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Ternary Ag/MgO-SiO, Catalysts for the Conversion of

Ethanol into Butadiene
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Ternary Ag/Magnesia-silica catalysts were tested in the direct
synthesis of 1,3-butadiene from ethanol. The influence of the
silver content and the type of silica source on catalytic per-
formance has been studied. Prepared catalysts were character-
ized by #Si NMR, N, sorption, small-angle X-ray scattering
measurements, XRD, environmental scanning electron micros-
copy with energy dispersive X-ray analysis (ESEM/EDX), FTIR
spectroscopy of adsorbed pyridine and CO,, temperature-pro-
grammed desorption of CO, and UV/Vis diffuse reflectance
spectroscopy. Based on these characterization results, the cata-

Introduction

1,3-Butadiene (hereon referred to as butadiene) is an impor-
tant petrochemical that recently gained renewed interest with
a search for new production methods." This chemical is
mainly used for the production of polymers. Styrene-butadiene
rubber (SBR) and polybutadiene, mainly used in the production
of car tires, account for more than 50% of the available buta-
diene. Other important polymers consuming significant
amounts of butadiene are acrylonitrile-butadiene-styrene
(ABS), styrene-butadiene latex (co-polymer) and chloroprene
rubber. Butadiene is also used as starting material for adiponi-
trile synthesis, a precursor for nylon production.”

Currently, butadiene is predominantly obtained via extrac-
tive distillation of the C4 fraction from naphtha steam crackers
used for the production of ethylene, making the butadiene
supply very dependent on the ethylene production. This de-
pendence could become problematic because recent trends in
shifting to lighter feedstock for the steam crackers will de-
crease butadiene yields, because of lower costs and the larger
availability of ethane from shale gas. This can potentially lead
to a shortage in butadiene production in the near future.”!

This butadiene production gap can be overcome by direct
production routes. A number of on-purpose technologies have

[a] W. Janssens, Dr. E. V. Makshina, P. Vanelderen, Dr. F. De Clippel,
K. Houthoofd, S. Kerkhofs, Prof. Dr. J. A. Martens, Prof. Dr. P. A. Jacobs,
Prof. Dr. B. F. Sels
Centre for Surface Chemistry and Catalysis
KU Leuven
Kasteelpark Arenberg 23, 3001 Leuven (Belgium)
Fax: (+32)1632-1998
E-mail: bert.sels@biw.kuleuven.be

Supporting Information for this article is available on the WWW under
http://dx.doi.org/10.1002/cssc.201402894.

Wiley Online Library © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lytic performance of the catalysts in the 1,3-butadiene forma-
tion process was interpreted and a tentative model explaining
the role of the different catalytically active sites was elaborat-
ed. The balance of the active sites is crucial to obtain an active
and selective catalyst to form 1,3-butadiene from ethanol. The
optimal silver loading is 1-2 wt% on a MgO-silica support with
a molar Mg/Si ratio of 2. The silver species and basic sites
(Mg—O pairs and basic OH groups) are of prime importance in
the 1,3-butadiene production, catalyzing mainly the ethanol
dehydrogenation and the aldol condensation, respectively.

the potential to become economic viable routes for the direct
production of butadiene such as (bio)ethanol conversion to
butadiene, dehydrogenation of butane and butenes, and dehy-
dration of butanediols.**

The direct production of butadiene from ethanol is an on-
purpose method, starting with bioethanol, a new and renewa-
ble feedstock, produced via the fermentation of sugars and
starch.” The production of bioethanol is growing to an indus-
trial scale mainly for fuel use. The intensive investigations in
the use of second generation feedstock like cellulose, for ex-
ample, will help to further develop the bioethanol economy.
The production of ethanol from syngas (chemical and fermen-
tation) is another route that has been investigated in recent
years.”! When these technologies become industrially relevant,
they will further increase the ethanol supply. A recent sustaina-
bility assessment demonstrated beneficial aspects of the bio-
based production of butadiene, mainly in terms of process
costs, environmental impact and potential hazard of the etha-
nol route, when compared to the traditional naphtha cracking
process.”’ A research partnership between Axens, IFP Energies
Nouvelles and Michelin to develop bio-based butadiene, illus-
trates the industrial relevance of this butadiene from ethanol
process.®! It should be emphasized that this process has al-
ready been used in the chemical industry from 1920 to 1960.
In Russia, the Lebedev one-step process used a variety of
(mixed) oxide catalysts.”) In the USA a two-step process has
been implemented in which ethanol was partially dehydrogen-
ated to acetaldehyde in a first reactor; then the ethanol-acetal-
dehyde mixture was transformed into butadiene in a second
reactor with a tantalum oxide on silica catalyst."

The formation of butadiene from ethanol is complex and
the mechanism is still subject to debate. The reaction scheme
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Scheme 1. Reaction sequence for the conversion of ethanol into buta-
diene.[él,lﬁ,'ﬂ]

illustrated in Scheme 1 is generally accepted today."'*'? It in-

volves multiple consecutive reaction steps such as: 1) Ethanol
dehydrogenation to acetaldehyde. 2) Aldol condensation of
two acetaldehyde molecules yielding acetaldol. 3) Dehydration
of acetaldol to crotonaldehyde. 4) Meerwein-Ponndorf-Verley
(MPV) reaction between crotonaldehyde and ethanol to form
crotyl alcohol and acetaldehyde. 5) Dehydration of crotyl alco-
hol into butadiene. Active catalysts should be multifunctional
containing different sets of active sites, that is, acid, base and
redox sites, catalyzing dehydrogenation, aldol condensation,
MPV reaction and dehydration. The strength, balance, and
proximity of the different sites is crucial to obtain active and
selective catalysts. The ethanol dehydrogenation step!® as
well as the aldol condensation step,"® have been proposed in
the literature as the rate-determining step in this reaction net-
work.

Magnesia-silica catalysts are very intensively studied materi-
als in the one-step process of ethanol to butadiene. Different
procedures have been used for catalyst synthesis, the optimal
Mg/Si ratio of the two oxides appearing as an important pa-
rameter. Nilyama et al. observed the highest acidity on samples
with a Mg/Si ratio of 1, while the basicity increased with in-
creasing MgO content."™ However, contradictory results have
been reported on the optimal Mg/Si ratio. Niiyama et al. re-
ported an optimal ratio of 5.7,'% while other authors reported
other optimal ratios, amounting to 2%'¥ or 1.'%'¥ The MgO-
SiO, catalysts showed butadiene yields ranging from 9 to 42%
and selectivities between 30 and 84%.*'%'3" Despite the
different preparation methods and catalyst compositions,
the productivities remain very low for these catalysts.
The most active catalysts obtained productivities below

1[1a,4]

1 -
0.1 gBDgcataIyst h™.
The activity of magnesia-silica-based catalysts can be further

improved by post-synthetic modifications. The addition of
dopants such as chromium, zinc, silver, manganese, copper,
and nickel,'*"*'% improved the dehydrogenation activity, re-
sulting in an increased ethanol conversion and butadiene
yield. In our recent article, we presented the influence of vari-
ous transition metal (oxide) modifiers on the catalytic activity
and butadiene selectivity of magnesia-silica catalysts.” A suc-
cessive impregnation of the binary system proved to be most
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effective. The catalysts showed improved butadiene selectivity
and yield for all transition metals and a reduced dehydration
activity, resulting in reduced formation of the thermodynami-
cally favorable ethylene and diethyl ether. Silver and copper
were the most effective promoters showing almost complete
ethanol conversion, and butadiene yields higher than 50%.
These materials showed the highest productivities of all mag-
nesia-silica-based materials at almost 0.2 ggp Gearayst ' -

The hitherto published data on ternary MO,-MgO-SiO, cata-
lysts focus on the catalytic performance of these systems using
a “black box approach”, rather than presenting an in-depth
physicochemical characterization of these solids. In this work,
the MgO-SiO, system doped with silver was studied in an at-
tempt to understand this catalytic system, thus allowing the
correlation of structural and catalytic properties. Therefore,
a detailed characterization of the Ag/MgO-SiO, materials is
compared with their catalytic performance. The redox dopant
concentration and the silica properties, that is, morphology
and pore size, are varied to obtain insight in the effect of acidi-
ty, basicity, location and dispersion of MgO in this catalytic
system.

