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Abstract

Acrolein is the simplest unsaturated aldehyde, which -due to its high reactivity - finds
applications as an intermediate in the chemical industry (e.g., for acrylic acid and methionine
production). Recently, a worldwide demand increase of acrolein derivatives was observed, which
is expected to continuously grow within the next years. However, nowadays acrolein is
commercially obtained by propylene oxidation, where the raw material comes from fossil
resources.

This work proposes a hew method of acrolein production starting from renewable feedstock —
methanol and ethanol mixture. This reaction was approached by reaction conditions optimization
(i.e. Design of Experiment method do decrease the number of catalytic tests and save time),
FeMoO, modifications (e.g. various Mo/Fe ratios, calcination temperature, and basic elements
addition) and a second catalyst utilization (e.g. single commercial oxides and silica-based
materials) in order to balance the acid base properties.

Key words: Acrolein, Partial oxidation, FeMo catalysts, Heterogeneous catalysis, Biomass

valorization
Resumé

L'acroléine est le plus simple des aldéhydes insaturés, qui - en raison de sa réactivité élevee -
trouve des applications comme produit intermédiaire dans I'industrie chimique (par exemple pour
la synthése d'acide acrylique et la production de méthionine (i.e. acide aminé essentiel)).
Récemment, on a observé une augmentation de la demande mondiale de produits dérivés de
I'acroléine, qui devrait croitre de facon continue au cours des prochaines années. De nos jours,
I’acroléine est obtenue par oxydation du propyléne, et donc ce procédé est basé sur des
ressources fossiles qui ne cessent de décroitre.

Ce travail propose une nouvelle méthode de production d'acroléine a partir de matieres premiéres
renouvelables — un mélange d’alcools formé de méthanol et d'éthanol. Cette réaction a été étudiée
et optimisée en travaillant sur: les conditions de réaction via I’établissement d’un plan
d’expériences afin de minimiser le nombre de tests catalytiques a réaliser, les modifications de la
formulation catalytique FeMoOx (i.e. différents rapports Mo / Fe, température de calcination, et
I’ajout d’¢léments basiques (e.g. La, Ce) pendant la synthése) et enfin ’utilisation d’un second
catalyseur pour balancer les propriétés acides-bases nécessaires a 1’obtention de notre molécule

cible.

Mots clés: Acroléine, Oxydation partielle, Catalyseur FeMo, Catalyse Hétérogene, Valorisation

de la biomasse
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ADEME
AHM
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DME
DoE
DTA
e.g.

ED SMRE

Agence de I’Environnement et de la Maitrise de 1I’Energie
Ammonium molybdate tetrahydrate
a,a'-azoisobutyronitrile

Brunauer, Emmett, Teller nitrogen adsorption-desorption
Carbon balance

Centre national de la recherche scientifique

Dimethyl ether

Design of Experiments

Double totoidal energy analyser

For example

Ecole Doctorale — Sciences de la Matiére, du Rayonnement et de

I’Environnement

EtOH
Eq.

FID
GBE
GC-MS
GHSV
H

HPA
i.e.

IBN
ICG

IR
IRCELyon
k

LEIS
MA
MetOH
n

No

Nac
Ncoz
Nome
NEtoH,in
nEtOH,out
NmetcHo
nMethoxyethane
NimetoH,in
nMetOH,out
NAP
Sac
Sco2

Ethanol

Equation

Flame lonization Detector
Global Bioenergies

Gas chromatograph with mass spectrometer
Gas hourly space velocity
Enthalpy

Heteropoly acids

That is

Isobutene

Institut Charles Gerhardt

Infrared

Insitut de recherches sur la catalyse et I’environnement Lyon
Factor number

Low energy ion scattering
Methacrylic acid

Methanol

Number of experiments

Number of experiments in the centre of the studied domain
Acrolein number of moles
Carbon dioxide number of moles
Dimethyl ether number of moles
Ethanol inlet number of moles
Ethanol outlet number of moles
Acetaldehyde number of moles
Methoxyethane number of moles
Methanol inlet number of moles
Methanol outlet number of moles
Near Ambient Pressure

Acrolein selectivity

Carbon dioxide selectivity
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SomE Dimethyl ether selectivity

Srormol Formaldehyde selectivity

SMetcHo Acetaldehyde selectivity

SMethoxyethane Methoxyethane selectivity

SSA Specific surface area

T Temperature

TGA-DSC Differential thermal analysis and thermogravimetric analysis
TPD Temperature programmed desorption
u.s. United States

UCCS Unité de Catalyse et Chimie du Solide
wt. Weight

XEtoH Ethanol conversion

XMetoH Methanol conversion

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

XRF X-ray fluorescence

Yac Acrolein yield

Y acpot Potential acrolein yield

Yco2 Carbon dioxide yield

Y ome Dimethyl ether yield

Y eormol Formaldehyde yield

Y MetcHo Acetaldehyde yield

Y methoxyetrane - Methoxyethane yield
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Introduction

Background  Energy consumption increases with human development. From early
nineteenth century to present days, it has increased almost 13 times. The majority of our
energy comes from fossil resources and it is predicted that the oil reserves can still satisfy
the world needs for only the next 53 years. Further, the price of fuel is subjected to many
more or less unpredictable fluctuations and strongly depends on the geopolitical situation

(Figure 1).

143

. I\ \] 'klﬁ'-,

| (1E75-1911

Fodaiibars pri

USE par bamal

Figure 1. Price variation over the years [1].

Thus, a lot of research groups are working on alternative ways. Accordingly, biomass
feedstock seems to be a good substitute for petrochemical resources because of carbon
neutrality — if the processes along the value chain are correctly designed. This renewable
resource potentially enables producing molecules traditionally obtained in the refineries
such as alkanes, alkynes, aldehydes, acetals etc. in and environmental friendly way even

if the most of the designed processes economics is still an issue regarding the very

© 2016 Tous droits réservés. lilliad.univ-lille.fr
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competitive market of petro-sourced compounds. In any case, biomass utilisation in the

chemical industry will undoubtedly increase over the years (Figure 11).

100%

~__NUCLEAR
50% e

NATURAL GAS
80%
0%
80%
50%
40%

30%

20%

BIOMASS

10%

0%
1500 1910 1520 1930 1840 1850 1980 1870 1580 1550 2000 2010

Figure 11. Share of the different energy sources consumption over the last century [2].

The present PhD thesis work is a part of the BioMA+ project, which received the
financial support of ADEME within the framework of the French governmental program
of Investments for the Future. In addition to UCCS, three more partners were involved in
this project: Global Bioenergies (Coordinator, Evry, France), Arkema (Colombes, France)
and IRCELYON (Lyon, France). The main goal of BioMA+ was to transform vegetal
resources in methacrylic acid (MA) through a sequence of two connected processes,
namely sugars direct fermentation to isobutene (i.e., IBN) followed by its catalytic
oxidation to MA. The world market of this compound is indeed estimated at 300 to
400,000 tons, with a Western Europe total production of 80-85,000 tons (2012)[3].

The isobutene used in methacrylic acid production is obtained nowadays from
petrochemical processes (i.e., fluid catalytic cracking) in the quantity of 15 million tons
per year. The novel way of production proposed by Global Bioenergies is based on an
enzymatic fermentation process of sugars. First generation sugars were first used, but,
because of the competition with food/feed applications, GBE subsequently also studied
second generation sugars. The isobutene stream produced by fermentation has a different
composition compared to that issued from a petro refinery. Indeed, some fermentation

impurities as well as CO,, acetone and water are present in the streams. Therefore, a

-2-
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specific purification step is desired. As a potential solution, hydration of isobutene to tert-
butanol can be envisioned not only because of the impurities (as the efficient purification
method), but also because transportation of IBN can be much facilitated (liquefied gas
compound vs. gaseous compound). The final product — methacrylic acid, would then be
obtained by oxidation of the corresponding alcohol in the gas phase. To this respect, we
performed experiments on isobutene hydration, with a specific focus on the on impurities
influence.

The second part of our project consisted on the research in the domain of acrylics
chemistry, e.g., acrolein production based on renewable resources. The new method
developed herein is based on methanol and ethanol as the feedstock [4]. The first step of
this direct conversion of methanol and ethanol to acrolein consists on the oxidation of the
alcohols to their corresponding aldehydes, which are coupled to acrolein by aldol
condensation in the second step. It is well known that oxidation of alcohols occurs over
redox sites (i.e., in the case of alcohols mostly over combinations of molybdenum,
vanadium, tungsten and copper) catalysts and that aldol condensation of aldehydes
typically occurs over basic or acid materials (e.g., over zeolites impregnated with basic
oxides). In the mentioned work [4], these two stages occurs over single FeMoO, catalyst

giving important acrolein quantities. Thus, this material became the base for our studies.

Thesis objectives The work reported herein describes our realizations within the frame of

the second part of the BioMA+ project — namely methanol and ethanol direct conversion
to acrolein. The main established goal was a 70% of acrolein yield. This objective was
approached by reaction conditions optimization (e.g., Design of Experiment method),
FeMoO, modifications (e.g., by varying the Mo/Fe ratio, the catalysts calcination
temperature, and by addition of basic functions) and by the use of a second catalyst to
promote conversion of unreacted intermediate aldehydes (e.g., basic oxides and silica-

based basic materials).

Thesis structure The present thesis is divided into five chapters. The first one (Chapter 1)

contains the bibliographic study concentrated on the acrolein applications, its main
production methods and the description of early works concerning the acrolein production
process we have developed. Afterwards, in the second part (Chapter 2), the catalysts
synthesis and characterization procedures are described, with a specific part explaining

the Designed of Experiment method we used to optimize the reaction conditions. In the

-3-
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same chapter, the procedures for the catalytic tests of methanol and ethanol oxidation to
acrolein are presented in details. Afterwards, in Chapter 3, the study based on the use of
the iron molybdate type catalyst is presented. After determining the optimal conditions on
a native formulation, the influence of the calcination temperature and of the Mo/Fe ratio
on the acrolein yield is studied. Further, the results of the modification of iron molybdates
with La and Ce are presented. Chapter 4 is focusing on the tandem of catalysts strategy.
Catalytic performance of systems containing couples FeMoO, and commercial basic
oxides or synthesized silica basic catalysts is presented. In the last part of the thesis, the

general discussion and conclusions are given with project perspectives for the future.

References

[1] BP Statistical Review of World Energy, 2014

[2] Exxon Energy Outlook, 2013

[3] Arkema data

[4] PCT Patent W0O2014068213, assigned to Arkema France, Priority date Oct 17,2013
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Acrolein is the simplest unsaturated aldehyde, which - due to its high reactivity - finds
applications as an intermediate in the chemical industry (e.g., for acrylic acid and
methionine production). Recently, a worldwide demand increase of acrolein derivatives
was observed, which is expected to continuously grow within the next years. However,
nowadays acrolein is commercially obtained by propylene oxidation, which is based on
fossil resources. The biggest issues of this method are a limited feedstock availability and
more and more stringent environmental requirements. Thus, some alternative processes
are actively researched. For instance, so far, the most productive reaction based on
renewable resources is glycerol dehydration. Unfortunately, the volatility of the substrate
price associated to some technical issues (e.g., coking of the catalysts) are not in favor of
its industrial application in a short-term perspective. As a new option, it has been
previously shown that it is possible to obtain acrolein from a mixture of methanol and
ethanol [1], which is at the base of further results presented herein.

1.1. Acrolein manufacturing.
As aforementioned, acrolein is an important compound on the chemical market. It is a

highly toxic chemical, which is in the liquid state at room temperature. Acrolein’s main

characteristic properties are presented in Table 1.1.
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Table 1.1. Main properties of acrolein [2]

Property Value
Molecular formula C;H,0
Molecular weight [g/mol] 56.06
Boiling point [°C] 52.69
Vapor pressure* [kPa] 29.3
Solubility in water* [% by wt] 20.6
Liquid density* [kg/L] 0.8412
Flash point [°C] -18
Flammability limits in air (upper/lower) [°C] 31/2.8
Autoignition temperature in air [°C] 234

* at 20°C, atmospheric pressure
In the followings, we briefly present the acrolein’s applications before giving insights on
the various ways it can be synthesized from fossil and renewable resources. Then, we
detail the ethanol-methanol reaction pathway developed herein.
1.1.1. Acrolein applications.
On the chemicals market, acrolein derivatives have a significant role, which is growing

every year. The most common products are schematically summarized on Figure 1.1,

which actually underlines the acrolein applications diversity.
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Figure 1.1. Chemicals derived from acrolein [2].

The most important compound is acrylic acid obtained by acrolein oxidation (Eg. 1.1
hereafter). Inter alia, this compound and its esters find applications as
monomers/additives for a wide variety of polymers. Acrylate esters are used to improve
polymeric material’s unfavorable qualities such as: color stability, low temperature
flexibility, good weatherability and others. Moreover, they are used in functional
acrylates oligomers production, which are components of inks, adhesives and radiation
curable coatings. Acrylic acid can be transformed into polyacrylic acid or copolymers,
which are applied as superabsorbents, detergents, dispersants and flocculants. In

everyday’s life, we can find them in diapers and hygiene products [3,4,5].
CH, = CHCH0+%02 - CH, = CHCOOH (1.1)

The acrylates industry is particularly developed in the United States and in Western

Europe. Figure 1.2 shows the breakdown of acrylic acid uses in the case of U.S. [5].
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Acrylate Esters

m Detergents,
Flocculants, Others

Figure 1.2. U.S. acrylic acid consumption [5].

The second important acrolein derivative is methionine, which is synthesized in the
presence of methyl mercaptan (i.e., CH3SH). The involved reaction is schematically
represented in Figure 1.3 [6,7]. Methionine is an essential compound for human and
animals. Its deficiency may lead to serious consequences. Therefore, in some cases a
supplementation by chemically synthetized methionine is necessary [ 8]. As a
consequence, for year 2000 its worldwide capacity was estimated at 570,000 t [2] and is

still growing due to the population increase.

ANF0 oS S A0

Acrolein Methanethiol
J+ HCN

+ Na,COs

NH; - He S N
HaC /\/L - o]
g COOH =
o N

DL-methionine
Hydantoin

Figure 1.3. Methionine production by the acrolein pathway [7].

Under some conditions (e.g., heating, exposure to light or non-basic catalysts) acrolein
can polymerize. The as-obtained polymers find various applications in the industry
depending on their properties [8]. Moreover, they can be subsequently transformed into
other molecules such as 1,2,6-hexanetriol obtained from acrolein dimer [9]. This liquid
polyol has several interesting properties such as a high boiling point, a good stability,
while being non-toxic. It finds application in pharmaceutical preparations and in the
plastic industry [10].

The other well-known derivate is glutaraldehyde industrially obtained by Diels-Alder

reaction of acrolein and methyl vinyl ether, before final hydrolysis. This compound finds
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its main uses in leather tanning, as a biocide for industrial water treatment and in oilfield
applications. Glutaraldehyde can be also used as a disinfectant and sterilizer for hospital
equipment [8]. Acrolein is also used in the Skraup reaction in order to produce quinoline
in the presence of acid catalysts [11]. In the past, this molecule was used as a medicine
against malaria. Nowadays, quinoline finds applications in pharmaceuticals, cosmetics
and foods. Furthermore, it is used in the production of dyes and as a solvent for resins and
terpenes [12,13].

Acrolein and its polymers find also direct applications as additives to products used
against bacteria and microorganisms that contaminate products in petrochemical industry.

They protect also pipelines from corrosion and they are used to disinfect, decontaminate

and sterilize materials [8,14,15].
1.1.2. Production methods based on fossil resources.

Figure 1.4 shows the various acrolein production pathways proposed so far. The blue
square focuses on propylene oxidation, which is the current mainstream industrial
production process and the green square corresponds to bio-based glycerol dehydration,

which has been largely studied in the recent years as a biosourced alternative.

T R "~

propane
CH,=0 + . X
0 3 OH OH
4

formaldehyde acetaldehyde
: & glycerol
AP
(5%00
T &

or

-

o zomposition lyst
/\/ \/\ decompo: \/\o Ag catalyst, O, /\/OH

-
uoYEPIXO |R1ue

1sAiejeo wew
UBUOdWOd-gINw

allyl ether 272°C-354°C oxidative dehydrogenation e aicohol
acrolein \
{1 K
g g% formaldehyde ethanol
propylene

Figure 1.4. Different acrolein production methods [16].

In the followings, we first describe the fossil routes.
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Acrolein production by propylene oxidation

Propylene gas-phase oxidation (Eq. 1.2) [17] was developed in the 1940’s and has
become the main method for acrolein production. In 1948, this process was
commercialized by Shell using copper oxide supported on silicon carbide as a catalyst. At
the beginning, propylene conversion was quite low (about 15%). Researches were
performed on the catalyst improvement and on the optimization of reaction conditions. In
1957, Standard Oil of Ohio (Sohio) discovered bismuth molybdate catalysts, which gave

a high selectivity to acrolein at high propylene conversions (>90%).
CH, = CHCH; + 0, » CH, = CHCHO + H,0 AH = =368 kJ /mol (1.2)

Nowadays, based on the previous discoveries, we can conclude that the most efficient
materials are multicomponent metal systems consisting of Mo, Bi, Fe, Ni and/or Co, K
and some additives P, B, W or Sh. In Table 1.2, the various efficient industrial catalysts

for selective propene oxidation are presented.

Table 1.2. Industrial catalysts for propylene selective oxidation [8]

Propene AC ACA

Catalyst ) Conv. Yield Yield Company Ref.
[%0] [%0] [%0]
M012Fe38i0.75C080X +Sb, K 350 87 84.5 14 - [18]
M012F928i1.5C04.4K0.060X 320 99 89.6 1.6 LG Chem [19]
Moy, Fe, 4Bi1 gsC0g sAlL 4V
12€2.4B1108L0g 6Al1.48V 0,056 342 97 95.6 i Sabic [20]
Ao.1764Pd0.0019K0-0640x
M012F62.94Bi0.8Ci7Si1.52K0.ogox 318 95 87.1 4.1 BASF [21]
. . Nippon
M012F91_3B|1_3C06N|2_os|2_oKologox 310 98.2 92.4* . [22]
Shoukubai
M012Fel,8Bi1,7Ni2,8C05,2K0,10X 346 97 84.8 7.4 Nlppon Kayaku [23]
Mo12Feq 6Bi10C03 3Ni3 3Bo Ko 1 . s
) 315 98.5 90.1 4.2 Mitsubishi [24]
Nag 1Si24O0x
*sum YactYaca
-10 -
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Typically, propylene conversion reaches up to 99% and acrolein yield is ca. 80-90%. For
this reaction, the main by-product is acrylic acid (up to a yield of 10%). Moreover,
acetaldehyde, acetic acid, CO and CO; are also produced in small quantities. In industrial
plants, propylene oxidation occurs at 300-400°C in a multitubular fixed-bed reactor. The
reaction is highly exothermic, and therefore a molten bath is used in order to control heat
dissipation [2,8]. A scheme of a typical process flowsheet is presented in Figure 1.5.

A

Inert gas

Steam

Propene

Quencher

Acids and polymers

Figure 1.5. A: Typical process flowsheet for acrolein manufacture from propene (a-oxidation reactor, b-

scrubber, c-adsorber, d-desorber, e-fractionators); B: Evonik acrolein plant in Antwerpen (Belgium) [8, 25].

Despite the fact that propylene oxidation has already been extensively studied, there is
still a certain research interest in the development and the improvement of this reaction.
Clearly, the different methods of catalysts preparation, the catalysts composition, the
reaction conditions and the engineering solutions have an influence on the process
performances. Therefore, many studies have been published recently on such aspects. The
reaction is performed over various catalysts, namely, e.g., co-precipitated Fe-Sb-Ti [26],
supported V,0s5 oxides [27,28] or assembled Bi,WOg nanoflakes with surface dispersed
molybdenum species [29]. Generally, the catalytic performance is evaluated in a fixed-
bed reactor system, in which a high selectivity to acrolein is obtained (up to 90%).
Polkovnikova et al. [30] examined the influence of several factors on propylene oxidation
using copper supported catalyst (e.g., the concentration of steam, the temperature, the
contact time). It was reported that using a higher reaction temperature, the production of
carbon dioxide increases, that the acrolein production is optimal at 380°C. It was

discovered as well that the propylene-oxygen ratio should be kept between 5.6:1 to 4:1 to
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favor the acrolein production. Finally, it was found that the acrolein yield depends also on

the steam concentration and is limited by the flammability diagram.

Acrolein production by condensation of acetaldehyde and formaldehyde

Industrially, acrolein has also been produced by the vapor phase cross-condensation of
acetaldehyde and formaldehyde. This reaction is one of stage in the process studied in this
thesis. This technology was established by Degussa in 1942 [2,31] and was further
replaced by propylene oxidation. It is well-known that aldol condensation can occur over
both acid and basic catalysts. Figure 1.6 the presents possible reaction scenarios
depending on the used materials (acidic or basic).

