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1.1 Linear and cyclic organic carbonates

Recently organic carbonates are widely used in various fields. As final
products, organic carbonates are commonly used as solvents for coating [1],
varnish [2] and chemical reactions [3] and also as lubricants [4] and electrolytes
in lithium-ion batteries [5]. As intermediates, organic carbonates find their
application in the production of pharmaceuticals [6], agrochemicals and polymers
[7]. The use of organic carbonates for the production of polymers is expected to
expand in the near future, resulting in a recent large increase in their demand in
the world market [8]. In the energy sector, marked expansion of demands is also
expected as fuel additives since fuels can give better combustion performance
and reduction in soot emissions upon blending with organic carbonates [9]. For
such global applications, the demands are estimated in the range of several tons

to megatons per year.

1.1.1 DMC - highly demanded linear organic carbonate

Dimethyl carbonate (DMC) is one of the most produced organic
carbonates. DMC exhibits environmentally and ecologically favourable chemical
properties such as low toxicity, an absence of any irritant or mutagenic effects,
and high biodegradability [10]. Demand of DMC is continuously rising; in 2005
the worldwide consumption of DMC was about 100,000 tons, with production
concentrated mainly in the United States, Europe and Japan. Nowadays, DMC
manufacturing is expanding rapidly in other countries, mainly in China exceeding
a production capacity of 250,000 tons per year [11].

Traditionally DMC is produced by the reaction of phosgene with methanol
(Equation 1.1), however this route is currently being replaced by alternative non-
phosgene technologies such as oxidative carbonylation of methanol and
transesterification of cyclic carbonates, assisting to increase DMC production

volume (Equations 1.2-1.3).
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2CH0H + JI — = Ny 2HC
cl” e Qe
(1.1)

@]
2CH,0H + CO + 1/20, —» \O)ko/ + H,0

DMC (1 2)
O

O
20H;0H + ¢ 0 —— \O)LO/ + MO,

EC DMC EG (1.3)

The oxidative carbonylation of methanol (Equation 1.2) was introduced on

an industrial scale during the early 1980s by EniChem [12]. Later, during the
1990s, Ube Industries Ltd (Japan) developed a variation on the basis of two-stage
process. Both processes present several drawbacks due to the procedure and
reactants used. The EniChem process is based on the liquid-phase oxidative
carbonylation of methanol in the presence of CuCl> as catalyst. Even though
DMC selectivity is higher than 95%, the by-product water may deactivate the
catalyst. Additional constraints are the use of homogeneous catalyst and related
corrosion problems. On the other hand, the gas-phase reactor technology
implemented by Ube Industries utilizes a heterogeneous catalyst based on PdCI>
supported on active carbon. The selectivity to DMC is in the range of 90-95%.
Nonetheless both processes require handling of toxic and hazardous reactants.
The latter process (Equation 1.3), which was introduced by Asahi Kasei

[13] in the early 2000s, is based on the transesterification between methanol and
ethylene carbonate. Using proper reactor design, thermodynamic equilibrium can
be shifted and complete conversion of ethylene carbonate achieved, resulting in
99.5% vyield of DMC and ethylene glycol (EG). The process is capable of
supplying DMC as well as EG to the market. This multistep technology brings
additional demand for cyclic organic carbonates (e.g. EC) as they are required
for DMC synthesis, pushing further development of new technologies for cyclic

organic carbonates production.
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1.1.2 Cyclic carbonates: A building block for DMC production

Cyclic carbonates such as ethylene carbonate (EC), propylene carbonate
(PC) have been commercially available for over 40 years [14]. Since their
commercialization in the mid-1950s, they have found numerous applications as
both are reactive intermediates [15] and inert solvents [16]. Current production of
cyclic carbonates (excluding their use as unisolated intermediates) is around
100,000 tons per year. New plants are currently being constructed to meet
increasing demands [17].

Similarly to linear carbonates, cyclic carbonates can be synthesized from
diols with phosgene [18]. However, a substitute for phosgene is highly sought
after because of its highly toxic and corrosive nature. On the other hand, CO: is
safe (non-toxic and non-flammable), economical and abundant reagent.
Therefore more attractive methods of organic carbonate synthesis involve the
use of CO2 and offer a way to utilize the latter [8]. Such reactions are, for example,
direct carboxylation of epoxides, oxidative carboxylation of olefins, and reaction
of carbon dioxide with diols and transesterification of diols using urea as an
indirect source of CO2 as described below more in detail.

Carboxyilation of epoxides

The conventional method to produce cyclic carbonates nowadays is

carboxylation of epoxides (Equation 1.4) [19].

R H cat. H
H~—~H * €0, — = HoYoH
@)

O (1.4)
A large number of catalyst systems have been developed for this reaction,

including alkali metal salts, ammonium salts, ionic liquids, metal oxides, transition
metal and main group complexes [20]. However, these catalysts typically suffer
from drawbacks such as the need of high concentration of the catalyst, co-solvent

(amides: DMF, DAA), or the requirement of high pressure (up to 5 MPa of COy)
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and/or high temperature (up to 370-400 K). Moreover, homogeneous catalysts
are disadvantageous in terms of catalyst separation. The exploration of highly
efficient heterogeneous catalysts under the conditions of low temperature and
low carbon dioxide pressure remains a great challenge.

Oxidative carboxylation of olefins

As an alternative to direct utilization of carbon dioxide the oxidative
carboxylation of olefins (Equation 1.5) appears as very interesting approach to
synthesize cyclic carbonates starting from cheap and easily available reagents

[21].

R H
cat. H
HCR=CH, + 0,+ C0O, — = "1/ UM
0 (1.5)

The direct oxidative carboxylation of olefins has a great potential and has
many advantages. First, it does not require carbon dioxide free of oxygen. This
feature makes it attractive because of the high purification cost of carbon dioxide,
which may discourage its use. Above all, the main advantage is that the reaction
couples two reaction processes, the epoxidation of the olefins and the
carbonation of the epoxides. This approach also avoids the isolation of the (often
toxic) epoxide. However, the method faces several technological challenges such
as short lifetime (1-3 h) of catalysts, low turnover number (TON) and low reaction
selectivity (max. 50%) [21b, 22].

Reaction between carbon dioxide and diols

Another route for synthesis of cyclic carbonates was recently reported from

diols and carbon dioxide (Equation 1.6) [23].
=
HO
t.
Y O pco, Zn 4 b T HO
R
O (1.6)
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Ceria-based catalysts [24] and CeO2>-ZrO; [25] solid solution catalysts

have been reported to be very efficient for the synthesis of EC and PC by the
reaction of CO2 with EG and propylene glycol (PG), respectively.

However, great challenges remain; the thermodynamics of this reaction is
not favorable and coproduced water may induce modification or deactivation of
the catalyst with negative effects on the conversion rate. Different metallic
acetates [26] have been used in acetonitrile, which acts not only as solvent but
also as dehydrating agent to eliminate the effect of the water produced during the
reaction. In this way, the thermodynamic equilibrium is shifted and the yield of
cyclic carbonates was improved; however, reaction with addition of acetonitrile
cannot be considered as low-toxic process.

Reaction of urea and diols (fransesterification)

A thermodynamically favorable approach for the synthesis of cyclic
carbonates is to convert CO: into urea and use the latter for the reaction with
diols (transesterification). This process is advantageous since it allows not only
producing valuable cyclic carbonate by the indirect CO. utilization but also DMC
can be obtained by further reaction of those with methanol in a more economically
beneficial way (Figure 1.1).

Moreover, if urea production plant and a DMC plant are integrated, then
the whole facility takes mainly CO2 and methanol as feeds and produces DMC

and cyclic carbonates as intermediates via the process (Figure 1.1).
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Figure 1.1. Synthesis of DMC by indirect CO- utilization.

Detailed reaction network of DMC production through cyclic organic
carbonate synthesized by reaction of urea transesterification with diols is shown
on the Scheme 1.1. The advantage of the process is that the by-product, e.g. EG
or PG, may be further reacted with urea to produce cyclic organic carbonate
which is used as starting material for the synthesis of DMC. As the demand of
DMC is rising greater than the demand of diols, utilization of the latter has positive
economic impact on the production of DMC. Another advantage mentioned
previously is that released ammonia can be recycled to produce urea by reaction
with CO2 (typically at 112-207 atm and 433-513 K [27]) so that the overall process

forms a greener chemical cycle.

O

H2N NH»
Urea
CO,
CH30OH

R

Scheme 1.1. Urea transesterification with diols as a way to produce DMC.
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For the DMC synthesis in this route, any cyclic carbonate can be used in

principle. Among them, EC is the most attractive due to the market consideration
of corresponding diol (EG) and to the fact that production and demands of EG
are higher than those of PG and other diols. As of 2013, the global PG production
exceeded 2.18 million tons [28], whereas the global market volume for EG was
16.51 million tons. Moreover, market of EG expands rapidly and is expected to
reach 22.81 million tons by 2020, estimated with a Compound Annual Growth
Rate (CAGR) of 4.7% from 2014 to 2020 [29].

Therefore we have selected EG as an abundant and easily available diol
to produce corresponding cyclic organic carbonate, EC, in the aim to be used for
further processing such as DMC synthesis. Also due to the advantages shown
above, this work focuses on the reaction path of urea transesterification with EG

to produce EC.

1.2 Transesterification of urea with EG: State of the art

Knowledge from literature on critical parameters influencing EC synthesis
via transesterification of urea with EG such as time, temperature, amount of
catalyst and feed composition as well as reaction products and proposed reaction

mechanisms is described below.

1.2.1 Reaction products and pathway

Transesterification of urea is known to proceed in a consecutive two-step
reaction which involves rapid conversion of urea into an intermediate product, 2-
hydroxyethyl carbamate (2-HC), with further formation of EC by release of
ammonia from 2-HC (Scheme 1.2). The side reaction occurs via a dehydration

reaction of 2-HC to form 2-oxazolidone (2-Ox) (Scheme 1.2) [30].
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Scheme 1.2. Urea transesterification with EG.
Besides these products, Bhanage et al. [31] reported the formation of (1)
N-(2-hydroxyethyl)-2-oxazolidone and (2) ethyleneurea. Moreover, if the reaction
mixture contains EC, 2-Ox and EG in sufficient amount another side product (3)

N-(2-hydroxyethyl)-2-imidazolidone can be formed [31].

hi Lo
OH
0" N7 HN” NH HN)LN/\/OH
_/ / /
(1) 2) )

Insights into the reaction pathway were brought by Zhao et al [30].
Applying /n situ ATR-IR monitoring of liquid solution during EC synthesis they
concluded that the synthesis of 2-HC from EG and urea is a fast reaction, and the
rate-limiting step of EC synthesis is the elimination of an ammonia molecule from
2-HC to give EC. Still, chemical components present in the reaction mixture, their

evolution with the time, and the role of catalytic sites remain unclarified.

1.2.2 Reaction conditions

Factors known to have significant impacts on the catalytic performance
(time, temperature, pressure, feed composition and catalyst loading) are

summarized below.
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1.2.2.1 Time

Earlier it was described that the synthesis of EC via urea transesterification
with EG is not a simple direct reaction, and undergoes an intermediate step
(2- HC, Scheme 1.2). For this consecutive nature of the reaction, residence time
is an important factor influencing EC selectivity and yield.

The conversion of urea as well as EC yield increase with the prolonged
reaction time, but the change was not significant after about 3 h [30, 32]. Even it
may affect negatively, as proposed by some authors due to the hydrolysis of EC

to EG and carbon dioxide [33].

1.2.2.2 Temperature

From the reported reaction pathways (Scheme 1.2) it is also obvious that
EC is not the only product and a certain reaction temperature may favour one
pathway to the others.

When the temperature was raised up to 423 K, the urea conversion and
EC selectivity were improved. However, the EC yield decreased when the
reaction temperature was further raised as the result of fast decomposition of
urea to ammonia and CO> [32, 34]. The transformation of 2-HC as well as 2-Ox
selectivity were also promoted by increased temperature. Therefore, it is very
important to optimize reaction temperature to reach good conversion rates at high

EC selectivity and avoid side products formation.

1.2.2.3 Pressure

From thermodynamic point of view the reaction between urea and EG is
limited by equilibrium, and produced ammonia should be removed in order to shift
the equilibrium towards the products. For this reason, the reaction is commonly
performed either under reduced pressure [31-32, 34-35] or in the continuous flow

of inert gas [30].
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1.2.2.4 Feed composition and catalyst loading

Other important aspects are feed composition and catalyst loading. For
example, the highest yield of EC was achieved when EG was in large excess
(urea/EG molar ratio around 1:8) [30]. Some authors also investigated the
influence of catalyst amount on EC synthesis [30, 34]. It was found that increase
in the catalyst amount can enhance EG conversion but only up to a certain
degree. The optimum catalyst loading in the reaction system has been reported
to be 1.5 wt%. A higher catalyst loading resulted in a lower EC yield possibly
owing to the hydrolysis of EC.

Optimal reaction conditions according to literature are summarized in

Table 1.1.

Table 1.1. Reported optimal reaction conditions for EC synthesis via urea

transesterification of EG.

Reaction condition Reference

Temperature / K Time / min Urea/EG Pressure / kPa

423 180 11.5 11 [32]
423 150 1/6 atm., N2 flow [30]
423 180 1135 3 [31]
423 120 115  Vacuum [34]
423 180 115 8 [35]

1.2.3 Catalysts and active sites

Various catalysts, mainly metal oxides, have been tested in urea
transesterification, however it is important to note that the reaction can proceed
in the absence of the catalyst, giving low EG conversion and EC yield [32].

First catalytic materials for urea transesterification with glycols were

reported by Su and Speranza [36]. They found out that in the presence of Sn-
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based catalyst conversion of PG was 43% with the PC yield and selectivity of 36

and 84%, respectively. However, decomposition of urea was severe. Doya et al.
[37] have described a synthesis method of alkylene carbonates from alkylene
glycols and urea under reduced pressure using zinc, magnesium and lead oxides,
or their mixtures as catalysts and reported EC yield as high as 92.6%. Ball et al.
[38] concluded that the combination of a weak Lewis acid and a Lewis base could
improve the carbonate formation. Later Li et al. [32, 39] examined a series of
metal oxide catalysts such as CaO, La>03, MgO, Zn0O, ZrO2, and Al203 and found
that amphoteric ZnO showed the highest catalytic activity and the yield of EC
reached 93.1%. The catalytic performance was deteriorated for basic oxides with
stronger basic sites whereas acidic oxides did not show reasonable activity. An
identical conclusion was drawn by Bhanage [31]. Bhadauria [34] studied Cr-
containing zinc oxide materials while Zhao [30] investigated Fe-containing ones.
In both studies the formation of the spinel phases (ZnCr.04 and ZnFe2O4) was
found to be important, promoting EC yield. Table 1.2 summarizes catalysts with
excellent catalytic performance for EC synthesis via urea transesterification with
EG. All the previous works hinted that a proper balance in the amount and nature
of acidic and basic sites is important; however, their roles in each reaction step
and in the overall reaction performance, i.e. yield of EC, have been unclarified to

date.

Table 1.2. Reported remarkable catalytic performance for EC synthesis via

urea transesterification with EG.

Catalyst Y(EC)/ % S(EC)/ % X(urea)/ % Reference

ZnO 31.1 97.1 97.8 [32]
Zn/Fe 66.1 - - [30]
ZnO - 98 100 [31]

Zn0O-Cr203 59.9 [34]
ZnNY - 98 96 [35]
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1.2.4 Reaction mechanism

Some attempts have been made to investigate how urea reacts with active
sites of the catalysts and types of active species produced as a result of this
interaction, proposing the mechanism of transesterification.

Li [32] studied interaction of solid urea with metal oxides and observed
formation of isocyanate species (N=C=0) over some metal oxides and concluded
that the formation of active species was promoted by the catalysts with
appropriate density and strength of acid sites. Later, focusing on reaction
between urea and PG, a reaction mechanism (Scheme 1.3) was proposed with
urea activation through carbonyl group with further transformation into
intermediate and PC [39]. Other researchers investigated glycerol-urea system
[40] and have drawn a similar conclusion that Lewis acid sites activate the
carbonyl group of urea, so that it will become more prone to the nucleophilic

attack of the glycerol adsorbed on the Lewis basic site.

— M— |\|/|+ M*
rO O o|
g A A T
HoN  NH2 HaN NH»2 HN” NH,
\.H/
M+

Scheme 1.3. Mechanism of urea activation via formation of isocyanate species

proposed by Li [39].
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1.3 Acid-base catalysis: Choice of the materials and

precursors

As described above, the previous studies indicated that a catalyst with
balanced acid-base sites is important for the EC synthesis via urea
transesterification with EG. The proper balance could be achieved by mixing
metal oxides with distinct acid-base properties, such as oxides containing metals
Zn, Mg, Al, Fe, La, and Ca. To synthesise catalysts with high surface area, well
dispersed and/or mixed acid and basic sites, and fine-tunability of comprising
chemical elements, mixed-metal oxides synthesis via layered double hydroxides
(LDHs) precursor has been selected as the choice of catalyst synthesis method
in this thesis work.

The term LDH is used to designate synthetic or natural lamellar hydroxides
with two kinds of metallic cations in the main layers and interlayer domains
containing anionic species [41]. This broad family of compounds is also referred
to as anionic clays whose interlamellar domains contain cationic species. LDHs
are also reported as hydrotalcite-like compounds by reference to one of the

polytypes of the corresponding Mg-Al based mineral.

1.3.1 LDH structure

The LDH structure is based on M(OH)e octahedral units sharing edges in
order to build M(OH). brucite-like layers. These octahedral units contain both
bivalent and trivalent metallic cations; the main layers are therefore positively
charged, and the charge density is proportional to the trivalent metal ratio x =
Mil/(MI+M), The whole structure is constituted by the stacking of such layers,
intercalating charge-balancing anionic species and water molecules as shown in

Figure 1.2 with the general formula [M'"1xM!lly (OH)2]** [Axn]™ - mH20. After
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calcination the LDH structure is destroyed with formation of solid solution of mixed

oxides.

Hydroxide layer [M”l-XMI“x(OH)zx+] Mixed oxides

o Interlayer [Ax/n]n' anions

@ water molecules

Figure 1.2. Structure of layered double hydroxide (LDH) before and after

calcination.

1.3.2 Metal cations in the layers

Large variety of hydrotalcite-like compounds can be obtained by varying
the identity and relative proportions of bivalent and trivalent cations (having ionic
radius not so different to that of Mg2*) in the layer as well as the nature of the
interlayer anion. Moreover, many ternary LDHSs involving mixtures of different M!l
and/or M cations can also be prepared and even quaternary LDHs have been
reported [42]. The bivalent and trivalent cations found in LDHs belong mainly to
the third and fourth period of the periodic classification of the elements:

- bivalent cations: Mg, Mn, Fe, Co, Ni, Cu, Zn

- trivalent cations: Al, Mn, Fe, Co, Ni, Cr, Ga

In fact the range of materials synthesized as LDH is even larger than
suggested. The evidence of materials containing monovalent lithium and having
similar structure has been reported [43]. Although possible incorporation of
tetravalent ions into the LDH layer is controversial, a number of papers have

reported the possibility of synthesizing LDHs containing MV ions [44].
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The combination of metal cations which can be introduced in LDH layers

is displayed in Figure 1.3.
bivalent cations

Mil/Mit Mg Fe Co Ni
Al
Cr
Fe
Co
Ni
Ga
Vv
Ti

trivalent cations

Figure 1.3. Combination of bivalent and trivalent metallic cations in LDHs [45].

1.3.3 Interlamellar anions

In LDHs, the interlamellar domains contain anions, water molecules and
sometimes other neutral or charged moieties. Only weak bonding occurs between
these interlamellar ions or molecules and the host structure. A great variety of
anionic species can therefore be located between the layers during the formation
of the lamellar structure, or by further anionic exchange.

These anions can be, for example:

- halides: fluoride, chloride

- oxo-anions: carbonate, nitrate, sulphate, bromate

- oxo and polyoxo-metallates: chromate, dichromate, (Mo07024)5-,

(V10028)¢
- anionic complexes: ferro and ferricyanide, (PdCl4)%

- organic anions: carboxylates, phosphonates, alkyl sulfates
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Therefore, LDHs (or hydrotalcites) can be used as precursors to
synthesize a variety of mixed oxides materials by subsequent controlled thermal
decomposition. The thermal decomposition of LDH materials leads to a well
dispersed mixture of oxides which have typically higher specific surface areas
(100-300 m2-g-') than those observed in the parent LDH material. Acid-base
properties of obtained mixed metal oxides can be tuned by changing the
calcination temperature, the nature and amount of structural cations and also of
the anions which are compensating the positive charge, as well as the preparative
method [46]. Furthermore, these mixed metal oxides can have synergistic effects
between the elements and the possibility of structural reconstruction under mild

conditions, all of which are very important possible attributes for catalysts.

1.4 Rational and statistical approaches in enhancing

EC synthesis

According to the knowledge available in the literature as discussed above,
selective production of EC with high yield via transesterification of urea with EG
requires proper selection of catalytic material and optimal reaction conditions.
The complexity of the reaction and the lack in solid understanding of the roles of
acid-base sites in EC synthesis make improvement of the catalytic performance
highly empirical using classical approaches to study catalytic reactions.