Results
Catalytic results

Three series of catalysts were prepared with a different silica
source: commercial silica gel (further labeled as SiO,), MCM-41,
and COK-12 materials. Catalysts were prepared according to
the procedure described in Makshina et al.”’ and included the
preparation of the magnesia-silica support followed by an im-
pregnation with a silver containing solution (see details in the
Experimental Section). The results of the tested catalysts are re-
ported in Table 1 and Figures 1 and 2. The results of the indi-
vidual oxides indicate that the presence of both MgO and
silica is necessary to obtain active and selective catalysts for
the butadiene synthesis (Table 1, entries 1-4, 6, 12 and 18). The
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Figure 1. Catalytic results for the ethanol to butadiene reaction at 673 K
(after time-on-stream (TOS) of 200 min and space velocity (WHSV) of 1.2 h™")
against the silver loading of xAg/MgO-SiO, catalysts. m=ethanol conversion;
@ =butadiene yield; A =acetaldehyde yield; ¢ =ethylene yield; ci=buta-
diene selectivity.
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Table 1. Catalytic results in the butadiene synthesis from ethanol (T=673 K, WHSV=1.2 h™).
Entry Catalyst Conversion [C %] Selectivity [C%] Productivity [ggpGe 'h™' ]

Butadiene Acetaldehyde Ethylene Diethyl ether Crotyl alcohol Other™

+ butanol

1 MgO 1" 6 9 5 1 34 35 0.00
2 Sio, 6 2 51 20 1" 0 16 0.00
3 COK-12 4 0 68 19 2 1 10 0.00
4 MCM-41 4 1 69 17 2 1 10 0.00
5 1.0Ag/SiO, 38 4 66 7 1" 1 15 0.01
6 MgO-SiO, 10 36 8 12 9 8 24 0.02
7 0Ag/MgO-SiO,” 9 39 4 23 18 2 14 0.02
8 0.5Ag/MgO-5i0, 26 47 16 4 7 6 20 0.08
9 1.0Ag/MgO-SiO, 44 46 19 3 4 5 23 0.14
10 2.0Ag/MgO0-SiO, 50 41 24 2 3 4 26 0.15
1 4.0Ag/MgO0-SiO, 50 38 23 3 3 4 29 0.12
12 MgO-COK-12 9 33 8 29 14 2 14 0.02
13 0Ag/MgO-COK-127 6 35 5 21 22 5 12 0.02
14 0.5Ag/MgO-COK-12 31 44 12 5 5 8 26 0.09
15 1.0Ag/MgO-COK-12 42 42 20 3 4 7 24 0.12
16 2.0Ag/Mg0O-COK-12 39 42 23 6 3 5 21 0.11
17 4.0Ag/MgO-COK-12 48 33 26 3 2 6 30 0.11
18 MgO-MCM-41 9 36 6 25 12 3 18 0.02
19 0Ag/MgO-MCM-41° 11 28 4 27 25 3 13 0.02
20 1.0Ag/MgO-MCM-41 24 47 14 7 7 5 20 0.08
21 2.0Ag/MgO-MCM-41 24 47 13 9 6 5 20 0.08
[a] Catalysts wetted with water (conditions of Ag-free impregnation). [b] Other includes other by-products detected in minor amounts such as methane,
COx, ethane, propylene, methanol, other C4 and C6 hydrocarbons, C3, C4, and C6 oxygenated compounds.
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Figure 2. Catalytic results of 1.0Ag/MgO-silica catalysts with different silica
sources in the formation of butadiene from ethanol at 673 K (after TOS of
200 min and WHSV=1.2 h™"). m=ethanol conversion; ® =butadiene yield;
A =acetaldehyde yield; & =ethylene yield; o =butadiene selectivity.

addition of Ag increases the ethanol conversion and butadiene
yield significantly, while wetting solely with water (“impregna-
tion” solution devoid of Ag, 0Ag/MgO-silica) does not affect
the catalytic results (compare entries 6-8 in Table 1). The pro-
motional effect of silver in the butadiene synthesis has previ-
ously been described in the literature.” ' |t was assumed
that the first step in the reaction network (Scheme 1), that is,
the dehydrogenation of ethanol, is catalyzed by silver. Selectiv-
ity to other intermediate products, for example, crotonalde-
hyde, was very low, that his, less than 5%. The main byprod-
ucts are ethylene, diethyl ether, and 1-butanol. The first two
products are the result of a dehydration of ethanol and are
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mainly present on catalysts without Ag and their selectivity de-
creases significantly after the addition of Ag. Ethanol dehydra-
tion may be reduced due to blocking of dehydration sites after
addition of Ag or due to a competition for ethanol with the
dehydrogenating activity of the Ag species. The catalytic be-
havior of a magnesia-free 1.0 Ag/SiO, material proves this as-
sumption (compare entries 2 and 5 in Table 1). The presence of
silver clearly leads to substantial increase in conversion, acetal-
dehyde becoming a major product, while ethylene selectivity
decreases.

The amount of Ag on the MgO-silica support has a significant
influence on the catalytic results of the final catalysts (Table 1
and illustrated in Figure 1 for SiO, as silica source). The conver-
sion and acetaldehyde vyield both increase with increasing
silver content, until 2 wt%. The butadiene selectivity, however,
decreases with increasing silver loadings. Both observations in-
dicate that 1 wt% of silver is the optimal loading for all tested
xAg/MgO-silica catalysts, independently of the silica source
used (Table 1). A low silver content (0.5 wt%) gave high buta-
diene selectivity but low ethanol conversions, while the better
conversions with higher silver loadings (>2 wt%) are mainly
the result of an increased amount of acetaldehyde and did not
result in higher butadiene yields.

Different silica sources were used to investigate their influ-
ence on the catalytic activity. Figure 2 compares the results of
the catalysts prepared from different silica sources (a commer-
cial silica (SiO,), COK-12, and MCM-41) and impregnated with
1 wt% Ag. The catalyst prepared with commercial silica shows
slightly better behavior compared to COK-12. MCM-41-based
catalysts show lower ethanol conversion, as well as reduced
butadiene and acetaldehyde yield.

ChemSusChem 0000, 00, 1-16
These are not the final page numbers! 27


www.chemsuschem.org

SUS

Influence of the reaction conditions on the catalytic per-
formance

The activity of the most active catalysts can be further in-
creased by increasing the reaction temperature (Figure 3). Both
conversion and butadiene yield increase with increasing tem-
perature. A significant increase of the butadiene productivity
from 0.14 to 0.29 ggp Ty ' h~' Was obtained by increasing
the temperature from 673 to 753 K. The acetaldehyde yield sig-
nificantly decreases with increasing reaction temperature,
while the selectivity to the other intermediate products re-
mains very low.
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Figure 3. Catalytic activity of 1.0Ag/MgO-SiO, at different temperatures
(WHSV=1.2 h™" after TOS of 200 min). m=ethanol conversion; ® =buta-
diene yield; A =acetaldehyde yield; & =ethylene yield; o =butadiene pro-
ductivity.

The increased conversion and butadiene yield, together with
decreased acetaldehyde yield indicate that the rate of the rate-
determining aldol condensation increases with increasing tem-
perature. The higher temperatures also enhanced the dehydra-
tion activity of the catalyst, resulting in an increased ethylene
yield up to 8% at 753 K. According to thermodynamic calcula-
tions in literature, the acetaldol formation becomes thermody-
namically less favorable at higher temperatures." But despite
the thermodynamic considerations, the rate of the aldol con-
densation increases, showing higher butadiene yield, which is
probably due to the increased dehydration activity of the cata-
lyst at higher temperatures, for example, dehydration of acetal-
dol and eventually crotyl alcohol.

Lowering the contact time, by increasing the carrier gas flow
rate, is detrimental for the butadiene formation (illustrated in
Figure S1 in the Supporting Information). The effect of ethanol
concentration in the gaseous stream at constant carrier gas
flow rate (constant contact time) is shown in Figure S2. The
level of conversion decreases with increasing ethanol amounts
in the feed stream while butadiene selectivity is almost con-
stant. This behavior indicates that the dehydrogenation capaci-
ty of the silver particles is not sufficient to convert the extra
amount of ethanol. However, use of higher ethanol concentra-
tions leads to higher butadiene productivities up to
0.28 ggpJearast D' at space velocity (WHSV) of 24 h™'.
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Characterization

SEM images show the morphologies of the parent silicas used
in the preparation of the Ag-on-magnesia-silica catalysts (Fig-
ure S3A, C and E). MCM-41 appears as spherical particles with
a reqgular surface. COK-12 has thin particles with a hexagonal
shape. Both the MCM-41 and COK-12 particles are smaller than
1 um. Their morphology corresponds to that shown in earlier
publications."® The commercial silica shows a gel-type struc-
ture with less discrete particles. After mixing with Mg(OH),
powder and impregnation with aqueous Ag™ solution, MCM-
41 particles are covered by sheets (flakes) of MgO, some peel-
ing off from the silica surface (Figure S3A and B). Also in the
case of the commercial silica gel (Figure S3E and F), the silica
surface is covered with multiple crystal layers of MgO. With the
COK-12 silica (Figure S3C and D), the coverage with MgO is in-
complete and evidence is present for the existence of separat-
ed MgO flakes. The fate of the small Ag species clearly cannot
be revealed by SEM.

