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Neste trabalho, a converséo catalitica em fasesgade etanol em 1,3-butadieno
(1,3-BD) foi estudada empregando catalisadoresrdggaeos do tipo MgO-SiO
dopados com ZrPe ZnO, e sistemas ZpZnO/MgO-SiQ modificados com metais
alcalinos, preparados por co-precipitacdo. Pelagira vez, a cinética deste sistema
reacional foi investigada utilizando a informac&@mtidda na matriz de covariancia das
medidas experimentais, a qual permitiu indentific@a mudanca no mecanismo
reacional com o aumento da temperatura: entre MM EC, a etapa lenta foi sugerida
como a condensacao do acetaldeido, enquanto qaeed@lte 450 °C, a desidrogenacao
do etanol limitou o processo. Além disso, a caradedo da matriz de covariancia das
medidas experimentais, empregando distintas coesligéacionais e catalisadores,
demonstrou que tanto a temperatura da reacao,aaantaracteristicas do catalisador
afetaram as flutuaces experimentais. Demonstrajueeo método de co-precipitacao
foi eficiente para o preparo de catalisadores apade apresentar elevada
produtividade a 1,3-BD. Além disso, a acidez dowmlisadores foi modificada pela
adicdo de metais alcalinos (Na, K e Li), permitindmimizar reagcdes paralelas de
desidratacdo do etanol a eteno e éter etilico. MAssim novo catalisador foi
desenvolvido, o qual permitiu aumentar a seletdedaombinada para 1,3-BD e
acetaldeido para 72 mol. %. Finalmente, as vasauweacionais de operacao,
temperatura e velocidade espacial, foram invessigg@dm um planejamento estatistico,
empregando o novo catalisador desenvolvido. Demanse que altos rendimentos a
1,3-BD podem ser obtidos empregando elevadas deldes espaciais, desde que a
presséo parcial de etanol seja também alta, aunten&ssim o potencial de aplicacao

industrial deste processo.
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The catalytic conversion in gas phase of ethamol1,3-butadiene (1,3-BD) was
investigated over the heterogeneous catalysts M@R-ZrO, and ZnO containing
MgO-SiO;, and alkali metal doped ZZnO/MgO-SiQ prepared by co-precipitation.
For the first time, the kinetics of this reactiorsgistem was evaluated employing the
information contained in the covariance matrix gperimental measurements, which
allowed indentifying a modification of the mechanisas reaction temperature
increased: from 300 to 400 °C, the rate-limitingpsivas suggested as the acetaldehyde
condensation, while at 450 °C, ethanol dehydrogemastep limited the process.
Besides, the characterization of the covariancerixnaf experimental fluctuations,
using different reaction conditions and catalysiemonstrated that both reaction
temperature and catalyst properties affected exgwerial fluctuations. It was also
shown that the co-precipitation method was appabgifior preparation of catalysts able
to achieve high 1,3-BD productivities. Moreoveratgst acidity was modified through
the addition of alkali metals (Na, K and Li), allmg for the minimization of parallel
reactions of ethanol dehydration to ethene andyiether. Thus, a new catalyst was
developed, which allowed for the increasing of ¢tbenbined 1,3-BD and acetaldehyde
selectivity up to 72 mol %. Finally, the effects refaction variables, temperature and
spatial velocity, were investigated with help ofstatistical design, employing the
developed catalysts. Results indicated that hi§kBD yields may be achieved at high
spatial velocities conditions, as long as ethamotial pressure be kept high, improving

the potential of industrial application of this pess.
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Introduction

INTRODUCTION

Dienes are important raw materials for organictlsgees, being used for the
commercial production of many plastics and synthetbbers (VAABELet al, 1973).

In particular, the use of dienes as comonomers wathventional olefins allows for
modification of the final polymer properties (as Itimg temperature, crystallinity,
ductility and flexibility) (ODIAN, 2004).

Among the dienes, 1,3-butadiene (1,3-BD) is paldity important due to its
widespread use for the production of distinct paysn The main commercial
application of 1,3-BD is the manufacture of styrégadiene rubber (SBR), which is
used mainly for tires manufacture. Other 1,3-BD am@nt commercial applications
includes the polymerization into polybutadiene, ebhiis also applied for tires
manufacture, and the production of acrylonitrilddaliene-styrene (ABS) resins
(WHITE, 2007).

It is estimated that 95 % of the worldwide 1,3-BEoguction is achieved
through thermal cracking of saturated hydrocarbais# g naphtha as a typical raw-
material. Actually, 1,3-BD is normally obtained as co-product of the ethylene
production. The products of this process includérbgen, ethene, propene and 1,3-BD,
among other olefins (WHITE, 2007, JOHAN& al, 2007). These products are then
separated through additional processing steps dimalastream constituted mainly by
C4 compounds can be obtained. In order to use D,&Bolymerizations, however, it
is necessary to produce a highly pure 1,3-BD, singaurities presence may lead to
catalyst deactivation and undesired parallel reastiPETERSet al, 2010). Thus,
expensive extractive distillation processes aralired to separate 1,3-BD from its
boiling point neighboring compounds (1-butene adsufene, for example) (HSU and
LI, 2012).

The need for an alternative production route ®-BD is exacerbated by the
possible future shortfall of naphtha, due to thereasing importance of ethane
feedstock, particularly in the U.S., as new shale igserves have been discovered since
2007, boosting the shale gas production over thieyiears (MAKSHINAet al, 2014;
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BRUIININCX et al, 2013, GALADIMA and MURAZA, 2016)Whereas the use of
ethane for ethene production is economically maweirfable, ethane yields much lower
amounts of 1,3-BD when compared with naphtha. fstiance, whilst a naphtha cracker
produces 16 Ib of 1,3-BD per 100 Ib of ethene, @naree cracker produces only 2 Ib,
according to WHITEet al. (2007). The existence of technically recoveratdposits of
shale gas widely distributed across the globe sl in China, Argentina, Algeria,
U.S, Canada, Mexico, Australia, South Africa, Rassind Brazil) (EIA, 2014)
represents a future alternative for the etheneymtomh from ethane cracking or from
oxidative coupling of methane and simultaneouslgresents a threat for 1,3-BD
production (GALADIMA and MURAZA, 20160BRADOVIC et al, 2016).

The ethanol conversion into 1,3-BD, converselynstibutes a renewable and
environmental friendly route for 1,3-BD productioithis is mainly due to the
availability of bioethanol, which is expected tgrsficantly increase over the next few
years from fermentation of sugar rich waste mae(@ESPlet al, 2015, MAKSHINA
et al, 2014, ANGELIClet al, 2013, POSADZAet al, 2013). For example, 23.4 billion
litres of bioethanol were produced in 2014 in BralRENEWABLE FUELS
ASSOCIATION, 2016). The use of ethanol as raw niatg@resents some economical
advantages (related to the cheap availability afethianol) and also brings some
environmental benefits. During the sugar cane tberorenewable biomass source)
growing cycle, solar energy, G@nd water are combined to produce polymer chains,
allowing for fixation of atmospheric COin the plant in the form of cellulose,
hemicellulose and sugar. Thus, the use of ethaool1f3-BD production in fact
contributes for reduction of the G@tmospheric composition (HUBER al, 2006).

However, many aspects of this process still requirprovement in order to
increase the conversion of ethanol into 1,3-BD amdid ethanol conversion into
undesired co-products, although the ethanol toBQ3eaction has been known since
the beginning of the 20th century and employed sihily in the past. The ethanol to
1,3-BD conversion is achieved in the gas phase)mimg solid catalysts, and can be
operated at atmospheric pressure. Typical tempesatamployed lie in the range
between 250 and 450 °C. However, reaction temperattontact time and ethanol
composition constitute important operation variableat affect catalyst performance
and 1,3-BD yields (BHATTACHARYYA and GANGULY, 196NNIIYAMA et al,
1972).
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In particular, it has been established that dleali catalyst for ethanol to 1,3-BD
reaction must present suitable amounts, in ternssrength and distribution, of acid and
basic sites, since the widely accepted reactiohwst involves different consecutives
steps: (i) ethanol dehydrogenation, (ii) aldol cemshtion, (iii) Meerwein-Ponndorf-
Verley (MPV) reduction of crotonaldehyde and (ivjotyl alcohol dehydration
(SUSHKEVICHet al, 2015, MAKSHINAEet al, 2014). However, ethanol dehydration
to ethene and diethyl ether (DEE) at acid sites alan constitute undesired parallel
reactions.

As a consequence, materials with multifunctigoralperties have been studied,
especially MgO-Si@systems (JANSSEN& al, 2015, MAKSHINAet al, 2014). This
is related to the fact that Mg-O pairs may contaemwis acid and Brgnsted basic sites,
while the silanol groups act as Brgnsted acid sidsch are necessary for ethanol
dehydrogenation (DI COSIM@t al, 1998), acetaldehyde condensation (ORDOMSKY
et al, 2010), crotonaldehyde reduction and crotyl abtotlehydration to 1,3-BD.

In the present thesis, the development of nevalysis, based on Zr-Zn
containing magnesium silica oxide, prepared by m@@ipitation was investigated. The
co-precipitation method can constitute an efficigrg@paration procedure for production
of catalysts with homogeneous surface propertiésyimg for control of the physical
and chemical properties of the catalyst and smatitin of the structure-activity
relationship. Despite that, rigorous studies ofdbgrecipitation method for production
of these catalysts have not been reported yet. dere the role of catalyst acidity on
ethanol to 1,3-BD conversion, using the co-preatmh preparation method, was also
investigated here, by modifying catalyst acidityotilgh addition of alkali metals, such
as Na, K and Li, to the final catalyst materials.

It must be emphasized that the ethanol to 1,3rB&xtion mechanism is still
subject to debate and opinions disagree regarthiegdte-limiting step. For instance,
both the ethanol dehydrogenation and the aldol eosation have been suggested as the
rate-limiting step over distinct catalysts. Somehats have yet ruled out the aldol
condensation as the main path, suggesting insteaid crotyl alcohol is produced
through the reaction between an activated form tfareol and acetaldehyde
(CHIEREGATOet al, 2015).

Moreover, the effects of common reaction variabksh as temperature and
contact time, on ethanol to 1,3-BD reaction perfange have received little attention in
this field (MAKSHINA et al, 2014). Few studies attempted to investigatekthetic
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aspects of this reaction, without sufficient supmdrstatistical analyses (EZINKW&X

al., 2014, JONE&t at 1949). However, in order to improve the catalysiperties it
may be necessary to understand the kinetic mechaaml identify the rate-limiting
step of the ethanol to 1,3-BD reaction.

Based on the previous remarks, this thesis alsestigated the kinetics of the
ethanol to 1,3-BD reactions over MgO-Si@nd alkali metal doped ZgCand ZnO
containing MgO-Si@ systems, allowing for identification of the rateMting step of
the ethanol to 1,3-BD reaction, using two differapproaches. In the first approach, the
covariance matrix of experimental fluctuations odguct compositions over MgO-SiO
systems was fully characterized and the kinetiormftion contained in the covariance
matrix of experimental fluctuations was discusdadhe second approach, the kinetic
effects of operation variables, such as temperaane ethanol feed flow rate, were
investigated over a more active on catalyst agtifgO:ZrO,:ZnO/MgO-SiQ catalyst,
using a full factorial design.

This work is organized as follows. Chapter 1 enes the literature review.
Section 1.1 is focused on the 1,3-BD production hods. Section 1.2 describes
catalysts already employed for the ethanol to IBeé®nversion; Section 1.3 presents
the mechanism of ethanol to 1,3-BD conversion; i8ectl.4 presents the
thermodynamic aspects of this reaction; and Secdtidnshows the importance of the
characterization of experimental fluctuations ah@xperimental design techniques for
purposes of kinetic analyses. In Chapter 2, thesymd objectives are highlighted.
Chapter 3 describes the materials and methods iosth@ present thesis. Results and
discussions are presented in Chapter 4, whichvidet in five subsections. Section 4.1
describes the initial steps required for the sysithef magnesium silica oxide based
catalysts prepared by co-precipitation. Section gr@sents the characterization of
experimental fluctuations and the kinetic informatis discussed. Section 4.3 analyzes
the role of the Mg to Si molar ratio and Zr@nd ZnO addition on the catalyst
performance. Section 4.4 studies the effects odlygstt modification through alkali
metal doping. Finally, Section 4.5 analyzes theafbf reaction variables on catalyst
activity with help of experimental design technigueFinal conclusions and
recommendations for future work are presented iap@dr 5. Finally, following the
conclusions and suggestions chapter, referencea@@hdices are provided.



1. Literature Review
1.1 Dienes and the 1,3-Butadiene Production

1. LITERATURE REVIEW

1.1. Dienes and the 1,3-Butadiene Production

Dienes, or diolefins, are hydrocarbons which contaio carbon double bonds.
They can be cyclic, as tleecadinene (also known as the citronella oil), oycéic, as
the 1,3-butadiene (1,3-BD). Figure 1.1.1 (a-b)siifates thex-cadinene cyclic and 1,3-

BD acyclic structures.

A O N AV \:C—

=

(a) a-cadinene (b) 1,3-butadiene (c) 1,4-pentadiene (d) 2,3-pentadiene

Figure 1.1.1 - Dienes: the citronella oil is a cyclic (a), weas 1,3-BD (b), 1,4-
pentadiene (c) and 2,3-pentadiene (d) are acydited.

Diene properties and reactivities are affected lwy relative positions of the
double bonds. For this reason, dienes are usukdbsiied as conjugated, isolated or
cumulated. Conjugated dienes present double bamsaed by only one single bond,
as in the case of 1,3-BD. When dienes present ddadnids separated by more than one
single bond, they are classified as isolated, 4gpé&ntadiene. Finally, when the double
bonds are adjacent to each other, as in 2,3-pemadiienes are classified as cumulated
(or allenes) (BRUICE, 2004).
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Conjugated dienes are more stable than isolatetkslidsolated dienes, in turn,
are more stable than cumulated dienes. The higheéilis/ associated to conjugated
dienes is due to two main reasons. The first factgards the hybridization of the
orbitals. Whereas the single bond of a conjugatededis formed from the overlap of
two sp orbitals, the single bond in an isolated dientoisned by the overlap of a Sp
orbital with another sporbital. Thus, the single bond in the conjugatishe is shorter
and stronger, when compared to the single bondadfted dienes, as electron orbitals
are closer to the nucleus (BRUICE, 2004). The seédawctor regards th& electron
delocalization, which gives a partial double borichracter to the single bond. For
instance, due to the molecular orbital symmetryljB-BD, the fourrt electrons are
equally shared among the four carbons. On the dihed, 1,4-pentadiene does not
present this molecular symmetry, so titalectrons are separated from each other and
confined to the two carbons atoms that form thedbdime lowest stability of cumulated
dienes is related to their intrinsic molecular tabgeometry (BRUICE, 2004).

Dienes are important raw materials for organictlsgses, being used for
commercial production of many plastics and synthetbbers (VAABELet al, 1973).

In particular, the use of dienes as comonomers wathventional olefins allows for
modification of the final polymer properties (as Itimg temperature, crystallinity,
ductility and flexibility) (ODIAN, 2004). For instece, the copolymerization of propene
with 1,5-hexadiene can improve the limited impaggistance at low temperatures of
commercial isotatic polypropylenes (Setlal, 2011, WANGet al, 2015).

Among the many dienes, 1,3-BD is the most imporiam, being used for
production of distinct polymers. The main commdraipplication of 1,3-BD, both in
volume and value, is the production of styrene-thetze rubber (SBR), which is used
mainly for tires manufacture, although this resiraiso applied for production of other
consumer goods, such as conveyor belts, indushagles, shoe heels and soles,
adhesives, sealants, cable coatings, among otb#rsr 1,3-BD applications include the
polymerization into polybutadiene, which is alsglegd for tires manufacture, and the
production of acrylonitrile-butadiene-styrene (AB&sins (ODIAN, 2004, WHITE,
2007).

It is estimated that 95 % of the worldwide 1,3-BlPoduction is achieved
through the thermal cracking of saturated hydramasb normally naphtha (WHITE,
2007, JOHANNet al,, 2007). 1,3-BD usually is a co-product of theyéthe production
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process, when naphtha (or light gases, such asestpeopane and butane) is fed into a
furnace operated between 790 and 830 °C, undeinoons flow of steam. The output
stream of this process contains hydrogen, ethemmpepe and 1,3-BD, among other
olefins. These products must then be separatedghreeveral additional steps, so that
a final stream constituted mainly by C4 compounds de obtained. 1,3-BD
composition within this C4 stream depends on tlaapbperation and feedstock, but it
is typically between 40 and 50 wt. % (WHITE, 2007).

In order to use 1,3-BD in polymerization, howevieris necessary to obtain
highly pure 1,3-BD, since impurities may resultcatalyst deactivation and undesired
parallel reactions (PETER®t al, 2010). Thus, expensive extractive distillation
processes are normally required to separate 1,3r@&D its boiling point neighboring
compounds (1-butene and 2-butene, for instancel(&t®l LI, 2012).

Besides the high consumption of energy, other demaihge related to the
thermal cracking is the generation of large amowonhtsarbon dioxide (C€), normally
released to the atmosphere (R&MNal, 2008). CQ is the main greenhouse gas driver of
climate change and the average,Q@olar fraction in the atmosphere has increased
since the start of the instrumental record in dte 1950s (HARTMANNet al, 2013),
mostly due to combustion of fossil fuels. Thusisiimportant to develope alternative
ways to produce 1,3-BD.

The need for an alternative reaction route for B[B-s exacerbated by the
possible future shortfall of naphtha, since newleslgas reserves have been discovered
since 2007 (MAKSHINAet al, 2014, BRUIININCXet al, 2013)Although the use of
ethane for ethene production is economically favieraethane yields lower amounts of
1,3-BD, when compared to naphtha. For instancelsivinaphtha cracker produces 16
Ib of 1,3-BD per 100 Ib of ethene, an ethane cragkeduces only 2 Ib, according to
WHITE et al (2007).

Alternative processes that may be used to prodli@&BD include the
dehydrogenation of n-butanes and n-butenes. In,2BABF patented a process where
1,3-BD production occurs through two n-butane debgenation steps. According to
the inventors, this process allows for minimizatwinthe formation of undesired co-
products, while maximizing 1,3-BD vyield and seleityi (JOHANN et al, 2007).

Figure 1.1.2 illustrates the proposed process ftbagram. The initial feed stream,
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which is constituted mainly of n-butane, is subedttto a non-oxidative catalytic

dehydrogenation step, which occurs between 400264 °C.

b |

Nen-oxidative S -
Lb catalytic B > ?ixﬂamecalaﬁlfmuc c »| Absorpticncolumn
dehydrogenation St
D
A 4
E A
Extractive distillation

Y

1,3-Butadiene

Figure 1.1.2 — Process flow diagram for the 1,3-BD productiaonf n-butane
dehydrogenation steps, according to the US2007@8b A1 patent (JOHANNt al,
2007).

The catalyst employed in this step is preferemtiall single or a bimetallic system
involving Pt, K, Cs, La, Ce and Sn doped on ZoDSiQ. Steam is used to increase the
catalyst life. The output stream of the initial gidiogenation stepB, contains
unconverted n-butane, 1-butene, 2-butene, 1,3-BDstdam, methane, ethane, ethene,
propane, propene, CO and £€0hus, in the next step, tligestream is mixed with air
and fed into an oxidative catalytic dehydrogenatione, where 1-butene and 2-butene
are dehydrogenated to 1,3-BD. The second dehydabigaenstep is performed between
250 and 450 °C and is preferentially carried outrosne of the following catalyst
systems: Mo-Bi-Fe-O, Mo-Bi-Fe-Cr-O e Mo-Bi-Fe-Zr-@/hereas the steam may be
removed by condensation, the remaining output siyé follows to an absorption
column, which selectivity separates n-butane, 2#eitand 1,3-BD, generating tbe
stream. Finally, th® stream is sent to an extractive distillation cahjmesulting in a
highly pure final stream of 1,3-BD. The remainirigeam,E, contains n-butane and 2-
butane and must be recycled.

According to the inventors, the coupling of two getogenation steps is
advantageous because allows for higher 1,3-BD yietdl selectivities, when compared
to the conventional cracking process. Moreoverféegcling of theE stream allows for
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minimization of the amount of unreacted n-butaneblé 1.1.1 shows typical

conversion and selectivities obtained for each dedgenation step.

Table 1.1.1 — Typical conversions and selectivities obtained the n-butane
dehydrogenation process (JOHANMNal, 2007).

Step Conversion (%) Selectivity (%)
Non-oxidative

catalytic 50,5 (n-butane) 98,4 (butenes and 1,3-BD)
dehydrogenation

Oxidative

. 100 (1-butene)

catalytic ' 92,7 (2-butene) 95,0 (1,3-BD)

dehydrogenation

However, the n-butane and n-butenes dehydrogenptmcess also presents the
disadvantage of not being a green process. Forghson, distinct renewable routes for
1,3-BD production have been presented in the lasiade. For instance, the US-
0216958 patent (PETER& al, 2010) describes the dehydration of 2,3-butareatio
1,4-butanediol as a potential route for obtainmant,3-BD. 2,3-butanediol and 1,4-
butanediol may be produced from sugar fermentgffiiTERSet al, 2010), whereas
1,4-butanediol may be obtained from succinic agidrbgenation, which in turn can
also be a sugar fermentation product (DELHOMMEal, 2009). However, these
processes are still very expensive due to thecdiffiseparation of dialcohols and
diacids from the fermentation mixture (PETERSal,, 2010).

Other renewable route for obtainment of 1,3-BDoimes butanol (1-butanol, 2-
butanol, isobutanol) dehydration into butene (lebhe{ 2-butene, isobutene), followed
by butene dehydrogenation into 1,3-BD (PETERSal, 2010). Butanol can be
produced from different renewable routes, such iaméss fermentation, or through
photosynthesis, using genetically modified cyantdrée or algae (PETERS®t al,
2010). The butanol dehydration can then be cataljyi performed over acid materials,
such as aluminay-Al,O3 and zeolites ZSM-5. The output stream from butanol
dehydration is constituted mainly by 1-buterds-2-butene, trans2-butene and
isobutene. Non-oxidative or oxidative catalytic yeéogenation can be carried out in
the following step to convert the linear olefintoid,3-BD (PETER®t al, 2010).
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Among the renewable routes for 1,3-BD productibowever, the ethanol
conversion into 1,3-BD is described as the mostathgeous both in economical and
environmental terms. The use of ethanol as a relolevgaurce can be very attractive for
the production of different chemicals, such as mtheropene, ethyl acetate, diethyl
ether, acetaldehyde, ethylene oxide and 1,3-BD @WSet al, 2013). This is mainly
due to the availability of bioethanol, which is exped to significantly increase over the
next few years from fermentation of waste carboatgimaterials (second generation
bioethanol) (CESPe&t al, 2015, MAKSHINA et al, 2014, ANGELIClet al, 2013,
POSADAZet al, 2013). For example, 23.4 billion liters of bioabhol were produced in
2014 in Brazil (RENEWABLE FUELS ASSOCIATION, 2016).

In particular, the use of ethanol as a renewadlematerial for the production
of 1,3-BD in Brazil presents many advantages, wt@mmpared to the previous routes
based on production of C4 alcohols. Firstly, Bragilthe second largest worldwide
ethanol producer, so that there is a large amotieth@mnol available in the market.
Secondly, the ethanol production is expected toesse in the next few years from
fermentation of waste carbohydrate materials, dauting to reduction of ethanol
prices. These factors suggest that Brazil is thetnsaitable place for the 1,3-BD
production from ethanol, when compared to Unitedtedt, China and Europe
(POSADA et al., 2013).

The company Raizen, which was founded in 2011utitranerger of Shell and
Cosan, is planning to expand the ethanol produdiipat least 40 % until the end of
2017. According to the sustainability report of twnpany, Raizen has been improving
the technology used in plantations to increase @fficiency (RAIZEN
SUSTAINABILITY REPORT, 2011-2012). Besides, Raizenlso aims to
commercialize the second generation ethanol im#a future. In order to do that, the
company has been sending sugar-cane wastes to &sinad 2012, where pilot plants
are being used for research and optimization afrsgeneration ethanol production.

Figure 1.1.3 illustrates the global and Brazikhanol production from 2007 to
2015. It is possible to observe the continuousease of the worldwide ethanol
production, which is associated mainly to the usetlbanol as fuel (ANGELICEét al.,
2013).

Besides the economical advantages discussed ipréwous paragraphs, it is

also important to emphasize the environmental lisnef the ethanol use as raw-

10



1. Literature Review
1.1 Dienes and the 1,3-Butadiene Production

material. During the sugar cane (or other renewaderce) growing cycle, solar
energy, CQand water are combined to produce polymer challwsyiag for fixation of
the atmospheric COin the plant in the form of cellulose, hemicellsdoand sugar.
Therefore, the use of ethanol for 1,3-BD produciiorfact contributes to reduce the

CO, atmospheric composition (HUBER al., 2006).
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Figure 1.1.3— Worldwide and Brazilian ethanol production fr@&007 to 2015 (Data
source: Renewable Fuels Association, 2016).

The ethanol to 1,3-BD reaction has been known siheebeginning of the 20
century, although only in the last decade it reegia more significant attention from
the academic community (MAKSHINAt al, 2014, KLEIN et al, 2016). The next
section describes what is known so far about therel to 1,3-BD conversion,

discussing the available technology in terms ohlwattalyst and production process.
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1.2 1,3-Butadiene Production from Ethanol

The route most widely accepted to account forB[Bproduction from ethanol
involves five consecutive reactions (NIIYAMAt al, 1972, KVISLE et al; 1988,
JONESet al, 2011, MAKSHINAet al, 2012, SUSHKEVICHet al, 2014, GACet al,
2014, SUSHKEVICHet al, 2015), as illustrated in Figure 1.2.1. Initialgthanol is
dehydrogenated to acetaldehyde. Then, 3-hydroxghuia formed from acetaldehyde
self-aldolization. Next, 3-hydroxybutanal dehydsatéo crotonaldehyde, which is
reduced (Meerwein-Ponndorf-Verley (MPV) reductiovi}h ethanol to produce crotyl

alcohol and acetaldehyde. Finally, crotyl alcolsaliéhydrated to afford 1,3-BD.

2" Nop 2 N, + 2H,
b

crotonaldehyde
O
=z _C 5 WO +H,0

OH
3-hydroxybutanal d EtOH

a: dehydrogenation

b: aldol adition

c, e: dehydration .

d: MPV reduction 1,3-butadiene

\/\4(3_ \/\/OH

crotyl alcohol

> CH,CHO

+ Hzo
Figure 1.2.1 — lllustration of the reaction network that expkithe conversion of
ethanol into 1,3-BD (NIIYAMAet al, 1972).

The history of the ethanol to 1,3-BD conversiomrtetd in 1903, when
IPATIEFF verified the 1,3-BD formation, although low yields, when ethanol was
passed over aluminium oxide (QUATTLEBAUBt al, 1947). Some years later, using
ethanol and acetaldehyde in the feed, OSTROMISSIENE915) reported the 1,3-
BD formation over alumina and clay. Over a bimatathtalyst, constituted of zinc and

12



1. Literature Review
1.2 1,3-Butadiene Production from Ethanol

aluminium oxide, LEBEDEYV observed 1,3-BD yieldsagproximately 18 % from pure
ethanol. Thus, it was rationalized that whereasc zoxide catalyzed ethanol
dehydrogenation, aluminium oxide was involved ia tehydration steps of the overall
reaction pathway. As LEBEDEV protected his inventi@atent 331482, 1930), the
ethanol to 1,3-BD conversion is still currentlyedtas the “Lebedev process”. The
ethanol to 1,3-BD conversion was used industrialliRussia between 1940 and 1960 to
attend rubber demand for 1,3-BD (QUATTLEBAUMet al, 1947,
BHATTACHARYYA e GANGULY, 1962).

In the same period, researchers from @arbide and Carbon Chemicals
Corporation reported the 1,3-BD formation, using feeds mixud ethanol and
crotonaldehyde and of ethanol and acetaldehyde diffarent metal oxides (Si)
Al,O3, TaOs/Si0,, CdO/SIQ, ZrO,/SiO,, Nb,Os/ Si0, and (CdO+2rQ)/SiO,). Among
the analyzed materials, Za/SiO, was suggested as the most promising catalyshéor t
1,3-BD formation, with 1,3-BD yields between 60 and % (which were calculated
based on the amounts of converted ethanol andldekyale) (TOUSSAINTet al,
1947, QUATTLEBAUMEet al, 1947). Using the same J&/SiO, catalyst, only traces
of 1,3-BD were observed when pure ethanol was eyeglin the feed (KAMPMEYER
and STAHLY, 1949).

A mixture of Th@Q and ZrQ supported on SioOwas demonstrated as an active
catalyst for the 1,3-BD formation from ethanol oprh mixtures of ethanol and
acetaldehyde, ethanol and crotonaldehyde and ahetrand 3-hydroxybutanal (U.S.
Patent 2438464, 1948). According to this pate/®BD yields ranged from 34 to 44 %
based on the amounts of converted reactants aiaedaemperatures between 432 and
460 °C (SPENCIet al, 1948).

QUATTLEBAUM and coworkers (1947) started the dission regarding the
mechanism of the ethanol to 1,3-BD conversion. Teieggested that crotonaldehyde
was the main intermediate in the 1,3-BD reactiorcimaism and observed that the
Ta,0s/SIO, catalyst was able to convert acetaldehyde inttoneddehyde and also to
convert a mixture of crotonaldehyde and ethana hB8-BD, acetaldehyde and water.
According to the authors, 1,3-BD yields were highdren a mixture of ethanol and
crotonaldehyde was used, instead of a mixtureharetl and acetaldehyde, in the feed.

Around 1940, ethanol to 1,3-BD conversion proaesas responsible for 60 % of
the total amount of 1,3-BD produced within the @ditStates (CORSOBt al 1949).

13
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There,Carbide and Carbon Chemicals Corporatioperated the process commercially
utilizing two steps. In the first step, ethanol vdehydrogenated into acetaldehyde, with
an efficiency of 92 %. In the following step, theoguced acetaldehyde and a recycle
stream containing ethanol and acetaldehyde wereinfied a second reactor, where
2 wt. % of TaOs supported on SiPwas used as catalyst, to produce 1,3-BD. The 1,3-
BD selectivity was reported as equal to 64 %, wéaerhe 1,3-BD yield was equal to
35 %.

In order to increase the 1,3-BD yields, STAHEYal (1948) reported that ethyl
acetate (a co-product of the reaction system) cbeldkept in the recycle stream of
ethanol and acetaldehyde, leading to the improvemethe 1,3-BD productivity by
2 %.

CORSONet al (1949) evaluated the effect of eight variablestiom 1,3-BD
yields from the conversion of ethanol and acetaldehfeeds using a F@s/SiO,
catalyst. The investigated variables were the ysttalverage particle size, reactor bed
length and diameter, feed flow rate, ethanol tataddehyde feed ratio (EtOH/AcH),
reaction temperature and pressure, time on strd@d®), and the catalyst tantalum
content.

The commercial catalyst was constituted of a me&tf different particles sizes:
16 % were greater than 4.76 mm (4 mesh); 81 % Wetween 2.38 and 4.76 mm (4-8
mesh); and 3 % were smaller than 2.38 mm (8 md&dign, it was investigated how
these different particle sizes could affect theralel,3-BD vyield. In order to do that,
the authors performed 16 experiments using the aneiai catalyst and reported the
average 1,3-BD vyield of 35.6 25 %. Table 1.2.1 shows the yields obtained when t
catalyst was fractioned in different particle sizes

Table 1.2.1- Evaluation of average particle size of theJ#SiO, catalyst on the
ethanol and acetaldehyde conversion to 1,3-BD (CORE&t al, 1949).

Average particle size (mm) 1,3-BD yield
Higher than 4.76 23
Between 2.38 and 4.76 40
Lower than 2.38 36

Reaction conditions: 350 °C, EtOH/AcH = 2.75, LHS\0.4 1, atmospheric pressure.

The reported weighted average of Table 1.2.1 wa2 % and it was concluded

that the screening of catalyst particle sizes vaasacessary. However, the lower yields
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(23 %) observed when bigger particle sizes werel@yefd suggested the occurrence of
internal pore size diffusion limitations, a poinbtncommented by the authors. The
catalyst bed dimensions were also reported asnmporitant in the evaluated range, as
shown in Table 1.2.2, suggesting that the systeaiddoe affected by thermodynamic
constraints.

The feed flow rate effect, on the other hand, slaswn to be very important.
Whereas the 1,3-BD vyield increased linearly witle tontact time (fromx 23 to=
36 %), the 1,3-BD selectivity was nearly constanaraund 70 %, as the contact time
was increased from 2.7 to 4.5 s. Additional inceeat the contact time up to 13 s,
nevertheless, reduced the 1,3-BD selectivity td/§Guggesting that 1,3-BD could be
converted to other products inside the reactor. €ffect of feed flow rate was
evaluated at 350 °C, EtOH/AcH feed ratio of 2. #atenospheric pressure and time on
stream (TOS) of 8 h.

Table 1.2.2- Evaluation of catalyst bed dimension ovepQSiO, on the ethanol and
acetaldehyde conversion to 1,3-BD (CORS@MNL, 1949).

Bed length Bed diameter 1,3-BD 1,3-BD yield
(cm) (cm) selectivity (%) (%)
5.08 2.54 64 27
25.4 2.54 63 34
30.48 0.89 63 34
30.48 2.54 64 36
30.48 5.08 62 32
533.4 7.62 63 33

Reaction conditions: 350 °C, EtOH/AcH feed rati®®of5, LHSV equal to 0.4'h atmospheric pressure,
TOS of 8 h.

The influence of the ethanol to acetaldehyde (E&2H) feed ratio on 1,3-BD
yield was also investigated at different tempeduand spatial velocities. At 350 °C,
liquid hourly space velocity of 0.4”hand atmospheric pressure, the 1,3-BD yield
increased from 30 to 40 % as the EtOH/AcH feednats decreased from 3 to 2. The
1,3-BD selectivity, in turn, ranged from 60 to 7Q ptesenting its highest value at the
EtOH/AcH feed ratio of 2.5. Whereas the increasethef AcH feed content was
beneficial to 1,3-BD yield, a faster rate of carization was verified, as suggested by
the final carbon content of the catalyst. Besifi@sher decrease of the EtOH/AcH feed
ratio to 1 resulted in 1,3-BD yield and selectivatfy29 and 52 %, respectively.
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Figure 1.2.2 illustrates the faster rate of cafalgctivity decay when the
EtOH/AcH feed ratio was equal to 1. Whereas the fetio of 1 resulted in a loss of
38 % of yield from 8 to 16 h of time on stream, feed ratio of 2.75 led to 1,3-BD
yields nearly constant at 21 %. Similar trends vargserved for 1,3-BD selectivity.

The same group of researchers analyzed the effebe EtOH/AcH feed ratio
(specifically at ratio conditions of 2, 2.75 anda®) 1,3-BD vyields at 300 and 400 °C. At
liquid hourly space velocity of 0.4”hand atmospheric pressure, the 1,3-BD yield
increased with the AcH feed content in both temipees. The highest value was
approximately equal to 45 % (with 1,3-BD selectiwtf 57 %) at EtOH/AcH feed ratio
of 2 and reaction temperature of 400 °C. The 1,3d&l®ctivity, on the other hand,
exhibited a very non-linear behavior with temperatwith highest value observed at
350 °C (CORSONMt al, 1949).
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Figure 1.2.2— Effect of the EtOH/AcH feed ratio on 1,3-BD ylednd selectivity as a
function of the time on stream. Reactions werequaréd at 350 °C, liquid hourly space
velocity of 1 k! and atmospheric pressure (CORSEINL, 1949).

Figure 1.2.3 illustrates the stability of the ,DgSiO, catalyst, which was
investigated at 350 °C, liquid hourly space velpooit 0.4 K, EtOH/AcH feed ratio of
2.75 and atmospheric pressure. Reaction was opgaratgcles of 120 h, assumed to be
equal to 1 operation week in the Figure 1.2.3. @sttavas submitted to 1 day of
regeneration between each cycle, which was periimgeourning off the carbonaceous
deposit at 400 °C in an air-nitrogen stream. Weoadalyst activity was reduced after
1 year of consecutive operation cycles and regéoarateps, the overall 1,3-BD

selectivity was reported as approximately consamd equal to 64 %. The loss of
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activity was associated with carbon deposition atalyst surface, which was estimated

as equal to 2 % per operation week.
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Figure 1.2.3— Effect of consecutive operation and regeneratiares on 1,3-BD yield
over the TaDs/SIO, catalyst. Reaction conditions: 350 °C, liquid hpwpace velocity
of 0.4 K, EtOH/AcH feed ratio of 2.75 and atmospheric presCORSONet al,

1949).

Among the different tantalum contents investigatégure 1.2.4, 2 wt. % was
described as the ideal content due to the higiBD34eld that was obtained (36 % at

350 °C).
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Figure 1.2.4— Effect of tantalum content of the ;JI&/SiO, catalyst and on 1,3-BD
yield. Reaction conditions: liquid hourly spaceaay of 0.4 K, EtOH/AcH feed ratio

of 2.75, atmospheric pressure and TOS = 8 h (COR&QGIN 1949).
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Finally, the effect of operation pressure was itigesed. Higher pressures caused the
significant decrease of the 1,3-BD yield; howewasgording to the authors, the amount
of 1,3-BD produced per catalyst gram was largelyraased, although higher liquid
hourly space velocities were used with higher pnessin order to avoid carbonization.
Thus, it is not clear whether the rise in produttiand reduction in yield of 1,3-BD
resulted from increase of pressure or spatial Wgi¢CORSONet al., 1949).

Inspired in the proposed mechanism for the ethemd|3-BD conversion, where
the intermediate crotonaldehyde is reduced by ethand taking into account that the
initial EtOH/AcH feed ratio (between 2.75 and 1¢@ding to CORSONMt al, 1949)
decreases along the bed length, KAMPMEYER E STAHLY49) evaluated the effect
of introducing feed side streams (pure ethanolrandures of acetaldehyde). According
to the authors, co-feeding of ethanol and acetgldielalong the catalyst bed can be
beneficial for the process. However, reported ckangf 1,3-BD yield and selectivity
were small, with optimum yield of 37 % at 68 % ¢8-BD selectivity. In this study, the
lack of dehydrogenation capacity of the,M&SiO, catalyst was confirmed by the fact
that a feed comprising pure ethanol could not pcedsignificant amount of AcH, with
traces of 1,3-BD. Besides, a feed comprising oeltaldehyde resulted in significant
amounts of crotonaldehyde, supporting the hyposhest ethanol is required for the
crotonaldehyde reduction and production of 1,3-BD.

CORSON and coworkers (1950) investigated the usa t¢drge number of
different catalytic systems for the two-step Amangrocess and the one-step Lebedev
process. Table 1.2.3 illustrates catalytic datantejl using pure ethanol in the feed over
different materials. One must note the differerttilydic performances at similar Mg to
Si ratios depending on the catalyst preparatiooguore (entries 22-33, Table 1.2.3).

The authors stressed that the optimal temperatutbe two-step process was
lower than for the one-step process (350 and 425&$pectively). Furthermore, the
two-step process allowed for higher 1,3-BD selai¢is than the one-step process (64
and 56 %, respectively). The authors also veritlet the catalytic system that led to
the best performance in the one-step process (&nirgble 1.2.3) did not perform well
in the two-step process. Figure 1.2.5 illustrates tatalytic performance over the
2 wt. % CpO,/MgO-SiQ, catalytic system employed in the one-step proaed$0 and
425 °C.
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Table 1.2.3— 1,3-BD yield (p) over different catalytic systems using pure etthas
feed (92 wt.%). Reactions at 425 °C, TOS of 3 maapheric pressure, liquid hourly
space velocity of 0.6’ h(CORSONet al, 1950).

Entry Catalyst? Z)ZL)’ Entry Catalyst Yo (%)
1T 59%MgO-2%Ci05-39%SI0, 39 18 MgCQ 12
2 60%MgO-2%Ta0.-38%SiG 34 19  Tio 10
3 1.1%CuO on 2%T,8s-98%Si0 25 20 38% VOs-12% AgNO-50%SiQ 11
4 9.5%2rQ-90.5%SiQ 23 21 1%TiQ-9%Zr0-90%AL0; 10
5  10%Zn0O-90%SiQ 20 22 99%MgCQL%SIO 11
6  45%MgO-2%Ta0s-53%Si0 20 23 98%MgCQ2%Si0; 20
7 21%MgO-2%Ta0-77%SI0, 18 24  95%MgCQ@5%SIO, 28
8  1%Ti0-9%Zr0,-90%AkL0; 17 25  95%MgC@5%SiO, 14
9  57%Sh0-38%AL0-5%SI0; 17 26 95%MgC@5%SiO, 13
10 4.6% \(Os-95.4%SiQ 14 27 90%MgCQ10%Si0 15
11 2%TaO.-98%Si0, 16 28 80%MgC@20%Si0, 10
12 2%Pb0-98%AD, 18 29 80%MgCQ@20%Si0, 17
13 10-%Cd0-90%SiQ 10 30  70%MgO-30%SiO 15
14 30%PbO-70%SiD 10 31 50%MgC@50%MgSiQ 21
15  1.1%Ta0s-98.9%SiQ 13 32 50%MgO-50%SiO 11
16 30%Sh0s-70%ALOs 14 33 46%MgCQ54%Si0 14
17 75%SiQ-24.7%ZrQ-0.3%Sh0; 13

I All % are in weight.
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Figure 1.2.5 — Catalytic performance of the ethanol conversomer the 2 wt. %
Cr,0O,MgO-SiO, catalyst using diluted ethanol (92 wt. %) in the feed, wiituid
hourly space velocity of 0.4"hatmospheric pressure and TOS of 8 h (CORSOAL,
1950).

According to CORSON and coworkers (1950), the lgats employed in the
Lebedev process also presented a much lower tife ¢ 12 h) than the catalysts used
in the two-step process: 120 hours) requiring more frequent regeneratioolesy
These authors reported the use of 612 catalyst ioatidns for the two-step process,

involving 40 elements from Periodic Table. The aushverified that the combination of
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the elements Hf-Sig) Cu-Ta-SiQ, Zr-Ta-SiQ, Mg-Ta-SiQ, Ag-Ta-SiQ, Th-Zr-SiG
and Zr-SiQ allowed for yields as high as obtained with thdustrial TaOs/SIO,
catalyst (1,4-BD selectivity of 64 % and yield d $6). Thus, it was suggested that
future research should study mixtures of Hf, Zr @adsupported on silica.

Finally, according to CORSONt al, (1950), whereas the two-step process
could result in a 1,3-BD purity of 98 %, the 1,3-BiBoduced by the Lebedev process
presented lower purity, around 80 %. Taking allsth@rguments into account, the
authors concluded that the future of the ethanal,®BD conversion should surely
involve the two-step process and that efforts shdag driven to improve the two
catalytic stages separately.

Nevertheless, some researchers defended the emé-abedev process, due to
its higher simplicity for industrial applicationBHHATTACHARYYA and GANGULY,
1962a). Thus, different single, binary and termamstal oxides were studied using pure
ethanol as feed (BHATTACHARYYA and GANGULY, 19623-brhe single metal
oxides MgO, AJOs, ThO,, Zr0O,, SiO,, FeOs, TiO,, Cr0Os; CaO, ZnO, NIiO, CgDs,
CuO, SrO and BaO were prepared through thermalndegsition of the respective
metal hydroxides, which in turn were prepared thloprecipitation of soluble salts
using distinct precipitating agents, such as amomni sodium and potassium
hydroxides. Single metal oxides prepared througérntial decomposition of the
corresponding carbonates were also evaluated. TlaBld shows the performance of
the single metal oxides that allowed for productidthe highest 1,3-BD yields.

The high yields presented in Table 1.2.4 were g@bbbobtained due to the high
catalyst weight employed. The authors explained fmavious runs were performed
with different catalyst loadings in order to defiae optimal amount. The total ethanol
conversion increased with the catalyst mass, asateg@, whereas the 1,3-BD yield
either passed through a maximum or became constaeh the catalyst mass was
increased until 20 g.