This thesis work employs two approaches largely unexplored to date for
such a complex reaction — rational and statistical ones — which have great
potential in enhancing EC synthesis. By rational approach it is meant that,
insights into reaction network and kinetics are gained and correlated to catalytic
properties and reaction conditions to effectively optimize critical parameters
influencing the reaction performance. Using statistical approach mathematical

models of the reaction are created taking reaction conditions as parameters and
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optimum reaction conditions are mathematically predicted. The exact approaches

taken are briefly described below.

1.4.1 /n situreaction monitoring by attenuated total reflection

(ATR)-IR dip-in probe

To study a reaction taking place in solution using heterogeneous catalyst,
the fundamentally important steps are to identify all reaction products, determine
reaction pathways and know kinetics of the comprising reaction process. The
common method for this is off-line sample analysis. The major difficulty with this
method is that the reaction solution contains catalyst solids, and samples must
be accordingly treated before the off-line analysis. The treatment increases risks
of potential transformation or degradation of the sample if reaction components
are unstable or sensitive. Additionally. off-line monitoring is often time-consuming
and cost-demanding. Also, it may not be always safe since samples can be toxic
or not easy to handle.

/In situreaction monitoring is nondestructive analysis performed at reaction
conditions, which prevents risks of above-mentioned problems with sample
treatment and increases efficiency of the analysis. It can also provide highly
valuable data with respect to process optimization [47]. This statement is
especially true for time-resolved spectroscopic /n situ techniques, which allow
gaining insights into evolution of chemical species, shedding light on mechanistic
aspects.

The attenuated total reflection (ATR) infra-red (IR) spectroscopy using a
dip-in probe is used in a wide range of applications and recently it has been
proven to be a useful tool for real-time monitoring and /n s/tu studies of liquid
phase reactions under working conditions [48].

Such /n sifu monitoring is performed by immersing the ATR-IR probe

directly into the reaction mixture (Figure 1.4) As mentioned before such analysis
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eliminates steps of workup of samples prior to analysis [49]. Obtained time-
resolved spectra (Figure 1.4) carry information of temporal evolution of individual

chemical components.

ATR-IR ‘
dip-in
probe \
to reflux
N
catalyst
=2 component > i

evolution

&)

Figure 1.4. ATR-IR /n sifu monitoring with an example of urea

transesterification with EG.

After identification of chemical components one can possibly gain
information about how reactants are converted to intermediates and products, get
clear picture of reaction pathways, and obtain kinetic data. The method is highly
beneficial for this work since urea transesterification with EG is a complex
reaction and understanding the reaction network and kinetics is the prerequisite
to establish the relationship between catalyst properties (e.g. acid-base property)
and catalytic performance at every reaction step.

The analysis of individual components in the complex reaction mixtures

can be performed by either evaluating isolated bands or by applying modern
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chemometric methods, which can facilitate processing the entire spectral

information to obtain information about individual chemical species and their
temporal evolution. The advantages of chemometric analysis will be discussed
later in this Chapter.

Despite the obvious advantages of /in sifu spectroscopic reaction
monitoring this method does not provide information about reactive species
formed on the catalyst surface. To monitor behaviour of reaction components on
the catalyst surface, a method suited for studying solid-liquid interfaces is

required as described in the next section.

1.4.2 In situ ATR-IR study of catalytic solid-liquid interfaces

To understand acid-base catalysis it is very important to know which active
species and intermediates are formed at catalytic active sites and which products
will be formed as the results. To gain most precise information about active sites
and species, studies should be performed under operating condition. In the case
of urea transesterification with EG, the detection method should be capable of
studying catalytic solid-liquid interface sensitively. One of the few techniques
allowing to study such complex interfaces is /n sifu ATR-IR spectroscopy. The
method and principle is the same as above dip-in probe for online monitoring, but
the detection configuration is markedly different. In case of interface studies,
catalysts are coated over the ATR crystal as described in Chapter 2. By doing so,
the method becomes very surface-sensitive minimizing the signals from typically
overwhelming reaction solution as demonstrated by Ferri and Burgi [50].

ATR-IR spectroscopic study of solid-liquid interfaces can provide chemical
information about surface species and possibly their evolution, which may allow
gaining insights into the kinetics of observed species and reactions. Establishing
correlations between catalytic performance and spectroscopic features may lead

to understanding the nature of active sites and reaction mechanisms.
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Although /n sifu ATR-IR spectroscopy may become sensitive to the signals
originating from the catalytic interfaces, some challenges remain. Such as:

e surface of acid-base catalyst may contain a number of different
chemical species and spectra may be “crowded”, ranging from
reactants, intermediates, products, solvent and adsorbed
spectators.

e signals of interest (active species) from the interface may be lower
compared to unwanted signals of spectators and from the species
in the liquid phase

o selectivity; is the observed signal due to adsorbate active species
or just a spectator?

e detection sensitivity; enhancing time-resolution decreases signal-
to-noise ratio

To tackle these challenges, transient techniques can be applied to
selectively study behaviour of active surface species [51]. In such experiments,
an external perturbation (e.g. reactant concentration change) is given so that only
the concentration of the species of interests is affected. The principle of transient
experiments is shown in Figure 1.5, where “stars” represent species of interest
(active species) and other symbols are spectators or the species of non-interests.
Picture on the left illustrates the situation of original “crowded” spectra of a
complex system and on the right spectra obtained after transient experiments,
with selectively highlighting surface species of interests.

Transient experiments can be performed using a pulse, step, or sinusoidal
change of an external parameter influencing reaction kinetics. To be compatible
with modulation excitation spectroscopy (MES) [51] a periodic variation of step-

wide concentration changes was employed.
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Figure 1.5. Adding detection selectivity by transient experiments.

Using the mathematical engine of MES, phase sensitive detection (PSD),
one can improve signal-to-noise ratio drastically. However, in this work we
employed chemometric (multivariate analysis) method to deconvolute the
complex spectra into a set of comprising “pure component” spectra. The used
multivariate analysis method for spectral analysis of reaction mixture as well as

surface species is described in the following section.

1.4.3 Multivariate Curve Resolution (MCR)

As discussed previously, one of the major challenges in spectral analysis
is to extract pure component spectra and their kinetic profiles. This holds for the
spectral chemical analysis of both liquid phase and also surface species. One
can select a sub-set of most interesting features for analysis by eye, but it fails in
extracting the details when one is dealing with dynamics of complex systems,
where spectral features and bands often overlap. In this case, application of

multivariate spectral analysis can be very helpful.
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Multivariate analysis involves simultaneous statistical analysis of all the

variables. They are fast and efficient, use simultaneously all measured analytical

signals and improve signal-to-noise ratio due to kinetic resolution. One of the

basic and most employed multivariate techniques is Principal Components

Analysis (PCA). Applying PCA to a set of chemical spectra normally result in

positive and negative peaks and results are often not physically meaningful

unless reference spectra are available. In this case, one possible solution can be

Multivariate Curve Resolution (MCR). MCR is designed for recovery of chemical

spectra and contribution from a multi-component mixture, when little or no prior

information (such as reaction composition and spectra references) is available.

Advantages of MCR over manual and PCA analysis are summarized in Table 1.3.

Table 1.3 Comparison of manual and multivariate data analyses.

Attributes Manual analysis | PCA MCR
Ease of | Difficult Medium/Difficult Easy
interpretation Peak overlap Abstract, Non-negative scores
orthogonal factors | (component spectra) and
loadings (component
concentrations)
Identification Difficult Medium Easy
Characteristic Important peaks | Full spectra obtained
peaks only and correlation
Detection  of | Difficult Easy Depends on the studied
minor Only if substance | Higher factors | system
components is known capture small
variance
Most suitable | Simple dataset | Discrimination  of | Identification for unknown
for with good prior | similar chemical | mixtures
knowledge phases

MCR is a very powerful blind source and spectral separation method and

allows disentangling overlapping spectral features based on the kinetic resolution

of comprising underlying spectral bands [53]. Such technique addresses one of
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the most difficult problems in analytical spectroscopy, the qualitative and
quantitative characterization of mixtures containing unknown amounts of an
unknown number of unknown components. In principle, MCR does not need any
spectra libraries or any a priori information on the number of components or
concentration profiles. Results of MCR analysis are the kinetically pure
component spectra and their concentration profiles [54]. This way of spectral
analysis is significantly more precise to evaluate concentration profiles and
kinetics than taking such information from the absorption band maxima because
the latter method suffers from the overlaps of bands, which is common in IR
spectroscopy and often leads to inaccurate extraction of kinetic parameters and

incorrect data interpretations.

1.4.4 Design of Experiments (DoE)

Above described rational (i.e. towards/based on understanding) approach
of studying urea transesterification provides detailed views over a reaction
network and possibly reveals roles of catalytic active sites at each reaction step.
Besides, it should be emphasized that a large number of experimental
parameters such as temperature and reaction time may influence the catalytic
performance as discussed above. To date, the studies that have been devoted
to finding optimum reaction conditions for EC synthesis rely on one-factor-at-the-
time approach [30-31, 35]. Although this common approach can reveal how
certain factors affect product yields, it explores the space of experimental
parameters very poorly and also reveals little about the interaction (correlation)
between these parameters for better optimization of the targeted quantity (here,
EC yield and selectivity).

Statistical methods can be applied to efficiently study and improve

processes. Particularly Design of Experiment (DoE) [55] is a helpful tool to identify
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experimental parameters affecting EC synthesis and to optimize them with as few
experiments as possible.

The idea of DoE is to perform the least number of experiments to cover
the design space in an efficient way. The comparison between DoE principles
and one-factor-at-the-time approach is illustrated in Figure 1.6, where design
space can be covered randomly by performing three sequential studies, each
exploring one variable (Figure 1.3a); or exploring three variables in a structured

manner (Figure 1.3b).

a) b)
V, V, ./’ /
o
®
o
// . V /" ____________________ VvV
P / : / .
e o | %
V, v,

< 2

Figure 1.6. a) one-factor-at-the-time study; b) full-factor study. V — variables

of the reaction, * — experiments.

Statistical DoE approach is based on sequent application of screening
analysis of important parameters influencing reaction performance and
optimization of most significant ones, i.e. most impacting EC yield and selectivity.
The outcome of this analysis generates a mathematical model, predicting
optimum values for selected parameters. Additionally, application of DoE allows
reducing number of experiments by efficiently exploring the variable (design)

space; therefore minimizing experimental costs and time.



UNIVERSITAT ROVIRA I VIRGILI
Rational and Statistical Approaches in Enhancing Yield

Of Ethylene Carbo i ansesterification with Ethylene Glycol
Chapter 1

Dina Fakhrnasova

1.5 Aim and overview of the thesis: enhance of EC

synthesis

The present work aims at investigating the catalytic process of
transesterification of urea with EG, targeting at selective and high-yield synthesis
of EC based on the rational and statistical approaches. The global aim and sub-

goals of present research work are summarized in Figure 1.7.

( In situ reaction W R ( HT-derived mixed oxide;
S W - Activity as funciton

Reaction Synthesis dT\\ of acidity and
pathway and | catalyst with basicity
products‘ balanced acid- * Tuning

Kinetics base properties

Bl 1
(___________ PN

i Enhancing ECvyield | ————
\ N ,)
\ Optimisation | Active species /
of reaction | & reaction
conditions | mechanism

monitoring &
MCR analysis

Design of
Experiments

I (DoE) J\

Figure 1.7. Aim and sub-goals with the employed methodologies of this work.

In situ ATR-IR
study of catalyst

surface
J

The main motivation to choose the above multi-faceted experimental
methodologies was to understand the role of acidic and basic sites in urea
transesterification with EG to rationally select catalyst with suitable acid-base
properties for EC synthesis. To fully characterize catalytic activity we suggested
to study reaction performance in separate reaction steps. The separate reaction
study would clarify the contribution of each reaction step to overall reaction

pathway, reaction kinetics, and also the influence of acidic or basic sites on the
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reaction steps. For this purpose, reaction monitoring by /n sifu ATR-IR dip-in
probe and post treatment of spectroscopic data by modern chemometric analysis
(MCR) were performed.

According to the previous studies, metal oxides possessing balanced
Lewis acidic and basic sites exhibited the best catalytic performance towards EC
formation. Therefore, synthesis of mixed metal oxides derived from hydrotalcites
possessing distinct acid-base properties was prepared and tested. The use of
hydrotalcites as precursors afforded the synthesis of materials with high surface
area and good distribution of acidic and basic sites.

After establishing the role of acidic and basic sites we intended to optimize
the best performing catalyst by tuning its acid-base properties and additionally
explore catalytic performance of new class of materials (zeolites).

To gain understanding about active sites and reaction mechanism a
mechanistic study of catalyst surface under reaction conditions was performed.
This challenging study of the catalytic solid-liquid interfaces under operating
conditions was made possible by transient experiments using ATR-IR
spectroscopy. This approach provides identification of active species formed on
the catalyst during the reaction and their temporal evolution, giving insights into
possible reaction mechanism.

Aiming to further enhance EC selectivity and yield, reaction conditions
were optimized by applying statistical method (DoE). In spite of classical one-
factor-at-the-time approach, our idea was to use more reliable statistical method
and predict optimal conditions for selective and high-yield EC synthesis based on

mathematical models.
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2.1 Catalyst preparation

Sodium hydroxide (Alfa Aesar, 97%), zinc nitrate hexahydrate (Sigma-
Aldrich, 98%), magnesium nitrate hexahydrate (Sigma-Aldrich, 98.0-102.0%),
aluminum nitrate nonahydrate (Sigma-Aldrich, 98%), iron (lll) nitrate nonahydrate
(Alfa Aesar, 98.0-101.0%), sodium carbonate (Sigma-Aldrich, 99%), ethylene
glycol (Alfa Aesar, 99%), urea (Alfa Aesar, 99-100.5%), 2-hydroxyethyl
carbamate (Angene, 95%), ethylene carbonate (Sigma-Aldrich, 98%), and 2-
oxazolidinone (Sigma-Aldrich, 98%) were used as received.

Mixed metal oxides with general formula Mp2*-M3* containing Mg2* or Zn2*
as bivalent cation (Mp2*) and Al3* or Fe3* as trivalent cation (M3*) with constant
molar ratio Mp2*/M3* = 3 were synthesized by a co-precipitation method (Figure
2.1). MgZ*-AlR*, Mg?*-Fe3+ and ZnZ*-Al3* mixed metal oxide materials were
synthesized as follows. An aqueous nitrate solution (100 mL) with appropriate
amount of the bivalent and trivalent cations was added drop-wise into a beaker
containing 100 mL of deionized water under vigorous stirring at room
temperature. The pH of the solution was kept constant at 10 by adding a second
aqueous solution of NaOH (2 M). The resultant slurry was aged for 18 h at room
temperature, filtered, thoroughly washed with deionized water and dried at 373 K
overnight. The resultant dried materials with the hydrotalcite structure were
calcined at 723 K for 12 h to obtain the corresponding mixed metal oxides. The
synthesis of the single metal oxide materials (ZnO, Al>O3, MgO, Fe203) followed
the same protocol but using the aqueous solution of a respective nitrate
precursor. Concerning the synthesis of the Zn2*-Fe3+ mixed metal oxide, an
aqueous solution of Na2CO3 (2 M) was used as the second solution because the
resulting material after drying did not form hydrotalcite structure when the NaOH
solution was used. The precipitated solid was washed, dried, and calcined as
described above. Hereafter, Mg2+-Al3*, Mg2*-Fe3*, Zn2*-Al3* and Zn2*-Fe3* mixed

metal oxide materials after calcination of the corresponding materials with
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hydrotalcite structures are denoted simply Mg-Al, Mg-Fe, Zn-Al, and Zn-Fe,

respectively, or with “mixed oxide” after the simplified notation.
pH=10, RT

—— —— Solution of NaOH or
NaOH+Na,CO,

Metal Salt Solution

Figure 2.1. The schematic representation of the co-precipitation method.

2.2 In siftu reaction monitoring by ATR-IR

spectroscopy

ATR-IR spectroscopic detection in the form of dip-in probe has been
proven to be a useful tool for real-time monitoring and /n s/tu studies of liquid
phase reactions under working conditions [1]. Details of the analysis and reaction
setup are described below. For the sake of clarity the experimental method of
ATR-IR spectroscopic study of catalytic solid-liquid interfaces is described in

Chapter 7.

2.2.1 Reaction setup

Transesterification of urea with EG as well as intermediate reactions have
been performed in a 25 mL three-necked-flask equipped with a magnetic stirrer
and cycle reflux condenser (Figure 2.2). /n situ IR data were collected using
Mettler Toledo React-IR™ 4000 equipped with a diamond ATR crystal placed
inside the probe. The probe was fitted into one of the 24/40 ground glass fittings

at the top of the reactor using a Teflon adapter and inserted directly into the
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reaction mixture. During all experiments the React-IR™ probe was under purge

of N2 gas.

Sampling systems include DiComp™ (diamond internal reflection element
(IRE) for highest chemical resistance) ATR insertion probe. Figure 2.3 shows a
more detailed schematic drawing of a Comp™ probe. The head of a Comp™
probe mainly consists of two elements. A ZnSe crystal focuses and orients the IR
beam to the IRE that consists of a chemical and mechanical resistant material
(diamond or silicon; here diamond). The IR light ray undergoes six total internal
reflections at the interface with the substrate before it is seen by the detector. The
probe immersed in the reaction medium measures the absorption in the mid-
infrared region and hence the relative concentration changes of the components
during the reaction. Comp™ probes permit the analysis of reactions and
temperatures in the range of 193K up to 473 K. The spectral range was 4000-
650 cm=' (due to the absorbance of the diamond crystal the cut-off region

between 2250 and 1950 cm~" cannot be used for spectral analysis).

Figure 2.2. Reactor with dipped ATR-IR probe.
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Prior to each experiment, background of the air was measured for 32
scans at 4 cm-* resolution. Then reactor was charged with EG and heated up to
desired temperature using oil bath. When the temperature was reached desired
amount of urea and catalyst were loaded in the reactor and IR measurements
were started. Spectra were recorded every 2 min for a period of 6 h at 4 cm-1
resolution. The reaction temperature was continuously monitored by a
thermocouple during experiments. To remove ammonia forming in the course of

the reaction, N2 was continuously passed through the reactor.

Diamant sensing element

Hastelloy housing

AN

— ZnSe support element

1 \-

R ene_rgy in IR energy out

Figure 2.3. Schematic drawing of the Comp™ probe: infrared radiation is
reflected into the chemically resistant IRE disk which is in contact

with the reaction mixture.

Products in the solution after reaction were analyzed by GC (Agilent
6890N) equipped with an FID detector and a capillary column HP-35 and GC-MS
(Agilent 6890N (GC) 5973(MSD)) equipped with a capillary column HP-5.

2.2.2 Time-resolved spectra

IR spectra obtained during 6 h of the reaction are shown in Figure 2.4a
and 2.4b. 3D figure clearly shows the temporal evolution of the reactants and
products. The absorbance is directly proportional to the concentration of chemical

species and one can evaluate the concentration profiles, thus reaction kinetics,
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from the band intensity. However, such analysis is not straightforward due to the

band overlaps as shown in this 2D plot (Figure 2.4a) of the same data.

Absorbance / a.u.

T T T T T T T T T T 1
1850 1800 1750 1700 1650 1600 1550

-1
Wavenumber / cm

Figure 2.4. 2D (a) and 3D (b) representation of spectra obtained during /n situ

ATR-IR reaction monitoring.
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Deconvolution of the spectra into pure component spectra is necessary
and in order to facilitate this process, chemometric analysis was applied. In this
work Multivariate Curve Resolution (MCR) analysis was used to process signals

of individual compounds.

2.3 Multivariate Curve Resolution (MCR) analysis

MCR was applied to extract from sequences of spectra the number of
independent (kinetically pure) chemical components, their spectra and the
temporal profiles of concentration. This analysis allows studying evolution of
reactants and products over the reaction time. Catalytic behavior of different

materials was compared in this manner.

2.3.1 Basic theory of MCR

When the reaction is monitored by IR spectroscopy, a series of spectra
are collected along the course of the reaction progress, containing the
contributions from the n chemical components existing in the system. The
resulting spectral dataset can be treated by Multivariate Curve Resolution -
Alternating Least Squares (MCR-ALS) to extract the spectra of the individual
chemical components and their concentration profiles.

Spectroscopic measurements data are ordered in a data matrix D«c),
whose rows contain the spectra acquired at different times (r) and whose columns
are the process signals (absorbance) at different wavelengths (c). The algorithm
of MCR analysis seeks the optimal decomposition of the data matrix D) into
the pure contributions of the components of the reaction according to the
following equation.

D(rxe) = CirxmyStaxe) + Etrx) (2.1)

Matrix C contains the concentration information of the n sample

components of the system and ST represents the matrix of pure spectra, and E
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contains the residual (model error). MCR-ALS solves this equation in an iterative,

alternating least squares manner by minimizing the residual matrix E.