Environmental scanning electron microscopy with energy
dispersive X-ray analysis (ESEM/EDX) was used to analyze the
chemical composition of the catalysts at specific locations
inside the catalyst particles. Figure 4A and B show ESEM pic-
tures of a 4.0Ag/MgO-COK-12 catalyst with different magnifica-
tion. In line with the SEM pictures (Figure S3C and D), two dis-
crete phases are observed in these pictures, a darker one with
few white dots (Figure 4B, area 2) and a lighter one with many
small white dots (Figure 4B, area 1). The white dots correspond
to Ag particles, because metal particles light up in the back-
scattering mode. Elemental analysis of the two phases (Fig-
ure 4B and C) confirms the chemical difference between the
two phases. The lighter phase represents SiO, with some
Mg?*, while the darker phase indicates MgO with few Si
atoms. The Ag atoms are clearly concentrated in the SiO,
phase. The same behavior is also seen in the ESEM/EDX map-
ping experiment (Figure 4D, E and F).

Small-angle X-ray scattering (SAXS) measurements was used
to determine whether the silica mesoporous ordering of MCM-
41 and COK-12 survives the synthesis procedure. Figure 5 rep-
resents the SAXS patterns of the catalysts in different stages of
the catalyst preparation. The parent COK-12 and MCM-41 sup-
port exhibit a well-resolved intense diffraction peak at g=0.7
and 1.6 nm™, respectively, and a second smaller though broader
peak at g=1.2 and 3.0 nm™', respectively. Both are typical for
ordered mesoporous silica with hexagonal pore structure.'®'?
The diffraction peaks at smaller angles in the SAXS pattern of
COK-12 indicate an ordering over a larger distance in COK-12
compared to MCM-41. This corresponds with a larger unit cell
for COK-12 (unit cell parameter a=10.4 nm) compared to
MCM-41 (a=4.5 nm), in agreement with the larger pores and
thicker pore walls in COK-12. Mixing of the COK-12 and MCM-
41 silicas with magnesium oxide results in lower peak intensi-
ties due to the reduced amount of silica present in the sample
(43 wt% SiO,). Wetting of the MgO-silica materials with water
(without silver) leads to the disappearance of the diffraction
peaks for both COK-12 and MCM-41, which indicates a serious
loss of ordering of the porous network. Alternatively, due to
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pore size distribution curves of
the catalysts prepared from
COK-12 are illustrated in Figure 6
and Figure S4. The starting silica
materials all have high surface
areas and their adsorption iso-
therms are typical for mesopo-
rous materials. MCM-41 and
COK-12 materials show a steep
condensation step on both the
adsorption  and  desorption
branches, pointing to the exis-
tence of a narrow pore size dis-
tribution. In case of commercial
silica the shape of the hysteresis
loop suggests a broad pore size
distribution. Also the average
pore size of commercial silica is
higher (6.3 nm) compared to the
ordered mesoporous supports,
amounting to 5.4 and 1.9 nm for
COK-12 and MCM-41, respective-
ly. Although addition of MgO to

C) the silicas leads to a decrease of
Atom areal area2

the surface area, the shapes of

Mg 16 78 the isotherms and the pore size

si 57 s distribution curves are similar to

those of the starting silicas,

Ag 7 2 except for the additional hyste-

o 20 15 resis loop at high partial pres-

sures in the isotherms, resulting

Figure 4. ESEM/EDX measurements of 4.0Ag/MgO-COK-12. A) ESEM photo in backscattering mode; B) Magnifica- from the porosity of the MgO

tion of the rectangle of photo A; C) Results of the elemental analysis (in wt%) of areas 1 and 2 from photo B; D- phase. The surface area of MgO-

F) Determination of the specific location and concentration of different atoms (color intensity being a measure for SiOz is higher than could be de-

the relative concentration): D) Ag La, E) Si Ka, F) Mg Ka.

rived from that of the individual
oxides. This points to a better

20/° 20/° dispersion of MgO in presence
1 2 3 4 5 6 7 of commercial silica compared
10° d to bulk MgO. Conversely, the
100
o surface areas of MgO-COK-12
3 and MgO-MCM-41 are slightly re-
104 duced, while the decrease upon
-g g . MgO addition is more pro-
2 2 77 nounced in case of MCM-41.
10°] This observation is explained by
a partial covering of the external
10°3 silica surface by MgO particles
10' T r r T T T T ing i i -
T I T T : T 7 I H 5 resulting in a partial port.e block:
Scattering vector g / nm” Scattering vector ¢ / nm’ age. Such changes confirm the
results obtained by SEM. The
Figure 5. SAXS patterns of i) COK-12, i) MgO-COK-12, iii) 0Ag/MgO-COK-12, iv) MCM-41, v) MgO-MCM-41, and wetting and impregnation step

vi) 0Ag/MgO-MCM-41.

the random coverage of MgO throughout the silica material,
a modified scattering contrast could also be possible.

The textural properties of the materials at different stages of
the preparation are summarized in Table S1. The isotherms and

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

followed by calcination both fur-

ther decrease the surface area of
the samples and changes the isotherms, while the pore size
distribution curves indicate the loss of the mesoporous struc-
ture, probably due to the interaction with MgO. This is in line
with the picture drawn from the SAXS experiments.

ChemSusChem 0000, 00, 1-16
These are not the final page numbers! 27


www.chemsuschem.org

SUS

A) 600+ B) 0.2 for samples with a loading

higher than 2 wt%, as is evident

5004 from diffraction peaks at 20=

2 o0 E 380, 44.3, 644, and 77.2°. In

S | "o case of the materials with lower

g 300- E 014 silver loading (0.5-1 wt%), no

§ ?E> diffraction peaks of Ag have

S 2004 2 been observed in XRD patterns.

% g>_> This indicates that on catalysts
= o . . .

G 1004 o with low silver loadings, crystal-

line silver (AgP) is absent or pres-

00.0 02 04 06 08 10 0'0'0 10 20 30 ent as small silver nanoparticles

Relative pressure (P/P) Pore width / nm undetectable with XRD.

Another possibility is that the

Figure 6. Nitrogen adsorption/desorption isotherms (A) and pore-size distribution curves (based on the BJH amount of crystalline silver is too

model for adsorption) (B) of COK-12-based catalysts at different stages of the synthesis: COK-12 (—); MgO-COK- low to be detected with the XRD

12 (—); 0Ag/MgO-COK-12 (—), 1.0Ag/MgO-COK-12 (—).

XRD patterns of the MgO-SiO, support and the catalysts
with the highest Ag loading (4 wt%) are shown in Figure 7. All
catalysts show the presence of a crystalline MgO phase. The
diffraction peaks observed at 20=36.9, 42.8, 62.2, 74.6, and
78.6° correspond to the face-centered cubic form of MgO [per-
iclase, PDF 01-071-1176 (ICDD, PDF-2, 2008)]. The MgO diffrac-

Intensity

20/°

Figure 7. XRD patterns of i) MgO-SiO,, i) 4.0Ag/MgO-SiO, and iii) 4.0Ag/MgO-
COK-12. The diffraction peaks are identified as diffractions of periclase MgO
(M) and metallic Ag (A).

tion peaks in the spectrum of 4.0Ag/MgO-SiO, are broader and
less intense compared to the diffraction peaks in the diffracto-
gram of the MgO-SiO, support. Similar effects have been re-
ported when comparing a MgO/SiO, catalyst prepared by wet-
kneading with a mechanically mixed sample."® It was as-
sumed that the decrease in crystallinity is due to a decrease in
the size of the MgO crystals or to an increase in the crystal de-
fects (creating more corners, edges, and steps on the MgO sur-
face), both caused by the interaction with SiO,. The broad and
low intensity band at 20=20-30° is due to the presence of
amorphous silica. Reflections corresponding to crystalline mag-
nesium silicates were not observed. Presence of crystalline
silver [PDF 03-065-2871 (ICDD, PDF-2, 2008)] was detected only

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

setup. The presence of a diffrac-

tion pattern of metallic silver on
catalysts with 4 wt% Ag indicates the presence of much more
and/or bigger silver nanoparticles compared to the lower silver
loadings (0.5-1 wt %). Peaks of Ag particles were more intense
and had a slightly larger FWHM (full with at half maximum) for
commercial silica gel containing samples in comparison to
COK-12, indicative of slightly bigger silver particles on the or-
dered silica support.