Thus, results presented in Table 1.2.4 could dgtba close to the equilibrium
condition, hiding relevant catalyst performanceoinfation. Regardless of this point,
single metal oxides from Table 1.2.4 were investidaat different reaction
temperatures, ethanol flow rates and ethanol cdratems. Temperatures ranged from
350 to 450 °C. For all single metal oxides, temjpeeachanged the 1,3-BD vyield non-
linearly and higher 1,3-BD yields were observedueein 400 and 425 °C. The flow rate
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also exerted a non linear influence on 1,3-BD yidéida general way, higher yields
were achieved at lower flow rates, as expected (BHRCHARYYA and GANGULY,
1962a).

Table 1.2.4— 1,3-BD yields over different single metal oxidesng ethanol as feed (92
wt.%). Reactions were performed using 20 g of gatalat atmospheric pressure
(BHATTACHARYYA and GANGULY, 1962a).

Temperature Feed rate .

Catalyst C) (ml/ h-g) 1,3-BD yield
ThG, 400 1.256 36.1
ZrO, 450 1.256 35.5
FeOs 425 0.938 29.8
MgO 425 1.256 27.4
Al,O3 400 1.256 24.0

The effect of ethanol composition was investigatesing aqueous diluted
mixtures. Figure 1.2.6 illustrates the effect dfagtol composition on 1,3-BD selectivity
(a) and 1,3-BD yield (b).

—=— MgO
ar ——ALO,

1,3-BD selectvity (%)
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—a—7Zr0,
—v—ThO),

—+— Fe 0,
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Figure 1.2.6— Effect of ethanol composition on 1,3-BD seleityiya) and 1,3-BD yield
over single metal oxides. Mixtures of ethanol andtew were employed. Reaction
temperature and flow rates as described at Taldel! {BHATTACHARYYA and
GANGULY, 1962a).

Reduction of the ethanol content (through dilutionvater) caused the decrease
of both the 1,3-BD selectivity and yield. Howevéne reduction in yield was more
pronounced when the ethanol content decreased38ta 75 %, when compared with

the reduction of selectivity. The reaction temperatand feed flow used for reactions
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investigating the ethanol composition effect weoe elearly reported, but it is believed
that reactions were performed at the reaction teatpe and feed flow rate described
in Table 1.2.4. The authors also emphasized thetliat higher water contents in the
feed increased the yields of carbonyl compoundsgisaand esters, but results were not
presented (BHATTACHARYYA and GANGULY, 1962a). Fihgl among the
evaluated preparation methods, those that emplgyetipitation with aqueous
ammonia and nitrates resulted in better performmance

The performances of binary metal oxides Al-Mg, Z&l|-Al-Cr, Al-Ca, Al-Mn,
Zr-Cr, Al-Si, Al-Fe, Al-Zn, Al-Ni, Zr-Fe and Th-Fand the ternary metal oxides Al-Cr-
Fe, Al-Mg-Zn, Al-Zn-Cr and Al-Ni-Fe, were studiedy BHATTACHARYYA and
GANGULY (1962b) in the ethanol to 1,3-BD reactiddifferent metal compositions
were evaluated, resulting in 65 binary metal andtefdary metal oxides. The most
promising catalyst was reported to be a mixtur@r® and A}Os, at the proportion of
Al,03:Zn0O equal to 60:40, resulting in a 1,3-BD vyield 8.8 % at 425°C and
1.874 mlgio/h-g. Figure 1.2.7 illustrates the 1,3-BD yieldsanired over some of the
binary metal oxides, as reported by BHATTACHARYYA®RGANGULY (1962b), as

a function of the metal composition.
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Figure 1.2.7 — Effect of the metal oxide composition of binaystems on 1,3-BD
yield. Reactions were performed using 20 g of gatall atm, at 400, 425, 425, and
450 °C for A}O3:MgO, Al,03:Zr0,, Al,03:Zn0O and ZrQ:FeOs catalysts, respectively
(BHATTACHARYYA and GANGULY, 1962b).
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The effect of the preparation procedure on theBD3production from ethanol
was also investigated. The mechanical mixture mglsi oxides at the best composition
observed for each binary metal oxide prepared bypreaipitation (through thermal
decomposition of hydroxides prepared by co-pregifgh of nitrates) was performed
for comparison. For all systems, the 1,3-BD yielasvsignificantly lower for samples
prepared through mechanical mixture, when comparitd the analogous mixtures
obtained by co-precipitation (BHATTACHARYYA and GABULY, 1962b). These
results are also in line with the observation of AHACHARYYA and GANGULY
(1962b), showing that binary metal oxides wereanayal more active than single metal
oxides, since higher 1,3-BD vyields were achieved.

The effect of the reaction variables on 1,3-BDdgewas also assessed over the
most promising binary and ternary metal oxides hBetaction temperature and ethanol
flow rate exerted a non linear effect on 1,3-BDId/itor all systems, as illustrated in
Figure 1.2.8 for AlO3:Zn0O and A}O3:MgO binary systems.
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Figure 1.2.8— Effect of reaction temperature (a) and ethaeetlfflow rate (b) on 1,3-
BD vyield over AbO3:MgO and AbOz:ZnO binary metal oxides. Reactions were
performed using 20 g of catalyst, at 1atm, usirtbamol as feed (92 wt. %)
(BHATTACHARYYA and GANGULY, 1962b). Lines were drawfor clarity only.

The authors also stressed that the most promngposition verified for the
Al,03:Zn0O material (60:40) was different from the preisty reported value for the
Lebedev process. According to BHATTACHARYYA and GBNLY (1962b), the
optimal proportion was equal to 25:75. However, AlhgD3:ZnO system presented very

poor stability, as the 1,3-BD vyield decreased fretnto 10 % after approximately 2.5
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reaction hours. The stabilities of the other inigasded systems were not reported
(BHATTACHARYYA and GANGULY, 1962b).

Based on the previous paragraphs, it seems d¢laabbth the composition and
the preparation procedure can modify the catalygbgrties and 1,3-BD yields. At this
point, it is important to note that, although aetimaterials have been indentified for
production of 1,3-BD from ethanol, product disttibns had not been reported at this
literature stage. Besides, as access to catalgstcierization techniques were rather
limited, catalysts had been poorly characterizethairing the proper understanding of
catalyst property effects on 1,3-BD formation.

The study of the ethanol to 1,3-BD reaction inladfzed bed reactor was
reported by BHATTACHARYYA and AVASTHI (1963). In th study, the single metal
oxides AbOs, Fe0s, ZrO, and ThQ and the binary metal oxides /81-ZnO, AlOs-
CaO, AbOs-MgO and AbOs-Cr,0O3 were investigated. Molar compositions of the otitpu
stream for other products were reported, Tables1)2.is worthwhile to note that the
best catalyst presented by the authors (th®AZnO 60:40 system), showed very high
selectivities for other ethanol dehydration produstich as ethene.

Table 1.2.5- Experimental results reported by BHATTACHARYY Ac AVASTHI
(1963) for selected samples. Reactions were peddran 425 °C, using ethanol 99 % as
feed in a fluidized bed reactor.

Composition (mol.%) of output stream 1,3-BD
selectivity  1,3-

Unsaturated Saturated al .
Catalyst 1,3-BD hydrocarbons H, CO, hydrocarbons ((gzzjﬁi)[ng y|[§]ld
(as GH,) (as CH) Hy)

Al,O4 13.5 64.5 15.5 2 2.4 16 25.9
Al205-Zn0 16.40 61.14 10 8 16.1 16 72.8
(60:40) ' ' ’ '
Al 203-MgO

(80:20) 15.2 12.8 49.4 4 16.5 31 35.2

el Calculated asgp/Ty;. ™ Although presenting similar 1,3-BD molar compositidlifferent yields were
achieved by different reaction conditions emplogadh as catalyst weight, which were equal to 2323,
and 23.4 g for the samples,®k, Al,Os-ZnO (60:40) , and ADs-MgO (80:20), respectively.

BHATTACHARYYA and AVASTHI (1963) also investigatethe effects of
reaction variables (such as temperature, ethamal @®mposition and flow rate and
time on stream) on 1,3-BD yields. According to theéhors, the AD;-ZnO presented

the best catalytic performance among the invegithantalysts, achieving 72.8 % of
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1,3-BD vyield, with ethanol conversion of 99.4 %4&5 °C. Thus, the use of fluidized
bed reactors was suggested as an excellent alterriatimprove the 1,3-BD yields,
allowing for higher yields when compared to theetixbed operation (73 and 56 %,
respectively). Besides, reported productivitiesgip/h- Lca) were much higher during
the fluidized bed operation than observed for fiked reactions.

Nevertheless, it must be noted that, employedysitaveight and ethanol flow
rates were higher in the fluidized bed operati@r {(fistance, whereas 20 g of catalyst
and ethanol flow rate of 1.88 mL/g-h were usedit@d bed reactions, 52 g of catalyst
and ethanol feed rate of 2.6 mL/g-h were usedlfndized bed reactions). Moreover,
regardless the probable different compositions aodtact times employed in the
reaction runs, the stability of the &;-ZnO was confirmed to be poor. According to
the authors, this catalyst was stable during 1ti@adour only. Although it was
stressed that the catalyst could be completelytiveded by calcination in air flow at
375 °C during 60 min, the 1,3-BD yield fell from &% 38 % after three operation and
regeneration cycles. The use of the fluidized bkdwever, could be further
investigated, as it allows for more efficient heansfer, which can be beneficial for the
endothermic 1,3-BD reaction formation.

The catalytic activity of single metal oxides @, ZrO, and ThQ and binary
metal oxides AIO3-ZnO, ALOs-ThO,, Al,0s-ZrO,, ZrO,-Si0, and MgO-SiQ was later
evaluated in a fluidized bed reactor using ethamnod acetaldehyde as feed
(BHATTACHARYYA and AVASTHI, 1966). In this case, déhe EtOH/AcH feed ratio
of 2.75, it was observed that the use of the fagdibed reactor could lead to higher
1,3-BD vyields, but to lower 1,3-BD selectivitiesh@n compared to the operation in
fixed bed. For instance, between 350 and 400 °&BD, yields ranged from 31 to
43 %, whereas 1,3-BD selectivities ranged from @318 %. CORSONet al (1950)
reported 1,3-BD vyields around 35 % at selectivioé$4 % when mixtures of ethanol
and acetaldehyde were used as feed over a fixedf€aOs/SiO,. Besides, the poor
catalyst stability with the ethanol and acetaldehgd-feeding in the fluidized bed was
ratified. According to the authors, &3, ZrO,and ThQ had to be recycled after 30 min
of time on stream, leading to much lower 1,3-BDIdseafter only three regeneration
cycles. For instance, for the Zr@atalyst, 1,3-BD vyields fell from 38 to 10 % after

reaction and regeneration cycles.
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As stressed by the authors, given the higher icraenthalpy of the ethanol to
1,3-BD reaction (+23.63 kcal/mol), when comparedthe enthalpy of converting
mixtures of ethanol and acetaldehyde to 1,3-BD1(*kcal/mol), it was expected that
the higher heat transfer efficiency achieved byfthielized operation would cause the
improvement of the ethanol to 1,3-BD conversion tine one-step process
(BHATTACHARYYA and AVASTHI, 1966).

Some years later, NIIlYAMAet al (1972) studied the catalytic activity of the
MgO-SiO; system for the ethanol to 1,3-BD reaction, beimg pioneers to attempt to
establish correlations between basic and acid ysitéatures and catalyst activity.
These authors also contributed with the mechanisgussion, by performing reactions
with different possible intermediates in the feéB-BD was the main carbonaceous
product observed from the ethanol conversion whesctions were performed at
380 °C, over the MgO-Si(75:25) system, at atmospheric pressure, usingof g
catalyst, and 100 mL/min of fHas carrier gas. The authors observed the produofio
ethene, diethyl ether (DEE) and acetaldehyde (AdHie effect of contact time on
products vyield is illustrated in Figure 1.2.9. Agpected, higher contact times led to
higher 1,3-BD yields, whereas the acetaldehydelyielere reduced.
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Figure 1.2.9 — Effect of contact time on products yield fronhatol conversion at
380 °C over the MgO-SiD(75:25) system, at 1 atm, using 1 g of catalyst] an
100 mL-min* of H, as carrier gas (Printed and adapted from NIIYAM®al, 1972,
Copyright (1972), with permission from the ChemiSakiety of Japan).

By co-feeding ethanol and acetaldehyde or ethandl crotonaldehyde, it was
observed that the 1,3-BD yield increased from 1w#en pure ethanol was used as

feed, to 31 %, when ethanol and acetaldehyde wsed as feed, and to 36 % when
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ethanol and crotonaldehyde were used as feed. Basetiese results, the authors
suggested that the rate-limiting step should beethanol dehydrogenation. However,
in fact, data presented by the authors were néiceirft to prove their hypothesis, as the
acetaldehyde condensation could not be discardedtedimiting step since the co-
feeding of ethanol and crotonaldehyde also improther 1,3-BD vyield. In order to
investigate the reaction mechanism, the possibtecgmation of 1,3-butanediol as an
intermediate was also ruled out, since a feed cmgrpure 1,3-butanediol resulted in
traces of 1,3-BD (NIIYAMAet al,, 1972).

These authors also investigated the effect oéfit MgO to Si@compositions
on the catalytic activity for the ethanol conversidhe authors observed a significant
increase of the 1,3-BD formation rate (in mof-fi') as the MgO content increased
from 25 to 85 % (in fact, as a decrease in thelysitaurface area is expected with the
increase of the Mg content, if the formation rateniol-g*-h' is kept constant or is
reduced in a smaller proportion, when comparedh® durface area, the 1,3-BD
formation rate in mol- /A h* would increase anyway). In line with this trerfte ethene
formation rate started to decrease when the 8#@tent was reduced from 50 to 15 %;
that is, the increase of the MgO content until 85&ased the increase of the 1,3-BD
formation rate and simultaneously suppressed tienetformation. However, both pure
SiO, and pure MgO were not 1,3-BD active. Measuresyaflime adsorption suggested
that MgO-SiQ (50:50) was the most acidic among the samples, adgitlity decreasing
with the increase of the MgO content. The catdbgsicity, in turn, which was assessed
by boron trifluoride adsorption, showed a linearrefation with the MgO content; that
IS, the basicity increased continuously with the@Q/igpntent. It is important to note the
identification of crotonaldehyde among the maincteam products when ethanol was
passed over MgO.

NII'YAMA et al (1972) also investigated the effect of poisoranglic and basic
sites by adding pyridine and phenol into the resctystem. According to the authors,
the phenol adsorption can involve Brgnsted basessas illustrated in Figure 1.2.10,
explaining the observed reduction in the 1,3-BOdymith phenol co-feeding. On the
other hand, pyridine presented a dual effect omBDQ3yield. When a small amount of
pyridine was inserted into the reaction system, 1/8&BD vyield increased. A further
increase of the pyridine content, neverthelessjaed the 1,3-BD yield. According to

the authors, the adsorption of pyridine on Lewigl agites could raise the electron
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density of the nearest oxide ions, as illustrateBigure 1.2.10, contributing to increase
the concentration of basic sites. However, a sarfaantaining high concentrations of
pyridine could lead to reduction of concentratiafsthe acid sites, explaining the
harmful effect on 1,3-BD yield when higher pyridim®ntent was added into the

reaction system.
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Figure 1.2.10- lllustration of phenol (a) and pyridine (b) adsiton over Lewis acid-
Bragnsted basic sites of the MgO-%i§ystem (NIIYAMAet al, 1972).

OHNISHI et al (1985) reported the synthesis of a catalyst Whas able to
convert 100 % of ethanol with 87 % of yield to BB~ The catalyst was constituted of
0.1 wt.% NaO containing MgO-Si©(1:1) system, which was prepared from Mg(@H)
and SiQ. The MgO-SiQ(1:1) was calcined at 500 °C under 8aimosphere during 3 h,
then impregnated with NaOH and recalcined at theesarevious conditions. However,
these results have not been achieved by otherrobsga (KVISLEet al, 1988).

The system MgO-Si©was investigated by KVISLEt al. (1988), who verified
the thermal stability of this catalyst during 1Qusing 200 mg of catalyst, at 350 °C and
atmospheric pressure). The catalyst employed bySK¥let al (1988) was prepared by
wet-kneading of precipitates obtained during thetlsgsis of the MgO and S;O
Specifically, magnesium nitrate was dissolved irtevand the magnesium hydroxide
was precipitated using ammonium hydroxide. The ltesu gel was filtrated and
washed with water. This material was wet-kneadeeqatl molar proportion with the
similar gel obtained from the synthesis of Si@hich in turn was prepared by using
tetraethylorthosilicate diluted into ethanol, teshtwith nitric acid and ammonium
hydroxide. Finally, the wet mixture was dried andlcmed at 500 °C for 4h
(0.5 °C/min).

It was observed that both 1,3-BD yield and seldgticould be increased
through addition of small amounts of @ the feed stream (KVISLEt al, 1988). This
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may occur due to the dissociative adsorption ofgexyon the catalyst surface which
can lead to the formation of additional Brgnstedidaites, contributing to ethanol
dehydrogenation (a deeper discussion regarding réaetion mechanism and the
possible role of active sites is presented in tiet 8ection). Among the main reaction
products, ethene, 1,3-BD, AcH, DEE, methane, prepg@nopanal and acetone were
described (KVISLEet al., 1988).

Different compositions and flow rates of ethanoérev also evaluated and,
according to the authors, the increase of the ettffow rate from 8- 16 to 16-1¢ and
to 32-10 L-h*, respectively, led to reduction of 1,3-BD yieldiggesting a positive
effect of higher contact times on 1,3-BD vyield eapected.

The highest 1,3-BD yield was obtained when AcH waded with ethanol, at
the EtOH:AcH proportion of 80:20. In this case, thported 1,3-BD yield was equal to
33 % at the ethanol conversion of 48 % and 1,3-BRcsivity of 68 %. The authors
observed that AcH addition improves 1,3-BD yielddasuppresses the ethanol
dehydration to ethene, also raising 1,3-BD sel@gtivThe effect of reaction
temperature was analyzed using a feed stream oorgagthanol and crotonaldehyde
(70 vol. % of ethanol). The 1,3-BD composition ke toutput stream increased with
temperature from 200 to 325°C, leveling off frord53to 400 °C. Figure 1.2.11
illustrates the compound distribution as a functidmeaction temperature at the output
stream. AcH presented the highest composition tiirout the evaluated temperature
range. Ethene composition rose significantly frof® 30 400 °C, being similar to the
1,3-BD composition at 40€C.

By performing experiments of desorption at prograed temperatures over used
catalysts samples (under helium flow), the autiotyserved ethene and acetaldehyde as
the major desorption products, suggesting the exoesxygenated species containing
two carbons on the catalyst surface. Thus, it wggested that the rate-limiting step for
the ethanol to 1,3-BD conversion was the acetaldielopndensation (KVISLEEt al,
1988).

Synthetic hectorites were also used for the ethapaversion into 1,3-BD
(SUZUKI et al, 1988). These materials are found naturally irmmeral form.
According to the authors, the unit formula of heitdo can be described as
MQ16/3Li 2/3SisO20(OH,FuMy/3, where M is a metallic cation. Thus, it is belidvihat
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such structure might present acid and basic adtites, suitable for the 1,3-BD

formation.
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Figure 1.2.11— Effect of reaction temperature on the outpugastr composition from
reactions over MgO-Si§X1:1) at atmospheric pressure and ethanol andratttehyde
co-feeding (70 vol.% of ethanol). Symbols deno#:gthanol, ¢) acetaldehyde A
1,3-butadiene,A) ethene ande() crotonaldehyde (Reprinted and adapted from KVISLE
et al, 1988, copyright (1988), with permission from éler).

Composition distribution

The authors prepared five different silicates {gs6iQ, NaO, MgCh-6H0,
HCI, water, and NEOH or NaOH solutions as precipitating agent). Thecipitates
were dissolved in water and solutions of LIOH-@HNaOH or KOH were added. Acid
fluorhidric (10 vol. %) was added to two samplefieAthe calcination of samples, they
were evaluated in terms of the conversion of 2-angband ethanol.

In both cases, the use of NaOH as precipitatingntagesulted in lower
dehydration product yields, which might be relateith the residual Na content. For
samples not containing acid fluorhidric, 2-propaantl ethanol conversions decreased
in the following order: Li > Na > K. Dehydrationgatucts also reduced according to the
same order. According to the authors, the roldialiametal cations would be acting as
Lewis acid sites. Thus, the higher dehydration cépaf the Li containing sample was
associated to a higher electrostatic field, agdbalt of its smaller atomic radius; that is,
stronger Lewis acidity was suggested for the Litaoing samples. Dehydrogenation
sites were ascribed to oxygen anions bound to Migrts since no clear relationship
among alkali metals and acetaldehyde or acetoridsyim the case of ethanol and 2-
propanol conversion, could be observed. Howeve fiypothesis cannot explain why
the combined 1,3-BD and acetaldehyde yields weateaed in the order Li > Na > K. In
fact, prepared samples could contain different aod basic sites concentrations, which
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were not properly characterized. However, the heiakffect of increasing the contact
time on 1,3-BD yield was also confirmed. The hidglreported 1,3-BD yield was equal
to 20 % at 375 °C. Other products observed in #ese ©f ethanol conversion were
ethene, DEE, AcH, propene and butenes (SUZg&tllL, 1988).

Nickel magnesium silicates were active for thewassion of ethanol into 1,3-
BD (KITAYAMA et al, 1996). Samples were prepared by mixing hydraplfiimed
silica (Aerosil 380, powder) and Mg(OHat different proportions, followed by the
resulting powder impregnation with an aqueous smstof Ni(NG;), and calcination at
400 °C for 2 h. By keeping the nickel content fixgdvas observed that an optimal Mg
to Si ratio might be defined, as shown in Figu2 12 (a).

60

h (a) n —u— Surface area |
700 - —a—1,3-BD yield 50
— i —
_P_P 600 - T— L 40 \'f"
?E - 9, L ==}
< 500 \\ .
g o =.
= 400 &
g . g
"E 300 - L s
= L1 f
m 20['_ ./ -\‘ i §
100 - Lo
] I I 1 1 I
0 20 40 60 80 100
MgO (wt.%) on MgO-SiO,
60
(b) .
50
Z
i 40 -
=]
Ei L]
- 30 ' ®
s
re 20
a 4
mi L ]
—_ 10 [}
"7_1’_'_.T T T T T T T T T T T

100 201 300 400 500 600 700 I 8(;0
Surface area (m?/g)
Figure 1.2.12 —Effect of the MgO content of NiO containing MgO-Si€amples on
1,3-BD vyield and samples surface area (a). 1,3-IIas a function of surface area (b)
(Data from KITAYAMA et al, 1996).

31



1. Literature Review
1.2 1,3-Butadiene Production from Ethanol

It was stressed that the method of synthesis wesessful to produce materials with
high surface area, as shown in Figure 1.2.12(a),that this catalyst property might
have contributed to the higher 1,3-BD vyields.

However, it was also emphasized the importancethef acid-basic sites
distribution, which would be closely related to tig to Si ratio, since the maximum in
surface area did not match exactly the highesBD3yield. In fact, approximately the
same 1,3-BD yield was observed for samples prasgrgry different surface areas (in
m?/g), as illustrated in Figure 1.2.12(b). It was ocalgerified that NiO/Si@ and
NiO/MgO were not 1,3-BD active, producing only atdehyde from ethanol.

Hydroxyapatites (Ga(POy)s(OH),) were also used for the ethanol conversion
due to its acid-basic properties (TSUCHI@AalL, 2008). By varying the Ca/P ratio, the
increase of basic and the reduction of acidic sitesentrations were verified as the Ca
content was increased from 1.59 to 1.67 (observed\H3; and CQ adsorption,
followed by temperature programmed desorption ewpeits). However, these
materials presented very low surface areas, ranfjomm 27 to 40 mg'. Ethene
selectivity (in C wt. %) was correlated with the &antent; that is, the reduction of the
ethene formation was observed when the Ca contestincreased. 1,3-BD formation
was observed for a single sample, which contaihedatid to basic catalyst site ratio
closeto 1.

The 1,3-BD selectivities (in C wt. %) were repadrgées 4.9 and 13.8 % at 10 and
20 % of ethanol conversions, respectively, whichensehieved at 320 and 350 °C, with
contact time of 1.78 s. At these reaction cond#iethene was the main carbon product.
The continuous increase of catalyst basicity, haredid not cause the increase of 1,3-
BD production. Instead, high butanol selectivitresre verified, which were confirmed
by coupled gas chromatography-mass spectrometryMGYL of the reaction output
stream. According to the authors, butanol formatiemould be favored on
hydroxyapatite samples due to the higher Ca-O @r28) distance, when compared to
Mg-O (0.210 nm). This higher distance would allome thydrogen released during
ethanol dissociative adsorption to be trapped d¢alyst surface instead of desorbing as
molecular hydrogen in the gas phase. These trapygdrdgens would be involved in the
hydrogenation of the crotonaldehyde, resulting-lvuanol.

Sepiolites, a crystalline magnesium silicate founadurally as a mineral, was
also studied to convert ethanol (GRUVER al, 1995). The effect of the partial
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substitution of Si and Mg atoms by Al atoms wasestigated. These authors also
evaluated the effect of silver addition on Al-cantag sepiolites. According to the
authors, silver introduced Lewis acidity on theatgdt samples, which caused the
increase of both acetaldehyde and 1,3-BD yieldsopsis of further ethanol dehydration
to ethene and diethyl ether. A positive effect oftact time on yields was observed at
280 °C. Besides, an induction period (which canubderstood as the contact time
required for the start of the 1,3-BD formation, gjivthe consecutive character of the
reaction kinetics) was observed for both 1,3-BD &dethene, suggesting that these
compounds should not be primary products but forfnech acetaldehyde and diethyl
ether conversion, respectively. These authors stiessed the possibility that 1,3-BD
formation could involve ethene, through the Prieaction, which will be explained in
the next section.

The exchange of magnesium atoms from sepiolitmétals (Mn, Zn, Ni, Co, V
and Cu) was reported by KITAYAMALt al, (2002), who also aimed to synthesize a
bifunctional catalyst for the ethanol to 1,3-BD wersion. All transition metals resulted
in high 1,3-BD vyields, in comparison to the maguossisilicate sepiolite precursor,
which showed no activity for 1,3-BD formation. Mokeer, among the metals, Co, Zn
and Cu were pointed as the most promising metatsriwert ethanol into 1,3-BD, since
they resulted in higher yields.

JONESet al (2011) investigated the role of bi and tri mataflystems (Zr/Zn,
Co/zn, Cul/zn, ColZr, Cu/Co, Co/Mn, Ce/Zr, Hf/Zn, NMn, Cu/Mn, Mn/Zn and
Cu/Zr/Zn) supported over S¥n the ethanol conversion. The catalysts weréallyit
evaluated at 375 °C and contact time of 2.3 s. Aynitie bimetallic systems, those
containing CuO or ZnO showed higher ethanol delyelnation capacity. However,
samples also presented high selectivities for etteerd diethyl ether (DEE). Besides,
the ZrZn/SiQ catalyst resulted in the best performance amoadgimetallic samples,
achieving 1,3-BD selectivity of 38.9 % at 46 % ahanol conversion, as shown in
Figure 1.2.13. It is rationalized that ZnO is aetior the dehydrogenation of ethanol,
whereas the Zr@s active for the crotonaldehyde Meerven-Ponnditariey reduction.

Trying to improve the catalytic activity of the Z1/SiO, system, silicas with
different pore diameter sizes (40, 60 150 A), prepaat distinct calcination
temperatures (300 and 500 °C), were investigatdter@as calcination temperature did

not exert a significant effect on catalytic actyil,3-BD selectivity raised from 28 to
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48 % when the Si©pore diameter size was increased from 40 to 158lthpugh no

clear effect of the pore size on ethanol conversigais observed. The silicon
environments of the samples containing differenD,Spore diameter sizes were
evaluated by nuclear magnetic resonaft® (NMR). A higher proportion of ©species

was observed for the sample with pore diameter sfz&50 A, suggesting a lower
concentration of Si-O-Zr or Si-O-Zn linkages onsttsample. Indeed, the surface
composition measured by X-ray photoelectron spsctpy (XPS) indicated that the
150 A sample presented half of the Zr content ofeskfor the 40 and 60 A samples.
Thus, it was not clear if the positive effect o8-BD selectivity resulted from the pore

size or the Zr content effect, or both.
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The addition of Cu, resulting in the trimetalligseem CuZrZn/Si@ produced
the highest 1,3-BD selectivity, reported as eqoabi.4 %, at ethanol conversion of
45 %. This result was obtained over the Si150 A pore diameter, whereas the same
system over the SiOof 60 A pore diameter presented 33 % of 1,3-B2ct@lity at
27 % of ethanol conversion, supporting the posigffect of the Si@ pore diameter
size observed for the bimetallic systems. Washiegdatalyst with NaOH suppressed
1,3-BD formation, supporting the hypothesis thathblsasic and acid sites are needed
for on the overall reaction pathway. Finally, thifeet of co-feeding ethanol and
acetaldehyde (AcH) was shown to give rise for tf&eBD selectivity in the case of the
bimetallic ZrZn/SiQ system, but no clear effect was observed overttingetallic
catalyst.

Mg-Al mixed oxides derived from hydrotalcites weaéso evaluated for the
ethanol conversion into 1,3-BD (LEONt al, 2011a-b). Hydrotalcites present
crystalline structure, with a global formula as @A(COs)(OH)e 4(H:0)). Thus,
mixed oxides obtained from the thermal decompasitbhydrotalcites are reported to
contain both basic and acidic features. As thegenmés also present high surface area,
they are expected to behave as active catalystiifferent reactions (PEREZ, 1997).

LEON and coworkers (2011a) studied catalyst symsheariables during the
preparation of Mg-Al mixed oxides derived from hgthicites. In this study, the Mg/Al
ratio was fixed at 3. The effect of keeping the @dhstant, or allowing it to be varied
during the precipitation, was evaluated. Moreovte, use of NZCO; and KCO; was
analyzed in terms of the compensation anion. Adgogrtb the authors, allowing the pH
to vary during the precipitation and using.N&; as the compensation anion favors the
1,3-BD formation. This result is associated to etéint distributions of acid and basic
sites generated from the distinct preparation nugthdlowever, the mixed Mg-Al
oxides resulted in high ethene selectivities, degahe undesirable strong acid feature
of these systems.

In order to overcome this drawback, aluminum atevese replaced by Eein
the Mg-Al mixed oxides derived from hydrotalcitdsEON et al, 2011b). This was
performed by adding a Fe(NJ@.9H,O solution to the aluminum and magnesium nitrate
solutions during the hydrotalcite precipitation.pgximents of N3 TPD suggested that
this approach allowed for success reduction ottialyst acidity. Thus, it was stressed

that the choice of the metal could constitute tgktrway to adjust acid-basic properties
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in these systems, in order to improve 1,3-BD yieltse 1,3-BD selectivities reported
over the Fe containing Mg-Al mixed oxides were eattow, below 16 %. In fact,
crotonaldehyde, butanal, butenes and butanols veése detected in significant
amounts.

The effect of the Mg/Al ratio of these mixed oxsdéad been previously
investigated for the ethanol conversion into 1,3-@D COSIMO et al, 1998). It was
observed, as expected, that the increase of tha&ralm content caused reduction of the
AcH yield and increase of the ethene formation. sTtas observed for the MgO-SiO
systems, the acid basic properties of Mg-Al mixeddes could be modified by
changing the Mg/Al ratio. However, employing Mg/&lolar ratios between 0.5 and 9,
the authors identified n-butanol, AcH, butanal,eeth and DEE as the major reaction
products.

The addition of different transition metals on tgO-SiO, system resulted in
significant improvement of the 1,3-BD formation rimoethanol (MAKSHINAet al,
2012). These authors studied five different prefpamamethods for this system. In the
first one, MgO and Si®@were mixed mechanically. In the second one, Mg i
SiO, were mixed mechanically. Wet-kneading of Mg(@ldhd tetraethyl-orthosilicate
was the third method. Impregnation of $i@ith an aqueous solution of magnesium
nitrate was the fourth method. Finally, in theHifinethod, MgO and SiQvere wet-
kneaded using ethanol. Besides, by employing ftterfiethod, at the Mg/Si molar ratio
of 2, eight catalysts were prepared, each of themtaining one of the following
transition metals: Cr; Mn; Fe; Co; Ni; Cu; Zn; aAd. One additional catalyst series
was prepared by using the second method at ditféigiSi molar ratios and also by
adding different silver contents. Finally, a secautlitional series, where SiQvas
impregnated with an aqueous solution of magnesiiirate (at the Mg/Si ratio of 2)
and then with an aqueous solution of zinc nitratas tested. The effect of the Mg/Si
molar ratio was also studied, from 1 to 3. All ¢gdasamples were calcined at 500 °C
during 4 h, and reactions were performed at 35040@°C, at atmospheric pressure
and spatial velocity of 0.18-4@c.r s+ makon™

As reported by KVISLEet al (1988) and GRUVERt al (1995), MAKSHINA
et al (2012) also reported an initial time period befobservation of stable catalytic
activity. In the study of MAKSHINAet al (2012), this time was approximately equal to

1 hour. After this, catalytic activity was desciibt® be stable during 7 hours.
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The effect of the Mg/Si molar ratio, employing thifferent preparation
methods, did not result in large variations on ik&BD selectivity, which fluctuated
mainly between 10 and 15 %, although the ethanavesion was omitted. It was
stressed that the simpler MgO-3i€ystem could not produce satisfactory 1,3-BD
yields. Similar surface areas and X-ray diffrackogs were observed for samples
containing similar Mg/Si ratios and prepared by tifferent methods. The only
exception was the system prepared by impregnatfothe® SiQ with the aqueous
solution of magnesium nitrate. This method in pattr resulted in lower surface area
and lower 1,3-BD selectivity (8 %) (MAKSHINALt al, 2012).

Regarding the transition metal addition on the M®QO, precursor, a clear
relationship between the transition metal electgatigity and the 1,3-BD selectivity
was verified. The higher was the electronegatiuitg, higher was the 1,3-BD vyield. The
only exceptions were Ag and Mn. No significant aparof 1,3-BD selectivity and
ethanol conversion was reported for samples cantaidifferent silver contents.
However, the effect of the Mg/Si molar ratio wasrenpronounced for silver containing
systems, contrasting with results obtained for #mmMgO-SiQ samples. In this case,
the Mg/Si most promising content was equal to 2.rédwer, samples prepared by
impregnation and containing different zinc contaetsulted in similar performances, as
observed for simpler MgO-Sg3amples (MAKSHINAet al, 2012).

According to the authors, the most promising pennces were obtained over
Ag/MgO-SiO, and Cu/MgO-Si@ samples. These materials resulted in approximately
60 % of 1,3-BD selectivity at ethanol conversion9@f% (the 1,3-BD productivity, in
Osp- Geai -h*, being equal to 0.07 and 0.06 at 350°C). By imsirgy reaction
temperature until 400 °C and the ethanol feed caitipn, 0.20 gp- G- h* could be
achieved by these catalysts; however, at the ddstn@r 1,3-BD selectivities (44 and
49 %).

Following the suggestions by JONES$ al (2011) and MAKSHINAet al
(2012), LEWANDOWSKIet al (2014) extended the study of transition metatfitamh
over the MgO-SiQ precursor, however by using simultaneously Zr ZndThe effect
of the Mg/Si molar ratio was evaluated in this chseveen 1 and 19. At 325 °C and
spatial velocity of 0.3, after 3 h of reaction, 1,3-BD selectivity incredswvith Mg/Si
molar ratio from 1 to 3, being reduced with the tawmus increase of the Mg/Si molar
ratio over simpler MgO-Si©systems. As reported by KITAYAMAet al (1996),
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LEWANDOWSKI et al (2014) also observed the reduction of the catalysace area
with higher MgO contents (higher Mg/Si ratios). Whéhe MgO-SiQ samples
containing Zr and Zn were evaluated, however, 10B-Belectivities increased
continuously with the Mg/Si ratio. It should be niened that a fixed amount of Zr and
Zn was added to the samples, equal to 1,5 and 0% fer Zr and Zn, respectively.
Thus, a maximum 1,3-BD selectivity of 68.7 % waaimfified at the ethanol conversion
of 30 %. Besides, for the ZrZn/MgO-SiGample at the Mg/Si molar ratio of 5.7, slight
improvement of the 1,3-BD selectivity was obserwdtwn the SiQwith pore diameter
size of 150 A was employed (selectivity raised fré8to 68 %).

The patent WO-015340 (ORDOMSKI¥t al, 2012) reported a large list of
possible new catalysts for 1,3-BD production fraime@ol and from mixtures of ethanol
and AcH. The mixed oxides described by this patesitded Ag/MgO-SiQ, Ag/TiO,-
SiO,, AQ/ZrO,-SiO,, Au/MgO-SiQy, Au/TiO.-SIO,, Au/ZrO,-Si0,, Co/MgO-SiQ,
ColTiO,-SIiO, and Co/Zr@-SiO,. These systems could be modified through addiifon
alkali metals or Ce, Sn or Sh. According to theereéd patent, 1,3-BD yields as 70 %
or higher could be obtained over these materials.

Probably inspired by results provided by JON&Sal (2011) regarding the
effect of the pore diameter size on the 1,3-BDdgelCHAE et al. (2014) investigated
the use of ordered mesoporous silica supportedltantoxide on the conversion of
mixtures of ethanol and AcH. Ordered mesoporouscasilwith different pore
morphology, size and crystal sizes were evaluatectspect to the ability to produce
1,3-BD and to the thermal stability as a functidrih@ time on stream. SBA-15, KIT-6
and MMS silicas were employed. These silicas pteperes with ordered geometry,
and they are synthesized by using special polymefstructure builders”, which act as
templates for the silica polymerization, being reew during the subsequent
calcination process. Such silicas present highefasel area and pore structure
organization, when compared with common commestialas. For instance, the SBA-
15 is characterized by its hexagonal channels, witbh 9 nm of diameter. The wall
thickness of SBA-15 contributes for its thermalbgtey. In the KIT-6 material, the
channels are orderly connected and the MMS presghiglrical channels with thinner
walls, when compared to the SBA-15 and KIT-6.

CHAE et al (2014) used 2 wt.% of 3@s supported over the special silicas,

although commercial silicas were also evaluated domparison. Besides, SBA-15
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samples containing different pore sizes were pezpéy using different temperatures
during the synthesis. At 350 °C, both the catalgttvity and the thermal stability of
the ordered mesoporous silicas containingOFavere superior, when compared to the
commercial silicas, as illustrated in Figure 1.2.T4he best performances of the
remarkable silicas could be associated to theiregti@nal textural properties; for
instance, the surface areas ranged between 58@8Gfhdf-g* (CHAE et al, 2014).
However, characterization of acid and basic propewas not reported.
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Figure 1.2.14— Total conversion of ethanol and AcH (empty sylepand 1,3-BD
selectivity (in C mol.%) (full symbols) for B&s/SBA-15 (circles), TzOs/KIT-6

(square) and T&®-/SIO, (triangle and diamond) (Reprinted and adapted fGHAE et
al., 2014, copyright (2014), with permission from &iwr).

These authors also verified a linear and positegelation among reactants
conversion, 1,3-BD selectivity and catalyst porsesover a series of J@s/SBA-15
samples. At 10 h of time on stream, 1,3-BD sel@gtitn C mol. %) was reported as
equal to 80 % at conversion level of 47 % overThgs/SBA-15 system. On the other
hand, the T#Ds/SiO, sample presented 75 % of 1,3-BD selectivity at¥@3of
conversion.

The addition of HO, to a feed comprising pure ethanol, over Zn@I,03
catalysts, was reported to present a positive effedhe thermal catalyst stability as a
function of the time on stream (EZINKWE al, 2014). An increase of the 1,3-BD
selectivity with the HO, addition was claimed. The increase of the lifeetiof the
catalyst was reported from 48 to 120 h; that isemvimo HO, was employed, the

catalyst started to show deactivation signals afg&eh of time on stream; when®;
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was employed, deactivation started after 120 h.ctes were performed at
atmospheric pressure, between 390 and 420 °C, wufifgyent spatial velocities
between 1.2 and 4.4'tand different ethanol to @, feed ratios.

According to EZINKWOet al (2014), the role of pD, could be associated to
the production of radicalar GHspecies, which would re-oxidize active sites on the
catalyst surface, improving 1,3-BD selectivity.-BB yields ranged from 18 to 24.5 %
and 1,3-BD selectivities ranged between 42 and 5B8l8vertheless, the effect obGh
on yields and selectivities was not very pronounéed instance, an increase from 18.1
to 18.2, or from 20 to 22.3 was described for 1[34Belds when HO, was added into
the feed. Thus, the most significant effect of ith€©, could be in fact associated to the
increase of catalyst life time.

Catalyst preparation variables were also studigdANGELICI et al (2014,
2015), who evaluated different preparation methfmisthe SiQ-MgO system. This
group compared the mechanical mixing of MgO and,SMh three wet-kneading
methods, by using different sources of Si&hd two precipitation methods. It was
claimed that the wet-kneading method was more gp@te, because this method
resulted in a lower acid sites concentration. Besidhe addition of CuO into the SiO
MgO system was reported to be very beneficial ® 1tB8-BD yield and selectivity.
According to these authors, 1,3-BD selectivity edifrom 30 to 50 %, while the ethanol
conversion raised from 50 to 80 % when SNIJO samples containing CuO were
tested (reactions were performed at 425°C, and tiabpavelocity of
0.149-18gcar s makon ).

At this point, it can be noted that, given thetfthat the reaction pathway of
ethanol transformation into 1,3-BD involve acid dvasic catalysis, a very large set of
different metal oxides might be applicable to tingsaction, as emphasized in the
previous discussion. In order to facilitate the panison among catalytic activities over
different systems described in this section, Tabl@ss and 1.2.7 were organized. Table
1.2.6 presents catalytic results over selectecesystemploying only ethanol as feed,

whereas Table 1.2.7 includes data where mixtureshaiol and AcH were used.
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Table 1.2.6 — Overview of catalytic activities for ethanol s@msion (X), 1,3-BD
selectivity (S), and 1,3-BD yield (Y), and main cgan conditions employed

(temperature (T), contact time) @nd ethanol feed compositioXgr)).

T

7 (S) orW/F

X

Sa

om\b
CAS 00)  (@allmobiods)  (motory (%) (n) YO Rl

Al,0s-ZnO 400 NI NI - - 18 1

Zr0, - Sio, 432- 34-

ThO, - SO, 460 NI NI NI a4 NI 2
MgO-SiG, -Cr,03 425 NI 82 NI NI 39
MgO-SiG; -Ta05 420 NI 82 NI NI 34
Al,Os-ZnO (60:40) 425 1.875 mlior/h- g4 94.4 NI 55.8
MgO-SiOy(1:1) (A) 50 84 42
MgO-Sioy(1:1) (B) 98 2 2

MgO-SiO,(1:1)-NaO 350 , 1,6 5
(0.1 Wt %) Ocal (MOleioH/S) 100 87 87
MgO-SiOy(1:1)-K;0
O Lt %) 80 87 70
MgO-SiG,
(Mg/Si = 0,83) 5.2 x 16 53 30 16
. 350 3,06 6
MgO-SiG, cal (MOletoH'S) 62 24 15
(Mg/Si = 0,63)
. 325- 6-10 13-
Hectorites 400 Gl (MOl /5) 9.68 46 NI 4-20F 7
MgO-SiO,(2:3)-NiO
(10 wt %) 280 288 NI 58 90 52 8
Cayo(POy)6(OH), 3325%- 1.78 16.4 50 23 - 9
MnO,/sepiolite 280 NI NI 92.5 - 55.5 10
Zr/Zn-Sio, 0.35-10 48 47.9
ziiznicu-sia  3"°  gjmokats) N 446 674 N 11
MgO-SiO, NI 16
Ag-MgO-Si0, 350 ?('rlnille b NI 975 582 NI 12
Cu-MgO-SiQ Geat (MOleto 97.1 56.3
Au-ZrOz-$|OZ 0.55-16 472 72 34
MgO-SiO, 325 /(MOkor/s) NI 45 40 18 13
Zr0,-Si0; Geal (MOer0 17 48 8
v-Al,03-ZnO 395 818 NI NI 55° 24.5 14
Mixed oxide derived
from hydrotalcite 450 ~85 =23 NI 15
(Mg/Al = 3) ,
Fe-Mg/Al mixed {t(‘)r';o:ll-oskls) 55
oxide derived from 230- % eto ~50 =15 NI 16
hydrotalcite 480 - -
MgO-SiO,
(Mg/Si = 3) 325 12000 R I
MgO-SiO-ZnZr 30 68.7
(Mg/Si =19) ’

NI = no information. 10 min of reaction; (A), (B) and (C) represent @iiéint preparation methods;

2 Reported yields based in the amount of reactansuwrned were assumed as selectivitytields are
based in the amount of reactant fé@alculation formula was not reported.
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Table 1.2.7— Overview of catalytic activities for ethanol aAdH conversion (X), 1,3-
BD selectivity (S), and 1,3-BD vyield (Y), and maieaction conditions employed

(temperature (T), contact time) @nd ethanol feed compositioX{y)).