H;C-CHO
Acid catalysis / \ Base catalysis
+H™ <€------- HCHO-------2> -H"
1 1
/ v v \
H;C-CH™-OH H-CH™-OH H,C=0" [H,C-CHOJ

| o~ |

HO-CH,-H,C-C*HOH O-CH-H,C-CHO

\ HO-CHLA1,C-CHO /

-H,0

b

CH=CH-CHO

Figure 1.6. Possible pathways of acetaldehyde and formaldehyde condensation [32].

During the reaction, acetaldehyde can react in two different ways (Figure 1.7): by cross-
condensation with formaldehyde giving acrolein or by self-condensation with another
acetaldehyde molecule forming crotonaldehyde. The pathway direction depends on the

nature and the strength of the actives sites.
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. acetaldehyde .
cross-condensation CH,-CHO self-condensation
+CH,0 +CH;-CHO
CH,=CH-CHO CH;-CH=CH-CHO
acrolein crotonaldehyde

Figure 1.7. Acetaldehyde reactions during aldol condensation with formaldehyde [32].

Azzouz et al. [32] explains that acid catalysts provokes acetaldehyde to act as carbonyl
and methylene intermediates. This is possible because of the difference in electron
density on the oxygen compared to formaldehyde, which behaves as a carbonyl species.
Therefore, in the case of acid catalysts, acetaldehyde and its enol are competitive
substrates preferring both cross- and self-condensation. In contrast, for basic materials, it
is formaldehyde that acts in the role of the competitive. The same behavior is presented
by a small number of non-active acetaldehyde molecules. Accordingly, the selectivity to
acrolein appears to be favorable in that case. However, some researchers have reported
[33] that the most efficient catalyst should be bifunctional owning both acid (to activate
acetaldehyde) and basic properties (to activate formaldehyde). Therefore, the efficient

cross-condensation is difficult to achieve and numerous studies were published.

Table 1.3 presents a catalysts review for the aforementioned reaction. Generally, catalytic
tests were performed in fixed-bed micro-reactors at different temperatures and under
moderate pressure (i.e., 1-2 bar). Moreover, the acetaldehyde/formaldehyde ratio was
chosen between 1 and 2. The first group of catalysts was supported oxides developed by
Dumitriu et al. [34,35]. Different supports were examined such as ZSM-5, Y-faujasite,
volcanic tuff, Al,O3 and SiO, with various oxides (e.g., ZnO, MgO, MoOs3;, B,03, P,0s,
Na,O, K0 and Al,03). The best results were reported for MgO supported on ZSM-5,
which confirms that the effective cross-condensation to acrolein needs a given balance
between both acid and basic sites. For the ZSM-5 support, the conversion to acrolein
increases in the following order: MgO>Mo003;>Zn0>B,03>P,0s. Authors reported as
well that it is favorable to use an excess of formaldehyde compared to acetaldehyde. The
next catalysts type was natural montmorillonite-rich materials exchanged with cations
such as Na*, Cs*, Mg®*, Ni**, La** and UO,*" studied by Azzouz et al. [32]. The best
acrolein selectivity was obtained for catalysts containing Na*, Cs* and Mg**, namely

-13-
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basic elements that provide the needed balance with acid support sites. These
observations are compatible with those reported by Dimitriu. Ai [33], who tested
numerous catalysts — single, binary oxides and phosphates. From all the presented results
(Table 1.3), the highest acrolein yield was reported for the Mn-P catalyst (86%). Ai also
examined the influence of the reaction temperature and of the contact time on the acrolein
yield (Table 1.4) using Ni-P. Finally, it was found that the highest acrolein yield (i.e.,
86%) can be obtained at 320°C with a contact time of 10 s. This study opens perspectives

for this new kind of materials.
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Table 1.3. Catalysts review for acetaldehyde and formaldehyde aldol condensation [32,33,36]
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Table 1.3. Catalysts review for acetaldehyde and formaldehyde aldol condensation [32,33,36]
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Table 1.4. Temperature effect on acrolein selectivity (Ni-P catalyst, Acetaldehyde / Formaldehyde /MetOH
/ Water / Nitrogen feed rate = 13/26/5.6/71/350 mmol/h) [33]

T (°C) Contacttime  Acetaldehyde  Acrolein Yield  Selectivity to
Conversion (%) acrolein (%)
5) (%)
250 27 89 79 88
280 13 91 85 93
300 13 94 85 90
320 10 91 86 94
6 84 81 96
360
10 92 71 77

Acrolein production by condensation of formaldehyde and ethanol

In the literature, it is reported by Ai et al. [36] that acrolein can be formed by
formaldehyde reaction with ethanol. This method is based on the same principles as those
previously described for formaldehyde and acetaldehyde aldol-condensation. The

following equation (Eq. 1.3) describes this process:

CH5CH,OH + 2HCHO — CH,CHCHO + CH50H + H,0 (1.3)

The reaction comprises two steps. First, ethanol reacts with formaldehyde to form
acetaldehyde and methanol. Afterwards, the unreacted HCHO forms acrolein by aldol
condensation with acetaldehyde. Ai has developed metal oxides supported on silica gel
and metal phosphates to perform this reaction. The best results were obtained using nickel
phosphate and tungsten, zinc, nickel and magnesium oxides supported on silica. The
catalytic performances were evaluated in a continuous flow system with a constant
formaldehyde/ethanol ratio of 2. The highest measured acrolein yield was 52% for nickel
phosphate at 320°C. In his research, Ai reported that the acrolein yield increases with
increasing the electronegativity value of the alkaline/alkaline earth metal contained in the
active phase (i.e.,, Mg>Ca>Li>K). Table 1.5. presents a selection of the most efficient
catalysts. It has to be noticed that, in all cases, the formaldehyde conversion reached
100%.
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Table 1.5. Best catalysts for formaldehyde and ethanol condensation (T = 280°C, EtOH / Formaldehyde /
MetOH / Water / Nitrogen feed rates = 13.5/27/5.9/74/350 mmol/h) [36].

Ethanol Yield [mol-%]
Catalyst conversion )
[9%] Acrolein Acetaldehyde Methanol CO,
Si-W 87 41 30 88 3
Si-Ti 59 31 18 90 6
Si-Sn 58 30 25 98 12
Si-Ni 70 36 32 120 14
Si-Zn 57 43 10 100 17
Si-Mg 58 40 6 92 11
Co-P 54 37 11 87 8
Ni-P (1:0.67) 73 51 18 122 6
Ni-P (1:0.9) 62 42 16 83 1

Acrolein production by ethane partial oxidation

Another method of acrolein production is ethane partial oxidation studied by Zhao et al.
[37,38,39,40]. These authors developed several catalysts and the so-called “best results”,
summarized in Table 1.6, were obtained for Cs-V/SiO,, V/SiO; and Cs-Bi/SiO, in a
fixed-bed reactor at 475°C. The inlet composition was fixed at 75% of ethane and 25% of
oxygen. In all cases, the ethane conversion was obviously very low, which disqualifies

this process for industrial application.

Table 1.6. Best catalysts review for ethane oxidation (75% Ethane, 25% Oxygen, 475°C) [37,38,39,40].

Ethane Yield [%0]
Catalyst  conversion Acetaldehyde Acrolein Formaldehyde Ethylene CO, Ref
[%0]
Cs-VI/SiO, 2.8 8.4 4.1 0.5 1.8 13.2  [37]
V/SiO; 2.4 4 7.2 1.6 0.04 8.8 [38]
Cs-Bi/SiO, 8.5 13 5.7 1 7.3 57.8  [39]
Cs-Fe/SiO, 6.8 0.4 1.1 0.5 0.4 4.4  [40]
-18 -
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Zhao et al. [38] suggested possible ethane oxidation pathways. They have considered
three different scenarios of acrolein formation: a cross-aldol condensation between
acetaldehyde and formaldehyde (formed from acetaldehyde), the cracking of C4
aldehydes (formed by acetaldehyde self-condensation) and the oxidation of propane and
propylene. The second possibility was ruled out because of the C4 aldehyde absence in
the outlet streams. The other rejected scenario is propane and propene oxidation. It is
reported that this reaction should form a significant acetone quantity and this compound
was not detected by Zhao et al. Therefore, the cross-aldol condensation seems to be the

best explanation. The mechanism proposed by the authors is presented in Figure 1.8.

/ o \ / HEHE O, \
bl
C,H, [CH;CH,OJad —> CH,CHO CH,=CHCHO

CH.CH,0H slow

Figure 1.8. Possible ethane oxidation pathway to acrolein [38].

Allyl alcohol oxidative dehydrogenation to acrolein

It was discovered in 1995, that acrolein can be obtained by allyl alcohol oxidative
dehydrogenation. Hutchings and Lee [41] developed different Y zeolites to obtain the
highest acrolein yield as possible. The catalytic tests were performed using a microreactor
working in the gas phase. It was remarked that the acrolein formation is favorable using
the ion-exchanged zeolites containing Brgnsted acid sites needed to initiate the
dehydrogenation reaction, which is illustrated in Figure 1.9. The best results were
obtained with CsHY, over which acrolein was the main product. Hutchings and Lee also
examined the influence of the temperature. A temperature increase improved the acrolein
selectivity (up to 76.9% with 20% of allyl alcohol conversion). It was reported that for
ion-exchanged zeolites (e.g., NaHY, LiHY and KHY), the catalyst deactivation

associated with coke formation increased the acrolein selectivity.
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CHZ:CH_(;H—:B) CH,=CH-CH=0 .
I z 7
|
72

Figure 1.9. Proposed mechanism of acrolein production by oxidative dehydrogenation of allyl alcohol [41].

Propane partial oxidation to acrolein

Another method of acrolein production consists on propane partial oxidation. This
reaction was studied using different catalysts containing molybdenum. Typically,
catalytic tests were performed in a quartz tubular fixed-bed reactor at high temperatures
(up to 520°C) and under atmospheric pressure. Zhang et al. [42,43] concentrated their
work on Ce-doped Ag-Mo-P-O catalysts. These authors reported the highest acrolein
selectivity of 28.7% with a propane conversion of 15.3% (at 500°C). The other detected
products were propylene (up to 25.7% of selectivity), propionaldehyde, acetone,
acetaldehyde and COy. Following that, Kim et al. [44] synthetized metal oxides catalysts
—magnesium vanadates, vanadia bismuth molybdates and vanadia antimony. They
observed that the most performant material is Ag-Bi-V-Mo-O giving an acrolein
selectivity of 63.5% with a propane conversion of 13.1% (at 500°C). Propylene, CO, CO,
and C,-hydrocarbons were observed as by-products. In order to fully understand the
reaction, the mechanism was studied by Zhang et al. based on a Cey1Ago3M0g5P0.30x
catalyst. Three possible propane oxidation pathways were considered (Figure 1.10).
Besides acrolein, small quantities of propionaldehyde and acetone were detected among
the products. This suggests that during the reaction, pathways | and Il actually occur.
However, yields of compounds mentioned before (i.e., propionaldehyde and acetone) are
low compared to acrolein, which confirms that the second route, via propylene, is the

main one.
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CH,CH,CH,0H

/ (n-propoxy) ———> CH;CH,CHO \
I I

CH;CH,CH;—>CH,=CH-CH;,—> [r-allyl species] —> [o-allyl species] —— CH,=CH-CHO

III I

CH,CH(OH)CH, > CH;COCHs
(iso-propoxy)

Figure 1.10. Possible pathways of propane oxidation [42].

1.1.3. Production methods based on renewable resources.

The most developed method of acrolein production based on renewable resources is
glycerol acid-catalyzed dehydration, performed either in the gas or the liquid phase using

different types of catalysts (Figure 1.11).

Glycerol dehydration to

acrolein
Gas-phase Liquid-phase
*Supported heteropoly *  Homogenous
acids * Heterogenous

*Supported zeolites
*Mixed metals oxides,
phospates and
pyrophosphates

Figure 1.11. Glycerol dehydration ways and catalysts used [31].

Recently, glycerol appears in excess on the market because of a growing Biodiesel
production from triglycerides, wherein it is formed as a by-product. Notwithstanding, its
price is not stable and it makes this method of acrolein production possible to

complement traditional propylene oxidation depending on the economic situation [3].

Gas phase dehydration of glycerol to acrolein

The glycerol dehydration (Figure 1.12) in the gas phase typically occurs in the
temperature range of 260-350°C using a vaporized aqueous glycerol solution. The first
group of catalysts for this reaction are heteropoly acids (HPASs). These materials are

characterized by a good stability against humidity and air, a low toxicity, a high solubility
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in polar solvents and a good corrosivity resistance. That is why HAPs have driven the
interest of a lot of research groups. For example, Katryniok et al. [7] studied silicotungstic
acid catalysts supported on SBA-15, Dubois et al. [45] examined the application of
phosphotungstic (PW) and silicotungstic (SiW) salts substituted by various metals (e.g.,
Cs, Rb, Ca, Bi, Zr, La). Notwithstanding, the best ever reported results were published by
Alhanash et al. [46]. These authors have performed the glycerol dehydration using a well-
known CsPW catalytic formulation. They have obtained 98% of acrolein yield. The
chosen heteropoly salt possesses strong Bransted acid sites, which improves the reaction
efficiency and a high tolerance to water. However, the catalytic activity decreased after
the first few hours, due to coke formation without impairing acrolein selectivity (up to
98% of selectivity).

OH -H,0 -H 50
HO\)\/OH —_— HOWO NO
Glycerol 3-Hydroxypropanal Acrolein

-H,0

o

Ho\)J\

Acetol

Figure 1.12. Schematic route of glycerol dehydration over acid catalysts [46].

The second group of catalysts used for the acrolein synthesis from glycerol are zeolites.
These materials are largely used in the chemical industry, and they were found
performant for the considered reaction by several researchers. The published studies
report that the factor which is the most important for zeolites in the glycerol dehydration
is their total acidity. This parameter can be controlled by three ways: the Si/Al ratio
variation, applying transition metal oxides and catalysts surface modifications. The most
commonly used materials reported in the literature are micro- and meso-porous ZSM-5
[47,48], ferrierites [49] and p-zeolites [47,50]. The highest reported acrolein yield was
found with sulfonic-functionalized mesoporous silicas (SBA-15) [51] with 92.6% of
acrolein selectivity at total glycerol conversion. The authors underlined the importance of
open structure for this catalytic system in term of coke deposition. Therefore, it can be
concluded that for this catalyst type, a large pores width is an important factor.

The last group of catalysts for the gas phase glycerol dehydration of glycerol is
constituted by mixed metal oxides, phosphates and pyrophosphates. Various materials
were reported by researchers, i.e., niobium oxides (Nb,Os) [52], acid binary metal oxides
(SnO,-TiO,, SNO,-Zr0O,, TiO,-Aly03) [53] or cerium-doped FePO, [54]. Generally, for
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these catalysts, the acrolein selectivity does not exceed 82% at a temperature up to 500°C.
One of the exceptions are iron phosphates (Fex(PO4)y) reported by Deleplanque et al. [55].
These authors found after 5 h of reaction that the acrolein yield reached 92% with 100%
glycerol conversion. The main observed catalyst disadvantage was its deactivation within
25 h caused by coke deposition. However, this phenomenon can be reduced by addition

of oxygen in the inlet mixture.

Liquid phase dehydration of glycerol to acrolein

The liquid phase dehydration of glycerol was patented in 1934 by the Shell Company
[56]. In their studies, they used strong mineral acids as catalysts and they obtained
approximately 50% of acrolein yield. Afterwards, Ramayya et al. [57] tried to use
supercritical water reforming reaction (SCWR) to develop this process. They decided that
acid homogenous catalyst (H,SO4) will be used to perform the tests. The reaction
occurred at 350°C in a batch reactor under supercritical water conditions. As a result, the
best acrolein yield was 86% with a glycerol conversion of 55%. The main disadvantage
of this process was the difficulty to separate the products from the catalyst. Yue et al. [58]
used nano-copper over ZSM-5 (Cu/ZSM-5) as a catalyst. The reaction was performed in a
stainless steel autoclave. In that case, the acrolein yield was higher than for the previous
one and reached 91.2% with 100% of glycerol conversion at 250°C. However, the liquid
phase glycerol dehydration is not ready to industrialize because of difficult and costly

plant maintain, caused, e.g., by reactors corrosion.

1.2.New acrolein production method from methanol and ethanol mixtures.

As aforementioned, acrolein is industrially obtained only based on fossil resources
(namely by propylene oxidation). Until now, the only well-studied method based on
renewable resources is the glycerol dehydration pathway described before. Unfortunately,
the total production cost is not competitive compared to propylene oxidation, which
prevents its industrialization. Recently, it was reported that acrolein can be formed via
methanol and ethanol coupling oxidation [1]. Both alcohols can be produced from

biomass with a low price, which lets as hope the possibility of large scale utilization. In
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this section, methanol and ethanol manufacturing methods are presented as well as the

catalyst used for the new acrolein synthesis reaction.

1.2.1. Methanol and ethanol production.

Methanol production

Worldwide production of methanol reaches almost 110 Mt and is in majority consumed in
the formaldehyde industry [59]. Methanol was first produced in 1661 by Sir Robert Boyle
through the rectification of crude wood vinegar over milk of lime. Afterwards, other
reactions, such as the oxidation of hydrocarbons or the Fisher-Tropsch synthesis (e.g., as
by-product), were used, but they have lost their importance with time. Currently, the
industrial methanol manufacturing is based on catalytic conversion of synthesis gas. This

process consists of three steps [60]:

e Production of syngas;
e Synthesis of methanol;

e Processing of crude methanol.

The synthesis can be performed applying three different pressure levels: low-pressure
methanol process (5-10 MPa), medium-pressure methanol process (10-25 MPa) and high-
pressure methanol process (25-30 MPa). Schematically, the process is shown in Figure
1.13.

Figure 1.13. A: Process scheme for the Lurgi low pressure methanol synthesis process B: Methanol
production plant in the USA [60,61].
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The thermodynamics of this process can be described by the following reactions:

CO + 2H, © CH;0H AHsgoi = —90.77 kJ /mol  (L.4)

These reactions are exothermic and they are accompanied by a decrease in volume [60].
Because of the released heat, a tubular reactor with cooling by boiling water is applied.
However, the endothermic reaction (Eq. 1.6) of carbon dioxide and hydrogen must be

also included:

€0, + H, & CO + H,0 AHsgox = 41.21kj/mol  (1.6)

The first industrial catalyst system consisted of ZnO-Cr,03;. Nowadays, after many
modifications, the standard catalysts used for methanol production are based on Cu-ZnO-
Al,O3 or Cr,03 systems with different additives. In

Table 1.7, a summary of typical copper-containing catalysts is presented [60].

This technology is not the only current method of methanol production. Figure 1.14
presents an overview of the major processes from different carbon sources. It can be
remarked, that it is possible to obtain CH3OH from different biosources, e.g., biogas,
wastes and biomass. These methods are not only answering a worldwide trend of green
chemistry but also have economic advantages. Shamsul et al. [62] reported that the cost
difference between biomass and petrochemical methanol production reaches 300 €/ton in

favour of biobased methanol.
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Table 1.7. Summary of typical copper-containing catalysts for the low-pressure methanol synthesis [60].

Manufacturer Component Content Reference
[atom9%6]
IFP Cu 25-80 [63]
Zn 10-50
Al 4-25
Sud Chemie Cu 65-75 [64]
Zn 18-23
Al 8-12
Shell Cu 71 [65]
Zn 24
rare earth oxide 5
ICI Cu 61 [66]
Zn 30
Al 9
BASF Cu 65-75 [67]
Zn 20-30
Al 5-10
Du Pont Cu 50 [68]
Zn 19
Al 31
United Catalysis Cu 62 [68]
Zn 21
Al 17
Haldor Topsge Cu 37 [68]
Zn 15
Cr 48

© 2016 Tous droits réservés.

-26 -

lilliad.univ-lille.fr



Thése de Anita Borowiec, Lille 1, 2016

Chapter 1. Bibliography

© 2016 Tous droits réservés.

co Biogas, Waste,
2 Nat. gas Biomass, Coal
\% \% \%
Co, cH, L
Capture Reforming Gamﬁ\lc’:atlon

Electrolysis

Crude syngas

Syngas Conditioning
+ Hydrocarbon reforming
*  Water gas shift
* Hydrogen addition
+  CO, removal

v

Syngas

Nat. Gas reforming

(Bio)methanol

synthesis

Figure 1.14. Overview of the major methanol production processes from different carbon sources [69].

Several methods of the so-called ‘bio-methanol’ production are known [62]: pyrolysis,
gasification, biosynthesis, electrosynthesis and photo electrochemical processes. The first
one is found as the easiest adaptable one in the large scale while gasification is the most
cost-effective. The feedstock for the methanol production can come from organic wastes,
municipal solid wastes, sewage sludges or primary and secondary agriculture wastes.
Despite numerous studies, for now the ‘bio-methanol’ production is not productive
enough to rival with traditional method. Notwithstanding, in the long term, it can gain

some importance.

