and for the series of alkaline- and alkaline-
der of strength for the previous catalysts is the following: earth-exchanged MgO samplesliable 7 Heats of adsorp-
y-Al203 > Mgo.69(Al0.31)0O > MgO > Na—MgO (Table 5. tion listed inTables 6 and Were obtained on samples pre-
A rank of the catalysts regarding the basic strength is lessviously treated at 723 K. TG analyses of these samples do
straightforward because of the adsorption of acetonitrile on not show any weight loss at temperatures higher than 723 K.
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M — 0% M Mx+ SRV > M — 02— M
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Scheme 2. Proposed reaction mechanism for the base-catalyzed additig® tf iethyl acrylate.

Therefore, we may assume that £ totally desorbed at

this temperature and that stronger basic sites are not present.
According to the literaturg30], it has also been shown that s |
the CQ desorption at temperatures above 773 K was neg- °
ligible for Cs-exchanged faujasites. dgNag>X exhibits a
weak basic strength, in the same range ag0A) because

of its high loading in N&. The basic strength increases with
the cation size in the alkaline- and alkaline-earth- exchanged 5
MgO samples. Similar behavior has already been reported
[31-33]and was accounted for by the increasing electron-
donating ability of the different alkaline and alkaline-earth s s . 1 ! !
oxides formed on the MgO support, which increases the av- . 50 55 60 o5 70 75 80
erage negative charge on the basfc Gites. - AH, K0 mot”

MgO-Na

MgO
Mg 6910510

tivity x 107 mol 571

Fig. 5. Initial specific activities% 107 mol s~ m~2) of MgO and Na-doped
MgO, both calcined at 823 K, hydrotalcite HT(0.31) apealumina, both
calcined at 873 K, and CsNaX zeolite calcined at 773 K, as a function of
CO;, adsorption heats (kJ mT)]r) measured at 373 K.

5. Discussion

We had previously determined from kinetics and further
IR study on BS and MA adsorption and coadsorption that Table 8
the prerequisite for this reaction was the dissociation£g8 H  Initial specific activity, MMP selectivity at 40% MA conversion, electroneg-
into HS™ and H" species over Lewis acid/base pair sites ativity (Sint), partial negative charge on oxygen atoipgnd cation radius
[12]. The HS species formed by the dissociation o$$ Catalyst Initial activity MMP  Electro-  Oxygen Cation

on O*~ sites and adsorbed on the adjacent Lewis acid site (><1108 mol selec- negativity charge radius
is able to attack the terminal carbon atom of a MA species stm™%) tvity  (Sint) ®) A
present in the surrounding liquid phase. This leads to a MMP Nax 10 77% 2404 0314 0.97 (Na)
‘it KX 26 79% 2335  -0331 1.33(K)
molecule adsorbed on a Lewis acid site through the S atom,
. . N RbgsNageX 2.4 81% 2294  —0342 1.47 (Rb)
as we proposed in the mechanism givesaheme 2 CssgNagX 4.0 83% 2220 _0.360 167 (Cs)

Following this mechanism, the H abstraction oaH
leading to HS species must be easier as the basic strength
of the & sites increases. Therefore one could expect an an indication of the Lewis acid strength of the cation, and
increase in the initial reaction rate with the basic strength the calculated oxygen chargs, to be an indication of the
of the catalysts evaluated by the heat of adsorption 0f.CO Lewis basic strength of the zeolites. It was also shown that
This is actually the case, as reportedfag. 5for the series  the activity and selectivity of the reaction studied were both
of CssgNagaX, Al 203, Mgg 69(Al0.31)0, MgO, and Na-MgO  affected by the acid—base properties of the catalysts.
samples. The increase in the catalytic activity from NaX to CsX

Regarding the cation-exchanged X zeolites, it has beenis well correlated with the increase in the basic character of
established for a long time that the basic strength depends orthe cation-exchanged zeolitdsd. 6), and the selectivity for
the nature of the cations and increases in the orderNa < MMP tends to decrease from CsX to NalXg. 7). The exis-

K < Rb < Cs (Table §. In this table are also listed the values tence of acid—base pairs is then important to considered with
of the intermediate electronegativity;,;, and of the partial regard to both activity and selectivity.

oxygen charge§, which were calculated according to the A correlation of the same kind between the initial reac-
principle of Sandersof84]. Indeed, from microcalorimetric  tion rate and the nature of the cations was obviously ex-
measurements based on the adsorption of acidic and basipected regarding the MgO-doped samples. However, this is
probe molecules, the intermediate electronegatisigy, of not strictly the case upon examination of the results reported
the zeolite structure was shown by Auroux et[a#] to be in Table 4 This can be related to the different cation loading
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Fig. 9. MMP selectivity at 40% of MA conversion as a function of the dif-
ferenceAv(C=N) in the wavelength of Lewis acid coordinated TN
and that of physisorbed GITN.

the acid strength weakens and consequently induces an in-
crease in selectivity. This tendency is confirmed when one
examines the evolution of selectivities at 40% MA con-
version for the Na-doped MgO, MgO, MgdAlo.310, and
CssgNagoX samples as a function of the acid strength evalu-
ated from the)(C=N) shift of adsorbed acetonitrilé&(g. 9).

The highest selectivities in MMP at 40% MA conversion are
obtained for MgO and doped MgQ#dble 4 entries 10 and
16-24). Selectivities of only from 60 to 68% are obtained for
the three mixed oxides, and a selectivity of 61% is obtained
for y-alumina ([Table 4 entries 11-14).

6. Micropilot test

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

Under the operating conditions described in pafédi
(i.e., without solvent and with a larger amount of catalyst),
it was confirmed that sodium-doped MgO was more active
than the Cs-exchanged X zeolite and more active than the
reference ion-exchange reskig. 10.

However, from the comparison of the results obtained in
another series of experiments in a batch reactor and those ob-
tained in a continuous reactor, a higher selectivity in MMP
is obtained over the Cs-exchanged X zeolite and the refer-
ence ion-exchange resin than over the sodium-doped MgO

of the samples, which is a main factor influencing the sur- (Table 9.

face basicityf31-33] Indeed, one can note that the expected

It is then possible to anticipate that the new catalytic

correlation with cation size is found when one considers the systems developed in this work with a batch reactor in the

initial reaction rate per mole of catiokig. 8).

presence of a solvent should also demonstrate both high

According to our proposed reaction scheme, it appearsactivity and high selectivity in MMP under continuous op-
that the adsorbed MMP must be more rapidly desorbed wheneration without solvent.
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Fig. 10. Methyl acrylate conversion vs time for Na-doped MgO, ion-
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Table 9
Methyl 3-mercaptopropionate selectivity for batch and fixed bed continuous
flow reactors

Catalyst MMP selectivity MMP selectivity
at 50% MA conversion at 40% MA conversion
(batch) (continuous flow)
CsggNagoX 96% 84%
MgO—-Na 72% 78%
Amberlyst A21 91% 79%

7. Conclusion

It has been shown in this work that basic solids, namely

alkaline cation-exchanged X zeolites, magnesium-alumin-

ium hydrotalcites, and alkaline- and alkaline-earth-doped

magnesium oxides, a series of catalysts that were already23]

known to differ in their chemical composition, structural
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