Ethanol/ .
7(s) orW/F AcH s? Y
Catalyst (o) (g lmondey  molar X0 g g R
ratio
330 6.02-10° 3.03 30 60 NI 21
Ta0s - Si0, 325 4.90-10° 3.04 39 71 NI 19
350 45 25 55 64 35 18
MgO-SiO, -Ta,0s 400 90 30 27
Ta,05-Si0, 350 NI 2.75 50 69 34 3
Hf - Si0, 300 45 64 29
Zr - Sio, 300 47 64 30
MgO-SiO, 52x16
(Mg/Si = 0.83) 350 gca/(m0|et%|./8) 5 48 68 3B 6
. 0.70-1
Zr/Zn-Si0o, 375 Gead (MOleior/S) 4 45 66 NI 11
Cu-ZrO,-Sio, 325 63.4 71 45
Au-ZrO,-SiO, 325 38 82 31
Ag-TiO»-SIO, 325 49 72 35
Ag-Ta,0,-SiO, 325 465 71 33
Ag-ZrO,-SnG-Si0, 325 0.55.16 48 75 36
Ag-ZIOySbO-SIO, 325 o ol iy NI 50 76 38 13
Ag-ZrO,Ce0-SiO, 325 cat i eto 50.6 81 41
Ag-ZrO,-Na,0-Si0, 325 58 72 42
Ag-ZrO,-Ce0-
A|gzog-3ioz 325 46 74 34
Ag-ZrO,-CeG-SiO, 325 56 78 44
Ta -SBA-15 350 0.11-10 25 469 80 - 20
Geal (MOletot/S) ' '

NI = no information.? Reported yields based in the amount of reactanswoed were assumed as
selectivity;"Yields are based in the amount of reactant ¥€lculation formula was not reported.

Table 1.2.8 shows references indicated as “Rethenright column of Tables
1.26and 1.2.7.

Table 1.2.8— References from Tables 1.7 and 1.8.

Number  Reference NumbeReference
1 Lebedev, 1930 12 Makshietal, 2012
2 Spenceet al, 1948 13 Ordomskigt al, 2012
3 Corsoret al, 1950 14 Ezinkwet al, 2014
4 Bhattacharyya e Ganguly, 1962b 15 Lednet al, 2011-a
5 Ohnishiet al., 1985 16 Ledmrt al, 2011-b
6 Kvisleet al, 1988 17 Lewandowslet al, 2014
7 Suzukiet al.,, 1988 18 Corsoat al, 1949
8 Kitayamaet al., 1996 19 Quattlebaust al,, 1947
9 Tsuchideet al, 2008 20 Chaet al, 2014
10 Kitayameet al., 2002 21 Toussaiet al, 1947
11 Jonest al, 2011
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1.2.1 Final Comments

Based on the previous discussion, it can be sémh materials with
multifunctional properties have been studied, egligc MgO-SiO, systems
(JANSSENSet al, 2015; MAKSHINAet al, 2014). This is related to the fact that Mg-
O pairs may act as Lewis acid-Brgnsted basic aitesto the fact that silanol groups act
as a Brgnsted acid sites, which are necessarytfanel dehydrogenation (DI COSIMO
et al, 1998), acetaldehyde condensation (ORDOMSHYal, 2010), crotonaldehyde
reduction and crotyl alcohol dehydration to 1,3-Bflowever, due to the presence of
acid sites in these systems, ethanol dehydratioreth@ne and diethyl ether are
significant competitive reactions.

Therefore, efforts have been dedicated to thegdesi catalysts that are able to
suppress these undesirable parallel reactionanBtance, the addition of metals and/or
metal oxides based on Cu, Zr, Zn and Ag to the MEJO, system has been shown to be
beneficial to 1,3-BD yield (MAKSHINAet al, 2012, ORDOMSKYet al, 2010,
ANGELICI et al, 2014, LEWANDOWSKIet al, 2014, LARINA et al, 2015). In
particular, a synergic effect between Zr&@hd ZnO has been shown to exist (JONES
al., 2011; LEWANDOWSKIet al, 2014). ZnO may support ethanol dehydrogenation
and ZrQ is expected to assist aldol condensation and matdehyde reduction (JONES
et al, 2011, SUSHKEVICHet al, 2014, LEWANDOWSKIet al, 2014, LARINA et
al., 2015, SEKIGUCHEt al, 2015, BAYLONEet al, 2016).

Conversely, both catalyst composition and catapysparation method were
shown to be of paramount importance for 1,3-BD fation, since different acid-basic
features may be obtained, depending on synthesidittins (OCHOAet al, 2015,
ANGELICI et al, 2015, LEWANDOWSKIet al, 2014, BAERDEMAEKERet al,
2015).Due to this, different optimum Mg-to-Si molar ragibave been reported for 1,3-
BD formation, depending on the employed synthesixquure (MAKSHINAet al,
2012, OCHOAet al, 2015, LEWANDOWSKIet al, 2014).

Among the catalyst preparation procedures, differmethods have been
investigated, such as physical mixtures of MgO &i@, (KVISLE et al, 1988,
MAKSHINA et al, 2012), wet-kneading (NIIlYAMA et al., 1972, KVI&.et al, 1988,
JONESet al, 2011, MAKSHINAEet al, 2012), sol-gel (OCHO/At al, 2015, HANet
al., 2015), impregnation (MAKSHINAt al, 2012) and co-precipitation (ANGELI@L
al., 2014, LEONet al, 2011a-b). Whereas it has been proven that aigaiysixture
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between precursor oxides is not suitable for 1,348Bmation, since the resulting
catalysts show similar features to single MgO ai@, $hases, wet-kneading methods
have been the most widely discussed preparatiohadstin the literature, with less
attention being dedicated to sol-gel and co-préaipin methods (MAKSHINAet al,
2014).

In the wet-kneading preparation procedure, MgO @it are usually mixed at
the desired molar ratio in the presence of wateeddand calcined. Besides the specific
features of the MgO and Si@recursors employed and their molar ratio, thewarmof
water, time, ageing temperature, drying and calmngrocedure represent some of the
preparation steps that may affect the catalystanbeh (MAKSHINA et al, 2014).As
observed by energy dispersive X-ray (EDX) and tmassion electron microscopy
(TEM) analyses, materials prepared by wet-kneadmegusually heterogeneous in terms
of composition and morphology (KVISLEt al, 1988, ANGELICIl et al, 2014,
ANGELICI et al, 2015). These materials are generally constitbtedslands™ of MgO
and SiQ, and a limited amount of amorphous magnesia hjd@ae phase
(ANGELICI et al, 2014, 2015). These unique characteristics aseribed as the key
factor for the conversion of ethanol into 1,3-BOnce an intrinsic basic-acid sites
distribution is obtained on these materials (ANGEL#&t al, 2014, 2015).

Using a sol-gel method, OCHO&# al. (2015)observed that the Mg to Si molar
ratio affected the number, strength and distributd basic-acid sites, the surface area
and the crystalline structure of the catalysts, aotipg on product distribution. As
described previously, a comparison between wetdingaand a co-precipitation
method, at similar Mg:Si ratios, showed that themier is more suitable for ethanol
conversion into 1,3-BD (ANGELICet al, 2014, ANGELIClet al, 2015). However,
the co-precipitation method may constitute an &ffit preparation procedure for
production of catalysts with homogeneous properaélewing for better control of the
physical and chemical properties of the catalyst farilitating the determination of
structure-activity-relationships. Despite that, igorous study based on the co-
precipitation method has not been reported.

In the next section, a deeper discussion regattiegverall reaction pathway is
presented, and the possible role of the differetiva sites on the different reaction

steps is discussed.
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1.3 Mechanism of Ethanol Conversion into 1,3-Butaéine

As discussed in the previous sections, the rowst avidely accepted to account
for 1,3-BD production from ethanol involves five ns@cutive reactions, which are
illustrated in Figure 1.2.1. Initially, ethanoldehydrogenated to acetaldehyde. Then, 3-
hydroxybutanal is formed from acetaldehyde selbldation. Next, 3-hydroxybutanal
dehydrates to crotonaldehyde, which is reduced (Mei@-Ponndorf-Verley (MPV)
reduction) with ethanol to produce crotyl alcoholdaacetaldehyde. Finally, crotyl
alcohol is dehydrated to afford 1,3-BD (NII'YAMét al., 1972).

In the first step, ethanol is dehydrogenated tetadehyde (AcH). This step
involves basic sites. FRANCKAERTS and FROMENT (1p6tudied the kinetics of
ethanol dehydrogenation over an oxide, includingOgr CoO and CuO. It was
concluded that the surface reaction limits the tkiseand that ethanol adsorption occurs
non-dissociatively on two adjacent sites. DI COSIMO al. (1998) described the
ethanol dehydrogenation step as involving pairBrainsted basic and Lewis acid sites,
as illustrated in Figure 1.3.1, where B denotes Brensted basic site and A denotes
one Lewis acid site. GRUVER et al. (1995) alsoestahat ethanol dehydrogenation

could involve Lewis acid sites.

H " " Ho n
| | 2
H.C-C H H,C. c* K H.c2 % Hc ¢ T >
| BN Iy — |4 — I
H-O H O : H ©O g H ©O

. H*

L L L ]
- N - S - B a B’ B a B
Figure 1.3.1 — Mechanism of ethanol dehydrogenation over Mg-Aked oxides
derived from hydrotalcites, according to DI COSIMQal (1998).

In step 2, aldol addition takes place, producidgy@roxybutanal, as shown in
Figure 1.3.2. The basic site is responsible forptwon abstraction from the carbon
of acetaldehyde. This originates the enolate ionmicky in turn, attacks the carbonyl

carbon of a second acetaldehyde molecule, resultimane alkoxide ion. Finally, the
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alkoxide ion abstracts the proton from the basie, giroducing 3-hydroxibutanal and
releasing the basic site (BASTIANI, 2001).

H CH, CH, H CH, CH, ,C CH,
e e cn R R C
1l — — | |
°© o o w.0° o OH*
i
KB A KB A KB A

Figure 1.3.2 —Mechanism of 3-hydroxibutanal formation from atét¢hyde over Mg-
Al mixed oxides derived from hydrotalcites, accagito DI COSIMCOet al., (1998).

In step 3, 3-hydroxybutanal is dehydrated to eraldehyde (2-butenal) (for
each compound, the commonest name employed inténatlire was kept throughout
this text in order to facilitate the reading). Tiep benefits from the stability of the
resulting product, due to the double bond conjugatiherefore, it is believed that this
step occurs very fast. In the presence of bases siind at high temperatures, the
dehydration of 3-hydroxybutanal, as illustrated Rigure 1.3.3, could involve the
formation of an enolate ion, through proton absioacfrom thea carbon by the basic
site, and the subsequent crotonaldehyde formatiwaugh hydroxyl elimination from
the hydroxide ion (CAREY, 2001). However, the 3-tpdbutanal dehydration could
also occur over acid sites, as shown in Figured1l8.this case, Brgnsted (route 1) and
Lewis (route 2) acid sites could be involved (KAL3006).

OH OH H
QH H=C-CH; -oH-C-CH|  C
OH_(I:_CH3 ‘_= \\(:_C_ > \C:C — /CH
e—c2 4 \ \ !
C-C H\ H H H H HC\CH
H  lon 3 OH
3-hydroxibutanal enolate ion crotonaldehyde

Figure 1.3.3 — Suggested mechanisnfior crotonaldehyde formation from 3-
hydroxibutanal dehydration, involving basic sit€AREY, 2001).

In step 4, crotonaldehyde is reduced through #®anyl group, producing
crotyl alcohol (2-butenol) and acetaldehyde, asvshim Figure 1.3.5. The reaction is
known as the Meerwein-Ponndorf-Verley(MPV) mechanism and involves the

formation of a cyclic intermediate (not shown inetligure) from the adjacent
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adsorption of ethanol and crotonaldehyde. Ethalhmlva the hydride transfer from the
ethanol carbonyl carbon to the crotonaldehyde eaiboarbon (DI COSIMOet al,
2004).

H-A
/‘ Hox H
OH O O O
! - AN
— E—— —
H;C H HC™ g H
‘)
OH O A (@)
-H,O N
H3C)\/U\H — ki H3C/\)J\H
3-hydroxibutanal crotonaldehyde
/‘A Hox A
OH O LO” o)
2 HSC)\/U\H ) H3C)§/U\H
H H‘)

1- A denotes Bronsted acid site;
2- A denotes Lewis acid site. B

Figure 1.3.4 — Suggested mechanisnfor crotonaldehyde formation from 3-
hydroxibutanal dehydration, involving Brgnsted dmdvis acid sites (KALSI, 2006).

The ‘Meerwein-Ponndorf-Verley reduction'was described in 1920 for
homogenous reactions, explaining the carbonyl malucof aldehydes and cetones
resulting from the hydride transfer from an alcofuwmed over aluminum isopropoxide
(or other metallic alkoxides), used as a catalggiRTl and CZAKO, 2005). Thus, a
similar mechanism is hypothesized in the case derbgeneous catalysis, with

adsorption on a Lewis acid site.

Hc//CH H CHs  CH CHs  HeC
\ \CH HC\ CH /’(:H /O
L CH g He!  + Hee—¢
H O/~ T H O Q2 —> H H
A \A,, ' OH

Figure 1.3.5 —Suggested mechanisfar the Meerwein-Ponndorf-Verleyeduction of
crotonaldehyde, involving Lewis acid sites (KVISEEal, 1988).

Finally, in the last step, crotyl alcohol is delgteéd over acid sites resulting into
1,3-BD and water, as shown in Figure 1.3.6. On@mad@ransted (route 1) and Lewis

(route 2) acid sites may dehydrate crotyl alcohol.
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This global five-step mechanism was initially segigd by QUATTLEBAUM
et al (1947), who verified experimentally that higheB-BD yields were achieved
when crotonaldehyde and ethanol were used in tbd, fwhen compared to a feed
stream that contained acetaldehyde and ethanaolj assiQ or TaOs/SiO, catalysts.

NH-A

.
1, HC E’H 3 HsC Lgt"z"
*U3c=Cc{H  —= °73CTCT N
H H H H
OH D
HsC : H
*C=C—CH _| A Hed )
H h 15 H o >CEC=CH,
crotyl alcohol AA A_+ H 2 H
OH 0" N
> HC & _ HCo_ &M
sHtc:c( “H SH:c=c§ i H  ch,
H H H,c2o

H
1,3-butadiene

Figure 1.3.6— Suggested mechanidor the crotyl alcohol dehydration, producing 1,3-
BD. In the figure, B denotes a basic site.

With the TaOs/SIO, catalyst, the authors also observed that a feexhrat
containing pure acetaldehyde would be convertea ¢énbtonaldehyde, which was not
observed in significant quantities when ethanol acetaldehyde were passed over the
catalyst. This suggests that crotonaldehyde wassllyaponverted into crotyl alcohol
(presumably by an MPV process) and subsequently3dD. However, some reports
have recently ruled out the aldol condensatiorhasmain path, suggesting instead that
crotyl alcohol is produced through the reactiorwleetn an activated form of ethanol
and acetaldehyde (OCHO& al, 2015, CHIEREGATt al, 2015).

Some researchers suggested that 1,3-BD could @s@roduced from the
hydrogenation of the carbonyl group from 3-hydrag#énal, via 3-hydroxibutanol (1,3-
butanediol) dehydration (JONES al, 2011). However, this pathway has been ruled
out by TOUSSAINT et al (1947) and NIIYAMA et al (1972), who verified
experimentally traces of 1,3-BD when 3-hydroxibulanas used as reactant.

A different mechanism was also defended by GRUMWERal (1995), who
described the 1,3-BD formation based on the readieiween acetaldehyde and ethene,
the so called Prins reaction, as shown in FiguB71.However, ANGELIClet al
(2013) discussed the low probability for this réactpathway, since it involves the

generation of a highly unstable primary carbocatiom ethene.
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-H, -H,0 0
2 ~0OH — ) + =

:

-H,0 OH

N - P

Figure 1.3.7— Suggested reaction pathway for 1,3-BD formafimm acetaldehyde
and ethene (GRUVER! al., 1995, ANGELIClet al, 2013).

Thus, it can be said that the ethanol to 1,3-Bdztien mechanism is still subject
to debate. Furthermore, opinions also disagreerdegsn the rate-limiting step. For
instance, considering the overall reaction pathwasypresented in Figure 1.2.1, the
aldol condensation step has been suggested toebedkt probable rate-limiting step
over Ta0s-Si0, (JONESet al, 1949), Ag/Zr/SiQ (SUSHKEVICH et al, 2014),
Ag/MgO-SiO, (JANSSENSet al, 2015), Zn/MgO-Si@ (LARINA et al, 2015).and
Al,03-ZnO (BHATTACHARYYA and SANYAL, 1967) catalysts, veneas the ethanol
dehydrogenation (NIIYAMAet al, 1972) and the aldol condensation (KVISkEal,
1988) have been pointed to be the rate-limiting steer MgO-SiQ catalysts.

1.3.1 Final Comments

Based on the previous discussion, it seems di@abbth acid and basic sites are
important for the reaction pathway, which also aejseon the strength and distribution
of sites on the catalyst surface. Since no agreenegarding the rate-limiting step has
been settled, the design of unequivocal catalysgpegaties for increase of 1,3-BD yields
is not possible yet. Besides, it is important taenthat there is no fundamental
mathematical model available to explain the reackaetics in published material,
impairing the proper quantification of the rate-limg step and the design, optimization

and control of industrial reactors for ethanol cersion into 1,3-BD.
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1.4 Thermodynamics of the Ethanol to 1,3-BD Conveisn

This section is dedicated to discussing some thdymamic aspects of the
ethanol to 1,3-BD conversion. In order to evaluhtereaction feasibility, Gibbs energy
changes and compositions at the equilibrium staeewalculated. A description of the
employed methodology and hypotheses assumed torpethe simulations can be
found in Appendix A.

As discussed in the previous section, five reacsieps are required to describe
the ethanol to 1,3-BD conversion. However, sincerrttodynamic properties for 3-
hydroxybutanal, crotonaldehyde and crotyl alcohrel rzot available (ANGELICEét al,
2013), the feasibility of the reaction system wagled taking into account reactiohs
and?2 of Table 1.4.1. In fact, the overall reaction peadly could be described as shown
in Eq. (1.4.1):

2CH,CH,OH — G H,+2H,0+ H, (1.4.1)

Table 1.4.1} Reaction set considered for calculations of Gibhergy changes and
compositions.

Reaction Initial number of mols
CH,CH,OH - CH,CHO*+ H, (1) CHCHOH;, = 2
CH,CH,OH+ CH,CHO- G H+2 H,0 (2) CHCH,OHip = 1
CHs;CHO =1
CH,CH,OH — G,H,+ H,C (3) CHCHOH;, = 2
2CH,CH,0H - (G, Hy), OF H,C (4) CHCH,OHip = 2

In this case, however, the thermodynamics of tinar®l dehydrogenation to
acetaldehyde (AcH) would not be considered. Thaagctionl and 2 were used to
evaluate the thermodynamic feasibility, even thotgh known that reaction 2 does not
occur exactly as described.

Table 1.4.1 also shows the ethanol dehydrationticees, which comprise the

main competitive steps. For the simulations, reactemperature was assumed to vary
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from 25 to 500 °C at atmospheric pressure. Figudellshows the Gibbs energy
changes for reactions 1-4 (Table 1.4.1), which veeraputed separately. Values are in
good agreement with those reported previously (MAK$A et al, 2014, ANGELICI
et al, 2013).

From Gibbs energy changes, the ethanol to 1,3-&iersion is favorable and
the ethanol conversion at equilibrium is nearly &llove 250 °C, reactio®, as shown
in Figures 1.4.1 and 1.4.2. Ethanol dehydrogenatiecomes favorable around and
above 300 °C, reactiah as shown in Figure 1.4.1, with ethanol conversb®7 and
99 % at 450 and 500 °C, respectively, as shownguar€ 1.4.2. Ethanol dehydration to
ethene is favorable throughout the analyzed termyreraange, with full conversion
slightly above 200 °C, reactioB, as shown in Figures 1.4.1 and 1.4.2. Ethanol
dehydration to diethyl ether (DEE) is also favoeahlith Gibbs energy changes ranging
from -14 to -3 kJ/mol, from 25 to 500 °C, and ettlaequilibrium conversion
decreasing with the temperature increase, rea@joms shown in Figures 1.4.1 and
1.4.2.

40 -

20+

=
1
=

=20

-40 3
A NoH —L s g+ H,

AG, (kJ/mol)

-60 NoH + - X 2, W +2H,0 3

-804 /\OHL" X + H;0
1 27on 4= \O +Ho

-100 T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500

Temperature (°C)
Figure 1.4.1- Gibbs energy changa@;) as a function of temperature for reactions 1-4
in Table 1.4.1 at atmospheric pressure and irdbatpositions described in Table 1.4.1.

The thermodynamics of AcH to 1,3-BD conversionoining the AcH aldol
addition to 3-hydroxybutanal, dehydration to cratidehyde, the MPV reduction of
crotonaldehyde by ethanol and, finally, the cratigohol dehydration to 1,3-BD steps,
has been reported previously (MAKSHIN@&t al, 2014, ANGELIClet al, 2013,
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BHATACHARIA and SANVYAL, 1967). These authors calated the thermodynamic
properties of 3-hydroxybutanal, crotonaldehyde aratyl alcohol with help of group
contribution method (POILINGt al, 2001).

100
90
80 -
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10

Ethanol conversion (%)

o+ H0

20 4> O/ +HO
T ¥ 1 ] | y I ¥ | " I I

e :
50 100 150 200 250 300 350 400 450 500

Temperature (“C)
Figure 1.4.2 - Ethanol equilibrium conversions for reactions Table 1.4.1 at
atmospheric pressure and initial compositions asrdeed in Table 1.4.1.

According to the literature, the 3-hydroxybutanaformation is
thermodynamically unfavorable (positive Gibbs egertbanges were reported between
100 and 500 °C) (MAKSHINAet al, 2014, ANGELIClet al, 2013). However, its
subsequent dehydration to crotonaldehyde is hifgrgrable. Thus, even though the
overall AcH to crotonaldehyde reaction is thermayically less favorable at higher
temperatures, the temperature increase cause toecase of the ethanol
dehydrogenation rate, so that the AcH in excesscoeantribute to the aldol addition
(MAKSHINA et al, 2014, ANGELIClet al, 2013).

Moreover, the crotonaldehyde MPV reduction by ethavas also described to
present low Gibbs energy change value®)((MAKSHINA et al, 2014, ANGELIClet
al.,, 2013). However, it was observed that an excdsstlmnol (higher ethanol to
crotonaldehyde ratios) can shift crotonaldehydevemsion to higher values. Finally, the
crotyl alcohol dehydration to 1,3-BD was found te thermodynamically favored
(MAKSHINA et al, 2014).

When all reactions in Table 1.4.1 are considergdiléaneously (or, when the

following compounds are allowed to be present at élquilibrium: ethanol, ethene,

52



1. Literature Review
1.4 Thermodynamics of the ethanol to 1,3-BD convaomn

DEE, HO, AcH, H and 1,3-BD), ethanol conversion is complete at®s@°C. Figure
1.4.3(a) shows the molar fractions of products #mel ethanol conversion for this
scenario, using a feed of comprising 2 mols of mthaFigure 1.4.3(b) shows the
composition distribution excluding water and hyd¥ong This figure emphasizes that
ethene is the most thermodynamically stable prodlintis, ethanol dehydration must
be suppressed kinetically in order to increaseli}3BD yield (MAKSHINA et al,
2014), by tuning catalyst active sites.
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1 HO (a)

Ethene
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Figure 1.4.3— Equilibrium composition at 1 atm, using pureagtbl as reactant (2

mols). The following compounds were allowed to bespnt at the equilibrium: ethanol,

ethene, DEE, kD, AcH, B and 1,3-BD. In (a), molar fractions were calcufate

excluding ethanol; in (b), molar fractions wereccddited excluding ethanol, water and

hydrogen.
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The effect of AcH addition to the ethanol feed wasported as
thermodynamically insignificant, when equilibriunomapositions obtained from feed
streams containing a mixture of ethanol and AcHlfatethanol to AcH molar ratio of
3) and pure ethanol were compared to each othe KBHNA et al, 2014).

However, as data presented by MAKSHIN&A al (2014) showed a slight
increase of the 1,3-BD molar fraction when AcH waiged considered with ethanol in
the feed stream, and as experimental data inditaétso-feeding of ethanol and AcH
can enhance the 1,3-BD yield (CORS®©Nal, 1949, JONE®t al; 2011), the effect of
the ethanol to AcH molar fraction on equilibriummgoositions was also evaluated here.
For these calculations, all compounds in Table 11.4ere allowed to vary
simultaneously, and the initial number of mols waways equal to 2. Thus, for
instance, at the AcH composition of 20 mol %, Odswf AcH and 1.6 mols of ethanol
were used as initial reactants in the simulatiéingure 1.4.4 shows a point of maximum

for the number of 1,3-BD mols produced as a fumctibthe AcH content in the feed.
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Figure 1.4.4— Effect of the AcH feed content (0 % represent®@thanol = 2 mols) on
1,3-BD mols produced at different temperatures atrfh. The following compounds
were allowed to be present at the equilibrium: ethgethene, DEE, #D, AcH, H, and
1,3-BD.

It could be expected that the 1 to 1 ethanol tbl A®ed ratio would result in the
higher 1,3-BD formation, given the stoichiometryrefction 2 (Table 1.4.1). However,
one must note that all compounds in Table 1.4.ewensidered simultaneously in the

equilibrium calculations. Thus, co-feeding of Achifts the ethanol conversion to 1,3-
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BD, suppressing ethene formation at equilibriumsi8es, one must note that the
number of 1,3-BD mols represented in yhaxis of Figure 1.4.4 is also a measure of the
1,3-BD yield.

Even though aldol condensation, MPV reduction rotanaldehyde and crotyl
alcohol dehydration reactions were not considerethé simulations (due to lack of
thermodynamic properties for these compounds))teeptesented in Figure 1.4.4 are in
agreement with experimental observations in theedmat there is an optimum ethanol
to AcH molar ratio (CORSONet al, 1949, JONESet al, 2011). However, as
commented in Section 1.2, a higher rate of carlatiniz (coke formation leading to
catalyst deactivation) was observed when higher AcbBntents were used
experimentally (CORSONMNt al, 1949).

Figure 1.4.5 shows a comparison between Gibbgygrdranges for the ethanol
to 1,3-BD conversion considering three overall tieas. Here, the overall reaction
pathway Eqg. (1.4.1) was included as reactionts feasibility is confirmed by the
negative values obtained in the temperature ratypiesl. The Prins reaction, which
was suggested as a possible route to produce 1,GERWVERet al, 1995) from AcH
and ethene, is indicated as reacti@n It can be seen that such pathway is
thermodynamically possible within the temperatuege, but less probable because of

the much lower 1,3-BD vyields and selectivities.

40 2 N0H — 1 N #2H,0 + Hy

20 5 /\OH +/§024>\/\\\ +2H,0
| reaction 1

0-\ S 02 Mo

reaction 3

=20

reaction 2

-40 -

AG, (kJ/mol)

-60 -

-80 1

100100 150 200 250 300 350 400 450 500

Temperature (°C)
Figure 1.4.5 - Gibbs energy changes as a function of tempexya#tiratmospheric
pressure and using pure ethanol in the feed.
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Equilibrium compositions were also studied considethe presence of butene
in the reaction system, as described in Table 1Bune formation must be kinetically
avoided, since formation of butene is thermodynaityienore favorable than formation
of 1,3-BD, as shown in Figure 1.4.6 and also indiddoy MAKSHINA et al (2014).

Table 1.4.2 — Alternative reaction set considered for equilibr composition
calculations.

CH,CH,OH+ CH,CHO- G H+2 H O (1)
CH,CH,OH - CH,CHO+ H, )
CH,CH,OH - CH,+ H,C ?3)
2CH,CH,0OH - (G H), O+ H,C (4)
C4 H6+ Hz - C4H8 (5)

100 4+———————

1 — ™\ Ethanol conversion
90

80
70
60
50:

AcH

- 1,3-BD

Molar fraction and ethanol conversion (%)

Y T | L | D (S )| Y T T
100 150 200 250 300 350 400 450 500

Temperature (°C)
Figure 1.4.6— Equilibrium composition at 1 atm, using 2 mofsethanol as reactant.
All compounds in Table 1.4.2 were allowed to vampdtaneously. Molar fractions
were calculated excluding ethanol, water and hyginog

A thermodynamic consideration is necessary fortocradehyde reduction.
Particularly, it was evaluated whethes ¢duld affect the crotonaldehyde reduction step
through a competitive reaction step. BHATTACHARYYand SANYAL (1967)
reported Gibbs energy changes at 380 and 460 %aaen in Table 1.4.3. ANGELICI
et al (2013) presented Gibbs energy change for the saawtions at 400 and 425 °C,
as shown in Table 1.4.4. Thus, it has been agtesdite crotonaldehyde reduction by
ethanol constitutes the most probable route.
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Co-feeding of ethanol and crotonaldehyde resutduigher AcH amounts than
expected when AcH is produced only through ethaeblydrogenation. Thus, this was
described as an experimental evidence for the cexece of MPV reduction by ethanol,
since this route produces AcH, explaining the Actdess (BHATTACHARYYA and
SANYAL, 1967).

Table 1.4.3— Gibbs energy changes for the crotonaldehydecteotuby ethanol and
hydrogen, as reported by BHATTACHARYYA and SANYALY67).

AG (kJ/mal)
25°C 380 °C 460 °C

C,H.CHO+ CH,CH,OH— GH+ CHCHG HO 7.1 -305 -389
C,H.CHO+ H, — C,H,+ H,0 - 213 -20.9

Reaction

Table 1.4.4— Gibbs energy changes for the crotonaldehydectextuby ethanol and
hydrogen, as reported by ANGELI€l al (2013).

AG (kJ/mal)
25°C 400 °C 425 °C

C,HCHO+CH,CH,OH-. GH+ CHCHG HO 22 -12 -14
C,H.CHO+ H, - C,H,+ H,0 325 9.0 119

Reaction

Although values reported by different authors préssome discrepancies,
probably associated to the different calculationthmds employed, the important
information is that the reaction that involves ptesents less negative Gibbs energy
changes, so that this competitive route is lessrihle.

Finally, Figure 1.4.7 shows the effect of undesirproducts on 1,3-BD
thermodynamic yieldYgp, calculated with Eq. (1.4.2), wheMsp outiS the number of

1,3-BD mols at the equilibrium adkion inis the initial ethanol number of mols.

N (200
Yoo (%0) =2 —— (1.4.2)

EtOH,in

These calculations were performed using the Gibhergy minimization
method, described in Appendix A. When AcH, 1,3-BD), H,O, ethene, diethyl ether
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and 1-butene are considered as reaction prodings],B-BD thermodynamic yield is

the smallest possible, equal to 13 % at 500 °@ djrrigure 1.4.7).

100
90 -
] d
80+
— 70
=) 1
a\_: 60
- ]
= 504
- i ]
g 40 ]
30-: ¢
204
1 b
10 5
0 T T T T T T T
100 200 300 400 500

Temperature (°C)
Figure 1.4.7 —Equilibrium 1,3-BD yields at atmospheric pressuseng 2 mols of
ethanol as reactant. Compounds considered in tingdaion: (a) ethanol, AcH, 1,3-BD,
H,, H.O, ethene, DEE, and 1-butene; (b) ethanol, AcHBD3 H,, H,O, and 1-butene;
(c) ethanol, AcH, 1,3-BD, K H,O, ethene and DEE; (d) ethanol, AcH, 1,3-BDQ, H
H.0. 1,3-BD yield was calculated as Eq. (1.4.2).

If ethene and DEE formation can be avoided, 1,3y reaches 18 % at 500
°C (lineb). On the other hand, if the formation of 1-buteae be suppressed, then 1,3-
BD vyield reaches 25 % at 500 °C (lioe Finally, when formation of ethene, DEE and
1-butene is not allowed, 1,3-BD becomes the mosir&l containing carbon product
(line d).

1.4.2 Final Comments

This chapter showed that the ethanol to 1,3-BD vemion is
thermodynamically feasible. It was verified thatfeeding of acetaldehyde can lead to
increase of 1,3-BD yield at thermodynamic equilibni Furthermore, the reaction
temperature window with higher yields is betweei® 3hd 500 °C. However, ethene
and butene formation is more favored. Thus, ethdebldration and butene formation

must be suppressed kinetically in order to obtéaghér 1,3-BD vyield.
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1.5 Experimental Fluctuations and Experimental Degn

1.5.1 Experimental Fluctuations Characterization

As discussed in the previous sections, in ordgréealuce 1,3-BD from ethanol,
special catalysts are required, as the conversfoatl@mnol into 1,3-BD involves a
complex network of consecutive reactions, which troes promoted by distinct active
sites. The ideal catalyst should contain both basid acidic sites, distributed
homogeneously throughout the catalyst surface (MAKE\ et al, 2012). However,
ethanol dehydration to ethene and diethyl ether adse expected to constitute an
undesired competitive reaction, due to the presasfcacidic sites on the catalyst
surface. Thus, considerable effort has been coratedton the careful catalyst design
(MAKSHINA et al, 2014) for proper balancing of obtained reactwaoducts, with
much less attention dedicated to effects of opmmatiariables (such as temperature,
pressure and compositions) on the overall procedsnmance for a particular catalyst.

In spite of that, the appropriate design, optiti@aand control of the overall
reaction process require the adequate descripfioragtion phenomena with help of
mathematical models, in order to represent the nyidg relationships among
independent (for instance, reaction temperatues tmncentration and residence time)
and dependent variables (for instance, ethanol emsion and 1,3-BD selectivity).
Besides, the kinetic mechanism can be better utodersvhen more fundamental rate
equations can be proposed, allowing for estimatainkinetic parameters and
equilibrium constants (FROMEN@t al,, 2011).

During the model building process, model paranseteust be estimated using
the available experimental data. This process westhe minimization of an objective
function that measures the distance between modetlighions and observed
experimental results. When experimental data foltbes normal distribution and the
independent variables are known with good precjditos objective function can usually
be written in the form (SCHWAAIRt al, 2008, BARD, 1974):

SO)=(y -¥Y)' V' -y°) (1.5.1)
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wherey’ is the vector of model responsg$,is the vector of experimental responses
and V is the covariance matrix of experimental fluctaai. Since model responses
must be described as functions of the independariahles,x’, and of the model

parameters, as

y =1(x,0) (1.5.2)

the minimization of Eq. (1.5.1) in fact requirese tdetermination of the parameter
values that lead to the point of minimum of theeative function defined by Eqg.
(1.5.1). However, as the experimental data contamavoidable experimental
uncertainties, parameter estimates are also untdgasome extent. The parametric
uncertainties are usually calculated with helph&f tovariance matrix of the parameter

estimatesy,, defined as
V,=[B"V,B]™ (1.5.3)

where B is the sensitivity matrix that contains the firdérivatives of the model
responses in respect to the model parameters (SCAB\& al, 2008, BARD, 1974).
As the model parameters are uncertain, model pfredfc are also subject to
uncertainties, which can be calculated in the fof(bARENTIS et al, 2003,

SCHWAAB et al, 2008b):

V, =BV’ (1.5.4)

As a consequence, the precise determination ofrempntal fluctuations is of
fundamental importance for model building and eatbn of model adequacy,
although careful determination of experimental exrie frequently overlooked in most
kinetic studies.

It is also important to emphasize that availabdpegimental data can often be
explained by different mechanistic interpretatigpesiticularly during the initial steps of
investigations performed in the field of catalysgFEROMENT et al, 2011,
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KNOZINGER et al, 1973). In this case, experimental design teakesgcan be
employed for discrimination among rival models (SEANAB et al, 2006 and 2008b).
The main idea behind these techniques is to peréxperiments at conditions that can
lead to the maximum difference among the respoofséee rival models, making model
discrimination easier. In order to do that, differdesign criteria have been proposed in
the literature (SCHWAABet al, 2006 and 2008b, ALBERTOMNt al, 2011). For
instance, SCHWAABet al. (2006) proposed the use of a discriminating fiamct
between rival modelsh andn that takes into account the probabilitigsdhd R for the

analyzed models to be the correct ones, in the:form

Dnn(X) = (PPYTY oX) =¥ (0]'V L XY (¥ =Y (V] (1.5.5)

wherez is a parameter used to modulate the relative itapoe of the rival model$,

is a vector of response variables for madelndV , nis defined as
Vin =2V ) +V (&) +V &) (1.5.6)

whereV is the covariance matrix of experimental fluctuat@ndVy, is the covariance
matrix of model responses calculated for madetith Eqg. (1.5.4). In order to find the
maximum value of Eq. (1.5.5) (and the best setxpieemental conditions for model
discrimination), independent variablesnust be manipulated with help of a numerical
procedure. Once more, the detailed characterizatibrexperimental fluctuations,
contained in the covariance mathNk is of paramount importance during the model
building process.

Usually, experimental fluctuations are assumeddoindependent from each
other and constant throughout the experimentaloregihese hypotheses allow for
significant simplification of the objective functiadefined in Eq. (1.5.1), as the matrix
V becomes diagonal and independent of the experaheanditions. However, it has
been demonstrated that the use of such assumpiithsno previous experimental
evidence may lead to inconsistent kinetic conchsigLARENTIS et al, 2003).
Additionally, the proper characterization of thevanance matrix is fundamental for
computation of accurate kinetic parameters (LAREBI&l al, 2003, ALBERTONet
al., 2009).
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It is also important to observe that characteratof V can also allow for
detailed observation of local kinetic phenomendindd here as microkinetic analysis
(LARENTIS et al, 2003). The idea is simple and appealing: if thgerimental
fluctuations are not independent and are not cohgt@hich can only be assured if
detailed characterization of error fluctuationpé&formed), then the fluctuations of the
distinct analyzed variables affect one anothergaéng the underlying local reaction
mechanism. The use of the wofttscal" and"microkinetic” can be justified by the low
magnitude of the error fluctuations when replicades performed. For instance, these
error fluctuations can be present due to smallat®n in the catalyst mass used in
replicates and, since catalyst mass affect allti@ac simultaneously, the deviations in
the replicates are connected with the particulactien mechanism that is occurring on
the catalyst surface. As a consequence, the cowarianatrix of error fluctuations
contains information about the experimental erramgl about the underlying kinetic
mechanism, which can be used for model building &mgetic interpretation
(LARENTIS et al, 2003).

1.5.2 Experimental Design

As commented in the previous section, experimatdtd can often be explained
by different mechanistic interpretations. In thigse, it is necessary to design new
experiments to discriminate among candidate modeigure 1.5.1 illustrates the
process of experimental sequential design whichhinlge used for this purpose
(SCHWAAB and PINTO, 2011, ALBERTON, 2010).

In the first stage, an initial set of experimeigsperformed, allowing the
parameter estimation of the model candidates. Thea:,quality of each model is
evaluated. If more than one model is able to erpdaiperimental data satisfactorily, it
is necessary to perform new experiments. Theseexperiments are usually performed
sequentially and designed according to a discritianecriterion. The new experiment
is then carried out and the information obtaineddsled into the initial experimental
set. Models parameters are re-estimated and thelngo@lity is checked again. The
process stops when only one model can adjust empetal data or when it is

concluded that discrimination cannot be achievedhis case, proposed models, ranges
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of independent variables and the magnitude of #permental fluctuations must be
revised (SCHWAAB and PINTO, 2011).

Initial experimental
set

Y

Estlmat}on of model - New experiment(s)
parameters is performed

Y

Statistical analysis
of models quality

Is it possible to
discriminate
the models?

Stop

Is there
only one
suitable model ?

Design new
experiment(s)

End

Figure 1.5.1 — Sequential experimental design steps for modstrichination
(SCHWAAB and PINTO, 2011).

Some previous studies have investigated the kiasgects of the ethanol to 1,3-
BD conversion; however, without sufficient suppoftstatistical analyses (JONES$
al., 1949, EZINKWOet al, 2014). Furthermore, the effects of common reacti
variables, such as temperature and contact timeetbanol to 1,3-BD reaction
performance have been usually studied usingahange-one-factor-at-a-tirhemethod;
that is, one variable is changed while the othepeemental conditions are kept
constant (KVISLEet al, 1988, MAKSHINAet al, 2012, SUSHKEVICHet al, 2014,
JANSSENS et al, 2015, BHATTACHARYYA and SANYAL, 1967,
BHATTACHARYYA and GANGULY 1962a-b). Based on thisethod, it has been
found that temperature exerts an important nontireféect on 1,3-BD yields, as
observed with different catalysts (SUSHKEVIGH al, 2014, LARINAet al, 2015,
JANSSENSet al, 2015, BHATTACHARYYA and GANGULY 1962a-b). Simila
studies have shown that the weight hourly spag#baity (WHSV) also modifies 1,3-
BD vyields and selectivities (SUSHKEVICHt al, 2014, LARINA et al, 2015,
JANSSENS et al, 2015, BHATTACHARYYA and SANYAL, 1967,
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BHATTACHARYYA and GANGULY 1962a-b). Usually, enhaament of 1,3-BD
selectivities (SUSHKEVICHt al, 2014, LARINAet al, 2015) and yields (LARINAet
al.,, 2015, BHATTACHARYYA and SANYAL, 1967) could bebserved when the
WHSV was reduced, suggesting the positive effeatonitact times on reaction yields,
as one might already expect. However, nonlineactdfof ethanol flow rates on 1,3-
BD vyields were verified over different single anioshdry metal oxides (such as MgO,
Zr0O,, Al,03-MgO, Al,Os3-Fe03, Al,03-Cr,03 and ZrQ-Fe,03) (BHATTACHARYYA
and GANGULY 1962a-b).

One of the main drawbacks associated with “tfe&nge-one-factor-at-a-tirhe
method is the fact that the influence observedHerparticularly analyzed variable may
not be the same when some of the remaining expetaheonditions change (NEL&
al., 1999). This can occur because variables mayaictavith each other, resulting in
unexpected nonlinear effects (NEIgE al, 1999). Such interaction effects can only be
identified when variables are investigated and maated simultaneously. Statistical
experimental design techniques, such as factoealgds, overcome this drawback,
allowing for identification and quantification ofi¢ distinct main variable effects and
variable interaction effects.

In a factorial design, experimental conditions angormly distributed over the
experimental region and, after the definition ofpestmental conditions for each
variable, all possible combinations among variaXperimental conditions are defined
as experiments. In its simplest structure, theof#ait design defines two levels of
observation for each variable and combines thenddfievels among all variables. In
this case, for instance, the study of two varialbéssilts in four experiments, the study
of three variables results in eight experiments, e number of experiments increases
with the number of variables, as defined in Eq.{@).§8SCHWAAB and PINTO, 2011).

NE = NL'™X (1.5.7)

In order to make easier the calculation of vagakiffects, variables are
normalized, modifying the upper and lower experitaboonditions to +1 and -1. When
two levels are employed for each variable, onlydinand interaction effects can be
quantified. Thus, additional experiments must bsigled in order to verify the
existence of non-linear effects (BGXal, 1978, SCHWAAB and PINTO, 2011).
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The use of factorial designs presents the paaticativantage of allowing the
maximization of the information content of the espental data set, as variable effects
can be computed with minimum uncertainty (EDGARal, 2001, LARENTISet al,
2001). In this case, mathematical models can beldpgd to correlate with maximum
efficiency the independent (such as reaction teaipez, feed concentration and contact
time) and dependent variables (such as ethanolecsion and 1,3-BD selectivity),
making data interpretation easier and more robust.

Besides, the phenomenological approach usualtsléa very large number of
model parameters, making their estimation diffiWARENTIS et al, 2001, PINTCet
al., 2011, SCHWAARBet al, 2008). For this reason, the empirical modellgeaction
data, with help of sound statistical tools, mayntngéch more efficient for analysis and
optimisation of complex catalytic processes, asuge of empirical mathematical tools
is relatively simple and much less time consumib§RENTIS et al, 2001, CALLEJA
et al, 1995). Regardless, the initial set of experirmessigned statistically may be

used afterwards as the initial set of experimassllustrated in Figure 1.5.1.