In MCR, the first step is the estimation of the number of components (n)
involved, which can be initially obtained by application of the singular value
decomposition [2]. MCR-ALS also needs a preliminary estimation of ST or C,
which is provided either by evolving factor analysis [3], by selection of the pure
variables [4], or by any previous estimation of them. The spectra of standards of
the components, when available, are also suitable to preliminary estimate ST.

Given the initial estimates of matrices C or ST, the ALS algorithm executes
a constrained optimization process [5]. It carries out the decomposition of matrix
D, as presented in Equation (2.1), iteratively to find a model able to minimize the
residual sum of squares (rss), employed as an error criterion by Equation (2.2).

rss = E = D — CS™ | (2.2)

To that end, ALS iteratively solves two alternating least-squares problems,

the minimization of rss over C for a fixed S and the minimization of rss over S for

a fixed C (Equations (2.3) and (2.4)), calculating new estimations of ST and C at

the end of each cycle [6]. It does so until rss reaches a minimum value. Because

of rotational ambiguities, constraints must be added with the aim to guide the

iteration process toward a mathematically as well as chemically meaningful
solution [7]:

Min(C) Il D — CST l- C = DS(STS) (2.3)

Min(ST) II D — CST |- € = DTc(CcTC)™? (2.4)

The iteration procedure ends after completion of a preselected number of

cycles or when the percentage of lack of fit (%LOF) does not change significantly

between consecutive iterations and convergence is achieved. The explained

variance (rss) is indicative of the quality of MCR-ALS modeling results [8].
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2.3.2 Component spectra and component concentrations

Figure 2.5 displays pure component spectra obtained after MCR analysis
and separated from the time-resolved spectra measured during the reaction (e.g.
Figure 1.4). However, since the deconvolution into pure component spectra is
based on the distinct kinetics of characteristic bands, chemical compounds
having similar kinetic profiles of characteristic bands cannot be well distinguished
and, thus, separated. This is the case of parallel reactions with simultaneous

formation of multiple compounds with the same kinetic profile (e.g. EC and 2-Ox

in Figure 2.5).
2-HC
EC and 2-Ox !\
= urea
S
c
(3]
=
(o]
(72
0
<

1900 1850 1800 1750 1700 1650 1600 1550
-1
Wavenumber /cm

Figure 2.5. Component spectra obtained after MCR analysis.

Concentration profiles of corresponding components are shown in Figure
2.6. The important advantage of multivariate spectral analysis method like MCR
is that the concentration profile is much more reliable than the peak intensity
profile because of the absence of band overlaps. These concentration profiles

are used to study reaction kinetics (see the next section) and in the rationalization
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of catalytic performance which will be correlated with the amount and strength of

acidic and basic sites.

Conc./ a.u.

EC and 2-Ox —

. : , , , . . . . : .
0 60 120 180 240 300 360
Time / min

Figure 2.6. Component concentration profiles obtained after MCR analysis.

2.4 Kinetic study

The pure component decomposition can be used to extract information of
the chemical system from the concentration profiles by obtaining kinetic
information of the chemical reaction. The kinetic study of this work was performed
using the information of the matrix C, containing the profile concentrations (A;) of
kinetically differentiable species (i.e. the involved reactants and products)
extracted by MCR. The concentrations of identified chemical species were

normalized (C; = :%) to facilitate the kinetic modeling from the IR data obtained.
1,0

Kinetic study was performed with the followed assumptions and practical
considerations.
1. Constant volume of the reaction solution

2. Isothermal
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3. No mass transfer limitations

4. No explicit influence of catalyst surface

5. We considered investigated component (urea, 2-HC, EC, 2-Ox)
isolated, due to excess of other reactant (EG).

6. Concentration profiles of first 120 min were considered to calculate
reaction order and A values to extract kinetic parameters more characteristic for
the reaction towards the product side with minimized influence of possible

products-catalyst interactions.
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3.1 Introduction

Physical properties, such as surface area, structure and morphology were
determined by N2-physisorption and X-ray powder diffraction (XRD). Although the
catalytic activity may be only indirectly related to the total available surface,
evaluation of the surface area is generally considered as an important factor
influencing catalytic performance. The Brunauer-Emmett-Teller (BET) method
[1] is widely used and was chosen to evaluate the surface area of the catalysts.
XRD is the main characterization tool when the solid materials are synthesized
[2]. It is a standard method to provide information about the structure and
crystallinity of materials. It is often used to determine if the desired product has
been successfully synthesized. Thus, X-ray powder diffraction was used to verify
all preparation steps in the synthesis of solid catalysts.

Regarding the chemical properties of the catalysts, acid-base properties
were examined using temperature-programmed desorption (TPD) method and IR
spectroscopy. TPD of probe molecules and reaction of simple bases or acids with
catalyst materials (titration) are widely used to evaluate the total number and
strength of acidic sites [3] or basic sites [4]. NH3-TPD has been employed to
characterize the acidity of the solid catalysts, while CO2-TPD was used to
evaluate the total number and strength of basic sites. TPD is widely used and
accepted method to characterize acidity and basicity of solid materials but one
cannot discriminate the type of acidic/basic sites, e.g. whether a base probe
molecule is desorbing from Brgnsted or Lewis acidic sites, or even from the both.
Infrared spectroscopy (IR) has been proved to be one of the sensitive and
adequate methods to gain deeper insights into such nature of acidic/basic sites
and acid-base interactions on solid surfaces [5].

These characterization methods as well as the results for the catalyst

materials used in this work are presented in the following sections.
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3.2 Experimental section

The surface area of the catalysts was determined by N2-physisorption

(77 K) with the BET method using Autosorb 1-MP (Quantachrome) equipment.

Powder X-ray diffraction (XRD) experiments were performed on a Bruker
AXS D8 Advance diffractometer equipped with a Cu tube, a Ge (1 1 1) incident
beam monochromator (A=1.5406 A), and a Vantec-1 PSD operated in
transmission mode. Identification of the crystal phases was made by comparing
with the reference data available in the Joint Committee on Powder Diffraction

Standards (JCPDS).

Acid-base properties of the materials were characterized by TPD of
adsorbed CO2 and NH3 and the procedure was as follows. Sample (100 mg) was
pretreated for 2 h at 723 K in He, cooled down to 353 K, saturated with a gas
containing the probe molecule (4.5% CO2 /5% NHjs in He) and afterwards flushed
with He for 20 min. Subsequently, TPD measurements were performed at a
heating rate of 20 K-min-!' under He flow (20 mL-min-') and the quantity of
desorbed gases were recorded by a TCD detector in TPDRO 1100 (Thermo
Fisher Scientific). The amount of basic and acidic sites was calculated from the
CO2 and NH3 peaks, respectively, after deconvolution of comprising desorption
peaks using the PeakFit v4 software. It should be noted that single and mixed
metal oxides are generally exposed to the reactive components of air after the
synthesis and during the storage. For instance, Mg-containing materials readily
interact and react with H2O and CO: to form magnesium hydroxide and
carbonate, affecting acid-base properties of the materials [6]. Therefore, it was
important to treat the samples under a controlled atmosphere before the reaction
and characterization (in our case high temperature treatment at 723 K for 2 h in

He) to remove majority of the surface carbonates as discussed later.
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Diffuse reflectance infrared Fourier transform (DRIFT) spectra were
recorded on a Bruker Tensor 27, equipped with a high temperature DRIFT cell
(HVC, Harrick) with CaF2 windows. The catalyst (10 wt%) was ground with KBr
and 100 mg of resulting powder was placed in the cell, heated up to 723 K under
a flow of He (30 mL-min-') with a ramp of 10 K-min-! and kept at this temperature
for 2 h. After the sample was activated the sample was cooled down to adsorption
temperature. The adsorption of pyridine was carried out at 348 K by passing a
stream of saturated pyridine in He keeping the partial pressure of pyridine
constant (48 mbar) until adsorption—desorption equilibrium was attained. After
pyridine adsorption, the sample was purged in He at 348 K for 30 min, and DRIFT
spectra were recorded. Same procedure was performed for CO2 adsorption. The
spectra of background (after the thermal treatment) and after/during sorption of
the probe molecule were collected as an average of 200 scans at 4 cm™!

resolution.

3.3 Results and discussion

3.3.1 XRD

3.3.1.1 Hydrotalcite precursors of mixed metal oxides

The ordered layer structure characteristic of hydrotalcite was confirmed for
all precursors of the mixed metal oxides (Mg-Al, Mg-Fe, Zn-Al, Zn-Fe) examined
in this work. Figure 3.1 shows the X-ray diffraction patterns of the as-synthesized
materials. As-synthesized Zn-Al, Mg-Al, and Mg-Fe materials showed d-spacing
values and reflection peaks which are characteristic of hydrotalcite materials as
indicated in JCPDS file No. 14-0191 (sharp intense reflections of (003), (006)
planes in the angle region (26 < 25°), broad reflections of (012), (015) and (018)
planes in the middle angle region (26 = 30-50°) and sharp reflections of (110),
(113) and (116) planes in the high angle region (26 = 55-65°)). The XRD pattern



UNIVERSITAT ROVIRA I VIRGILI
Rational and Statistical Approaches in Enhancing Yield

Of Ethylene Carbonate in Urea Transesterification with Ethylene Glycol
bina Fakhrnasova Catalyst Characterization _

of as-synthesized Zn-Fe is notably different from the other hydrotalcite materials,
but it is similar to SO4-LDH reported by Zhang et al. [7]. The difference stems
from the anion in the structure caused by the use of Na>COs3 for Zn-Fe synthesis
instead of NaOH for the other materials. We observed that hydrotalcite structure
cannot be formed with NaOH for Zn-Fe and the incorporation of CO32- anion in

Zn-Fe matrix was apparently necessary to form ordered layered material for this

combination of cations.

¢

A
\ ¢
J ¢ ¢ *» oA
-\ A /\'\,\ n;,

Zn-Fe

} \ A \ Mg-Fe

10 20 30 40 50 60 70
2 © / degree

Intensity / a.u.

Figure 3.1. XRD patterns of hydrotalcite precursors. Characteristic layered

double hydroxide (LDH) phase is indicated with ¢ symbol.

3.3.1.2 Single metal oxides and hydrotalcite-derived mixed metal

oxides

For the single metal oxides (Figure 3.2), the XRD pattern of ZnO was well

characterized by the hexagonal wurtzite phase with characteristic peaks at 31.7,
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34.2, and 36.1° (JCPDS: 36-1451). MgO showed clearly the cubic periclase

phase (206 = 36.7, 42.8, 62.1°, JCPDS: 45-0946) and Fe>O3 was crystallized in
the hematite phase (20 = 24.5, 33.2, 35.7, 40.9, 49.5, 54.1, 62.5, 64.1°, JCPDS:
33-0664). Al,O3 showed low crystallinity with characteristic peaks of y phase
(26 =37.0,45.6 and 67.1°, JCPDS: 29-0063).

After calcination at 725 K, the hydrotalcite structure is destroyed with
formation of new phases as shown in Figure 3.2. The calcined materials showed
the presence of oxides of bivalent cation (Zn2* or Mg?*) as the major crystalline
phase (hexagonal wurtzite or cubic periclase structure, respectively, Table 3.1)
due to the ratio of 3 for Mp2*/M¢3* in the hydrotalcite structure. Zn-Al and Zn-Fe
mixed oxides revealed the presence of hexagonal ZnO phase. For Mg-Al and Mg-
Fe mixed oxides, the cubic periclase phase of MgO was well recognized. In all
Al- and Fe-containing materials, there was no aluminum oxide and iron oxide
phases detected, implying the well incorporation and thus high dispersion of
these metal ions in the oxide structures.

The XRD pattern of Zn-Fe reveals the reflections of zinc franklinite
(ZnFe204), which is a single phase spinel-type structure consistent with the
JCPDS card (22-1012), in addition to the hexagonal ZnO phase. The
characteristic reflections of (111), (220), (311), (400), (422), (511), and (440) of
the spinel structure were well recognized. Similar phase was reported by Zhao et
al. [8]. They observed the phase for Zn-Fe mixed oxides prepared by the
mechanical mixing of the corresponding metal precursors prior to a calcination
treatment. This is in contrast to the results of Mg-Fe which showed mainly the
reflections of cubic periclase phase of MgO and no such single mixed phase

could be identified.
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Figure 3.2. XRD patterns of calcined metal and mixed oxides. The symbols
indicate the following crystal phases: ® hexagonal wurtzite phase of ZnO,

vcubic periclase phase of MgO and ¢ Franklinite ZnFe20a4.

3.3.2 Textural property

Specific surface areas of the metal oxides are presented in Table 3.1. The

order of the values was Al203 > MgO > Fe2O3 > ZnO for the single metal oxides.
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For the mixed metal oxides, the major contributions made by the bivalent ions

(Zn2* and Mg?*) to the surface areas were obvious. The trends in lowering or
enhancing surface area given by the trivalent ions (AlI’* and Fe3*) were also
clearly visible and consistent with those observed for the corresponding single

metal oxides.

3.3.3 CO2- and NHs3-TPD

The strength as well as the total amount of basic and acidic sites of the
single and mixed metal oxides were characterized by TPD of CO2 and NHjs,
respectively. The amount of desorbed gases, corresponding to the amount of
basic and acidic sites, is reflected in the peak area, whereas desorption peak
temperature indicates the strength of acidic and basic sites. Figure 3.3 presents
the desorption profiles of CO2 and NH3 from the thermal treated catalysts (in He
at 723 K). The quantified results are summarized in Table 3.1. TPD was
performed up to 723 K which is the same temperature as that used in the
pretreatment before catalytic testing in order to characterize relevant acidity and

basicity of the catalysts in the reaction.
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Figure 3.3. (a) CO2-and (b) NH3-TPD profiles of the metal oxides.

Table 3.1. BET surface area, the amount of acidic and basic sites, and identified

crystalline phases of the single and mixed metal oxides.

Catalyst BET surface area/ COz uptake/ NH3 uptake / Crystalline phase
m2-g-1 pmol-g-* pmol-g-1

Al2O3 294 2.88 0.61 y-Al203

ZnO 4 0.31 0.01 wurtzite

MgO 165 6.27 0.02 periclase

Fe20s 25 1.00 0.01 hematite

Zn-Al 36 1.40 0.07 ZnO (wurtzite)
Zn-Fe 21 0.44 0.06 ZnO (wurtzite), ZnFe204
Mg-Al 173 6.22 0.22 MgO (periclase)
Mg-Fe 113 3.22 0.15 MgO (periclase)

All metal oxides showed CO> desorption peaks with the maxima at ca.

453 K. The Mg-containing materials, MgO, Mg-Al and Mg-Fe, exhibited a broad



UNIVERSITAT ROVIRA I VIRGILI

Rational and Stat
Of Ethylene Carbo
Dina Fakhrnasova

istical Approaches in Enhancing Yield

i ansesterification with Ethylene Glycol

CO2 desorption peak over a wide temperature range of 373-673 K with a

maximum at 473 K, indicating the presence of a large number of basic sites with
different strengths (weak, moderate and strong sites) [9]. Zn-Al, ZnO, and Al203
showed narrower desorption peaks, compared to the Mg-containing materials,
with the maxima at slightly lower temperatures of ca. 443 K. The differences
indicate weaker and less types of available surface basic sites for Zn-Al, ZnO,
and AlOs. In contrast, CO> desorption profiles of Zn-Fe and more notably of
Fe203 showed an additional peak at a higher temperature of ca 683 K, implying
the presence of very strong surface basic sites besides the weaker ones for these

two Fe-containing materials.

NH3-TPD study of these materials clearly showed that Al2O3, with the largest and
broadest peaks of all samples examined, has highly acidic character with different
(weak and strong) types of acidic sites. On the contrary, other single metal oxides
(MgO, Zn0O, and Fe203) showed very small or negligible NHs desorption peaks,
indicating poor availability of surface acidic sites. However, it is interesting to
observe that when Al3* or Fe3* cations are introduced to ZnO (i.e. Zn-Al, Zn-Fe),
the acidity and basicity became more prominent as confirmed by a larger peak of
NHs and CO2 desorption (Figure 3.3 and Table 3.1). Similar enhanced acidity and
basicity by incorporation of foreign metal ions to metal oxide structure have been
reported [10]. Also, total amount of acidic sites of MgO was improved by
incorporation of Al3* and Fe3* cations (i.e. Mg-Al, Mg-Fe). These results show
that introducing metal cation(s) in a single metal oxide can enhance surface acid-

base properties.

3.3.4 DRIFTS characterization of surface acidity and basicity

3.3.4.1 Pyridine adsorption

According to the previous reports Lewis acidic sites are crucial in the

transesterification of urea [10a], therefore discrimination between Bragnsted and
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Lewis sites is probably important in characterization of active sites. Pyridine is a
popular IR probe molecule to distinguish Lewis and Brgnsted acidic sites of metal
oxide surfaces at room and higher temperature regimes, due to the following
advantages.

(i) more selective and stable than NHj;

(ii) much more strongly adsorbed than CO and CH3CN;

(i)  more sensitive to the strength of Lewis acidic sites than NO [11].

The ring deformation vibrations in the region between 1400 and 1700 cm-1
are used to discriminate between pyridine molecules adsorbed on Brgnsted
acidic sites (BPy), Lewis acidic sites (LPy) and interacting via hydrogen-bonding
with the surface (HPy). In this part of the spectrum, pyridine has strong IR
absorption, i.e. vga, Vab, V19a and vigp following Wilson’s mode number for the
assignment of the vibrations of benzene [12]. These ring vibrational modes 19a,
19b, 8a and 8b, especially modes 8a and 19b according to the assignment of
Kline and Turkhevich, are the most sensitive vibrations with regard to the nature
of intermolecular interactions via the nitrogen lone pair electrons [13]. The
assignment of the vibrational modes of pyridine adsorbed on different sites is
presented in Table 3.2.

Figure 3.4 shows FTIR spectra of adsorbed pyridine on mixed and metal
oxides. After evacuation at 348 K all samples exhibit primarily Lewis acidity and
the characteristic vibrations of LPy and HPy species were found. The bands
attributed to the adsorption on Brgnsted acidic sites were not observed for all

samples.
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Table 3.2. Vibrational frequencies of the infrared modes of pyridine used in the

characterization of surfaces [14].

Mode Lewis sites (LPy) Brgnsted sites (BPy) Hydrogen-bonded (HPy)
/ cm-? / cm-? / cm-?
8a 1600-1633 1640 1590-1600
8b 1580 1620 1580-1590
19a 1488-1503 1485-1500 1485-1490
19b 1447-1460 1540 1440-1447
= HPy ,)51
* LPy
vBPy
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Figure 3.4. DRIFT spectra of adsorbed pyridine on metal oxides.
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Two types of acidic sites can be discriminated: one resulting in weakly
hydrogen-bonded Py species and the other resulting in strongly chemisorbed Py
species on Lewis acidic sites. Characteristic bands displayed for all materials at
around 1608, 1588, 1575 and 1450 cm-' correspond to vsa and vigp vibrational
modes of pyridine molecule and indicate the presence of strong acidic sites. On
the other hand, the bands observed at 1443, 1483 and 1600 cm-"! are ascribed to
hydrogen-bonded pyridine. The observed IR bands and their assignment are

summarized in Table 3.3.

Table 3.3. Bands assignment of adsorbed pyridine over metal oxides.

IR bands Adsorbed species Vv(CCN) vibration mode Reference
1610-1608 LPy 8a [15]

1600 HPy 8b [16]

1588 LPy 8a [17]

1575 LPy 8a, 8b [16, 18]
1485 HPy 19a [16, 19]
1450 LPy 19b [13, 15]
1443-1440 HPy 19b [13, 15]

According to Busca [17] the position of the most sensitive 8a mode of
pyridine (1600-1633 cm-') roughly correlates with the polarizing power of the
adsorbant cation and consequently the strength of acidic site. Peak position of 8a
mode shifted in the order Zn-Al>Zn-Fe>Al.0O3>Mg-Fe indicating decrease in
acidic strength in the same order. ZnO and Mg-Al displayed less pronounce band
at lower frequencies, implying weak acidity of the materials. Metal oxides Fe20Os3
and MgO have adsorption bands around 1600 cm-!, attributed to weakly

hydrogen-bonded pyridine.
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3.3.4.2 CO2 adsorption

The chemical state of surface oxygen bonded to adsorbed CO: species
gives an indication of basic site structure and strength. Three species of adsorbed
CO2 were detected reflecting three different types of surface basic sites.
Unidentate carbonate formation requires surface O2 ions and exhibits a
symmetric O-C-O stretching at 1360-1400 cm-' and an asymmetric O-C-O
stretching at 1510-1560 cm-'. Bidentate carbonate forms on a Mn*-Q2- pair site
where M is a metal cation and shows a symmetric O-C-O stretching at 1320-
1340 cm-' and an asymmetric O—-C-O stretching at 1610-1630 cm-'. Bicarbonate
species formation involves surface hydroxyl groups. Bicarbonates show a C-OH
bending mode at 1220 cm-' as well as symmetric and asymmetric O-C-O
stretching at 1480 cm-' and 1650 cm-1, respectively [20].