UV/Vis diffuse reflectance spectra are presented in Figure 8.
The spectra of starting calcined MgO-silicas reveal two major
bands at 230 and 290 nm, which are similar to those of bulk
MgO, as well as a shoulder at 210 nm. The first band is attri-
buted to a charge-transfer transition involving Mg—O pairs lo-
cated on the edges and terraces of MgO crystallites, while the
second one could be associated with tri-coordinated O*~ ions
on corners.'”2  Charge-transfer transitions involving OH
groups may also have an impact on the band at 290 nm, if the
MgO powder is pretreated below 973 K The presence of
the band at 210 nm was not observed on spectra of pure
MgO, and is likely due to charge-transfer transitions involving
Mg?* atoms bound to a silica surface.”™ The ratio between
the two major bands is different for commercial silica gel and
ordered COK-12 and MCM-41, suggesting that the ordered sili-
cas contain more isolated O*" ions and OH groups on the
MgO surface than the MgO-SiO, sample. After wetting the
MgO-silica supports (Figure 8A), a change in the intensity of
the two bands at 230 and 290 nm is observed in favor of the
second band. The changes in the UV-spectra of the ordered
silicas after wetting are so pronounced that the formation of
a new band near 260 nm has to be taken into account. Kvisle
et al. already described such a band on magnesia-silica materi-
als and assigned it to a Mg—O-Si species."® The wetting
might therefore induce changes in the support material: modi-
fications of the MgO surface, creating more 0>~ ions on cor-
ners, and the formation of new Mg-O-Si species. Addition of
silver also leads to changes in the UV spectra (Figure 8B). Im-
portant bands characteristic for different Ag species are ex-
pected at 190-250 nm for charged Ag atoms (Ag™), at 260-
330 nm for charged silver clusters (Ag,°") and at 350 nm and
higher wavelengths for metallic clusters and nanoparticles
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—100 ppm for a Si atom with
three siloxane bonds and a hy-
droxyl group  (Si*(OSi);(OH));
—90 ppm for a Si atom with two
siloxane bonds and two hydroxyl
groups  (Si*(OSi,(OH),).*?  This
means that MgO and silica inter-
act only very weakly in the
mixed MgO-silica materials, con-
firming the adsorption and SAXS
results. However, significant
changes are present in the spec-
tra of the samples after the wet-
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Figure 8. Diffuse-reflectance UV-vis spectra of different catalysts after different steps in the synthesis. A) Mixed
supports (solid lines) and supports after wetting with water (dotted lines), curves were shifted vertically for clarity;

B) Different silver loadings of xAg/MgO-SiO, catalysts.

(>400 nm).%" The presence of metallic Ag nanoparticles is ob-
served on the DRS spectra for all silver-containing catalysts.
The contribution of charged Ag clusters (Ag,°*) and Ag™ ions
appears to be small, but it should be noted that the presence
of these bands below 300 nm is not easily distinguishable
from the strong absorption of MgO. The intensities of the ab-
sorption bands corresponding to metallic silver are lower in
case of the samples prepared with COK-12 and MCM-41 (Fig-
ure S5A and B), pointing to a lower amount of the metallic
nanoparticles in these catalysts.

»Si Magic Angle Spinning (MAS) NMR spectroscopy was
used to evaluate the state of the silicon atoms during the dif-
ferent catalyst synthesis steps. NMR spectra of parent and
MgO-modified silica supports (Figure 9A, Figure S6 black and
red spectra) show three signals with chemical shifts typical for
amorphous silica materials as previously described in literature:
—110 ppm for a Si atom with four siloxane bonds (Si*(OSi),);

A) 75 -85 -92 -101 -110 B) <15

Wavelength / nm

ting and silver impregnation
steps. The signals at —110 and
—101 ppm drastically decrease
and new signals appear at —92,
—85, and —75 ppm (Figure S7).
Since the spectra of the impreg-
nated materials containing silver
are similar to those without silver (0Ag/MgO-silica) irrespective
of the silica source, it can be concluded that appearance of
the new signals is not related to the interaction of Ag atoms
with surface silanols, but rather to an interaction of the silica
surface with magnesium oxide.

A cross-polarization (CP) experiment (*°Si CP MAS NMR spec-
tra) was conducted to identify the nature of the new signals
(Figure 9B). The signal intensity at —92 and —85 ppm is en-
hanced in this CP experiment, which means that these Si
atoms are located at or very close to the silica surface.”® Simi-
lar signals with chemical shift at —85 and —92 ppm were al-
ready reported for MgO-silica systems in the literature and
they were assigned to Si*(OMg)(OSi),(OH) and Si*(OMg)(OSi);,
respectively.”® These results indicate that the use of the aque-
ous solution during the impregnation with subsequent calcina-
tion leads to the formation of an amorphous surface magnesi-
um silicate phase. Similar observations were made previously
by Natta and Rigamonti (amor-
phous and crystalline magnesi-
um silicate formation) and Kvisle
etal. (Mg-O-Si interactions) for
MgO-silica catalysts prepared by
wet-kneading."%®'¥ The wetting
during the impregnation step
appears to have a stronger influ-
ence when the ordered mesopo-

500 600 700 800

-85-92 -101 -110

rous materials (COK-12 and
MCM-41) are wused as silica
source. Their signals at —110

L 1 r T
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H 'I
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Figure 9. A) 2Si MAS NMR spectra of catalysts after different synthesis stages; the starting COK-12 (—); MgO-
COK-12 after mechanical mixing and calcination (——); 0Ag/MgO-COK-12 after wetting/impregnation and calcina-
tion (—) and 1.0Ag/MgO-COK-12 after wetting/impregnation and calcination (——). B) Comparison of *Si CP
MAS NMR (—) and *Si MAS NMR spectra (——) of 0Ag/MgO-COK-12 (the spectra were scaled differently for
easier comparison). The NMR spectra of catalysts prepared with SiO, and MCM-41 are included in the Supporting

Information (Figure S6).
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and —101 ppm are lower com-
pared to the signals of the mag-
nesium silicate phase (—92 and
—85 ppm). Such behavior is not
unexpected taking into account
that the pore walls are thinner
and thus more reactive in case
of ordered COK-12 and MCM-41
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compared to the commercial silica gel and better accessible
for an interaction with dissolved magnesium hydroxide during
the impregnation. The previously cited groups did not observe
chemical shifts higher than —80 ppm. Here, the signals are
small but clearly observable. In the CP experiment, this signal
was not enhanced as much as the other signals, meaning that
this type of Si atom is not as close to protons as the other sig-
nals. Thus this species could be assigned to Si*(OMg),(OSi),.
Infrared spectroscopy is a popular technique to visualize the
OH groups present on silica and other surfaces. Figure 10 rep-
resents the FTIR spectra in the OH vibration region of the cata-
lysts at different stages of their synthesis. In the 3900-
3200 cm™' region, the FTIR spectra of the parent silica materi-
als exhibit one sharp and intense absorption band around
3740 cm™' attributed to isolated silanol groups (=Si—OH).*¥

3705 3520
01y 3740:3665 .
0.0
(0]
o
=
@
Qo
—
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Q
<
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Figure 10. FTIR spectra in the OH vibration region of catalysts after different
stages of the synthesis. The spectra were measured at 423 K after evacuation
at 673 K to remove adsorbed water: i) COK-12, ii) MgO, ii) MgO-COK-12,

iv) 0Ag/MgO-COK-12, v) 1.0Ag/MgO-COK-12. The IR spectra of catalysts pre-
pared with SiO, and MCM-41 are included in the supporting information
(Figure S8).