1.5.3 Final Comments

Despite the clear importance of the characterimatiothe covariance matrix of
experimental fluctuations, as required by the pa@&tamestimation procedures used for
model building and experimental design techniquesduor model discrimination, no
proper characterization of experimental fluctuagiomvolved in the ethanol to 1,3-BD
conversion has been performed yet. Besides, ncepmpathematical modeling of this
reaction system has been developed yet. Experiméetsign techniques, such as
factorial designs, can be very useful to quantiky éffects of independent variables on
the dependent variables. Regardless, no work hagloged this technique for

investigation of the ethanol to 1,3-BD reaction.
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2. OBJECTIVES

Two main objectives were pursued in the presemkwbhe first objective was
to develop new catalysts for the ethanol to 1,3-B@hversion. The second main

objective was to study the reaction kinetics amhidy the reaction rate-limiting step.

Within the first main objective, the most importasyecific objectives are described
below.

1.1 To study the co-precipitation method for the pragian of magnesium silica
oxide catalysts with different Mg-to-Si molar rajofor use in ethanol to 1,3-BD

reactions;

1.2 To investigate the possible advantages of dopingnesium silica oxide

catalysts with dehydrogenating metal oxides, s@chBreD and ZrQ

1.3 To evaluate the role of catalyst acidity on ethawol,3-BD conversion, while
using the co-precipitation catalyst preparation hodt by modifying catalyst acidity

through addition of alkali metals, such as Na, i &Q to the final materials.

Within the second main objective, the most impdr&pecific objectives are described

below.

1.1 To characterize the covariance matrix of experimlefitictuations of product
compositions from ethanol conversion reactions ggaréd over MgO-Si@ systems,
determining the effect of reaction conditions awadityst properties on the covariance
matrix of experimental fluctuations and analyzihg kinetic information contained in

the covariance matrix of experimental fluctuations.

1.2 To evaluate the effects of operation variableshsag temperature and ethanol
flow rate, on reaction performance with help ofull factorial design technique, with
emphasis on the 1,3-BD productivity (inofbcarh), an important variable for real

industrial applications.
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3. MATERIALS AND METHODS

3.1 Catalyst Preparation

3.1.1 MgO-SiQ preparation

In a typical synthesis, catalysts at the Mg:Si mo#dio of 25:75, 50:50, 75:25
and 95:5 were prepared by co-precipitation. For 38660 material, 9.01 g of S;O
(Sigma-Aldrich, purity of 99.8 %, average partisiee between 0.2-048m and surface
area equal to 200 £ 25 m?/g, code product S5505) digsolved in 100 mL of 1.2 M
NaOH solution (Sigma-Aldrich, purity of 99 %). Timeixture was kept under heating
(100 °C) under vigorous stirring until complete Sidissolution. The solution was
cooled and 42.4 g of NG@O; (Sigma-Aldrich, purity of 99.9 %) were added. A
Mg(NOs),- 6HO solution (Sigma-Aldrich, purity of 99 %) was adddrop-wise into
this mixture under constant stirring at 25 (38.85 g of Mg(N@)2- 6H,O in 200 mL).
The pH was maintained at 10.5 by adding appropriptantities of 1.2 M NaOH
solution and, at the end of the process, the smiwolume was adjusted to 600 mL with
addition of deionized water. The resulting mixtwras stirred for 2 h and aged for 22 h
at 25°C. Finally, the mixture was filtrated and washedwa.5 L of boiling water. The
precipitate was dried at 8C for 24 h before grinding. Materials were calcimedir at
500°C for 4 h, using a heating rate ofG/min. For the different Mg to Si molar ratios,
the combined Mg and Si concentration was alwayslegu0.5 M. Variations from this
method were studied as described in Section 4Her@ise, the method employed was
performed as described above. Samples were lab&tedgO-SiQ-x, where x

represents the Mg:Si molar ratio.
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3.1.2 ZnO and ZrO, containing MgO-SiO, systems

In order to produce materials with 1.5 and 0.5%tof Zr(IV) and Zn(ll),
respectively, 0.57 g of ZrO(N§p- H,O (Sigma-Aldrich, purity of 99 %) and 0.24 g of
Zn(NGs),- 6H,0 (Sigma-Aldrich, purity of 98 %) were dissolved5 mL of deionized
water, and the solution was added to 10 g of th©NO,-x system. The solution was
stirred at room temperature until the mixture waspletely dry. Finally, the solid was
calcined in air at 500C for 5 h. These samples were labeled as ZrZn/MgD-%§

wherex represents the Mg:Si molar ratio.

3.1.3Alkali metals addition

ZrZn/MgO-SiG-(50:50) catalysts were modified through addition of alkali
metals. For the Na doping, the appropriate volum®.2 M NaOH solution was added
to the final catalyst drop-wise. For instance, irder to produce materials with
1.2 wt. % of Na, 1.321 mL of the 1.2 M NaOH soluativere added to 3.0 g of catalyst
with help of a volumetric pipette. The mixture wespt under stirring during 1 h at
25°C before drying at 80C for 5.5 h and finally calcined in air at 500 for 5 h
(5°C/min). KOH (Sigma-Aldrich, containing 10 wt. &% water) and LIOH- KO (Alfa
Aesar, purity of 99 %, product code A15519) wereedusnstead of NaOH for
comparison. The overall catalyst preparation prooeds illustrated in Figure 3.1.1.
Samples were labelled g8Ve/ZrZn/MgO-SiG-(50:50), wherey denotes the content of
the alkali metaMe in weight %.

3.1.4 K0:ZrO 2:Zn0O/MgO-SiO, (50:50) preparation

As it will be discussed in Section 4.3, one catalyh superior 1,3-BD activity
was produced when potassium was used as the ailktdl. Besides, it was verified that
the removal of calcination steps 1 and 3 from Feg8rl.1 resulted in a catalyst that
presented the best performance to 1,3-BD. Thughtosake of clarity, the preparation

of this catalyst is illustrated in Figure 3.1.2.
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Step 1: MgO-SiO,-x preparation.

NaOH Sio,

Nach3

Stirred, aged,
filtrated, washed
and dried.

Calcination 1

+ Step 2: ZrZn/MgO-SiO,-x preparation.
{ Zn(NOs), 6H,0 ZrO(NO3), H,0 MgO-SiO,-x i
Stirred until
dryness. '
e Calcination2 |
Step 3: y-Me/ZrZn/MgO-SiO,-x preparation.
: NaOH, or KOH, or LIOH.H,0
! ZrZn/MgO-SiOy-x
: Stirred and !
dr{gde_ an > Calcination 3 :

Figure 3.1.1 -Schematic representation of the catalyst preparatio
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7
N
RZ

Stirred, aged,
filtrated,washed
and dried.

...........................................................................................

Step 2: Z2rO,:Zn0O/MgO-SiO,, preparation.

{ Zn(NO3), 6H,0 ZrO(NO3), H,O MgO-SiO,

7

& D

Stirred until

— :‘

Zr0,:Zn0O/MgO-SiO,

Stirred and
=\
~@

............................................................................................

Figure 3.1.2 -Schematic representation of the(KZrO,:ZnO/MgO-SiQ-(50:50)

catalyst preparation procedure.
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3.1.5 Other catalysts

In order to compare the performance of catalys¢pared in the present with
catalysts reported previously in the literatureg wther catalysts were prepared, which
were described as suitable materials for the ethand,3-BD reaction (JONESt al,
2011, MAKSHINAZEet al, 2012).

The first catalyst was constituted by CuO, Zr&hd ZnO containing silica,
labelled as CuZrzn/Si§) which was suggested for the ethanol to 1,3-Blxtrea by
JONESet al, (2011) and BAERDEMAEKER al, (2015). In order to produce a final
material loaded with 1 wt. % of Cu, 1 wt. % of 4rd80.5 wt. % of Zn, 0.327, 0.387 and
0.239 g of Cu(C@H3),-H,O (Sigma-Aldrich, purity of 99%), ZrO(N£k-H,O
(Sigma-Aldrich, purity of 99 %), and Zn(N- 6H,0 (Sigma-Aldrich, purity of 98 %),
respectively, were added to 200 mL of deionizedewaAfter complete dissolution of
the metal salts, under constant stirring, 10 g i@,fDavisil grade 645, 35-65 Mesh,
with pore diameter of 150 A and purity of 99 %) eedded to the solution. The slurry
mixture was kept under stirring until the water veasporated. The powder was then
dried in an oven at 80 °C during three hours bdbeiag calcined at 500 °C for 5 hours,
using a heating rate of 5 °C/min.

The second catalyst was constituted by CuO caniklgO-SiQ system. The
preparation procedure was adaptated from MAKSHENAL (2012). In this procedure,
8.0 g of MgO (Sigma-Aldrich, purity of 99%) and 6.§ of SiQ (Davisil grade 635,
with pore diameter of 60 A, 35-65 Mesh and purity98%) were added to 42 mL of
deionized water at room temperature. The slurrytunéxwas kept under stirring until
the water was evaporated before being dried aC8@uting four hours. In a separated
becker, 0.991 g of Cu(GOHj3),- H,O (Sigma-Aldrich, purity of 99%) were dissolved in
60 mL of deionized water under constant stirring. this mixture, the previously
ground MgO-SiQ powder was added and the resulting mixture wasedtiuntil the
water was evaporated. The dried powder was firalgined at 500 °C during 4 hours,
using a heating rate of 5°C/min. One must to tioé similar Mg to Si molar ratio,
equal to 2, and Cu to Si molar ratio, equal to D\W8re employed, as suggested by
MAKSHINA et al (2012).
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3.2 Catalyst Characterization

3.2.1 Physical Characterization

Scanning electron microscopy (SEM) and energyetpe X-ray spectroscopy
(EDX) analyses were carried out on a JEOL6480LYZ0(akV. Energy-dispersive X-ray
spectroscopy was carried antsitu during the SEM analyses. At least 5 different spot
were selected for detailed characterization, ineprid evaluate the homogeneity of
elements within catalyst particles. Powder samplese dispersed over a carbon tape
and kept within a vacuum chamber during 24 h bedoraysis. Copper was used as the
element for analysis optimization, Appendix F.

Measurements of static adsorption of &t -196°C were obtained using a
Micromeritics 3Flex instrument. Samples were degasst 150°C under vacuum for
2 h prior to analysis. The specific surface area walculated using the Brunauer,
Emmett and Teller (BET) model using data in a reéapressure (p§) range between
0.01 and 0.2. The pore size distributions wereutated from the adsorption data using
the Barrett-Joyner-Halenda (BJH) model (ROUQUERSDAI, 1999).

Powder X-ray diffraction (pXRD) was performed orBRUKER D8-Advance
diffractometer using Cu&k (A = 1.5406 A) radiation. Intensities were measureéith &
0.02 step size and a measuring time of 0.3 s per pdilhtsamples were analyzed
between Bragg angles from 5 to 80 ©, but diffraxdots are presented in the present
thesis starting from 15 ©, in order to avoid thiraction interference observed between
10 and 15 °, which was attributed to the employelgrpethyl methacrylate (PMMA)
sample holder, Appendix B.

3.2.2 Chemical Characterization

295j solid-state MAS NMR was performed using a VanddMRS 400 MHz
spectrometer, operating at a resonance frequenc¢9.4#8 MHz with a spinning rate of
6 kHz. 1000 scans were accumulated with a recydle of 60 s and the pulse length of
4.5us . The®Si{*H} CP MAS NMR spectra were recorded on the sametspmeter.
4000 scans were accumulated with a recycle timk fThe CP contact time was 3.0

ms. The?Si chemical shifts are referenced to tetrametlayisil
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‘Li solid-state MAS NMR was performed using a VarldNMRS 400 MHz
spectrometer, operating at a resonance frequent$®#05 MHz with a spinning rate
of 14 kHz at room temperature. 500 scans were agladed with a recycle time of 2 s
and pulse length of 1,0s.

Acidity of samples was determined by temperatug@ammed desorption of
ammonia (NH-TPD) experiments in a Setsys Evolution TGA Setasystem coupled
with anin-line mass spectrometer (MS), OmniStar™ Pfeiffer Vaci@uadrupole, for
measurement of the outgas composition. The releasemmonia (m/z = 15) was
monitored. The signal m/z equal to 15 was usedrdleroto avoid interference by the
fragmentation of water molecules. Samples (100 waye exposed to N¢for 48 h at
room temperature before TPD experiment. In thic@dare, samples were kept within
a closed chamber containing an opened flask of ammohydroxide solution (Sigma
Aldrich, 28 % NH in H,O, purity of 99.9 %). Pure argon, 100 mL/min, waedi as
sweep gas. Before starting the analysis, the acalythamber was purged from
ambient air using argon flow at 200 mL/min for 4ihmThe NH-TPD analyses were
started by heating the sample at 10 °C/min fromnrdemperature to 700 °C and
maintaining that temperature for 0.5 h, under argon

In situ infrared spectroscopy (IR) spectra wereorded on a PerkinElmer
Frontier spectrometer. Measurements were perfolmgetcumulating 15-30 scans at a
resolution of 4 cil. CHCk was used as molecular probe for basicity evalnatio
(TAMURA et al, 2012), whereas NHwas used as molecular probe for acidity
assessment. For the basicity evaluation, sampl@sn@) were exposed to CHC(3
drops, Sigma Aldrich, purity of 99.9 %) at 20 °Cg®! (Sigma-Aldrich, purity of 99%)
was also used for comparison. For the acidity assest, samples (100 mg) were
exposed to Nkl for 48 h at room temperature before IR measuresneimt this
procedure, samples were kept within a closed chamd@aining an opened flask of
ammonium hydroxide solution (Sigma Aldrich, 28 % NHK H,O, purity of 99.9 %).

Basicity of catalyst samples was also assessetefyperature programmed
desorption of CQ (CO,-TPD). A flow system coupled with arn-line mass
spectrometer, Prisma™ Pfeiffer Vacuum Quadrupoks wsed to measure the outgas
composition. The release of G@m/z = 44) was monitored. Prior to adsorption, the
sample (200 mg) was pre-treated with helium flow (@L/min) for 1 h at 500 °C
(10 °C/min). Samples were then exposed te @@v (60 mL/min, pure) for 0.5 h at
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100 °C. CQexcess was removed with helium flow at 100 °C f& 1 The C@TPD
analyses were performed by heating the samplaeabfd 0 °C/min from 100 to 700 °C
and maintaining the temperature of 700 °C for Q.6rider helium.

X-ray fluorescence (XRF) was used to quantify blaék chemical composition
of samples. Powdered samples (300 mg) were preds2d kN/cm?2 to provide disks
with diameters of 18 mm. The disks were then armayzy XRF under vacuum, using a
RIX 3100 RIGAKU spectrometer. Metal loadings wetsoaassessed by inductively
coupled plasma optical emission spectroscopy (I&SOby the MEDAC LTD
Analytical and Chemical Consultancy services.

Thermogravimetric analyses of selected used catalywere carried out in a
Setsys Evolution TGA Setaram system coupled withiraline mass spectrometer,
OmniStar™ Pfeiffer Vacuum Quadrupole, for measurgnoé the outgas composition.
Samples (20 mg) were heated from room temperatuf®®0 °C under air flow (100
mL/min), using a heating rate of 20 °C/min.

Thermogravimetric analyses of used catalysts wkse earried out in &&DT
Q600 TA InstrumentsSamples (10 mg) were heated from room temper&but@00 °C

under air flow (100 mL/min), using a heating rat0 °C/min.

3.3 Catalytic Reactions — Unit 1

Two catalytic units were employed. The first on@asned here as Unit 1, while
the second one is named as Unit 2.

In Unit 1, isothermal catalytic reactions werefpaned in a flow quartz packed-
bed reactor at atmospheric pressure, as illustiateeyure 3.3.1. The inner diameter of
the catalytic bed was equal to approximately 1 Gifme reactor was kept within an
electrical furnace and a thermocouple was kept teettie catalytic bed for temperature
control. Nitrogen was used as diluent (15 ml/mimsmflow controller MKS). Quartz
wool was used before and after the catalyst bedrder to fix the catalyst particles.
Before the experiments, the catalyst sample (100wap pre-treated with nitrogen
flow for 1 h at 500 °C (5 °C/min). Reactions wehnert performed between 300 and
450 °C, using an ethanol weight hourly space vBldgWHSV) of 0.8 it. The WHSV

was defined as the ratio between the ethanol nassrate and the catalyst mass. The
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ethanol mass flow rate was measured at the inéet &ndition (20 °C). The ethanol
molar fraction in the inlet reactor stream (gasgeavas equal to 6 % on these runs.
The ethanol was fed into the reactor with helproéthanol saturator containing ethanol
(99.9 % v/v) at 20 °C, through which, Was bubbled. The gas mixture containing
ethanol and Mfrom the ethanol saturator outlet was heated UB®m°C before feeding

the reactor.

9
—
—
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3 4| b
] 6>
=\ | >

Figure 3.3.1— Schematic representation of the Unit 1 catalygiaction. Numbed
denotes the computer used for data acquisiioepresents the gas chromatogrepls

the reactor furnacet is the ethanol saturatds;is the isothermal batch used to keep the
ethanol saturator temperature const&@trepresents valves for ;Nstream inlet;7
represents temperature controllé3ss a barometer ar@lis a digital temperature reader
connected to a thermocouple kept close to theatdlie ethanol saturator.

The reactor output stream was analyzed afteh @b time on stream
(TOS) using gas chromatography with help of an &gil3000A Micro GC instrument,
equipped with three channels, each one containthgranal conductivity detector and a
column. The first channel contained a moleculavesieolumn (Molsieve 5AAgilent,
3 m m long 0.32 mm diameter, Ln of aluminosilicate stationary phase), which was
used to separate light gases, such a<C, and M. In this column, Argon was used as
the carrier gas. The second channel contained a@IHPPLOT/Q column with
length of 8 m, diameter of 0.32 mm andik of polystyrene-divinylbenzene stationary
phase. This channel was used to separate Cl-C4ocmmup, such as GOethene,
ethane, propane, propene, 1,3-butadiene, butemeitéhe,cis- and trans2-butene),
besides water, and the carrier gas was Helium.lfirthe third channel contained an

OV-1 column (Agilent, 14 m long, 0.15 mm of dianret2um of dimethylpolysiloxane
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stationary phase), which was used to separate ogyge compounds, such as
acetaldehyde, ethanol, diethyl ether, crotonaldelaya crotyl alcohol.

Before reaction experiments, ethanol and all pdssieaction products were
calibrated in the Micro GC instrument, as detailedhe next section. Appendix C
presents the employed chromatographic method apegx D presents experimental

data used for calibration.

3.4 Characterization of Experimental Fluctuations

The characterization of experimental fluctuationt ethanol to 1,3-BD
conversion reactions was performed using the datakyaction Unit 1, described in the
previous section.

The term "experimental fluctuation” is used heredpresent the total intrinsic
experimental variability associated with compositimeasurements of unconverted
ethanol and reaction products in the reactor oudtetam. Therefore, experimental
fluctuations comprise the intrinsic fluctuations loéth the analytic chromatographic
system and the reaction process, which are relateéde composition measurements,
Figure 3.4.1.

Chromatographic
H |- system

Catalytic
process ‘ Measurement

[T fluctuations

Catalytic reaction
fluctuations

:

Composition measures
with experimental
fluctuations
from both catalytic
system and
chromatographic analysis

....................................................................

Figure 3.4.1- lllustration of experimental fluctuations of cposition measurements.
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The intrinsic experimental fluctuations relatedthe analytic chromatographic
system are referred here as the chromatographisureaent fluctuations (or only
measurement fluctuations), while the intrinsic expental fluctuations related to the
catalytic experiments are referred here as thdytiataeaction fluctuations. However,
catalytic reaction fluctuations cannot be determimedependently from measurement
fluctuations, since measurements obtained from ga®outputs present variability
components originated from both catalytic and clatmgraphic systems and are,
therefore, measures of the total experimental dlatbdns. Thus, in order to discriminate
measurement fluctuations from catalytic reactiarctthations, both fluctuations were
determined.

Chromatographic measurement fluctuations wereutakd through replication
of chromatographic analysis at different compositapnditions, as shown in Table
3.4.1. In these replicate runs, chemical compowvele fed into the measuring system
with help of a saturator (for ethanol and diethylez analyses) or gas cylinders (for 1,3-

BD, acetaldehyde, ethene, butene and hydrogensasly

Table 3.4.1- Molar fractions of ethanol, land main carbon containing products used
for characterization of measurement fluctuationd @& calibration.

Molar Fractions (%}

Ethanol™ 5.80 4.26 2.10 0.89 0.53
1,3-Butadiené&”  5.03 1.80 0.68 0.36 0.20 0.10
Acetaldehydé” 7226  66.65 24.73 16.29

Ethené® 7.94 2.70 2.03 1.09 0.53 0.34
Diethyl ethel”  49.47  28.34 13.49 7.86 4.30
Hydrogen® 13.80  7.01 1.84

[a] Molar fractions were modified by varying,Xlow rate.[b] Ethanol was kept in a saturator at 20 °C
and N was used as diluent. The saturator outlet streammixed with a second,tream, which had its
flow rate varied][c] A gas mixture constituted by 2-butene (1.91 %duliene (2.90 %) and 1,3-butadiene
(5.03 %) was usedd] Pure acetaldehyde was diluted with [&] A gas mixture constituted by ethane
(4.99 %), ethene (7.94 %), propane (12.28 %), pref2.00 %) and n-butane (2.97 %) was uffgédAs
described for ethanol, but the saturator tempegatas kept at 16 °Qg] A gas mixture constituted by,H
(13.8 %), carbon monoxide (7.9 %) and carbon diex&l2 %) was used. All gas cylinders mixtures were
diluted in N..

At least three replicates were performed for eaomposition condition. These
experiments were used simultaneously to calibfateGC instrument and to estimate
measurement fluctuations. It must be emphasizetdttiese tests were not performed

under reaction conditions.
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From these composition measurements, variancege walculated for each
composition condition using Eq. (3.4.1), Whesrjé is the variance of observed molar
fractions of compoundat conditiony, yi,-k is thek-th observation of the molar fraction of
compound at composition conditiop y; is the average of observed molar fractions of
compound at composition conditiopandNR s the number of replicates.

NR k _v )2
2~ %) (3.4.1)
NR-1

S =

Thus, it was possible to correlate compositiornth Whe respective measurement
fluctuations.

For characterization of catalytic reaction fludtoas, three experiments were
performed for each reaction condition. The reactecmmditions employed distinct
temperatures. Specifically, reaction replicatesewperformed at 300, 350, 400 and
450 °C. The covariance matrix of catalytic reactiffnctuations of composition
measurements at each reaction condition was cochpuite Eq. (3.4.1) and Eq. (3.4.2),
where s;* is the variance of observed molar fractions of poundi at reaction
conditionj, &’ denotes the covariance of observed molar fractibm®mpounds and|
at reaction conditiof, yi,-k is thek-th observation of the molar fraction of compourat
reaction conditior], y; is the average of observed molar fractions of cmmgi at

reaction condition andNR s the total number of replicates.

£ = 2O =¥ =)

= (3.4.2)

Finally, the correlation matrix of observed compiosis at each reaction
condition was calculated with Eq. (3.4.3), whesg represents the correlation
coefficient of observed molar fractions for compdsinandl at reaction condition

i 4 (3.4.3)
Pl =— 4.
55

At this point, it must be noted that the dimensafrthe covariance matrix of

catalytic reaction fluctuations which must be ugmdparameter estimation can be much

bigger than that one defined in the previous payrfor the covariance matrix of
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catalytic reaction fluctuations of composition m@asnents at each reaction condition.
For instance, let us assume that the vector of medponsey from Eq. (1.5.1) is
defined taking into account two compounds (foranse, ethanol and 1,3-BD) and four
different reaction conditions. In this case, assyet that only the average values
(obtained from replicates) for each compound mdtaction would be used for
parameter estimation, the full covariance matrixatalytic reaction fluctuations (used
for minimization of the objective function definég Eqg. (1.5.1)) would contain 8 rows
and 8 columns (SCHWAAB and PINTO, 2007), as illattd below.

I SétOHJi <‘T-IlétOH, BD /YEIEH EtOH TEITOZH BD /\/TléE)H EtOH XTliE-%OH BD /YTIE?QH EtOH /YTl’EtCBD
{-BrlD,EtOH SZBD,'E XESZEIOH /Y-Ié'[-)rZBD XTIB’-I;" EtOH XTlé-IE—:)" BD XTléTlg EtOH XTléTlg BD
XI-IE—?OTII-I,EIOH XEZIOTI1—| BD SzEtOH, 7 {-IEEtOH BD XTZE:SH EtOH XTZI’E-tréH BD XTZQEOH EtOH /YTZYI-EF?OH BD
V _ -BI—ZD’-,I—lEtOH gzli,TlBD <tgzD, EtOH SZBD 7 X ngg EtOH X TZBE)—3 BD /Y TzéTS EtOH X Tzlgl—; BD
XE{&}H,EIOH X-Er?gh,BD X-I;:igﬂ, EtOH X-II—ESI’(-:)I—ZH BD SZEIOHJ <t-gEtOH BD /Y gI’El“EZ)H EtOH /Y 5’E}—O,H Bl
Xevkon  Xeoso  Xemzon  Xeneo € eoeon  Seoy X epeon X smeo

Ta T Ta Ty T T2 T T, UNE Ty Tg 2 Ta
XElOH,EIOH XEIOH, B XEIOH,EIOH XEIOH, BD X EtOH EtOH X EtOH BD S EtOH,T E EtOH BO
T4 T4 T, T T T4 T3 T T3 Ty 2
L XBD,EIOH /YBD, BD XBD EtOH X BD BD X BD EtOH X BD BD g BD EtOH S BO,T |

This matrix shows, besides the covariances ameagtion compounds at the
same reaction temperature, the existence of cowa@saamong variables measured at
different temperatures;f). It is usually assumed that these covariangeare equal to
zero, since experiments at different conditions fnayassumed to be independent, but
this is not necessarily true and can depend onptbeess analytics and operational

procedures.
3.5 Catalytic Reactions - Unit 2

For experiments carried out in the catalytic reaciunit 2, catalytic tests were
performed using a flow quartz packed-bed reactat@iospheric pressure. The inner
diameter of the catalytic bed was equal to 1.8 aoh@uartz wool was used before and
after the catalyst bed in order to fix the cataptticles. The reactor was kept within a
Carbolite electrical furnace and Argon was used as theearagas (8 mL/min). Ethanol

was fed with a Harvard Apparatus PHD 2000 prograblenanfusion syringe pump
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(Harvard Apparatus, UK). In all experiments, etHa@® wt. % in distilled water was
employed. Figure 3.5.1 illustrates the catalytiagtlZn showing the infusion pump (left)

coupled to the reactor system (right).

AL kihey

Figure 3.5.1— Catalytic reaction Unit 2: ethanol feed pump agactor system.

The ethanol WHSV was varied in the range from @32t5 h' through
modification of the ethanol flow rate, keeping ¢ggamass (2.0 g) and carrier gas flow
rate fixed. The investigated WHSV range correspdntte ethanol molar fractions
between 0.41 and 0.85. The contact time (calculatethe ratio between the catalyst
volume and the total gas flow at the reaction tawmpee) ranged from 1.3 to 5.3 s.
Reaction temperature ranged from 300 to 2DO0Both WHSV and temperature ranges
were consistent with the majority of the reactionditions used in the literature.

The exhaust gases were analyzed after 3 h ofamsream (TOS) with help of
a gas chromatograph (Agilent 7890A) coupled to asrspectrometer (Agilent 5975C
with triple axis detector) instrument. Gas samy[@8 mL) were collected from the
outlet reactor stream using a SGE gas tight syrmige0 mL. The compounds were
separated chromatographically using a HP-PLOT/@mal with length of 30 m and
diameter of 0.53 mm diameter. Quantification of positions was performed using a
flame ionization detector (FID). The mass spectt@medetector was used to confirm
the identity of reaction products. The GC was catdd as detailed in Appendix D,
whereas the chromatographic method is detailedppeAdix C. Carbon balances were
typically better than 90 %.

Ethanol conversionX), selectivity §), yield (Y), and 1,3-BD productivityRgp,

In Oep/Qcarh) were calculated with Eq. (3.5.1), (3.5.2), @5and (3.5.4),
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respectively, wher@&lgon in and Newon out represent the number of mols of ethanol that
were added and collected, respectivélydenotes the number of mols of the product
NP is the total number of products; and the ratio between the number of carbons of
the producti and of ethanol. For 1,3-BD, for instanaeis equal to 2. Finallymea

denotes the catalyst mass a@mslthe total reaction time.

X (06) = Mo ;lN o) 1100 (3.5.1)
S (%) = ZIZN [100 (3.5.2)
Yi(%):%moo (3.5.3)
Pas :% (3.5.4)

3.6 Experimental Design

The effect of the experimental reaction variabtesyperature and WHSV, on
the catalyst performances were investigated wilp bé a two-level factorial design,
with four central point experiments. These expentaewere performed using the
catalytic reaction Unit 2. The statistical desigop@ach was chosen to allow for
simultaneous and precise quantification of the nediiects of temperature and WHSV,
their interaction effect and to study any potentiah-linear effects present on catalyst
activity (NELE et al, 1999, LARENTISet al, 2011, BOXet al, 2005). The
experimental variables;, were normalized within the [-1, +1] interval, aoding to
Eq. (3.6.1).z represents the actual value of variahle. denotes the actual value of
variablei at the central condition (equal to 350 °C and h®3or temperature and
WHSV, respectively) Az is equal to 25 °C and 0.31"lor temperature and WHSV,

respectively, and; is the normalized value of variable
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x =A% (3.6.1)

Table 3.6.1 shows the experimental design matvit) normalized and actual
values of reaction conditions. Four experimentseaitral condition (Exps. 5-8, Table
3.6.1) were carried out in order to evaluate thpeexnental error and to test for the
evidence of non-linear effects. Two additional &eaperiments, -2 and +2, were
performed for each variable (Exps. 9-12), to alltaww improved quantification of
nonlinear effects (NELEt al, 1999). Besides, Experiments 13 and 14, at ciomdit-1
and +1, were performed to evaluate the predictewability of the proposed models.
Finally, additional experiments were performed $sess the system behavior at higher
WHSYV values (Exps. 15-18).

Table 3.6.1 -Matrix of experimental conditions: actual and nolizeal variable values.

Experiment Temperature (°C) WHSV (b))
Z1 (X1) 2> (x2)
1 325 (-1) 0.62 (-1)
2 325 (-1) 1.24 (+1)
3 375 (+1) 0.62 (-1)
4 375 (+1) 1.24 (+1)
5 350 (0) 0.93 (0)
6 350 (0) 0.93 (0)
7 350 (0) 0.93 (0)
8 350 (0) 0.93 (0)
9 300 (-2) 0.93 (0)
10 400 (+2) 0.93 (0)
11 350 (0) 0.31 (-2)
12 350 (0) 1.55 (+2)
13 325 (-1) 0.93 (0)
14 375 (+1) 0.93 (0)
15 325 (-1) 2.49 (+5)
16 350 (0) 2.49 (+5)
17 375 (+1) 2.49 (+5)
18 400(+2) 2.49 (+5)

Ethanol conversions, product selectivities, mdlactions of reaction products,
1,3-BD vyields and 1,3-BD productivities were sedgctas response or dependent
variables to assess reaction temperature and WHfg¢te Models with the general
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form of Eq. (3.6.2) - a classic structure usedaatdrial designs (NELEt al, 1999,
LARENTIS et al, 2011, BOXet al, 2005) - were then applied to correlate dependent
variablesy;, with the reactions conditions, using the indegerndormalized variables,

Xi.
y=h+bhx+bx+ ,xx+ b k-4)+ bf %-1) (3.6.2)

The parameters of Eq. (3.6.B),andby, b, b11 andb,,, are related to the linear,
interaction and quadratic effects of temperatu\AHSV, respectively, whilgg is the
independent bias parameter. Finallyis a constant used to guarantee the orthogonality
of the design matrix, calculated as shown in E&.83, whereNE is the total number of
experiments. Parameters from Eq. (3.6.2) were astanusing least-squares estimation
procedure (PINTO and SCHWAAB, 2008, BARD, 1974).

Statistical significance of the estimated modebpeeters was evaluated with the
standard t-test (PINTO and SCHWAAB, 2007). Whengwemameter significance was
lower than 5%, the parameter and respective variaddfect were regarded as
statistically insignificant and were removed frorg. £3.6.2). Besides, fit quality was
always verified by comparing experimental varianegh Eq. (3.6.2) prediction
variance using the standard F-test (BO& al, 1978), in order to avoid
overparameterized solutions. For all obtained nmmdekperimental variances were
always statistically equal to prediction variancasgpporting the satisfactory statistical

quality of the computed models.

_ 1
A= e (3.6.3)
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4. RESULTS AND DISCUSSION

4.1 Effect of co-precipitation variables used for peparation of
MgO-SiO, systems on catalytic activity

Initially, Mg-Al mixed oxides derived from hydrdtites were prepared with
Mg/Al ratios of 3 and 5. These catalysts were setbdecause the co-precipitation
method used for preparation is well defined (LE@&Nal 2011a, DI COSIMCet al,
1998, PEREZ, 1997). Thus, these materials wereapedpand evaluated in terms of the
catalytic activity. As observed previously (LEQ#H al 2011a-b, DI COSIMCet al,
1998), and expected, the products distributiomfrethanol conversion over Mg-Al
mixed oxides derived from hydrotalcites was largentaining, among other minor
compounds, carbon dioxide, ethene, ethane, buteme and trans) propene,
acetaldehyde (AcH), diethyl ether (DEE), butanal 4r8-BD. This means that 1,3-BD
selectivities obtained were low, leading to very lgields compared to other major
products, such as butanol and ethene. The powitgaif these materials for ethanol to
1,3-BD conversion is related to the strong acidégture of Lewis acid sites of Al
species (DI COSIM@t al, 1998). The catalyst preparation method by caipiation
was, however, successful and allowed for preparatd the target materials, as
illustrated in the pXRD diffractograms presentedhe Appendix E.

Therefore, the co-precipitation method was adaptedorepare MgO-Si®
systems. Figure 4.1.1 illustrates the initial tdsfeD procedures. All runs used the
same stirring time after the end of the precipiaij2 h) and the same aging time (22 h).
Moreover, all runs used the same Mg to Si molaorat 1, and the combined Mg and
Si metals concentration was 0.5 M (0.075 mols cdr&l 0.075 mols of Mg were mixed
into 300 mL of the preparation solution).
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Method A: Method B
[1923g] i [19.23 ¢]
Mg(NO3); 6H,0 ! Mg(NO,), 6H,0
100 mL v 100 mL
e 08 piag M g B0 pra g o

Stirred, aged, : Stirred, aged,

filtrateq, washed filtrated, washed .

and dried. ¥ and dried.

Calcination Calcination :

Method C: o (1923 ¢] : Method D: 3 [19.23 g] :

: : ) i | Mg(NO3), 6H,0!

: 2 Mg(NO,), 6H.,0: i NaOH . [21.2 ¢] . 3725012
[0 [450g 1212l [ MoNOa28M O g 1420 ] | 1100 mL]

iNaOHK/Sioz Na,CO; E 100 mL] [I\EiM] &Sloz

> 25°C

[l — ) [l — ] o 60-80 °C

' E Stirred, aged, E
Stirred, aged, o filtrated, washed
filtrated, washed | and dried. .
and dried. N
. Calcination
Calcination alcinatio

Flgure 4.1.1- MgO-SiQ-(50-50) preparation methods. The final volume \ahlgays
completed to 300 mL with distilled water in methosld. Calcination was performed
at 500 °C for 4 h (5 °C/min), under air flow (50 fmiin). All employed flasks were
made of polypropylene.

Initially, NaOH, SiQ and NaOs; were mixed simultaneously in 200 mL of
distillated water, Methods A-B, Figure 4.1.1. Thpuaous magnesium nitrate solution
was added to the previous mixture under stirring oiropwise manner. Thus, Methods
A and B were distinct in respect to the precipitatand stirring temperature. In Method
A, precipitation and stirring were performed kept2& °C, while in method B, this
temperature was raised to 90 °C. Method B was pedd in order to verify if a higher
temperature could result in higher number of stnadtdefects, improving catalytic

activity.
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It was observed in the methods A and B, howewet, the initial mixtures were
not completely clear before the start of the priggijpn process, no matter the length of
time used to stir the solution. This could indic#tat the Si@ was not completely
dissolved. In order to achieve a final homogenevnaterial, Method C was designed. In
Method C, the Si@was mixed with the NaOH under heated stirring. Afibserving
the complete dissolution of the powder, the sotuticas cooled and the MaO; was
added.

It is worth noting that in Methods A-C, after tlaging time, the resulting
mixture was filtrated and washed with boiling dieti water until constant pH value of
the filtrate. The replicates indicated that the p&lue of the washing water never
returned back to neutral, even after an entire vedekashing. It was verified, however,
that 7.5 L of distillated water would be enouglrémove the sodium residual from the
final MgO-SiO, hydroxide (no sodium was found by XRF analysistieé powder
samples); therefore, this volume of water was use¢lde preparations.

One must also note that in Methods A-C the pHhefpirecipitation was allowed
to vary. The starting amount of NaOH was sufficienkeep the pH basic (around 12.5
at the beginning of the precipitation step) durihg precipitation step. Thus, the effect
of controlling the pH during the precipitation wako investigated, by keeping this
value close to 10.5 during the magnesium nitratiitism addition step, through
addition of small quantities of 1.2 M NaOH solutidiethod D, Figure 4.1.1. Since the
pH controls the concentrations of Mgand OH species on solution, the control of
precipitation pH should result in a more homogerima structure, as illustrated in Eq.
(4.1.1-4.1.5) (SZCZERBAt al, 2013, Llet al, 2014).

Si0, + 20H - H,Sid (4.1.1)
SiO, + OH + H, O~ H,SiQ (4.1.2)
Si0, + OH - HSIQ, (4.1.3)
HSIO, + Mg +20H +H O- MgHSIQO 2H ( (4.1.4)
2Mg** + H,SiO, + H,SiG - Mg-Si-O-H,,, (4.1.5)
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Table 4.1.1 shows catalytic results for ethanolvession at 350 °C over catalyst
samples from different batches prepared using ndsti#eD. Each entry represents a

different reaction experiment.

Table 4.1.1- Catalytic results over MgO-Si§50:50) systems prepared according to
methods A-D. Reaction conditions: 350 °C, WHSV & @7, contact time of 0.2 s,
ethanol molar fraction at the feed of 6 %, atmosphpressure and TOS of 0.5 h.
Before reactions, samples wegyee-treatedn situ with nitrogen flow (15 mL/min)
for 1 h at 500 °C (5 °C/min).

Molar fraction of the output stream (%)

Entry Catalyst

1,3-BD  AcH Ethene DEE Butene  Ethanol
1 MgO-SiO, -A 1° batch 0.06 0.05 0.09 0.04 0.004 5.31
2 MgO-SiG; -A 1° batch 0.04 0.04 0.30 0.12 0.002 5.30
3 MgO-SiG, -A 1°batch  0.03  0.03 0.25 0.09 0.002 5.13
4 MgO-SiG, -A 1°batch  0.05 0.05 0.30 0.11 0.004 5.58
5 MgO-SiG, -A 1°batch  0.04  0.04 0.30 0.12 0.002 5.36
6 MgO-SiG, -A 2°batch  0.03  0.03 0.30 0.11 0.002 5.15
7 MgO-SiG; -A 3° batch 0.02 0.04 0.17 0.07 0.002 5.56
8 MgO-SiG; -B 1° batch 0.02 0.02 0.07 0.04 0.001 5.42
9 MgO-SiG; -C 1° batch 0.15 0.08 0.80 0.16 0.016 4.19
10  MgO-SiG, -C 1° batch 0.03 0.07 0.18 0.07 0.002 5.28
11  MgO-SiG, -C 1° batch 0.03 0.03 0.19 0.09 0.001 541
12 MgO-SiG, -D 1° batch 0.12 0.12 0.40 0.15 0.011 4.95
13  MgO-SiG; -D 1° batch 0.03 0.03 0.49 0.20 0.001 4.90
14 MgO-SiQ, -D 2° batch 0.14 0.14 0.35 0.14 0.013 4.81
15  MgO-SiG, -D 2° batch 0.02 0.03 0.47 0.18 0.002 5.09
16  MgO-SiG, -D 2° batch 0.02 0.03 0.49 0.19 0.002 5.05
17  MgO-SiG, -D 3° batch 0.06 0.05 0.62 0.22 0.004 4.81
18  MgO-SiG, -D 3° batch 0.05 0.04 0.53 0.20 0.004 5.08

19  MgO-SiG; -D 3° batch 0.04 0.04 0.50 0.20 0.004 4.95

' Molar fractions do not sum 100 % due te(Mert gas) and water molar fractions,
which were omitted. The employed catalytic unit wes Unit 1.

In Table 4.1.1, the main carbon containing proslactd ethanol molar fractions
at the output stream are presented. The presantattiproduct molar fractions, rather
than products selectivities and ethanol convers®nuystified by the high number of
compounds, which leads to high variability of theaf selectivities and impairs the

observation of significant effects related to thféedent preparation methods.
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Entries 1-5 in Table 4.1.1 represent reactionicafds obtained with the same
catalyst batch prepared with Method A. This medrt experimental fluctuations
observed for entries 1-5 represent a measure ofcataytic reaction fluctuations.
Taking this variability into account, reactions ddsed in entries 9, 12 and 14 contain
significantly different products molar fractionsdanould suggest that the preparation
method exerts significant effect on the catalystggenance. However, data from entries
9, 12 and 14 were obtained when the hydroxide psecwas calcined and catalytically
tested right after the preparation procedure aisdhilgher activity was not reproducible
after the first test for the same catalyst samplais, it can be suggested that the fresh
catalyst may present instable activity for the B[3-formation and data collected for
entries 9, 12 and 14 could not be regarded asrtieeperformances for the MgO-SiO
catalysts.

Assuming normal distribution of experimental datath 95% level of
confidence, 1,3-BD and AcH molar fractions couldyimside the interval presented in
Eq. (4.1.6) and (4.1.7), for samples prepared Wigthod A (the mean confidence
interval was built using the t-student distributisth 4 degrees of freedom and data
from entries 1-5) (PINTO and SCHWAAB, 2007). In E@.1.6-4.1.7),s, is the
standard deviation anil is the number of replicates. Assuming the samengit
catalytic reaction fluctuation to build confidenicgervals for molar fractions obtained
with the other preparation methods, it can be aafed that all intervals present
intersections, suggesting no significant effecthad preparation methods on the final
1,3-BD and AcH molar fractions (excluding resulescdribed in entries 9, 12 and 14 of
Table 4.1.1).

tG5 2.78
Voo = Yeo & \/ﬁ - 7801% - 0.03<y, < 0.0€ (4.1.6)
t 2.78
Yach = Yan %H = Yacu= Yant \/?ACH - 0.03< 7, < 0.05 (417)

The higher activity of the fresh catalyst coulddssociated to some remaining
MgO on the catalyst surface, which could producenser basic sites, boosting the 1,3-
BD formation (SZCZERBAet al, 2013). With some days of catalyst aging, however
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MgO might have been hydrated, as described in £4.8-4.1.10) (SZCZERBAt al,
2013).

Mgo(s) + HZO(l) - Mgoﬁsurface) + OH(aq (418)
MgOsturface) + OH(aq) - MgOH OH(surfaCt (4.1.9)
MgOH+ Ol—qsurface) - Mgz(;q)-'- ZOH(aq (41 10)

On the surface of the MgO grains, Mand OH ions formed due to MgO
hydration could react with Si(Ol)species, producing more Mg-O-Si linkages (EQ.
4.1.1-4.1.5) (SZCZERBAt al, 2013). As the residual MgO is consumed, howeaber,
resulting structure would become stable over timesulting in the overall catalytic
performance observed in entries 1-8, 10-11, anil9.6f Table 4.1.1.