The IR spectra of adsorbed CO2 on metal and mixed oxides are shown

in Figure 3.5.
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Figure 3.5. DRIFT spectra of adsorbed CO> on metal oxides.

Intense bands attributed to unidentate carbonate species of adsorbed
CO2 were observed on the surface of MgO, Mg-Al, Mg-Fe, and less intense bands
were detected over Al203 and Fe2Og, indicating that these materials have strong
basic sites. Signals of carbonate species adsorbed over moderate and weak
basic sites were also found on these metal oxides. In contrast, Zn-Al and Zn-Fe
showed characteristics of basic sites only of weak and moderate strength

according to bands of bidentate carbonate and bicarbonate observed.
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3.4 Conclusions

Prepared by the co-precipitation method, metal mixed oxides were
synthesized, deriving from the calcination treatment of hydrotalcites precursors.
The hydrotalcite structure was confirmed by the XRD study of as-synthesised
materials. All calcined materials showed the presence of oxides of bivalent cation
(Zn2* or Mg?*) as the maijor crystalline phase due to the ratio of 3 for Mp2*/M¢3* in
the hydrotalcite structure. Zn-Fe mixed oxide exhibited an additional phase of
zinc franklinite (ZnFe204). The advantage of hydrotalcite precursors was
demonstrated by the analysis of surface area.

The most important characteristic of the metal oxide catalysts for urea
transesterification is expected to be their acid-base properties. The total amount
of acidic and basic sites and their strength were evaluated by TPD of CO, and
NHas. The materials presented diverse acid-base character, showing successfully
that the introduction of a foreign metal cation in a single metal oxide can enhance
the variety of surface acid-base properties, indicating advantage of mixed oxides
over one-component metal oxides

The nature of acidic and basic sites was characterized by DRIFT
spectroscopy of adsorbed probe molecules, pyridine and CO., respectively. The
presence of Lewis acidic sites was confirmed for all samples. Analysis of
adsorbed CO: species indicated the presence of basic sites of weak, moderate
and strong character in Mg-containing Al203 and Fe2O3, whereas Zn-containing
oxides exhibited only weak and moderate basic sites.

The obtained information about the acidity and basicity was further used
in finding correlation with catalytic performance and in elucidating the function of
acidic and basic sites in urea transesterification with EG as demonstrated in the

following chapters.
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4.1 Introduction

In this chapter, catalytic performance of single and mixed metal oxides
with distinct acid-base properties described in Chapter 3 is evaluated to gain
detailed insights into the role of acidic and basic sites in every reaction step of
urea transesterification with EG. Previously several attempts have been made to
investigate comprising steps of urea transesterification with glycols [1], but the
reaction pathway, more precise product distribution and role of acid-base sites
driving each reaction step still remain unclear. In order to identify the reaction
network, evolution of reactants and products was monitored by dip-in ATR-IR
probe and combined with MCR. Based on the obtained chemical component
spectra for identification and their concentration profiles, kinetics of the reactions
were studied and correlated with the acidity and basicity of the materials

investigated. The detailed procedure of MCR was described in Chapter 2.

4.2 Experimental section

Transesterification of urea with EG as well as reference reactions starting
from the intermediates and products identified in the transesterification reaction
were performed in a 25 mL three-necked-flask equipped with a magnetic stirrer
and a reflux condenser. For the urea transesterification with EG, the reactor was
initially charged with 89.51 mmol of EG and heated to the reaction temperature
of 413 K. Subsequently, 8.33 mmol of urea and 0.16 g of catalyst (equivalent to
3 wt% of EG) was added to the solution and this point was considered as the
starting point of the reaction. Catalyst material was pretreated at 723 K for 2 h
under He flow prior to the catalytic testing and it was readily taken to the reactor
to minimize the exposure to the air. All reactions were performed for 6 h under N2
flow (0.5 L-min-') to remove formed gaseous ammonia which negatively affects

the reaction performance. After 6 h of the reaction, the reactor was cooled to
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room temperature, the solid catalyst was separated from the solution by filtration,
and the chemical components of reaction mixture were identified by means of
GC-MS and quantified by GC analysis. In case of the reactions starting from
intermediates and products, 4.28 mmol of 2-HC, 5.11 mmol of EC, or 5.17 mmol
of 2-Ox was charged into the reactor instead of urea, and the reactions were
performed under identical condition.

Product selectivity was calculated without taking into account the amount
of 2-HC because other products are derived from 2-HC and neglecting 2-HC
selectivity helps understand the preferred paths of the reactions. For the reaction
of urea transesterification with EG as well as the reaction of 2-HC in EG, product

selectivity was determined by Formula 4.1.

S _ [product]
product ™ [gc]4[2—0x]+[DEG]+[TEA]+[3—(2—EtOH)—2—0x)]

(4.1)

In case of the reaction of 2-Ox with EG, Formula 4.2 was used to obtain

product selectivity.

S _ [product]
product ™ 15 _0x]+[TEA]+[3—(2—EtOH)—2-0x)]

4.2)

Yield of EC was expressed by the molar amount of EC produced per gram
of catalyst due to inaccurate quantification of EG and urea caused by the excess
of EG used and possible decomposition of urea into NH3z and CO2 during the
reaction.

In all the reactions examined in this work, the reaction mixture was also
monitored /n sifu with the dip-in ATR-IR spectroscopic probe (Chapter 2) by

immersing the probe into the reaction solution.
4.3 Results and discussion

4.3.1 Catalytic test of overall reaction

Table 4.1 lists the product selectivity in the absence of a catalyst (blank)

and in the presence of the metal oxides.
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Table 4.1. Product selectivity in urea transesterification with EG. Only products

formed after 2-HC in the reaction paths were considered (see
Scheme 2, thus the amount of 2-HC was not taken into account in

the selectivity calculation).

Catalyst Yec/ Sec/ S2.ox/ Spbec/  Ss2-EoHy2-0x/  Stea/
mmol-g-cat % % % % %
blank 8.6 86.5 9.5 2.6 1.5 0
Al203 8.6 96.4 2.9 0 0 0
Zn0O 18.4 73.7 15.9 5.1 3.5 1.8
MgO 19.4 83.2 8.3 4.1 3.0 1.5
Fe20s 8.3 88.1 4.6 7.3 0 0
Zn-Al 20.1 82.0 9.7 4.0 2.8 1.6
Zn-Fe 25.9 91.5 5.1 35 0 0
Mg-Al 1.5 121 48.8 21.8 9.1 8.2
Mg-Fe 111 64.9 15.3 133 4.3 2.3

Reactions were performed at 413 K for 6 h starting with 89.51 mmol of EG, 8.33 mmol of urea,

and 0.16 g of catalyst or without catalyst (blank) under N2 flow (0.5 L-min-1).

Besides the major reaction path and products generally reported [1a, 1b,
2] and described in Scheme 1.2, there were three other products identified. The
first one is diethylene glycol (DEG) forming via the secondary ring-opening
reaction of EC with EG accompanying a release of CO. (box B in Scheme 4.1).
The other two products found in this work were 3-(2-hydroxyethyl)-2-
oxazolidinone (3-(2-EtOH)-2-Ox)) and triethanolamine (TEA) via the reaction of
2-Ox with EG (box C in Scheme 4.1). Bhanage [1a] reported secondary product
formation possibly from both EC and 2-Ox with EG, yielding 1-(2-hydroxyethyl)-
2-imidazolidone and 3-(2-EtOH)-2-Ox. Besides, in a rare case a minor amount of
ethylene urea (2-imidazolidone) was also found. In this work, 1-(2-hydroxyethyl)-
2-imidazolidone and ethylene urea were not detected and, instead, DEG and TEA

were newly identified. As shown later, the reaction paths towards DEG from EG
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(box B) and 3-(2-EtOH)-2-Ox and TEA from 2-Ox (box C) shown in Scheme 4.1

were verified by testing the reactions starting from EC and 2-Ox with EG,

respectively.
! /’ o Tttt W
|I\ : [) E3| /JL\ HOV/\ HO OH ::
| ! OH '
! : 070 —— N
I | I -Co, :h
l ! Vl EC DEG "
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Scheme 4.1. Urea transesterification with EG: Identified reaction pathways.

It is important to note that the reaction could proceed without catalyst to a
moderate extent with relatively high EC selectivity of 86.5% with 8.6 mmol-gcat™
EC yield and low but considerable (ca. 10%) selectivity to 2-Ox besides minor
formation of DEG and 3-(2-EtOH)-2-Ox under the reaction condition of this work
after 6 h (Table 4.1). In contrast, Li [2] reported that without catalyst no 2-Ox was
found and EC yield was relatively low after 3 h of the reaction at 423 K under
vacuum (11 kPa) starting from 0.75 mol of EG and 0.5 mol of urea with 0.9 g of
catalyst.

The type of metals in the catalyst and how the metal ions are combined in
the mixed metal oxides drastically affected both EC yield and product selectivity
(Table 4.1). Regarding EC selectivity, most materials showed relatively high
values except Mg-containing mixed metal oxides (Mg-Al and Mg-Fe). For these
oxides, the selectivity to all undesired side products were very high, reaching
even 48.8% 2-Ox for Mg-Al. On the contrary, MgO showed high EC selectivity
(83.2%). This indicates that Mg is not the sole factor to lower the EC selectivity.
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AlbO3 showed the highest EC selectivity (96.4%) of all materials tested with a

clearer product distribution; only 2-Ox as a single side product.

The best catalytic performance in terms of EC yield was obtained for Zn-
Fe showing 25.9 mmol-gcat'. The material effectively suppressed the formation
of 2-Ox (5.1%) and the secondary reaction products, DEG, 3-(2-EtOH)-2-Ox, and
TEA (the formation of the last two products was fully suppressed). The other Zn-
containing mixed metal oxide, Zn-Al, showed also high EC yield, but there were
noticeable increase in selectivity towards 2-Ox as well as secondary reaction
products.

Furthermore, /n sifu IR monitoring of reaction solution together with GC
and MCR spectral analyses (Chapter 2) was employed to investigate the reaction
pathways and kinetics. The MCR analysis facilitated to extract comprehensive
and quantitative concentration profiles of the major reactants, intermediates, and
products during the course of the reaction for different catalyst materials.
Performing the IR monitoring with the help of secondary reaction studies (testing
the reaction from intermediate products) and product identification confirmed that
urea transesterification with EG to EC is a consecutive two-step process and also
EC as well as 2-Ox can react further with EG (box B and C in Scheme 4.1).

To rationalize the factors influencing the reactivity and product selectivity
at each reaction step, we divided and looked into the overall reaction with wider
and narrower scope of comprising reactions (Scheme 4.1): (A) overall reaction of
urea transesterification, (B) EC decomposition with EG, (C) 2-Ox reaction with
EG, and (D) 2-HC reaction in EG in the absence of urea. All reactions A-D were
monitored by the dip-in IR probe and products were identified and quantified by
GC. Thus obtained concentration profiles of urea and products were used in
determination of reaction orders, reaction rate constants (), and kinetic modeling
of transesterification steps and overall process. Furthermore, the & values
calculated for the single reaction steps were used for the rationalization of

catalytic performance in relation to the amount of acidic and basic sites and also
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for the comparison with the A& values estimated from the overall reaction where
the presence of other reactants and products may influence the kinetics of

specific reaction paths.
4.3.2 Separate study of reaction paths

4.3.2.1 Reaction of urea with EG

e
HO

VOH  H,N NHp Kuea V07 NH,
EG Urea 2-HC

Reaction was assumed irreversible and all urea was assumed to lead to
2-HC after the reaction with EG. Based on the concentration profiles, it was

identified that the reaction is of a second order, whose rate is proportional to the

Curea

: d
square of the concentration of urea: 4 = —KyreaClrea

Integrated rate law describes the concentration of the reactant at a given

time by Equation 4.3:

1 1
= + Kyreat (4.3)

Curea Curea,o

According to the integrated rate law for a second-order reaction, a plot of

—Curea/ versus t is a straight line, as shown in part (b) in Figure 4.1.
Curea,o
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Figure 4.1. Determination of order and rate constant 4 for reaction of urea with
EG in the presence of Zn-Fe catalyst. The straight line in (b) is

expected for a second-order reaction.

The slope of straight line gives us reaction rate constant A{rea=Aurea"Curea,0,

which was calculated for all catalysts and results are listed in Table 4.2.

Table 4.2. Rate constants A for reaction between urea and EG.

Catalyst blank AlLOs 2ZnO MgO Fe203 Zn-Al Zn-Fe Mg-Al Mg-Fe

treas10-3 7.5 8.9 146 154 10.8 16.9 184 14.4 19.4
/min-
R2 0.979 0.994 0.987 0.982 0.988 0.991 0.987 0.961 0.990

We sought for the catalyst properties showing best correlated and
compared with the reaction rate constant and identified that the total amount of

acidic sites shows a trend with the rate constant (Figure 4.2).
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Figure 4.2. Urea reaction rate constant against the total amount of acidic sites in
urea transesterification with EG. Dashed lines serve to guide the

eyes only.

The reaction rate increases when surface of catalyst contains more acidic
sites; however if catalyst surface possesses too many and/or too strong acidic
sites, urea reaction rate decreases as observed for Mg-Al and Al2O3. Al203
showed the lowest urea reaction rate due to the high concentration of acidic sites
and their over-strong character. Li et al. [3] concluded that the reaction between
diols and urea was inhibited over acidic oxides to some extent, due to the
formation of steady ligand between O and N of urea and metal cation, which is in
good agreement with our observation. Urea can be considered as an electron-
pair donor and a weak basic molecule [4]. As will be reported in Chapter 7, urea
interacts with and can adsorb strongly on the acidic sites of catalyst (surface
metal atoms of metal oxides) via coordination of O atom of the carbonyl group.
Through such strong interactions of surface acidic sites and urea, surface

catalytic sites might be poisoned for further reactions. This well explains the
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observed lower reaction rate of urea (Figure 4.2) when the catalyst contains more

and stronger acidic sites.

4.3.2.2 Reaction of EC with EG

As described earlier, the desired target product, EC, reacts with EG,
forming DEG accompanying a release of CO.. This reaction takes place even in
the absence of catalyst (Table 4.1) and should be avoided. Although the excess
of EG present in the system as solvent makes prevention of this reaction path
difficult, it is possible to fully suppress the formation of DEG as observed for Al203
(Table 4.1). In order to understand the nature of reaction in the light of the acidity
and basicity of the catalysts, we investigated the reaction path (box B, Scheme
4.1, also shown below) by means of catalytic testing combined with /n sifu IR

monitoring using all the catalysts.

o -CO,
HO_~
OH HO OH
o)ko I RV W\
] Kec
DE
EC G

The reaction was assumed irreversible and was best matching

apparently as a first order on EC concentration (Equations 4.3-4.5)-

dt

Ln(Cgc) = Ln(Cgcp) — Kgct (4.5)

= —KgcCgc (4.4)

The plot of the natural logarithm of EC versus time is linear as shown in
Figure 4.3 (b) taking Zn-Fe as an example. The slope of the straight line gives
the reaction rate constant Aec, which was calculated for all catalysts and results

are summarized in Table 4.3.
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Figure 4.3. Determination of order and rate constant 4 for reaction of EC with
EG in the presence of Zn-Fe catalyst. The straight line in (b) is

expected for a first-order reaction.

Table 4.3. Rate constants A for reaction between EC and EG

Catalyst blank AlO3 ZnO MgO Fe2Os Zn-Al Zn-Fe Mg-Al Mg-Fe

Kkec'10-3 0.3 0.5 0.5 1.6 2.4 0.4 0.4 2.3 1.7
/min-
R2 0.924 0.905 0.966 0.991 0.994 0.939 0966 0.939 0.931

Among different possibilities, good correlation between EC conversion/its
rate constant A and the amount of basic sites was found. Figure 4.4 shows the
plots of (a) EC conversion and (b) EC conversion rate constant against the total

amount of basic sites determined by CO,-TPD.
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The EC conversion and its rate showed similar trends as expected.

Clearly, the reactivity of EC with EG increases when more basic sites are
available on catalyst surface. The materials with a small number of basic sites,
e.g. Zn-containing materials, showed low activity in the reaction, whereas strongly
basic Mg-containing materials exhibited high reactivity, even above 90% EC
conversion to DEG using MgO. It is interesting to note that Fe2O3 showed high
activity in the reaction, although it has a small amount of basic sites. The origin
of the high activity might be attributed to the presence of strong basic sites as
demonstrated by CO>-TPD analysis (Figure 3.3a). Also, Al,O3 showed a small
but some activity in the reaction, although DEG was not observed for the reaction
starting from EG and urea as mentioned above. This may be attributed the
modification of acidity-basicity by the adsorption of urea and other products on

the catalyst surface in urea transesterification with EG.

100
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Figure 4.4. (a) EC conversion (X) and (b) EC reaction rate constant against the
total amount of basic sites. Reactions were performed for 6 h at

413 K. Dashed lines serve to guide the eyes only.
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In the course of careful investigation on factors influencing EC conversion
and DEG yield, we observed that catalyst pretreatment conditions can drastically
impact on the reactivity of the catalyst materials. Notably, DEG formation can be
effectively suppressed by thermally treating catalysts under inert atmosphere (He
flow). Figure 4.5 illustrates the DEG selectivity in the urea transesterification with
EG over the metal oxides thermally treated at 723 K in He and also in air.
Evidently, thermal treatment under inert atmosphere led to the suppression of
DEG formation. Carlson reported that the reaction between EC and alcohols
(particularly glycols) or thioalcohols can be promoted in the presence of basic
materials such as alkali carbonates [5]. Therefore, it is probable that the thermal
treatment in air permitted CO: in the atmosphere to react with the activated
catalyst surface, forming surface carbonates with basic character which
catalyzed the formation of DEG. Although the decomposition temperature of bulk
inorganic carbonates is considerably higher (773-1173 K) than the pretreatment
temperature used in this work (723 K), [6] the pretreatment is effective in keeping
the surface less basic most likely due to the lower decomposition/desorption
temperature of CO, from the catalyst surface as observed in CO2-TPD (Figure
3.3a). Figure 4.5 clearly shows the importance of catalyst pretreatment in inert
atmosphere prior to catalytic testing. Therefore, we employed the inert thermal

treatment for all catalytic testing in this work.
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Figure 4.5. Selectivity to DEG in urea transesterification with EG for the

catalysts calcined in the air and in He. Reactions were performed for

6 hat413 K.

4.3.2.3 Reaction of 2-Ox with EG

In a similar fashion, we investigated one of the major undesired side
reactions, i.e. reactions of 2-Ox with EG (Scheme 4.1, box C, shown below),
producing TEA as the major product (ca. 90-95%) and also 3-(2-EtOH)-2-Ox as
another by-product (Table 4.4).

0
0 A o
HO_~ 0" 'N
T
3-(2-EtOH)-2-0x
O NH Ko.0x ( )
/
2-0Ox \
o2 § TEA
-H,0

HO
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Table 4.4. Product selectivity and 2-Ox conversion in the reaction

of 2-Ox with EG

Catalyst Xoox/ %

S3-2-EtoH)-2-0x / %

Stea! %

blank 17.6
Al2O3 25.8
ZnO 23.0
MgO 33.7
Fe203 57.0
Zn-Al 28.6
Zn-Fe 12.4
Mg-Al 31.3
Mg-Fe 35.3

8.4
3.2
1.8
25
36.2
5.6
9.1
3.8
5.9

91.6
96.7
98.2
97.4
63.7
94.4
90.8
96.2
941

/n sifu IR monitoring clarified that the reactions between 2-Ox with EG

follow first order kinetics (Equations 4.6 and 4.7).

dC2—Ox

dt

_kZ—OXCZ—OX

Ln(Cz_0x) = Ln(Cy_0x0) — Kz—oxt

The plot of the natural logarithm of reactant concentration versus time is

linear as shown in Figure 4.6 (b) taking Zn-Fe as an example.

(4.6)
(4.7)
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Figure 4.6. Determination of order and rate constant & for reaction 2-Ox with EG
in the presence of Zn-Fe catalyst. The straight line in (b) is expected

for a first-order reaction.

The slope of straight line gives the reaction rate constant A2.ox, which was

calculated for all catalysts and results are listed in the Table 4.5.

Table 4.5. Rate constants A for reaction between 2-Ox and EG.

Catalyst blank AlO; ZnO MgO Fe20s3 Zn-Al Zn-Fe Mg-Al Mg-Fe

K-ox10-3 04 0.5 0.7 0.8 1.5 0.7 0.7 0.8 0.6
/min-1
R2 0.850 0.979 0.959 0.956 0.997 0.926 0.904 0.956 0.930

Although correlation between 2-Ox conversion or reaction rate and a
specific characteristic of catalysts was less obvious in comparison to the previous
case of DEG formation from EC and EG, there was a general trend observed

between the reactivity and the amount of basic sites (Figure 4.7).
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Figure 4.7. (a) 2-Ox conversion and (b) 2-Ox reaction rate constant against the

total amount of basic sites. Dashed lines serve to guide the eyes only.