A shoulder around 3700 cm™ that can be assigned to hydro-
gen bound silanols, is clearly visible. The IR spectrum of bulk
MgO has a band at 3750 cm™', corresponding to isolated
MgOH groups present on the MgO surface and a small, broad
band at 3520 cm™' assigned to multi-coordinated hydroxyl
groups (hydroxyls formed after protonation, by H,O dissocia-
tion, of low coordinated oxygen atoms on corners and
steps).””) Modification of the host silica matrices with magnesi-
um oxide results in an intensity decrease of the OH band due
to a decrease of the silica content of the magnesia-silica mate-
rials compared to the parent silica. Wetting and/or Ag impreg-
nation of the premixed MgO-silica support shows the appear-
ance of two new bands at 3705 and 3665 cm™' (Figure 10).
Similarly to changes observed by NMR and UV/Vis spectrosco-
py, these new bands most probably originate from the interac-
tion of the silica surface with magnesium (hydr)oxide. Kermar-
ec et al. observed such a band near 3675 cm™ in the IR spec-
trum of magnesia-silica gels, relating it to the presence of
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magnesium atoms in tetrahedral coordination.”® Moreover,
various hydrous silicates, that is, talc, sepiolite, and serpentine
group minerals (like chrysotile, lizardite, and picrolite) exhibit
OH stretching vibrations in this region of 3660-3700 cm '
Thus both bands at 3665 and 3705 cm™' are most likely attrib-
uted to various surface species of an amorphous Mg-silicate
phase, like silanol groups next to Mg atoms or Mg—OH groups
bonded to the silica surface. For an exact identification of
these new OH vibrations, further investigation is necessary.
A comparison of the spectra of the xAg/MgO-silica samples
prepared from different silica sources indicates that the silica
surface of the ordered supports (COK-12 and MCM-41, spectra
iv.and v in Figure 10 and Figure S8B, respectively) is more af-
fected by the interaction with magnesium atoms than the
commercial silica (spectra iv and v in Figure S8A), confirming
the results of the NMR analysis.

Temperature-programmed desorption of CO, (CO,-TPD) and
infrared spectroscopy of preadsorbed CO, were used to char-
acterize the properties of basic sites on the surface of the in-
vestigated catalysts. The basicity of the catalysts originates
from the MgO phase, as almost no CO, is observed in the TPD
of pure SiO, (Table 2, entry 2). CO, can adsorbs on the basic
sites of MgO, forming three different species.”® These species
have different IR vibrations and can therefore be visualized by
IR spectroscopy. Bicarbonates are formed on weakly basic OH
groups and reveal a C—OH bending vibration near 1220 cm™'
and a symmetric and asymmetric O—C—O stretching vibration
at 1480-1420 and 1665-1650 cm™', respectively. Bidentate car-
bonate species are generated by interaction of carbon dioxide
with intermediate strength Mg—O pairs and have characteristic
vibrations near 1630-1610 and 1340-1320 cm™' (asymmetric
and symmetric stretching vibrations of O—C—0O, respectively).
Interaction of CO, with strongly basic O*~ anions results in for-
mation of unidentate carbonates, with asymmetric and sym-
metric stretching vibrations near 1560-1510 and 1420-
1360 cm™". Figure 11 represents the IR spectra of desorption
behavior of preadsorbed CO, at different temperatures over
1.0Ag/MgO-COK-12 material. The IR spectrum of adsorbed CO,
at room temperature shows broad and overlapping bands
(Figure 11, black curve). Contributions of all three adsorbed
species are observed in this spectrum at low temperature, with
the unidentate carbonate species dominating the spectrum. In-
creasing the desorption temperature to 373 K resulted in the
desorption of the bicarbonates; only uni- and bidentate carbo-
nates were observed at this temperature. Both species were
still present at 473 K but with significant decreased intensities.
At higher desorption temperatures (573 and 673 K), very low
intensities of adsorbed CO, were observed, indicating that
most of the CO, was desorbed at these temperatures.

To access the strength and the amount of the basic sites,
TPD experiments were conducted (Table 2 and Figure 12). The
TPD profiles of the catalysts were deconvoluted into three de-
sorption peaks: bicarbonate species on weakly basic OH
groups, bidentate carbonate on Mg—O pairs with intermediate
strength, and unidentate carbonate on strongly basic 0%~
anions (in accordance with the three observed species in IR
spectroscopy). These peaks had maxima around 358, 403, and
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- - ) - - ) face area of MgO or an increased
Table 2. Acid and basic properties of the catalysts at different stages of their synthesis. K
roughening of the surface (more
Entry Catalyst Relative Lewis acidity® Basicity® [umolg,,, '] corners, terraces, and edges)
[em g '] Total Peak 1 Peak 2 Peak3 | Jeads to an increase in basicity.*
1 MgO 43 25 8 10 7 The dispersion depends on tex-
2 Si0, n 1 1 0 0 tural properties of the silica
3 COK-12 15 - - - - . L
4 MCM-a1 n _ ~ _ _ u.sed'. Rggarc!mg the basic site
5 1.0Ag/Si0, 41 _ _ _ _ distribution, it should be noted
6 MgO-SiO, 66 32 10 13 10 that the MgO-SiO, material con-
7 0Ag/MgO-5i0, 363 42 12 14 16 tains more medium strength
8 0.5Ag/MgO-SiO, 196 17 6 5 6 ~ .
9 1.0Ag/MgO-SiO, 235 27 9 7 1 Mg-0 palrs,' Wwhereas  the
10 2.0Ag/MgO-SiO, 236 1 5 5 4 number of basic OH groups and
1 4.0Ag/MgO-SiO, 296 17 6 6 5 strong basic O*~ sites is lower.
12 MgO-COK-12 43 27 8 4 15 The basic site distribution of
13 0Ag/MgO-COK-12 335 31 13 9 9 M S s
-Si0, is similar he distri-
14 0.5Ag/MgO-COK-12 215 20 7 7 7 99 5i0; s similar to the dist
15 1.0Ag/MgO-COK-12 200 16 6 5 6 bution on the surface of bulk
16 2.0Ag/MgO-COK-12 374 16 5 5 5 MgO (Table 2, entries 1 and 6).
7 4.0Ag/MgO-COK-12 233 13 5 5 4 Conversely, COK-12 and MCM-41
18 MgO-MCM-41 129 22 7 5 10 L
ntainin mpl reveal
19 0Ag/MgO-MCM-41 185 30 9 10 1 co t.a 9 samples evea
20 1.0Ag/MgO-MCM-41 312 16 6 4 6 a higher number of strongly
21 2.0Ag/MgO-MCM-41 348 16 6 4 5 basic isolated O*" ions and a re-
[a] The relative Lewis acidity is represented by the peak area of the signal at 1450 cm™' of pyridine desorbed at duc.ed amount of Mg-O pairs,
423 K corrected for the thickness of the wafer. [b] The basicity is obtained after CO,-TPD and signal deconvolu- while the number of surface
tion (see Figure 12). basic OH groups is comparable
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Figure 11. FTIR spectra of preadsorbed CO, on 1.0Ag/MgO-COK-12. The dif-
ferent curves represent different desorption temperatures: 298 K (—),

373 K (—), 473 K (—), 573 K (——), 673 K (—). The presented IR spectra
are after subtraction of the spectrum without CO, adsorption.

503 K (denoted as peak 1, 2, and 3, respectively). This deconvo-
lution is illustrated in Figure 12 for the 4.0Ag/Mg0O-SiO, cata-
lyst. The TPD profiles of all catalysts have a similar shape. Me-
chanical mixing of Mg(OH), with silica followed by calcination
increases the basicity compared to the calcined bulk MgO. This
can be explained by a better dispersion (less agglomeration of
the MgO particles, see flakes of magnesia on silica in the SEM
pictures of Figure S3) and/or a higher surface heterogeneity of
the formed magnesia particles on the external surface of the
silica particles. It has been shown that an increase of the sur-
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Figure 12. CO,-TPD on xAg/MgO-SiO, catalyst with different Ag loadings:
0Ag/MgO-SiO, (—); 1.0Ag/Mg0O-SiO, (—); 4.0Ag/MgO-SiO, (—). The
dotted lines are the results of the deconvolution of the TPD signal with the
4.0Ag/MgO-SiO, catalyst. Peaks 1, 2, and 3 (Table 2) appear at increasing de-
sorption temperature.

to that of MgO-SiO, (Table 2, entries 12 and 18). Wetting with
water followed by calcination results in an increase of the ba-
sicity (Table 2, entries 7, 13 and 19). The reason for this could
be an increase of the MgO surface area due to rehydration of
MgO and a better dispersion of the formed magnesium hy-
droxide not only on the external but also on the intraporous
silica surface. On one hand, this leads to the interaction of
Mg(OH), with the silica surface and the formation of surface sil-
icate during calcination, thus decreasing the total amount of
“free” MgO. On the other hand, the surface rearrangements on
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the MgO surface also result in changes in the basic strength
distribution of the catalysts.