It should be noted that experiments using higlneeeg on stream suggested no
reaction instability from 30 min to 1, 2 and 3 hreaction. Moreover, it must be noted
that these results do not seem to be related wehriduction period, as cited in the
literature review (which can be understood as thaact time required for the start of
the 1,3-BD formation, given the consecutive chamacf the reaction kinetics), since
similar contact times were used in the reactiorsrun

Thus, it can be concluded that the MgO-S#9stem at the Mg to Si molar ratio
of 1 presented similar overall catalytic performesavith respect to the 1,3-BD and
acetaldehyde molar fractions, regardless the patipar methods considered (A-D).
Conversely, the preparation method presented a effsct on the amounts of produced
ethene and diethyl ether, which were higher forsddmmples prepared by the Method D.
It suggests that the smaller amount of NaOH addadhg the Method D, when
compared with Methods (A-C), resulted in catalysith higher acidity. However, the
Method D was selected for further studies becai)sé:allows for easier removal of
residual sodium; ii) the higher acidity of the M@@O, system is expected to allow for
easier observation of the catalytic effects of #uelition of dehydrogenating metal
oxides ZrQ and ZnO into the starting MgO-Si@aterial; iii) the precipitation with pH
control is expected to lead to more homogeneouas $imuctures.

By using Method D, it was verified that increasitige final calcination

temperature up to 600 and 700 °C would not resuétny significant improvement of
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the final 1,3-BD yields, as shown in Figure 4.1)2(sloreover, MgO-Si@(50:50)
samples calcined at higher temperatures also eesuitlower ethene yields, as shown
in Figure 4.1.2(b), suggesting that catalyst amtiwwas reduced as the calcination
temperature was increased. Ethanol conversion igassightly reduced, as shown in
Figure 4.1.2(c), giving additional support to thepous hypothesis. The reduction of
activity could be related to sinterization of cgsalparticles during exposition to higher
calcination temperature, resulting in lower surfaceas. Indeed, this was verified, as
shown in Figure 4.1.2(d). Therefore, the calcimatiemperature equal to 500 °C was
kept in the following studies.

More details regarding physical and chemical prige of the MgO-Si@
catalyst samples prepared by the co-precipitatiathod will be presented in the

following sections.

2.5 (b)
()
2.0 104
s e
£ X
- -
= 154 =
= 2 84
= =
@
2 10 £
“ =
0.5
0-0 T T ‘I. 4 T T T T T
500 600 700 500 600 700
Mg0-§i0,-(50:50) Calcination temperature (°C) Mg0-8i0,-(50:50) Calcination temperature (°C)
22.54 4204 Y
c 1 d
(©) 1001 G
—_ 1
S 20.04 360
S P‘ﬁ 4 o
g T 3304
‘m 17.54 E 1
s = 300
> 2 1
=
g = 2704
S 150 8 4
— = 240
5
210 o
= 125 @« 2
= 1804
10,0 T T T 150

T T T
500 600 700 500 600 700
MgO-Si0,-(50:50) Calcination temperature (*C) MgO-5i0,-(50:50) Calcination temperature ("C)

Figure 4.1.2— Effect of the calcination temperature employedgreparation of the
MgO-SiO-(50:50) systems using Method D on 1,3-BD vyields éthene yield (b);
ethanol conversion (c); surface area (d). Reacanditions: 350 °C, WHSV of 0.8
h?, contact time of 0.2 s., ethanol molar fractiontte feed of 6 %, atmospheric
pressure, and TOS of 0.5 h. Before reactions, sssnpérepre-treatedn situ with
N2 (15 mL/min) for 1 h at 500 °C (5 °C/min)jhe catalytic unit employed was
Unit 1.
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4.1.1 Conclusions

The co-precipitation method was shown to be rolbuspreparation of MgO-
SiO, systems, which resulted in similar average contjpos of 1,3-BD and
acetaldehyde in the outlet reactor stream.

Higher catalyst activity was observed when thalgat was prepared and tested
immediately after preparation, suggesting the aetwe of initial aging effects on the
final oxide. These results, however, could not lbestdered as the true catalytic
performances, because the same materials presiwetexverage (and lower) catalytic
performances when tested some days later. Thus,einphasized the importance of
performing reaction replicates in order to evalubtecatalyst stability. It must be noted
that care was taken in order to avoid the use efctitalyst right after its preparation
procedure and no catalytic instability, as a restitatalyst aging, was observed in the
experiments described in the following sections.

Higher calcination temperatures decreased théysatactivity, being especially
harmful for the 1,3-BD yields. This result was likeelated to the sinterization of
particles when higher temperatures were employeduggested by the reduction of the
specific surface areas of the samples.

In the next section, the microkinetics of ethatwll,3-BD reactions over the
MgO-SiO, catalysts was investigated through characterizabbd the experimental
fluctuations. In order to do that, two MgO-Si€atalyst systems (with Mg:Si molar
ratios of 50:50 and 95:5, prepared with Method [Ryavstudied, since these catalysts
are employed widely for converting ethanol into -B[3 due to their intrinsic
characteristic multifunctional properties (MAKSHIN# al, 2012, LEWANDOWSKI
et al, 2014). Particularly, the effects of reaction pemature and catalyst properties on
the covariance matrix of experimental fluctuatiorese investigated, as discussed in the

next section.
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4.2 Microkinetics of the ethanol to 1,3-butadiene anversion
based on characterization of experimental fluctuatns

4.2.1 Catalyst Properties

The effects of the Mg:Si molar ratio of MgO-Si@atalysts prepared by co-
precipitation on the performances of ethanol teB[Breactions were investigated and
they are discussed in Section 4.3. In this sectibe, two catalysts employed for
characterization of experimental fluctuations (witle Mg:Si molar ratios of 50:50 and
95:5) will be discussed in respect to their praperin order to highlight their very
distinct features.

Figure 4.2.1 shows the diffraction patterns fonpkes MgO-SiG@-(50:50) and
MgO-Si0O-(95:5). While diffraction patterns indicated amloops features for the
MgO-SiO-(50:50) sample, with broad peaks (at 25;383-39 and 58-62) that are
characteristic of magnesium silicate hydrates (BR&W GLASSER, 2005, Lét al,
2014), the MgO-Si@(95:5) sample presented diffractions at Bragg esgif 37°, 43°
and 62°, suggesting the presence of MgO periclaasep(JANSSENSL al, 2015).

AN N iy

IIS | Zlﬂ ' ZIS | JIG . SIS ‘ 4lﬂ l 4|5 l SII] l SIS | 6|0 » 6|5 | ?![I
2 Theta (°)
Figure 4.2.1 -XRD patterns of a) MgO-Si§&(50:50) and b) MgO-Si©(95:5).

Surface areas were equal to 418 and 190 m#/ggtasnuined for the MgO-Si©
(50:50) and MgO-Si®@(95:5) samples, respectively. To avoid internatepdiffusion
limitations, catalysts particles were always grohdatil sizes smaller than $3n.
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The chemical composition estimated by XRF preskstgisfactory agreement

between nominal and measured Mg:Si molar ratiodeasribed in Table 4.2.1.

Table 4.2.1 -Chemical composition of samples, as determinedRl.

Mg:Si molar ratio

Sample
Nominal Measured
MgO-Si0,-(50:50) 50:50 57:43
MgO-SiO,-(95:5) 95:5 92:8

Finally, CQ-TPD experiments were used to assess the basitigatalyst
samples. A huge difference in th@zsignal attributed to COwas observed, as shown
in Figure 4.2.2, indicating a higher concentratdibasic sites for the MgO-Sij95:5)
system, as expected. A desorption peak of ®@&s also observed at temperatures above
500 °C, Appendix F, indicating the presence ofrgjroasic sites in the samples.

(a) ;\Igﬂ-Si(‘l!-[Sﬂ:SO]
— (b) MgO-5i0,-(95:5)

m/z = 44

100 I Il‘lll 3llill 4(;0 I 500
Temperature (°C)
Figure 4.2.2 -CO,-TPD profiles for the MgO-Si©(50:50) (a) and MgO-Si&
(95:5) (b) samples.

4.2.2 Catalytic Reactions

The two catalysts, MgO-Spx50:50) and MgO-Si@(95:5), were used to
perform the ethanol reactions at reaction temperatof 300, 350, 400 and 450 °C.

Thermogravimetric analyses of used catalysts iteicano significant catalyst
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deactivation due to coke formation, as shown inufgg4.2.3. Moreover, blank tests
performed without the catalyst resulted in ethactmiversion approximately equal to
zero (<2 %, even at 450 °C), suggesting that hemegus gas phase reactions along

the output lines were not important.

100
0oy

MgO-8i0, -(95:5)
98 4 f
97 1 /

96 MgO-5i0,-(50:50)
95

24

Weight (%)

93
92-
91

20

1III|I Zl:ll'l 3:]0 4{Illll Sl:lll ﬁl’llﬁ Tl;ﬂ H(II-li

Temperature (°C)
Figure 4.2.3 - Thermogravimetric analyses of used catalysts MgO-0:50) and
MgO-Si0,-(95:5).

The main observed carbon containing products wetkeene, 1,3-BD,
acetaldehyde (AcH) and diethyl ether (DEE). In &ddj traces of ethane, 1-butene, 2-
butene, propene and G@ere also detected. Molar fractions of unconvegtdnol,
main carbon containing products and hydrogen incimput stream are presented in
Tables 4.2.2-4.2.3. It must be noted that molastivas were selected as representative
output variables because they were quantified thirébrough GC analyses, allowing
for simpler discrimination between chromatograph&asurement and catalytic reaction
fluctuations.

Taking this into account, this section aims tospré the experimental data used
for characterization of catalytic reaction fluctoas. Table 4.2.4 presents the catalyst
performances in terms of yields at distinct reacttemperatures, including carbon
balances, which were typically better than 90 %réarctions performed with the MgO-
Si0-(50:50) system. Average selectivities obtained the MgO-SiQ-(50:50) catalyst

are shown in Table 4.2.5.
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Table 4.2.2- Output stream molar fractions of unconvertedaeth, main carbon
containing products and hydrogen obtained withMig-SiO,-(50:50) system (TOS of
0.5 h, WHSV of 0.8 H§, ethanol molar fraction at the feed equal to 6 %).

Reaction Molar fractions (%)%
Tem(opgat”re Ethanol  1,3-BD AcH H Ethene  DEE
300
5.621 0.048 0.070 0.031 0.063 0.080
5.977 0.006 0.014 0.012 0.056 0.073
5.836 0.009 0.018 0.029 0.053 0.072
350
4.813 0.061 0.053 0.086 0.617 0.219
5.075 0.048 0.040 0.066 0.529 0.199
4,949 0.043 0.041 0.084 0.499 0.202
400
1.941 0.193 0.087 0.249 2.785 0.160
2.629 0.175 0.077 0.209 2.434 0.151
2.412 0.178 0.085 0.241 2.418 0.195
450
0.139 0.289 0.093 0.376 4.403 0.008
0.655 0.264 0.105 0.338 4.137 0.017
0.250 0.295 0.096 0.374 4.354 0.015

[a] Molar fractions do not sum 100 % due to nitnodenert gas) and water molar
fractions, which were omitted.

Table 4.2.3 -Output stream molar fractions of unconverted ethanmin carbon
containing products and hydrogen obtained withMig®©-Si0,-(95:5) system (TOS of
0.5 h, WHSV of 0.8 1§, ethanol molar fraction equal to 6 %).

Reaction Molar fractions (%)%
Tem(Eg;at”re Ethanol  1,3-BD AcH H Ethene  DEE
300
5.271 0.012 0.031 0.063 0015  0.003
5.308 0.012 0.034 0.05 0014  0.003
5.309 0.010 0.028 0060 0016 0004
350
4617 0.084 0.088 0254 0077  0.006
4702 0.071 0.087 0225 008l 0008
4.681 0.074 0.087 0237 0076  0.006
400
3.126 0.319 0.208 0810 0262  0.008
3.220 0.291 0.193 0733 0283 0011
3.101 0.299 0.197 0765 0257  0.009
450
0.838 0.601 0.238 2146 0645  0.002
0.961 0.583 0.237 2006 0689  0.009
0.909 0.591 0.237 2018 0632 0008

[a] Molar fractions do not sum 100 % due to nitnodenert gas) and water molar
fractions, which were omitted.
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Table 4.2.4- Catalytic results over the MgO-Si(b0:50) system, for 0.5 h of time on
stream (WHSV of 0.8 h ethanol feed molar fraction equal to 6 %).

Yield (mol %)* Carbon
Catalyst o X (%) Balance
(°C) 1,3-BD AcH Ethene DEE Butene (g
MgO-SiO»-(50:50)

6.7 153 1.12 1.01 259 0.06 97.1

300 3.7 019 022 087 228 0.00 975

3.9 028 028 085 230 0.00 96.9

20.6 195 0.86 9.96 7.07 0.14 97.8

350 176 150 063 831 625 0.14 96.7

175 136 066 797 645 011 956
65.5 6.21 1.40 4492 5.17 0.94 90.6

400 553 550 121 3826 473 077 92.3

58.1 567 135 3857 621 081 91.6
97.4 9.35 1.50 71.01 0.26 1.61 87.5

450 884 831 165 6502 052 143 886

95,5 942 152 6945 049 157 87.8

[a] Product yields were calculated with Equatiorb(3).

Table 4.2.5 -Average molar based selectivities obtained overNlgO-SiQ-(50:50)
system, for 0.5 h of time on stream (WHSV of 0:8 &thanol molar fraction equal to

6 %).

Reaction Selectivity average (mol %)*
temperature
(°C) 1,3-BD AcH Ethene DEE
300 9.2 15.7 31.9 41.9
350 5.8 5.2 63.6 24.1
400 6.0 2.7 83.8 5.6
450 5.9 2.0 89.4 0.28

*Only carbon containing products were considered.

The average values of molar fractions of the npagducts in the output stream
are plotted as functions of the reaction tempeeaturFigure 4.2.4 for catalysts MgO-
Si0O-(50:50) and MgO-Si@(95:5). The vertical bars represent the absoltdaadard

deviations, which were calculated with the repksat
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Figure 4.2.4 — Distribution of main carbon containing productthene ¢), 1,3-
butadiene %), diethyl ether %) and acetaldehydeA(), for catalystMgO-SiO,-
(50:50) (a) andMgO-SiO»-(95:5) (b) as functions of reaction temperature (TOS = 0.5
h, feed rate of 0.8zgw Gear - ™). Lines were drawn for clarity.

For catalystMgO-SiO,-(50:50) ethene was the main observed product from
350 to 400 °C (left axis), while DEE was the maraduct at 300 °C. Average ethanol
conversion ranged from 4.7 %, at 300 °C, to 93.&2450 °C, with standard deviation
equal to 1.7 % and 4.8 %, respectively. For cataigO-SiO-(95:5) a different
product distribution was obtained. In this case, #mounts of produced ethene were
significantly smaller, when compared to the presicatalyst, although the amounts of
1,3-BD were similar. These results were in agreemh the higher basicity observed
through CQ-TPD characterizations for thgO-SiO,-(95:5) catalyst, as shown in
Figure 4.2.1The average ethanol conversion ranged from 6.2 Z0@&°C, to 83.0, at
450 °C, with standard deviation equal to 3.4 % ®a3d%. As expected, higher 1,3-BD,
AcH and ethene molar fractions were observed wighincreasing reaction temperature
for both catalysts.

It is important to observe that the existence abstransfer limitation effects in
the catalytic experiments could be neglected, asvshn Figure 4.2.5, after estimation
of the apparent activation energies. When poreusliih limitations are important,
experimentally apparent activation energies deteethi are expected to be
approximately one half of the true value (FROME®&{Tal, 2011). Thus, a slope change
in the Arrhenius plot may suggest that diffusiofeetfs are present. Moreover, apparent
activation energy values smaller than 20 kJ/moly alao be an indication of existence
of diffusion limitations (PEREGO and PERATELLO, B9 Apparent activation
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energy for the ethanol consumption was estimate®0a® and 51.6 kJ/mol for the
MgO-SiO-(50:50) and MgO-Si@(95:5) catalysts, respectively, as shown in Figure
4.2.5, suggesting that reaction rates were notdonby diffusional resistance. Linear
correlation coefficients were equal to 0.99.
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Figure 4.2.5 -Arrhenius plot for the ethanol consumption reactivpom 300 to 450 °C.

However, in order to better evaluate the existasfcmass transfer limitations
presence, it is suggested that more detailed expats be conducted. For assessing
external transport limitations, it is advised tafpem experiments varying the flow
velocity, but keeping spatial time constant. Inesrtb do this, both catalyst mass and
reactant molar flow must be changed simultaneouBhen, if conversion remains
constant in the experimental range, the conclugdhat there is no external transport
limitation (FROMENTet al, 2011).

In order to assess internal mass transfer limnatatalyst with different particle
sizes should be used, and conversion should beumegbat constant spatial time. If
conversion varies by decreasing the particle sizemeans that pore diffusion is
important. On the other hand, constant conversmiicates chemical kinetic control.
However, given the small scale of the reactor (1@Q0of catalyst) and the small particle
sizes employed in this study (< pB1), more detailed experiments evaluating mass

transfer limitations were not performed.
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4.2.3 Characterization of Chromatographic Measuremst Fluctuations

Measurement fluctuations (experimental fluctuaioinom chromatographic
analysis) were first determined to differentiaterthfrom catalytic reaction fluctuations.
In order to do this, compounds were analyzed chtognaphically using distinct molar
fraction compositions, using at least three repdica(see Section 3.4). It must be
emphasized that these tests were not performed wedetion conditions and that the
compounds were fed directly into the gas chromatoigequipment.

Figure 4.2.6 shows the effect of the average miokaation on the respective
variance of molar fraction measurements for ethé&upl1,3-BD (b), AcH (c), hydrogen
(d), ethene (e) and DEE (f). The increase of vaearould be observed as the average
molar fraction increased, resulting in the relatiwelar fraction variance (variance
divided by the square of the molar fraction) beamgproximately constant. This clearly
shows that the assumption of constant measurerhentidtions can be indeed a very
poor assumption for quantitative data analysis.

An empirical equation was then developed to dbeamolar fraction variance as
a function of the average molar fraction. Data Vithsd well by a quadratic function as
y = a-¥, shown in Figure 4.2.6 as a line, whgnepresents the variancedenotes the
average molar fraction, aralis an empirical parameter, which is different &ach
compound and has the same definition of the redatielar fraction variance.

The effect of average molar fraction on its vact@man possibly be associated
with modification of the equilibrium states duritige chromatographic separation, as
the molar fraction increases, due to column ovelitgaand different retention strengths
for each solute (HARRIS, 2006). Change of the dopuim states can result in wider
chromatogram bandshapes, leading to an increasbeothromatographic variance
(HARRIS, 2006).
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Figure 4.2.6- Variance of molar fraction as function of averagolar fraction from
chromatographic analyses for ethanol (a), 1,3-BD AlgH (c), K (d), ethene (e) and
DEE (f): (#) experimental values;)(empirical model.

4.2.4 Characterization of Catalytic Reactions Fluatations

Variances of molar fractions measurements in titpud stream were calculated
with data presented in Tables 4.2.2 and 4.2.3 a&mguEg. (3.4.1) at each reaction

temperature. The obtained variances were staligticéferent at distinct reaction
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temperatures and for the different catalysts, asie® with the standard F-test (BO&t
al., 1978). This is very surprising, given the snrmalinber of degrees of freedom (equal
to 2). For instance, for both catalysts, etheneamioaction variance at 300 °C was very
different from the one obtained at 450 °C. Acetajdi®e molar fraction variance
obtained over the MgO-Spf95:5) catalyst at 400 °C was also very differeain the
value obtained at 450 °C. Moreover, variances anubffigrent compounds were very
different. Consequently, the commonly used hypashekconstant experimental error
throughout the experimental region should not bglieg for this reaction system. In
other words, the diagonal of the covariance matiias illustrated in the Section 3.4,
has values that are statistically different.

Since the different reaction temperatures andysttalead to different ethanol
conversions and product compositions, one might deonwhether molar fraction
variances were different because of the molar ibbaceffect on chromatographic
measurement fluctuations (as explained in Secti@?3¥ or because of the distinct
catalytic reaction fluctuations. However, with he&pthe standard F-test (BOet al,
1978), it can be concluded that catalytic reacfiootuations cannot be explained only
by the chromatographic measurement fluctuationsill@strated in Figures 4.2.7 to
4.2.12. Consequently, it can also be concludedtkiege is at least one additional source
of fluctuations in the reaction runs, other thaa tihhromatographic measurement ones,
and that this is related to the reaction phenonitseH, such as unavoidable fluctuation
of catalyst activities (LARENTI®t al, 2003; ALBERTONet al, 2009).

Figures 4.2.7-4.2.12 show variances of molar imactneasurements obtained
during catalytic reactions as functions of the agermolar fraction for each compound.
Each point is related to one reaction temperatredtalysts MgO-Si©(50:50) (a) and
MgO-SiOx-(95:5) (b). In these figures, the empirical equagi obtained to explain the
chromatographic measurement fluctuations wereeqaadis continuous lines in order to
allow for better visualization of the differencedserved between variances from
measurement and from catalytic reactions fluctuatidt must be emphasized that all
molar fractions obtained during reaction experirmentre in the same experimental
range used to characterize the chromatographic urerasnt fluctuations and to build
the respective empirical models, so that the ecgdinnodels provide good references
of chromatographic measurement fluctuations inath@yzed ranges of molar fractions
obtained during the reaction runs.
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Figure 4.2.8 — Variances of 1,3-BD molar fractions for catalytieactions ¢) and

chromatographic measurement fluctuation modglaé functions of 1,3-BD average

molar fractions for catalysts MgO-Si560:50) (a) and MgO-Si§(95:5) (b).

Whereas chromatographic measurement fluctuatiomyeased with the

respective average molar fraction, the same behavas not observed for variances
resulting from catalytic reactions. For instanddaaol molar fractions variances in the
output stream tended to decrease with the increfabe average molar fraction; that is,

variances were reduced for low conversion valusyleserved in reactions performed

at 300 and 350 °C, illustrated in Figure 4.2.7.
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chromatographic measurement fluctuation modeag functions of DEE average molar
fractions for catalysts MgO-SX50:50) (a) and MgO-Si&(95:5) (b).

Moreover, whilst variances obtained with the Mg@S({50:50) catalyst were
higher than variances observed for chromatogragquityses, variances obtained with the
MgO-SiO-(95:5) catalyst were similar to them, as obsenveBigures 4.2.7(b), 4.2.8(b)
and 4.2.9(b). Therefore, reaction conditions, idelg catalyst properties, may result in
completely different experimental fluctuation belwalvThese results indicate once more
that catalytic reaction fluctuations should not regarded as constant throughout the
analyzed experimental region during quantitativia denalysis.

In order to emphasize the variance difference®cs®d with the catalyst
properties, Figure 4.2.13 shows variances of ethammar fraction measurements
obtained with catalysts MgO-Sj950:50) and MgO-Si@(95:5). Dotted lines represent
the upper and bottom 95% normal confidence limis the assumption of similar
variances, clearly indicating that variances weasascstently lower for catalyst MgO-
SiO,-(95:5) and that at least one pair of varianceddcaot be regarded as similar for
both catalysts. It should be noted that variancesewobtained for ethanol molar
fractions of similar orders of magnitude, as one igualize in Tables 4.2.2 and 4.2.3.
Moreover, if catalyst properties did not exert anynificant influence on variances of
ethanol molar fractions, dots would be expecteddoevenly distributed above and
below the reference solid line in all cases, whiohld not be observed in the analyzed
reaction runs. Therefore, it seems reasonablesionas that variances of ethanol molar

fractions in the output stream depend on the aedlgatalyst.
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Figure 4.2.13— Variances of ethanol molar fractions for caty®IgO-SiQ-(50:50)
and MgO-SiQ-(95:5).

Consequently, the larger catalytic reaction flattbns observed in runs
performed with catalyst MgO-S§x50:50) may contain significant amount of
information about the reaction mechanism (LARENEISal, 2003, CERQUEIRAet
al., 1999, RAWETet al, 2001). On the other hand, given the much lowestdiation
content in runs performed with catalyst MgO-&(©5:5), which were similar to the
chromatographic measurement fluctuations, it mayeqossible to obtain information
about the reaction mechanism using the covarianeg¢rixnof catalytic reaction
fluctuations for this catalytic system. Explainimghy catalytic reaction fluctuations
became much less important when the Mg:Si molao s changed from 50:50 to
95:5 is beyond the scope of this work. Howeverpssible solution to allow the kinetic
analysis of catalytic reaction fluctuations for fgO-SiO-(95:5) system would be the
determination of reaction conditions that wouldufesn output compositions in the
range where chromatographic measurement fluctuataitain the smallest possible

values.

4.2.5 Principal Component Analysis

It must be noted that the mechanistic interpretatiased on the information
contained in the covariance matrix of catalyticctemn fluctuations is only possible if it
is assumed that the observed fluctuations of ostteam compositions are governed by
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common sources of deviation, such as the intrimaigability of catalyst activity. If
fluctuations were governed by chromatographic messant fluctuations, for instance,
mechanistic interpretation of the covariance matneuld not make any sense,
explaining why catalytic data obtained with the M&,-(95:5) catalyst cannot be
used for kinetic interpretation.

In order to investigate whether fluctuations mididve been induced by
common sources of error, standard Principal Compongnalysis (PCA) was
performed with help of the software STATISTICA (STBOFT INC., 1995). PCA
results are presented in Table 4.2.6.

Table 4.2.6- Principal directions of fluctuation, computedthvistandard PCA tools.

Numbers represent correlations coefficients betwdenfactor (eigenvector) and the
original direction of variable fluctuation.

Temperature
300 °C 350 °C 400 °C 450 °C
Factor Factor | Factor Factor Factor Factor Factor  Factor
1 2 1 2 1 2 1 2
Ethene -0.93 0.38 -0.93 -0.38 -0.88 0.48 0.99 0.02
1,3-BD -0.99 0.10 -0.91 -0.41 -0.95 0.30 0.94 0.35
AcH -0.99 0.10 -0.99 -0.09 -0.93 -0.37 -0.99 -0.01
Ethanol 0.97 0.25 0.94 -0.35 0.99 -0.14 -0.99 0.01
DEE -0.98 0.20 -0.99 -0.004 -0.14 -0.99 -0.75 0.66
H, -0.68 -0.73 -0.69 0.73 -0.92 -0.39 0.99 0.15
Eigenvalue 5.20 0.79 5.03 0.97 4.39 1.60 5.41 0.59
Explained g6 2 13.3 83.9 16.1 73.2 26.9 90.2 9.8
Variance (%)

Numbers in bold denote correlation coefficientghieir than 0.7.

According to the standard PCA procedure, the eigieres and eigenvectors of
the covariance matrices of catalytic reaction flations were computed at each
particular experimental condition and ordered imiese of decreasing magnitudes.
Assuming that catalytic reaction fluctuations fellthe normal probability distribution,
the confidence regions of data fluctuations camldéscribed by a hyper-ellipsoid in the
measured variable space, whose axes may haveediffsizes and do not necessarily
coincide with the coordinate axes of the analyzessarement space (SCHWAASB
al., 2008). In this case, the eigenvectors can bengtabd as the directions of variable
fluctuation while the eigenvalues represent thatne¢ importance of fluctuations along

the distinct directions. Thus, if some of the eiggdnes present much larger magnitudes
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than the remaining ones, this can possibly indidhte few sources of fluctuation
perturb the measurements and that variable fluchgmtrespond simultaneously to few
perturbations.

PCA results presented in Table 4.2.6 support tipothesis that few common
sources of fluctuation perturb the experimentaltesys as only one direction
concentrates the largest part of the experimeraahnce for all reaction temperatures
(for instance, at 450 °C, 90 % of the experimewntaiance was due to one fluctuation
direction). This common source of catalytic reattiluctuations can be associated with
different variables that characterize the experialesetup (ALBERTONet al, 2009).
For instance, the most important source of fludtunais expected to be the unavoidable
variation of catalyst activity as a result of fluations of the reaction temperature, feed
composition, catalyst mass or flow pattern in thtalyst bed.

Regardless of the true most important sourceatdlytic reaction fluctuations,
the PCA shows that the covariance matrix of catalggaction fluctuations obtained
through experimental replication can be valuabtarfterpretation of the ethanol to 1,3-
BD reaction (LARENTISet al, 2003). Moreover, PCA results highlight the nelaship
between the main reactant (ethanol) and the renwmimioducts. From 300 to 40C,
the vector coefficients of ethanol and of the otbempounds have opposite signs,
clearly indicating the roles of reactants and potslu However, at 450 °C these
relationships vary, indicating that important mauktc changes occur in the

temperature range from 400 to 450 °C, as discuagbeé following sections.

4.2.6 Microkinetic Analysis of the Covariance Matrk of Catalytic Reaction

Fluctuations

Molar fraction determined in the output stream ols#d with catalyst MgO-
Si0-(50:50), shown in Table 4.2.2, were used to combe covariance matrix of
composition measurements at each analyzed reaotiodition using Eq. (3.4.1) and
Eq. (3.4.2). Afterwards, the respective correlatioatrix was calculated with Eq.
(3.4.3). It could be clearly observed that molaacfion variances of the different
compounds were not independent (correlation caeffis were significantly different
from zero) and that the patterns of the observetelations were different at distinct

reaction temperatures, suggesting modification h&f teaction mechanism with the
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increase of reaction temperature. Based on thauleééd correlation coefficients, it
seems clear that the common assumption of indeperitletuations (and diagonal

covariance matrix of catalytic reaction fluctuaspshould be avoided.

4.2.6.1 Correlations between Ethanol and ReactimdBcts

Figure 4.2.14 shows the correlation coefficienttween ethanol and the
remaining reaction products. It can be seen thatelaion coefficients change
smoothly and steadily as temperature increasepostipg the physical interpretation of
obtained correlation values (LARENTE al., 2003).

| —I—;Ethene :
—C—1,3-Butadiene; : :
0.5 s Acetaldehyde oo A e

0.0 i flo o -

Correlation coefficient

1.0 TS ———. ——=

. ; . ; .
300 350 400 450
Temperature (°C)

Figure 4.2.14- Correlation coefficients between molar fractiaisethanol and of the
major reaction products.

The correlation coefficient between ethanol ancre¢hshowed negative values
for all reaction temperatures, ranging from -0.71d, indicating the strong negative
correlation between ethanol and ethene molar @masti Therefore, the amounts of
ethanol and ethene fluctuate in opposite directiassmight already be expected, since

ethene is a major product of ethanol dehydratisrdescribed in Eq. (4.2.1).

C,H,OH - C,H,+H,0 (4.2.1)
Negative correlation coefficients for all reactidemperatures were also
observed between ethanol and hydrogen and ethadoll 8-BD for similar reasons.
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However, for AcH and DEE, ethanol correlation cmééihts were negative at lower
temperatures and strongly positive at 450 °C, attig a possible change in the
mechanism.

Ethanol dehydrogenation is favored thermodynanyiGd reaction temperature
increases, being favorable in all reaction tempeeat investigated in this study, as
shown in Section 1.4 and also discussed by otlsearehers (MAKSHINAet al., 2014,
ANGELICI et al, 2013). Thus, negative correlation coefficiengdween ethanol and
AcH would be expected as ethanol is consumed ieraw produce acetaldehyde, Eq.
(4.2.2), as it was observed for correlation cogdfits at temperatures ranging from 300
to 400 °C.

C,H,OH - CH,CHO + H, (4.2.2)

Nevertheless, AcH can also be produced in theqaeg reaction pathway in the
crotyl alcohol formation step, (step d, Figure #%.which is adapted from Figure 1.2.1
in order to illustrate ethanol dehydration to etheand diethyl ether) where

crotonaldehyde is reduced by ethanol.

o,_,—»z \ +2H,

b
crotonaldehyde
(0]
/ € o Wo +H,0

o / OH

+H,0 +2H0 3-hydroxybutanal g EtOH

U > CH,CHO

a: dehydrogenation 1,3-butadiene

b: aldol adition \/\ N N
¢, e, f, g: dehydration < | alcohol
d: MPV reduction +H,0 crotyl alcoho

Figure 4.2.15— Schematic representation of the reaction netwiilkY AMA et al,
1972, SUSHKEVICHet al, 2014).
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Whereas aldol addition is an endergonic reactiothe analyzed temperature range,
becoming more endergonic as reaction temperatweeases (MAKSHINAet al,
2014), 3-hydroxybutanal dehydration to crotonaldkhys favorable in the analyzed
temperature range, becoming more favorable aseiheion temperature increases. As
discussed by MAKSHINAet al (2014), AcH formation is favored thermodynamigall
at higher temperatures and the excess of AcH insyfls¢em can contribute to AcH
condensation. Therefore, the positive correlatioefficient between AcH and ethanol
at 450 °C suggests that the rate of the rate detegnstep, which is probably related to
the 3-hidroxybutanal formation from AcH, increasssthis temperature, resulting in
higher rates of AcH consumption. As a consequegitgnol and AcH molar fractions
tend to fluctuate in the same direction at suchktrea condition.

In order to understand the behavior of the coti@iecoefficients between molar
fractions of ethanol and DEE, it is convenientitalgize first the correlation coefficients

between ethene and DEE.

4.2.6.2 Correlations involving Ethene and DEE

Figure 4.2.16 shows the correlation coefficienstween ethene and the
remaining compounds. It is possible to verify thersg linear relationship between the
amounts of DEE and ethene, which was positive @ted@ 350 °C and became negative
as reaction temperature increased. It is well-knolwat DEE formation from ethanol,
Eq. (4.2.3), is an exothermic reaction, while ethtarmation from ethanol dehydration,
EqQ. (4.2.1), is an endothermic reaction (ANGEL&ERL, 2013).

2C,H,0H- (GH), O+H.C (4.2.3)

(C2H5)20—> 2CH, +H,C (4.2.4)
Thus, the increase of reaction temperature fath@®thene formation and leads
to decrease of DEE production. However, the stroagative relationship between

ethene and DEE observed at 450 °C can also beimsgldy DEE dehydration to
ethene, Eq. (4.2.4) (SUSHKEVICé&t al, 2014) and Figure 4.2.15. It must be noted that
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even under kinetic regime, thermodynamic effectsy moantribute to changes on

reaction rates, as equilibrium constants deperigmiperature.

10 : /\_ ----------------- --------

| —0—1,3-Butadiene: :
0.0 ~ e Acotaldehyde N\
| =0 Diethyl ether
—Hy :
—e— Ethanol

Correlation coefficient

104 : — ——

. ; . : .
300 350 400 450
Temperature (°C)

Figure 4.2.16- Correlation coefficients between molar fractimfsethene and of the
remaining major compounds.

Thus, at lower temperatures, both ethene and DERoamed from ethanol. As
reaction temperature increases, DEE can dehydragthéne and the production rate of
DEE directly from ethanol decreases in respectréalyction rate of ethene. Both facts
can explain why the amounts of ethene and DEE @&hamng@pposite directions at 400
and 450 °C. Therefore, the positive correlationffament observed between ethanol
and DEE at 400 and 450 °C can be understood asidhimns that take place along the
same direction because of the small oscillatiorth@feaction activity.

As illustrated in Figure 4.2.14, the correlatioreffwient between ethanol and
1,3-BD showed negative values at all reaction teatpees, as expected because 1,3-
BD is the most important final product of the condeve reactions starting from
ethanol. Moreover, 1,3-BD and ethene are both fpralducts in two independent
parallel reaction sequences from ethanol (see €&igu2.15), which can explain the
positive correlation coefficients between ethene dy,3-BD molar fractions at all
reaction temperatures, as shown in Figure 4.2.hé. gositive correlation coefficients
may also indicate that ethene and 1,3-BD do notpeten for ethanol molecules,

possibly suggesting the existence of excess ofnethan the reacting system.
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Furthermore, the Prins reaction, which has beeuoritesl as a possible route for 1,3-
BD formation from ethene and AcH (GRUVER al, 1995), according to Eq. (4.2.5),
does not seem to occur in large extent due to tiséiye correlations between ethene
and 1,3-BD, even though this reaction is thermodvynally possible at the analyzed

temperature range, as demonstrated in the Sectlon 1

C,H, + CH,CHO- GH, +HC (4.2.5)

As ethene and 1,3-BD are, respectively, reactadtpgoduct in Eq. (4.2.5), the
significant occurrence of this reaction would prolyalead to negative correlation
coefficients between molar fractions of these twampounds (when 1,3-BD is
produced, leading to higher 1,3-BD molar fractioejene is consumed, leading to
lower ethene molar fractions). This finding is iocardance with the conclusions
presented by SUSHKEVICIdt al. (2014), who also ruled out the Prins reactionmfro
experimental results for different ethanol convansi

Similarly to 1,3-BD, hydrogen is also a final puad, in the sense that it is not
consumed by other side reactions after formatidhetnalyzed reaction conditions. As
a consequence, the correlation coefficient betvetleane and hydrogen molar fractions
presented the same trends of correlation coefticibatween 1,3-BD and ethene molar
fractions. On the other hand, correlation coeffitseobserved between AcH and ethene
showed trends that were similar to the ones obdefee correlation coefficients
between ethene and DEE. This can be rationalizéerims of the rates of acetaldehyde
consumption when the reaction temperature increashe ethene molar fractions
remain high.

Figure 4.2.17 shows the correlation coefficien&gwieen DEE and the other
analyzed compounds. As DEE is formed at lower teatpees, correlation coefficients
between DEE and the other products are also pesiit/higher reaction temperatures,
correlation coefficient values become negativejcaithg modification of the relative
rates of some of the reactions. The molar fractidnthe final products, 1,3-BD,
hydrogen and ethene, show negative correlatiorficeefts with DEE molar fraction at
450 °C, probably because the latter is dehydratedthiiene. On the other hand, ethanol
and AcH molar fractions show positive correlatiarefficients with DEE, as ethanal,
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AcH and DEE might be being consumed at high ratesha highest reaction

temperature.
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Figure 4.2.17- Correlation coefficients between molar fractiafisliethyl ether and of
the remaining major compounds.

4.2.6.3 Correlations involving AcH and 1,3-BD

Correlation coefficients between molar fractions AcH and of the other
compounds are shown in Figure 4.2.18. Again, thsitipe correlation coefficients
between AcH and ethanol, and AcH and DEE, highltgat AcH is consumed rapidly
at 450 °C. As 1,3-BD, hydrogen and ethene are memtiat high rates at 45T,
correlation coefficients are negative in these saseis interesting to observe the
relationship between 1,3-BD and AcH molar fractiomdich clearly illustrate the
modification of the relative rates of reaction. 'éhHrom 300 to 400 °C molar fractions
of AcH and 1,3-BD were positively correlated, therrelation coefficient became
negative at 450 °C. This suggests that both 1,3aBidDAcH are formed in the system in
the temperature range from 300 to 400 °C, indigatiat the acetaldehyde condensation
can be the slowest reaction step in this temperamge. However, at 450 °C the rate
of AcH consumption increases sharply, resultingn@gative correlation coefficients
between AcH and 1,3-BD molar fractions. Therefatecan be suggested that the

slowest reaction step at 450 °C is related to tihe®| dehydrogenation.
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Finally, correlation coefficients between molaadtions of 1,3-BD and of other
compounds are shown in Figure 4.2.19. The coroglatioefficients between molar
fractions of 1,3-BD and of other final productsclsuas hydrogen and ethene, are
positive, indicating that these compounds are preduas reaction temperatures

increase.
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Figure 4.2.18 -Correlation coefficients between molar fractiofscetaldehyde and of
the remaining major compounds.

It has been discussed whether hydrogen couldcpzate in the crotonaldehyde
reduction, instead of ethanol (BHATTACHARYYA and SXAL, 1967). As pointed
out by some authors (BHATTACHARYYA and SANYAL, 196ANGELICI et al,
2013), hydrogen participation is less probable gnekefore, should not be involved in
the crotyl alcohol formation. The positive correat coefficients between 1,3-BD and
hydrogen in Figure 4.2.19 support this hypotheBisiydrogen was involved in the
crotonaldehyde reduction, hydrogen would be consumred a negative correlation
coefficient between 1,3-BD and hydrogen molar foat would be expected.

The correlation analyses are in line with PCA Itsspresented in the previous
section, since the compounds that are also consattagh rates at 450 °C according to
the previously discussed kinetic mechanism, thaA@H and DEE, presented vector
coefficients with the same sign of the vector deefht of ethanol at this temperature,

as shown in Table 4.2.6.
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Figure 4.2.19 -Correlation coefficients between molar fractiohd 8-butadiene and of
the remaining major compounds.

4.2.7 Conclusions

In this section, it was shown that both reacti@mperature and catalyst
properties affected the behavior of the cataly@iaction fluctuations over MgO-S;O
catalysts significantly. Molar fraction fluctuatisrof distinct compounds in the output
stream were not independent and were statisticdifierent at distinct reaction
conditions, making the usual constant and indepgndeor assumptions invalid for
guantitative data analysis. Furthermore, it was al®wn that experimental fluctuations
from the chromatographic measurement system wenetieins of the compound
composition.

As the covariance matrix of catalytic reaction ctations could be
discriminated from chromatographic measurementtditons, the covariance matrix
of catalytic reaction fluctuations could be used lfical microkinetic interpretation of
the available data.

Particularly, correlation analyses performed wdtta obtained with the MgO-
Si02-(50:50) catalyst indicated that the ethandl,8BD reaction mechanism probably
involves two distinct slow steps in the analyzedperature range. From 300 to 400 °C,
acetaldehyde condensation is expected to limit rémction rates, while ethanol
dehydrogenation is expected to be the slowestiorastep at 450 °C. Standard PCA
reinforced the proposed kinetic interpretation amdicated that variability of catalyst
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activity probably constitutes the most importantiree of experimental fluctuation in
the analyzed reaction system.

Based on these previous results, the next stéipeo$tudy was dedicated to the
investigation of the potential improvement that #wdition of ZrQ and ZnO over
MgO-SiO, systems prepared by co-precipitation could caus¢he 1,3-BD-yield, as

presented in the next section.

4.3 ZrZn-Containing MgO-SiO, Systems Prepared by Co-

precipitation for the Ethanol into 1,3-Butadiene Caversion

This section describes the investigation of usihmgco-precipitation method for
preparation of ZrZn-containing magnesium silicadexcatalysts with different Mg-to-
Si (Mg:Si) molar ratios for the ethanol conversioto 1,3-BD. In order to study in
detail the role of the Mg-to-Si molar ratio, therfoemances of pure MgO-Spx
systems were compared to performances of matecadaining ZrQ and ZnO.
Materials were prepared as described in Sectiod &dd 3.1.2, and the catalytic unit

employed was Unit 2, described in Section 3.5.

4.3.1 The effect of the Mg:Si molar ratio

Initially, magnesium silica oxide catalysts pregzhrat different Mg:Si molar
ratios were evaluated at 326, using an ethanol weight hourly space velocityHSV)
of 0.62 h'. At this condition, ethanol conversion was typligalower than 20 %,
allowing for clear observation of the different @lgtic properties among the catalysts
samples.

Figure 4.3.1 shows the selectivity profile of tineain carbon containing
products, obtained after 3 h of time on streang fasction of the Mg:Si molar ratio for
(a) MgO-SiQ systems and (b) MgO-SiGystems containing a fixed amount of ZrO

and ZnO, which had previously shown to be optimamSiC; catalysts and are kept
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constant in order to provide a reference for coisparto this previous work (JONES
al., 2011, LEWANDOWSKIet al, 2014).Profiles observed for ethene, diethyl ether
(DEE) and acetaldehyde (AcH) show the same getreradl as a function of the Mg:Si
molar ratio. Whereas ethene and DEE selectiviteasahsed as the Mg:Si molar ratio
increased, AcH selectivity showed a sharp increfasm less than 10 % with the 50:50
species to over 40 % with higher amounts of MgOe Tdecrease in the ethanol
dehydration, along with the increase in the ethaedblydrogenation, as the Mg:Si molar
ratio increased is in agreement with a reductiorcatblyst acidity, while basicity is
boosted, as expected when the Mg:Si increases 8WIX et al, 1972, OCHOAet al,

2016) and also in line with GEXPD experiments presented in the previous section
(Figure 4.2.1).
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Figure 4.3.1 Mg:Si molar ratio effect on main carbon containirgaction products
selectivities for (a) MgO-Si@systems and (b) MgO-Siystems containing Zg@nd
ZnO (T of 325 °C, TOS of 3 h, WHSV of 0.62 ftontact time of 4 s).
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On the other hand, the effect of the Mg:Si moldéioran 1,3-BD selectivity was
different between MgO-SiOsystems and MgO-SiOsystems containing ZrOand
ZnO. While a smooth rise in 1,3-BD selectivity waeified as the Mg:Si molar ratio
increased for pure MgO-S&amples, as shown in Figure 4.3.1 (a), the saend tivas
not observed for catalysts containing Zrénd ZnO, as shown in Figure 4.3.1(b).
Instead, a maximum in the 1,3-BD selectivity wastained for the catalyst with the
Mg:Si molar ratio equal to one.