The relation of 2-Ox reactivity with the amount of basic sites was similar to
that of EC reactivity (Figure 4.4), showing lower and higher 2-Ox reactivity for Zn-
and Mg-containing materials, respectively. Also, Fe2O3 promoted the reaction
significantly as in the reaction between EC and EG likely due to the presence of
strong basic sites (Figure 3.3a). It is worth noting that Zn-Fe with one of the lowest
amount of basic sites (Table 3.1) converts only 14% of 2-Ox whereas reaction
without catalyst (blank) results in 18% of 2-Ox conversion. Based on the higher
initial reaction rate of 2-Ox using Zn-Fe compared to a few other materials (Figure
4.7b), the lowest 2-Ox conversion (Figure 4.7a) implies that the active sites in Zn-
Fe catalyzing the reaction was poisoned in the course of the reaction. These
poisoning effects (more precisely selective site-blocking) seem very effective
starting from urea and EG where no formation of TEA and 3-(2-EtOH)-2-Ox was
observed using Zn-Fe (Table 4.1). Bhanage [1a] mentioned that catalysts with

strong basic character such as CaO and La2Os3 are highly active in the formation
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of 2-Ox and its further reaction products as 3-(2-EtOH)-2-Ox, which is in

accordance with the findings of this work. Hence these undesired side reactions
of 2-Ox are likely catalyzed by basic sites and possibly prevented by reducing the

number and/or weakening the strength of basic sites.

4.3.2.4 Reaction of 2-HC with EG

Furthermore the reaction starting from the intermediate (2-HC) was
investigated (Scheme 4.1, box D, shown below) to uncover the roles of acidic and
basic sites towards the cyclization and the formation of EC or 2-Ox in the absence
of urea in the reaction mixture. As observed in the overall reaction (Scheme 4.1,
box A), EC and all other side products were detected with somewhat different

product selectivity (Table 4.6).

Table 4.6. Product selectivity and 2-HC conversion in reaction of

2-HC with ethylene glycol.

Catalyst Xonc/ Sec/ % S2.ox/ % Soec/ % Sa-eetoH)}20x/ % Steal %

%

blank 2.6 100 0 0

Al203 16.4 100 0 0 0
ZnO 66.5 90.7 0 0 0 9.3
MgO 93.8 76.4 0 9.1 0 14.5
Fe203 5.3 87.3 0 12.7 0 0
Zn-Al 48.6 100 0 0 0 0
Zn-Fe 24.7 100 0 0 0 0




UNIVERSITAT ROVIRA I VIRGILI
Rational and Statistical Approaches in Enhancing Yield

Of Ethylene Carbonate in Urea Transesterification with Ethylene Glycol

Dina Fakhrnasova

Understanding the Role of Acidic and Basic Sites

Mg-Al
Mg-Fe

100
88.6

65. 4
80.6

6.3
11.5

28.3 0
7.8 0

Non-reversibility of the reactions was assumed. The concentration profiles
suggest an apparent first order reaction. In other words, the reaction rate is

directly proportional to the concentration of 2-HC (Equation 4.8).

dC;_Hc
dt

The integrated rate law for the reaction can be written using logarithmic

= —K-ncCz-nc (4.8)
Equation 4.9.

In(C3-nc) = In(Cz-nco) — Kz-nct (4.9)

As expected, the plot of the natural logarithm of 2-HC versus time is linear

as shown in Figure 4.8 (b) taking Zn-Fe as an example. The slope of straight line

gives the reaction rate constant 4.nc, which was calculated for all catalysts and

the results are listed in Table 4.7.
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Figure 4.8. Determination of order and rate constant 4 for reaction of 2-HC with
EG in the presence of Zn-Fe catalyst. The straight line in (b) is

expected for a first-order reaction.
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It is important to mention that there was no kinetic resolution between EC

and 2-0x; therefore, it was not possible to separate these two species by MCR.
To obtain the respective concentration profile, experimentally obtained selectivity
values towards EC (plus the secondary product) and toward 2-Ox (plus the
secondary products) were used to scale the concentration values obtained for the
mixture of EC and 2-Ox. In other words, Cec and Co.ox were calculated by

Formulas 4.10 and 4.11.

Cec = Cproducts * Sgc (4.10)
Co_ox = Cproducts "Sz_0x (4.11)
_ [EC]
where Sgc = [EC]+[2—Ox]+[DEG]+[TEA]+[3—(2—EtOH)—2—0x]’ and
[2—0x]

SZ—OX = [EC]+[2—0x]+[DEG]+[TEA]+[3—(2—EtOH)—-2-0x]

Finally, the reaction rate constants of 2-HC to EC or 2-Ox were scaled
using Formulas 4.12 and 4.13.
Kz-nc-Ec = Sec " Kz-nc (4.12)
Kz-HCo2-0x = S2-Hc " Ka-HC (4.13)
These rate constants were used for kinetic modeling and in fitting as

shown in the Table 4.7.

Table 4.7. Rate constants A for reaction between 2-HC and EG.

Catalyst blank AlLOs ZnO MgO Fe2O; Zn-Al Zn-Fe Mg-Al Mg-Fe

Ko-nc'10-3 0.2 0.4 1.3 2.4 0.5 0.8 0.6 2.4 2.1
/min-1
R2 0.966 0.972 0.995 0.963 0.986 0.940 0.988 0.787 0.929

With the aim of maximizing EC selectivity, the factors such as the acidic
and basic nature of catalysts influencing the cyclization selectivity to EC or 2-Ox

were examined. After extensive search, no obvious relation was found between
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2-HC conversion or reaction rate and the number of acidic or basic sites (the total
number of sites or site density calculated by scaling the total site number by the
surface area of the materials). Hence a more integral parameter representing
integrated acid-base property of materials by taking the ratio between total
amount of acidic and basic sites (A/B) was evaluated.

Figure 4.9 presents the plots of (a) 2-HC conversion and (b) EC selectivity
(Table 4.5) against A/B. The same trend as 2-HC conversion was observed for
2-HC reaction rate and therefore it is not shown for the sake of brevity. The metal
oxides with lower ratio of A/B, i.e. more basic material, exhibited very high
conversion of 2-HC, reaching nearly full conversion as observed for Mg-
containing materials (Figure 4.9a), with the exception of Fe2O3 showing low 2-HC
conversion despite of the low A/B. On the contrary, metal oxides with higher A/B
exhibit nearly full selectivity towards EC (Figure 7.9b). These materials such as
Al2O3 and Zn-Fe have comparably higher amount of acidic sites and this property
seems important to guide the reaction from 2-HC to the EC path (Scheme 4.1,
box B) and not to 2-Ox path (Scheme 4.1, box C). Metal oxides with lower A/B,
i.e. more basic materials, showed deteriorated EC selectivity, opening the 2-Ox
path and also secondary reaction paths (Table 4.5). High A/B is important in
guiding the reaction path towards EC as well as in suppressing the secondary
reactions catalyzed by basic sites as previously clarified (4.3.2.2 & 4.3.2.3). When
it comes to EC yield, the two factors 2-HC conversion as well as EC selectivity
directly contribute and the presence of well-balanced acidic and basic sites (A/B)

is expected to be crucial.
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Figure 4.9. (a) 2-HC conversion and (b) EC selectivity against the ratio between
the total amount of acidic and basic sites (A/B). Reactions were

performed for 6 h at 413 K. Dashed lines serve to guide the eyes only.

4.3.3 Role of acidic and basic sites in urea transesterification

with EG

From the studies above, the variation of constituting elements in single
metal and mixed metal oxides was found to drastically alter the acid-base
properties of the materials, thus reactivity, the reaction paths, and consequently
EC yield. Fine tuning of acid-base properties and a balanced proportion of surface
acidic and basic sites are suggested critical to high EC yield with high selectivity
based on the reaction starting from 2-HC (Figure 4.9). The same conclusion is
valid when reaction starts from urea and EG (Scheme 4.1, box A). Figure 4.10
shows the EC yield in urea transesterification with EG as a function of A/B. It
shows the highest EC yield for a balanced A/B material (Zn-Fe) whereas lower

EC yields were found for the more acidic or basic materials. The low basicity of
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Zn-Fe is important in driving the reaction more selectively towards EC, while the

presence of weak acidity is important for urea activation without being poisoned

(Figure 4.2).
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Figure 4.10. EC yield against A/B ratio. Reactions were performed for 6 h at

413 K. Dashed lines serve to guide the eyes only.

The importance of balanced acid-base properties of catalyst materials in

this or similar reactions were concluded by other studies. Ball et al. reported that

the reaction between primary and secondary alcohols with urea to form alkyl

carbonates can be improved using an adequate combination of a weak Lewis

acid and a Lewis base [7]. More recently, Climent et al. [8] concluded that high

activity and selectivity of Zn-Al mixed oxide in urea transesterification with

glycerol can be attributed to well-balanced acid-base properties of the catalyst.

Therein, cooperative effects between active sites created by different metal
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oxides were suggested; metallic weak Lewis acidic sites activate the carbonyl

group of the urea and Lewis basic sites activate glycerol.

Wang et al. [9] investigated mixed Zn-Y oxides and demonstrated the
importance of binary metal oxide phases which yielded higher catalytic activity
than that of ZnO or Y203 due to the unique acid-base property given by the
synergistic effects. Similar synergetic effects of Zn-Fe oxides were also reported
by Zhao et al. [1b]. They concluded that the formation of ZnFe,O4 phase, as
observed in our work, was responsible for the high catalytic performance. The
presence of unique phase where Zn and Fe are well mixed on atomic scale in the
oxide may be responsible for creating well-balanced acid-base sites in close
vicinity and thus favorable for the reaction.

Furthermore, we observed substantial differences in product selectivity
when we start the reaction from urea and EG (Scheme 4.1, box A) or from 2-HC
and EG (Scheme 4.1, box D). The difference likely stems from the acid-base
character of urea and also the modification of acidity and basicity upon its
adsorption over the metal oxide surface. To gain detailed insights and highlight
the influence of urea in the overall reaction paths, we compared the reaction rate
constants of the two reactions (i.e. starting from urea and EG or from 2-HC and
EG). The reaction rate constants for 2-HC conversion in the urea + EG case were
obtained from a fitting of the concentration profiles determined by /n sifu IR
monitoring. Rate constants giving minimum errors in fitting were used. The details
of the fitting procedure are described in Appendix and the comparison of all rate
constants is shown in Table A1. The major difference lies in the rate constant for

2-HC conversion, which is shown in Table 4.8.
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Table 4.8. Reaction rate constants of 2-HC conversion starting from 2-HC in EG

and from urea and EG in the presence and absence of the metal

oxides.
k2-nc-10-3/min-1 k2-nc-10-3/min-1
Catalyst
2-HC and EG urea and EG
blank 0.2 1.0
AlO3 0.4 1.1
ZnO 1.3 13.9
MgO 2.4 7.1
Fe20s 0.5 1.1
Zn-Al 0.8 8.2
Zn-Fe 0.6 10.4
Mg-Al 2.4 6.2
Mg-Fe 24 18.2

Clearly, the rate constant starting from urea and EG are much higher than
starting from 2-HC. For some catalysts like ZnO and Mg-Fe, the 2-HC reaction
rate boosting was particularly prominent. According to the knowledge gained in
this work (Figure 4.9), it is speculated that urea adsorbs on the acidic sites and
renders the surface more basic, thus accelerating 2-HC conversion.

Higher 2-HC conversion rate is in principle advantageous to enhance EC
yield, but this is only true when the path to EC is dominant compared to the path
to 2-Ox (Scheme 4.1). To clarify the effects of urea on the selectivity from 2-HC
towards EC or 2-Ox, we compared the selectivity to 2-Ox path calculated by

Formula 4.14.

[2-Ox]+[TEA]+[2-(1-EtOH)-2-Ox]
[EC]+[DEG]+[2-Ox]+[TEA]+[2-(1-EtOH)-2-Ox

S(2-Ox path) = e 100 (4.14)
Figure 4.11 shows the effect of the starting reaction conditions on the 2-

Ox path selectivity. Generally, we observed remarkably higher selectivity towards

the 2-Ox path when reaction starts from urea and EG. In other words, selectivity

to EC can drastically decrease in the presence of urea. These results suggest
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that that urea poisons the acidic sites and enhances the basic character of the

surface which drives the reaction towards the undesired 2-Ox path. The excellent
catalyst, Zn-Fe, shows low 2-Ox path selectivity in the urea + EG reaction, with
even lower value than that of blank reaction. This might be due to the fact that
weakly acidic materials may not strongly adsorb urea and thus the enhancement
of surface basicity is minimized, while in the liquid phase urea itself likely

functions as a basic catalyst.
70

604 B starting form urea
[starting from 2-HC

Selectivity to 2-Ox path / %

.

-Fe blank

o JE3 B

ALO, ZnO MgO Fe,O, Zn-Al Zn-Fe Mg-Al
Catalyst
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Q

Figure 4.11. Selectivity to the 2-Ox path (Scheme 4.1, box C) against the EC
path (Scheme 4.1, box B) starting from urea and EG (shadowed
bar) or from 2-HC and EG (unfilled bar). Reactions were performed

for 6 h at 413 K.

4.4 Conclusions

A series of single- and mixed-metal oxides, mostly derived from
hydrotalcite precursors, consisting of four metal cations (Zn, Mg, Al, Fe) were

synthesized with the aim of fine-tuning the acid—base properties. These materials
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were tested in urea transesterification with EG and in every comprising reaction
pathway identified in this work (Scheme 4.1). The concentration profiles of the
reactants/products and kinetics parameters were obtained by means of IR
monitoring using a dip-in ATR-IR probe with subsequent multivariate analysis
(MCR). The roles of acidity and basicity at each reaction step were
unambiguously clarified from the relations between acidity and basicity of the
materials and the reaction performance or the kinetic information (reaction rate
constants).

From the separate investigation of each reaction step, it can be concluded
that the reaction of EC with EG is catalyzed by basic sites and carbonate species
formed upon exposure to air (reaction with CO. in air) also promote EC
conversion. Therefore, preliminary catalyst thermal treatment in an inert
atmosphere is important to avoid carbonate formation and suppress this side
reaction. The undesired side reaction between 2-Ox and EG is also enhanced
with increasing the amount of basic sites according to rising 2-Ox conversion and
reaction rate.

For the reaction between 2-HC and EG the presence of well-balanced
acidic and basic sites (A/B) is crucial. Metal oxides with low A/B, (more basic
material) improve and accelerate conversion of 2-HC but with higher selectivity
to undesired products as described above. On the contrary more acidic metal
oxides exhibit low 2-HC conversion and reaction rate but afford high EC
selectivity.

Regarding urea conversion, it appeared to be catalyzed by acidic sites,
although their excess and/or too strong acidic character drastically inhibit the
reaction. This strong surface adsorption of urea alter the surface acidity/basicity
and influence the overall reaction performance, especially product selectivity. The
kinetic studies indicate that urea poisons the acidic sites and enhances the basic
character of the surface via its strong adsorption over the metal oxide and drives

reaction towards undesired products.
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As it was shown, transesterification of urea with EG is a complex reaction,

consisting of reaction steps, which are influenced by different active sites. Still,
we could generalize that the reactions accompanying NHs release are acid-
catalyzed and those accompanying CO2 or H2O release are base-catalyzed.
Selective and high-yield synthesis of EC requires a catalyst with proper
combination of acidic and basic sites, favorable to fully convert reactants and
suppress side reactions. Hydrotalcite-derived mixed metal oxide Zn-Fe presents
well dispersed and balanced acidic and basic sites featuring high urea conversion
and reaction rates, selective intermediate (2-HC) conversion to EC and

minimizing side reaction products, thus giving high EC yield.
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5.1 Introduction

Material tuning by improving the balance of acidic and basic sites is an
obvious approach to rationally enhance the catalytic performance further based
on the results presented in Chapter 4. The best catalytic results were obtained in
the presence of Zn-Fe mixed oxide at the molar ratio of 3:1. In this Chapter, we
intend to fine-tune acid-base properties of best performing catalyst by varying the
composition of constituting elements. We investigated the effect of Zn-Fe molar
ratio on the acid-base properties as determined by TPD of CO2 and NH3 and on
catalytic performance. Additionally influence of another metal element (Al, Mg) in
Zn-Fe mixed oxides on surface and catalytic properties were investigated.

Based on the finding that acidic material gives, in principle, high selectivity
towards EC (Chapter 4), another class of catalytic materials with fine-tunability of
acidity — zeolites — was studied. Along with good textural properties (surface area,
porosity), a large number of active sites, tenability of the structure and
acidity/basicity by exchanging Si/Al ratio or cations, and good thermal stability are
important features of zeolites, possibly modifying the material with ideal acid-base
properties [1]. The thermal treatment of zeolites previously exchanged with a
different metal cation is the method often used for the preparation of bi-functional
acid-base catalysts. They are composed of both acidic sites and metal clusters.
It is well known that strong Bregnsted acids are conjugated to weak Brgnsted
bases, so that the existence of protons in zeolites has to be associated with basic
sites [2]. Also, a complete ion-exchange with alkali metal ions neutralizes not only
the Bronsted acid centres but also creates weak basic centres, so that alkali ion-
exchanged zeolites can be used as bi-functional catalysts [3]. In addition to the
Brgnsted acidity in zeolites, in these materials the Lewis acidity and basicity is
present as well, making them possibly good candidates as catalysts in EC

synthesis by urea transesterification [4].
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Furthermore, basicity of zeolites can be further enhanced by impregnating
them with a solution of alkali or transition metal salt with further decomposition to
form corresponding metal or metal oxides [5]. Moreover, it has been reported that
high surface areas of zeolite as a support can positively affect the dispersion of
metal and metal oxide particles and improve their stability.

In this work, Y-type zeolites were chosen to clarify the effect of the acid
site nature (Lewis and/or Brgnsted) and tune acid-base properties by ion-
exchange with alkali metals. Other approach was to use Y-zeolite as a support
for active metal oxides such as ZnO in order to improve catalytic activity by metal
dispersion and basicity tuning. ZnO was chosen as the secondary active phase

due to the high activity of Zn-containing materials studied earlier (Chapter 4).

5.2 Experimental section

5.2.1 Catalyst synthesis

Mixed oxides with general formula My2*-M3* containing Zn2* as bivalent
cation (My2*) and Fe3* as trivalent cation (Mi3*) with molar ratio My2*/Mg3+ = 0.5, 3,
6, 6 were synthesized by the co-precipitation method using an aqueous solution
of metal nitrate precursors. The procedure was as follows: an aqueous nitrate
solution (100 mL) with appropriate amount of the bivalent and trivalent cations
was added drop-wise into a beaker with 100 mL of deionized water under
vigorous stirring at room temperature. The pH of the solution was kept constant
at 10 by adding a second solution of NaOH (2 M). The resultant slurry was aged
for 18 h at room temperature, filtered, thoroughly washed with deionized water
and dried at 373 K overnight. Finally the resultant dried materials were calcined
at 723 K for 12 h to obtain the corresponding mixed oxides.

Tri-metallic mixed oxides with general formula My2*-M3* containing Zn2* or

mixture of ZnZ*and Mg?2* as bivalent cation (My2*) and Fe3* or mixture of Fe3+and



UNIVERSITAT ROVIRA I VIRGILI

Rational and Stat
Of Ethylene Carbo
Dina Fakhrnasova

istical Approaches in Enhancing Yield

i ansesterification with Ethylene Glycol

Al3+ as trivalent cation (M3*) with molar ratio My2*/M:3+=3 were synthesized by the

same procedure described above. Prior to the reaction all samples were calcined
at 723 K.

The metal-ion exchanged Y-zeolites were prepared by mixing sodium Y-
zeolite (Na-Y, Alpha Aesar SiO2/Al,O3 ratio of 5.1) and 0.25 M aqueous solutions
of KNO3 or CsNOs. The mixtures were agitated at 353 K for 2 h and then filtered.
The ion-exchanged zeolites were washed with distilled water, dried at 373 K for
12 h and then calcined in air at 873 K for 5 h. Proton-containing H-Y zeolite was
obtained after calcination of NH4-Y zeolite with the same SiO2/Al>O3 ratio at 873
K for 5 h.

NaY-ZnO catalysts were prepared by the impregnation method using the
same NaY as a support. The impregnation of NaY zeolite was performed with an
aqueous solution of Zn(NOs3)2 - 6H20 to give zinc oxide loadings of 3, 5, 10 and
15 wt% for 12 h at 353 K. The samples were dried in an oven at 373 K overnight
before calcination at 773 K for 5 h. The resultant samples are denoted as NaY-

3Zn0, NaY-5Zn0O, NaY-10ZnO and NaY-15Zn0.

5.2.2 Catalyst characterization

Powder X-ray diffraction (XRD), NH3- and CO2-TPD, and N2 physisorption

were performed with the method described in Chapter 3.

5.2.3 Catalytic test

Transesterification of urea with EG was performed using the catalyst
materials and the products were analyzed by the method described in Chapters

2 and 4.