Ethanol production

The first industrial ethanol production method was developed in 1930 by the Carbide and
Chemical Corporation. This process was based on two stages. First, ethylene was
adsorbed in sulfuric acid followed by hydrolytic cleavage of the formed diethyl sulfide
[70]. In 1948, the Shell company industrialized direct hydration of ethylene, and this
method is used till today, with a big industrial importance. The thermodynamic

equilibrium is presented hereafter [70]:
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CoHyg) + HyO(gy « C2H50H g AH = —43.4kJ(1.7)

Nowadays, in the industry, ethylene and deionized water are used in the ratio 1:0.3-1:0.8,
heated at 250-300°C under a 6-8 MPa pressure [70]. Schematically, this process is
presented in Figure 1.15 There are many catalysts patented and published for ethylene

hydration. In the industry, only phosphoric acid catalysts supported on, e.g., silica gel,

opoka (Volga sandstone) or bentonite are used [70,71,72,73].

Water
Anhydrous ethanol

Ethanol (95 vol%)

Figure 1.15. A: Ethanol production plant in York (USA), B: Scheme of synthesis of ethanol by direct
hydration [70,74].

The obtained product is an azeotrope mixture containing 95% of ethanol. That is why an
azeotropic distillation unit is necessary (notified as ‘g’ in Figure 1.15B). An extractive
distillation column is chosen to perform purification. Ethylene hydration is not the only
method used nowadays. This molecule can be also obtained from renewable sources by
fermentation using yeasts. This method of ethanol production has numerous advantages
such as a high selectivity, a low byproduct accumulation, a high ethanol yield, a low pH
among others [70]. There are many factors that influence the productivity of the
fermentation process. The first of them is the substrate concentration, which has to be
between 14 and 18 wt.%. The concentration cannot be too high because of plasmolysis
(i.e., a water loss by cell in a hypertonic solution) [75]. The other important factor is the
oxygen concentration. Depending on the microorganism’s type, ethanol is produced under
aerobic or anaerobic conditions. For the first group, the optimized level of oxygen is
necessary for high ethanol productivity. pH and temperature have a strong influence also.
In the industry, the standard pH value is between 4 and 6 with a temperature around 40°C
[70]. We can classify raw materials for ethanol production in two main groups:

fermentable carbohydrates for a direct use and organic materials (as starch) that must be
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pretreated before the fermentation. Substrates come from three main sources: agriculture,
forest and industrial byproducts [70].

Sugar solution 0,

Figure 1.16. A: Bioethanol production plant in Pau (France) B: Commercial ethanol tower fermentation
system (APV Company) [70,76,77].

From an engineering point of view, bioethanol production through fermentation process
can be performed in different modes: Most of the processes occur in a batch system,
where possible final ethanol concentration can reach 10-16% [78]. Nowadays, on the
market, more than 60% of bioethanol are produced in the USA, India and Brazil. Those
are countries with a climate adapted for the growth of the needed crops [70]. Figure 1.16
presents an example of bioethanol production plant and a schematic flow diagram for

ethanol tower fermentation system used nowadays.
1.2.2. Catalyst choice for methanol and ethanol oxidative coupling.

In Dubois et al. patent application [1] acrolein formation from methanol and ethanol can
be described schematically as follows (Figure 1.17): First, methanol and ethanol are
partially oxidized to formaldehyde and acetaldehyde. Then, the aldol condensation
between both aldehydes occurs. Dubois et al. [1] have carried out this reaction over iron
molybdate mixed oxides. Thus, this catalyst was chosen as the reference formulation for

the present study.
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+0,
CH,0H+C,H,;OH T HCHO+CH,CHO T CH,CHCHO

H,0 H,0
| J | J
/ |
Stage 1: Oxidation Stage 2: Aldol condensation

Figure 1.17. New acrolein method production.

The FeMoOy formulation is mostly used in the industry for methanol oxidation to
formaldehyde. In 1931, this catalyst has been synthesized for the first time by Adkins and
Paterson [79]. Since that, in the early 50’s, this material was developed and became the
most widely used formulation for formaldehyde production, which brought a lot of
advantages compared to conventional silver catalysts [79,80,81]:

e High selectivity to formaldehyde at low methanol concentration- formaldehyde

yield over 90%,

e Resistance for poisoning,

e Longer catalyst life,

e Lower reaction temperature compared to silver-based catalysts,

e Lower probability of explosion because of the lower methanol concentration.

Generally, non-supported MoOs-Fe;(M0Q,); catalysts are synthesized by an aqueous
phase co-precipitation method, with subsequent washing, drying and calcination (300-
600°C) steps. It was reported by Pernicone [80] that the precipitation is influenced by
several parameters (i.e., pH, precursors ...) and that the catalyst specific surface area
strongly depends on the Mo solution concentration. During the catalyst characterization,
the author found that FeMoOy owns the acid sites on the surface confirmed by TPD-NHj3;
measurement [80,82].

Regarding methanol oxidation, other author, Trifiro et al. [83] proposed that during the
oxidation this compound is chemisorbed and alkoxide complex may be formed (Figure
1.18).
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Figure 1.18. Adsorption complex on FeMoOx catalyst during methanol oxidation [83].

Even if the role of molybdenum ions is well defined, the Fe** ions function is difficult to
determine. For example, it was found that pure MoO3 activation energy is equal to that of
MoO3-Fe,(Mo0,)3 and that trivalent cations have a promoting effect [80]. However,
Trifird [83] has tried to propose the redox mechanism that takes place on the catalyst

surface:
Mo>t + Fe3t - Mo®* + Fe?* (1.8)

It was remarked as well that gaseous oxygen oxidizes the Fe*" ions. Following that,
Pernicone [80] described the kinetic mechanism of methanol oxidation over FeMoO,. It
was reported that there are several factors influencing the reaction efficiency: water acting
as an inhibitor, reactor type, the partial pressure of both reactants (e.g., the reaction rate
increases when increasing pressure) and the methanol partial pressure (e.g., in the
presence of water, higher pressure causes higher reaction rate). Based on these

observations, the following mechanism was proposed:

1. Dissociative methanol chemisorption (Eq. 1.9)

CH30H + I + 02~ > (CH30 — £)™ + OH™ (L.9)

(CH30 — )™ + 02~ = (CH,0 — 5> + OH~ (1.10)

20H & H,0 + 0% + i} (1.12)
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4. Formaldehyde desorption (Eq. 1.12)

(CH,0 — 92 - CH,0 + 2~ (1.12)
5. Catalyst reoxidation (Eq. 1.13)

0.50, + 27 - 02~ (1.13)

1.3. Conclusions.

As it was presented above, acrolein finds many applications in the chemical industry.
Particularly important use is the acrylic acid and methionine productions. The demand for
these compounds is growing every year due to the worldwide population increase.
Consequently, this tendency requires an increase in the acrolein production. Till now,
there are several well known synthesis method based on petrochemical or renewable
resources. One of them is the acetaldehyde and formaldehyde aldol condensation. It was
reported that the highest acrolein yield obtained via this reaction has reached 86% for
Mn-P and Ni-P catalyst [36] which have the balance between acid and basic sites on the
surface. This propriety was found the most preferable for acrolein formation [32].
However, only propylene oxidation is used in the industrial scale. In order to fulfill a
growing acrolein demand and to answer more and more stringent environmental
requirements, new production methods are actively studied.
Recently, Dubois et al. [1] proposed the oxidative coupling of methanol and ethanol to
acrolein. This process is based on two reaction steps:

e Methanol and ethanol oxidation to formaldehyde and acetaldehyde, performed

usually over redox catalysts [79].
e Formaldehyde and acetaldehyde aldol condensation, performed with basic or acid
materials [33].

It was indeed shown that FeMoOy catalysts are able to directly convert methanol-ethanol
streams to acrolein. This can be probably related to the property, mentioned by Pernicone
[80], of a surface Lewis acidity linked to the presence of Mo®* species. FeMoO,-based
formulations were thus used in the present study in order to better understand their
behavior during methanol and ethanol oxidation with the purpose of back-optimization to
yield better performances. Based on the literature review presented above, it was decided

to perform catalysts modification by La and Ce addition, which were assumed to create

-32-

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anita Borowiec, Lille 1, 2016
Chapter 1. Bibliography

basicity in FeMoOy catalysts to balace acid sites and promote the second step (aldol
condensation) of the considered process. Continuing this approach, it was decided to add
the second catalyst into the catalytic bed. These material were typically basic (i.e.,
commercial oxides: MgO, CaO and BaO) as well as acido-basic (i.e., silica based
synthesized through sol-gel method [84]) chosen based on literature review presented
previously.
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Chapter 2. Catalyst preparation and experimental
techniques

2.1.Catalysts synthesis

In this study, based on previous research involving our group [1], iron molybdate
catalysts were chosen to realize the direct conversion of methanol and ethanol mixtures to
acrolein. They were synthetized by a coprecipitation method presented by Pericone et al.
[2,3]. In the following subsections, the detailed preparation method of these materials are
presented. First, the improvement of the acrolein yield was attempted by addition of
lanthanum and cerium in the initial FeMoOy formula. Afterwards, a second catalyst was
added to the catalytic bed. Two types of material were considered: silica-powders
containing alkaline earth metals (i.e., Mg, Ca and Ba) and commercial oxides (i.e., MgO,
CaO and BaO). The former were synthetized by a sol-gel method based on the work of

Douy [4]. The detailed procedure is presented in a following subsection as well.

2.1.1. lron molybdate mixed oxides catalysts prepared by coprecipitation

Iron molybdate catalysts were prepared by a coprecipitation method based on a procedure
described by Pernicone et al. [2,3]. Aqueous solutions of ammonium molybdate
tetrahydrate (NH4)sM07024-4H,0 (AHM, Fluka, 99%) and iron (I11) chloride hexahydrate
FeCl;-6H,0 (Sigma-Aldrich, 97%) were prepared to obtain theoretical Mo/Fe molar
ratios of 1.5, 2.0 and 2.5 (Table 2.1).

Table 2.1. Precursors quantities used for the synthesis of Fe-Mo catalysts.

Desired Precursors [g] Water volume [mL]
Catalyst )
Mo/Fe ratio AHM FeCl, AHM FeCl;
FeMo 1.5 10 10.185 250 75
FeMo 2.0 10 7.577 250 75
FeMo 2.5 10 6.110 250 75
-37-
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The AHM solution (with an initial pH of 5) was acidified with concentrated HCI to
decrease the pH to 1. These two solutions were independently stirred vigorously using a
magnetic stirrer and heated to a temperature between 50-60 °C. Then, the solution of iron
chloride was added slowly and continuously to the AHM solution using a burette, and a
yellow precipitate was obtained. The solution agitation was kept for 1 h and followed by
several hours of decantation. In order to remove chloride, the obtained precipitate was
washed several times with distilled water, left for decantation before being recovered.
This action was repeated till undesired species (CI") content in the supernatant part of the
solution was less than 2000 ppm. For this purpose, the estimation was made by
comparison with the response of a reference solution prepared by dissolving 3.297 g of
NaCl in 1 L of distilled water. The estimation tests were performed by placing 5 mL of
the recovered supernatant solution and 5 mL of the reference in two test tubes. Then,
2 mL of the calibrated AgNO3 solution acidified with nitric acid were added in each tube.
The intensity of the white precipitate was visually checked. If the catalyst solution gave a
response more marked than that of the reference solution, the washing step was repeated.
It was important to keep the CI" concentration in the recovered solution at a level lower
than 2000 ppm in order to avoid e.g., a decrease in catalyst acidity. Following that, when
satisfactory results were obtained, the recovered purified precipitate was filtered and dried
in an oven at 120 °C for 4 hours. The obtained material was crushed in a mortar with
1 wt.% of stearic acid C17H3sCOOH (Sigma-Aldrich, 98.5%) and pelletized using a press
(3 tons), before sieving to obtain 2-3 mm particles, which were subsequently calcined
under air (0.3 mL/min) at 350, 400 and 450 °C according to the profiles presented in
Figure 2.1. In this study, homemade iron molybdate catalysts were named as follows:
FeMoX(Y°C), where X is the Mo/Fe ratio (e.g., 1.5, 2.0 or 2.5) and Y is the calcination
temperature (e.g., 350, 400 and 450 °C).
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Figure 2.1. Calcination profiles for iron molybdate catalysts. A: 350 °C, B: 400 °C, C: 450 °C.

2.1.2. lron molybdate mixed oxides catalysts modified with lanthanum and cerium.

The modified iron molybdate catalysts were also prepared using the aforementioned
coprecipation method. An aqueous solution of ammonium molybdate tetrahydrate
(NH4)sM07024-4H,0 (AHM, Fluka, 99%) was prepared and heated to a temperature
between 50- 60 °C. Fe and Ce or La precursor solutions were prepared by dissolving
separately in water iron (I11) chloride hexahydrate FeCls;-6H,O (Sigma-Aldrich, 97%),
lanthanum (I11) nitrate hexahydrate La(NOs)s-6H,O (Aldrich, 99.99%) and cerium (I11)
nitrate hexahydrate Ce(NO3)3-6H,0 (Aldrich, 99.99%). The iron precursor quantity was

set according to the desired Mo/Fe molar ratio (1.5, 2.0 or 2.5). Ce and La solutions were
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prepared to obtain a 10 mol.% content relative to iron. The solutions were kept under
heating at the same temperature as that of the molybdate precursor solution. The AHM
solution (initial pH =5) was acidified with concentrated HCI to decrease the pH to 1.
Afterwards, the lanthanum or the cerium solution was added dropwise to the dissolved
iron chloride solution. This mixture was introduced to the AHM solution by the means of
a burette, and a yellow precipitate was obtained. The following preparation steps were the
same as those of the unmodified FeMo catalysts. The detailed precursors quantities are
presented in Table 2.2. We recall here the aforementioned nomenclature:
FeMoLa(Ce)X(Y°C), where X is the Mo/Fe ratio and Y is the calcination temperature.

Table 2.2. Precursors quantities used for the synthesis of the modified Fe-Mo catalysts.

Mo/ Precursor [g] Water volume [mL]
Catalyst Fe

atio AHM FeCl; La(NOs); Ce(NO3); AHM FeCl; La(NOs); Ce(NOs)s
FeMoLa 15 10 9.167 1.584 - 250 75 75 -
FeMoLa 2.0 10 6.617 1.178 - 250 75 75 -
FeMoLa 2.5 10 5.499 0.951 - 250 75 75 -
FeMoCe 15 10 9.167 - 1.604 250 75 - 75
FeMoCe 2.0 10 6.617 - 1.198 250 75 - 75
FeMoCe 2.5 10 5.499 - 0.963 250 75 - 75

2.1.3. Silica-based catalysts prepared by a sol-gel method.

The silica-based catalysts were prepared by a sol-gel method proposed by Douy [4].
Aqueous solutions were prepared by dissolving magnesium nitrate hexahydrate
Mg(NO3),-6H,0 (Sigma-Aldrich, 99%), calcium nitrate tetrahydrate Ca(NOs),-4H,0
(Sigma-Aldrich, 98%) or barium nitrate Ba(NO3), (Aldrich, 99.99%) in 50 mL of water.
Afterwards, citric acid HOC(COOH)(CH,COOH), (Sigma-Aldrich, 99.5%) was added in
the quantity of one mole equivalent by nitrate mole. The next step was the addition of
ammonia to adjust the pH at 2.3, which is the value found for primary nitrates solutions.
50 mL of a tetraethylorthosilicate (TEOS, Aldrich, 99.99%) 0.3 M solution were prepared
and added to a nitrate solution under vigorous stirring. Then, in this freshly prepared
100 mL of solution, 6 g of acrylamide CH,=CHCONH,, (Sigma-Aldrich, 98%) and 0.8 ¢
of N,N’-methylenediacrylamide (H,C=CHCONH),CH, (Sigma-Aldrich, 99%) were
dissolved. The final solution was heated to 80 °C under magnetic stirring. As soon as this
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temperature was reached, 0.1 g of «,a'’-azoisobutyronitrile (AIBN, Aldrich, 98%)
previously dissolved in hot ethanol (1 mL) was added. The gelation occurred after 1 to
2min. The as-obtained transparent gel was then dried at 120 °C overnight. The
calcination procedure presented in Figure 2.2 consisted in two steps. First, a stationary
calcination was performed at 350 °C for 1 h, this temperature being reached at a heating
rate of 1 °C/min. Afterwards, calcination under air (0.3 mL/min) was performed at 750 °C
after a two-step heating (3 °C/min to 700 °C with a 5 h plateau and 1 °C/min to 750 °C
with a 1 h plateau).

800 T s
Calcination under air

1°/min

600 —

— 3°/min
g
B
2
= 400 Stationary calcination
2
g
(5} —
[—1
1°/min
200
0
0 4 8 12 16 20

Time [h]

Figure 2.2. Calcination profiles for silica-based catalysts.

2.1.4. MgO, CaO and BaO simple oxides.

The single oxides catalysts were prepared by calcination of commercial products. The
following starting materials were used: MgO (Aldrich, 99.99%), CaO (Aldrich, 99.99%)
and BaO (Aldrich, 97%). They were calcined under air (0.3 mL/min) at 350°C during 1 h.

2.2.Characterization methods.
In order to better understand the properties of the synthetized catalysts, several

characterization methods were used. The experimental procedures and apparatus are
described below.
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2.2.1. Nitrogen adsorption-desorption (BET).

The specific surface area was calculated using the single-point BET method (Brunauer,
Emmett, Teller) [5] based on nitrogen adsorption and desorption. The calcined samples
were analyzed with a Micrometrics Flowsorb 11 Surface Area Analyzer using nitrogen
flow (70 mL/min). 200 mg of catalyst were placed in a glass chamber and outgassed at
150 °C during 20 min in order to remove the surface impurities. Afterwards, the vessel
was put into liquid nitrogen to perform the adsorption/desorption procedure followed by a
TCD signal.

2.2.2. Differential thermal analysis and thermogravimetric analysis (TGA-DSC).

Thermogravimetric analysis (TGA) and differential scanning calorimetric analysis (DSC)
were performed on a TA Instruments SDT-Q600 apparatus. Alumina was used as the
reference. The analysis was performed under air flow (100 mL/min) on non-calcined
samples. In the case of iron molybdate catalysts, about 15 mg of sample were used. The
temperature was increased at a rate of 5 °/min up to 600 °C. In the case of the silica-based
catalysts, the parameters were the same except the maximal temperature, which was set at
800 °C. Furthermore, the primary amount of catalysts was reduced to 8 mg because of the

lower material density.

2.2.3. X-ray diffraction (XRD).

Notably in order to verify the calcination temperature influence on the final structure of
the solids, non-calcined iron molybdate catalysts were analyzed by temperature-
programmed X-ray diffraction using a Bruker D8 apparatus (Briker AXS, Cu-K,
2 =1.5406 A) to follow the temperature of phases crystallization. The analysis was
performed under air flow from 50 °C to 500 °C with a heating rate of 10 °/min. The
diffractograms were recorded each 25 °C for 26 values in the 10° to 60° range, using a
0.02° step and a 0.5 s integration time.

For silica-based catalysts, the XRD recording at room temperature was performed with
the same apparatus. In that case, the calcined samples are analyzed, and the

diffractograms were recorded between 5° and 90° with the same 0.02° step and the same
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0.5 s integration time. The results interpretation was made based on the database from the
Joint Committee on Powder Diffraction Standards (JCPDS) with the help of the EVA X-

ray diffraction analyses software.

2.2.4. X-ray photoelectron spectroscopy (XPS).

Three different kinds of XPS-based experiments were performed:

- Catalyst surface analysis under vacuum. Calcined samples were analyzed using a
Kratos Axis (Figure 2.3) spectrometer apparatus with an alumina Kea radiation
(1486.6 eV) under vacuum (to examine the catalyst surface composition). All the
results were treated using the CasaXPS software, and the surface composition was
determined from the various peaks (i.e., Mo 3d, Fe 2p...) recorded at a 40 eV pass
energy. The reference was taken for the C 1s level binding energy for C-(C, H)
bonds fixed at 285 eV.

Figure 2.3. Kratos Axis spectrometer used for XPS analysis.

- Catalyst surface analysis by quasi in situ XPS, performed for calcined samples

using the same set up as that described above. Before the measurement, the
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catalysts are pretreated in a separate chamber at 320°C using the following
procedure:

e Methanol/Ethanol mixture (ratio = 1) mixed with Helium during 2h,

e Methanol/Ethanol mixture (ratio = 1) with Oxygen and Helium during 2 h.

After each stage the spectra was taken.

Catalyst surface analysis by Near Ambient Pressure (NAP) XPS, performed at
SOLEIL Synchrotron (Saint-Aubin, France) in the near to reaction conditions. The
calcined samples were using a SPEC Phoibos 150 NAP hemispherical analyzer
coupled with a DLD detector (Figure 2.4). The setup was equipped with mass
spectrometer which controlled the products and the substrates in a gas phase. The
powdered samples were deposited on a gold foil, in order to get rid of any
annoying charge effect, and placed into a catalysis chamber. The analysis was
performed for a catalytic system heated at 320 °C and consisted on two stages:

e Reduction with methanol and ethanol mixture with a molar ratio of 1 -

0.5 mbar,
e Oxygen addition into the system (ratio 1 relative to the sum of the

alcohols) — 1 mbar,

Figure 2.4. SPECS Phoibos hemispherical analyzer used for this study.