The effect of the Mg:Si molar ratio for Zn(ll) azal(IV) containing MgO-SiQ
systems, using the wet-kneading method for MgO;$i@paration has been previously
studied (JONE®t al, 2011). In line with results presented in Figdrd.1, MgO-SiQ
systems prepared by the wet-kneading method hamerstifferent 1,3-BD selectivity
behavior upon the addition of Zg@nO to the catalyst. However, while a maximum in
the 1,3-BD selectivity was observed at the Mg:Slanaatio equal to 75:25 for the pure
MgO-SiGO;, systems, an increase in 1,3-BD selectivity waeoiesl as the Mg:Si molar
ratio was increased for systems prepared by intipietness (that is, containing Z+O
and ZnO) (JONE®t al, 2011) These results are in contrast with those reporeed, las
shown in Figure 4.3.1, emphasizing that the coipit@ation preparation procedure has
dramatically changed the physicochemical propedfabe catalyst, when compared to
the wet-kneading procedure.

Figure 4.3.2 shows a comparison between 1,3-Bldyiegistered between pure
and ZrQ and ZnO containing MgO-Sisystems. For all Mg:Si molar ratios, the 2rO
and ZnO boosted catalyst activity to 1,3-BD. Intjgafar, at the Mg to Si ratio equal to
one, the 1,3-BD yield over the ZrZn/MgO-Si€50:50) was fifty times higher than in
its parent MgO-Si@-(50:50) with no ZrQand ZnO. It is assumed that ZnO is active
for ethanol dehydrogenation, since oxidized Zn msete.g., ZA", Zn'") could act as
Lewis centers associated to adjacent active oxggenies (Q O%) (JONESet al 2011,
DI COSIMO et al, 1998). On the other hand, besides catalyzindR¥ reduction of
crotonaldehyde (JONE®t al 2011), incorporation of zirconia on silica resulh
formation of further Lewis acid sites and might ucd Brgnsted acidity of silanol
groups, assisting self aldol addition (ORDOMSHKtval, 2010), which is believed to be
the rate-limiting step of the reaction system. Fegul.3.3 illustrates the surface

mechanism proposed on Z#SiO, catalyst.
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Figure 4.3.2Mg:Si molar ratio effect on 1,3-BD yield (a) MgQ&s systems and (b)
MgO-SiO, systems containing ZeCGand ZnO (T of 325 °C, TOS of 3 h, WHSV of
0.62 K, contact time of 4 s).
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Figure 4.3.3- Self aldol addition on ZrgSiO, surface, according to ORDOMSKat
al. (2010).

Regarding textural properties, samples with higklgrSi molar ratio showed
lower surface areas, when compared to the 50:5@ &b ratios, which may indicate
the formation of MgO particles in the pores of 8amples, as shown in Table 4.3.1
(MAKSHINA et al, 2012, LEWANDOWSKIet al, 2014).

Moreover, diffraction patterns indicated sampleghwamorphous features,
although the MgO periclase phase was observekiMtiO-SiQ-(95:5) sample (peaks
at Bragg angles of 37.0°, 43.0°, 62.4°) (JANSSHENSL, 2015), as shown in Figure
4.3.4. In patrticular, the ZrZn/MgO-Sip50:50) system presented broad peaks (at 25-
30°, 33-39 and 58-62) characteristic of magnesium silicate hydrates EBR and
GLASSER, 2005, LEt al, 2014). Since samples containing Z&d ZnO have shown
similar pXRD patterns, when compared to the initilg/O-SiOx-x support (for instance,

compare diffraction patterrsandd), ZrO, and ZnO should be dispersed into the -Mg-
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O-Si- network or their small loading was undetelgdly pXRD. These results further
highlight the effect of preparation method on cataproperties, since MgO phase was
observed even for Mg:Si molar ratio equal to 1ngsa sol-gel technique (OCHO#&t
al., 2016).

Table 4.3.1 -BET surface area of catalyst samples with diffeiMgtto-Si molar

ratios.
Sample Surface area (m2/qg)
MgO-SiO-(25:75) 328 + 1%
MgO-SiO,-(50:50) 368 + 4
MgO-SiO»-(75:25) 14+ 0.1
MgO-SiO»-(95:5) 135 +0.1

ZrZn/MgO-SiQ-(75:25) 31 +0.2
ZrZn/MgO-Si0-(50:50) 323 + 7
ZrzZn/MgO-SiO-(25:75) 107 + 3

[a] Standard deviation denotes the value estimiated the B.E.T fitting to the N
physisorption data.

|
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Figure 4.3.4 - XRD patterns of a) ZrZn/MgO-SiX25:75), b) MgO-Si@
(25:75), ¢) ZrZn/MgO-Si@(50:50), d) MgO-Si@(50:50), e) ZrZn/MgO-Si@
(75:25), f) MgO-SiQ-(75:25), g) MgO-Si@(95:5).
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The local environment of the silicon atoms on thetalyst surface was
investigated through®Si MAS NMR spectroscopy. A clear modification oficin
environments as a function of the Mg:Si molar ratias suggested b¥Si {*H} CP
MAS NMR experiments, as shown in Figure 4.3.5. (yata with higher amount of
MgO, MgO-SiQ-(95:5) and MgO-Si@(75:25) samples, presented a single resonance
with maxima around -71 ppm, indicating a high concgtion of @ species.
Conversely, as the Mg:Si molar ratio was decreabgl-Si0G-(50:50) and MgO-
Si0-(25:75) samples, resonances maxima were shiftech dield, to around -87 and -
94 ppm, indicating an increase irf @d Q species (JANSSENSt al, 2015, BREW
and GLASSER, 2005, HARTMAN and MILLARD, 1990). lemparison with the wet-
kneading method (LEWANDOWSKét al, 2014), @ and @ species were observed at
the Mg:Si molar ratio equal to 75:25, and, @* and J species were observed at the
Mg:Si molar ratio equal to 1. Thus, the co-preapan method used in this work seems
to be more efficient for formation of Mg-O-Si linges.

=71 -87 -94

—— i) Mg0-8i0,-(95:5)

ii) MgO-5i0,-(75:25)
—ii) MgO-SiOz-(SI}:S[I')
iv) MgO-SiOz-{ZS:TS)

40 50 -60 70 -80 -90 -100 -110 -120 -130 -140

Chemical shift (ppm)
Figure 4.3.5 -*°Si{*H} CP MAS NMR spectra of catalysts i) MgO-Si{95:5),
ii) MgO-SiO,-(75:25), iii) MgO-SiG-(1:1), iv) MgO-SiQ-(25:75).

Figure 4.3.6 illustrates typical silicon environreassociated to species, @,
Q* and d, for amorphous silica and their respective chehsiits (JANSSENSt al,
2015). Similar signals with chemical shift betwe&b and -89 ppm and between -92
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and -99 ppm were already reported for magnesiumatel systems and they were
attributed to ® and @ species, respectively, as Si*(OMg)(O8)H) and
Si*(OMQ)(OSi) (JANSSENSet al, 2015, BREW and GLASSER, 2005, HARTMAN
and MILLARD, 1990). Thus, silicon environments frorivigO-Si0Q, systems
investigated in this work could be suggested astilated in the Figure 4.3.7. Moreover,
the lack of signal at -110 in Figure 4.3.5 indisatee absence of silica in the catalyst
structure, or the presence of an amount too snmalbé detected (BREW and
GLASSER, 2005).
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Figure 4.3.6 - lllustration of typical silicon environments famorphous silica
and their chemical shifts (JANSSENSal, 2015).
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Figure 4.3.7 — Proposal for silicon environments for MgO-%iGystems as
characterized from Figure 4.3.5.

A similar behavior of increasing Mg-O-Si linkagencentration was verified for
samples containing Zgland ZnO, as shown in Figure 4.3.8. However, ttiecefof
ZrO, and ZnO catalyst doping on silicon environmentss vt as pronounced as

observed for Mg:Si molar ratio. In fact, resonanaesxima indicated similar
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concentration of each silicon environment betweare @nd ZrQ and ZnO containing
MgO-SiO, samples at the same Mg-to-Si molar ratio, as shovagures 4.3.9-4.3.11.

-71 -87 -94

[

(a) ZrZn/Mg0-Si0,-(75:25)
(b) ZrZn/MgO-Si0,5-(50:50)
(€) ZrZn/MgO-Si0,-(25:75)
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Figure 4.3.8 -2°Si{*H} CP MAS NMR spectra of catalysts (a) ZrZn/MgO-SiO
(75:25), (b) ZrZn/MgO-Si@(50:50), and (c) ZrZn/MgO-Si§&(25:75).

MgO-8i0 -(50:50)
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Figure 4.3.9 -?°Si MAS NMR spectra of catalysts MgO-Si(50:50) and
ZrZn/MgO-SiG-(50:50).

Thus, these results suggest that the higher camtiemt of J silicon
environments observed in samples with the Mg-tov®iar ratio equal to one was
important to yield higher amounts of 1,3-BD. Howeube participation of such sites,

such as silanol Brgnsted acid sites, on the overatition pathway of 1,3-BD formation
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was likely not important, since very different dgti@ performances were observed
between samples MgO-Si@60:50) and ZrZn/MgO-Si@(50:50). Therefore, the Mg-
to-Si molar ratio equal to one resulted in the nmmstable dispersion of Zr and Zn

species, boosting 1,3-BD yield.

MgO-8i0,-(25:75)

ZrZn/MgO-8i0 -(25:75)

\
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Figure 4.3.10 -*°Si{*H} CP MAS NMR spectra of catalysts MgO-Si(25:75)
and ZrZn/MgO-Si@-(25:75).
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Figure 4.3.11 -*°Si{*H} CP MAS NMR spectra of catalysts MgO-Si{¥5:25)
and ZrZn/MgO-Si@-(75:25).

The reproducibility of the dispersion degree of @mnd Zn species among
different catalyst preparation batches was confirimg®’Si MAS NMR experiments, as

shown in Figure 4.3.12. These results are in ageeémvith a general uniform
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distribution of elements inside catalyst particlas,observed for the ZrZn/MgO-SiO
(50:50) sample through scanning electron microsaeiply energy dispersive X-ray, as
shown in Figure 4.3.13. Although a residual amafrila was observed from catalyst
preparation, as detailed in the following sectidhgse Na traces did not significantly
affect catalyst activity.

-86 -95

I | T —T 7 L L
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Figure 4.3.12 -?°Si MAS NMR spectra of catalysts ZrZn/MgO-Si50:50)
prepared from different synthesis batches.

100pum 100pum

Figure 4.3.13 -Elemental mapping of the ZrZn/MgO-Si(50:50) catalyst.

Since the synergistic effect of Zr@nd ZnO on the MgO-Sig3ystem was more
beneficial to 1,3-BD formation at the Mg:Si molagual to one, this catalytic system

was selected for further investigation. In the negttion, the effect of reaction
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temperature and ethanol flow rate over the ZrZn/MgjO,-(50:50) catalyst is
discussed. In patrticular, the ethanol flow rate wagstigated in order to assess the
catalyst performance regarding 1,3-BD productiVity god/0cath), a variable usually
neglected (OCHOAt al, 2016, ANGELIClet al, 2014, KLEINet al, 2016, CHAEet
al., 2016), but fundamental to assess the potentiahdustrial applicability of this

catalytic system.

4.3.2 Reaction Temperature and Spatial Velocity Eéct

Initially, the effects of reaction temperature aWwtHSV were investigated in
order to evaluate the catalyst performance andrdafiasights about the kinetic
mechanism. In order to assess the possible egesteh mass transfer limitation,
catalytic reactions were performed at five différesmperatures, 300, 325, 350, 375 and
400 °C using an intermediate WHSV condition equal0193 K. Figure 4.3.14 (a)
shows Arrhenius plots for ethene and acetaldehgti@den 300 and 400 °C. Apparent
activation energy were estimated for the react@mperature range between 300 and
375°C, as shown in Figure 4.3.14(b), as 97.7 an® kJ/mol for ethene and
acetaldehyde formation, respectively, suggestireg the reaction rates of the main
ethanol consumption reactions were not limited Wfjusional resistances. Linear
correlation coefficients were equal to 0.99. Carbatances were equal to 89, 105, 110,
106 and 112 % for reactions performed at 300, 326, 375 and 400 °C, respectively.

The effect of reaction temperature and WHSV oramth dehydration products
is shown in Figure 4.3.15. It must be noted thghar WHSYV conditions correspond to
higher ethanol molar fraction in gas phase and togamtact times simultaneously,
since WHSV was modified by changing ethanol floweranly, keeping catalyst mass
and inert flow rate constant.

As expected, an increase in reaction temperatareased ethene selectivity, as
shown in Figure 4.3.15(a), and decreased DEE satgcts shown in Figure 4.3.15(b),
as ethanol dehydration to ethene is endothermid@EE is exothermic (ANGELICI
et al, 2013, KNOZINGER and KOHNE, 1966). Although theeghanism of DEE
formation is still discussed in the literature, aetjng whether it involves acid-base
pairs (JAIN and PILLAI, 1967, SHI and DAVIS, 1993rgnsted acid sites and/or
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Lewis acid sites (SHI and DAVIS, 1995), it is urstend that DEE formation should

involve the reaction of the two nearest chemisorbtthnol moieties (ARAEt al,

1967).
132
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Figure 4.3.14- Arrhenius plot for ethene and acetaldehyde 8@ to 400 °C (a), and

from 300 to 375 °C (b). WHSV of 0.93'h

On the other hand, ethene formation should octwough a concerted
mechanism, where the methyl hydrogen of the etleoxdecies, chemisorbed on a
Lewis (ARAI et al, 1967) or Brgnsted acid site (KNOZINGER al, 1972), is
abstracted by the adjacent Brgnsted basic siteethdusing an alumina catalyst, ARAI
et al. (1967) observed the increase of DEE formationhascobncentration of surface
ethoxide was increased, while ethene formation sugpressed. Therefore, the effects

of WHSV on ethene and DEE selectivities observetthimwork suggest the increase of
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the concentration of chemisorbed ethanol speciethencatalyst surface, with the
concurrent increase in WHSV, since higher ethanalamfractions were fed at higher
WHSYV conditions.
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Figure 4.3.15 -WHSV and reaction temperature effects on (a) etheemd (b) DEE
selectivities (ZrZzn/MgO-Si@(50:50), TOS of 3 h).

Figure 4.3.16 shows the effect of reaction tempeeaand WHSV on AcH and
1,3-BD selectivities. The AcH selectivity increades both reaction temperatures as
WHSYV increases, as shown in Figure 4.3.16(a). Saticanol dehydrogenation to AcH
involves Brgnsted basic sites and Lewis acid ¢D#sCOSIMOet al, 1998, GRUVER
et al, 1995), these trends suggest a high concentratioactive sites for ethanol

dehydrogenation on the catalyst surface.
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As discussed in Section 4.2, the AcH transfornmaiivolves 3-hydroxybutanal
formation and its subsequent dehydration to crdtmyde (MAKSHINAet al, 2014,
JONESet al, 2011). Whereas the aldol coupling is an endecgogaction in the
studied temperature range, which becomes more guuier as reaction temperature
increases (MAKSHINAet al, 2014), 3-hydroxybutanal dehydration to crotoehlgtie
is favorable in this temperature range and becoma® favorable as the temperature
increases. Thus, since ethanol dehydrogenatiorckbig favored thermodynamically as

the reaction temperature increases, an excess ebéldehyde in the system might
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contribute to further AcH condensation, explainiitg) lower selectivities at 375 °C
(MAKSHINA et al, 2014).

1,3-BD selectivity presented different trendswasctions of reaction temperature
and WHSV, as shown in Figure 4.3.16(b). While at ilgher temperature the increase
of 1,3-BD selectivity with WHSV might be related &m excess of AcH in the system,
at the lower temperature, contact time appears ffiectal,3-BD formation more
dramatically. This same effect of contact time waserved by SUSHKEVICHt al
(2014), who evaluated the WHSV effect using an AQKSIO, system at 320 °C.
Besides, additional experiments varying the WHSV3@b °C and using the same
ethanol molar fraction (the amount of catalyst remad constant and the gas flow and
ethanol feed rate were both varied), indicated sheme general trend observed at
325 °C, as shown in Figure 4.3.17. This implied tha extra ethanol present in the
higher WHSV processes facilitates the conversiod,8BD, as observed previously
(JONESet al, 2011).
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Figure 4.3.17 -Effect of WHSV on selectivity of the main carbonaas products over
the ZrZn/MgO-SiQ-(50:50) system (375 °C, TOS of 3 h, ethanol miskation of 0.4).
(@) 1,3-butadienel), acetaldehydes() and butene 4); (b) ethene (¢) and diethyl ether
().

Butene selectivity (1-buteneis- andtrans-2-butene) decreased smoothly as the
WHSYV was increased at both reaction temperatueshawn in Figure 4.3.18. The
formation of butene from ethanol is believed towdhrough deoxygenation of butanal
produced from crotyl alcohol isomerisation (MAKSHANet al, 2014). Other studies
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suggest butene as a butanol dehydration produtanblubeing produced from the
hydrogenation of butanal, which in turn might beaited from the hydrogenation of
the C=C double bond of crotonaldehyde (SUSHKEVI€Hal, 2015, LEONet al,
2011). However, no traces of butanal or butanolenasserved in this work, so that
butene may be a product of 1,3-BD hydrogenationusJhhe reduction in butene
selectivity with WHSV can be explained by the retitut of the contact time of 1,3-BD
in the reactor. This hypothesis was supported byadditional reaction experiment
performed at 425 °C, using a WHSV of 071 It this condition, the contact time was
equal to 6.6 s (and ethanol molar fraction at thletistream was equal to 0.2), and the
smallest 1,3-BD selectivity was observed (4 %), mbhe butene selectivity achieved its
highest value (25 %).
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Figure 4.3.18 - WHSV and reaction temperature effect on butenesctelty
(ZrZn/MgO-SiG-(50:50), TOS = 3 h).

Other minor products observed were ethane, acefmopene and propane.
Their combined selectivities did not achieve mdrant 7 % in all experiments. Traces
of ethyl acetate, C5 (pentadienes and its isonzrd)C6 (hexadienes) compounds were
also identified in the output stream.

Regarding ethanol conversion, the increase of ewin was observed as
reaction temperature increased, whereas the ethmomlersion dropped when the
WHSYV was raised, as shown in Figure 4.3.19. ThadniyVHSV increases the ethanol
molar fraction in the gas stream, at the same shwtening the contact time, factors

that might help to explain the reduced conversion.
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Figure 4.3.20 shows the effect of reaction tempeeaand WHSV on the yields
of the main carbon containing reaction productssth, it is worth noting that the
ethanol conversion increase that resulted fromtémeperature rise boosted 1,3-BD
yields from 9-16 % at 325 °C to 27-30 % at 375W@hin the same range of WHSV
between 0.3 and 1.2'hMoreover, although the increase of the WHSV reduthe
ethanol conversion, as shown in Figure 4.3.19,BD3yields were only reduced
slightly. Thus, a linear increase of BD productivitn gsp/gcar h) was obtained with the
WHSYV, as shown in Figure 4.3.21.
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Figure 4.3.20 -Effect of WHSV on yields of the main carbon contag products at (a)
325°C and (b) 375C. (ZrZn/Mg0-SiQ-(50:50), TOS of 3 h).

As discussed by MAKSHINAet al. (2012), catalytic data is usually reported at
low ethanol concentrations and 1,3-BD productigitiare usually too low to be

132



4. Results and Discussion

4.3 ZrZn-Containing MgO-SiO, Systems Prepared by Co-precipitation for the
Ethanol into 1,3-Butadiene Conversion

industrially relevant. 1,3-BD productivity valueshaeved in this work suggest that the
ZrZn/MgO-SiG-(50:50) material prepared by co-precipitation ipramising catalyst
for 1,3-BD production, as it presents high produtti with reasonable 1,3-BD
selectivity, when compared to other catalytic syste(MAKSHINA et al, 2012,
BAYLON et al, 2016).For instance, JANSSEN&t al (2015) reported productivity
equal to 0.15 gph/gear h Over a catalyst based on Ag/MgO-gié 400 °C and WHSYV of
1.2 h*. Using a lower temperature (320 °C), but much éighvHSV (10.3 H),
SUSHCHEVICHet al. (2014) observed 0.23%g/dcar h over a Ag/Zr@SiO, system.
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Figure 4.3.21 -Effect of WHSV and reaction temperature on 1,3-Bidductivity
(g8D/Qcar h) ON ZrZn/MgO-Si@-(50:50) catalyst (TOS of 3 h).

Additional experiments were performed in order $gess the reproducibility of
the catalyst preparation procedure. In these exyatis, reactions were performed at
350 °C in order to evaluate experimental fluctustiat an average temperature value.
Table 4.3.2 shows 1,3-BD yields and productivitsained over ZrZn/MgO-Si&
(50:50) catalysts synthesized from four differemegaration batches. The values
observed are in agreement with results from Figuw&s20 and 4.3.21; thus, the
observed variability should be related to intrinsatalytic reaction fluctuations, as
discussed in Section 4.2.

Finally, Table 4.3.2 also shows the number of dafysr the initial MgO-Si@
(50:50) calcination when reaction was performedicdating no relationship between
the MgO-SiQ-(50:50) oxide age and the 1,3-BD yields and pradities. For instance,
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if the age of the MgO-Si§(50:50) oxide was important, higher 1,3-BD yieldsuld be

expected for sample from entry 4, and lower 1,3y8#ds for sample from entry 2.

Table 4.3.2 -1,3-BD yields and productivities obtained over ZiMgO-SiO;-
(50:50) catalysts from four different preparatioatdhes. Reaction conditions
were 350 °C, WHSV of 0.93% contact time of 3.0 s, ethanol molar fraction at
inlet stream of 66.9 %, and TOS of 3 h.

Days after
Catalysjt MgO-SiO; 133-B[b[]) 1,3-BD productivity
S P cos0) PR (Geolgea)
calcination
1 1 18 22.0 0.14
2 1 20 20.2 0.13
3 2 15 24.1 0.16
4 3 12 23.2 0.15
5 3 14 154 0.10
6 3 15 16.2 0.11
7 4 14 17.7 0.12
Average 19.8 0.13
Standard
deviation 3.5 0.02

BIBET surface area among seven different prepardigaches presented average
of 364.5 m2/g with standard deviation of 24.5 méfgd no correlation between
surface area and 1,3-BD yield was obserf@alculated with Eq. (3.5.3).

4.3.3 Conclusions

In this section, the effect of the Mg-to-Si motatio was investigated in
the synthesis of magnesia silicate oxides preplayetb-precipitation for ethanol
to 1,3-butadiene conversion. Catalysts were usesupport for Zr@ and ZnO
and ethanol conversion was studied in a wide raoig&VHSVs using two
reaction temperature$’Si MAS NMR data suggested that the co-precipitation
method was more efficient for formation of Mg-O4Bikages, compared to the
traditional wet-kneading. Moreover, it was verifiltat the Mg:Si molar ratio
equal to 1 was more suitable for 1,3-BD formatiaile higher Mg:Si molar
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ratios produced more acetaldehyde. High 1,3-BD yetdties (in gp/gcar h)
were obtained with the ZrZn/MgO-Sip50:50) system, results that might be
associated to the enhanced homogeneity of theysatabperties.

Catalytic results supported the usual kinetic &oat ethanol to 1,3-BD
conversion, involving acetaldehyde condensationwéi@r, although a suitable
performance for ethanol to 1,3-BD conversion hagnbebtained over the
ZrZn/MgO-SiQG-(50:50) catalyst, this material presented reasgnaiigh
selectivities for ethanol dehydration products,eaeth and DEE, and, thus, the
acidic features of this system were modified thioaddition of the alkali metals

Na, K and Li, as discussed in the next section.

4.4 Catalyst acidity modification through alkali meal

addition

This section describes the investigation of th&algat acidity modification
through alkali metal doping. Materials were prepaas described in Sections 3.1.1,
3.1.2 and 3.1.3, and the catalytic unit employed Wit 2, which is described in
Section 3.5.

4.4.1 Sodium doping of ZrZn/MgO-SiQ-(50:50) systems

Initially, ZrZn/MgO-Si0,-(50:50) samples were doped with sodium. The effect
of the NaO content on the selectivity for the main carbontaming products is shown
in Figure 4.4.1(a). The increase inJacontent decreased the selectivities to ethene
and DEE, while increasing the selectivities to B[3-and AcH. Conversely, no
significant change was observed to butene selggtivhich fluctuated around 10 %.

A positive linear relation was observed when 1[3-dhd AcH selectivities were
considered as a function of Macontent, as shown in Figure 4.4.1(b), reachin§o66
for the combined 1,3-BD and AcH selectivities ftwetsample with the highest Na
content. Also, a negative linear relation was atg#diwhen ethene and DEE selectivities

were considered as a function of catalysigaontent, as shown in Figure 4.4.1(b).
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Moreover, reduction of the ethanol conversion wiaserved as a function of the
Na content, as shown in Figure 4.4.1(b), resultinglower 1,3-BD yields and
productivities, as shown in Table 4.4.1, entried These trends were confirmed with a
lower WHSV equal to 0.3 entries 5-7 of Table 4.4.1. However, as discuseed
Section 1.4, it should be emphasized that avoidihgnol dehydration is of paramount
importance in order to attain high 1,3-BD vyieldsince ethene is more
thermodynamically stable than 1,3-BD.
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Figure 4.4.1 -(a) Effect of catalyst Na content on the selea#sitof the main
carbonaceous products and (b) comparison with ethaonversion. (T of
375°C, WHSV of 0.62 /, TOS of 3 h).

The suppression of acid sites through Na doping vexently studied over
Zn,Zry0O, mixed metal oxides for the ethanol to 1,3-BD casie (BAYLON et al,
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2016). An increase of the AcH and 1,3-BD selecgtivéind a decrease of ethene
selectivity were observed for B@a containing samples. The catalytic results were
rationalized through the reduction of the numbestodng acid sites due to Na doping,

which was observed through temperature programrasdrdtion of ammonia.

Table 4.4.1 -Effect of Na content on catalytic results oweNa/ZrZn/MgO-SiQ-
(50:50) systems (TOS of 3 h, 376).

Selectivity (mol %)
Na WHsv X [a] Pap

Y
Entr 9 e (9 - ol
y wt%) (h7) (%) 1,3-BD AcH Ethene DEE Butene (Mol %) (Gso/Gea)

1 O 062 40 359 83 322 938 9.2 30.4 0.13
0.8 0.62 26 39.1 142 229 51 115 181 0.08
1.2 062 24 465 131 187 46 109 173 0.07
20 0.62 24 485 173 155 3.6 9.8 13.7 0.06
O 031 52 318 7.0 347 56 146 27.6 0.06
1.2 031 35 493 11.8 16.3 44 124 254 0.05
7 20 031 36 50.6 169 13.8 34 9.9 17.4 0.03

[l Calculated with Eq. (3.5.3¥! Contact times were equal to 3.7 and 5.1 s at the
WHSV equal to 0.62 and 3.1, respectively.

O U hWNDN

In the present work, catalyst acidity of sampleaswnvestigated through
ammonia adsorption followed by TPD experiments dRd measurements. Gases
released during TPD experiments were monitored bgsnspectroscopy, as shown in
Figure 4.4.2.
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—— 0.8-Na/ZrZn/MgO-Si0;-1
— LI-Na/ZrZn/MgO-Sir;-1
— 2-Na/FrZn/MgO-5i0;-1

(a) —— 0.8-Na/ZrZn/MgO-5i0 -1 (b)
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Figure 4.4.2 -NH3-TPD profiles (a), and zoomed MHPD profiles for Na containing
samples (b).
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A significant reduction of the m/z signal attriedtto NH for ZrZn/MgO-SiQ-
(50:50) systems impregnated with sodium was obseineicating the reduction of the
number of acidic sites. A minor reduction of thenfer of acidic sites as the amount of
sodium was increased was also indicated by-WPD experiments, as shown in Table
4.4.2. Furthermore, sodium containing samples ptede peaks with maximum
intensity at temperatures around 380 °C, as shawrrigure 4.4.2(b), while the
ZrZn/MgO-SiG-(50:50) system exhibited maximum peak intensitguad 520 °C.
Therefore, the addition of sodium resulted in reigduncof concentration and strength of
acid sites. A reduction in the strength of aciésirom pure MgO to alkali metal doped
MgO catalysts was also verified by CHOUDHARYal (1997).

Table 4.4.2 -Relative proportion of acid sites related to thie m15 signal.

Catalyst Sample %
ZrZn/MgO-SiG-(50:50) 100
0.8-Na/ZrzZn/MgO-SiG-(50:50) 29.1
1.2-Na/ZrZn/MgO-SiG@-(50:50) 28.1
2.0-Na/ZrZn/MgO-Si@-(50:50) 27.1

IR measurements after NHadsorption supported NHPD conclusions, as
shown in Figure 4.4.3. Infrared spectra are showtween 3900 and 2400 &min
Figure 4.4.3(a) and between 1750 and 1300 inFigure 4.4.3(b), for clarity.

When ammonia is adsorbed on a solid acid catalydtis infrared spectra is
recorded, the NI protonated form, which would involve the associataf ammonia
with Brgnsted acid sites, leads to bands near A2803130 cnl. Coordinately bonded
NHs, resulting from the interaction of ammonia with eélectron-deficient metal atom,
leads to bands near 1250, 1630 and 3330. ¢towever, the band near 1250 tmay
not be observable for samples containing,Sihich presents strong absorption from
skeletal vibration below 1330 ¢émM(AUROUX and GERVASINI, 1990, ONO and
HATTORI, 2015). Thus, the broad signal observeduado3300 crit, as shown in
Figure 4.4.3(a), could be ascribed to the supetipassignal of coordinately bonded
NHzand protonated form Nf, whereas signals from Figure 4.4.3(b) would sugtjes

interaction of ammonia with Lewis acid sites.
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Based on the previous paragraph, it can be contldidgt IR measurements
presented a clear reduction in the J\stretching intensity, as the Na content was
increased in the samples. In particular, weaker; Nignal was observed for the
precursor MgO-Si@(50:50) material, indicating that the ZrGand ZnO addition
increased the acidity of MgO-Sj050:50) to ZrZn/MgO-Si@(50:50) system. Thus,
sodium addition should deactivate Lewis acid siéssociated to ZrOand ZnO,
contributing to the reduction of the ethanol delayeld fraction and ethanol conversion.
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MgO-5i04-1
— Lrin'Mg0-5i04-1
No NH; adsorbed: = 0.5-Na/ZrZn/MgO-5i05-1
Mg0-5i04-1 — L.2-Na/ZrZn/Mg0-5i05-1
= ZrZn/Mg0-5i0,-1 ——2-Na/ZrZn/Mg0-5i0,-1
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Figure 4.4.3 -IR spectra obtained after adsorption of ;\oth MgO-SiQ-1, ZrZn/MgO-
SiOx-1, 0.8-Na/ZrZn/MgO-Si@1, 1.2-Na/ZrZn/MgO-Si@l, and 2-Na/ZrZn/MgO-
SiO,-1samples. IR spectra of MgO-SKD and ZrZn/MgO-Si@1 are presented for
comparison. Spectral regions were plotted sepgraetveen 3900 and 2400 ¢nta)
and 1750 and 1300 ¢hy(b), for the sake of clarity.

The previous hypothesis was further supported ley bhsicity features of
analyzed samples, which were characterized thrdRgimeasurements from CHCI
adsorption (TAMURAet al, 2012, HUBER and KNOZINGER, 1999), as shown in
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Figure 4.4.4. On MgO, two bands at around 30112988 cnt are usually reported for
the CH-stretching mode of CHCAdsorbed and they are caused by two differentskind
of adsorption species (HUBER and KNOZINGER, 1999).

MgO-Si0,,-(50:50)

Zan/MgO-SiOZ-(SO:SO)

Transmitance (a.u.)

0.8-Na/ZrZn/M gO-SiOz-(SO :50)

1.2-Na/ZrZn/M gO-SiOz-(SO:SO)

2.0-Na/Zan/MgO-SiOZ-(SO:SO)

— T 7 T T T 1 T T — T 7 T T
3100 3075 3050 3025 3000 2975 2950 2925 2900
Wavenumber (cm'l)

Figure 4.4.4 -IR spectra of adsorbed CHGin MgO, MgO-Si®@-(50:50), ZrZn/MgO-
SiO-(50:50), 0.8-Na/Zrzn/MgO-Si©(50:50), 1.2-Na/ZrZn/MgO-Si®(50:50) and
1.2-Na/ZrZn/MgO-Si@-(50:50) samples at 20 °C.

Figure 4.4.5 shows possible interactions of tootinethane with Lewis-acidic
and Brgnsted-basic sites. The CH-stretching atrafd®983 crit is associated to the
hydrogen interaction with basic sites (a), and@hé&stretching at around 3011 ¢ris
related to the complex in which the chlorine atamd ¢he hydrogen atom interact with
both the Lewis-acid and the Brgnsted-basic siteukameously (b) (HUBER and
KNOZINGER, 1999).

Cl
CI\(';’CI Cl \C/CI
I%l C\I/ \,H
\M/O\ /\NI/O\
(a) (b)

Figure 4.4.5 — Possible adsorbed CHCkpecies on metal oxides (HUBER and
KNOZINGER, 1999).
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Subtle differences in the CHChtretching intensities were observed among
samples, Figure 4.4.4. A comparison with MgO sutggkshat samples containing
higher alkali metal content (1.2 and 2 % wt.) mayda slightly higher basicity, when
compared to the precursor MgO-%i(30:50) and the ZrZn/MgO-SKX50:50) system.

As expected, however, sodium addition modifiedued properties of samples
as well. Although no significant change on poreudtire was indicated by >N
adsorption-desorption isotherms, as shown in Figuteés, specific surface area reduced
with the Na content, as shown in Table 4.4.3, pobbdue to NaO particle formation
in the catalyst pores (MAKSHINA et al., 2012, LEWBRRWSKI et al., 2014). Thus,
the reduction of the ethanol conversion can becasal mainly to the deactivation of

acid sites and to the smaller access to activs, sitea result of surface area reduction.
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Figure 4.4.6 - N, adsorption M)-desorption [d) isotherms (a) and pore size
distributions (b) of i) ZrZn/MgO-Si®(50:50) and ii) 1.2-Na/ZrZn/MgO-SiX50:50)
catalyst samples.

Table 4.4.3— BET surface areas and metal loadings of catafysiples.

Surface Metal loadings (wt. %Y
Entry Sample
area (m2/g) Na Zr Zn
1 ZrzZn/MgO-SiO-(50:50) 323+ 714 - - -
2 0.8-Na/Zrzn/MgO-Si@-(50:50) 198+ 3 - - -
3 1.2-Na/ZrZn/MgO-SiG-(50:50) 219+4 0.98 1.13 0.39
4 2-Na/ZrZn/MgO-SiGQ-(50:50) 61+1 1.96 1.07 0.37

[a] Standard deviation denotes the value estimft@mu the B.E.T fitting to the N
physisorption data. [b] Metal loadings were assbyelCP-OES.
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It was observed that sodium doping up to the wetghget of 2 % did not
modify the overall structure of samples, as suggkdsty pXRD analysis, shown in
Figure 4.4.7. In Figure 4.4.7, spectra from samgi&/MgO-SiQ-(50:50) and MgO-

Si0-(50:50) are plotted together with samples contgrsiodium, for comparison.

2 Theta (°)

Figure 4.4.7 -pXRD patterns of i) MgO-Sig(50:50), ii) ZrZn/MgO-SiQ-(50:50), iii)
0.8-Na/Zrzn/MgO-Si-(50:50), iv) 1.2-Na/ZrZn/MgO-Si@(50:50) and v) 2-
Na/ZrZn/MgO-SiQ-(50:50). ¢#) denotes magnesium silicate hydrate structure {BRE
and GLASSER, 2005, Lét al, 2014).

It is important to mention that the metal loadingsre confirmed by inductively
coupled plasma optical emission spectroscopy (IS Table 4.4.3. Na loadings of
0.98 and 1.96, Zn loadings of 0.39 and 0.37, antb&dings of 1.13 and 1.07 wt. %
were observed for samples 1.2-Na/ZrZn/MgO-5(8D:50) and 2-Na/ZrZn/MgO-Sid
(50:50), respectively. Besides, the elemental dgpe of samples at specific locations
on the catalyst particles was investigated throsggnning electron microscopy with

energy dispersive X-ray analysis. Table 4.4.4 shitnbtained average values.

Table 4.4.4 -Elemental dispersion of catalyst samples in welglft

Sample Mg Si Zr Zn Na
ZrZn/MgO-SiO-1 321+05 59.6+22 6.3+220 14+04 06.2
0.8-Na/ZrZn/MgO-SiG-1 31.8+1.0 56720 7.6+25 17+x04 202
1.2-Na/ZrZn/MgO-SiG-1 31.5+09 558+05 7.2+03 19+06 30%
2-Na/ZrZn/MgO-SiQ-1 31.8+04 56.7+05 6.5+07 19+03 30%

[a] Values of Mg, Si, Zr, Zn and Na were normalized100 and represent a

dispersion measure only.
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A general uniform distribution of Mg, Si, Zr, Zrand Na was observed.
However, higher scattering was observed for Zr, ard Na (compare standard
deviations in Table 4.4.4), which may be due toldss uniform distribution of these
compounds and/or related to a lower analytical iseitg associated to the smaller
concentration of these species. Moreover, Na dowiag confirmed by analyses, which
highlight the different NgO content among samples. The residual amount of Na
observed in the ZrZn/MgO-SpX50:50) catalyst might be the result of incomplete
removal of Na during catalyst washing.

Elemental distribution on the catalyst surface aB® evaluated through EDX
mapping analysis. Figure 4.4.8 shows element digion for the 1.2-Na/ZrZn/MgO-
Si0,-(50:50) catalyst, emphasizing the homogenous atandistribution of elements.
Element distribution for samples 0.8-Na/ZrZn/Mg@%{50:50) and 2-Na/ZrZn/MgO-
Si0-(50:50) is shown in Figures 4.4.9-4.4.10. The eispn homogeneity was verified
through higher magnification, as shown in Figurk 11.

Finally, the analysis of silicon environments i MAS NMR spectroscopy
suggested that the interaction of Na species vathlyst surface was not associated to
Brgnsted acidic silanol moieties, since no sigaific change on resonances was
observed from the ZrZn/MgO-SiJ50:50) system to the Na doped samples, as shown
in Figure 4.4.12. Figure 4.4.12(a) shows spectracépalysts i) MgO-Sie(50:50), ii)
ZrZn/MgO-SiG-(50:50), iii) 0.8-Na/ZrZzn/MgO-Si@(50:50), iv) 1.2-Na/ZrZn/MgO-
Si0-(50:50) and v) 2-Na/ZrZn/MgO-Si)50:50).

m =m0 1 mAT

70um

70um

70um
Figure 4.4.8 -Elemental mapping of the 1.2-Na/ZrZn/MgO-%iDcatalyst.
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Figure 4.4.9 - Elemental mapping of the 0.8-Na/ZrZn/MgO-%i(B0:50)
catalyst.
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Figure 4.4.10 -Elemental mapping of the 2-Na/ZrZn/MgO-$#(30:50) catalyst.

70um

Figure 4.4.11 - Ele?ﬁnéntal mapping mioumthe 1.2-Na/ZrZn/MgO-%i(30:50)
catalyst using a higher magnification.
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Figure 4.4.12 -?°Si MAS NMR spectra of catalysts i) MgO-Si(60:50), ii)
ZrZn/MgO-SiG-(50:50), iii)  0.8-Na/ZrZn/MgO-Si@(50:50), iv) 1.2-
Na/ZrZn/MgO-SiQ-(50:50) and v) 2-Na/ZrZn/MgO-Si¥X50:50) (a) and
295i{'H} CP MAS NMR spectra (b).

Spectra are in agreement with pXRD patterns. Wee liroad resonances with
maxima around -87 and -95 ppm suggest the presehceMg-O-Si- linkages
(JANSSENSet al, 2015, BREW and GLASSER, 2005, HARTMAN and MILLAR
1990), as discussed in Section 4.3. Moreo%j MAS spectra were confirmed by
cross-polarization (CP) experiments, as shown iguie 4.4.12(b). In this case, a
shoulder at around -80 ppm was observed for alpgesnwhich might be related to'Q
species?’Si MAS spectra were fitted by a function containing Gaussians in order to
compute spectral areas and obtain the relativeoptiop of each silicon environment.

The acquired data are summarized in Table 4.4.3y Gubtle differences were
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observed between the relative proportion 6fa@d @ species, which are probably due

to the intrinsic experimental fluctuation of theahyrsis.

Table 4.4.5 -Summary of°Si MAS NMR data. Numbers represent the relative
proportion of each silicon environment.

Q° Q’
Catalyst sample (-87 ppm) (-95 ppm)
i) MgO-SiO-1 78.1 21.9
i) ZrZn/MgO-SiQ-1 72.6 27.4
iii) 0.8-Na/ZrZn/MgO-Si@-1 71.4 28.6
iv) 1.2-Na/ZrZn/MgO-SiG-1 73.0 27.0
V) 2-Na/ZrZn/MgO-SiG-1 73.7 26.3

Therefore, the main effect of sodium doping mayddated to the interaction of
Na with Lewis acid sites related to Zr@nd ZnO, as also suggested by sNIHPD
experiments and IR measurements fromgldeisorption.

The NaO effect on the catalytic properties was confirmmydan additional
experiment where the process of Na addition wakated using only water. Table 4.4.6
shows catalytic results obtained over this mateléddelled as water/ZrZn/MgO-S;O
(50:50), and the data obtained over the ZrZn/MgO->$50:50), for comparison.

Although a slight reduction in the 1,3-BD yield daproductivity could be
observed for water/ZrZn/MgO-Si§50:50) samples, which is likely related to the
reduction of specific catalyst surface area duep#oticle sinterisation after the
additional calcination process, water addition niad avoid the ethanol dehydration, as
ethene and DEE selectivities were very similartfeg two samples, as shown in the
Table 4.4.6.

Table 4.4.6 -Catalytic results for 3 h of time on stream, reactemperature of
375°C, WHSV of 0.62 H, and contact time of 3.7 s.

X Selectivities (mol %) Yeo  Pgp
Catalyst (%) (mol.  (ggp/
1,3-BD AcH Ethene DEE Butene %) Oear D)
ZrZn/MgO-SiO;-
40 35.9 83 322 9.8 9.2 304 0.13
(50:50)
Water/ZrZn/MgO-
. 46 32.5 6.6 34.9 10.4 10.6 26.8 0.11
SiO,-(50:50)
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This result also suggests that the additional eat@mn step involved in the Na
addition process (illustrated in Figure 3.1 as @aliton 3) was not responsible for the
change of catalyst properties that resulted irstipgpression of the ethanol dehydration,
supporting the sodium doping effect, as expectéxkrdfore, the effect of removal of
the calcination step after sodium doping (the thamd final calcination steps, as
described in Figure 3.1) was investigated.

From Figure 4.4.1 and Table 4.4.1, it can be weserved that the increase of
the sodium loading to the ZrZn/MgO-Si(b0:50) system increased the 1,3-BD
selectivity. However, the 1,3-BD selectivity incseawas only slight when the sodium
loading was increased from 1.2 to 2.0 wt. % of @a.the other hand, 1,3-BD yield and
productivity were reduced more significantly due ttee lower ethanol conversion
achieved when sodium was added at loadings of 2.%wThus, the alkali metal
loading of 1.2 wt. % was defined as the most sletahd kept constant in the following
studies.

Table 4.4.7 compares results obtained for thealnit.2-Na/ZrZn/MgO-SiG@
(50:50) (entry 1 in Table 4.4.7) and the 1.2-NafZMgO-SiOQ-(50:50) sample

prepared with no calcination step after sodium dggentry 2 in Table 4.4.7).

Table 4.4.7 -Catalytic results over the 1.2-Na/ZrZn/MgO-%i(80:50) catalyst
(TOS = 3 h, 375C, WHSV = 0.62 H, and contact time equal to 3.7 s).