The presence of silver nitrate in the impregnation solution
leads to decreasing amounts of basic sites (Table 2, entries 8-
11, 14-17, and 20-21). All three desorption peaks decrease
with increasing Ag loading. The decreasing basicity with in-
creasing Ag loading can be explained by the presence of
higher concentrations of NO;~ ions in the impregnation solu-
tion, which may interact with the MgO phase during the
drying step. According to Choudhary etal., the thermal de-
composition of Mg(NO,), results in bigger crystals with lower
amounts of surface defects, a lower surface area and conse-
quently a lower total basicity compared to MgO obtained via
rehydration and thermal decomposition of a powdered com-
mercial MgO.?* Thus, it can be assumed that the presence of
nitrate ions might exert the same effect on the MgO phase
formed after impregnation. Regarding the strength distribution
of the basic sites, it was observed that the amount of all types
of basic sites decrease with increasing silver loadings and that
the amount of the weakly basic OH groups is similar to that of
the strong basic isolated O~ sites, whereas the number of the
basic sites of intermediate strength (Mg—O pairs) is always
lower.

The acid properties of the catalysts were analyzed by IR
spectroscopy of adsorbed pyridine (Table 2). The IR spectra of
1.0Ag/MgO-COK-12 after pyridine adsorption and desorption
at different temperatures are shown in Figure 13 [the spectra
of other COK-12 materials without Ag are given in Figure S9;
the spectra of other catalysts (SiO, and MCM-41) showed simi-
lar vibration bands]. Characteristic vibrations of pyridine ad-
sorbed on acid sites are 1450 cm™' for strong Lewis acid sites
(SL), 1490 cm™' for a combination of Lewis and Brensted acid
sites (B+L), 1540 cm™' for Brgnsted acid sites, 1578 cm™' for
weak Lewis acid sites (WL), 1607 cm™' for strong Lewis acid
sites (SL) and 1635 cm™" for Bronsted acid sites.®” The IR spec-
tra reveal that there are only Lewis acid sites present on the
catalysts surface, while the presence of an absorption band at

0.2]: B
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SLH WL B B+L

SLH

Absorbance

J\ iii

' . ' 14l50
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Figure 13. FTIR spectra of 1.0Ag/MgO-COK-12 after pyridine adsorption and
evacuation at different temperatures: i) 323 K; ij) 423 K, iii) 523 K. The charac-
teristic absorption peaks of pyridine on acidic sites are the following: Brenst-
ed (B), weak Lewis (WL), strong Lewis (SL) and hydrogen bound pyridine (H).
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1540 cm™' for Brgnsted acid sites was not detected. The origin
of the Lewis acidity is illustrated in Figure 14 and Figure S9.
Silica surface adsorbs very low amounts of pyridine on its sur-
face. Ag supported on SiO, adsorbs pyridine at 423 K. Higher
amounts are obtained for the samples containing MgO. These
results indicate that charged Ag species®” and Mg atoms as
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Figure 14. FTIR spectra of different SiO, materials after pyridine adsorption
and evacuation at 423 K: i) 1.0Ag/MgO-SiO,, i) 0Ag/MgO-SiO,, ii) MgO-SiO,,
iv) 1.0Ag/SiO,, V) SiO,.

coordinatively unsaturated Mg?* atoms (in the MgO phasel®*”
and Mg atoms in the SiO, phase®) create the Lewis acid sites
in the catalysts. The Mg atoms have the largest contribution to
the Lewis acidity of the final, impregnated catalysts. The Lewis
acid sites on the catalysts were estimated using the absorb-
ance of the vibration band near 1450 cm™ at a desorption
temperature of 423 K. These results are included in Table 2.
Whereas the starting materials and the mechanically mixed
supports show low acidity, the catalysts after wetting with
water and after impregnation with silver have much more
Lewis acid sites on their surface. No clear correlation is ob-
served between the Lewis acid strength and the Ag loading
(Table 2, entries 7-11, 13-17 and 19-21). It may be assumed
that presence of both Ag* and NO,™ ions in the impregnation
solution influences the final acidity of the catalysts. The Ag
ions will add Lewis acidic Ag species to the catalyst. The pres-
ence of NO;™ ions will result in lower MgO dispersion (bigger
crystals with less defects in the surface, as discussed during
the analysis of the CO,-TPD results), which results in less coor-
dinatively unsaturated Mg?" atoms. Thus, both ions seem to
counteract each other in creating Lewis acidity on the surface
of the catalysts.

Discussion

The synthesis of butadiene from ethanol is a process with mul-
tiple reaction steps (see Scheme 1). Different authors have sug-
gested different reactions as the rate-determining step de-
pending on the investigated catalyst. The current catalytic data
give insights into the rate-determining step of the investigated
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magnesia-silica-based catalysts. The catalysts without silver
(mechanically mixed supports and supports after a wetting
treatment) show low conversions and very low selectivities to
intermediate products such as acetaldehyde, crotonaldehyde,
and crotyl alcohol, but a significant selectivity to the final prod-
uct, that is, butadiene. This suggests that the first reaction
step, that is, the dehydrogenation of ethanol, is the rate-deter-
mining step with magnesia-silica catalysts devoid of silver. The
addition of Ag, with its ethanol dehydrogenating potential, re-
sults in a significant increase of the conversion and butadiene
yield. The acetaldehyde yield also increases with increasing Ag
loading while the selectivity to the other intermediate prod-
ucts remains very low. The significant promotional effect of
silver as well as the presence of acetaldehyde in the product
mixture, suggests that the aldol condensation becomes rate-
determining on the silver-containing catalysts. Calculation of
the observed activation energy from the kinetics at different
temperatures (see Figure 3) reveals a value of 35 kJmol™, in
agreement with typical reported values for aldol condensation
reactions.®?

Next, the characterization results of the catalysts are used to
interpret the catalytic results in the butadiene formation pro-
cess. The starting magnesia-silica materials show similar low
conversion levels, since the dehydrogenation of ethanol is the
rate-determining step on these silver-free catalysts. On basic
catalysts, the dehydrogenation is catalyzed by either basic OH
groups or acid-base pair of sites (Mg—O pairs),'°*9 which are
both present on the surface of the MgO-silica catalysts (see
CO,-TPD results). These basic sites are not effective; few prod-
ucts resulting from the ethanol dehydrogenation are present
in the product stream (yield of acetaldehyde and C4 products
combined is less than 5%, see Table 1). These mixed supports
also show some dehydration activity (more than 20% selectivi-
ty for ethylene and diethyl ether combined). The catalytic re-
sults of the individual oxides (Table 1, entries 1-4) indicate that
the dehydration activity of the mixed supports originates from
the silica phase because all three silica sources have signifi-
cantly higher selectivities to dehydration products compared
to pure MgO. Surface silanols in the silica phase are most prob-
ably responsible for the dehydration activity according to E1
mechanism.®¥ The mixed supports also contain basic sites on
their surface indicating that an E1cB-like mechanism, suggest-
ed for basic catalysts as bulk MgO or Mg-rich Mg,AlO, mixed
oxides, is also a possible route of ethylene formation.?¥