-44 -

lilliad.univ-lille.fr



Thése de Anita Borowiec, Lille 1, 2016
Chapter 2. Catalyst preparation and experimental techniques

2.2.5. X-ray fluorescence (XRF).

The calcined samples were analyzed in a S2Ranger Bruker apparatus in a tub through
Mpylar sheet 6 microns under He. Four measurement conditions were used to detect all the
elements in the range from Na to U:

e 50 kV with copper filter of 250 microns,

e 40 kV with aluminum filter of 500 microns,

e 20 kV without filter,

e 10 kV without filter.

2.2.6. Low energy ion scattering (LEIS).

LEIS experiments were performed in a Qtac'® instrument (ION-TOF GmbH) at a base
pressure of 10°® mbar. The instrument is fitted with a double toroidal energy analyser
(DTA) which collects the scattered ions at a scattering angle of 145 from all azimuth
angles. The samples were analysed using a 3 keV He® primary ion beam directed
perpendicularly to the target surface. The area of analysis is 1 mm x 1 mm and the
experiments have been performed with a total dose per spectrum of 1,9x10* ions/cm?.
Quantification and simulation of the peaks were carried out using SurfaceLab software.

As LEIS is highly sensitive to the outermost surface, before analysis, the pressed samples
were cleaned from carbon contamination by using an atomic oxygen plasma (1-2x10°

mbar, 10 min).
2.2.7. CO,-Temperature programmed desorption (TPD).

The calcined samples were analyzed with Micrometrics Autochem 2920 apparatus
coupled with MS Pfeiffer. First, the catalysts were pretreated under He flow (50 mL/min)
at 200 °C (temperature reached at a rate of 10 °C/min) during 1 h. Then, CO, adsorption
was performed at room temperature during 30 min using a carbon dioxide flow (5% CO,,
95% He). Finally, the desorption was performed until 700 °C (this temperature being

reached at a rate of 10 °C/min) during 30 min in helium (30 mL/min).
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2.2.8. Adsorption (CO,, Pyridine) coupled infrared (IR) in situ.

These measurements were made for calcined samples with different chemicals (CO»,
Pyridine) in order to define the basic and acid properties of the solids. The scheme of the
setup is presented in Figure 2.5.

Figure 2.5 Schematics of the setup used for adsorption experiments.

Before analysis, weighed catalysts were ground in an agate mortar and pressed to get self-
supporting wafers. Then, they were then placed in the experimental setup under vacuum
for 30 min, before being heated to 450 °C under dynamic vacuum for 2 h. After cooling
to room temperature, the desired probe molecule adsorption was performed by
introducing a defined quantities in the cell each 5 min and taking IR spectra (Nicolet
Protege System 460 equipped with a MCT detector). Further, the non-adsorbed molecules
were evacuated under vacuum at ambient temperature during 10 min. After several
repetitions, the desorption was performed by maintaining a dynamic vacuum and heating.
IR spectra were taken at several temperatures: 50, 150, 250 and 350 °C. The numbers of

Lewis and Brgnsted sites were calculated based on the Beer-Lambert equation as follows

(Eq. 2.3):
n= ﬁ (2.3)
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Where n is the number of sites, A is the integrated band area, S is the pellet surface, ¢ is

the molar extinction coefficient and m is the sample mass.
2.3. Catalytic tests.

Acrolein production from mixtures of methanol and ethanol was tested in the gas phase.
First, in order to find the optimal reaction conditions a method based on Design of
Experiment (DoE) was used. This method allowed us to perform such optimization with a
minimum number of experiments. Subsequently, the synthesized catalysts performances

were examined with procedures described in the following subsections.
2.3.1. Catalytic test rig.

The setup dedicated to the methanol and ethanol oxidative coupling to form acrolein is

presented in Figure 2.6.

Exhaust

A Alcohol tank

Exhaust

A

Evaporator

Figure 2.6. A: Schematics of the catalytic test rig, B: Photograph of the setup, C: Close up on the glass
fixed-bed reactor.
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First, the alcohols mixture was sent by a pump (HPLC pump GILSON) to the vaporizer
heated at 120 °C. Simultaneously, helium (carrier gas) and oxygen were flown through
the vaporizer. The gases flow rates were monitored using Mass flow Controlers (Brooks
controllers). The as-prepared gaseous mixture was sent through heated lines to the glass
fixed-bed reactor (Figure 2.6C), which was placed in the furnace (ERALY). The reactor
temperature was controlled thanks to a thermocouple connected with the computer. The
reaction products were analyzed online using a GC-MS apparatus (Agilent Technologies,
7890A GC System, 5975C VL MSD with Triple Axis Detector) equipped with a ZB-
Bioethanol capillary column (Zebron, length 30 m, 1.D. 0.25 mm, film thickness 1.0 um).
Due to the possible product condensation and polymerization, it was decided to fix the
reactor exit (lines) temperature at 190 °C, based on the literature data collected in Table
2.3.

Table 2.3. Boiling points of the substrates and of the three main reaction products [6].

Boiling
Product ]
point [°C]
Ethanol 78.3
Methanol 64.7
Acrolein 52.6
Formaldehyde -19.5
Acetaldehyde 20.8

2.3.2. Acrolein production from methanol and ethanol mixtures using a single

catalyst.

Two different acrolein synthesis strategies were used: the reaction over one catalyst and
the reaction over a tandem of catalysts.

The first strategy was carried out over iron molybdates: 200 mg of catalyst were mixed
with the same quantity of carborundum. Both materials were previously sieved to
standardize the granulometry at a 125 um diameter. 500 mg of SiC were then placed at
the top of the as-prepared catalytic layer (Figure 2.7).
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Figure 2.7. Catalytic bed (downflow): 1: 500 mg SiC, 2: 200 mg catalyst + 200 mg SiC, 3: frit.

Depending on their composition, mixtures of methanol, ethanol and oxygen can form
flammable atmospheres. Therefore, the O, percentage was chosen with a particular
attention based on experimental flammability triangles found in the literature (Figure 2.8).
The inlet alcohols quantity was fixed at 13.2 vol% and the remainder of the reactional

flow consisted of He as the carrier/dilutent gas.
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Figure 2.8. Flammability diagrams. A: Methanol, B: Ethanol (25 °C, 1 atm) [7].

2.3.3. Acrolein production from methanol and ethanol mixtures using a tandem of

catalysts.

As aforementioned, the second strategy consisted on the utilization of two different
catalysts: iron molybdate necessary for the process oxidation part and a basic catalyst,
with the purpose of improving the aldol condensation of the as-formed aldehydes to
acrolein. The total quantity of the two catalysts was fixed at 200 mg. Their quantity ratio
was optimized as well as the way of filling the reactor (e.g., 2 separate beds, mixing,
etc...). Figure 2.9 accordingly presents two possible catalytic bed designs. In the A case,

both catalysts are mixed together with 200 mg of SiC. In the B case, the catalysts (100 mg
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each) are separated by an intermediate layer consisting of 200 mg of carborundum. Each
catalyst layer is mixed with 100 mg of SiC.

The next steps are the same as those described above for the first strategy.

Figure 2.9. Examples of catalytic beds used in strategy 2. A: Mixed catalysts, B: Separated catalysts. 1: 500
mg SiC, 2: 200 mg of two catalysts + 200 mg SiC, 3: filter, 4: FeMoO, catalyst + SiC, 5: 200 mg SiC, 6:

second catalyst + SiC.

2.3.4. Design of experiments (DoE).

In order to find the optimal conditions of methanol and ethanol oxidation process, the
Design of Experiments was performed. This method allows to perform the optimization
with the lowest possible number of experiments. It concentrates on parameters that
influence the most on the reaction giving the information about their importance [8].

General principle of DoE method is presented on Figure 2.10.

Definition of the objective experiments

Selection of characteristic values

Selection of factors and levels

Y

Allocation of experiments

Randomization of the order of the experiments

h 4

Operation of experiments i
1
1

h 4

Analysis of results !

h 4

Incorporation of the analysis |---------

Figure 2.10. General design of experiment process [9].
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In the case of the considered reaction herein, there are four independent main factors that
can have an influence on the acrolein yield. All of them are presented below with their

values range used during optimization:

e Temperature: 25 °- 350 °C,

e Oxygen quantity: 7 - 12%,

e Methanol/Ethanol molar ratio: 0.5 -2
e GHSV: 3900 - 7700 h*

In the DOE experiments, the catalyst quantity was kept constant (200 mg). The influence
of GHSV (calculated as Standard Gas Flow Rate/Catalyst Volume) was evaluated by
changing the total flow rate. Based on the flammability diagrams for the alcohols, helium
and oxygen mixture, the alcohols inlet volume was fixed at 13.2% [10]. DoE is based on
mathematical matrix and we decided to set up a standard centred composite matrix built
of three parts: full factorial matrix, star matrix and central matrix. This type of approach
enables obtaining responses surfaces enabling rapid location of an optimum whether local
or global. For the complete factorial design, the number of experiments is determined

from the following equation (Eq. 2.4):

n=ny + 2k + 2% (2.4)

Here, ng represents the number of experiments in the centre of the studied domain and Kk is
the factors number. As a consequence, 27 experiments (see Table 2.4) were performed
with different operational conditions obtaining acrolein yields as a response [11,12]. The
results were treated with the Modde5.0 (UMETRI AB, Box 7960, S-90719 UMEA,
Sweden, 2000) software which thanks to mathematical modelling defines correlation

between every factor. It was then possible to determine the optimal reaction conditions.
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Table 2.4. Experiments conditions used for DoE.

Quantity of oxygen Molar ratio

N° GHSV [1/h] Temperature [°C]
[Vol.26] MetOH/EtOH

1 4800 255 8.25 0.875
2 6700 255 8.25 0.875
3 4800 320 8.25 0.875
4 6700 320 825 0.875
5 4800 255 10.75 0.875
6 6700 255 10.75 0.875
7 4800 320 10.75 0.875
8 6700 320 10.75 0.875
9 4800 255 8.25 1.625
10 6700 255 8.25 1.625
11 4800 320 8.25 1.625
12 6700 320 8.25 1.625
13 4800 255 10.75 1.625
14 6700 255 10.75 1.625
15 4800 320 10.75 1.625
16 6700 320 10.75 1.625
17 3900 300 9.5 1
18 7700 300 9.5 1
19 5800 225 9.5 1
20 5800 350 9.5 1
21 5800 300 7 1
22 5800 300 12 1
23 5800 300 9.5 0.5
24 5800 300 9.5 2
25 5800 300 9.5 1
26 5800 300 9.5 1
27 5800 300 9.5 1

2.3.5. Products analysis.

The main reaction products were acrolein, acetaldehyde, formaldehyde, carbon dioxide,
dimethyl ether (DME) and methoxyethane. They were quantified by FID except CO;
(which was detected using a MS detector). An example of an obtained chromatogram is

given in Figure 2.11.
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Figure 2.11. Example of an obtained chromatograph with the MS detector.

The obtained peaks were integrated and the surfaces were converted to mole numbers
using calibration curves. The calibration was made by liquid injections of products
solutions with defined concentrations and surface measurements. Each analysis was
repeated three times in order to confirm obtained results. Then, these data were processed

to get conversion, selectivity, yields and validated by calculating the carbon balance.

Conversions

The substrates conversions are defined as the proportion of reacted substrate. Equations

(Eq. 2.5, 2.6) present the formulas used in this study.

Xyteton = NMetOH,in —_"MetOH,out 100% (2.5)
NMetOH,in
__ NEtoH,in"MEtOH, out 0
XEtOH = " 100A) (26)
NEtOH,in
Selectivities
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Selectivity is defined here as the proportion of the obtained product’s carbon moles
number relative to the total reacted carbon number of moles. In this work, the products

selectivity was then calculated as follows (Eq. 2.7-2.12):

3nac

Sic = - 100% 2.7
Ac (nMetoH in—"MetoH,out) + 2" (MEtOH,in—TEtOH,0ut) (2.7)
NFormol
Formol (nMetoH in—NMetoH,out)+2'(MEtOH,in—MEtOH, 0ut) ( )
) = ZMetCHO +100% 2.9
MetCHO = — > —_ 0 (2.9)
(nMeton,in—MMetoH, 0ut)+2'(MELOH in—NMEtOH, 0ut)
ncoz
SCOZ = — > — - 100% (210)
(nMetoH in—NMetoH,out)+2 (MELOH,in—MEtOH,0ut)
2NpME
SpME = — . — -100% (2.11)
(nMeton,in—MMetoH,0ut)+2:(MELOH in—MEtOH, 0ut)
3" NMethoxyethane
S = -100% 2.12
M .
ethoxyethane (nMeton,in—MMetoH,0ut)+2 (MELOH in—NEtOH, 0ut) ( )
Yields

The vyields were calculated for the three main products: acrolein, acetaldehyde and

formaldehyde. Yield can be defined as the ratio between product’s carbon moles number

and total initial carbon quantity (Eq. 2.13-2.15).

Yo = STac -100% (2.13)

NMetOH,int 2 NELOH,in

Yrormol = “Formol -100% (2.14)

NMetoH,int 2 NELOH,in

Virercno = ———E1€H0 . 1009 (2.15)

NMetOH,int 2 NELOH,in

Carbon balance
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Carbon balance can be described as the proportion between the sum of the total final
(recovered/detected) carbon moles number and the total initial carbon number of moles.
The experiment can be considered as reliable if the obtained value is close to 100%.
During our study, the carbon balance was always comprised between 90-105%, which

validated the performed catalytic tests.

CB = (MMetoHunreactt2NEtOHunreact 3 NACH2 MMetCHO M Formol T2 NMDME+NC02+3 "Methoxyethane) 100%
— . 0
NMetOH,int 2 NEtOH,in

(2.16)
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Chapter 3. Acrolein production from methanol and ethanol

mixtures over a single catalyst — results and discussion

In this chapter the methanol and ethanol oxidative coupling to acrolein is studied over
FeMo-based catalyst. First, the reaction conditions optimization was performed applying
a Design of Experiments (DoE) method. The theoretical results obtained through the
mathematical modeling of the data were then experimentally validated. In order to
optimize the aldolisation reaction (i.e., the second step to obtain acrolein after oxidation
of the respective alcohols to their corresponding aldehydes), the FeMo native formulation
was modified by addition of basic elements (i.e., La and Ce). During the preparation,
different calcinations temperatures and Mo/Fe ratios were selected in order to determine
their influence on the catalytic performances. The materials were characterized by: XPS
(including near ambient pressure XPS), BET, XRD, TGA-DSC, XRF, LEIS, CO,-TPD
and pyridine adsorption with FTIR.

3.1. Thermodynamic calculations of methanol and ethanol oxidative coupling to

acrolein”.

As mentioned before, the considered acrolein production process consists of two
sequential reactions, namely methanol and ethanol oxidation followed by the as-formed
formaldehyde and acetaldehyde condensation. We first checked about thermodynamic
limitations and equilibrium reactional mixture composition. For doing so, three

hypotheses were formulated:

- Methanol and ethanol oxidation are considered as irreversible and occur at total

conversion,

" This study was performed in the Laboratoire de Génie des Procédés Catalytiques (LGPC-CNRS/CPE
Lyon, 43 bd du 11 Novembre 1918, 69616 Villeurbanne Cedex) with the precious helps of Dr. Yousef
Swesi and Prof. Pascal Fongarland.
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- Alcohols molar ratio is equal 1,

- There are no sides reactions.

At the equilibrium, in the case of isothermal and isobaric transformations, the Gibbs free

energy change is equal to 0 (Eq. 3.1).

AG =0 (3.1)
Which can be defined as well as:

AG = AG® — RTIn(K) (3.2)

Where R is the gas constant equal to 8.314 J/(mol-K) and K is the equilibrium constant.

Matching these two equations together, we obtain (Eq. 3.3):

AG® = —RTIn(K) (3.3)
The thermodynamic equilibrium constant K for the general reaction 9,4 + 9,B = 9.C +
9,4 can be defined as (Eq. 3.4):

(3.4)

Therefore, it is possible to determine products and substrates concentrations at the
reaction equilibrium. This constant can be calculated from Eqg. 3.3 connecting with

following relations:

AG = AHy — TAS; (3.5)

AHp = AH® + [} ACpdT (3.6)
_ 0 T T

ASy = AS® +1n (o) [0, ACpAT (3.7)

Here, H is the enthalpy, S is the entropy and Cp is the specific heat. In order to find the
equilibrium constant value, standard thermodynamic properties of the considered

compounds are reported in Table 3.1.
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Table 3.1. Standard thermodynamic properties at 25 °C under a 1 bar pressure for the aldol condensation
substrates and their products in the gas phase (data obtained from HYSYS).

Molecular 0 o
Compound AH; [kd/mol] Cp [J- mol/K] S"[J: K/mol]
formula
Acetaldehyde CH;CHO -164.4 53.8 138.2
Formaldehyde HCHO -116.0 35.0 160.7
Acrolein CH,CHCHO -70.9 65.8 191.1
Water H,O -284.9 75.7 6.5
100
E 90
70
100 200 300

Temperature [°C]

Figure 3.1. Equilibrium acetaldehyde and formaldehyde conversion as a function of temperature.

As mentioned before, the equilibrium constant directly depends on the temperature. For
that reason, several approaches for different reaction conditions were screened (Table
3.2). Following that, based on K values, formaldehyde and acetaldehyde conversions
were calculated and further plotted in Figure 3.1. It can be remarked that with increasing

temperature, the considered system equilibrium moves to the reverse reaction to the initial
considered reactants.
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Table 3.2. Estimated values of 4G, K and equilibrium compositions for different temperature.

Constant Equilibrium composition [Yomolar]
Temperature AG
equilibrium

[°C] [kJ/mol] K Acetaldehyde Formaldehyde Acrolein  Water

100 -38.1 214599.6 0.095 0.095 49905  49.905
120 -36.3 66998.7 0.191 0.191 49.809  49.809
140 -34.6 23782.7 0.319 0.319 49.681  49.681
160 -32.9 9422.7 0.508 0.508 49.492  49.492
180 -31.3 4104.1 0.768 0.768 49.232  49.232
200 -29.8 1940.5 1.109 1.109 48.891  48.891
220 -28.2 985.7 1.543 1.543 48.457  48.457
240 -26.8 533.2 2.075 2.075 47925  47.925
260 -25.3 304.8 2.708 2.708 47291  47.291
280 -23.9 183.0 3.441 3.441 46.558  46.558
300 -22.6 114.8 4.268 4.268 45732  45.732
320 -21.3 74.9 5.179 5.180 44820  44.820

Based on the presented results (Table 3.2), the possible maximum acrolein yield at

320 °C was estimated at 89% what indicates the thermodynamical limitation.
3.2. Iron molybdate catalysts characterization.

Based on previous results [1], it was decided to first consider the methanol and ethanol
coupling process development using the “conventional” iron molybdate catalyst. The
material was synthesized using the procedure presented by Pernicone et al. [2,3]. This
catalyst is industrially used for the transformation of methanol to formaldehyde. The
corresponding active phase has been determined as Fe,(MoQ,)s. Industrially, it has been
demonstrated that, during the methanol oxidation reaction, reduced molybdenum species
are progressively stripped out. For this reason, the quantity of molybdenum is usually
increased so that to constitute a Mo reservoir, and, in fine, the catalyst consists of a
mixture of Fe,(MoQO,)s; and MoQg3. This kind of catalyst is stable and robust, and can be
used in industrial reactors during one year and even more, as required. It has been shown
that the Mo/Fe ratio plays an important role during the alcohols oxidation reaction

[4,5,6,7]. This process is the first stage of the reaction considered herein. For this reason,
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catalysts with different theoretical Fe/Mo ratios were synthesized. We also checked the

effect of the calcination temperature, which notably induces textural differences.

In order to follow the crystallization of the amorphous powder during the calcination and

to choose the ad-hoc calcination temperature, we performed TGA and DSC

measurements of the uncalcined samples. They were placed under air flow (100 mL/min)
and heated them up to 600 °C (heat rate 10 °/min). Figure 3.2 presents the TGA analysis

(i.e., evolution of catalyst mass during the heating of the sample) for tree different Mo/Fe

ratio (i.e., 1.5, 2 and 2.5). Weight lost occured before 300 °C for all the samples starting

from 100 °C. In that temperature an endothermic peak is observed at DSC curves (Figure

3.3). These phenomena are assigned to the decomposition of the precursors and a loss of

-0l

H,0O and NHs.
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Figure 3.2. TG(black) and DTG(grey) curves for A: FeMol.5, B: FeMo02.0, C: FeMo02.5. The analysis was

performed in the temperature range 20-600 °C with heating rate of 10 °C/min under air flow.
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After the endothermic peaks at 100°C, the DSC curves for synthetized FeMo catalysts

exhibit two exothermic peaks around 400 °C (Figure 3.3). These phenomena correspond

to the crystallization of the different phases present in the samples. In order to identify

these formed phases, XRD analysis was performed.
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Figure 3.3. DSC curves for A: FeMol.5, B: FeMo02.0, C: FeMo02.5. The analysis was performed in the

temperature range 20-600 °C with a heating rate of 10 °C/min under air flow

XRD-HT analysis gave similar results over all the FeMo catalysts (Annex: Figure C.1-2).
In Figure 3.4, the results for FeM02.0 are presented as an example. The crystallization
process starts at 400 °C. This temperature is in agreement with the aforementioned TGA-
DSC data. Note that two peaks observed at 20 28 and 44° correspond to Ag of the sample
holder. The phases identification was performed using the Eva software (Figure 3.4.B).
As expected, we observed the formation of two phases for the reference Fe-Mo catalyst:
Fe,(MoO,); (#PDF 00-031-0642) and MoO3z; (#PDF 01-089-5108). In Table 3.3, the
relative proportion for each phase determined by Eva software is presented. As expected,
the Fe,(Mo0O,)3 phase relative quantity increased when decreasing the Mo/Fe ratio. Note
that we did not obtain the pure Fe,(M0Q,); phase with the ratio Mo/Fe = 1.5.