Entry X Selectivities (mol. %) Yo Pao
(%) 1,3-BD AcH Ethene DEE Butene(mol. %) (9dsp/Jear h)
1 24 46,5 13.1 18.7 46 109 17.3 0.07
29 58 522 200 105 27 102 196  0.09
3% 27 501 186 132 29 104 17.0  0.07

I BET surface area equal to 219 + 4 m#gNo calcination after sodium dopin.
BET surface area equal to 333 + 3 mEfgCalcination temperature after sodium doping
was 400 °C!® BET surface area equal to 239 + 2 m2/g.

A slight increase of the 1,3-BD selectivity, yielthd productivity was obtained.

However, there is a significant difference in tpedfic surface area (219 vs. 333 m?/q)
of the two materials, which may contribute to tlifedent performances. The beneficial
effect of calcination step removal was confirmedabyadditional experiment where the

calcination temperature after the sodium doping redsiced to 400 °C (entry 3 in Table
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4.4.7). This procedure improved 1,3-BD selectivatd also resulted in higher surface
area, when compared to the sample calcined atGQérfiry 1 in Table 4.4.7).

A similar pXRD pattern with amorphous features passented in Figure 4.4.7,
was observed for the 1.2-Na/ZrZn/MgO-%i(30:50) sample prepared with no
calcination after alkali metal doping (patterjy as shown in Figure 4.4.13, indicating
that NaO may be dispersed into the -Mg-O-Si- network at tithe small loading was
undetectable by pXRD. Moreover, the presence gfONas a single phase was ruled
out, since no signal at the Bragg angles of 46§ wlaserved (HARTMANNet al,
2013).

2 Theta (°)

Figure 4.4.13 -XRD patterns of i) 1.2-Na/ZrZn/MgO-S§50:50), and ii) 1.2-
Na/Zrzn/MgO-SiQ-(50:50) with no calcination after Na doping.

4.4.2 Acetaldehyde and Ethanol Co-feeding

Since acetaldehyde is an intermediary compoundhef dthanol to 1,3-BD
reaction, the effect of adding acetaldehyde tof¢leel was also evaluated. An ethanol-
to-acetaldehyde feed ratio of 8:2 was employed;esthis condition resulted in better
catalytic performances in previous studies (JONES.£2011). Catalytic data is shown
in Table 4.4.8.

As expected, the addition of AcH in the feed ilased the amount of produced
1,3-BD (compare yields and productivities betwestries 1 and 2, and entries 3 and 4
in Table 4.4.8). Moreover, ethanol dehydration theee was suppressed after AcH
addition, in line with thermodynamic calculatiorSe¢tion 1.4). Suppression is more

pronounced catalysts containingJaas shown in Table 4.4.8 and 4.4.9.

148



4. Results and Discussion
4.4 Catalyst acidity modification thorough alkali metal addition

Table 4.4.8 —Effect of adding AcH to the feed on catalytic iesTOS of 3 h,
375°C, WHSV of 0.62 i and contact time of 3.7 s).

Selectivities (mol %) v Pep
Entry Catalyst 0 1,3- B0 (%eo/
(%) AcH Ethene DEE Butene (mol. %)
BD Ocat' h)
1 Zrzn/Mgo-Sio-1 40 359 83 322 9.8 9.2 30.4 0.13
2 Zrzn/Mgo-Sio-1" 329 446 82 242 66 108 414 017
3 1.2-Na/zrzn/MgoO-Si@-1" 28 522 200 105 27 102 196  0.09

4 12-N&/ZrZn/MgO-Si-1*  gdd 447 341 58 12 989 254  0.10

[a] Acetaldehyde in the feed (8:2 ethanol to Acldd@atio). [b] No calcination after
sodium doping. [c] Acetaldehyde conversion wasaadtulated.

Table 4.4.9 -Effect of adding AcH to the feed on ethene and Digid (TOS of
3 h, 375°C, WHSV of 0.62 H and contact time of 3.7 s).
Yield (mol. %)

Entry Catalyst
Ethene DEE
1 ZrZn/MgO-SiQ-1 13.6 8.3
2 ZrZn/MgO-SiQ-1¥ 11.2 6.1
3 1.2-Na/ZrZn/MgO-Sie 1! 2.0 1.0
4 1.2-Na/ZrZn/MgO-Sie- 12! 1.6 0.7

[a] Acetaldehyde in the feed (8:2 ethanol to AcEdeatio). [b] No calcination after sodium doping.

4.4.3 Potassium and Lithium Doping of ZrZn/MgO-SiQ-(50:50) systems

The acidity modification of the ZrZn/MgO-Si§50:50) system was also
investigated using potassium and lithium. Tablel4hows catalytic results for these
samples (entries 3 and 4). As observed for sodioped samples, the addition of
potassium and lithium was also effective for suppi@n of ethanol dehydration,
leading to lower selectivities to ethene and DEHemw compared to the starting
ZrZn/MgO-SiG-(50:50) material (which is shown again in the Ba#l4.10 as entry 1).

Similar catalytic performances were observed for gashdoped with Na and K
(compare entries 2 and 3 in Table 4.4.10). Conlxgrébe 1.2-Li/ZrZn/MgO-SiG-
(50:50) sample presented lower 1,3-BD yield andipetivity, which is in line with its
lower BET surface area, equal to 81 m?/g, when @epto the surface area of 1.2-
Na/ZrZn/MgO-SiQ-(50:50) and 1.2-K/ZrZn/MgO-Si§(50:50) samples, equal to 219
and 243 m?/g, respectively. CHOUDHAReX al (1997) also verified similar trends of
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specific surface area for alkali metal promoted Mgialysts, which followed the order
Li/MgO < Na/MgO < K/MgO, in agreement with resutibtained in the present work.
No significant difference was observed on the alkadtal doped catalyst structures, as

suggested by the pXRD of samples and shown in €igu.14.

Table 4.4.10 —Alkali metal doping effect on catalytic results@% of 3 h,
375°C, WHSV of 0.62 i and contact time equal to 3.7 s).

Selectivities (mol %) Psp
F] X Yep
Entry Catalys T (9so/
(%) ’ AcH Ethene DEE Butene (Mol %)

BD Ocar h)
1 ZrZn/MgO-SiQ-1 40 359 8.3 32.2 9.8 9.2 30.4 0.13
2 1.2-Na/ZrZn/MgO-SiG-1 24 46,5 13.1 18.7 4.6 10.9 17.3 0.07
3 1.2-K/ZrZn/MgO-SiQ-119 22 516 137 174 5.2 7.5 21.1 0.09
4 1.2-Li/Zrzn/MgO-SiQ-1© 18 443 205 16.2 4.4 8.7 11.4 0.05

Al BET surface area equal to [b] 323 + 7, [c] 219, {04243 + 2, and [e] 81 + 0.3
m?2/g.

20 30 40 50 60 70

2 Theta (°)
Figure 4.4.14 - pXRD patterns of i) 1.2-Na/ZrZn/MgO-S¥p50:50) i) 1.2-
K/ZrZn/MgO-SiO»-(50:50) and ii) 1.2-Li/ZrZn/MgO-Si@(50:50).

Thus, at this point, it could be argued if the alkaetal features exerted
significant effect on the catalytic performancejfdhe observed effects were related to
the different amounts of added alkali metal, sisamples were prepared with similar
alkali metal loading in weight %. Indeed, giventtti&e molecular weight of potassium
is higher than the molecular weight of sodium tivaturn, is higher than the molecular

weight of lithium, the number of lithium mols addéa the catalyst was five times
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higher than the number of potassium mols added threk times higher than the
number of sodium mols added to the catalyst mixture

This could help to explain the smallest surfacmarsbserved for lithium doped
samples and the lower 1,3-BD yields and produadisit However, the addition of
lithium, using the same number of mols used foagsitm, resulted in a material with
catalytic properties similar to the starting ZrZmy®SiG-(50:50) system, entry 3 of
Table 4.4.11. Thus, the increase in the 1,3-BDdysetd productivity observed from
lithium to potassium doped samples (consideringstimae weight loading and the same

molar loading) suggest that the type of alkali mistamportant.

Table 4.4.11 -Catalytic results folithium doped sample¢TOS of 3 h, 375C,
WHSV of 0.62 R, and contact time of 3.7 s).

Selectivities (mol %) Yeo Pap

Entry Catalyst

]é’g_ AcH Ethene DEE Butene (M0l%)  (9sp/Gear h)
1 ZrZn/MgO-SiG-1 35.9 8.3 32 2 08 o0 204 e
2 1.2-Li/ZrZn/MgO-SiG-12 443 205 162 44 g7 114 008
3 0.22-Li/ZrZn/MgO-SiQ-1"! 33.8 7.1 30.6 8.4 13.8 27.2 0.12

BIBET surface area equal to 81 + 0.3 m2/gBET surface area equal to 267 + 2 m2/g.

These results are consistent with findings repoligdSUSUKI et al (1988),
who treated hectorita with lithium, sodium and gstam and observed a higher
fraction of ethanol dehydration to ethene and DBEsamples treated with lithium.
According to the authors, the smaller atomic radiubthium results in stronger Lewis
acidity due to the higher electrostatic field assi@mal to its smaller atomic size. Indeed,
CHOUDHARY et al (1997) observed that the amount of J\¢themisorbed at 100 °C
over Li/MgO, Na/MgO and K/MgO catalysts (jrmol-g*) followed the order Li/MgO
> Na/MgO > K/MgO, also suggesting that the additmmnlithium results in higher
acitidity. Thus, assuming that alkali metals at¢h&alyst surface act as Lewis acid sites,
the slightly better performance observed for theaggium doped sample (entry 3 of
Table 4.4.10) could be related to its weaker Leagglity, due to its higher atomic
radius. However, the presence of different bagesstannot be ruled out in order to

explain the better observed performance for thagsaim containing catalyst.
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4.4.4 Calcination Steps Number Reduction

In Section 4.4.1, it was shown that the removatihef calcination step after the
Na doping resulted in slightly higher 1,3-BD yiedldd productivity, as shown in Table
4.4.7. Thus, the effect of removing the calcinatsdep before the Zr and Zn addition
was also investigated, while simultaneously remguihe calcination step after the
alkali metal doping. The removed calcination steps illustrated in Figure 3.1 as
Calcination 1 and 3. Table 4.4.12 shows catalytisults for the ZrZn/MgO-Si©
(50:50) system and alkali metal doped samples pedpaith only 1 calcination step
(entries 1-4), and the alkali metal doped samptepgred with three calcination steps
(entries 5-8), for the sake of comparison.

Table 4.4.12 —Effect of the number of calcination steps on gaiakesults (TOS
of 3 h, 375°C, WHSV of 0.62 H and contact time of 3.7 s).

X Selectivities (mol %) v Psp
Entry Catalyst — B (geo/
(%) ' AcH Ethene DEE Butene (Mol %)

BD Qcar D)
1 ZrzZn/MgO-SiG-1¥ 44 262 6.3 436 127 7.5 246 0.11
2 12-Na/ZrZn/MgO-Si@1*” 19 495 228 113 32 90 222  0.10
3 12:K/ZrznMgO-siQ-1*” 26 551 171 122 35 7.9 271  0.12
4 12-LWZrznMgo-siQ-1*" 19 477 170 134 26 137 159  0.07
5  Zrzn/MgO-SiQ-1 40 359 83 322 98 92 30.4 0.13
6  1.2-Na/Zrzn/MgO-SiG-1 24 465 131 187 46 10.9 17.3  0.07
7 1.2-K/IZrZn/MgO-SiQ-1 22 516 137 174 52 75 21.1  0.09
8  1.2-Li/Zrzn/MgO-SiO-1 18 443 205 162 4.4 8.7 11.4  0.05

12l No calcination before Zr and Zn additiof.No calcination after alkali metal doping.

Regarding the ZrZn/MgO-SiX50:50) system, a slight enhancement of ethene
and DEE selectivities was observed upon the remaivilie calcination step (compare
entries 1 and 5 of Table 4.4.12), suggesting theease of the acidity of the catalyst or
improvement of the access to active acid sitesh@BET surface area changed from
323 + 7 ni/g to 416 + 3 g for the ZrZn/MgO-Si@(50:50) system prepared with and
without the calcination step before Zr and Zn additrespectively.

For samples containing Ma, KO and LpO, the removal of the calcination
steps was also beneficial to 1,3-BD yield and potigiity (compare entries 2 and 6 for
NaO, entries 3 and 7 for 4O, and entries 4 and 8 for,0 containing samples). As
observed for the ZrZn/MgO-SX50:50) system, 1.2-Na/ZrZn/MgO-Si50:50), 1.2-
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K/ZrZn/MgO-Si0,-(50:50) and 1.2-Li/ZrZn/MgO-Si@(50:50) samples also presented
an increase of the surface area due to the renodvthe calcination steps, as shown in

Table 4.4.13.

Table 4.4.13 BET surface area of catalyst samples.

Total number

Surface Calcination steps in
Sample area preparation method of calcination

(m?/g) (as Figure 3.1) steps
1.2-Na/ZrZn/MgO-Si@-(50:50) 219+4 Calcination 1, 2 and 3 3
1.2-K/ZrZn/MgO-SiQ-(50:50) 243 +2 Calcination 1, 2 and 3 3
1.2-Li/ZrZn/MgO-SiG-(50:50) 81+0.3 Calcination 1, 2 and 3 3
ZrZn/MgO-Si0-(50:50)* 416 + 3 Calcination 2 1
1.2-Na/ZrZn/MgO-SiG-(50:50§*"! 290 + 2 Calcination 2 1
1.2-K/ZrZn/MgO-SiQ-(50:50}*" 305+ 3 Calcination 2 1
1.2-Li/ZrZn/MgO-SiG-(50:50§**! 210+ 2 Calcination 2 1

[a] No calcination before Zr and Zn addition. [bd Malcination after alkali metal doping.

These results suggest that there is a relationahipng 1,3-BD formation,
acidic-basic concentration and site distributiontba catalyst surface, since 1,3-BD

yield and productivity were strongly correlated lwitatalyst surface area for samples

containing alkali metals, as shown in Figure 4.4.15
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Figure 4.4.15 -Relationship between surface area, 1,3-BD yieddt)(land 1,3-
BD productivity (right) for 1.2-Na/ZrZn/MgO-Si§&(50:50), 1.2-K/ZrZn/MgO-
SiO,-(50:50) and 1.2-Li/ZrZn/MgO-Si@(50:50) samples. Reactions performed
as entries 2-4 and 6-8 in Table 4.4.12.
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The effect of removing calcination steps was aisestigated througfLi MAS
NMR spectroscopy. The lithium doped 1.2-Li/ZrZn/M@DO,-(50:50) sample was
submitted td'Li MAS NMR analysis due to its higher sensitivity,avhcompared to Na
and K isotopes. Figure 4.4.16(a) shows spectraséonples 1.2-Li/ZrZn/MgO-Si©
(50:50) and 1.2-Li/ZrZn/MgO-Si®(50:50) prepared with only 1 calcination step rafte
ZrO, and ZnO addition. Although similar chemical shiftan be observed for both
samples, the different lineshape, broader in tHeviadth for the sample with higher
number of calcination steps, as shown in Figurel8(®), and the different intensities
of the spinning sideband distribution indicated theodification of the local
environment of the lithium nuclei. Thus, the redoctof the number of calcination
steps, affects the surface area and also produbes structural modifications on the

samples.

-0.020 1-0.184

ii

(a) (b)

P LI R mo
S00 400 300 200 100 0 -100 -200 -300 -400 500 10§ 6 4 2 0 -2 -4 -6 -8 -0
&, (ppm) &, (ppm)

Figure 4.4.16 -'Li MAS NMR spectra of catalysts i) 1.2-Li/ZrZn/MgSiO,-
(50:50) and ii) 1.2-Li/ZrZzn/MgO-Si®(50:50) with no calcination step before Zr
and Zn addition and after Li doping: (a) full spectb) zoomed spectra.

The effect of removing calcination steps on theail environments was also
evaluated. In this case, the sample studied was.thK/ZrZn/MgO-SiQ-(50:50), since
the potassium addition caused higher modificatibthe 1,3-BD yield and productivity
for both numbers of calcination steps, as shownhable 4.4.12, when compared to the
lithium and sodium doped samples. For the sakdaoity, the preparation procedure of
the 1.2-K/ZrZn/MgO-Si@-(50:50) system, involving only one calcination pstas
explained in Section 3.1.4 and illustrated in Fey8r2.
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In Sections 4.3.1 and 4.4%Si NMR experiments indicated that the alkali metal
and Zr and Zr addition did not change silicon emwinents significantly. Conversely,
the removal of the calcination steps exerted a npoomounced effect on the silicon
environments, as shown in Figure 4.4.17, in lingalii MAS NMR results.

ii) I.Z-Keran.’\-!gO-SiDZ

40 50 60 70 80 90 -100 -110 -120 -130 -140
Chemical Shift (ppm)
Figure 4.4.17 -*°Si MAS NMR spectra of catalysts i) 1.2-Na/ZrZn/Mdo,-(50:50),
and ii) 1.2-K/ZrZn/MgO-Si@-(50:50) sample prepared with no calcination befdre
and Zn addition and no calcination after alkali aheibping.

Moreover, although the purity of the KOH employed the synthesis of
potassium doped samples was equal to 90 % (se®158ct.3, as KOH contained 10 %
of humidity), the presence of impurities in the -K/ZrZn/MgO-SiO, material was
ruled out by SEM-EDX analyses, Appendix G. Elememtse uniformly distributed on
the surface of the catalyst, as indicated by thel-EHDX elemental mapping and shown
in Figure 4.4.18 and the elemental dispersionspatiic locations of the catalyst
particle, as shown in Table 4.4.14. Moreover, bldkdings were confirmed by
inductively coupled plasma optical emission spettopy (ICP-OES), leading to K, Zn
and Zr loadings of 1.31, 0.57 and 1.68 wt%, respeigt
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T100um ' T100um '
Figure 4.4.18 — Elemental mapping of the 1.2-K/ZrZn/MgO-$i(®0:50) catalyst
prepared with no calcination before Zr and Zn additand no calcination after

alkali metal doping.

Table 4.4.14 -Surfaceelemental dispersion of 1.2-K/ZrZn/MgO-Si(b0:50)catalyst
sample in weight. %!
Mg Si Zr Zn K

37.42 £ 0.50 52.79+0.49 5.44+055 1.69+0.31.6620.20

[l Elemental values were normalized to 100 and reptea dispersion measure only. Catalyst
prepared with no calcination before Zr and Zn &dditand no calcination after alkali metal
doping.

Regarding the sample crystallinity, the removath@ calcination steps did not
modify the common amorphous structure of the samplach presented the three
broad peaks (at 25-30 33-39 and 58-62) of Figure 4.4.19, characteristic of
magnesium silicate hydrates (BREW and GLASS#HRil, 2005, Llet al, 2014), as
observed for previous samples, and shown in Figure3, 4.4.13 and 4.4.14.

Finally, it was observed that the removal of th&ination steps did not modify
the role of alkali metals, which is here rationatizas the neutralization of the strong
acid sites of the catalyst, responsible for ethatedlydration, as discussed in Section
4.4.1. Figure 4.4.20 shows the profiles obtaineinfiNH;-TPD experiments, which

confirmed the reduction of the total catalyst agidis the alkali metal was added.
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T . T X T . T s T . T

20 30 40 50 60 70
2 Theta (°)
Figure 4.4.19 -XRD patterns of i) ZrZn/MgO-Si©(50:50) (prepared with no
calcination before Zr and Zn addition), ii) 1.2-K8Zn/MgO-SiG-(50:50), iii)
1.2-K/ZrZn/MgO-SiQ-(50:50)and iv) 1.2-Li/ZrZn/MgO-Si@-(50:50). Samples

calcination after alkali metal doping.

(a) ZrO::.ZnOJMgO-SiO_,_
(b) K,0:Zr0,:ZnO/MgO-SiO,

T 1 T X T % |
100 200 300 400 500

Temperature ("C)

Figure 4.4.20 -NH3-TPD profiles for the KO:Zr0,:ZnO/MgO-SiQ catalyst and its
Zr0O,:Zn0O/MgO-SiQ precursor, both prepared with only one calcinastep after Zr
and Zn addition.

Three additional experiments were performed byingrthe WHSV at 375 °C
and using the same ethanol molar fraction (by kegfie catalyst weight constant and

varying simultaneously the gas flow and ethanobfeate) and results suggested a
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similar kinetic behavior, as observed for the ZMgD-SiO-(50:50) system at 325 °C.
As expected, the use of higher contact times waeflmal to 1,3-BD selectivity and
yield, as shown in Table 4.4.15.

Table 4.4.15 -Catalytic results for 3 h of time on stream ouee L.2-K/ZrZn/MgO-
Si0-(50:50) system prepared with no calcination befareand Zn addition and after
alkali metal doping, at 378C and using ethanol feed molar fraction of 0.4.

— 0 P
WHSV X Selectivities (mol %) Yoo BD
-1 T(s) o (9so/
(h™ (%) 13BD AcH Ethene DEE Butene (Mol %) o)

cat’

0.31 51 44 57.8 12.9 10.3 2.5 10.3 37.2 0.07

0.62 2.5 35 55.9 19.2 10.2 2.78 7.5 20.1 0.09

1.24 1.3 26 44.6 30.9 7.5 2.36 5.0 13.1 0.12

Therefore, the modification of the acidity of tZ&@Zn/MgO-SiG-1 system
prepared by co-precipitation, through addition tdah metals, specially using J0,
seems to constitute a promising — and cheap —ysailternative to maximize the 1,3-
BD formation from ethanol conversion. Firstly, atbhdehydration must be avoided,
which is a thermodynamic requirement to achievehdngl1,3-BD vyield. Then,
unconverted ethanol and produced acetaldehyde bmistecycled in the process,

overcoming the lower ethanol conversion obtaineith tiese systems.

4.4.5 Comparison with Literature Catalysts

Two literature catalysts, labelled as Cu/MgO-S#&nhd CuZrZn/SiQ were
synthesized and tested for the ethanol to 1,3-Bixtien in order to allow for the
comparison with the catalyst developed in the pres®rk. The preparation procedure
for these materials is detailed in Section 3.1.5.

The measured surface areas were equal to 209mZ6and 264 + 5.2 m?/g for
the Cu/MgO-SiQ and CuZrZn/SiQ catalysts, respectively. Figure 4.4.21 shows the
pXRD of the samples, which indicates the Sf€ature phase with maximum intensity
at the Bragg angles between 20 and 25 ° for thaZUAiO, sample (JONE®t al,
2011), whereas the Cu/MgO-SiCatalyst showed a mixture of phases of magnesium
silicate and MgO periclase phase, as expected (MAKIB et al, 2012; ANGELIClet
al., 2014).
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Figure 4.4.22 shows 1,3-BD selectivities (a) an8-BD yields (b) obtained
using the Cu/MgO-Si®QCuZrZn/SiQ, and 1.2-K/ZrZn/MgO-Si@(50:50) catalysts.

CuZrZn/SiO5

—— Cu/MgO-8i0,

15 20 25 30 35 40 45 50 55 60 65 70
2 Theta (°)
Figure 4.4.21— pXRD spectra of Cu/MgO-Sigand CuZrZn/SiQ catalysts samples.
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Figure 4.4.22— Catalyst performance comparison: (a) 1,3-BDcéiiey as a function
of time on stream and (b) 1,3-BD yield. Reaction3@b °C and ethanol WHSV of
0.62 ht. For 1,3-BD yields, TOS was equal to 3 hours dml drror bar denotes the
absolute standard deviation obtained from duplecagactions.

It can be seen that the Cu/MgO-gi@nd 1.2-K/ZrZn/MgO-Si@(50:50)
catalysts presented similar 1,3-BD selectivities &snction of time on stream, whereas
the CuZrZn/SiQ system was inferior, at least for the reactiondtibons evaluated in
this work. However, the 1.2-K/ZrZn/MgO-Sj§50:50) catalyst presented slightly
better 1,3-BD yields, Figure 4.4.22(b). Thus, itskown that the co-precipitation
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method is suitable to prepare MgO-Si§ystems that may be used for the ethanol to
1,3-BD reaction, which is in contrast with the fings of ANGELICI et al (2014,
2015).

4.4.6 Conclusions

In this section, it was shown that the modificatad the catalyst acidity through
alkali metals addition (Me = Na, Li and K) to thedl materials leads to reduction of
ethanol dehydration, boosting the 1,3-BD selegtivit positive linear correlation was
obtained for the combined 1,3-BD and acetaldehwdectvities as a function of the
catalyst Na content. Catalyst acidity modificatwas confirmed by NETPD and IR
measurements after NHdsorption, but®Si MAS NMR data indicated that the role of
the alkali metal on the catalyst structure wasrat#ted directly to the interaction with
Brgnsted acidic silanol moieties. Since IR measerdm after CHGl adsorption
indicated only subtle differences between catalpstsicity, the main effect of alkali
metal doping is associated to the selective deatadiv of Lewis acid sites related to
ZrO, and ZnO.

Moreover, it was shown that catalyst properties sall be improved through
reduction of the number of calcination steps duthmgycatalyst preparation, resulting in
higher surface areas, 1,3-BD yields and produasitin particular, a strong correlation
between surface area, 1,3-BD vyield and productivtgas observed for 1.2-
Me/ZrZn/MgO-SiQ-(50:50) samples. The best catalytic results wétained with the
1.2-K/ZrZn/MgO-SiQ-(50:50) material, achieving 72 mol% for the condan
selectivity of 1,3-BD and acetaldehyde, at reastnak3-BD yield and productivity
level. Thus, the kinetic behavior of this catalysigstem was investigated at different

reaction conditions, as discussed in the next@ecti
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4.5 Modelling the Effects of Reaction Temperaturerad Flow
Rate on the Conversion of Ethanol to 1,3-Butadiene

In Section 4.2, the kinetic information containadexperimental fluctuations of
ethanol to 1,3-BD conversion over the commonly ud¢dO-SiO, system was
investigated. Acetaldehyde condensation was idedtifas the rate-limiting step
between 300 and 400 °C, but reaction variablextsfferere not quantified. In this
section, reaction variables (temperature and WH&M) rigorously investigated with
help of a full factorial experimental design, adailed in Section 3.6, allowing for
identification and quantification of variable effecon catalytic activity. Catalyst
performance was characterized in terms of the mtodistribution, 1,3-BD yields and
productivities and reactions were performed usimg tcatalytic Unit 2. The
experimental study was performed with the 1.2-KfZMgO-SiQ-(50:50) system,
which was prepared as described in Section 3.1d4haidl its properties discussed in
Section 4.4, since this material was shown to gi®\igh activity and selectivity to
1,3-BD, as detailed in the previous sections. Thithe first study that evaluates the
effect of these variables simultaneously on 1,3#8Bnation from ethanol and was
conducted in order to evaluate the kinetic mecmaraser a wider range of reaction

conditions.

4.5.1 Catalyst Stability over Reaction Time on Stram

Initially, catalyst deactivation was evaluatedhat 48 h reaction test, at 350 °C,
WHSV equal to 0.62h contact time equal to 3.8 s and ethanol molatifsa at the
feed equal to 0.58. In this experiment (as weliragll reactions performed in this
thesis), the catalyst bed was not diluted. Thecsglges for the main carbon containing
products are presented in Figure 4.5.1(a). Thétsteduction of the 1,3-BD selectivity
with time on stream was observed, which may beteéldo catalyst deactivation,
potentially via active sites blocking due to cokarnfiation, as suggested by the
thermogravimetric analysis of the 48 h used catayysown in Figure 4.5.2, and in line

with the final dark color of the used catalystshswn in Figure 4.5.3.
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Figure 4.5.1- Effect of time on stream on the selectivity o€ tmain carbon containing
products: (a) fresh catalyst; (b) recycled catalyt of 350 °C, WHSV of 0.62h
contact time of 3.8 s).
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Figure 4.5.2-Thermogravimetric analysis of the 48 h used gatalOnly weight loss
above 280 °C was attributed as coke formation twds calculated as 15.5 %.

PP N

Figure 4.5.3 — 1.2-K/ZrZn/MgO-SiQ-(50:50) catalyst afted8 h of reaction use
(left) and its image after regeneration (right).

The recyclability of the catalyst was also invgated. In order to assess this
point, the catalyst used during the 48 h reactssh Was regenerated (re-calcined in air,
at 500 °C, for 5 h, using a heating rate equal 3G/&in) and re-tested for an additional

period of 25 h, as shown in Figure 4.5.1(b). ThelBiarface area of the regenerated
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material was equal to 259 + 3 m?/g, whereas thelrfresh catalyst had BET surface
area equal to 305 = 3 m?/g. Catalyst recyclingrditirestore the full catalyst activity; in
spite of that, the recycled catalyst showed comssawal high selectivity to 1,3-BD

during the test procedure.

Although the 1,3-BD selectivity was kept above%%@uring both long reaction
tests, molar fractions quantified at the outputcrea stream decreased more
dramatically as a function of time. Figure 4.5.4wh the molar fraction of the main
carbon containing products for the fresh (a) araycled catalyst (b) as a function of
time on stream, suggesting that ethanol convemsesreduced as the result of catalyst
deactivation. For instance, the calculated 1,3-Bf)ddywas reduced from 26.5 %, after
3 h of time on stream, to 16.8 and 11.8 % aftea@8 48 h of time on stream for the
fresh catalyst. For the recycled catalyst, theudated reduction on 1,3-BD yield was
smaller, from 19.3 %, after 3 h of time on stredam,14.1 % after 25 h of time on
stream.
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Figure 4.5.4 - Effect of time on stream on the molar fractiohtlee main carbon
containing products: (a) fresh catalyst; (b) reegctatalyst. (T of 350 °C, WHSV of
0.62 K, contact time of 3.8 s).

However, the observed variability of product sweleétes during the initial
reaction hours were similar to the experimentattfiations observed at the central point
experiments, indicating that catalyst performanatsnitial reaction hours were not

affected significantly by catalyst deactivation.
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4.5.2 Activity Tests in the Designed Experimental @nditions

The designed experimental conditions afforded reihaonversions ranging
from 7 to 44 %, indicating that the variables imgmssignificant variation on the
catalyst performance. The main carbon containirglycts were 1,3-BD, acetaldehyde
(AcH), ethene, diethyl ether (DEE) and butene (fiebe, ciss and trans-2-butene).
Other minor products were propene, propane, ethametone, with combined
selectivities below 5 %. Besides, traces of C5 &&l compounds could also be
detected. Table 4.5.1 shows ethanol conversiorisctsaties of the main carbon
containing products, 1,3-BD yields and productesti obtained in the designed

experiments.

Table 4.5.1 -Catalytic results over th&.2-K/ZrZn/MgO-SiQ-(50:50) catalyst, for
3 h of time on stream, at the designed experimewotaditions.

Exp T  WHSV X Selectivity (mol. %)

Y [a] P, [b]
ec) (Y (%) % o

1,3-BD AcH Ethene DEE Butene

1 325 0.62 17.0 65.9 15.0 5.6 3.3 7.3 14.8 0.06
2 325 1.24 16.4 49.4 37.1 4.3 2.8 4.2 9.0 0.08
3 375 0.62 25.8 545 21.0 8.8 2.8 8.4 285 0.13
4 375 1.24 26.2 48.8 32.7 7.4 25 55 22.4 0.20
5 350 0.93 23.6 51.3 31.2 6.1 2.9 5.6 18.1 0.12
6 350 0.93 26.2 52.1 30.5 5.9 2.9 57 18.3 0.12
7 350 0.93 32.9 49.6 33.6 5.8 2.9 52 19.5 0.13
8 350 0.93 29.0 58.7 22.2 7.0 2.8 6.2 17.9 0.12
9 300 0.93 134 552 31.5 3.9 3.0 4.2 4.9 0.03
10 400 0.93 41.8 50.1 22.0 11.2 2.4 9.1 31.4 0.21
11 350 0.31 43.6 63.4 14.6 7.2 2.6 8.0 26.1 0.05
12 350 1.55 13.6 51.7 32.4 5.9 2.6 4.9 14.6 0.16
13 325 0.93 21.7 48.2 38.6 3.7 3.5 4.0 8.2 0.05
14 375 0.93 39.1 54.3 25.9 7.2 2.8 6.4 25.3 0.16
15 325 2.49 6.5 33.3 57.3 3.5 2.3 2.3 55 0.10
16 350 2.49 9.9 41.4 45.5 51 2.5 3.6 13.5 0.25
17 375 2.49 12.3 43.4 40.6 7.0 2.2 4.4 20.0 0.37

18 400 2.49 19.1 46.4 33.0 9.3 2.3 5.7 26.8 0.49
[l Calculated as Eq. (3.5.3), in mol %In ggp/gear h.
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A list containing all components observed in thélesueactor stream is presented in
Appendix H. Additional information regarding contdicne, ethanol molar fractions in
the feed, molar fractions of the main carbonacqgmaslucts and carbon balances are
reported in Table 4.5.2.

Table 4.5.2- Additional catalytic results over the.2-K/ZrzZn/MgO-SiQ-(50:50)
catalyst, for 3 h of time on stream, at the degdgexgerimental conditions: contact time

(1), ethanol molar fraction fed @@ay), quantified molar fractions, and carbon balances
(C bal.).

a Molar fraction™ (%)
a

T MetoH

Exp. () (%) 1,3BD AcH FEthene DEE Butene C(;)‘;‘l'

1 397 576 456 104 038 023 050 933
2 252 731 342 257 030 019 029 911
3 366 57.6 882 340 143 045 136 921
4 232 731 860 576 130 045 097 104.1
5 297 669 639 389 076 036 070 986
6 297 669 655 383 075 037 072 964
7 297 669 696 470 081 040 074 929
8 297 669 635 240 076 030 0.67 909
9 323 669 174 099 012 009 0.13 869
10 2.75 66.9 11.14 489 249 054 203 1049
11 5.34 404 561 129 063 023 071 880
12 205 771 588 369 067 030 056 102.1
13 3.09 669 290 233 022 021 024 853
14 285 66.9 891 424 118 046 104 943
15 145 844 238 410 025 0.16 0.17 97.4

16 140 844 586 6.43 072 0.35 0.51104.4

17 134 844 873 816 140 044 0.88 1155

18 1.29 84.4 11.64 8.27 2.34 0.57 1.42 119.2

[eI'z: Contact time was calculated considering the méxtof ethanol and argon as an
ideal gas at reaction temperatube Molar fractions do not sum next to 100 % due to
inert gas molar fraction, which was omitted.
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The possible existence of mass transfer limitatioras discarded from the
estimation of the apparent activation energy, asvshin Figure 4.5.5. Since total flow
changes with the WHSV, the assessment of massfaraimsitations was performed
using the central condition (0.93%for this variable, in order to perform this
evaluation at an average WHSV value. Besides,ysdtphrticles were ground until fine

powders were obtained in order to minimize intepak diffusion limitations.
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Figure 4.5.5 -Arrhenius plot for ethene and acetaldehyde frof t80400 °C. Apparent
activation energies were estimated as 98 and 4hdkJor ethene and acetaldehyde
formation, respectively. Linear correlation coatitts were equal to 0.98 and 0.91.

Catalytic results were also shown to be far froguildrium conditions, as
indicated by calculated equilibrium compositionstla¢ analyzed reaction conditions,

shown in Figure 4.5.6.

70

100f0c ©c 0o 0 0 00 OO OO0COOO®OO©OO ]e (b)
.
60 ®
o , . . .
= 804 o Equilibrium o . ® .
é, ® Experimental (2) é 504 ° ° L] L] . .
= z 1 °
£ 60 Z 40 .
-+ S )
5 3] —— L]
z o < n{ © Equilibrium
S 40 = . & {1 e Experimental
= . 2 454
=] L] 2]
= e e o ] |
= 204 . ol M
= e - 10
<] L] ] o @
* 0dlo. o © © 0 o0 o0 0 © 0 0a9453000°
0 T T T T T T T 1 I T T T T T T T T T T T T T T T T T
2 4 6 8 10 12 14 16 18 1 23 45 6 7 8 91011121314151617 18
Experiments Experiments

Figure 4.5.6 — Comparison between experimenta#) (and values expected at
equilibrium conditions¢) for ethanol conversion (a) and 1,3-BD selectivity
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Equilibrium calculations were performed for the athl to 1,3-BD conversion and
allowing for formation of ethene, diethyl ether dndgene (1-butene) as by-products at 1
atmosphere. Temperatures and ethanol feegh() used for equilibrium simulations
were the same ones described in Tables 4.5.1 &2l €ompositions were calculated
through the Gibbs energy minimization method, dised in Appendix A. Numerical
simulations are in accordance to the previous thdgmamic analysis, shown in
Section 1.4.

Catalysts used in Experiments 7, 10 and 14 (T4l8€l) were analyzed after
reaction trials by thermogravimetric analysis imerto characterize possible carbon
formation on the catalyst surface. The observedyhteliosses (10.1, 9.8 and 9.5 %)
were attributed to carbon deposition during readtiperformed at 400, 375 and 350 °C,
respectively, as shown in Figure 4.5.7. This isearcindication of coke deposition and

possible catalyst deactivation.

100 1 (a) 100+ (b)

=
S
=]

T
o =
— o
L7 =]

Weight (%)
= g

= b
(upwy/p) ap/mp-

e
)
b3

90 90 -

-0.10

Weight (%)
(upwyy) 3p/mp-

85 0.05 85

- 0.00 +0.00

80 80

T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

Temperature ("C) Temperature ("C)
0.25

T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

100 + © |

+0.20
954

T
e
h

(utwy 1) 3p/mp-

90
r0.10

Weight (%)

854

T
el
=

- 0.00
80

T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Figure 4.5.7 -Thermogravimetric analyses of used catalysts xpelEments 7 (a), 14
(b), and 10 (c). Weight losses above 280 °C werdbated to carbon formation.

167



4. Results and Discussion
4.5 Modelling the Effects of Reaction Temperaturerad Flow Rate on the
Conversion of Ethanol to 1,3-Butadiene

4.5.3 Modelling of the Effects of Reaction Temperate and Flow Rate on the
Conversion of Ethanol to 1,3-Butadiene

Ethanol conversions, product selectivities, 1,3¥8€ds and productivities were
correlated to reaction variables using Eq. (3.68). ethanol conversions, Figure 4.5.8
shows experimental data and values calculated twéhempirical model described in
Eq. (4.5.1), where lines denote constant WHSV &aluéhe experimental standard
deviation was equal to 4.0 % and the linear catimmacoefficient was equal to 0.89. As
expected, ethanol conversion increased with readBaperature and decreased with
the WHSV, as also observed over the ZrZn/MgO-S&D:50) system, in the Section
4.2. It is important to emphasize that higher WH&Nues correspond to higher ethanol

molar fractions in the feed and lower contact times

X =(26.68 1.41 (6.02 1.23K - (3.68 0.5B) (4.5.1)
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Figure 4.5.8- Experimental valuess] and empirical model for ethanol conversion (r =

0.89). Lines represent constant ethanol WHSV.

Figure 4.5.9(a) shows the experimental ethenectpatees and the values
calculated with the model described in Eq. (4.5v)jch led to a linear correlation
coefficient of 0.97. Ethene selectivity ranged fr@&% to 11.2 % with the standard
deviation of 0.57 %. Temperature was the most émftial variable on ethene
selectivity, presenting a linear and quadratic uefice within the investigated
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experimental region. WHSV, in turn, exerted a linaad negative effect on the ethene
selectivity, suggesting that reduction of contawiet (or richer ethanol molar fraction in

the feed) can cause the decrease of the ethem#\ggte

Scinene = (6.44+ 0.15% (1.72 0.13)x - (0.26 0.08% + (0.29 0.0p¥ —14/15) (4.5.2)
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For DEE selectivity, obtained data varied in aroarrange, from 2.2 to 3.5 %,
with a standard deviation of 0.06 %. The empiricaddel described in Eq. (4.5.3)
indicated that the linear effect of temperaturéhis most important one, although the
WHSV exerted a nonlinear influence on DEE selegtivihus, the DEE selectivity
decreased with the increase of temperature, shoavipgint of maximum as a function
of the WHSV. This behaviour is illustrated in Figut.5.9(b), where the lines represent

the isotherms.

Spee =(2.85+ 0.06) (0.1% 0.08)x — (0.2 0.008)¥(- 12/1 (4.5.3)

Similar effects of reaction temperature and WHSV selectivities of ethanol
dehydration products were observed over the ZrZMNgO,-(50:50) system, shown in
Section 4.3. It can be rationalized that the ineeeaf ethanol molar fraction in the feed
can promote DEE formation due to the higher comeéinh of surface ethoxide species,
which can suppress the formation of ethene. Howevieen the WHSV reached higher
values, selectivity to DEE was reduced due to tlueeiase of the AcH selectivity, as
shown in Figure 4.5.9(c).

Figure 4.5.9(c) shows the experimental data arduleaed values of AcH
selectivities as functions of WHSV. AcH selectiggiranged from 14.6 to 57.3 % and
with a standard experimental deviation of 4.9 %HAselectivities increased with the
linear increase of WHSV and decreased with theracten effect observed between
WHSYV and temperature, as described in Eq. (4.5.4).

S.y = (27.47+ 1.33F (4.3 0.56) - (1.85 0.42y0x (4.5.4)

Thus, results suggest that ethanol dehydrogenat#m be facilitated at the
catalyst surface, since the lower contact timesaated with higher WHSV values
cause the increase of the AcH selectivities. Besitesults presented in Figure 4.5.9(c)
also suggest that AcH was the primary product,esgatectivities were high even at low
contact times. These high selectivity values alsppeessed DEE formation, as
discussed in the previous paragraph. These reardt@lso in agreement with results

discussed previously in Section 4.3. The interacteffect between WHSV and
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temperature on AcH selectivity may be associateth whe higher AcH to 1,3-BD
conversions as temperature increases (MAKSH#YAL, 2014, JONE®t al,, 2011).

The effect of reaction variables on 1,3-BD selatitis, however, indicates a
clear relationship between AcH and 1,3-BD. 1,3-Bfdestivities ranged from 33 to
66 % and the standard experimental deviation wamletp 3.99 %. The empirical
model of Eq. (4.5.5) presented a linear correlatioafficient of 0.88, as illustrated in
Figure 4.5.9(d). This graph is similar to that a¢a for AcH selectivities; however,
opposite effects were observed (that is, WHSV #&éfiédinearly and negatively 1,3-BD
selectivities, whereas the interaction effect wasitpre). Thus, these results suggest
that the AcH condensation can be the slowest @astiep, since selectivities of AcH

and 1,3-BD present opposite trends.

S,, = (53.92+ 0.99)% (3.08 0.42x+ (0.91 0.33y0x (4.5.5)

However, in order to increase 1,3-BD selectivitiess not only necessary to
decrease the WHSV, as it results in the increasthefbutene selectivities. Butene
selectivities ranged from 2.3 to 9.1 % and the ddiash deviation was equal to 0.38 %.
The empirical model described by Eq. (4.5.6) lectiinear correlation coefficient of
0.94 and is illustrated in Figure 4.5.9(e). The WHe&Xerts a fundamental role on the
evolution of butene selectivities, affecting thesalues linearly and non-linearly.
Temperature, in turn, exerted only a weak lineluemce. Therefore, it is possible to
identify a point of minimum for butene selectivgi@t each reaction temperature, as
shown in Figure 4.5.9(e). As also verified over -1gn/MgO-SiGQ-(50:50) system, as
shown in Section 4.3, no traces of butanal or litavere observed in the output

reactor stream, suggesting that butene may result the 1,3-BD hydrogenation.

Seuene = (6.04+ 0.17) (1.0% 0.15)x - (1.04 0.18%+ (041 0.08% -12/15) (4.5.6)

However, analyses of the reaction variable effectsproduct molar fractions

resulted in much more accurate relationships, Withar correlation coefficients of
0.99, 0.96, 0.95, 0.99 and 0.98 for ethene, DEH,A3-BD and butene, respectively,
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as shown in Figure 4.5.10. This is because seltetivare strongly affected by

fluctuations of molar fractions of all reaction drats.
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butene (r = 0.98Experimental molar fractions are as describedéntiable 4.5.2.

As a consequence, variances of selectivities gteehithan variances of molar fractions,
contributing to the lower quality of fittings preged in Figure 4.5.9.
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The molar fractions of ethanol dehydration produethene and DEE, were not
significantly affected by the WHSV, with temperaubeing the only variable
responsible for changes in these molar fractiongureé 4.5.10(a-b) shows the
experimental and empirical model for ethene and Di#ar fraction, as described in
Eq. (4.5.7) and (4.5.8). On the other hand, AcHan@lactions increased as functions
of WHSV and temperature, as described by Eq. (4.artd illustrated in Figure
4.5.10(c), highlighting the dehydrogenation capectftthis catalytic system.