Wetting with water of the MgO-silica mixed supports results
in significant surface rearrangements in both phases. The con-
tact with water changes the pore structures of the materials
significantly (see nitrogen sorption and SAXS analysis) and re-
sults in the formation of an amorphous surface magnesium sili-
cate phase, due to partial hydration of MgO surface followed
by interaction of dissolved Mg*" ions with the silica sur-
face."® "3 These reactions also result in the creation of new
Lewis acid sites and basic sites on the surface of the resulting
catalysts. Despite the increased basicity, which was expected
to increase the dehydrogenation activity, the wetting step
does not affect the conversion level significantly and changes
the product distribution only slightly. An increase in the Lewis
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acidity, observed by IR pyridine adsorption, results in an in-
crease in the diethyl ether formation for all 0Ag/MgO-silica cat-
alysts. The diethyl ether formation requires the adsorption of
two ethanol molecules on neighboring Lewis acid and basic
sites.®4 Addition of silver results in a significant increase of
the conversion and butadiene selectivity. The added silver spe-
cies are much more active in the dehydrogenation of ethanol
than the basic sites of the mechanical mixed and the wetted
supports. These silver species on the active catalysts are mainly
metallic nanoparticles, as observed by UV/Vis spectroscopy
and XRD. The silver nanoparticles catalyze the C—H cleavage
and the recombination and desorption of H, molecules much
faster than the basic sites.® For all silica sources, the conver-
sion increases with increasing Ag loading until around 2 wt%
and higher loadings did not result in higher conversions any-
more. Thus the optimal Ag loading for the first step in the re-
action Scheme of the butadiene formation, the dehydrogena-
tion, is 1-2 wt% Ag. This is explained here by a decrease of
the dispersion of the silver particles, due to the formation of
bigger nanoparticles with higher silver loadings, as observed in
the XRD data. On the other hand, the selectivity towards buta-
diene reaches a maximum at a silver loading of 0.5-1% and
then decreases due to higher amounts of unconverted acetal-
dehyde. The presence of unconverted acetaldehyde in the
product stream indicates that the aldol condensation becomes
rate-determining. The decrease of the butadiene selectivity, ob-
served with increasing silver loading, could be due to a reduc-
tion of the basicity with increasing Ag content (observed by
the TPD of CO,). Basic sites are known to catalyze the aldol
condensation on oxides and mixed oxides. Weak, medium and
strong basic sites are present on the surface of the investigat-
ed catalysts. Identification of the most active basic site was not
possible as changes in the basicity were similar for all types of
basic sites. In literature, all strengths of basic sites have been
reported to catalyze this reaction. The weakly basic OH groups
and Lewis acid-weak base pair sites (Mg—O) are the most effi-
cient catalytic sites because the strong basic O*" sites are
quickly deactivated by polycondensation products.**3*? More-
over, a slightly lower catalytic performance of COK-12 (based
on the series of catalysts for both conversion and BD selectivi-
ty) is also explained by a lower amount of “free” MgO left due
to the interaction with the silica surface and the silicate forma-
tion, which is confirmed by the NMR data and IR spectra of the
OH groups.

The MPV reduction of formed crotonaldehyde by ethanol
can be catalyzed by Lewis acid sites on acidic catalysts or
Lewis acid-base pair sites (Mg—O pairs) on basic catalysts.””
Both types of sites are observed on all the tested catalysts;
Lewis acid sites via IR spectroscopy of adsorbed pyridine and
Lewis acid—base pair sites with TPD of CO.,. Very little crotonal-
dehyde is observed in the reaction products, indicating that
these sites are sufficiently active to catalyze the formation of
crotyl alcohol.

The dehydration of crotyl alcohol to butadiene is also effi-
ciently catalyzed by the silver-promoted magnesia-silica cata-
lysts; the combined selectivity of crotyl alcohol with 1-butanol
is less than 10%. The dehydration of crotyl alcohol to buta-
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diene is assumed to be catalyzed by the surface silanols in the
silica phase. However, the pyridine probe IR experiments did
not show the presence of Bregnsted acid sites, indicating that
residual silanols on silica can only be mildly acidic. The double
bond in the crotyl alcohol molecule will aid the dehydration
reaction by stabilizing the cationic intermediate after the ab-
straction of the protonated hydroxyl group according to the
E1 mechanism.

The commercial silica (SiO,) resulted in the most active cata-
lysts of the three silica materials, followed by COK-12. The
MCM-41-based catalysts showed the lowest levels of conver-
sion, indicating indirectly that some part of the Ag particles is
not accessible for the reactants due to the collapse of the
MCM-41 pore structure (see SAXS and N, sorption experi-
ments). However, the butadiene selectivity is similar to that of
0.5-1.0Ag/MgO-SiO, catalysts, indicating that the amount of
“free” MgO is enough to perform the aldol condensation.

The above results and discussion created clear insights on
the activity of the Ag/MgO-silica catalysts. These findings and
insights were used to construct a model of the ternary catalyst
system to explain the catalytic activity of these materials. This
model is illustrated in Figure 15. The yellow phase illustrates

Metallic Silver
(nano)particles

Lewis acid

Weak Brgnsted
Acid

Crotyl alcohol

Figure 15. lllustration of the proposed model to explain the catalytic activity
of the ternary Ag/MgO-Silica catalysts in the conversion of ethanol into bu-
tadiene.

the silica phase. This phase is loaded with metallic silver parti-
cles (red) and an amorphous surface magnesium silicate layer
(represented by “Mg?**”). A magnesium-rich phase is located
on top of the silica phase and is illustrated by the grey parti-
cles. The different reaction steps for the conversion of ethanol
into butadiene are also included in the Figure. Each active site
catalyzing the individual reaction steps is included with a refer-
ence to its location on the catalyst.

The activity of the ternary Ag/MgO-silica system is the result
of an interplay of different active sites on different locations in
the catalyst. The dehydrogenation of ethanol is catalyzed by
the metallic silver nanoparticles located on the SiO, phase of
the catalyst. Next, the formed acetaldehyde reacts via an aldol
condensation reaction to crotonaldehyde, catalyzed by basic
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sites (like Mg—OH, Mg—O arrays and O* on corners) present
on the MgO rich phase. Crotonaldehyde is reduced to crotyl al-
cohol through a MPV reaction in which ethanol acts as the hy-
drogen donor. This reaction is catalyzed by coordinatively un-
saturated, Lewis acidic Mg®" atoms (at corners on the MgO
phase and in the SiO, phase). The final step is the dehydration
of crotyl alcohol to form butadiene. This step is catalyzed by si-
lanol groups located on the SiO, phase. The model of our cata-
lyst illustrates the importance of the three different compo-
nents in our catalyst and explains the lower activity of catalysts
lacking one of these components.

Conclusions

The MgO-SiO, system doped with silver is an active catalyst for
the production of butadiene from ethanol. It was shown that
the impregnation method, apart from introducing silver, also
resulted in the formation of an amorphous magnesium silicate
layer on the silica phase. The best catalytic results were ob-
tained with commercial silica (SiO,), which had the most stable
pore architecture and silica structure, and had an optimal silver
loading near 1-2 wt%. Higher temperatures had a beneficial
effect on the activity of the ternary catalysts. The highest buta-
diene productivity reached, was 0.29 GgpOcuays 'h ' With
1.0Ag/MgO-SiO, at 753 K and a WHSV of 1.2 h™', corresponding
to a BD yield and selectivity of 42 and 50%, respectively. The
catalytic results were explained by combining the characteriza-
tion results of the investigated catalysts. In an optimal catalyst
composition, a high amount of accessible silver nanoparticles
and a high amount of basic sites (Mg—O pairs and basic OH
groups) were present. Both species are critical in butadiene
production as they catalyze very efficiently the dehydrogena-
tion of ethanol and the aldol condensation, respectively. Both
steps appear as rate-determining steps in the butadiene forma-
tion on different magnesia-silica catalysts. The dehydrogena-
tion of ethanol is rate-determining on silver-free catalysts,
while, on the most active, silver-containing catalysts, the aldol
condensation becomes the rate-determining step. The consec-
utive aqueous impregnation of silver is a very effective proce-
dure as it introduces dehydrogenation activity in the form of
silver species, and, at the same time, increases the Lewis acidi-
ty and retains sufficient basicity to catalyze the gas-phase con-
version of ethanol into butadiene. All this new information
about the catalytic performance of the silver-promoted MgO-
silica catalysts was combined into a model to explain the dif-
ferent active sites of the different reaction steps in the buta-
diene formation and the location of these active sites on the
surface of the active catalysts.

Experimental Section
Catalyst preparation

Grace silica 254 was used as the commercially available amorphous
mesoporous silica (further referred to as SiO,).

COK-12, an ordered mesoporous silica, was prepared according to
the method of Jammaer et al.® The starting surfactant solution
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was prepared by dissolving of the triblock copolymer Pluronic
P123 (BASF, 4 g) in deionized water (107.5 g) before adding citric
acid monohydrate (Riedel-De Haen, 3.684 g) and trisodium citrate
(UCB, 2.540g). The resulting solution was stirred for 24 h. A
sodium silicate solution (10% NaOH, 27 % SiO,, Merck, 10.4 g) was
diluted in deionized water (30 g) and added to the surfactant solu-
tion. The solution was stirred for 5 min and aged at RT for 24 h.
The material was filtered, washed, and dried at 333 K overnight. Fi-
nally, it was calcined in air first at 573 K for 8 h, and then at 773 K
(1 Kmin™") for 8 h.