UNIVERSITAT ROVIRA I VIRGILI
Rational and Statistical Approaches in Enhancing Yield

Of Ethylene Carbonate in Urea Transesterification with Ethylene Glycol
bina Fakhrnasova Catalyst Tuning and New Materials -

5.3 Results and discussion

5.3.1 Mixed metal oxides

5.3.1.1 Catalyst characterization

Figure 5.1 (a) shows XRD patterns of calcined Zn-Fe mixed oxides with
different molar ratios of Zn/Fe. All samples display the presence of ZnO phase
(JCPDS file no. 01-089-0510). Additionally XRD patterns of Zn-Fe mixed oxides
reveal the reflections of zinc franklinite (ZnFe2O4) which is with a spinel-type
structure consistent with JCPDS card (22-1012). Intensity of diffraction peaks of
ZnFe204 rises with increasing content of Fe in mixed oxides. Zng-Fe1 has lowest
amount of Fe and therefore there was no detectable signal of the franklinite
phase. It should be noted that with increasing Fe amount the crystallinity of the
samples decreases.

Figure 5.1 (b) represents XRD patterns of calcined tri-metallic mixed
oxides. Zn3-Alos-Feos displays major diffraction peaks of ZnO phase since the
amount of Zn compared to those of other metal atoms is in excess. Peaks at
around 30°, 36° and 44° can be assigned to the franklinite phase. As compared
to Zns-Alos-Feos, crystallinity of Zn1s-Mg1.s-Fe1 is lowered apparently due to
increased Fe content as in the binary oxide case. Two crystalline phases are
found to be present in Zn15-Mg1.5-Fe1: MgO cubic periclase (JCPDS file no. 45-
0946) and ZnFe2O4. The latter has the major diffraction peak at 36°.
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Figure 5.1. XRD patterns of (a) calcined Zn-Fe mixed oxides and (b) calcined
tri-metallic mixed oxides. The symbols indicate the following crystal
phases: ® hexagonal wurtzite phase of ZnO, vcubic periclase phase

of MgO and ¢ Franklinite ZnFe2Oa.
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The results of CO2- and NH3-TPD over Zn-Fe mixed oxides are shown in
Figure 5.2 (a) and (b), respectively. The amount of desorbed gases and therefore
the amount of basic and acidic sites are reflected in the peak area. Peak position
indicates strength of the sites.

TPD-CO. profiles of Zne-Fe1 and Zno-Fes indicate an extremely low
amount of basic sites. The basic character of these mixed oxides is similar to that
of pure ZnO discussed in Chapter 3. The broad peak observed at 473-773 K on
Zni-Fez is attributed to basic sites of moderate and strong character. The amount
of strong basic sites in Zni-Fe2 oxide is higher than in Zns-Fes, whereas weak

sites are almost absent (desorption peak at 373-473 K)

(@) Zn -Fe, (b)
Zn-Fe,
=) =}
®© ®©
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<) k=)
: : MUW )
()] e 3 1
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Figure 5.2. TPD profiles of adsorbed (a) CO2 and (b) NH3 on Zn-Fe mixed

oxides.

NH3-TPD over Zn-Fe mixed oxides shows the presence of weak acidic
sites reflected by the peak at 373-573 K. Zn1-Fe2 shows the highest amount of
acidic sites, whereas Zng-Fe1 has very small number of acidic sites, similar to

ZnO described earlier (Chapter 3).
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Figure 5.3 presents TPD profiles of adsorbed (a) CO2 and (b) NH3 over tri-

metallic mixed oxides. Based on the CO.-TPD profiles, it is clear that addition of
Mg drastically enhances the basicity of the Zn-Fe mixed oxide. CO> desorption
profile of Zn15-Mg1.5-Fe1 has a broad and intense peak at 423-773 K, indicating
the presence of moderate and strong basic sites in high amount. In contrast, Al
containing tri-metallic oxide Zns-Alo.s-Feo.s gives only one peak of CO2-desorption
in the range of 373-473 K attributed to weak basic sites. Profiles of NH3
desorption of both tri-metallic mixed oxides have intense peaks around 373-673
K (Zn15-Mg1.5-Fe4) and 373-773 K (Zns-Alo5-Feo 5) revealing weak and moderate

acidic sites on the surface of catalysts.

(@)

TCD signal / a.u.
TCD signal / a.u.

Zns'AIn.s'Feo.s

T T T T T T T Y T r T
400 500 600 700 400 500 600 700

Temperature / K Temperature / K

Figure 5.3. TPD profiles of adsorbed (a) CO2 and (b) NH3 on trimetallic calcined

mixed oxides.

The total amount of acid and base sites from peak area of the TPD profiles,
A/B ratio (total amount of acidic sites / total amount of basic sites) and BET

surface area of the Zn, Fe-containing materials are summarized in Table 5.1.
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Table 5.1. Amount of adsorbed NH3z and CO2, A/B ratio and BET surface area of

the mixed oxides.

NH, uptake /  CO, uptake / BET surface area /

Catalyst p p A/B > 4

pmol-g pmol-g mg
Zns-Fey 0.07 0.75 0.09 25
Znsz-Feq 0.05 0.44 0.13 21
Zne-Fe4 0.02 0.12 0.13 16
Zng-Fe, 0.01 0.15 0.07 12
Zn15-Mg1.5-Fe1 0.10 6.77 0.01 102
Znz-Alps-Feos 0.08 1.50 0.06 52

According to Table 5.1, it is clear that addition of Fe to Zn-Fe mixed oxides
enhances surface area, which is likely related to the decreased crystallinity at
higher content of Fe in the materials and smaller crystallite and consequent
particle sizes. Incorporation of Mg and Al results in increase of surface area and

therefore increases the number of available active sites.

5.3.1.2 Catalytic test

Catalytic performance of the various Zn-Fe and tri-metallic mixed oxides
in transesterification reaction of urea with EG is summarized in Table 5.2. Both
EC yield and selectivity obtained in the presence of Zn-Fe mixed oxides with
different Zn/Fe molar ratios were very similar. Zns-Fes showed the best catalytic
performance in terms of selectivity (reaction mixture contained 2-Ox as side
product and DEG as the product of EC decomposition). The amount of latter was
the lowest as compared with the other Zn-Fe catalysts, whereas the largest DEG
amount was found for Zn-Fe>. It might be attributed to the larger amount of Fe,
resulting in enhancing basicity (Table 5.1), promoting EC decomposition to DEG

as it was discussed earlier in Chapter 4.



UNIVERSITAT ROVIRA I VIRGILI

Rational and Stat
Of Ethylene Carbo
Dina Fakhrnasova

istical Approaches in Enhancing Yield

i ansesterification with Ethylene Glycol

With addition of Mg in Zn-Fe mixed oxide (Zn15-Mg1.5-Fe1), EC selectivity

and yield drastically decreased to 52.7% and 16.3 mmol-gcat?!, respectively,
whereas 2-Ox selectivity reached 42.6%. This is anticipated from the very strong
basicity (Table 5.1). On the contrary, Al-containing tri-metallic mixed oxide Zns-
Alos-Feos showed high EC selectivity, but the EC yield was not as high as

observed for Zn-Fe mixed oxides.

Table 5.2. Catalytic performance of Zn- and Fe-containing mixed oxides.

Catalyst Yec/ mmol-geat? Sec/ % S2.ox/ % Spec/ % Saeton)y2.0x/ % Steal %
Zns-Fey 26.8 88.5 25 8.5 0 0.5
Zns-Feq 25.9 91.5 5.1 3.5 0 0
Zng-Feq 25.6 88.2 2.8 71 0 1.8
Zng-Fe, 25.8 91.2 3.2 54 0.1 0
Zn45-Mg5-Feq 16.3 52.7 4.1 42.6 0 0.5
Zns-Alps-Fegs 20.2 93.6 3.3 3.1 0 0

Reactions were performed at 413 K for 6 h starting with 89.51 mmol of EG, 8.33 mmol of urea,

and 0.16 g of catalyst under N2 flow (0.5 L-min-1).

In Figure 5.4 the dependency of EC yield on the ratio of total amount of
acid/basic sites (A/B) is presented. The markers on the graph representing Zn-
Fe and tri-metallic mixed oxides follow the same trend observed earlier for pure
metal and bi-metallic mixed oxides (Chapter 4, Figure 4.10). Addition of Mg
enhances basicity of materials and suppresses EC selectivity and yield. Addition
of Al increases EC selectivity but lowers EC yield, probably due to strong
adsorption of urea on active sites of Al3* cations as previously suggested for

acidic materials (Chapter 4).
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Figure 5.4. EC yield against A/B ratio of Zn-Fe based oxides with different
Zn/Fe molar ratios and the oxides with an additional third metal (Al or
Mg). Gray markers are the data points taken from Figure 4.10.

Reactions were performed for 6 h at 413 K.

Tuning of Zn/Fe ratio and tri-metallic mixed oxide study confirm previously
suggested importance of A/B balance. It is important to remark that the reaction
performance in terms of product selectivity may not be satisfactory even when
EC vyields are high. According to Figure 5.4 and Table 5.2, all examined Zn-Fe
mixed oxides exhibited similar EC yield. The best material in terms of EC yield
(i.e., Zn1-Fe2) exhibited lower selectivity to EC and notably ca. 5% higher
selectivity to DEG in comparison to Zn-Fe (i.e. 3:1), which makes Znsz-Fe1 the

most attractive catalyst considering the slightly lower but comparable EC vyield.
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5.3.2 Y-Zeolites

5.3.2.1 Catalyst characterization

Zeolites acting as catalysts are known to be possibly used in ion-
exchanged forms. Exchange of the most general sodium cation by less
electronegative cations, e.g. potassium and cesium, leads to redistribution of the
electron density and increases electron donor capacity of the oxygen atoms in
the lattice which affects the weak Lewis base centers.

We evaluated basicity and acidity of Y zeolites with different cations (H-Y,
Na-Y, K-Y and Cs-Y) by CO2- and NH3-TPD. The results are presented in Figure
5.5. The CO.-TPD profiles (Figure 5.5a) indicate that all samples possess weak
basic sites, as evidenced by the peak around 373-523 K. Cs-Y additionally shows
a broad peak at 573-773 K assigned to strong basic sites. On the other hand all
samples show a large amount of acid sites as evident from the NH3-TPD study
(Figure 5.5b). H-Y shows a broad and intense peak over all temperature range
(8373-773 K) pointing out the presence of acid sites of different strength (i.e. weak,
moderate and strong). Na-Y and K-Y zeolites present acid sites of weak and
moderate strength which are characterized by the desorption peak around 373-
673 K. Only Cs-exchanged Y zeolite was of relative weak acidity, giving a peak

on the TPD profile at 373-523 K.
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Figure 5.5. TPD profiles of adsorbed (a) CO2 and (b) NH3 on Y-zeolites.

The total amount of acid and basic sites, their ratio (A/B) as well as surface

area are summarized in Table 5.3.

Table 5.3. Amount of adsorbed NH3 and CO», A/B ratio and BET surface area of

Y-zeolites with different cations.

NH, uptake /  CO, uptake / BET surface
Catalyst A/B area /
umol-g'1 umol-g'1 m2-g' .
H-Y 2.06 0.61 3.39 660
Na-Y 1.34 0.99 1.36 622
K-Y 0.70 0.31 0.70 576

Cs-Y 0.29 1.29 0.29 558
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From the obtained results it can be concluded that all zeolite samples are

acidic, and the amount of acid sites and A/B ratio decreases in the following order

H-Y>Na-Y>K-Y>Cs-Y.
5.3.2.2 Catalytic test

Catalytic performance of the Y zeolites was evaluated in transesterification

of urea with EG, and the results are summarized in Table 5.4.

Table 5.4. Catalytic performance of H-Y, Na-Y, K-Y and Cs-Y.

Catalyst Yec/ mmol-gcat? Sec / % S2-ox/ % Spec / % Ss.2-toH)-2-ox/ % Stea! %

H-Y 7.33 86.9 6.4 3.9 0 0
Na-Y 9.36 87.3 9.1 6.6 0 0
K-Y 7.27 86.8 3.2 6.7 0 0
Cs-Y 7.69 83.1 3.9 8.9 0 0

Reactions were performed at 413 K for 6 h starting with 89.51 mmol of EG, 8.33 mmol of urea,
and 0.16 g of catalyst under N2 flow (0.5 L-min-1).

Clearly the zeolites show comparably low catalytic activity towards EC.
Maximum yield (ca. 9.36 mmol-gcat') was obtained with Na-Y, which was very
low as compared to that of Zn-Fe mixed oxides (ca. 26 mmol-gcat'). However,
results show high EC selectivity.

Taking into account the acidic character of Y-zeolites and the catalytic
results, it can be concluded once again that strongly acidic character of materials
restrains urea conversion. On the other hand EC selectivity was around 80-90%
which means that the formation of side products was also suppressed. The
observation confirms the effects of Lewis acid sites previously found, i.e.
enhancing selectivity to EC but inhibiting urea conversion when the acidity is too

strong. Acid sites of the zeolites are either of strong character or have majority of
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Bronsted sites which are considered not catalytically active for this type of
reaction. The introduction of alkali metal cations creates weak basic sites, but
their amount as compared with acidic sites is negligible and the impacts of metal
cations are minor. Among the zeolite materials, Na-Y showed the highest EC
yield; hence the material was chosen as a support for further impregnation with
ZnO due to its good catalytic performance to add mildly acidic and basic

characters.
5.3.3 Na-Y zeolite supported ZnO

5.3.3.1 Catalyst characterizations

After Zn-precursor impregnation and calcination, obtained samples of
different ZnO loading were analyzed by TPD of CO2 and NHs3 (Figure 5.6). CO2-
TPD profiles of ZnO-loaded Na-Y zeolites show the presence of weak basic sites
at around 373-523 K. Na-Y with 10 wt% of ZnO shows an additional strong peak
above 573 K, indicating the formation of stronger basic sites. On the other hand,
NHs-TPD shows broad peaks for all samples, suggesting that the NaY-ZnO

materials exhibit acid sites of different strengths.
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Figure 5.6. TPD profiles of adsorbed (a) CO2 and (b) NH3 over Na-Y supported
ZnO.

Total amount of acidic and basic sites, A/B ratio and BET surface area are

summarized in Table 5.5.

Table 5.5. Amount of adsorbed NH3z and CO2, A/B ratio and BET surface area of

Na-Y-zeolites with different loadings of ZnO.

NH, uptake /  CO, uptake / BET surface area /
Catalyst ; ) A/B 5
pmol-g” pmol-g” m™-g-’
Na-Y 1.34 0.99 1.36 622
NaY-3ZnO 2.14 0.18 11.89 549
NaY-5Zn0O 1.58 0.18 8.93 448
NaY-10ZnO 1.36 1.35 1.01 468

NaY-15ZnO 1.35 1.53 0.88 500
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The amount of acidic sites of Na-Y supported ZnO remained high as

compared to pristine Na-Y. Slight decrease in surface area was also observed

upon ZnO loading with possible pore blocking by ZnO.
5.3.3.2 Catalytic test

The catalytic performance of the Na-Y supported ZnO catalysts is

summarized in Table 5.6.

Table 5.6. Catalytic performance of Na-Y supported ZnO.

Catalyst Yec/ mmol-gcat™ Sec/ % Szox/ % Spec/ % Sz eoHy2-0x/ % Steal %

Na-Y 9.36 87.3 9.15 6.61 0 0
NaY-3ZnO 15.5 92.2 4.75 4.67 0 0
NaY-5ZnO 16.08 91.6 5.54 4.73 0 0
NaY-10ZnO 17.8 95.4 0 4.62 0 0
NaY-15ZnO 17.7 88.0 4.87 8.83 0 0

Reactions were performed at 413 K for 6 h starting with 89.51 mmol of EG, 8.33 mmol of urea,

and 0.16 g of catalyst under N2 flow (0.5 L-min-1).

The catalytic results show that the addition of ZnO to Na-Y zeolite doubles
EC yield and reaches the value close to that of pure ZnO (ca. 18.4 mmol-g cat 1,
Chapter 4). It is interesting to observe that the ZnO loading had almost negligible
effects, which is consistent with the similar TPD profiles of all samples (Figure
5.6). Although the EC yield of Na-Y supported ZnO was similar to that of pure
Zn0O, EC selectivity was significantly improved; the highest value of 95.4% was
observed for NaY-10ZnO, whereas ZnO showed 73.4% (Chapter 4). This high
selectivity is consistent with the high acidity of the materials. Based on the acidity
and basicity (Table 5.5) a clear conclusion cannot be made, but ZnO addition
induces the material to be more reactive (higher urea conversion) while retaining

the high selectivity provided by the acidity.
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5.4 Conclusions

Further investigation of A/B fine-tuning by evaluating Zn-Fe mixed oxides
with varying Zn/Fe molar ratio and with introduction of another metal cation
confirmed the hypothesis of the importance of acidity-basicity balance to
maximize EC yield. Among tested Zn- and Fe-containing materials the highest
yield was obtained in the presence of Zn4-Fe2. However, the EC selectivity over
Zn1-Fe2 was lower than over Zns-Feq (Chapter 4) due to the increase of basicity
which promotes EC decomposition and formation of the side product DEG.
Introduction of Al and Mg also influenced catalytic performance. Al addition
increased the acidity of the material and therefore selectivity towards EC at the
expense of considerably lower EC yield. Addition of Mg over-enhanced basicity,
and both EC yield and EC selectivity were deteriorated.

Aiming to improve acid-base balance of catalysts we explored another
class of materials — zeolites. We studied catalytic performance and acid-base
balance of ion-exchanged forms (H*, Na*, K*, Cs*) of Y-zeolite. It was observed
that the A/B ratio could be varied by this approach and was decreasing in the
order of H-Y>Na-Y>K-Y>Cs-Y, but the EC yield was low in all cases. Taking
advantage of high selectivity of the zeolite materials we attempted to introduce
active Lewis acid/base sites in the form of ZnO to the best performing Na-Y
zeolite. The catalytic results showed that EC yield was improved and almost
reached the values of pure ZnO whereas EC selectivity of the ZnO-containing
zeolites was much higher. Thus, the selective nature of zeolites towards EC
formation can be beneficially used to achieve higher EC yield when they are
combined with other active sites added, e.g. by incorporation of ZnO, thereby

only slightly enhancing the basicity of the materials.
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Design of Experiments
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6.1 Introduction

Apart from the tuning of catalytic active sites, which was the major focus
of the previous two chapters, other experimental variables can influence EC yield.
Herein we applied a statistical method (Design of Experiment, DoE) [1] to
optimize the process with as few experiments as possible. Some studies have
been devoted to finding suitable reaction conditions for EC synthesis [2], where
a common one-factor-at-a-time approach was used. Although this intuitive
approach can directly reveal how certain factors affect yield, it covers the
experimental parameter space very poorly and also reveals nothing about the
interaction of these factors. In contrast, using the DoE approach, the space can
be explored more efficiently with the aid of the mathematical algorithm and at the

same time interactions and correlations of the parameters can be revealed.

6.2 Methods

Our general strategy in DoE was based on a preliminary evaluation of all
factors and possible interactions between factors using Fractional Factorial
Experimental Design, [3] followed by an optimization of the significant factors
using Central Composite Design [3b, 4]. All reactions were run in the batch
reactor under the same conditions using the same chemicals as in the previous
chapters. As a catalyst Zn-Fe mixed oxide was chosen due to its excellent
catalytic performance. A complete set of experiments was performed in a random
order to avoid systematic error. The experimental design procedures

implemented in The Unscrambler® version 10.2 from Camo software were used.

6.2.1 Screening experimental design

For Fractional Factorial Design, appropriate variables and their levels have

to be selected. We have selected representative experimental parameters,
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namely EG/urea molar ratio, temperature, time and catalyst loading. For
screening design, we evaluated a wide range of variables to obtain a clear picture
of how these factors affect EC yield and selectivity. Two levels (upper and lower
limits) were chosen for each variable, named as “high” and “low”. Temperature
range was 393-443 K, initial EG/urea molar ratio was in the range of 4-10, amount
of catalyst was varied from 1-3 wt% of EG and time was restricted in 2-12 h. With
these four design variables at high and low values for each variable 241
experiments are required to resolve all effects by factors and two-factor
interactions with highest for this design resolution 1V. Resolution Il is too low
since two-factor interactions might be confounded with effects. Four response
variables were evaluated: EC yield and selectivity, selectivities to the major side
product (2-Ox) and second major side product (DEG). The obtained values are

displayed in Table 6.1.

Table 6.1. Levels of design and response variables obtained with screening

experimental design.

Design variables Levels of design variables

EG/urea ratio 4 10

Temperature 393K 443 K

Time 2h 12 h

Amount of catalyst 1 wt% of EG 3 wt% of EG

Response variables Range of obtained results

Yec 0.1 mmol-geatr"*mMoOlurea?  10.9 mmol-gear " MmMOlurea !
Sec 26.8% 100%

Sa-0x 0% 19.9%

Spec 0% 47 1%
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To obtain a clear picture of the precision and the accuracy of the model
and also to estimate experimental error, three center points (points for which the
value of every design variable is set at its middle level) were evaluated. These
considerations led to a set of eleven reactions which were performed in the batch

reactor under the specified reaction conditions.