Meyene = (0.83+ 0.02)+ (0.5% 0.0Z) + (0.14 0.02)p4- 14/1 (4.5.7)
My = (0.33+ 0.008) (0.12 0.008% (4.5.8)
My = (3.2+ 0.19% (1.12 0.17M% + (0.60 0.08Y, (4.5.9)

m,, = (6.28+ 0.12}+ (2.44 0.12) + (0.18 0.08%[x - (0.029 0.00% -12/15) (4.5.10)

Mgyene = (0.76% 0.03)+ (0.44 0.03) - (0.049 0.0T,- (0.82 0.0%0Ox +(0.09+ 0.02)0(% - 14/15
(4.5.11)

1,3-BD molar factions, in turn, increased with parature and with the
interaction effect between temperature and WHSVWghalso affected negatively by
the nonlinear WHSYV effect. Thus, it is possibledentify a point of maximum in the
1,3-BD molar fraction for each reaction temperatae shown in Figure 4.5.10(d).
Finally, butene molar fractions were adjusted yrection containing the linear effects
of temperature and WHSV and the quadratic effecteaiperature, as shown in Eq.
(4.5.11) and Figure 4.5.10(e).

It is important to note that all effects from K4.5.1-4.5.11) were shown to be
statistically significant, within 95 % confidencevkl, when all data were used to
estimate models parameters. Thus, although sonwm bars cross more than one
statistical model line (see Figure 4.5.8, Figurg.9(a,c,d) and Figure 4.5.10(c)), all
reported variable effects are meaningful — anddvalsince they were determined using
the whole experimental set. For instance, in FiguBel0(c) at WHSV equal to 2.5'h
despite the fact that values at 400 °C are notifsigntly different from the values
predicted at 375 °C, a significant increase inAlel molar fraction was observed as
temperature increased from 300 °C to 350 °C amd 860 °C to 400 °C. Consequently,
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it can be concluded that an increase in the tenyerédeads to a significant increase in
the AcH molar fraction.

The results obtained with the molar fractions hgitt some of the advantages
related to the use of experimental designs for titleation and quantification of
variable effects. All molar fractions of productscieased linearly with temperature,
which is directly related to the increase of thbaabl conversion. However, it is
possible to observe that this effect was more proped for the 1,3-BD molar fractions,
which presented a linear temperature effect equé.44, as shown in Eq. (4.5.10),
followed by the effects on AcH, ethene, butene BEGE molar fractions. This suggests
that reduction of DEE selectivities with temperatunay be related to the faster
increase of the molar fractions of the remainingdpicts, when compared to the molar
fractions of DEE. Additionally, since the WHSV eteat no significant effect on ethene
and DEE molar fractions, the WHSV effect on ethene DEE selectivities can be
understood as a consequence of the observed WH& eh 1,3-BD, AcH and butene
molar fractions.

Eq. (4.5.1-4.5.11) also indicates that higher WH®Wditions are beneficial for
1,3-BD production, as AcH and 1,3-BD molar fracticare favored by this variable.
This suggests that the catalyst surface shouldide in active sites for ethanol
dehydrogenation, since the increase of the etharadhr fraction in the feed (using
higher WHSV) resulted in higher AcH molar fractioriaurthermore, the behavior of
1,3-BD and AcH molar fractions supports the hypsihighat the AcH condensation
step constitutes the slowest reaction step, as asoluded from product selectivity
analysis. Therefore, efforts should be driven weimtify AcH condensation sites and
determine how they depend on the catalyst preparatnditions, in order to further
optimize catalyst properties and maximize 1,3-BBdoiction.

At this point, it is important to emphasize that. £4.5.1-4.5.11) can be used to
describe catalytic performance within experimerdalges and should be used with care
for extrapolations. Nevertheless, the proposed isodescribe catalyst activity very
well inside the selected experimental region, umgpithe kinetic rate-limiting step in
the commonest range of experimental conditions rtedoin the literature and fully
justifying the utilization of the proposed statsti approach. Moreover, as in a
phenomenological model that presents differenttidngarameters (activation energy

and pre-exponential factor) depending on the engalosatalyst, the parameters from
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EqQ. (4.5.1-4.5.11) should be re-estimated whenuawialg different active catalysts for
the ethanol to 1,3-BD reaction. However, the apghgaresented in this work is broadly
applicable and highlights the importance of a $tditistical study.

The effects of reaction variables on 1,3-BD yiedohsl productivities were also
evaluated. 1,3-BD yields, as defined in Eq. (3,.58)ged from 4.9 to 31.4 % and had
standard deviation of 0.73 %. Data could be fitisthg a function containing the linear
effect of temperature and the linear and quadeifect of WHSV, as shown in Eq.
(4.5.12) and Figure 4.5.11(a).
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Figure 4.5.11- Experimental and empirical model for: (a) 1,3-Bi2ld (r = 0.99); (b)
1,3-BD productivity (r = 0.99).

As pointed previously in Section 4.3, catalystfpenance is usually assessed at
low ethanol flow rates, resulting in too low 1,3-B@oductivities to be industrially
significant. The quantification of reaction variableffects on 1,3-BD yield showed,
however, that WHSV affected 1,3-BD yields lineaatyd nonlinearly, being possible to
obtain reasonably high 1,3-BD yields under high WH®nditions, thus increasing the
industrial viability of this system.

Yy, = (18.45+ 0.26) (6.9& 0.23x - (2.99 0.27+ (0.89 0)0BX -12/15) (4.5.12)

Figure 4.5.11(b) shows experimental 1,3-BD progticts and values
calculated with an empirical model, as a functibM#SV. Productivities ranged from

0.06 to 0.49 gr/geach and the standard deviation was equal to 0.@88g:h. 1,3-BD
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productivities increased as a linear function ohperature and WHSV, being favored
by the interaction effect, as shown in Eq. (4.54/3) Figure 4.5.11(b).

P, =(0.116+ 0.002F (0.046 0.002x+ (0.024 0.00%)+ (0.816 0.08T), (4.5.13)

Finally, as WHSV was modified by varying ethantbw rate only, it is not
possible to distinguish between contact time ardredl composition effects on the
discussed models. Thus, WHSV effects represent somehe influence of both

variables.

4.5.4 Principal Component Analysis

Molar fractions observed at central point experitadixps 5-8, in Table 4.5.2)
were evaluated in respect to the variability. Tebh®3 shows the principal directions
calculated with PCA analysis, suggesting that fesmmmon sources of fluctuation
perturbed experimental data, in line with resutsspnted in Section 4.2. Moreover, the
correlation matrix of this data set, shown in Ta#l&.4, highlights the relationship
between ethanol and the main carbonaceous prodbetselation coefficients among
products are all positive, as also observed ini@eat.2 for replicates performed at
350 °C (see Figures 4.2.13, 4.2.15-4.2.18).

Table 4.5.3- Principal directions computed with standard P©Als at central point.
Numbers represent correlations coefficients betwdenfactor (eigenvector) and the
original direction of variable fluctuation.

Temperature at 350 °C

Factor 1 Factor 2 Factor 3
Ethanol 0.61 0.77 -0.21
1,3-BD -0.98 -0.17 0.13
AcH -0.91 0.39 -0.16
Ethene -0.79 -0.50 -0.35
DEE -0.94 0.34 0.004
Butene -0.91 0.38 0.18
Eigenvalue 4.48 1.28 0.24
Explained Variance (%) 74.6 21.3 4.1

Numbers in bold denote correlation coeffitsemigher than 0.7.
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Table 4.5.4— Molar fraction correlation matrix from centratperiments obtained at
350 °C (Exps 5-8, Table 4.5.2).

Ethanol 1,3-BD AcH Ethene DEE Butene
Ethanol 1.00 -0.75 -0.22 -0.79 -0.30 -0.29
1,3-BD -0.75 1.00 0.80 0.81 0.86 0.84
AcH -0.22 0.80 1.00 0.58 0.99 0.94
Ethene -0.79 0.81 0.58 1.00 0.57 0.46
DEE -0.30 0.86 0.99 0.57 1.00 0.98
Butene -0.30 0.84 0.94 0.46 0.98 1.00

Conversely, whereas in Section 4.2 it was conduttat the hypothesis of
constant experimental error throughout the wholpedrmental region should be
avoided, since experimental fluctuations depend reaction conditions such as
temperature and catalyst properties, in this sectiois assumed that experimental
fluctuations are constant and equal to the valuasored at the central experimental
conditions (Exp 5-8 of Table 3.2). Such hypothegas assumed to be valid because
measurement of experimental variances in eachioeacbndition of the plain would
result in an unfeasible number of experiments. Rigss, the rigorous statistical
approaches employed to analyze experimental detevsafor significant reduction of
the impact of measurement errors on obtained ses@k a consequence, it became
possible to evaluate the main effects, the quadedtects and the variable interaction
effects exerted by the investigated variables dalyst performances with minimum
uncertainty and minimum number of experiments. Thins obtained results are very
significant, as they indicate the effects of precesnditions on catalyst performance, as
needed when one is interested in designing reaptiocesses. However, it is true that
obtained data depend on the catalyst, althoughishmso true when one proposes
fundamental kinetic models to describe availableetic data, as in general kinetic
parameters cannot be transported from one catadydte other. Finally, in order to
propose a kinetic model one needs to understandftbets of processing variables on
catalyst performance, as it was pursued here.
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4.5.7 Conclusions

In this section, the effects of temperature andamdl WHSV on the
performances of ethanol to 1,3-BD reactions wengestigated with the aid of a
statistical experimental design. Catalytic resulethanol conversions, product
selectivities, 1,3-BD yields and productivities werorrelated with reaction variables,
allowing for identification and quantification ofaxiable effects on the 1,3-BD
formation.

The interaction effect between temperature and Wk&s very important for
1,3-BD molar fractions, selectivities and produitéds. Thus, evaluation of catalyst
performance in terms of thiEehange-one-factor-at-a-tirhenethod should be thought
carefully, so as not to erroneously assign a chamgelectivity to one variable and not
two acting in a cooperative manner. Moreover, tbelinear effects of WHSV on 1,3-
BD molar fractions and yields were significant, isating that high WHSV conditions
can clearly benefit the 1,3-BD formation with timeestigated catalyst system.

Further, the results indicate the existence oftrang relationship between
acetaldehyde and 1,3-BD selectivities, as well lasr trespective molar fractions,
suggesting that conversion of acetaldehyde to D3Bnstitutes the rate determining
step of the reaction mechanism. As a consequeffoeiseshould be driven to indentify
AcH condensation sites and determine how they depam catalyst preparation
conditions, in order to allow for optimization ctalyst properties and maximize 1,3-
BD production. Moreover, given the obtained empirionodel responses, the
investigation of 1,3-BD production at higher termgiares and WHSV's should be
considered. In particular, as WHSV was modifiedvayying ethanol flow rate only, it
was not possible to distinguish between contaat timd ethanol composition effects on
the catalyst activity. Thus, contact time and etthé@ed composition should be studied
independently. Finally, catalyst stability for l@rgimes on stream should be pursued in

order to become feasible the industrial applicatibthe proposed catalyst.
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5. CONCLUSIONS AND
RECOMMENDATIONS

In the present work, the synthesis of multifunciiomagnesia silicate oxides
MgO-SiO, catalysts prepared by the co-precipitation methad wvestigated for the
ethanol to 1,3-butadiene conversion.

Experimental fluctuations were characterized inw@e range of reaction
temperatures, using two MgO-Si€atalyst systems (with Mg:Si molar ratios of 50:50
and 95:5) with distinct properties. Both reactiemperature and catalyst features were
important to explain experimental fluctuations, @hiwere not constant. Moreover,
molar fraction fluctuations of distinct compoundstihe output stream were correlated,
indicating that the usual constant and independeotr assumption should be avoided
for quantitative data analysis. Thus, the leasteegi objective function should be
avoided in parameter estimation procedures. Reaexperimental fluctuations were
discriminated from intrinsic chromatographic measoent fluctuations and, thus, the
kinetic information contained in the covariance mxatvas extracted. Particularly,
correlation analyses performed with data obtaingd the MgO-SiQ-(50:50) catalyst
indicated that the ethanol to 1,3-BD reaction mea@m probably involves two distinct
slow steps in the analyzed temperature range. F36th to 400 °C, acetaldehyde
condensation is expected to limit the reactionsiat¢hile ethanol dehydrogenation is
expected to be the slowest reaction step at 45@t@ndard PCA reinforced the
proposed kinetic interpretation and indicated taatability of catalyst activity probably
constitutes the most important source of experialefitctuation in the analyzed

reaction system.

The effect of the Mg-to-Si molar ratio was invgated in the synthesis of MgO-
SiO, catalysts prepared by co-precipitation. Catalysteevwused as support for Zr@nd
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ZnO and ethanol conversion was studied in a wideggeaof WHSVs using two
temperatures Si MAS NMR data suggested that the co-precipitatimihod was more
efficient for formation of Mg-O-Si linkages, wheroropared to the traditional wet-
kneading method. Moreover, the Mg-to-Si molar ragual to 1 was more suitable to
1,3-BD formation, while higher Mg-to-Si molar ragigoroduced more acetaldehyde.
High productivities (in go/dcarth) were obtained with the ZrZn/MgO-Si(50:50)
system, results that might be associated to theogeneity of the catalysts properties.

Catalytic results supported the usual kinetic eoaf ethanol to 1,3-BD
conversion involving acetaldehyde condensation. él@s although a suitable
performance for ethanol to 1,3-BD conversion haeenbobtained over the ZrZn/MgO-
SiO,-(50:50) catalyst, this material presented readgnhigh selectivities for ethanol
dehydration products, ethene and DEE; thus, théicaéeatures of this system were
modified through the addition of the alkali methils, K and Li.

The catalyst acidity modification through alkali tale addition (Me = Na, Li
and K) to the final materials allowed for reductwirthe fraction of dehydrated ethanol,
while boosting 1,3-BD selectivity. A positive lineaelation was obtained for the
combined 1,3-BD and acetaldehyde selectivitiesfase@ion of the catalyst Na content.
Catalyst acidity modification was further confirmeg NH;-TPD and IR measurements
from NH; adsorption, but®Si MAS NMR data indicated that the role of the #lkaetal
on the catalyst structure was not related to itsraction with Brgnsted acidic silanol
moieties. Since IR measurements from CiH@bUsorption indicated only subtle
differences between catalysts basicity, the mdecebf alkali metal doping might be
associated to the selective deactivation of Lewid aites related to Zroand ZnO. As
a suggestion for future work, the evaluation ofisodwashing removal after the aging
time of the initial MgO-SiQ system could be investigated, since this couldpbfyn
catalyst preparation procedure.

It was shown that catalyst properties can stillimproved through the reduction
of calcination steps during the catalyst prepamati@sulting in higher surface areas,
1,3-BD yields and productivities. In particular,s&ong correlation between surface
area, 1,3-BD yield and productivity was observedf@-Me/ZrZn/MgO-SiGQ-(50:50)
samples.The best catalytic results were obtained with th2-KIZrZn/MgO-SiQ-
(50:50) material, achieving 72 mol % for the condainselectivity of 1,3-BD and
acetaldehyde, at reasonable 1,3-BD yield and ptodglyclevel. This material also

180



5. Conclusions and Recommendations

presented the highest surface area among the alk#dil doped samples. Thus, in order
to improve the catalyst properties, efforts shobél driven to increase the catalyst
surface area, while keeping the acid-basic sitetsilbution constant. In order to do that,
the catalyst preparation method could be modifieok instance, structure-directing

agents and/or surfactants could be employed inrdod@roduce ordered mesoporous
magnesium silicate materials with higher surfa@asyas performed during preparation
of ordered mesoporous silicas, such as SBA-15.sih¢éhesis of nanoparticles and/or
nanowires of magnesium silicates could also brimgprovements to the 1,3-BD

production from ethanol, since nanocatalysts mighhbine the advantages of high
surface area and high porosity, increasing thelabiity of surface active sites, while

simultaneously improving heat transfer rates. Thiszors could prevent catalyst

deactivation by sinterization and by active sitéscking due to formation of carbon

deposits.

The 1.2-K/ZrZn/MgO-Si@-(50:50) system was investigated at different ieact
conditions, with the aid of a statistical experinardesign. Catalytic results, ethanol
conversions, product selectivities, 1,3-BD yields aroductivities were correlated with
reaction variables, temperature and WHSYV, allowifgy identification and

guantification of variable effects on the 1,3-BDrfation.

The interaction effect between temperature and WM&s very important for
1,3-BD molar fractions, selectivities and produitéds. Thus, evaluation of catalyst
performance in terms of thehange-one-factor-at-a-tirhenethod should be thought
carefully, so as not to erroneously assign a chamgelectivity to one variable and not
two acting in a cooperative manner. Moreover, tbelinear effects of WHSV on 1,3-
BD molar fractions and yields were significant, isating that high WHSV conditions

can clearly benefit the 1,3-BD formation with timeestigated catalyst system.

Obtained results indicate the existence of a gtroelationship between
acetaldehyde and 1,3-BD selectivities, as well lasr trespective molar fractions,
suggesting that conversion of acetaldehyde to D3Bnstitutes the rate determining
step of the reaction mechanism, in line with tHernmation contained in the covariance
matrix of experimental fluctuations. As a consegquenrefforts should be driven to
indentify AcH condensation sites and determine hthey depend on catalyst
preparation conditions, in order to allow for optiation of catalyst properties and

maximization of 1,3-BD production. For instancestady investigating the modification

181



5. Conclusions and Recommendations

of ZrO,, ZnO and KO contents, simultaneously, could also bring addél insights

about the role of the distinct active sites ontt8&BD formation.

Given the obtained empirical model responses, itlestigation of 1,3-BD
production at higher temperatures and WHSV's shbaldonsidered. In particular, as
WHSV was modified by varying ethanol flow rate only was not possible to
distinguish between contact time and ethanol coitipnseffects on the catalyst
activity. However, it could be noted that high etblmolar fractions and low contact
time could improve 1,3-BD selectivity (even thoubke contact time effect is nonlinear,
because at some point 1,3-BD will be convertedutetes). Thus, the study of contact

time, temperature and ethanol feed compositionldhmeiinvestigated independently.

Finally, catalyst stability for longer times omesim should be pursued for the
industrial application of the proposed system taobee feasible. Once catalyst
sinterization can be avoided, carbonaceous prodiep®sits could be eliminated by
cycles of regeneration with oxygen. However, otfeator that could contribute to
catalyst deactivation is the ablating of alkali edeturface, especially if they are added
to the final catalyst through incipient wetness tiegmation. Thus, other catalyst
preparation techniques should be investigated, saghthe solution combustion
synthesis, which could produce materials that amrenresistant to degradation
(GHOSEet al, 2014).

In order to improve the process, it is still reqdi to develop a fundamental
kinetic model involving the reactor mass balanced #me reaction steps. Once the
reaction system is described (involving the estiomatof the kinetic parameters),
operational variables can be properly manipulatedind the reaction condition that
maximizes 1,3-BD vyield and selectivity. Thus, oa® see that there is much work to be
done in order to make the ethanol to 1,3-BD reactimre efficient and economically

feasible.
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Appendix A — Thermodynamic Methods

Two approaches were employed to obtain equilibricompositions. In both
cases, the mixture was assumed to follow the ad mhes law and the system pressure
was assumed to be 1 atm. The standard-state wiagdiébr the reference temperature
of 298 K, T, and the reference pressure of one atmospher8Z2(Ha).

In the first approach, the method of the equilibriconstants was employed.
According to this method, the set of reactionsefreed and, for each reactignthe
equilibrium constanty|, in the case of an ideal gas mixture, is definszbeding to Eq.
(A.1), (SMITH, 2007).

K;-[](%P)* =0 (A1)

According to Eq. (A.1)y; denotes the molar fraction of the chemical spacats
the equilibrium,P is the system pressure, andis the stoichiometric coefficient for
specied in j reaction, which is positive for products and neagafor reactants. Thus,
considering the reaction mechanism of Table Al, @bailibrium constants for each

reaction] could be described as shown in the right columnadfie A.1.

Table A.1 — Reaction mechanism considered for calculatidriGilbbs energy changes
and compositions.

Reaction j Ki
CH,CH,OH+ CH,CHO- G H+2 H,0 (1) Ky - o)) g
(yEtOH )( yAcH)
CH,CH,OH — CH,CHO*+ H, ) - DeenlUin)
(yEtOH)
CH,CH,0OH - G H,+ H,0 3) Ks_—(y%H4)(y“zo) P=0
(yEtOH)
(voee) (Y0 )
2CH,CH,OH - (G, Hy), OF H,C (4) K, —W:O
C,He+ H, - C,Hy () Ks‘—(yC4H8) 20
(yC4H6)(yH2) P

194



Appendix A

For each temperaturd, the equilibrium constant was calculated with hefp
Eq. (A.2), whereR is the universal gas constant aﬂﬂB? denotes the Gibbs energy
variation for reaction (SMITH, 2007), which is defined according to E4.3). In Eq.
(A.3), NC is the number of compounds of reactjprand G’ is the standard Gibbs

energy for species calculated with Eq. (A.4).

AG’
K. = - ' A.2
J exp[ = J (A.2)
NC
AGY =) v, G (A.3)
i=1

In Eq. (A.4), H’ denotes the standard enthalpy of formation focigse, and

G is the standard Gibbs energy of formation of spsicishown in Table A.1.

T Cf dT

G =H, —(H G)+RI —dT R1j (A.4)

Table A.1 — Standard enthalpy and Gibbs energy of formai&i°C and 101325 Pa)
(POLING, 2001).

Compound  H;(kd/mo) G (kJ/ mo)

Ethanol -234.95 -167.73
Acetaldehyd@ -166.2 -133.0
1,3-Butadiene 110.0 150.6
Ethene 52.50 68.48
Diethyl ether -250.80 -120.70
H, 0 0
Water -241.81 -228.42
1-Butene -0.54 70.37

@ Data from PERRY and GREEN (1999).

The relationship between the heat capacity anddimperature was calculated

with Eg. (A.5), where the required parameters amvs in Table A.2.

Cp

?=a0+a1DT+a2DT2+ alT+ 0T (A.5)
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Table A.2 —Heat capacity parameters for Eq. (A.5) (POLING)D.

Compound & a;-10° a 10 ag 10 as 10"
Ethanol 4.396 0.628 5.546 -7.024 2.685
Acetaldehyde 1.693 17.978 -0.616 0 0
1,3-Butadiene 3.607 5.085 8.253 -12.371 5.321
Ethene 4,221 -8.782 5.795 -6.729 2.511
Diethyl Ether 4.612 37.492 -1.87 1.316 -0.698
H, 2.883 3.681 -0.772 0.692 -0.213
Water 4.395 -4.186 1.405 -1.564 0.632
1-Butene 4.389 7.984 6.143 -8.197 3.165

Besides the five equations in Table A.1, threatamdl equations were defined
for the mass balances of each elenteris shown in Eq. (A.6), whergis the number
of mols of species at equilibrium,n; is the initial number of mols of speciesk is
the number of atoms of thkeelement per molecule of specieandNC is the number of
compounds. Since the molar fraction is relatechéortumber of mols, as defined in Eq.
(A.7), eight equations must be solved simultangousl order to determine the

compositions of the eight compounds from Table A.1.

_NZ:%(H ~1,)=0 (A.6)
y _% (A.7)
2N

The set of nonlinear algebraic equation was solwadherically using the
Newton-Raphson method (PINTO and LAGE, 2001), witterance of 18° and
maximum number of iterations of 100.

In the second approach, the compounds at theil@guimh mixture were defined,
instead of the reaction set, and the Gibbs ene@g/minimized (SMITHet al, 2007).
The calculation was performed with the GPREC gaasehreaction equilibrium
calculation software (SCHEIBLt al, 2017). Both calculation approaches resultedhén t

same composition results, which validate the olthimumerical results.
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Appendix B- XRD from empty holder

This appendix presents the diffractogram from godymethyl methacrylate
sample holder employed, showing an interferenceasigat the Bragg angles

between 10 and 15 °.

blank

Lln)(bgunls)) R
-8 ¥ 8888888838888 ¢E3¢88gs

0 w0

2-Theta - Scale

- End: 79,989 - Stop: 0,023 ° - Step time: 424.8'5.- - -2-Theta: 4.000 * - Theta: 2,000 * - Chi: 000 * - Phi: 0.00

10 2 50 ) o €
[ Type: 485 - Tomp.: 21 °C - Timo Starled: 16 5 2-Theta: 4,000 * 2000° - CE:000° - Phi: 0,00 ° - X:00

Oporations: Import

Figure B.1— XRD from the employed empty holder.
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Appendix C- Chromatographic Methods

In the catalyticUnit 1, the inlet injector chamber was kept at 100 °Ce Titst
column, the Molsieve 5A, was kept at 95 °C, anditket pressure was kept at 30 psi.
The second column, PLOT Q, was kept at 140 °C badnilet pressure was kept at 20
psi. Finally, the third columns OV-1, was kept &t%, at the inlet pressure of 25 psi.
After the end of each run, the column pressure weseased to 40 psi, in order to
remove residual compounds before the next run.iédleconductivity detectors were

employed in all cases.

In the catalytidUnit 2, the injector chamber was kept at 200 °C. Thevwdatg
temperature program was used during the analysis(ijuthe column temperature was
kept at 35 °C during the initial 7 min of analysis; (i) then, the temperature was
raised up to 150 °C, by using a heating rate of@@nin; (ii) after achieving 150 °C,
the oven was heated to 250 °C, at the heatingfd® °C/min; {v) the temperature was
kept constant at 250 °C for 6 min. The inlet pressvas equal to 11.46 psi. The column
flow was of 1.3 mL/min (the split ratio was equal 10 to 1, and the carrier gas was
Helium) and the injection volume was equal tall For the hydrogen-air flame in the
flame ionization detector (FID), the i ow rate was kept at 30 mL/min and the air flow
was kept at 400 mL/min. The chamber of the FID luegst at 300 °C.
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Appendix D- Experimental Calibration
Data

This appendix presents experimental calibratioraiietegarding the catalytic
Unit 1 and 2.

Unit 1

Ethanol, diethyl ether, crotonaldehyde and crotidolaol calibration was

performed using a saturator kept at a fixed tentpegathrough which Nwas bubbled.

The outlet saturator stream was diluted with a seds, stream in order to achieve
lower molar fractions. The molar fraction in thetletsaturator stream was calculated
using the Antoine’s equation (SMITet al, 2007), Eq. (D.1) and Eg. (D.2). Antoine’s

equation parameters used are shown in Table D.1.

sat — A _ B

InP*t= A-—— (D.1)
Psat

)’i:m (D.2)

Table D.1 - Antoine’s equation parameters used for ethawotthyl ether and
crotonaldehyde.

A B C

Ethanol® 16.90 3795.17 230.92
Diethyl ether® 14.07 2511.29 231.20
Crotonaldehyd® 22.91 4255.95 271.57

BISMITH et al, (2007).
! For crotonaldehyde, data of vapor pressure atrmifft temperatures, Table D.2, was used in order to
calculate the Antoine’s equation parameters, ulgagt-squares estimation procedure.

Table D.3 shows ethanol molar fractions and thesoneal chromatographic
areas, which were employed to calibrate the GCrunsnt and to estimate
measurement fluctuations. For calibration, the mdtaction was defined as the
independent variable and was assumed to be knowm hgh precision. Moreover,
chromatographic measurements were assumed as nudggefrom each other and to

follow the normal distribution. Thus, the resporfsetor was estimated using the
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weighted least squares estimation procedure amd) @i experimental data (PINTO
and SCHWAAB, 2008).

Table D.2— Crotonaldehyde vapor pressures at different ézatpred®®’

Temperature (°C) Vapor pressure (kPa)

20.00 4266
33.80 7697
35.40 8257
39.70 10000
42.60 11500
50.20 15989
50.60 16284
57.70 21643
58.60 22414
64.00 27599
64.30 27899
69.20 33505
69.40 33750
73.15 38693
74.20 40119
77.60 45185
78.40 46509
81.60 51896
82.80 54106

[ BOUBLIK, T., FRIED, V., HALA, E., The vapour pressures of pure substan@s
ed. New York, Elsevier, 1984.
PIWARADZIN, W., SKUBLA, P.,Chem. Prum v. 23, p. 556, 1973.

Table D.3-Experimental ethanol calibration d&fa

Molar Chromatographic areas
fraction . o o . ..

(%) Injection 1 Injection 2 Injection 3 Injection 4  &gtion 5
5.80 47495.12 47451.85 47611.43 48128.80 47470.34
4.26 35577.89 36734.95 35542.30 36391.55 35739.32
2.10 17180.82 17616.31 17745.94 17777.90 17560.40
0.89 7550.21 7437.89 7522.66 7629.51 7524.75
0.53 4497.47 4543.71 4415.99 4452.60 4409.54

8 Saturator was kept at 20 °C.

Figures D.1 and D.2 show experimental chromatogcapteas as a function of
the molar fraction and the linear model fits witte testimated response factors for the

different compounds. Tables D.4 and D.15 show #peemental calibration data.
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Figure D.1— Experimental chromatographic aree} &nd response fits (-).
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Figure D.2— Experimental chromatographic area¥ dnd response fits (-).

Table D.4— Experimental diethyl ether ddta

Molar Chromatographic areas
fraction . . o L N
(%) Injection 1 Injection 2 Injection 3 Injection 4 éygtion 5
49.47 603363.96 610584.08 603053.06 610118.96 @896
28.34 357368.91 358969.92 364326.96 363237.58
13.49 169994.27 167353.59 169796.69 170324.92
7.86 102774.12 98832.24 98998.84 101978.93
4.30 44920.32 46935.04 46215.43 46810.43 46458.42

8 Saturator was kept at 16 °C.
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Table D.5— Experimental crotonaldehyde calibration d3ta

Molar Chromatographic areas
fraction o L o L .

(%) Injection 1 Injection 2 Injection 3 Injection 4 éygtion 5
4.21 29812.02 30304.82 30249.12 30326.92 30271.39
2.14 15269.73 15571.78 15173.47 15057.20 15078.80
0.94 6072.36 6234.79 6064.48 5997.89 6012.51
0.54 3474.41 3467.53 3447.33 3471.42 3595.59
0.29 1592.91 1601.35 1585.41 1610.52 1633.23

8 Saturator was kept at 21 °C.

Table D.6— Experimental crotyl alcohol calibration d&fa
Molar Chromatographic areas

fraction . L o . ..

(%) Injection 1 Injection 2 Injection 3 Injection 4  &gtion 5
0.816 6353.36 6318.30 6359.29 6470.11 6390.99
0.414 3056.40 3007.38 3032.40
0.183 1044.07 1122.40 1144.70 1109.14
0.107 555.87 562.62 558.01
el saturator was kept at 25 °C.

Table D.7 -Experimental acetaldehyde calibration fata

Mola_lr Chromatographic areas
Fr«(’:;(/i)t)lon Injection 1 Injection 2 Injection 3 Injection 4
72.26 636006.87 609955.02 623161.06 612264.57
66.65 563654.57 552182.63 550188.58
24.73 182080.77 174429.85 171665.78
16.29 118225.81 117852.21 120034.68
@ pyregas acetaldehyde was diluted with a second stré&im. o
Table D.8— Experimental 1,3-butadiene calibration d3ta
Molar Chromatographic areas
fraction . . o L N
(%) Injection 1 Injection 2 Injection 3 Injection 4 éygtion 5
5.030 65472.35 67249.65 68389.57 68720.25
1.796 20129.30 20230.80 20591.75 20365.09 20431.87
0.676 6933.95 6950.57 6911.18 6915.69 6908.27
0.365 3946.52 3968.33 3990.31 3965.99 3970.15
0.197 2055.73 2035.21 2047.91 2040.98 2053.30
0.100 1102.21 2097.13 1095.70 1104.45 1102.41

@ A gas mixture constituted by 2-butene (1.91 vol.%Rhutene (2.90 vol.%) and 1,3-butadiene (5.03
vol.%) (diluted in N) was used. Lower molar fractions were obtainedihytion with N,.
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Table D.9 -Experimental ethene calibration d&fa

Molar Chromatographic areas

fraction o L o L .
(%) Injection 1 Injection 2 Injection 3 Injection 4 éygtion 5
7.94 87069.86 87480.88 86711.25
2.03 27689.29 27771.00 27548.43 27903.13 27918.91
1.09 12803.34 12683.63 12665.81 12641.49 12832.82
0.53 5546.04 5595.10 5592.08 5527.44 5560.90
0.34 3417.61 3368.04 3374.84 3389.77

&l o gas mixture constituted by ethane (4.99 vol.%)ere (7.94 vol.%), propane (12.28 vol.%), propene
(2.0 vol.%), and n-butane (2.97 vol.%), diluted\Nipwas used. Lower molar fractions were obtained by

dilution with N,.

Table D.10— Experimental ethane calibration d%ta

Molar Chromatographic areas
fraction . o o L N
(%) Injection 1 Injection 2 Injection 3 Injection 4 éygtion 5

4.990 58698.06 59118.19 59417.24

1.279 19289.11 19385.76 19323.19 19373.51 19422.85
0.686 8874.92 8852.53 8839.50 8843.72 8839.96
0.330 3819.77 3762.07 3802.36

0.215 2310.78 2292.29 2299.69 2299.22

&l o gas mixture constituted by ethane (4.99 vol. &hene (7.94 vol. %), propane (12.28 vol. %),
propene (2.0 vol. %), and n-butane (2.97 vol. dyted in N, was used. Lower molar fractions were

obtained by dilution with B

Table D.11- Experimental 1-butene calibration data.

Molar Chromatographic areas
frag;t)gon Injection 1 Injection 2 Injection 3 Injection 4
1.478 12040.64 11957.89 11946.29
0.798 6765.96 6732.06 7436.07
0.430 3520.54 3420.00 3421.90 3421.19

@ gas mixture constituted by 1-butene (11.0 vol, péppene (9.03 vol. %) and 1-pentene (9.05 vol. %)
(diluted in N)) was used. Lower molar fractions were obtainedihytion with N,.

Table D.12— Experimental 2-butene calibration dta

Molar Chromatographic areas
fraction . . o L N
(%) Injection 1 Injection 2 Injection 3 Injection 4 éygtion 5

1.910 19362.53 20049.01 20456.96 21119.28

0.682 6028.02 5979.66 6019.06 6189.76 6032.77
0.257 2050.67 2105.30 2041.52 2046.45 2038.74
0.139 1180.66 1195.67 1169.48 1163.85 1164.08
0.075 611.50 610.91 620.19 599.08 602.82
0.038 324.19 329.43 323.08 320.46 321.27

@ A gas mixture constituted by 2-butene (1.91 vol, %putene (2.90 vol. %) and 1,3-butadiene (5.03
vol. %) (diluted in N) was used. Lower molar fractions were obtainedihytion with N,.
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Table D.13— Experimental propene calibration déta

Mol_ar Chromatographic areas

fr&(l;t:)on Injection 1 Injection 2 Injection 3 Injection 4
1.213 8578.61 8486.47 8496.57
0.353 2442.35 2443.86 2434.65 2434.35
0.086 1100.17 1098.1 1093.48 1101.78

[al gas mixture constituted by ethane (4.99 vol. &hene (7.94 vol. %), propane (12.28 vol. %),

propene (2.0 vol. %), and n-butane (2.97 vol. %yted in N, was used. Lower molar fractions were
obtained by dilution with M

Table D.14— Experimental carbon dioxide calibration d&ta

Molar Chromatographic areas

fraction o o o L .
(%) Injection 1 Injection 2 Injection 3 Injection 4 &ygtion 5
99.90 966645.74 961708.50 963582.79 961840.94
21.12 208800.78 209030.91 204446.59 207753.80 20394
11.11 112131.71 109871.91 109483.46 108946.20 D1934
6.20 56754.91 58944.42 59540.10 60176.68 61304.07
3.10 30199.75 30455.41 30601.45 29929.84 30886.38
0.83 8025.15 7923.71 7922.56 7976.72 8046.57

al o pure CQ gas cylinder and a gas mixture constituted by hyeino(13.8 vol. %), carbon monoxide
(7.9 vol. %), and carbon dioxide (6.2 vol. %) diddtin N, were used. Lower molar fractions were
obtained by dilution with M

Table D.15— Experimental hydrogen calibration d&ta

Molar Chromatographic areas
fraction o o o L .
(%) Injection 1 Injection 2 Injection 3 Injection 4 éygtion 5
13.80 87720.94 90775.16 90980.20 91954.43 92839.20
7.01 47782.63 47286.70 50110.12 47925.08 47986.47
1.84 12499.29 12321.75 12553.52 12364.20 12385.75

&l A gas mixture constituted by hydrogen (13.8 vol., ¥grbon monoxide (7.9 vol. %), and carbon
dioxide (6.2 vol. %) diluted in Nwas used. Lower molar fractions were obtainedilidn with N,.

Finally, Table D.16 summarizes the estimated respdactors and the respective

standard deviations.
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Table D.16— Estimated response factors and standard dewafar the different
compounds.

Compound Requnse factor Standgrd
estimated deviation

Acetaldehyde 7.71047-10 3.09089-19
Ethanol 8.32028-f0  1.57051-1d
1,3-Butadiene 1.04185-90 8.71383-19
1-Butene 8.13299-10 1.88646-1H
2-Butene 8.36731-10 2.05876-1d
Crotyl alcohol 6.15101-20  1.43965.1d
Crotonaldehyde 6.5122210 1.46285-19
Carbon dioxide 9.66940-10 9.94292.19
Ethene 1.11607-10 1.34275-1H
Ethane 1.27064-30 7.44625-19
Diethyl ether 1.23385-20  3.00038-19
Propene 7.47252.10 5.4452.16H

Hydrogen 6.74593-20  2.11090-19

In Unit 2, a gas mixture containing comprising ethe(1.0 vol. %), 1,3-
butadiene (1.0 vol. %), 1-butene (0.5 vol. %), higetether (0.25 vol. %) and
acetaldehyde (0.25 vol. %) was employed to caledldhe response factors. In this
case, two measures were performed. Table D.17 slibwematographic areas and
Table D.18 shows the calculated response fact@spéhse factors for propene, ethane,

propane, and acetone were assumed to follow Ed:-[D1), respectively.

Table D.17— Experimental calibration data — Unit 2.

Injection 1 Injection 2 (RF)
Ethene (1.0 vol. %) 65578869.0 68741315.0 6716@092.
1-butene (1.0 vol %) 84852884.0 87005067.0 17185195
DEE (0.25 vol. %) 35192654.0 35480904.0 141347116.0
Acetaldehyde (0.25 vol. %) 10283276.0 10686004.0 938560.0

1,3-butadiene (1.0 vol. %) 176727627.0 182035591.0 179381609.0

b (D.1)

RE _ RFethene+ RFpropen( (D2)

ethane™
2
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_ RFethane+ RFpropene

R Fpropane_ 2 (D . 3)
RF,enet RF
R Facetone= ethene 5 Acetaldehyd (D4)
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Appendix E- Powder X-Ray
Diffractograms

In this appendix, pXRD from Mg-Al mixed oxides dexd from hydrotalcites
are presented, Figure E.1 and E.2 (b), as weliais ltydrotalcite precursors, Figure E.1
and E.2 (a). Figure E.1 and E.2 show diffractiottgras for the materials prepared at
the Mg-to-Al molar ratio equal to 3 and 5, respesly.

@) (b)

’ T T T T T T v T v T v T T 1 /WL
20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

10
Two theta (°) Two theta (°)

Figure E.1 — pXRD patterns of the Mg-Al mixed oxide (b) and psecursor (a)
hydrotalcite, prepared at the Mg-to-Al molar ragigual to 3.

(a) (b)
W r T T T u T u T u T ' T E T E 1
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

Two theta (°) Two theta (°)
Figure E.2 — pXRD patterns of the Mg-Al mixed oxide (b) and psecursor (a)

hydrotalcite, prepared at the Mg-to-Al molar ragigual to 5.

The diffraction patterns of uncalcined samplesufege.1 and E.2 (a), presented
intensities at the Bragg angles of 11.7, 23.6,,33971, 46.3, 60.2, and 61.8 °, which are
characteristic of hydrotalcites phase. As expecatés calcination, the MgO periclase
phase was observed, Figure E.1 and E.2 (b) (LEO&, 2010).
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Appendix F- CO,-TPD profiles

This appendix presents the &OPD profiles for the MgO-Si@(50-50) (a) and
MgO-Si0-(95:5) (b) samples in the whole temperature raargdyzed.

(a) MgO-Si0 -(95:5)
—— (b) MgO-Si0 -(50:50)

m/z = 44

100 200 300 400 500 600 700 Isothermal

Temperature (°C)
Figure F.1- CO,-TPD profiles for the MgO-Si@(50-50) (a) and MgO-Si&(95:5)
(b) samples.
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Appendix G — Energy-Dispersive X-Ray
Spectra

This appendix presents the energy-dispersive Xsggctrum obtained
for the Copper sample used in the analysis optimoizaFigure G.1, as well the
spectrum acquired for the samples ZrZn/MgO-Si®igure G.2, and 1.2-
K/ZrZn/MgO-SIiQ,, Figure G.3. The related microscopy images are piesented.
Results presented in Table 4.4.4 and 4.4.14 repretdwis, an average of at least
five spots from the microscopy images. For each, sp@pectrum was generated,
and the weight and atomic % values for each elemvent calculated. The intensity
of each peak is proportional to the number of phetemitted by the element, and
thus, to its concentration. However, results preskem Table 4.4.4 and 4.4.14 were

normalized to remove the amount of carbon and axyge

Spectrum 1

.

Figure G.1 - Energy-dispersive X-ray spectrum obtained fa @opper sample

used in the analysis optimization. The characieri¥tray emission energies (in
keV) for Cu are located atfi{ = 8.904, Kx; = 8.047, 13, = 0.948, and &; = 0.928,
(DEAN, 1992).
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Figure G.2 - Energy-dispersive X-ray spectrum (top) and nscopy image
(bottom) obtained for the ZrZn/MgO-SiGsample. The spectrum was recorded
between 0 and 10.1 keV. The characteristic X-rajssion energy (in keV) of Zn,
at L3; = 1.032 and t; = 1.009, may be overlapped by those ones fromalN&3; =
1.067 and K; = 1.041 (DEAN, 1992).
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f 100pm !

Figure G.3 - Energy-dispersive X-ray spectrum (top) and nscopy image
(bottom) obtained for the 1.2-K/ZrZn/MgO-SiOrhe characteristic X-ray emission
energy (in keV) of Zn, atfg; = 1.032 and t; = 1.009, may be overlapped by those
ones from Na, at Bz = 1.067 and i§; = 1.041 (DEAN, 1992). X-ray emission
energies are as described in the Figure G.2, Wwethadditional emission intensity

observed for potassium apiK= 3.589 and K, = 3.313 (DEAN, 1992).
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Appendix H — Outlet Reactor Components

This appendix presents a detailed list of compaetitained over the 1.2-
K/ZrZn/MgO-Si0,-(50:50) catalyst, for 3 h of time on stream. Tis$ was built from
experimental data obtained at 400 °C and WHSV equal92 R, experiment from
entry 10, Table 4.5.1, and it is a good represemtaif the outlet stream composition

obtained over all reaction conditions presentethénTable 4.5.1.

Table H.1 - Typical components observed at the outlet reatteam obtained over the
1.2-K/ZrZn/MgO-SiQ-(50:50) catalyst.

Component Retention time (min)
ethene 6.17
Ethane 7.95
Propene 12.59
Propane 12.94
Acetaldehyde 14.26
1-butene 15.21
1,3-butadiene 15.24
Trans2-butene 15.54
Cis-2-butene 15.68
Ethanol 15.9
Acetone 16.94
Ethyl ether 17.5
2-pentene 17.67
1,2-Dimethylcyclopropane 17.76
1,4-pentadiene 17.99
1,3-pentadiene 18.07
Ethyl acetate 19.12
2,4-hexadiene 19.40
3-hexene 19.50
1,4-hexadiene 19.58
3-methyl-2-pentene 19.66
2-methyl-1,3-pentadiene 19.87
1,3,5-hexatriene 20.12

[a] No signal for acetylene was observed, indigathmat this compound was not

produced in significant amounts in the experiments.
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