The method of Griin et al. was used to synthesize spherical MCM-
41 particles."™ The starting surfactant solution was prepared by
dissolving n-hexadecyltrimethylammonium bromide (C,,TMABEr,
Fluka, 2.5 g) in deionized water (50 g) before adding aqueous am-
monia (32 wt%, Merck, 13.2 g) and absolute ethanol (VWR, 60.0 g).
The solution was stirred for 15 min, before tetraethyl orthosilicate
(TEOS, Aldrich, 4.7 g) was added. The resulting gel was stirred for
2 h, filtered and washed with deionized water (100 mL) and metha-
nol (Aldrich, 100 mL). The washed sample was dried overnight at
363 K and calcined at 823 K for 5 h (1 Kmin™).

Mg(OH), was obtained from the rehydration of commercial MgO
according to the method of Di Cosimo et al.,®® involving dilution
of commercial MgO (Aldrich, 25 g) in deionized water (250 mL).
The mixture was then stirred and heated to 353 K for 4 h, and final-
ly dried at 358 K.

The MgO-silica catalysts were prepared by dry milling of Mg(OH),
with each of the silicas followed by calcination at 673 K for 3 h
(2.5 Kmin™'). Commercial silica gel (Si0,), COK-12, and MCM-41
were used as silica sources. All the mixed systems had a molar Mg/
Si ratio of 2. Pure MgO was obtained by calcining Mg(OH), in the
same manner as the mixed catalysts.

Silver-containing samples with different Ag loading were prepared
by incipient wetness impregnation of the calcined MgO-silica sup-
port with the appropriate amount of an aqueous silver nitrate solu-
tion ranging from 30 mm to 260 mm.” After impregnation the
samples were dried at 333K and calcined at 673K for 3h
(2.5 Kmin™"). The samples were denoted as xAg/MgO-silica, where
x represents the silver loading in wt%. Blanco catalysts devoid of
silver (0Ag/MgO-silica) were also prepared using the same prepara-
tion method, using deionized water as wetting solution. A Mg-free
Ag-on-silica sample (1.0Ag/SiO,) was obtained by the same im-
pregnation method.

Catalyst characterization

SEM images were recorded on an SEM Philips XL 30 FEG. The sam-
ples were fixed on a carbon tape and coated with a layer of gold.
ESEM/EDX mapping was performed on a ESEM Philips XL 30 FEG
equipped with an EXD detector (EDAX). The surface of the pow-
dered catalysts, embedded in a resin, was grinded, polished and
coated with carbon before the measurement.

SAXS measurements were recorded at RT with a SAXSSess mc? in-
strument (Anton Paar, Graz, Austria) equipped with a line-collimat-
ed CuK, X-ray source (1=0.154056 nm) and a 2D imaging plate
detector. The SAXS patterns were normalized to the incident beam
intensity. Background subtraction (from an empty capillary) and
correction for instrumental broadening were performed by using
the SAXSquant software.

Powder XRD patterns were recorded on a STOE STADI P Combi dif-
fractometer equipped with a Ge (111) monochromator (CuK, X-ray
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radiation, 4=0.154056 nm) in transmission geometry with a posi-
tion sensitive image plate detector (IP PSD). Measurements at RT in
Debye-Scherrer mode were carried out in capillaries with 0.7 mm
internal diameter.

The specific surface areas and porosities of the catalysts were de-
termined by nitrogen adsorption at 77 K on a Micromeritics Tristar
3000 instrument. All samples were degassed under nitrogen flow
at 673 K for 6 h before the measurements. The BJH model was ap-
plied on the adsorption branch of the nitrogen isotherm to obtain
the pore size distributions.

2Si MAS NMR spectra were recorded on a Bruker AMX300 spec-
trometer (7.0 T). At this field, the resonance frequency of *Si is
59.6 MHz. 4,000 scans were accumulated with a recycle delay of
60 s, the pulse length being 5.0 us. The spinning frequency of the
rotor was 5 kHz. The %Si CP MAS NMR spectrum was recorded on
a Bruker Avance400 spectrometer (9.4 T). At this field, the reso-
nance frequency of °Si is 79.5 MHz. 17,000 scans were accumulat-
ed with a recycle delay of 10s. The CP contact time was 4.0 ms.
The spinning frequency of the rotor was 10 kHz. For both measure-
ments the samples were packed in 4 mm Zirconia rotors. Tetrame-
thylsilane was used as chemical shift reference.

Basicity of the catalysts was determined by temperature-pro-
grammed desorption of CO, (CO,-TPD). A flow apparatus was
equipped with a Pfeiffer Omnistar quadrupole mass spectrometer
for the detection of the desorbed gases. Prior to adsorption, the
sample (150 mg) was pretreated in a helium flow for 1 h at 673 K
(5 Kmin™"). Saturation of the samples was performed in a CO, flow
at RT for 30 min. Weakly bound CO, was removed by flushing with
helium for 1 h. The TPD experiments were carried out in a helium
flow of 20 mLmin~" in the temperature range of 298-693 K with
a heating rate of 10 Kmin™".

IR experiments were performed on a Nicolet 6700 spectrometer
equipped with a DTGS detector (128 scans; resolution of 2 cm™).
Self-supporting wafers were pretreated in vacuum at 673 K for 1 h
(5 Kmin~") before measurements. Acidity of the catalysts was ana-
lyzed using pyridine as probe. After pretreatment at 673 K, the
samples were saturated with about 25 mbar of pyridine vapor at
323 K for 20 min. The evacuated samples containing the sorbed
pyridine were subjected to a temperature-programmed desorption
at 323, 423, 523 K for 20 min, respectively, with a heating rate of
5 Kmin~' and the IR spectra were recorded in situ at these temper-
atures. CO, was also used as probe to analyze the basicity. After
pretreatment at 673 K, the sample was saturated in a CO, flow at
298 K for 30 min. The saturated sample was subjected to a temper-
ature-programmed desorption at 298, 373, 473, 573 and 673 K for
20 min, respectively, with a heating rate of 5 Kmin™' and cooling
down to 298 K in between to record the IR spectra. For analysis,
the spectrum of the sample without CO, is subtracted from the
spectra with adsorbed CO,.

The nature of the silver and magnesium oxide species was exam-
ined by UV/Vis DRS. Spectra were recorded on an Agilent Carry
5000 spectrophotometer using Halon white standard as reference.
Prior to the measurements, the samples were pretreated under a ni-
trogen flow at 673 K for 1 h (5 Kmin™).

Catalytic reactions

The catalytic conversion of ethanol to butadiene was carried out in
the reactor system described previously.” Briefly, a downstream
continuous-flow quadri-reactor containing four parallel alloy 600
reactor tubes with 3 mm internal diameter was used. Typically,
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300 mg of catalyst, pelletized to a 0.25-0.5 mm fraction, was
placed in the middle part of the reactor between silicon carbide
layers (SiC, 200-450 mesh particle size, Aldrich) to limit the contact
time in the alloy reactor and avoid the thermal reaction of ethanol.
Blank tests at reaction temperature without catalyst showed only
trace conversions. Ethanol was introduced into the system using
a StepDos 03S pump at a rate of 1.8 mLh™" and diluted with argon
as the carrier gas (20 mLmin™' per reactor), corresponding to
a WHSV of 1.2 h™". The reaction was performed at 673 K and at-
mospheric pressure. Products were analyzed with an on-line gas
chromatograph equipped with a CP-Poraplot Q-HT column, a meth-
anator, and a FID detector, avoiding the use of sensitivity coeffi-
cients. The carbon balance was always better than 90% and, with
thermogravimetric analysis, (TGA Q500 TA instruments) of spent
catalysts only a small amount of coking was observed (<2 wt%
cokes relative to the amount of ethanol fed). Conversion (X) and
selectivity (S) in%C, were calculated according to the formula
[Equations (1), (2)]:

X = 205 100 1
S (M
5= Z"'i"EtOH +100 (2)

where n; is the amount of C moles of product i in the stream of
the reaction products.
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Renewable route to butadiene: A
silver-loaded MgO-SiO, catalyst is active
in the direct formation of butadiene
from ethanol. Preparation steps have

‘ significant impact on internal organiza-
’-MEB tion of the final catalyst in terms of
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extensive characterizations, a model is
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