Table 3.3. Phases proportions obtained from XRD analysis.

Catalyst Fe,(M0O,); content [%6] MoO; content [%6]
FeMol.5 75 25
FeMo2.0 67 33
FeMo2.5 66 34
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Figure 3.4. A: XRD-HT diffractograms for FeMo02.0; B: XRD patterns at room temperature with phases
matching for FeMo02.0.

Then, in order to determine the FeMo catalysts surface compositions, XPS analysis was
performed. Figure 3.5A and B present the decomposed spectra corresponding to the Fe2p
and Mo3d respectively for the FeMo02.0 sample (450 °C). The Mo 3d doublet is present at
binding energies of 232.8 and 235.9 eV. These values correspond to Mo*"' [8]. This
oxidation level is in agreement with the two crystalline phases detected by XRD. In the
case of iron (Figure 3.5A), Fe 2p;» and Fe 2p;, components are located at 711.9 and
726.2 eV. These values correspond to the + 111 oxidation state of iron [9,10]. Indeed, the
Fe 2ps, peak located at 711.9 eV presents an asymmetric character due to multiplet
splitting of high spin Fe'' ions [11] and it has an associated satellite peak located at
around 8 eV at higher energy. Similar XPS spectra were observed for all tested samples.
For FeMol.5, FeMo02.0 and FeMo2.5, the surface Mo/Fe ratio is higher than the

theoretical one, indicating an enrichment of the surface in Mo.
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Table 3.4. XPS results for synthetized FeMo1.5, FeM02.0, FeMo2.5 calcined in different temperatures.

Energy level FWHM Atom concentration Mo/Fe
Catalyst [%%6] ratio
Mo3d Fe2p Mo3d Fe2p Mo3d Fe2p Cils
FeMo01.5(450°C) 233.2 712.1 1.12 2.49 18.1 4.0 24.8 45
FeM02.0(450°C) 232.8 711.9 1.10 2.83 16.8 6.4 26.1 2.6
FeMo02.5(450°C) 233.0 711.9 1.13 2.32 10.3 1.9 50.1 5.4
A B
Mo“13d;,,
Felllzp:‘l
Fe'2p,,
Mo"13d,,
Satellite Satellit o
Fel2p, , atellite l\
\ \ | Lo [
750 740 730 720 710 700 244 240 236 232 228 224

Binding energy [e

V]

Binding energy [eV]

Figure 3.5. XPS analysis results for FeMo02.0 catalyst. A: Fe 2p; B: Mo 3d.

The specific surface area (SSA) was measured using the single point BET method (Table

3.5). The samples developed low SSAs and the highest value was measured for FeMo02.0

and 2.5 with values at around 5 m?/g. These values are very low, but consistent with this

kind of bulk catalysts. Regarding the evolution of the SSA, it seems that the slight

increase is linked with the proportion of the MoO3; phase determined by XRD analysis.
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Table 3.5. Catalysts specific surface areas measured by the BET method.

Catalyst Specific surface area
[m?/g]
FeMo01.5(450°C) 1.8
FeMo02.0(450°C) 51
FeM02.5(450°C) 5.1

3.3.Design of experiments.

The DoE was performed for the industrial FeMo catalyst provided by Arkema, so that to
use a homogeneous material from a unique batch. Figure 3.6 shows the results obtained
for a characteristic catalytic test - alcohols conversion and products selectivities (e.g.
acrolein, formaldehyde, acetaldehyde, etc...) in a function of time. After 3 or 4 hours,
depending of the conditions/catalysts, the system reached an equilibrium. The results used
for the DoOE are taken at the equilibrium. For all the runs, the carbon balance was between

90 and 105%.
60 , 100
* * # Acrolein * 4 Methanol
* * ® Acetaldehyde 4 o ¢ ¢ Ethanol
> ¢ Formaldehyde ¢  — ¢ ‘
* @ # Carbon dioxide ¢ -
¢ Methoxyethane 80 - ¢ o ® [ S 3 ¢ o V'S
¢ & ¢ Dimethyl ether i & &
40 e e ® ¢
L N K 2 2ni G 2nd =
Q\T &2 60
o o
] 7]
o 53
ia >
S 40 -
20 “
*
s 0% e te,
& DU I - IR G o S S
YItesveesee e
0 — ‘ | ‘ 0 ‘
0 40 80 120 160 0 40 80 120 160
Time [min] Time [min]

Figure 3.6. Experimental results for the following conditions: GHSV = 6700 h™, O, = 8.3%, Temperature =
320 °C, MetOH/EtOH = 0.875.

27 experiments were performed in the experimental domain summarized for the four

factors in Table 3.7. The levels “0” were chosen based on technical constraints (e.g.,
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maximum temperature acceptable by the setup, explosive limit, ...) and on literature data
(e.g., GHSV, etc...). The calculated output parameters were acrolein, formaldehyde and

acetaldehyde yields.

Based on the experimental results (Figure 3.6), it was possible to mathematically build
relationships between the chosen factors and to model their influence on the acrolein
yield: 3D figures were obtained as results visualization (Figure 3.7) based on the

mathematical model represented in equation (Eq.3.8):

y = by + Xibix; + Xibix? + X bijxix; (3.8)
With:

y — response (i.e., acrolein yield)

bo — constant

b — coefficient of the model calculated from the relation b = (x* - x) - x* -y (x is the

matrix in coded variables, x' is transposed matrix and y is the matrix of answers).

The Analysis of Variance (ANOVA) results of the model indicated a good performance
with R? and Q? of 0.95 and 0.646, respectively. These values mean that over 95 percent of
the data could be explained by the model [12,13].

Table 3.6. Experimental domain and coding of variables for experimental design on acrolein production

Standard
Factor -a -1 0 +1 +a .
Coefficient
Temperature[°C] 225 255 300 320 350 14.16
Oxygen

_ 7 8.25 9.5 10.75 12 2.86

guantity[%]
Gas space

) . 3900 4800 5800 6700 7700 -0.13

velocity[h™]
Ratio
0.5 0.875 1 1.625 2 1.56
MetOH/EtOH
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Table 3.7. Results of the 27 runs of the DoE strategy.

L9 o1 Ge °14 T G'6 00¢ 0085 LZ
L9 o1 Ge °14 T S'6 00¢ 0085 9¢
¥9 16> €€ 14 T G'6 00€ 0089 G¢
LS 6V 14 6¢ 4 G'6 00€ 0089 |4
59 6T GS L'6T S0 G'6 00¢ 0085 €c
99 9€ 14 8¢ T A4 00€ 0089 (44
214 9T 144 L) T L 00€ 0089 T¢
89 €e 8¢ ve T G'6 0S¢ 0085 0¢
9¢ 96 147 v'e T G'6 144 008S 6T
0L ve 9¢ LC T G'6 00€ 00LL 8T
<L 8¢ 8¢ 9¢ T G'6 00¢g 006€ LT
69 517 14 8¢ G291 GL0T 0ce 0029 91
88 ve LS g6t G291 SL°0T 0ce 008Y qT
78T TL 9Z T Q29T GL'0T 114 00.9 14
43 8'TT 6¢ v Q29T GL'0T 114 008Y €T
TL 61 €e 43 G291 GZ'8 0ce 00,9 A
L9 1414 0€ T€ G291 GZ'8 0ce 008Y TT
L€ 9'¢T 4> 6'¢ G291 GZ'8 GS¢ 0029 0T
q¢ct 70T 8L T€ G291 GZ'8 114 008Y 6
TL 9€ T€ 1> G/80 GSL°0T 0ce 00,9 8
€L €¢ 1€ G¢ G/8°0 GL0T 0ce 008Y L
V'ET [A°] A5 T G/80 GSL°0T 114 00,9 9
1721 8'G vE ST G/80 GSL°0T 114 008Y S
99 9€ 9Z Ge G/80 GZ'8 0ce 00.9 1%
0L €¢ 14 [A]) G/80 GZ'8 0ce 008v €
78T 69 6€ 9T G/80 GZ'8 114 00.9 [
€L 6'¢ [44 €0 G/80 GZ'8 GGg¢c 008y T
[%] pIaIA
[%] PIRIA [%] PIBIA [%] PIBIA  HOIF/HOWIN  [96] usbAxo [0.]
U19]0J0Y [Tl ASHO oN
apAyspjewio4  apAysple1sdy u19]040y oney Jo Ainuend aanyesadwa |

[enuslod

-67 -

lilliad.univ-lille.fr

© 2016 Tous droits réservés.



New acrolein production route starting from alcohols mixtures over FeMo-based
catalysts

Thése de Anita Borowiec, Lille 1, 2016

yield

flaw sme dtjon)  ralio MegH /EHCH
g0 8 w15

10 &5

ey PP

5
e
fe s
"'J:?

Figure 3.7. 3D figures obtained with DoE.
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In Figure 3.7, each graph represents the combined influences of two different factors on
the acrolein yield. The red colour indicates the highest acrolein yield and the blue one the
lowest one. The factors influence is expressed with Standard Coefficient (Table 3.6)
determined using the least squares method, and we thus found that the temperature was
the parameter the most sensitive towards the acrolein yield while the total flow rate was

the lowest one.

According to the aforementioned results, the following conditions were determined as
optimal to obtain the acrolein yield as high as possible: temperature 320 °C, GHSV
3900h™, oxygen quantity 12% and alcohol ratio (methanol/ethanol) 1. However, we can
remark that the curves maxima are placed nearby the fixed factors limits. In our case, we
could not explore further these limits, because of the flammability triangle limitation (O,
quantity) and the set up limitations (temperature). The prediction of the model is an

acrolein yield equal to 50% for the optimal factors theoretical values mentioned before.

Afterwards, the optimal point mathematically found for the industrial FeMo catalyst was
experimentally verified. Figure 3.8 presents the evolution of acrolein, formaldehyde and
acetaldehyde yields during the reaction performed using the optimal conditions for
strategy 1 (i.e, GHSV=3900h"  0,=12%, Temperature=320°C and
MetOH/EtOH = 1). In this case, the stability of the system was reached after only 40
minutes. The acrolein yield reached 44% with alcohols conversion of 100%.
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Figure 3.8. Catalytic test in the optimal conditions over the commercial FeMo catalyst (GHSV = 3900 h,
0, = 12%, Temperature = 320 °C and MetOH/EtOH =1

Using the same set of data (Table 3.7), the optimal reaction conditions were calculated for
the tandem strategy (i.e., use of two catalysts, with the second one to further promote the
aldolisation reaction). In order to determine the highest potential acrolein yield with a

second catalyst addition using following equation (Eq. 3.9):
Y;leot = Yy¢ + 80%min(1.5Yyetcno, 3Yrormot) (3.9)

In this relation, the obtained acrolein yield (Yac) during DoE is summed with the lower
value between acetaldehyde yield (YmetcHo) and formaldehyde yield (Yrormol). Values 1.5
and 3 comes from carbon number in the acrolein molecule (i.e., 3) divided by aldehydes
carbons atoms content (i.e., 2 and 1 for acetaldehyde and formaldehyde, respectively). It
was found that its highest value (i.e., 88%) can be obtained with the following conditions:
temperature 320 °C, GHSV 4800 h™, oxygen quantity 10.75% and alcohol ratio
(methanol/ethanol) 1.625. This optimal point was used therefore for second strategy (i.e.,

tandem of catalysts).
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3.4.Catalytic performance measurement — iron molybdate catalysts.

Catalytic activity of the synthesized materials was explored in the optimal conditions

found the DoE
Temperature = 320 °C, MetOH/EtOH = 1).
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Figure 3.9. Acrolein, acetaldehyde, formaldehyde and carbon dioxide yields evolution as a function of time
on f stream for FeMo1.5, FeMo02.0 and FeMo02.5 calcined at 450 °C (GHSV = 3900 h't, 0, =12%,
Temperature = 320 °C, MetOH/EtOH = 1).

The main detected products were acrolein, acetaldehyde, formaldehyde and carbon

dioxide. In Figure 3.9, the evolution of the products yields for the FeMo catalysts
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calcined at 450 °C is presented as a function of time on stream. As expected, the Mo/Fe
ratio had a critical influence on the catalytic performances. The behavior of FeM01.5 was
very different from that of FeMo02.0 and FeMo2.5. FeMo1.5 exhibited the lowest acrolein
yield (i.e., 11%), which was obtained after a progressive decrease, while, for FeMo2.0
and FeMo2.5 the acrolein yield increased during an induction phase to ca. 36.5 %.

FeMo1.5 produced more acetaldehyde, which did not react to further form acrolein.

Table 3.8 shows catalytic tests results after 2.5 h for the FeMo catalysts calcined at
different temperatures. This parameter had a strong influence on the products yields,
particularly for the Mo/Fe ratio of 2.0. In this case, decreasing the temperature caused a
decrease in acrolein yield (i.e. up to 11.5%). The same behavior was less pronounced for
FeMol.5, while for FeMo2.5, the calcination temperature had not influence (i.e., the best

result was obtained for a calcination temperature of 400 °C).

Table 3.8. Catalytic tests results for the FeMo catalysts calcined at different temperatures, after 2.5 h on
stream (GHSV = 3900 h™, O, = 12%, Temperature = 320 °C, MetOH/EtOH = 1).

Conversion [%0] Yield [%]
Catalyst

Ethanol Methanol Acrolein Acetaldehyde Formaldehyde CO,
FeMo01.5(450°C) 99 100 11 71 16 4
FeMo01.5(400°C) 97.5 100 9 73 14 3.5
FeMo01.5(350°C) 98 100 7.5 75 13.5 3
FeMo02.0(450°C) 100 100 36.5 31 26 18.5
FeMo02.0(400°C) 100 100 27.5 50 21 7
FeMo02.0(350°C) 100 100 15 54 20.5 15
FeMo02.5(450°C) 100 100 35 30 24 9.5
FeMo02.5(400°C) 100 100 39 27 23 11
FeMo02.5(350°C) 100 100 31 3 26 16.5

3.5.Modified iron molybdate catalysts — characterization.

The ultimate purpose of our work was to obtain the highest possible acrolein yield. To
this respect, the efficiency of the second process stage, namely formaldehyde and
acetaldehyde aldolization, is also an important parameter. The literature review presented
in the Chapter 1 shows that this reaction is mostly catalyzed by basic catalysts. Thus, it

was decided to add basic elements in the native FeMo formulation. During the synthesis
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of these samples, several factors were varied: the additive (e.g., lanthanum or cerium), the
Mo/Fe ratio (e.g., 1.5, 2.0 and 2.5) and the calcination temperature (350 °C, 400 °C and
450 °C). Afterwards, the as-obtained catalysts were characterized by differential thermal
analysis-thermogravimetric analysis (TGA-DSC), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), nitrogen single-point adsorption (BET), X-ray

fluorescence (XRF) and temperature-programmed reduction (TPR) before catalytic tests.

Differential thermal analysis and thermogravimetric analysis and X-ray diffraction gave
results were similar to those of the conventional FeMo catalysts presented previously
(Annex: Figure B.1-4, Figure C.3-4). This is due to the fact that only very small quantities

of lanthanum and cerium were added (i.e., 1% motar)-

The XPS results are presented in Table 3.9. Like for the non-doped FeMo samples, the
surface Mo/Fe ratio obviously deviated from the theoretical composition (for all the
samples, the experimental ratio was higher than the bulk one), but with a clear influence

of the addition of basic elements.

Table 3.9. XPS results for FeMoCel.5, FeMoLal.5, FeMoCe2.0, FeMoLa2.0, FeMoCe2.5, FeMoLa2.5

after calcination at 450 °C.

Position FWHM Atom concentration [%0] Mo/Fe
Catalyst )
Mo3d Fe2p Mo3d Fe2p Mo3d Fe2p Cls ratio
FeMoCel.5(450°C) 232.9 711.9 1.16 2.74 175 4.8 25.0 3.6
FeMoLal.5(450°C) 233.0 711.9 1.20 2.85 10.6 3.8 49.5 2.8
FeMoCe2.0(450°C) 232.9 711.9 1.14 2.66 11.9 2.6 48.4 4.6
FeMoLa2.0(450°C) 232.8 711.8 1.09 2.85 16.7 45 29.5 3.7
FeMoCe2.5(450°C) 232.9 711.8 1.18 2.61 15.1 4.0 33.8 3.8
FeMoLa2.5(450°C) 232.9 712.3 1.24 3.12 12.6 3.2 43.9 3.9

La and Ce were not detected at the surface of the catalysts, which can be due to their low
quantities and also to the way they have been introduce in the solids (i.e., coprecipitation
method and not impregnation). One doubt still exists due to the fact that La 3d and Ce 3d
signals can be hidden by the Auger signal of Iron. In order to clarify this point, we
performed LEIS analysis for FeMo2.0, FeMoCe2.0 and FeMoLa2.0. This technique

enables probing the first atomic layer of the samples (Figure 3.10).
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Figure 3.10. LEIS spectra of FeMoLa, FeMoCe and FeMo. (The LEIS spectra are normalised regarding the
O peak).

Only three peaks assigned to O, Fe and Mo were detected. The absence of Ce and La
signals on these spectra is a direct proof that such species where actually not present at
the surface of the materials. Further, this suggests that any modification of the basic
character of the catalyst would be an indirect phenomenon. Probably, lanthanum and
cerium could have not been measured because of the LEIS detection limit is in 500 — 10
ppm of a monolayer range for higher masses elements. Moreover, these two LEIS spectra
(i.e., FeMoCe2.0 and FeMoLa2.0) are similar to that of the FeMo reference catalyst, but
with different relative intensities. The LEIS surface Mo/Fe ratio was calculated (Table
3.10), which showed that the introduction of basic elements caused the iron atoms

migration to the surface.
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Table 3.10. Mo/Fe ratios of FeMo02.0, FeMoCe2.0 and FeMoLa2.0 calcined at 450 °C obtained with LEIS.

Mo/Fe ratio
FeMo2.0 FeMoCe2.0 FeMoLa2.0
6.7 (£0.9) 5.5(%0.2) 4.5(*+0.2)

In order to confirm the actual incorporation of the basic elements which were not detected

neither by XPS nor by LEIS, X-ray fluorescence experiments were performed. The

catalysts calcined at 450°C were analysed (Table 3.11). La and Ce were detected in very

low concentrations (limit of detection of the apparatus) and their quantification was not

possible. These additives are then mostly located in the catalyst bulk. The Mo/Fe ratios in

the catalysts bulk was determined as well by this method (Table 3.11). The obtained

values are lower than those determined by XPS. These results suggest a migration of

molybdenum species at the surface of the solids.

Table 3.11. XRF results for FeMo and modified FeMo catalysts calcined in 450 °C.

Molar concentration [%6]

Catalyst Mo/Fe Ratio
Mo Fe La Ce
FeMol.5 20.2 7.6 - - 2.6
FeMoCel.5 18.9 9.7 - Trace 19
FeMolLal.5 194 8.9 Trace - 2.2
FeMo2.0 20.1 7.8 - - 2.6
FeMoCe2.0 20.4 7.3 - 0.001 2.8
FeMoLa2.0 20.1 7.9 Trace - 2.5
FeMo2.5 20.8 6.7 - - 3.1
FeMoCe2.5 20.4 7.3 - 0.001 2.8
FeMoLa2.5 20.1 7.9 Trace - 2.6

© 2016 Tous droits réservés.

Table 4.9 presents the SSAs of the catalysts with the different Mo/Fe ratios. The observed

values are low and no clear trend could be observed.
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Table 3.12. Catalysts specific surface areas measured by the BET method.

Catalyst Specific surface area
[m?/g]
FeMoCel.5(450°C) 5.8
FeMoLal.5(450°C) 5.6
FeMoCe2.0(450°C) 7.5
FeMoLa2.0(450°C) 12.2
FeMoCe2.5(450°C) 4.5
FeMoLa2.5(450°C) 6.3

The La and Ce addition was expected to bring more basic sites to the FeMo catalyst,
which would theoretically improve the second process stage — formaldehyde and
acetaldehyde condensation. These elements were not present at the surface of the solids
(XPS, LEIS), but we decided to check the potential influence of their introduction on the
acid-base properties of the synthesized materials. CO,-TPD analysis was performed for
the FeMo02.0, FeMoCe2.0 and FeMoLa2.0 samples calcined at 450 °C (Figure 3.11).