6.2.2 Optimization experimental design

Central Composite Design was performed to examine important factors
and finally generate response surfaces for the EC yield and selectivity as a
function of two selected parameters (reaction time and temperature). Since we
set the defined limits for the two variables, Inscribed Central Composite Design
was applied to explore the design space over the central point which requires five
levels (possible values) of each variable. Two variables at five levels and two
center samples were used, giving in total ten experiments. The values of the

variables are listed in Table 6.2.

Table 6.2. Levels of design and response variables obtained with optimization

experimental design.

Design variables Levels of design variables
Temperature 393K 443 K
Time 2h 12 h
Response variables Range of obtained results
Yec 0.9 mmol-gcat "*mmMOlurea 2.9 MmMoOl-geat ! MmMOlyrea
Sec 67% 100%

The other experimental variables were fixed at the optimum values

previously defined: EG/urea ratio 10 and the catalyst amount of 3 wt% of EG.
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6.3 Results and discussion

6.3.1 Screening experimental designs

The results of the catalytic runs are summarized in Table 6.3.

Table 6.3. Catalytic results of a set of experiments suggested by screening

experimental design.

Name EG/ Temp. Time Amount of Yec/ Sec/ Szox/ Soec/
urea /K /h  catalyst/ wt%  mmol-geat'- % % %
MMOlyrea™
1 4 393 2 1 0.2 100 0 0
ad 10 393 2 3 0.1 100 0 0
bd 4 443 2 3 3.6 80.1 0 18.3
ab 10 443 2 1 10.9 92.4 3.1 4.5
cd 4 393 12 3 7.0 95.7 24 1.5
ac 10 393 12 1 7.4 100 0 0
bc 4 443 12 1 4.7 26.8 19.9 471
abcd 10 443 12 3 3.0 55.7 6.1 36.8
cp01 7 418 7 2 6.5 93.7 3.4 29
cp02 7 418 7 2 5.4 86.5 5.9 6.5
cp03 7 418 7 2 4.9 79.5 7.5 10.6

The detailed analysis of variance (ANOVA) is presented in Table 6.4. P-
values and F-ratio show how well model fits responses — the lower the p-values,
the higher the probability, meaning that model would be more adequate. For
instance, p-values of Yec 0.03 mean, that the model is valid with the significance
level of 97%. According to p-values, all models seem adequate, although the
significance level of the model for Speg is less than 95%.

From the analysis of effects, it is also clear that the most significant factors
influencing selectivity of products are temperature and time. Neither EG/urea ratio

nor catalyst loading had considerable effects on the response variables.
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Interaction of two variables — time and temperature was found to be the most
significant to influence Yec. Interaction of temperature and time is also significant
factor for selectivity of EC, 2-Ox and DEG.

Interaction between variables can also be represented graphically by
plotting parameters against one of the variables overlaid with a second one. If the
lines run in parallel, there is an independence of these variables, but if the lines
are divert this indicates the presence of interaction between them. Figure 6.1
displays interaction of variables “time” and “temperature” for parameters Yec, Sec,
S2.0x and Spec. A positive interaction between two variables means that when
one variable increases the effect exerted by the second variable increases. From
the plots it is clear that these variables have strong negative interaction in case
of EC yield. For product selectivity, positive interaction between “time” and
“temperature” was observed. The presence of such interaction implies that
different optimum reaction times would exist at different temperatures, which is
completely ignored in the one-factor-at-a-time method, where the
interdependence of factors would have been missed.

After identifying the important variables, we initiated optimization study
applying Central Composite Design in order to obtain response surface and

optimum values for temperature and time.
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Figure 6.1. Time-temperature interaction graphs of the screening study.

6.3.2 Optimization experimental design

As it was shown previously, screening design is linear, which means it has
only two levels. They connect all points with straight lines and a mathematical
optimum cannot be modeled. The model of the reaction can be refined with a
more detailed second non-linear study, such as response surface study (RSM)

which is used in this work. The points in the RSM model were chosen according
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to Central Composite Design. In this case, results of the experiments performed
in optimization design were analyzed independently from results of screening
design, i.e. previous values were not used. The factors investigated in this study
were the only important ones identified earlier, i.e. reaction time and temperature.

The summary of performed experiments in optimization design is shown

in Table 6.5.

Table 6.5. Catalytic results in optimization design.

Name Temp. Time Yec/ Sec / S2.ox/ Soec /
/K /h mmol-g-lcarmmollurea % % %
Cube1 400 3.5 1.01 96.7 3.3 0
Cube2 436 3.5 4.07 82.1 7.2 8.9
Cube3 400 10.5 2.75 98.7 0 1.3
Cube4 436 10.5 3.36 59.8 27.6 10.0
Axial A(low) 393 7.0 1.35 100.0 0 0
Axial A(high) 443 7.0 2.75 67.1 217 9.3
Axial B(low) 418 2.0 3.54 86.1 8.3 5.2
Axial B(high) 418 12.0 1.91 98.4 0 1.6
cp01 418 7.0 2.76 92.8 3.7 3.3
cp02 418 7.0 2.82 935 27 3.8

The model generated by optimization design for EC selectivity is an
approximation of the reality which is demonstrated in ANOVA table (Table 6.6).
Significance level of the model (p-value) is 0.05 indicating that the model is useful.
On the other hand, probability for the model of EC yield to be significant is quite
low, 87% according to the p-value of 0.13. This implies the lower level of
confidence for estimating the optimum experimental condition for EC yield using

the model.
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Table 6.6. ANOVA Summary for response variables of optimization design.

ANOVA Summary YEc Sec

F-ratio p-value F-ratio p-value

Model 6.71 0.13 19.28 0.05
Temperature (A) 25.54 0.03 91.45 0.01
Time (B) 5.64 0.14 13.07 0.06
Temp-Time (AB) 8.89 0.09 11.57 0.07
Temp-Temp (AA) 1.92 0.30 11.48 0.07
Time-Time (BB) 0.13 0.75 0.63 0.51
Temp-Temp-Temp (AAA) 23.42 0.04 97.04 0.01
Time-Time-Time (BBB) 8.22 0.12 13.81 0.06

The results of the optimization study are depicted at the response surfaces
where the optima are clearly visualized. Figures 6.2 and 6.3 show the response
surfaces of the two variables: EC yield and selectivity, respectively. Analyzing
these 3D plots following general conclusions can be drawn:

e The higher the temperature and the shorter the reaction time, the
better EC yield.
e The lower the temperature, the higher EC selectivity.

The optima in EC yield and selectivity are clearly defined on the response
surfaces: 5.2 mmolgcat’ -mmolyrea! Wwhen at 439 Kin 2 h, and 118% EC selectivity
at 395 K after 12 h. Although the analysis of variance indicated that predicted
model for Yec has a relatively low significance level, the model of Sec appears to

be adequate (p-values around 0.05) as mentioned above.
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Figure 6.3. Response surface for Sec.
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To substantiate both generated models, verification experiments were
performed under the two conditions (predicted by Sec model and Yec model)
using the Zn-Fe mixed oxide. Both reaction conditions were highly favorable for
the EC synthesis. The first condition resulted in an excellent EC selectivity
(99.6%) and a good EC yield (16.1 mmol-gcat'!), while the second case led to the
highest obtained EC yield (28.6 mmol-g-'cat) and a good EC selectivity (93.3%).
These are considerable improvements compared to the EC yield and selectivity
obtained in our standard conditions (423 K and 6 h) which vyielded
25.9 mmol-gear ' with 91.5% EC selectivity.

The obtained EC yield for the latter case was lower than predicted by the
model (44.1 mmol-g-lcat). The deviation from the model is likely due to the high
complexity of underlying parameters influencing EC yield. Since the investigated
reaction of urea transesterification with EG is consecutive and parallel with
additional side reactions, it is not an easy task to predict precisely the yield of the
target product. Nevertheless, the generated models are found to be useful
approximation of the EC yield and selectivity, well predicting a set of parameters

that yield excellent catalytic results.

6.4 Conclusions

In a sequential experimental design as a screening study we applied
Fractional Factorial Design in order to estimate significance of the main effects
and the variable interactions. Important variables were further optimized by
Central Composite Design. The evaluation of the global linear model, global
quadratic model, quadratic effects and shape of the response surface was done
by analysis of variance (ANOVA).

Optimization of reaction conditions was performed for the selected catalyst
(Zn-Fe) in a batch reactor. According to the response surfaces, two optimum sets

of reaction time and temperature were suggested advantageous to yield high Sec
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and Yec: (1) 12 h at 395 K and (2) 2 h at 439 K. The reaction was performed
under the two conditions and the standard conditions for the rest of the
experimental parameters of this work using the Zn-Fe mixed oxide.

Both, very distinct, reaction conditions were highly beneficial for EC
selectivity and yield. The first condition led to an excellent EC selectivity (99.6%)
with a good EC yield (16.1 mmol-g cat'), while in the second case, a very high EC
yield (28.6 mmol-g'cat) was obtained with a high EC selectivity (93.3%).
Compared to the previously achieved values for EC yield (25.9 mmol-gcat?) and
selectivity (91.5%) at 423 K and 6 h, there is a clear advantage of DoE to improve
the reaction parameters with a small number of tests, identifying important
reaction conditions that would not be tested otherwise. EC selectivity was
maximized using the specific reaction conditions at lower temperature and EC
yield was maximized with the high reaction temperature but with the much shorter
reaction time. This DoE study clearly shows the usefulness and effectiveness of
statistical approaches to maximize the target product selectivity and yield in the

complex, consecutive and acid-base catalyzed reactions.
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7.1 Introduction

In the previous chapters, the roles of acidic and basic sites were discussed
and correlated with the observed catalytic performance. It was shown that acidic
sites can efficiently catalyze urea conversion and are also responsible for the
selective formation of EC, whereas basic sites promote the undesired side
reactions. It is, however, not yet understood how chemical components of the
reaction mixture interact with the surface active sites and what kind of species
are formed.

Previously some researchers reported a reaction mechanism by analyzing
the species formed on the surface of the catalyst upon exposing it to urea [1].
Observed species were identified as isocyanates, as the product of urea
decomposition [2]. However these studies were not performed under reaction
conditions and dynamic chemical insights (reaction path) have not been studied.
One of the few effective ways to elucidate active species and intermediates on
the catalyst surface is /in siftu ATR-IR spectroscopy by coating the catalyst over
IRE so that the obtained signals contain rich information about surface species.

In sifu ATR-IR spectroscopy affords the detection of species adsorbed on
a catalyst under reaction conditions [3]. However, the often-dominating signals
due to solvents, spectator species and/or the catalyst itself make it very difficult
to identify and track the truly active species. To selectively detect species directly
involved in a reaction at solid-liquid interface and monitor their dynamic behavior,
transient experiments can be useful. The principle of such methods is based on
perturbing a catalytic system working under steady state conditions by changing
one of the parameters that has an effect on the state/concentration of active
species (reagent concentration, temperature etc.). The signal of the chemical
species affected by the change will show concentration/spectral changes. To

deconvolute pure component spectra, a second-order chemometric tool for
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studying dynamics of complex systems, MCR, was applied here [4]. Thus,
temporal evolution of components, i.e. active species and intermediates can be
obtained and insights into the catalytic mechanism could be addressed.

In this chapter we investigate the interaction of reagents, urea and 2-HC,
with the surface of single and mixed metal oxides by performing static and
transient experiments monitored by /n s/fu ATR-IR spectroscopy and subsequent
MCR analysis in order to understand the activation of both reagents and propose

activation/reaction mechanisms.

7.2 Experimental section

7.2.1 Catalyst and experimental setup

Interactions of urea and 2-HC with single and mixed metal oxides were
investigated by /n s/fu time-resolved ATR-IR spectroscopy using a flow-through
cell. As an internal reflection element (IRE) 45° trapezoidal ZnSe crystal with the
dimension of 80x10x4 mm?3 was used. The gap between the polished surface of
an aluminum cover of the cell and the IRE was 1.5 mm and the cell sealed by a
Viton O-ring. The length and width of the exposed area of the IRE was ca 76x6
mm?2, respectively. The edges of the exposed area were rounded off to avoid
stagnant regions of the flowing liquid. The total volume of the cell was 684 L.
The flow-through cell can be heated and cooled by means of a thermostat. The
static experiment was performed at room temperature and the transient
experiment was performed at 373 K.

Mixed oxides with the general formula My2*-M¢3* containing Mg2*/Zn2* as
bivalent cation (My2*) and Al3*/Fe3* as trivalent cation (M¢*) with a constant molar
ratio Mp2*/M3+=3 were synthesized by the co-precipitation method described in
Chapter 2. The synthesis of metal oxide materials (ZnO, Al203, MgO, Fe203),

followed the same synthesis protocol.
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5 mg of catalyst powder were dispersed in 10 mL of ethanol. The slurry

was dropped on one side of IRE using a micropipette and obtained catalyst layer
was dried at room temperature overnight. After drying the crystal was placed in
ATR flow-through cell.

After assembling, the cell was mounted onto an ATR attachment (PIKE
Technologies) within the Fourier transform IR spectrometer (Bruker, Tensor 27).
The bench of the spectrometer was continuously purged with nitrogen to
eliminate CO. and water vapor contributions to the spectra. Spectra were
recorded at 4 cm-' resolution. Liquid solution was passed from two separate glass
bottles over the sample by means of a peristaltic pump (ISMATEC Reglo) situated
after the cell. The source of liquid flow, thus the selection of the two tanks, was
controlled by a pneumatically actuated three way Teflon valve (PARKER PV-1-
2324). Teflon tubing was used throughout. A schematic drawing of the ATR-IR

system is shown in Figure 7.1.

Inlet Outlet
Sample

From IR ctor

Figure 7.1. ATR-IR flow-through cell for static and transient experiments.
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7.2.2 In situ static experiment

Interaction of urea and 2-HC with the catalyst surface was studied by using
respective solution in acetonitrile (ACN) at a concentration of 0.06 M. Prior to
each experiment pure ACN was passed through the cell with a catalyst deposited
on the IRE and a background spectrum was acquired. Solution of urea or 2-HC
was pumped over the catalyst until no changes over time were observed in the
spectra. After the spectral changes were stabilized, the liquid flow was switched
back to ACN and kept pumping until urea or 2-HC was completely removed from
the cell and signal was stabilized. Then the spectra of the adsorbed reagents

were collected subsequently.

7.2.3 In situtransient experiment

Behavior of active species and intermediates was monitored by /n situ
transient experiments performed at 373 K using 0.03 M solutions of urea or 2-HC
in EG and pure EG. Preliminarily, pure EG was passed through the cell over the
catalyst and a background spectrum was recorded. After the stabilization of the
spectrum, a solution of the reagent (urea or 2-HC) was passed over the catalyst
until the signal was stabilized. Transient experiment was then started by
periodically pumping solution with the reagent against pure EG at the flow rate of
0.17 mL-min-'. 60 spectra were collected over one period at the speed of 20
spectra per sample. Normally, 6-12 periods were studied for one transient

experiment.

7.2.4 Data treatment

The spectra of transient experiment were read into and processed in
MATLAB [5]. The experimental data were arranged in matrices, where the rows

were the recorded spectra and the columns were the absorbance values at
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different wavenumbers. The data containing multiple cycles were averaged into

one period to improve signal-to-noise and baseline correction was performed.
Obtained time-resolved spectra were analyzed in Unscrambler [6]
applying MCR-ALS method, described in Chapter 2. Resulting absorbance
spectra of pure components were scaled in a way that the corresponding
concentration profiles normalized with respect to the maximum concentration

taken from corresponding concentration profiles.

7.3 Results and discussion

7.3.1 Urea activation

7.3.1.1 In situ static experiment: Urea adsorption over single and

mixed metal oxides

Urea is considered as a basic molecule that has several possibilities to
react with surface of metal oxides. Depending on the nature of metal cation in
metal oxides urea molecule forms coordination bond either with oxygen or
nitrogen. These coordination bonds result in changes of electron distribution in
the urea molecule which can be observed by IR.

The structure of urea involves resonance between the following three

forms:
0 o o

H,N “NH,  H,N” °NH,  H,NT SNH,
"

+

A B C
When urea forms a coordination bond to a metal through O atom, the
contribution of structure A will decrease and this will result in more double bond
character for the C-N bond and more single bond character for the C-O bond.
The results in a decrease in the C-O frequency and an increase in the C-N

stretching frequency, with unaltered N-H stretching frequency [7]. On the other
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hand, coordination with metal ions through the nitrogen atom may occur
according to Penland et al. [8]. In this case the contributions of structures B and
C will decrease, resulting in an increase of C-O stretching frequency and a
decrease of N-C and N-H stretching frequencies with the presence of two N-H
and two N-C-N deformation bands due to the free and coordinated CNH2 groups
of the same coordinated urea molecule.

Taking this background into account we have measured spectra of urea
over single and mixed metal oxides and compared the spectra with pure urea

spectrum in liquid phase. Spectra are presented in Figure 7.2.

0.005
ALO,
Zn-Fe
Mg-Fe
~__MgO

Absorbance

e

Zn-Al
Fe203
Mg-Al
e el N0
1700 1650 1600 1550 1500 1450 1400
Wavenumber / cm’’

Figure 7.2. ATR-IR spectra of urea in solution and adsorbed on metal and

mixed oxides.
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In the region of 1400-1700 cm-' four IR bands are expected: v(CO),

Vas(CN), and symmetrical and asymmetrical NH>-deformation (or bending,
O(NHz)) vibrations. However, in the literature there are contradictions and
uncertainties regarding the position of these bands.

The reference spectrum of urea in solution (Figure 7.2, top) shows three
strong bands characteristic of vibrational modes of urea. The sharp intense peak
at 1695 cm-! corresponds to CO stretching vibrational mode v(CO), the second
strong peak at 1612 cm-1 is the bending vibrations of 8(NH2) and the third less
intense peak at 1416 cm-! is attributed to asymmetrical CN stretching vibration
Vas(CN), according to Hadzi and Stewart [9]. There is no agreement in the
literature about the relative position of the v(CO) and the &s(NH.) vibrations.
Some authors claim that there is considerable coupling of both v(CO) and &s(NH>)
[10]. According to some calculations and IR and Raman analysis [10a, 11], the
band at 1683 cm-' has minor contribution of v(CO), whereas the band around
1601 cm-! has more v(CO) character. Moreover in agreement with the literature
[12] the bands of 8as(NH-2) and vas(CN), are expected to be observed at 1625 and
1466 cm-1, respectively. These contradictions and uncertainties originated from
the fact that the interpretation was made based on gas phase theoretical
calculations for a urea sample measured in a solid form due to strong packing
and intermolecular interactions in molecular solids. The most relevant study of
urea in ACN solution is that of Hadzi et al. [9a], although their assignment is
limited to only in-plane vibrations. The IR band assignments and positions are

listed in Table 7.1, where they are compared with IR data of our study.
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Table 7.1. Band assignments and positions of urea adsorbed on single and

mixed metal oxides.

Assign. Uea Urea A203 MgO Mg-Al ZnO Mg-Fe Zn-Fe Zn-Al Fe203
[9a]  (exp)

v(CO) 1695 1695 1669 1670 1672 1668 1668 1669 1664 1672
0s(NH2) 1614 1612 1593 1593 1593 1593 1593 1593 1593 1593
Oas(NH2) 1614 1612 1622 1631 1622 1628 1625 1626 1628 1626

Vas(CN) 1419 1416 1466 1469 1464 1469 1467 1464 1487 1467

The region of 1550-1700cm-! where three bands are observed causes
difficulty in differentiating the v(CO) from the two 6(NH2) deformation bands. The
strong bands at 1664-1672 cm-! are assigned to v(CO). Observed red-shift of
v(CO) (as compared with urea in ACN) indicates an interaction of carbonyl group
with metal cation of single and mixed metal oxides and/or weakening of the bond
by the interaction. Due to the formation of metal-oxygen bonds (or strong
interaction), the coupling between the bands of the v(CO) stretching and &(NH>)
bending decreases, causing them to be more separated. Therefore, das(NH2) can
be attributed to the band appearing around 1625 cm-1, and ds(NH2) to the band
around 1593 cm-1. Besides, the bands located at 1464-1487 cm-! correspond to
Vas(CN), which are blue-shifted due to the strengthened C-N bonds by the oxygen
coordination to the metal sites.

The IR study of urea adsorption (Table 7.1) clearly indicates that urea
coordinates to the surface metal atoms of metal oxides via the carbonyl oxygen,
forming a chemical bond or resulting in a strong interaction inducing changes in
the distribution of electrons in the urea molecule. As the results, the C-N bond is

strengthened as illustrated by the scheme below.
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7.3.1.2 In situ transient experiment: Urea activation over single and

mixed metal oxides

Activation of urea requires elevated temperature. It is known that urea
starts to decompose above 425 K, forming ammonia, cyanic acid (HNCO) and
ammonium cyanate (NH4NCO) [2, 13]. According to an IR study of urea
decomposition [2], NCO- formation was observed at the temperature close to the
melting point of urea (406 K). Such species are reported to be reactive in
transesterification of urea with alcohols [1, 14]. Moreover, some amphoteric and
Zn-containing metal oxides are prone to produce NCO- species and thus, improve
urea conversion.