First of all, the CO, desorbed quantities were very low due to the very low SSAs (at max
10.24 m?/g). The CO, desorption occurred at different temperatures, according different
strengths of the basic sites. All the samples exhibited 3 peaks at 300, 450 and 700 °C,
characteristics of weak, medium basic sites (for the two first) and strong basic sites (for
the last one), respectively. The total desorbed carbon dioxide quantities were calculated
and are presented in Figure 3.11. Introduction of La and Ce in the FeMo based catalysts
actually induced an increase in the number of basic sites, which is an indirect
phenomenon, as these elements are not present at the surface (i.e., absence of signal in
XPS and LEIS). However, thanks to LEIS analysis (Table 3.10) we suppose that the
acidity increase comes from the iron atoms migration on the surface (i.e., decreasing

Mo/Fe ratio) observed for doped catalysts.
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Figure 3.11. CO,-TPD results for FeM02.0, FeMoCe2.0 and FeMoLa2.0 calcined at 450 °C.

As previously shown [7], the FeMo-based catalysts also present acid sites. In order to
characterize them, we have performed pyridine adsorption followed by FTIR. This
technique allows identifying the type of sites (i.e., Brgnsted or Lewis) as well as
quantifying their number (Figure 3.12). Like for the basic sites, the number of acid sites is
quite low due to the low SSA of the materials. The FTIR spectra were recorded after
pyridine adsorption and thermal treatment at different temperatures. After heating at
350 °C, no signal was observed, indicating that the catalysts do not behave very strong
acid sites. The Lewis acid sites are characterized by a band located at 1450 cm™ and the
Bronsted acid sites are characterized by a band located at 1525 cm™. All the samples have
a higher number of Lewis acid sites compared to the Brgnsted ones (Figure 3.13). The
sample presenting the highest acid site number is also that presenting the higher basic
sites numbers: FeMoLa2.0 (12 mmol/g). Comparing with the obtained results with CO,-
TPD shown previously (Figure 3.11), we can conclude that the addition of La generates
not only basic but also acid sites. However, the acid sites are more numerous over all the
analyzed catalysts. For example, in the case of FeMoLa2.0, it was found that there is
0.02 mmol/g of basic sites while the quantity of acid ones reaches 12 mmol/g (Figure
3.13).
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Figure 3.12. Pyridine desorption in different temperature. A: FeMo2.0, B : FeMoCe, C: FeMoLa calcined at
450 °C (B- Bronsted sites, L- Lewis sites).
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Figure 3.13. Adsorbed pyridine on FeM02.0 and FeMoCe2.0 at 50°C. A: Lewis sites; B: Brgnsted sites.

3.6.Catalytic performances— modified iron molybdate catalysts.

The catalytic activity of the modified FeMo catalysts was evaluated in the same
conditions as previously (i.e., GHSV =3900 h™ 0O,=12%, Temperature =320 °C,
MeOH/EtOH = 1). The following compounds were detected: acrolein, acetaldehyde,
formaldehyde, carbon dioxide, dimethyl ether (trace) and methoxyethane (trace) (Figure
3.14), similarly to what was observed over conventional FeMo. In order to define the
influence of the additives on the acrolein yield, the FeM02.0 sample calcined at 450 °C
(i.e., 36.5% of acrolein yield) was chosen as the reference catalyst. As a result, basic
elements addition showed that it is possible to improve slightly the selectivity to acrolein
(up to 42% of acrolein yield). It can be noticed that the La-modified catalyst was that
which formed the lowest quantity of acetaldehyde and the highest quantity of CO,. The
aforementioned product formation is certainly due to over oxidation of acetaldehyde, as

an undesired side reaction.
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Figure 3.14. Acrolein, acetaldehyde, formaldehyde and carbon dioxide yields evolution as a function of
time on stream for FeMo02.0, FeMoCe2.0 and FeMoLa2.0 calcined at 450 °C (GHSV = 3900 h-1, 02 =
12%, Temperature = 320 °C, MetOH/EtOH = 1).

We have then tested the different synthesized catalysts with various Mo/Fe ratios,
different calcination temperatures and with doping elements (Table 3.13). The highest
yield of acrolein was observed for FeMoCe2.0(400°C) - 42%, which is a + 5 points
improvement compared to pure FeMo. Similarly a 4 points of improvement was obtained
for FeMoLa2.0, which confirms the positive influence of lanthanum addition. Matching
these observations with catalysts characterization, it can be concluded that the catalytic
performance improvement comes probably from the acido-basic properties modification

upon dopant introdcution. A small increase in acid sites content (i.e., + 6 mmol/g (100%)
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compared to FeMo02.0) has a positive influence on the acrolein yield. Concerning the
influence of the calcination temperature, similarly like for conventional FeMo, the lowest
acrolein yield was observed for a calcination performed at 350 °C while the differences
between temperatures 400 and 450 °C were not that significant. The last studied point
was the impact of the Mo/Fe ratio impact. Similarly to the pure FeMo series, the lowest
acrolein quantity was produced over the catalyst with a Mo/Fe ratio equal 1.5 while the
highest values are obtained for the ratio 2.0. This suggests, that the minimal value

favouring our target molecule production should not be lower than 2.0.

Table 3.13. Catalytic tests results over the synthetized FeMo catalysts (GHSV = 3900 h*, O, = 12%,
Temperature = 320 °C, MetOH/EtOH = 1).

Conversion [%0] Yield [%]
Catalyst

Methanol Ethanol Acrolein Acetaldehyde Formaldehyde CO,
FeMo1.5(450°C) 99 100 11 71 16 4
FeMoCel.5(450°C) 100 100 335 28 21 18
FeMoCel.5(400°C) 100 100 34 20.5 22 22
FeMoCel.5(350°C) 100 100 32 12 23 17
FeMoLal.5(450°C) 100 100 20 65 18 4
FeMoLal.5(400°C) 100 100 36.5 30.5 25 10
FeMoLal.5(350°C) 100 100 36.5 7 28 14
FeMo02.0(450°C) 100 100 36.5 31 26 18.5
FeMoCe2.0(450°C) 100 100 38 20 31 28
FeMoCe2.0(400°C) 100 100 42 14 36 34
FeMoCe2.0(350°C) 100 100 38 18 29 22
FeMoLa2.0(450°C) 100 100 39 6 29 30
FeMoLa2.0(400°C) 100 100 35 2 35 30
FeMoLa2.0(350°C) 100 100 21 Trace 41 36
FeMo02.5(450°C) 100 100 35 30 24 9.5
FeMoCe2.5(450°C) 100 100 32 30 20 9
FeMoCe2.5(400°C) 100 100 34 345 22 10
FeMoCe2.5(350°C) 100 100 32 9 25 14
FeMoLa2.5(450°C) 100 100 35.5 26.5 20 10
FeMoLa2.5(400°C) 100 100 40.5 22 20 13.5
FeMoLa2.5(350°C) 100 100 30 11 20 10
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3.7. Advanced X-ray photoelectron spectroscopy.

In order to understand the FeMo catalysts surface behaviour during the reaction, quasi in
situ and Near Ambient Pressure (NAP) XPS were performed. In this latter
characterization method, the reduction with methanol and ethanol mixture was followed
in the presence or the absence of oxygen. For in situ method, the sample the procedure
was similar, but each treatment occurred in the separated chamber. The evolution of XPS

spectra is presented herein for both of these methods.
3.7.1. Quasi in situ XPS.

In order to understand the catalysts surfaces behaviour during the reaction, we performed
Quasi in situ XPS. Three materials were: FeMo02.0(450 °C) as the reference,
FeMoCe2.0(400 °C) with the best catalytic performances and FeMo1.5(350 °C) with the
worst catalytic performances. The samples were pre-treated at the optimal reaction
temperature (i.e., 320 °C) in a separate chamber under two different atmospheres:

(1) Under He + Methanol/Ethanol mixture (ratio = 1) for 2 h,
(2) Under He + Methanol/Ethanol mixture (ratio = 1) + Oxygen (12 Vol.%) for
2 h.

After pre-treatment, the samples were analysed without intermediate re-exposure to the

+VI +I11

air. All the three fresh catalysts are composed of Mo™ " and Fe™"", as described previously
(XPS). Under reductive atmosphere (i.e., He + Methanol/Ethanol mixture (ratio = 1)), all
the catalysts behave in a similar. Surprisingly, iron atoms got reduced and stayed at the
+Il1 oxidation state during the treatments while drastic changes were noted for
molybdenum. The obtained Mo3d spectrum for the reference FeMo02.0 catalyst is
presented below in Figure 3.15 (the similar graphs obtained for FeMoCe2.0 and FeMo01.5
are given in Annex (Figure D.1 and Figure D.2, respectively). We observed, that after the
treatment under methanol and ethanol mixture molybdenum in majority reduced to
Mo*V3d (blue colour photopeaks at 231.26 eV and 234.4 eV) and Mo*'V3d (red colour
peaks at 230.01 eV and 233.15 eV. Then, after oxygen introduction, molybdenum was
almost totally re-oxidized to +VI (green colour peaks at 232.8 eV and 235.98 eV)

similarly on the fresh catalyst surface.
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Figure 3.15. FeMo02.0 calcined at 450 °C quasi in situ XPS results (320°C, MetOH/EtOH =1,
Alcohols = 13.2%, O, = 12%). A: under He + MetOH/EtOH flow; B: under He + MetOH/EtOH + O, flow.

The quantification of the molybdenum species (i.e., different oxidation states) is
presented in Table 3.14 in Figure 3.16. Comparing results obtained during the reduction,
we remark that the most reduced catalyst is FeMoCe2.0 which presents the lowest Mo *"'
content (i.e., 15.8%) and the highest Mo ™V content (i.e., 30.5%). On the other hand, for
FeMo1.5 we observe the lowest quantity of +1V species (i.e., 28.4%) and the highest non-
reduced Mo *V' presence (i.e., 22.9%). In terms of oxidation, similarity, the highest Mo*"'
quantity was noted for FeMoCe2.0 (i.e., 91.1%) while the lowest one was found for
FeMol.5 (i.e., 68%). These observations are in agreement with catalytic tests results
where the most performant was FeMoCe2.0 and the least FeMol.5. It suggests, that the

molybdenum capacity of reduction is an important factor influencing on acrolein yield.

Methanol and ethanol oxidation thus induced molybdenum reduction, which is conflictual
with a previous study performed in the laboratory in which it was found that under
methanol, the Fe species get reduced while the Mo species stays at a +VI oxidation state
through the analysis over FeMo catalysts [7]. These differences can be explained by a
selective adsorption of ethanol at the surface which interact more with molybdenum than
with iron. The influence of methanol and ethanol reduction might yield different, and

similar experiments with ethanol are planned.
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Table 3.14. Mo content evolution during quasi in situ XPS.

Catalyst Content [%0]
MO+|V MO+V MO+V|
FeMo02.0 reduced 29.9 52.2 17.9
FeMo2.0 oxidized 6.7 5.1 88.2
FeMoCe2.0 reduced 30.5 53.8 15.8
FeMoCe2.0 oxidized 3.9 5.0 91.1
FeMo1.5 reduced 28.4 48.6 22.9
FeMo1.5 oxidized 18.8 12.9 68.2
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Figure 3.16. Mo molar concentration obtained by quasi in situ XPS for FeMo catalysts. (1) He +
MetOH/EtOH; (2) He + MetOH/EtOH + O,.
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3.7.2. Near Ambient Pressure (NAP) XPS.

In order to approach closer to the reactional conditions, NAP XPS was performed
focusing on molybdenum behaviour under alcohols mixture flow, using successive

conditions:

(1) Reduction under Methanol/Ethanol mixture (ratio = 1),
(2) Re-oxidation under Methanol/Ethanol mixture (ratio = 1) + Oxygen (1:1).

In both conditions, the temperature was raised gradually until 320 °C and spectra were
taken every 25s. Figure 3.17 presents the Mo3d spectra evolution function of the
temperature (i.e., from 250 to 350 °C) and time, under alcohols flow. The increase in
temperature caused the gradual reduction of molybdenum from a +VI oxidation state to a

+1V oxidation state.
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Figure 3.17. The Mo 3d spectra evolution as a function of time and temperature (250 — 320 °C) during

reaction under methanol and ethanol flow.
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Figure 3.18. Mo3d spectra evolution during reaction under methanol and ethanol flow (250 — 320 °C).

Figure 3.18 shows the spectra taken at three different points of analysis under alcohols
flow (oxygen-free atmosphere): at the beginning (i.e., 250 °C), at mid stage (~ 290 °C)
and at the end (i.e., 320 °C). At the beginning, FeMo02.0 contained only Mo*' species
(Mo 3d at 232.7 eV and 235.8 eV), with a Mo 3d signature identical to that recorded at
room temperature meaning that the reduction did not occur below 250 °C. Then,
increasing the temperature actually caused the reduction of Mo species mostly into Mo*",
as can be seen in Figure 3.19. In the final stage of analysis, molybdenum +V1 proportion
was only 10%. In the same time, the Mo*" quantity increased (to 49.9%) and Mo*
content decreased to 43.9%. So the reduction of molybdenum seems to occurs in two
steps, first Mo"" is reduced to Mo" and this formed Mo" is then reduced to Mo'V. The
observed evolution is represented in Figure 3.19. In this graph, we can see that the first
reduction step occurs between 280 and 290 °C while the second step occurs at 300 °C.

The observed results are in agreement with the in situ measurement which showed that
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molybdenum is mostly reduced to the +V oxidation state (i.e., 52.2% for FeMo02.0).
However, we remark that with the NAP analysis method we are able to perform the
complete reduction due to the analysis conditions close to these used during catalytic

tests.
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Figure 3.19. Evolution of Mo species concentration as a function of time under temperature increase (Error
A =10-15%).

In order to follow the re-oxidation of the FeMo02.0 catalyst, the system was first
“quenched” by naturally decreasing the temperature to room temperature before then
introducing 1 mbar of oxygen in the feed. Then, we increased the temperature linearly
with time (20 — 320 °C). Figure 4.20 shows three spectra taken at the beginning (room
temperature), at mead stage (~220 °C) and at the end (320 °C) of analysis. At room
temperature, we start almost at the same point compared to the end of the previous stage
of reduction experiment. When the temperature reached 150-175 °C, the oxidation
process took place, which is characterized by a photopeaks intensities decrease of the

Mo and Mo*V and an increase of the Mo™'

. At the end of the experiment, almost 100%
of the molybdenum species returned to the +VI oxidation number (Figure 3.21). At this
stage, we applied a new reduction step, by removing again oxygen from the feed (not
shown) and the same phenomena than those presented in the Figure 3.17 occured,

showing a nice reversibility of the system.

-87-

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anita Borowiec, Lille 1, 2016

New acrolein production route starting from alcohols mixtures over FeMo-based

catalysts

[ I | | | | [ |

248 244 240 236 232 228 224 248 244 240 236
Binding energy [eV]

248 244 240 236 232 228 224
Binding energy [eV]

Binding energy [eV]

228 224

Figure 4.20. Mo3d spectra evolution during catalyst re-oxidation under alcohols and oxygen flow with

temperature increase (20 — 320 °C).
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3.8. Discussion and conclusions.

In this chapter, studies on methanol and ethanol oxidative coupling over FeMo-based
catalysts are presented. First, the reaction conditions were optimized using a Design of
Experiments method in order to obtain the acrolein yield as high as possible. It was found
that the most sensitive factor is the temperature while the total flow rate influence is
negligible. Afterwards, the theoretically determined optimal point over the industrial
FeMoOy catalyst was verified and the measured acrolein yield amounted 44% (for a
theoretical value of 50%). Therefore, these conditions were chosen to perform the
following catalytic tests. FeMo-based catalysts were then synthetized using a co-
precipitation method and varying two parameters: the Mo/Fe ratio (i.e., 1.5, 2.0 and 2.5)
and the calcination temperature (i.e., 350°, 400° and 450 °C). FeMo2.5 (400 °C)
exhibited the highest performance (39% of acrolein yield) while FeMo1.5 (350 °C) gave
the worst one (7.5% of acrolein yield). Subsequently, analysing the calcination
temperature influence, we remarked that the lowest acrolein yield was obtained always
for catalysts treated at 350 °C. This phenomenon can be explained looking at XRD-HT
results, which showed that the total FeMo crystallization occurs from 400 °C. Thus, the

crystalline structure develops the active sites.

Acetaldehyde and formaldehyde condensation to form acrolein is usually performed over
basic catalysts. We then decided to modify the FeMo formulation by introduction of
1%molar OF lanthanum and cerium. The choice of these basic elements was motivated by
their +111 oxidation state, which is the same as iron in Fe;(Mo0QO,); catalysts. It was
assumed that La and Ce can partially replace Fe in the Fe;(MoOy)s structure and create
the basic sites needed for the second stage of the process (acetalization). Materials were
synthetized with different Mo/Fe ratio (i.e., 1.5, 2.0 and 2.5) and calcination temperatures
(i.e., 350°, 400° and 450 °C). Their catalytic activity was measured in the optimal
conditions previously found and compared with those of FeMo02.0 calcined at 450 °C.
The highest acrolein yield was obtained for FeMoCe2.0 calcined at 400°C (i.e., 42%)
with thus an improvement of 5.5 points compared to the Ce-free sample. The catalyst
modified with La brought the expected improvement as well giving an acrolein yield of
40.5% (FeMoLaz2.5 calcined at 400 °C). In order to understand the influence of basic
elements addition several characterization methods were performed. First, thanks to XPS

and LEIS analysis, it was found that La and Ce are not present on the surface, but their
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addition increases the surface Mo/Fe ratio. XRF measurements proved that La and Ce are
actually present in the catalyst structure (bulk). The La and Ce addition influence on the
catalyst basicity was checked using CO,-TPD. The number of basic sites of the modified
FeMo catalysts was increased (medium and strong sites were formed), which suggests
and indirect effect of La and Ce incorporation are these elements are not present on the
surface In order to better understand all phenomena accompanying FeMo maodification
upon La and Ce introduction, it would be valuable to synthesize and characterize

materials with different contents.

The last part of this chapter presents the quasi in situ and NAP XPS studies under
reactional mixture. It was presented previously [7] that upon methanol reduction, the iron
species in the FeMo catalyst gets reduced from +IIlI to +II. On the other hand,
molybdenum species were only +V1. Here, over the FeMo02.0 treated with methanol and
ethanol mixture (ratio = 1), surprisingly, the iron atoms stayed at an oxidation number of
+I11 while molybdenum species were reduced to +V and +IV oxidation states. This
suggests that methanol mixed with ethanol has a different reductive capacity on the FeMo
catalyst surface. On the other hand, it was remarked that a higher temperature facilitates
the Mo species reduction. Thanks to NAP XPS, we found that the reduction/oxidation
process are almost 100% reversible in our conditions which is a property very useful

thinking about industrialisation of the process.
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Chapter 4. Acrolein production from methanol and
ethanol mixtures using a tandem of catalysts — results

and discussion

As it was shown before, the main products obtained through methanol and ethanol
coupling reaction using FeMoOy were acrolein, acetaldehyde and formaldehyde. Keeping
in mind that the ultimate goal of the present study is to obtain the acrolein yield as high as
possible, we looked for a method for condensing in situ the unreacted intermediate
aldehydes to acrolein. In the literature, numerous authors pointed out that optimal aldol
condensation needs a defined balance between acid and basic sites. The FeMoOy catalyst
we used clearly develops acidity [1] so that we decided to add a second catalyst of the
basic type (chosen among single oxides: MgO, CaO, BaO and silica-based: Mg-Si, Ca-Si,
Ba-Si) in the catalytic bed, in a tandem strategy (Figure 4.1).

v |

3 722

l l

Figure 4.1. Catalytic beds schemes for the tandem of catalysts. A: Mixed catalysts, B: Separated catalysts.
1: 500 mg SiC, 2: 200 mg of both catalysts mixed with 200 mg of SiC, 3: fixed bed profile, 4: FeMo
catalyst + SiC, 5: 200 mg SiC, 6: basic catalyst + SiC.

N

The catalytic tests were performed using the optimal conditions, as found using the DoE
approach presented in Chapter 3. The relative catalyst’s quantity (for a total of catalytic
solid of 200 mg) and the catalytic bed volume were optimized. All the synthetized
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materials were characterized by XPS, BET, XRD, TGA-DSC and CO, adsorption
followed by FTIR.

4.1. Silica-based solids as the second catalyst.

In this study, the silica-based materials (i.e., Mg-Si, Ca-Si, Ba-Si) behavior as the second
catalyst was examined. They were synthetized by a sol-gel method, characterized and

their catalytic performance was measured. The results are presented hereafter.

Differential thermal analysis and thermogravimetric analysis were performed in the 20-
800 °C temperature range under air. Figure 4.2 presents TG and DTG curves for all the
freshly synthesized catalysts before calcination. All the samples presented the same
behavior. At the beginning, we observe a first mass loss (up to 10%) between 100°-200°C
assigned to physisorbed water desorption. Then, at about 500°C a second mass loss is
observed (up to 70% of mass loss), which is attributed to TEOS and nitrates (used as a
precursors) decomposition. Then, the solid mass remains stable at least up to 800 °C.
These observations led to the selection of a proper calcination temperature (i.e., 750°C) in

order to ensure elimination of all the undesired compounds (residual organics).
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Figure 4.2. TG(black) and DTG(grey) curves for A: Mg-Si, B: Ca-Si, C: Ba-Si. The analysis was performed

in the temperature range 20-800 °C at a heating rate of 10 °C/min under air flow.
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Figure 4.3 shows the heat flow evolution as a function of the temperature for the Mg-Si,
Ca-Si and Ba-Si samples. For all the catalysts, we observed two peaks: one small
endothermic peak centered on 100 °C and a second intense exothermic peak centered on
500°C, respectively assigned to the elimination of water and the decomposition of the
precursors (i.e., TEOS and nitrates). In order to identify the crystallized phases potentially

formed upon heat treatment of the solids, XRD analysis was then performed.
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Figure 4.3. DSC curves for A: Mg-Si, B:Ca-Si, C:Ba-Si. The analysis was performed in the temperature
range 20-800°C with a heating rate of 10°C/min under air flow.

Figure 4.4 presents the XRD diffractograms of the calcined Mg-Si catalyst. After
calcination at 750 °C, the X-Ray diffractogram is characteristic of an amorphous material
with however two small peaks at 45 and 65° corresponding to Mg,SiO4 (PDF# 00-004-
0769). After calcination at 850 °C during 1 h, the MgSiO3; phase (PDF# 00-019-0768)
phase crystalline was detected in addition to the Mg,SiO,4 phase (Figure 4.4B).
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Figure 4.4. A: XRD patterns of the Mg-Si catalyst calcined at 750°, 800° and 850 °C. B: XRD patterns of
the Mg-Si catalyst calcined at 850 °C with phases matching.

In the case of the Ca-Si catalyst calcined at 750 °C (Figure 5.5A), CaCO3; (PDF# 01-083-
1762) and Ca,SiO, (PDF# 00-033-0303) were detected. However, similarly to Mg-Si, it
seems that the crystalline phase formation is not finished with peaks only relatively sharp
and well defined compared to the signal/noise ratio. For Ba-Si, BaCO3; was identified
(PDF# 00-045-1471) as well as barium silicate BaSiO3 (PDF# 00-004-0504). Analyzing
these data, it can be concluded that carbonates phases are major in these two latter cases,
which can have a negative influence on the catalytic performances (vide supra).

The catalysts surfaces compositions were determined by XPS analysis, and the results are
summarized in Table 4.1 The silica concentration is similar for all the examined samples
(13~14%). In the contrary, the surface alkaline earth metal concentrations are very
different from one sample to another. The highest alkaline metal content was found for
magnesium (i.e., 30.2%), while calcium and barium quantities were similar, at 11.4% and
9.1%, respectively. Concerning the surface carbon quantity, the lowest value is observed
for Mg-Si (i.e., 11.3%) and the highest one for Ba-Si (i.e., 27.9%).

-96 -

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anita Borowiec, Lille 1, 2016

Chapter 4. Acrolein production from methanol and ethanol mixtures using a tandem of
catalysts — results and discussion

BaSiO,
+ BaCO,

Figure 5.5. XRD patterns of catalysts calcined at 750 °C; A: Ca-Si, B: Ba-Si.

Table 4.1. XPS analysis results for silica based catalysts calcined at 750 °C, theoretical X/Si ratio = 1

Binding energy (eV) Atom concentration [%0]
Catalyst ) Mg 2s, Ca ) Mg 2s, Ca
Si2 Si2p Cls O 1s
2p, Ba 3d 2p, Ba 3d
Mg-Si 102.3 304.6 13.0 30.2 11.3 45.5
Ca-Si 103.9 349.0 14.3 114 21.7 52.7
Ba-Si 153.5* 780.2 14.3 9.1 27.9 48.7

* 2s because of recovery between Ba 2p and Si 2p

The C 1s photopeaks (Figure 4.6) results from the contribution of three components at
284.8 eV, 286 eV, and 289.5 eV, respectively. The first one marked with a green color is

attributed to C=0 bonds characteristic for carbonates, which is in agreement with the
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presence of carbonate metal phases observed for each sample by XRD [2]. The second

peak plotted in red color corresponds to C-OH bonds, while the third one (blue one) can

be attributed to C-C and C-H bonds, which is due to the contaminating carbon usually

used for calibration of the XPS spectra. The intensity of the carbonates peak increases

going down along the alkaline earth metals column in the periodic table of the elements

(see Table 4.1). This is a way to provide a ranking for basicity. Indeed, the atmospheric

CO,, as we will show after, is a good molecule to probe the basic sites. So the fact that the

quantity of carbonates adsorbed at the surface of the Ba-containing catalyst is higher than

for the others means that this catalyst exhibit a larger number of — occupied — basic sites.

But at this stage, we have no information on the strength of basic sites.

© 2016 Tous droits réservés.
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Figure 4.6. XPS analyses of the C 1s level for A: Mg-Si, B: Ca-Si, C: Ba-Si calcined at 750 °C.
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Figure 4.7 shows the O 1s peaks for each catalyst. For the Ca-Si and Ba-Si catalysts, the
photopeak envelop is strongly unsymmetrical. Two different oxygen environments can be
identified: Si-O-Si and C=0. In the literature, we can find that, for silicates, the O 1s peak
is detected usually between 532 and 533 eV [3]. This corresponds to the blue component
in Figure 4.7 and its content varies from 11%meiar for Ba-Si to 21.3%mear found for Mg-Si.
Following that, the C=0 bonds are suggested to appear at a BE from 531.5 to 532 eV
[4,5], which corresponds to the red component. These types of connection are found in

carbonates, which is in agreement with the C 1s part of the XPS spectra.

540 536 532 528 524 544 540 536 532 528 524
Binding energy [eV] Binding energy [eV]

540 536 532 528 524
Binding energy [eV]

Figure 4.7. XPS analyses of the O 1s level for A: Mg-Si, B: Ca-Si, C: Ba-Si.

For all the synthetized materials, a symmetric Si 2p photopeak was detected. For Mg-Si
and Ca-Si its location was 102.3 eV and 103.9 eV respectively what corresponds to
silicates [6]. Surprisingly, in the case of Ba-Si, the Si 2s is observed at 153.5 eV (Figure
4.8). This difference is caused by recovery of Si 2p peak with Ba 2p which required to
present silicon with 2s. Notwithstanding, the Si BEs correspond in all cases to silicates
[7]. The surface silicon quantities were similar for Mg-Si, Ca-Si and Ba-Si, with 13, 14
and 14.3%moar respectively (Table 4.1).
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Figure 4.8. XPS analyse of the Si 2s level for Ba-Si.

Table 4.2 gives the specific surface areas of the samples. The highest values were found
for Mg-Si calcined at 750 °C and 800 °C (121.3 and 126.1 m%/g, respectively). However,
the specific surface area decreased drastically when the sample was calcined at 850 °C,
which is linked with the formation of crystalline phases. Ba-Si showed the less developed
surface (e.g., 14.8 m*/g) due to a pronounced crystalline character, as observed on the
XRD diffractograms (Figure 5.5).

Table 4.2. Specific surface area or the silica-based catalysts.

Catalyst Specific
(calcin. temp.)  surface area
[m’/g]
Mg-Si 121.3
(750 °C)
Mg-Si 126.1
(800 °C)
Mg-Si 21.3
(850 °C)
Ca-Si (750 °C) 84.7
Ba-Si (750 °C) 14.8
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IR-followed carbon dioxide adsorption (FTIR) experiments were performed to assess the
basicity of the samples. Broad bonds between 1200 and 1800 cm™ were detected for the
Mg-Si and Ca-Si samples pre-treated at 800 °C under oxygen during 1 h. These bands are
assigned to carbonates [8]. It means, that it exists very strong basic sites on these samples,
which are not free for the reaction as they strongly “trap” CO, from the atmosphere.
Then, in Figure 4.8B, the spectra of Mg-Si after carbon dioxide exposure is shown, which
confirms that no more molecules are adsorbed on the surface. Due to strong adsorption of
atmospheric CO, on the surfaces, we were not able to propose a basicity ranking for the
synthesised samples. Their very strong basic sites which are saturated with carbonates

even after high temperature treatment under O,.

Mg-Si activated

Mg-Si
— (C2-S] activated Mg-Si after CO, adsorption

1200 1400 1600 1800 2000 1000 1200 1400 1600 1800
Wavenumbers / cm'! Wavenumbers / cm'!

Figure 4.9. A: Infrared spectra of activated catalysts Mg-Si and Ca-Si calcined at 750 °C; B: Infrared
spectra of CO, adsorbed on Mg-Si catalyst.

4.2. Catalytic performances.

In this part, acrolein production from a mixture of methanol and ethanol was performed in
a single reactor packed with two catalysts. The catalytic performance was measured under
the optimal conditions determined through the previous ‘DoE’ approach (O, = 10.8%,
GHSV = 4800 h*, Temperature = 320 °C, MetOH/EtOH ratio = 1.63). The results were
benchmarked against the acrolein yield obtained for the commercial FeMoO, and MgO

catalyst working as a single phase (i.e., 38% and 0% respectively). In this study, it was
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necessary to make the optimization of the catalytic system (e.g., second catalyst quantity,

second catalyst location in the catalytic bed...).
4.2.1. Catalytic system optimization.

In order to find the optimal catalysts relative quantities, several experiments were
performed by varying the percentage of each catalyst (i.e., from 5 to 50% of mass of the
second catalyst) using the commercial FeMoOy and magnesium oxide. Afterwards, the
catalytic bed volume influence was explored by keeping a constant catalysts mass and
changing the carborundum (diluent) amount (i.e., 200 mg, 400 mg and 600 mg) using
MgO as well. Ultimately, the way the second catalyst is introduced in the reactor was
studied with magnesium and calcium oxides. Two different possibilities were considered:
materials placed as layers or mixed altogether. The obtained optimal conditions were then
used for further tests.

First, the catalysts quantities relative ratio optimization was performed. Commercial
magnesium oxide (Aldrich, 99.99%) was chosen as a second catalyst. The iron molybdate
was provided by Arkema. These two materials, for a total mass of 200 mg, were mixed
with 200 mg of SiC. Figure 4.10 presents the evolution of the products yields when
increasing the MgO proportion. In any case, introduction of MgO was beneficial to the
acrolein yield. The increase in acrolein yield was quite low when the addition of MgO
was between 10 and 40 mg (i.e., acrolein yield between 43.5 and 46%). However, in the
case of the catalytic bed composed with the same masses of both catalysts, it was
observed a productivity decrease comparing to lower magnesium oxide quantity. The
formaldehyde yield was rather stable, but the acetaldehyde yield significantly varied, with
its lowest value for 20 mg of MgO (9%) and its highest one for 100 mg of MgO (39%).
Its decrease is accompanied with increases of the acrolein and carbon dioxide yields. In
brief, the best results were obtained with 10 and 20 mg of MgO mixed with 190 and
180 mg of FeMoOy, respectively, which is beneficial for the acrolein production. Thus,
for the following catalytic tests, it was decided to use 10%mass (20 mg) of the second

catalyst.
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Figure 4.10. Influence on catalytic performance of the relative quantity of catalysts for the example of the
FeMoO,/MgO tandem (mixed catalysts, O, = 10.8%, GHSV = 4800 h™*, Temperature = 320 °C,
MetOH/EtOH ratio = 1.63).

Subsequently, the influence of the catalytic bed volume was studied. Indeed, the
oxidation and condensation processes are exothermic and can lead to local hot spots. In
order to get a better control of the heat dispersion and to avoid overoxidation on such hot
spots (i.e., CO, production), a proper dilution of the active phase can be desired. We thus
decided to vary the carborundum mass. For these experiments, both catalysts (i.e., 20 mg
and 180 mg of MgO and FeMoOy respectively) were mixed with different masses of SiC
(i.e., 200 mg, 400 mg and 600 mg, which gave catalytic bed volumes of 0.06 mL,
0.12 mL and 0.19 ML, respectively). The products formation evolution is presented in
Figure 4.11, with not any noticeable difference, which suggests that heat dispersion was
correct in any case. For the following catalytic tests, it was however decided to use two
different SiC quantities: 200 mg and 400 mg in order to get rid of any doubt with all the

tested configurations.
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Figure 4.11. Catalytic bed volume influence for the example of 90%FeM00,/10%MgO tandem
(O, = 10.8%, GHSV = 4800 h™, Temperature = 320 °C, MetOH/EtOH ratio = 1.63).

The multilayer strategy was also used (Figure 4.1). Figure 4.12 shows the products yields
evolution when using MgO or CaO as the second catalysts, for both “mixed” and “layer”
strategies. For the magnesium oxide-containing system, we can observe that in the layer
case, the acrolein yield was lower than for the mixed case with a difference equal to 4
points. In the same time, acetaldehyde and formaldehyde yields decreased significantly in
the mixed case, which suggests a higher aldol condensation efficiency. In the case of
CaO, similar results were obtained for both configurations. Therefore, the answer for the
catalysts configuration is not unequivocal and it was decided to use both “layers” and

“mixed” strategies during catalytic performance studies.
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Figure 4.12. Influence of the second catalyst position in the example of 90%FeMo00O,/10%MgO and
90%FeMo00,/10%Ca0 tandems (O, = 10.8%, GHSV = 4800 h™, Temperature = 320°C, MetOH/EtOH
ratio = 1.63).

4.1.2. Single oxides.

In this study, four different commercial oxides were tested in the methanol and ethanol
oxidation reaction to acrolein, as the second catalyst (i.e., MgO, CaO, BaO). Based on the
catalytic system optimization presented previously, the following configuration variations

were studied:

e Catalysts placed as layers (180 mg FeMo + 180 mg SiC, 200 mg SiC, 20 mg 2"
material + 20 mg SiC),

e Catalysts mixed together (180 mg FeMo + 20 mg 2" material + 200 mg SiC),

e Catalysts mixed together with doubled carborundum (180 mg FeMo + 20 mg
2" material + 400 mg SiC).

First, the results for the second possibility are presented in Figure 4.13, showing the
evolution of the acrolein yield as a function of time for the FeMoOy mixed with 20 mg of
oxides and 200 mg of SiC. No significant activation period was needed and the yield of
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acrolein was quite stable as a function of time. The highest values were observed for

MgO and BaO (up to 6 points larger than CaO). It can be remarked as well that for any

run the reported results are improved compared to the single FeMoOy (i.e., acrolein yield

of 38%). Therefore, it is clear that the second catalyst addition improves the produced

quantity of desired acrolein.
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Figure 4.13. Acrolein yield as a function of time for single oxides (mixed catalysts, 200 mg SiC,

0, = 10.8%, GHSV = 4800 h™,

The detailed catalytic tests’ results for commercial oxides are summarized in Table 5.1. It

can be noticed that for all examined oxides the expected acrolein yield improvement was

reached. Particularly good results were observed for the mixed configuration. In our

studies, the highest selectivity to acrolein was observed here for 20 mg MgO mixed with
180 mg FeMoOx and 400 mg of SiC (i.e., 49%).

© 2016 Tous droits réservés.

- 106 -

lilliad.univ-lille.fr



Thése de Anita Borowiec, Lille 1, 2016

Chapter 4. Acrolein production from methanol and ethanol mixtures using a tandem of
catalysts — results and discussion

Table 4.3. Catalytic test results for single oxides (O, = 10.8%, GHSV = 4800 h™*, Temperature = 320 °C,
MetOH/EtOH ratio = 1.63)

sic Yield [%0]
i
Catalyst Layers/Mixed ) Carbon
[ma] Acrolein  Acetaldehyde Formaldehyde o
dioxide
200 Layers 42 20 30 11
MgO 200 ) 46 9 28 20
Mixed
400 49 10 26 20
200 Layers 42 33 12 13
Ca0O 200 ) 42 28 115 18
Mixed
400 47 29 18 18
200 Layers 44 9 38 16.5
BaO 200 ) 47 42 18 10
Mixed
400 445 35 12 12
FeMoOy 200 - 38 29 28 6
MgO 200 - 0 8 0 9

© 2016 Tous droits réservés.

4.2.3. Silica-based catalysts.

The synthetized silica based catalysts were tested under the same conditions as those used
for the commercial single oxides (O,= 10.8%, GHSV = 4800 h™, Temperature = 320 °C,
MetOH/EtOH ratio = 1.63, 180 mg FeMoO, and 20 mg silica-based catalyst) with the

three different configurations mentioned before. Figure 4.14shows the products yields

evolution as a function of the time on stream for Mg-Si, Ca-Si and Ba-Si, which gave

similar acrolein yields (ca. 42%). However, the evolution of the other products

selectivities significantly differs. The acetaldehyde yield was larger when using Ba-Si,

while, for the same catalyst, carbon oxide yield was the lowest. It can then be concluded

that the BaSi presence does not favor the acetaldehyde oxidation to CO; contrary to the

other materials.
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Figure 4.14. Products yields evolution functions of time for silica catalysts (mixed with 180mg FeMoOX,
200mg SiC, 0,=10.8%, GHSV=4800h", Temperature=320°C, MetOH/EtOH ratio=1.63).

Table 4.4 presents the detailed comparison of the Mg-Si, Ca-Si and Ba-Si performance.

For all the materials, the layer’s case gives the lowest performances. Compared to single

FeMoO no improvement in acrolein yield was observed. Afterwards, by mixing catalysts

together, the results changed significantly (up to 9 points of increase in acrolein yield).

Moreover, the catalytic performance can be improved by doubling the SiC quantity which

improves the heat dispersion. The best results were observed for the Ca-Si catalyst mixed

with FeMoOy and 400 mg of carborundum (i.e., 45.5%), with 7.5 points of improvement

of the acrolein yield. Analyzing the other products yields, it can be remarked that Mg-Si,

Ca-Si and Ba-Si have the same behavior. In all cases, the second major product was

formaldehyde contrary to acetaldehyde of which the yield was not higher than 11.5%.
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Table 4.4. Catalytic test results for silica-based catalysts (O,=10.8%, GHSV =4800h™,
Temperature = 320 °C, MetOH/EtOH ratio = 1.63).

sic Yield [%0]
i
Catalyst Layers/Mixed ) Carbon
[ma] Acrolein  Acetaldehyde Formaldehyde o
dioxide
200 Layers 35 11 35 13
Mg-Si 200 ) 42,5 7 32 23
Mixed
400 445 8 38.5 17
200 Layers 36 6 35 14
Ca-Si 200 ) 42 6 30 23
Mixed
400 45.5 10 33 15.5
200 Layers 33 5 35 14
Ba-Si 200 ) 42 10 28 15
Mixed
400 45 11,5 28 16
FeMoOy 200 - 38 29 28 6

4.3. Discussion and conclusions.

In this part, methanol and ethanol partial oxidation to acrolein was performed using two
combined catalysts (e.g., FeMoOyand basic/acid) placed in one reactor. First, the catalytic
system optimization was made using different materials quantities, SiC quantities and
layers or mixed in a 2" catalyst configuration. An optimal MgO quantity was first
determined, which most probably corresponds to an optimal acid-base balance in the
catalytic system. Indeed, such a balance is needed to perform an efficient formaldehyde
and acetaldehyde aldol condensation [9]. It is noteworthy that magnesium oxide alone
does not enable acrolein production. The dual catalysts study was then extended to 2
other groups of catalysts combined with the FeMoOy. The first studied group of catalysts
were silica-based materials (i.e., Mg-Si, Ca-Si and Ba-Si) synthesized by a sol-gel
method. Over those, the presence of carbonates was detected, which was expected to have
a negative influence on the catalytic performances. Nevertheless, it could be observed that
the silica-based materials brought an improvement of the acrolein yield (up to 7.5 points).
The second tested group of catalysts was constituted of commercial oxides. The highest
acrolein yield (e.g., 49%) was observed for the FeM0O,/MgO couple mixed with 400 mg

of carborundum. This value is 11 points higher than that observed over the single
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FeMoOy catalyst and 5 points higher than the results obtained with the single catalyst

strategy, which is thus a quite significant improvement.

We then found that higher acrolein yields are obtained by mixing two catalysts together
with doubled carborundum quantity. Such a configuration allows to avoid the negative
influence of the hot spots formed because of the exothermic character of process, by
homogenizing the heat distribution in the catalytic bed (“dilution” of the hot spots). These
improvements are still not completely understood even if it seems that the basic character
of the second catalysts have a role on them. Our trials to characterise the number and the
strength of the basic sites are not completely successful, but microcalorimetry analysis is
planned and perhaps could help even if some carbonates are stuck at the surface, which

does not facilitate the work.
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Chapter 5. Conclusions and perspectives

This work was a part of the BioMA+ project realized with the financial support of
ADEME within the framework of the French governmental program of Investments for
the Future. There were two main goals of the BioMA+: the production of bio-isobutene
through fermentation process and its subsequent conversion to methacrolein (and
methacrylic acid) and new acrolein production route starting from methanol and ethanol.
This thesis concerned the second part performed using FeMo-based catalysts. The
mentioned direct reaction involves two steps, namely conversion of the alcohols to their
corresponding aldehydes followed by the condensation of the as-obtained aldehyde

through acetalization.

To do so, two strategies were investigated. The first one was based on the direct
conversion using one single FeMo catalyst and the second one was based on the use of
two catalysts (i.e., FeMoO, with basic materials) packed in the same reactor, the second
catalyst having the purpose of boosting the acetalization reaction. The reaction conditions
optimization was first performed using DoE based on experiments performed over the
native FeMo catalyst. As the results, an optimal conditions set was found for each

strategy (Table 5.1), which was used for further tests over catalytic systems variants.

Table 5.1. Optimal conditions according to DoE.

Strategy 1 Strategy 2
Factor
One catalyst — one reactor Two catalysts — one reactor
GHSV [h7] 3900 4800
Oxygen quantity [%] 12 10.75
Temperature [°C] 320 320
MetOH/EtOH ratio 1 1.63
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Temperature was the most sensitive factor while GHSV was the less sensitive one. The
mathematically determined model was experimentally verified. We obtained an acrolein
yield of 44% over the commercial FeMoOy catalyst when actually using the as-
determined optimal set of experimental conditions, which thus confirmed the accuracy of
the model (predicted yield of 50%).

The next step was the synthesis of homemade FeMo catalysts varying the Mo/Fe ratio
from 1.5 to 2.5 and the calcination temperature from 350 °C to 450 °C. The highest
acrolein yield (39%) was obtained for FeMo2.5 calcined at 400 °C, while the lowest one
(7.5%) was observed over FeMo1.5 calcined at 350 °C. A calcination temperature lower
than 400 °C is not desired as it does not enable the crystallisation of the MoO3; and

Fe>(M00Q,); phases, which are needed to develop a proper catalytic activity.

In the above experiments, while oxidation of the alcohols to the corresponding aldehydes
was very efficient over the FeMo catalysts, the aldolization was far for being complete,
with substantial residual amounts of formaldehyde and acetaldehyde in the reactor outlet
streams. In order to promote acetalization of the unreacted aldehydes, we decided to
modify the FeMo formulation by La and Ce addition (1%molar)- A series of catalysts with
various Fe/Mo ratios calcined at various temperatures (same variations as those described
above for the basic elements-free formulations) were prepared, tested and characterized.
As a results, a significant improvement in acrolein yield was actually observed. The best
results were obtained for FeMoCe2.0 (42%) and FeMoLa2.5 (40.5%) both calcined at
400 °C, which are, respectively 5.5 points and 4 points higher, compared to the reference
catalyst. Regarding the non-reacted acetaldehyde (i.e., 14% in the FeMoCe2.0 case) and
formaldehyde (i.e., 36% in the FeMoCe2.0 case), we suppose that the higher acrolein
yield is still possible (up to 14% more). Over these catalysts, La and Ce were surprisingly
not detected on their surface neither by XPS nor by LEIS, but while XRF analysis
confirmed their bulk incorporation. The basicity of the catalysts was subsequently
checked by CO,-TPD. While not being present at the surface of the solids, La and Ce
addition led to an increase in the number of medium and strong basic sites. Further,
pyridine-FTIR showed that the addition of lanthanum also induces the formation of Lewis
acid sites. These results confirm that La and Ce presence increase the catalysts basicity in
an indirect way, which led to improvement of the FeMo catalytic performance in the

considered reaction.

-112 -

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anita Borowiec, Lille 1, 2016
Chapter 5. Conclusions and perspectives

Then, we performed in situ (catalyst pre-treatment in a separate chamber) and NAP XPS
(under reactional conditions) of selected FeMo formulations. We found that the reduction
of our catalysts occurs through the reduction of molybdenum species initially with an
oxidation degree of +VI, through oxidation state +V and further down to +1V. It was also
found that the oxidation/reduction process is almost fully reversible, which suggests a

good stability of our catalysts when applied under — industrial — working conditions.

Then, after having directly modified the native FeMo formulation, we applied the second
strategy consisting on adding a co-catalyst to the native FeMo catalyst selected among
two groups: commercial basic oxides (MgO, CaO and BaO) and basic elements-doped
silica (Mg-Si, Ca-Si and Ba-Si synthesized by a sol-gel method). Different configurations
were tested (i.e., mixing with FeMoOy or use of sequential layers) and the effect of SiC
dilution was assessed. The best result (acrolein yield of 49%) was obtained for 20 mg of
commercial MgO mixed with 180 mg of FeMoOy and 400 mg of SiC, with a 11 points
improvement in the acrolein yield compared to that observed over single FeMoOy. It
confirms, that by adding the second, basic material, in the catalytic bed it is possible to
improves the formaldehyde and acetaldehyde condensation and in consequence increase
the acrolein yield.

The dual catalysts strategy showed that the chosen catalyst packing configuration has a
significant influence on the acrolein yield. Generally, it was preferable to mix both
catalysts with a sufficient amount of SiC. Indeed, aldol condensation is exothermic, and
proper calories diffusion is needed to avoid the promotion of undesired reactions, by

diluting the hot spots.

The work presented herein opens many new perspectives for further improvement of the
methanol and ethanol coupling to acrolein. Concerning strategy 1 (doping of the native
catalyst), FeMo catalysts are quite promising. It was found that the Mo/Fe ratio has an
influence on the acrolein yield with a value preferably equal or higher than 2.0. Further,
NAP XPS analysis showed that it is molybdenum which is responsible for the redox
during the reaction. Therefore, in the future, solids with higher Mo/Fe ratios (i.e., 3.0 — 5)
should be prepared and fully characterized. In the case of modified FeMo formulations,
various lanthanum and cerium quantities (notably larger quantities as low quantities
already enabled substantial improvement of the performances) should be used and other
elements may be considered (e.g., Mg, Ca, Na...). Further, DoE could be specifically
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performed on the best performing catalysts found in the present study, namely
FeMoCe2.0 and FeMoLa2.5, as the experimental parameters used to test these catalysts
were those found for the native formulation. Regarding the second strategy with a co-
catalyst, several ways of improvements can be envisioned. First of all, the catalytic tests
rig may be developed by placing the second reactor. This solution allows to use two
different optimal temperatures for each of materials what could improve the second
catalyst performance. Further, in the case of the silica-based catalysts, they were saturated
with carbonates what prevented to measure the acido-base properities. Thus, it is planned
to try another analysis method (i.e., microcalormetry). Then, the synthesis procedure
modification (i.e., the calcinations temperatures) or other preparation methods should be
used in the future (i.e., impregnation). Moreover, different material should be considered

(e.g., aluminates).

Finally, the main perspective is the process industrialization. In Figure 5.1, a tentative
flow diagram is proposed. The acrolein production process consists of three main units:
reactor, adsorption and distillation. In order to improve the condensation reaction, it may
be envisaged that the unreacted formaldehyde and acetaldehyde are recycled using a

dedicated loop.

i Off gases Formaldehyde +
- (N, CO/CO,. Oy puige Acetaldehyde
Catalytic Absorber Distillation [ ACROLEIN
MeatOH+FtOH reactor FeMo
[ Water
purge

Figure 5.1. Tentative flow diagram for industrial implementation of a process of methanol and ethanol

conversion to acrolein.

- 114 -

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anita Borowiec, Lille 1, 2016
ANNEX: A. Isobutene hydration to tert-butanol.

Annex

© 2016 Tous droits réservés.

A. Isobutene hydration to tert-butanol.

Within the BioMA+ project, one of the main goals was to obtain methacrylic acid (MAA)
from isobutene (IBN) produced by an innovative bio-process. This type of raw material
contains several impurities, which are not found in the petrochemical streams: CO»,
acetone and ammonia. One of the purification method proposed is to transform IBN into
t-butanol by hydration, which is a well-known process in the industry. This method brings
the other advantage of facilitating the transport of the synthesized product (Figure A.1).
Indeed, the liquid phase chemicals are easier to move between cooperating factories. In

this section, the influence of bio-isobutene impurities on the hydration reaction is

presented.
Impurities in the gas phase (CO2.N2,...)
Aci - . ‘
cid catalyst (liquid) Production of Methacrylic
acid
tert-Butanol
Hydration
reactor
_—

Distillation

tert-Butanol + Water + Catalyst

ﬁ ‘Water + Impurities residuals

Figure A.1. IBN purification and transportation concept.
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A.l. Bibliographic review.
General information

Isobutene is an alkene with four carbon atoms, which is one of the four butylene isomers.
It is a colourless and highly flammable gas under standard temperature and pressure
conditions. Conventionally, it is produced by petroleum refining units via processes such
as atmospheric distillation, under vacuum, the Fluid Catalytic Cracking (FCC) and steam
cracking. At the end of the production units of isobutene, the separation of the products is
an important issue. Indeed, butenes (C4 alkenes) and butadienes (C4 dienes) are all
present, and they are difficult to separate because of their relatively close boiling points.
Separation by fractional distillation requires a fairly significant economic investment.
This is why more efficient and selective physical processes, but also chemical processes

are desired [1].

In the literature, three selective separation processes of isobutene from C4 are reported

[2]:

e The reversible hydration of isobutene in the presence of an acid catalyst giving t-
butanol as an easily separable intermediate, which can be subsequently dehydrated

to pure isobutene.

e The irreversible oligomerization of isobutene in the presence of an acid catalyst,
preferably giving di and tri-iso butenes.

e The irreversible polymerization of isobutene catalyzed by a Lewis acid affording

poly-iso-butene.

The first method is the most effective one and thus the most common one in the industry.
Therefore, a lot of studies are focused on the development/optimization of such

technology.

-116 -

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anita Borowiec, Lille 1, 2016
ANNEX: A. Isobutene hydration to tert-butanol.

Catalyst

Early studies have focused on the olefins hydration in general. These reactions were
catalyzed by zeolites, silicates and zeolites which are modified in special way. Hereafter,
we will focus only studies where the main product is tert-butanol. In the 90s, some studies
have been carried out to replace Ethyl Ter Butyl Ether (ETBE) and Methyl Ter Butyl
Ether (MTBE) by tertiary butanol. Micek-lInicka et al. [3,4] have worked on catalytic
hydration of isobutene in order to perform then the alkylation with methanol . The tert-
butanol synthesis reaction mechanism is shown in Figure A.2. Here, the chosen catalyst is
H4SiW1,040. This type of material belongs to the group heteropolyacids (HPA), which
exhibit advantageous properties such as thermal stability, acidity and high oxidative
capacity depending on the considered compound. The catalytic tests were performed in a
continuous flow gas phase reactor using helium as a carrier gas. The operating conditions
were chosen as follows: temperature between 50° and 80 °C, ratio isobutene / water
between 2.1 and 8.2 and amount of catalyst between 0.2 and 0.4 g with a pretreatment at

60 °C for 15 hours under helium stream.

CH- CHa CH,
|+ H | +HO |
HL=C HiC -C’ H,C-C-0OH + H
| i |
CH, CH;, CHs
2-methylpropene tert-butyl alcohol
(isobutene) (TBA)

Figure A.2. Isobutene hydration mechanism over H4SiW12040 [4].

Micek-IInicka et al. showed that an excess of IBN and a long contact time favour the
secondary products formation (i.e., ethyl tert-butyl ether) what decreaseTBA selectivity.
It is noteworthy that the ratio isobutene / water has no influence on the conversion, but
rather on the selectivity. However, the conversion rate could not exceed 10% through
reported experiments. Micek-lInicka [4] have worked on the water influence on ETBE
favourable formation. The reaction was carried out as well in the gas phase over HPA
HsP2W150¢, catalyst. The reaction kinetics study in the presence of water vapor showed

that the isobutene partial pressure strongly affects the reaction rate. Further, Aoshima et
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al. [5] reported studies made using a series of catalysts containing HPA of variable

compositions. The main results are presented in Table A.1

Table A.1. IBN hydration results for different HPA catalysts (10 g IBN, 10 g but-1-ene, 50 g HPA, 100 g
H,0, 60 °C, 8.5 atm) [5].

Atomic Ratio
IBN TBA
Catalyst Coordinate Central ) o
conversion [%] Selectivity [%0]
atom atom

12-Molybdophosphoric acid  12(Mo) 1(P) 89 100
12-Tungstophosphoric acid ~ 12(W) 1(P) 77 100
12-Tungstosilicic acid 12(W) 1(Si) 79 100
12-Molybdosilic acid 12(Mo) 1(Si) 63 100
12-Tungstoboric acid 12(W) 1(B) 31 100
12-Tungstoarsenic acid 12(W) 1(As) 43 100
6-Molybdo-6- [6(M)+6(W)]  1(P) 86 100

tungstophosphoric acid
11-Molybdo-1- [11(Mo)+1(V)] 1(P) 81 100

vanadophosphoric acid

The selectivity to tert-butanol was 100% over all the HPA catalysts.

According to the literature review, we then decided to performed the reaction in the liquid
phase over commercial HsPW12040.

A.2. Micro-test presentation.

Based on the above described bibliographic review, we built a set-up for the liquid-phase
hydration of isobutene (IBN) under atmospheric pressure. The reactor (Figure A.3B) was
made in glass and equipped with a propeller for stirring. Before each run, the HPA
catalyst was dissolved in distilled water. In this system, the temperature was controlled by
heating oil circulating in the mantle. The inlet mixture contained 10% IBN and 90%
Helium introduced in the reactor with a gas distributor. The liquid reaction products were
analysed by HPLC (liquid phase, determination of TBA quantity) Agilent 1200 equipped
with a column REZEK ROA-Organic Acid H+ (300 x 7.8 mm) and a reflective index
detector (RID). A H,SO,(0.0024 M) solution was chosen as an eluent. The gas phase was
controlled with online micro-GC (gas phase, determination of IBN conversion and
formed CO, quantity) SRA3000 equipped with two columns — plot U and molecular
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sieves and two TCD detectors. The schematic illustration of the prepared semi-batch

system is presented inFigure A.3A.

A

Figure A.3. A: Schematic diagram of the catalytic test rig built for IBN hydration to TBA; B: Photograph of

the glass reactor used for the catalytic tests.

A.3. Preliminary studies.

During each run, two parameters were followed: t-butanol quantity measured by HPLC
and isobutene conversion measured by micro gas chromatograph. The example of
obtained data is presented at Figure A.4. In order to perform the studies of impurities
influence, the catalytic system needs to be optimized. Three main factors are taken into

account: temperature, stirrer speed and HPA concentration.
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Figure A.4. Example data obtained during a run (32 wt.%HPA, 85°C, 320 rpm).
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First, the influence of temperature and agitation speed was examined. During these tests,
HPA concentration was fixed at 25 wt.% The obtained results are presented in Figure
A.5A temperature increase caused an increase in IBN conversion and we accordingly
chose to work at 85 °C, which is the TBA boiling point [6] Afterwards, we checked about
the influence of the agitation speed (Figure A.5B). Here, we observe that the curve
reaches the plateau at 320 rpm. This point reflects the moment when the gas-liquid
transfer rate limit disappear and the process occurs only in chemical regime. That is why

this agitation speed was chosen in following studies.

40

A . B * o
40
4 36
= e
; 30 ; a2
@
3 S
r4 | Z 28
z z
20 |
24
lo | 1 1 1 1 20 L ‘ 1 1 1 1 1 1 1
40 50 60 70 80 90 100 150 200 250 300 350
Temperature [°C] Speed [rpm]

Figure A.5. A: Temperature influence on IBN conversion (25 wt.%HPA, 320 rpm) ; B: Agitation speed
influence on IBN conversion (25 wt.%HPA, 65 °C).

The next factor we examined was the HPA concentration (Figure A.6). Three different
catalyst quantities were used: 10 wt.%, 25 wt.% and 32 wt.%. The highest value was
fixed by the solubility limit of the HPA experimentally verified (a 85 °C). It can be
observed that, when increasing the catalyst concentration, the IBN conversion increases.
This phenomenon was followed with pH measurement which shows a constant value
from 15%pmass. Comparing to the catalytic results for 10%mass HPA, it can be concluded
that for the isobutene hydration performance a defined pH is necessary. Thus, it was

decided to use 32% concentration for following studies.
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Figure A.6. A: HPA concentration influence on IBN conversion; B: HPA concentration influence on pH
(320rpm, 85°C, 1h).

A.4. Bio-isobutene impurities influence.

The impurities effect (e.g., CO,, acetone and ammonia) was verified in following

conditions chosen below:

HPA concentration: 32%;
[ ]

Temperature: 85 °C;

Agitation speed: 320 rpm.

The carbon dioxide influence was measured by changing the pure helium bottle with the
5%C0,/95%He mixture. During the first 2 hours of reaction, no effect on the IBN
conversion was detected and we considered that the carbon dioxide presence does not
affect the considered reaction Due to CO2 dissolution in water and acid formation, the
reactional mixture pH stays acid which is necessary for IBN hydration.

Afterwards, acetone was added in the reactional system at the concentration of
0.25 mol/L. Similarly, the presence of this molecule did not influence the IBN
conversion. It should nevertheless be noted that the addition of acetone in the liquid
medium creates acetone vapors in the gas phase via a stripping effect what can have a
negative effect on experimental setup.

At last, the effect of NH3 was studied. Firstly, its influence on the reactional mixture pH
was checked. The obtained results are reported in Figure A.7B. This curve has two

strokes: the first refers to the neutralization of HPA protons and the second corresponds to
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the HPA degradation, which occurs in a basic environment to give WO,* and PO,*

according to the following reaction (Eq.A.1):
PW1,04> + 24 OH = PO,* + 12 WO,* + 12 H,0 (A.1)

It is noteworthy that the NH3 addition induced a reactional mixture color change from
transparent to intense white. This phenomenon usually reflects the HPA precipitation via
a partial catalyst’s protons replacement by NH," species. Afterwards, the evolution of
IBN conversion was measured for different added quantities of ammonia (Figure A.7A).
It can be remarked that the NH3 presence had, as expected, a rapid effect on the reaction
efficiency. The isobutene conversion reached 0% when the NH3/HPA ratio reached 1.35.
The ratio corresponds to a pH value of 2.5 which seems to be too low to perform

isobutene conversion into tert-butanol.

IBN Conversion [%]
pH
(o))

‘ 4
10 | L 4
4
0;...l_l’_lx, O_VMV,x,xxvl\J
0 0.4 0.8 1:2 1.6 2 0 10 20 30 40
nNH,/nHPA [mol/mol] nNH,/nHPA [mol/mol]

Figure A.7. A: NH3 addition influence on IBN conversion; B: NH3 addition influence on the pH (32
wt.%HPA, 320 rpm, 85 °C).

A.5. Conclusion.
Based on the data presented above, it can be concluded that carbon dioxide and acetone
had not any influence on the isobutene hydration conversion. However, the NH3 presence

adversely affected the considered reaction efficiency. The IBN conversion diminution is
observed after the the addition of 0.03 mol of NH3, which means that the ammonia effect
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on real streams will be limited. That is why, in the industrial scale the catalyst

reacidification with the recycle can be proposed as solution.
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B. TGA-DSC results for modified FeMo catalysts
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Figure B.1. TG(black) and DTG(grey) curves for A: FeMoCel.5, B: FeMoCe2.0, C: FeMoCe2.5. The

analysis was performed in the temperature range 20-600 °C with heating rate of 10 °C/min under air flow.
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Figure B.2. DSC curves for A: FeMoCel.5, B: FeMoCe2.0, C: FeMoCe2.5. The analysis was performed in

the temperature range 20-600 °C with a heating rate of 10 °C/min under air flow.
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Figure B.3. TG(black) and DTG(grey) curves for A: FeMoLal.5, B: FeMoLa2.0, C: FeMoLa2.5. The

analysis was performed in the temperature range 20-600 °C with heating rate of 10 °C/min under air flow.
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the temperature range 20-600 °C with a heating rate of 10 °C/min under air flow.
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C. XRD-HT results for FeMo catalysts.
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Figure C.1. A: XRD-HT diffractograms for FeMo1.5; B: XRD patterns at room temperature with phases
matching for FeMo1.5.
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Figure C.2. A: XRD-HT diffractograms for FeMo02.5; B: XRD patterns at room temperature with phases
matching for FeMo2.5.
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Figure C.3. A: XRD-HT diffractograms for FeMoLa2.0; B: XRD patterns at room temperature with phases
matching for FeMoLa2.0.
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Figure C.4. A: XRD-HT diffractograms for FeMoCe2.0; B: XRD patterns at room temperature with phases
matching for FeMoCe2.0.
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D. Quasi in situ XPS results for FeMo catalysts.
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Figure D.1. FeMo1.5 calcined at 350 °C quasi in situ XPS results (320°C, MetOH/EtOH = 1,
Alcohols = 13.2%, O, = 12%). A: under He + MetOH/EtOH flow; B: under He + MetOH/EtOH + O, flow.

244 240 236 232 228 224 220 244 240 236 232 228 224 220
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Figure D.2. FeMoCe2.0 calcined at 400 °C quasi in situ XPS results (320°C, MetOH/EtOH =1,
Alcohols = 13.2%, O, = 12%). A: under He + MetOH/EtOH flow; B: under He + MetOH/EtOH + O, flow.
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