To study urea activation and formation of active species during the
reaction over the catalyst surface, transient /n siftu ATR-IR spectroscopic
experiments were performed at 373 K close to the temperature of the catalytic
tests by passing alternatingly urea in EG and only EG solvent. The obtained and
averaged time-resolved spectra were processed by MCR, separately for two
regions 1500-1750 cm-' and 2100-2300 cm-'. The most representative

component spectra are presented in Figure 7.4.
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Figure 7.3. The major component spectra obtained by MCR with the spectra of
transient /n situ ATR-IR experiments by alternatingly passing urea in

EG and only EG over single and mixed metal oxides at 373 K.

The region of 1550-1750 cm-' shows almost identical spectral features,
suggesting the chemical component to be urea in EG solution. The bands at 1669
cm' and 1625 cm-! are attributed to the v(CO) and &(NH2) modes of urea,
respectively. The spectral features are similar to those of the urea in ACN solution
(Figure 7.2) but with some differences. The differences indicate that the bands of
urea extracted by MCR are mostly urea in solution which is, on average,
interacting with the metal oxide surfaces or reversibly adsorbing/desorbing over
the surface.

The region of 2100-2300 cm-! presents the second chemical component
with new spectral features that were not observed in the static room temperature
measurements. Two bands were found in this region for all samples, which may
be originated from different species or from the same chemical species. For some

materials such as Al203, Fe2O3 and Zn-containing metal oxides, the band at 2212
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cm-' is more pronounced, whereas in case of Mg-containing oxides peak at 2161

cm-' is more intense than the band at 2212 cm-1. According to the study of Paul
et al. [15] the band at 2212 cm-' could be preliminary assigned to asymmetric
stretching vibrations of cyanate coordinating to metal cation through oxygen
(NCO-M), whereas position of the band at 2161 cm-! is probably attributed to

nitrogen-coordinated cyanate (M-NCO):

+ +

I\I/I M

0 \

| I

¢ C

L]

N O]
Cyanate Isocyanate

To check whether the new component is indeed active species and does
not belong to urea in solution or solvent, the concentration profiles of the two
components (shown in Figure 7.3) are presented in Figure 7.4, taking ZnO as an
example. The concentration of the species showing peaks at 2100-2300 cm1 is
changing periodically and has a delay of 7-10 min compared with that assigned
to “urea in solution”. This confirms that the formation of the new component
depends on concentration profile of urea and its formation requires time. It is also
important to note that the surface species disappears with delay when urea
concentration decreases. Therefore, the new component can be classified as

active species forming from urea at elevated temperatures.
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Figure 7.4. (top) Component spectra and (bottom) component concentrations

experiment of urea over ZnO.

obtained by MCR from the spectra of transient /n sifu ATR-IR

To identify the nature of active species, the identical experiments using

urea isotopomers labelled wth 3C and >N were performed. As representing

samples facilitating the formation of the species with the bands at 2212 cm-'and

2161 cm-1, two materials giving most pronounced signal for one of the bands were

selected: AlO3 to monitor the band at 2212 cm-' and Mg-Al to monitor the band

at 2161 cm-'. The spectra using urea isotopomers after MCR analysis for the

region of 2050-2300 cm-' are shown in Figure 7.5.
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Figure 7.5. The major component spectra obtained by MCR from the spectra of
transient /n sifu ATR-IR experiment using urea isotopomers over

Al2O3 and Mg-Al in the region of 2050-2300 cm-1.

For both Al2O3 and Mg-Al, substitution of nitrogen in urea by >N causes
red-shift by 16-17 cm-1 for both bands. When carbon atom in urea is substituted
by 13C, a prominent red-shift by 57-58 cm-' was observed. The band positions
are summarized in Table 7.2. The observed red-shifts of both bands clearly point
out the presence of both C and N atoms in the structure of active species, which
is in a good agreement with previous assignment of bands 2212 cm-' and 2161
cm' to cyanate (oxygen-coordinated NCO-M) and isocyanate (nitrogen-

coordinated OCN-M), respectively [15].
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Table 7.2. Band position of transient surface species formed by urea (and urea

isotopomers) adsorption over Al,O3 and Mg-Al.

Mg-Al / cm- Al2O3 / cm
Urea 2212 2161 Urea 2212 2161
Urea 5N 2196 2144 Urea 5N 2196 2146
Urea 13C 2154 2104 Urea 13C 2156 2104

On the basis of the findings mechanism of urea activation with formation

of two types of active species can be suggested.

7.3.1.3 Mechanism of urea activation

/In situ static and transient IR experiments of urea interaction with the metal
oxides indicate that urea molecule coordinates to metal cations through oxygen
of carbonyl group and upon heating two types of active species are formed
depending on the nature of metal oxides. Zn-containing mixed oxides, ZnO, Al203
and Fe2O3 were prone to form oxygen-coordinated cyanate species, whereas
interaction of urea with Mg-containing oxides results in nitrogen-coordinated
isocyanate species (Scheme 7.1 a and b).

Urea molecule, coordinating through oxygen with electrophilic metal
cation, undergoes proton transfers at elevated temperatures. Afterwards in case
of Zn-containing oxides metal — OCN complex is formed by elimination of one
ammonia molecule and can be further attacked by oxygen of —OH group in EG,

producing 2-HC (Scheme 7.1a)
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Scheme 7.1. Mechanism of urea activation and reaction with EG over (a) Al2Os3,

Fe203 and Zn-containing oxides, (b) Mg-containing oxides.

In case of Mg-containing oxides after proton transfer, nitrogen atom that
possesses lone electron pair coordinates to metal cation, forming metal-NCO
complex after ammonia elimination. EG molecule subsequently attacks carbon

atom of the new fragment resulting in 2-HC (Scheme 7.1b).
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In both suggested mechanisms, formation of active species with different
coordination to metal cation (either M-NCO or M-OCN) does not influence
reaction outcome since only one possible product — 2-HC - is obtained by
nucleophilic attack of oxygen in EG on carbon. According to the schemes, it is a
prerequisite to activate urea by ammonia removal and make it available for EG
attack. In Chapter 4, mildly acidic materials were efficient in urea activation.
These materials are those forming cyanate where oxygen is coordinated. It may
be possible that the urea activation path via oxygen coordination (Scheme 7.1a)
is more facile than nitrogen coordination (Scheme 7.1b) because the latter
requires oxygen as well as nitrogen activation at one step whereas the former

requires only oxygen coordination.

7.3.2 2-HC activation

7.3.2.1 In situ static experiment: 2-HC adsorption over single and

mixed metal oxides

2-HC molecule has carbonyl group as in urea and one amino group with a
lone electron pair. In the spectral region of 1500-1800cm-', two characteristic IR
bands are expected: CO stretching vibration v(CO) at higher frequencies (1732
cm-1) than that of in urea and NH2 bending vibration §(NH) (1604 cm-). Similar
to urea molecule, when 2-HC coordinates via oxygen to the metal sites, it is
expected to enhance double bond character for C-N and C-O bond will have more
single-bond character. In this case, red-shift of v(CO) is expected as discussed
above. When 2-HC interacts with metal cation through nitrogen atom, C-O
stretching frequency will increase (i.e. blue-shift) due to the transfer of electron
density towards oxygen.

Figure 7.6 shows the spectra of static /n situ ATR-IR spectroscopic

experiment of 2-HC adsorption over single and mixed metal oxides.
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Figure 7.6. ATR-IR spectra of 2-HC in ACN and 2-HC adsorbed over single and

mixed metal oxides.

Upon 2-HC adsorption, the band of v(CO) was red-shifted to around 1700-

1708 cm-1. The band at 1732 cm-' is attributed to residual 2-HC in solution, which

was difficult to remove completely. No bands at higher frequencies were found,

indicating that 2-HC interacts with all metal oxides in the same manner as urea

molecule, i.e. by coordination of oxygen with metal cation.
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7.3.2.2 In situ transient experiment: 2-HC activation over single and

mixed metal oxides

In the same manner as in the transient urea activation study, dynamically
varying spectral components over the catalysts induced by the change in 2-HC
concentration was studied by transient experiments at 373 K. The major spectra
obtained by MCR for the ranges of 2100-2300 cm-!' and 1500-1800 cm-' are

presented in Figure 7.7 a and b, respectively.
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Figure 7.7. The major component spectra obtained by MCR from the transient

IR study by alternatingly passing 2-HC in EG and only EG over single

and mixed metal oxides at 373 K.
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In the region of 1500-1800 cm-' all samples except Mg-Al displayed
characteristic peaks of 2-HC in solution, which is due to simple convectional
exchange of 2-HC in the IR cell. Interestingly, Mg-Al presents an additional strong
band at around 1673 cm-'. Furthermore, other new spectral features were also
found in the region of 2000-2300 cm-' over Mg-Al, Mg-Fe and Zn-Fe. Zn-Fe
showed a broad band at ca. 2212 cm-!, whereas Mg-Al and Mg-Fe displayed a
sharp band at around 2161 cm-1. The frequency region of the bands is similar to
that observed in the transient experiment using urea solution. Therefore, it may
be possible that the same species are produced, i.e. oxygen-coordinated cyanate
M-OCN over e.g. Zn-containing materials and nitrogen-coordinated M-NCO over
Mg-containing materials. However only the few catalysts were able to form these
species under the experimental conditions. This may imply that the reaction of 2-
HC proceeds much slower than urea conversion (thus consequent low
concentration change of the surface species).

To make sure that observed species are indeed the same as in urea
activation and to learn more about the new species with band at 1673 cm-' we
investigated the component spectra and concentration profiles for Mg-Al and Zn-

Fe and the results are presented in Figure 7.8.
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Figure 7.8. MCR processed component spectra and component concentrations
extracted from transient /n s/ifu ATR-IR experiment of 2-HC activation

over (a) Zn-Fe and (b) Mg-Al.

When 2-HC is passed over the Zn-Fe surface with periodic concentration
change (Figure 7.8, black line (below) with corresponding 2-HC spectrum in black
(top)), the broad band at 2212 cm-! is observed with the delay with respect to 2-
HC as it was expected for cyanates species. Hence it is confirmed that 2-HC over
Zn-containing oxides can be activated in the same manner as urea, i.e. via
carbonyl oxygen coordination to the metal sites, forming cyanate surface species.

A similar delay was observed by passing 2-HC over Mg-Al for the band at
2161 cm! which is characteristic of isocyanate species. MCR analysis clarified
another chemical component with the band at 1673 cm-! that was observed only
over Mg-Al (Figure 7.8b). It showed a periodic concentration change similar to 2-
HC but responding more quickly than that of the isocyanate species. Assuming

that initially 2-HC coordinates to the metal sites of the catalyst through oxygen
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and that isocyanate species are nitrogen-coordinated, the chemical specie could

be an intermediate coordinated either with O or N atom. The vibrational frequency
of ca. 1673 cm1 is typically found for carbonyl group of tertiary carbamates [16].
Hence we suggest that the intermediate is N-coordinated and has carbonyl group

that gives spectral band at 1673 cm-' as shown below.

+

@)

I
OH
N/C\O/\/
It is reasonable that this is the intermediate to form surface isocyanate
species. Based on the spectral interpretations given above, possible activation

mechanisms of 2-HC over different metal oxides are discussed below.

7.3.2.3 Mechanism of 2-HC activation and correlation with acid-base

properties of catalyst

As reported in literature [17] and in Chapter 4, 2-HC reacts over the
catalysts to produce two products, EC and 2-Ox, and selectivity of product is
dependent on the nature of the catalyst. Basic sites promote the formation of 2-
Ox, whereas EC selectivity was higher in the presence of the catalysts with higher
acidity.

Static and transient IR experiments of 2-HC interaction with the catalysts
revealed that two types of species are formed over the metal oxides of different
“families”: O-coordinated cyanates over Zn-Fe, and N-coordinated isocyanates
over Mg-Al. Additionally N-coordinated carbamate intermediate was formed over
Mg-Al before isocyanate. It is important to highlight that Zn-Fe and Mg-Al are the
materials with extremely opposite acid-base properties as evidenced by the EC
yield and product selectivity (Chapter 3 and 4). In the presence of Zn-Fe, EC yield
was found to be the highest among all catalysts evaluated, whereas Mg-Al

showed the lowest EC yield and, notably, almost 50% selectivity to 2-Ox.
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Therefore, two favored reaction mechanisms of 2-HC leading to EC over Zn-Fe
and leading to 2-Ox over Mg-Al can be proposed (Scheme 7.3 a, b).

The mechanism of 2-HC conversion into EC involves carbonyl oxygen
coordination to the metal cation and polarization of electron density causing a
positive charge on the nitrogen atom. The obtained fragment is unstable and
dissociates into O-coordinated cyanate, which is observed by the transient IR
experiment, and EG molecule. The dissociation most likely occurs due to our
experimental conditions. That is, in order to favor the fragment conversion,
ammonia should be intensively removed to shift the reaction equilibrium towards
EC, which is hardly achievable in the transient liquid-flow experiments where
there is not gas outlet in the cell. When reaction conditions are favorable for
ammonia removal the ring is closed by the nucleophilic attack of oxygen with its

lone pair onto the carbon in the carbonyl group, resulting in EC formation.
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Scheme 7.3. Mechanism of 2-HC reaction over Zn-Fe mixed oxide (a) and Mg-

Al mixed oxide.

2-HC molecule undergoes a different pathway when it interacts with the
Mg-Al surface. At the first step oxygen of carbonyl group coordinates to the metal
cation causing positive charge on nitrogen. Afterwards due to the high basicity of
metal oxide additional bond is formed between cation and positively charged
nitrogen. Thus obtained complex appears on the experimental spectra as N-
coordinated carbamate. As in case of Zn-Fe, the obtained fragment is equilibrium
sensitive and when it is not shifted towards the product (2-Ox) it dissociates to
yield isocyanate species that we have observed experimentally. Under the
ordinary reaction conditions, the nitrogen atom with lone electron pair would
attack carbon connected to the —OH group and close carbon ring by elimination

of water to give 2-Ox.

7.4 Conclusions

In situ static and transient ATR-IR study of urea and 2-HC
adsorption/activation over single and mixed metal oxides coupled with MCR
analysis was performed to investigate activation of the two molecules, produced

active species and intermediate fragments, and their dynamic behavior.



UNIVERSITAT ROVIRA I VIRGILI
Rational and Statistical Approaches in Enhancing Yield

Of Ethylene Carbonate in Urea Transesterification with Ethylene Glycol
bina Fakhrnasova  Giatic and Transient /n sifu ATR-IR Study of Activation Mechanism -

Combining ATR-IR spectroscopy and MCR analysis facilitates detection of
species directly involved in the reaction, improving signal-to-noise ratio and
selectively separates components having different kinetic profiles.

The results of /n siftu ATR-IR static experiments indicate that, upon
adsorption over the metal oxide surface, urea and 2-HC form coordination bond
through oxygen of carbonyl group to the surface metal sites. Transient /in situ
ATR-IR experiments demonstrated that, depending on the nature of metal oxides,
urea decomposes into different active species (O-coordinated cyanate M-OCN
and nitrogen coordinated isocyanate M-NCO) that can further react with EG to
produce 2-HC.

For the conversion of 2-HC, acid-base properties of catalyst play crucial
role since different species were observed for samples with opposite acid-base
character. Two possible pathways were suggested for 2-HC reaction. Over mildly
acidic Zn-Fe, the reaction leads to the formation of O-coordinated intermediate
carbamate and, after nucleophilic attack of oxygen of -OH group and expulsion
of ammonia, carbon ring closes with formation of EC. Efficiency of Zn-Fe for EC
synthesis is supported by catalytic studies of previous chapters — the highest EC
yield is reached in the presence of Zn-Fe. Over basic Mg-Al material, 2-HC
undergoes a series of transformation to form N-coordinated intermediate
carbamate where nitrogen with lone electron pair closes ring to give 2-Ox and
water. The mechanistic insights gained by the ATR-IR spectroscopic study are in
excellent agreement with the catalytic studies, giving plausible explanations for

the high EC selectivity of Zn-Fe and high 2-Ox selectivity of Mg-Al.
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8.1 Summary

A series of single and mixed metal oxides, mostly derived from hydrotalcite
precursors, consisting of four metal cations (Zn, Mg, Al, Fe) were synthesized
with the aim to fine-tune the acid-base properties. These materials were tested in
urea transesterification with ethylene glycol (EG) and in every comprising reaction
pathway identified in this work. The concentration profiles of the
reactants/products and kinetics parameters were obtained by means of IR
monitoring using a dip-in ATR-IR probe with subsequent multivariate analysis
(MCR). The roles of acidity and basicity at each reaction step have been
unambiguously clarified from the relations between acidity and basicity of the
materials and the reaction performance or the kinetic information (reaction rate
constants).

We could generalize that the reactions accompanying NH3 release are
acid-catalyzed and those accompanying CO: or H2O release are base-catalyzed.
The target product (ethylene carbonate, EC) can be formed selectivity over acidic
sites; however the surface reactivity is hindered when the acidity is too strong by
urea adsorption (i.e. site-blocking). The formation of undesired products is
catalyzed by basic sites. For these reasons, well balanced amounts of acidic and
basic sites are critical in achieving high EC yield with high EC selectivity. Among
all the materials tested, Zn-Fe material with 3:1 atomic ratio, showed the best
overall performance towards EC production.

Further material optimization showed that increased Fe content in Zn-Fe
mixed oxides can enhance EC yield, however EC selectivity decreased due to
promoted EC decomposition. Another material science approach attempted to
improve EC synthesis was the use of Y-zeolites as support and deposit metal
oxide (here ZnO) by the impregnation method. As a result of the acidic nature of

zeolites and their high surface area, high EC selectivity was achieved using NaY
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supported ZnO catalyst compared to pure ZnO (and also NaY) at similarly high
EC yield.

Mechanistic insights into the adsorption and activation processes of urea
to produce the intermediate (2-hydroxyethyl carbamate, 2-HC) and of subsequent
conversion of 2-HC to EC or the major side product (2-oxazolidone, 2-Ox) over
single and mixed metal oxides were gained by static and transient /n sifu ATR-IR
spectroscopic study. Urea is activated via the coordination of oxygen of the
carbonyl group to the surface metal atom, resulting in distinct active species
(cyanate or isocyanate species), depending on the nature of metal oxides. The
active species further react with EG to give 2-HC. A similar activation path is
possible for 2-HC. Coordination via carbonyl oxygen or via nitrogen of 2-HC to
the surface metal sites determines the selectivity to the desired product (EC) or
the undesired one (2-Ox). Correlations between the reaction mechanisms and
the role of acidity and basicity of the catalysts were identified.

Furthermore, a statistical approach (DoE) was used to optimize the
conditions of the reaction where a number of experimental parameters influence
the final quantify of interest in a very complex and dependent manner. This study
demonstrated the usefulness and effectiveness of DoE for this reaction and
suggested the same for complex acid-base catalyzed reactions in general. The
DoE approach successfully identified the experimental conditions under which
EC productivity and selectivity can be maximized. In summary, this study shows
a holistic approach aiming to improve catalytic performance of a complex acid-
base reaction based on the combination of rational (using structure-activity
relationship) and statistical approaches efficiently maximizing the yield of desired

products.
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8.2 Outlook

This study clearly shows that both rational (i.e. based on tuning catalyst
materials with the feedback of surface active species, acid-base properties and
reaction kinetics) and statistical approaches are extremely valuable to improve
the yield of desired chemical products in a complex acid-base catalytic reaction.
This holistic approach is expected to be usefully applied to other acid-base
catalyzed reactions to selectively produce target products at high reaction rates.
For urea transesterification of EG, the key factors influencing the reaction in terms
of acid-base properties and reaction conditions have been elucidated and the
information should be exploited further to find novel catalyst materials giving
better yield of EC.

Another important aspect influencing the reaction performance is reaction
engineering / reactor design, which has been out of the scope of this thesis work.
Since the reactor type may have a strong influence on products distribution, some
suggestions are made along this direction.

It was confirmed that urea transesterification with EG consists of two
reaction steps, involving first the transesterification reaction to 2-HC, followed by
further transesterification to EC with possible formation of side products like 2-
Ox. Bearing in mind the stoichiometry of reaction, it is noticed that for 1 mol of EC
2 mols of NH3 are formed, whereas in the course of 2-Ox production only 1 mol
of NHs is released. It is therefore expected that formed NH3z must be efficiently
removed in order to shift chemical equilibrium and achieve maximum EC
selectivity.

When transesterification of urea with EG is undergone in a closed (no N2
purging) batch reactor without catalyst, the selectivity to EC falls from 100% to
47% after 6 h of the reaction and 2-Ox selectivity increased up to 37.5%. The EC

selectivity in a system with continuous N2 purging was 86.5%, showing the
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importance of NHz removal. Figure 8.1 illustrates the reaction performance at 423

K without catalyst in the closed batch reactor.
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Figure 8.1. Transesterification of urea with EG in an unpurged batch reactor

without catalyst.

For reversible reactions continuous removal of products increases the net
reaction rate by slowing down the reverse reaction, thereby driving the reaction
in a direction that favours a higher yield of product. In this case the semi-batch
mode of operation is desirable, since one of the reactants is a gas of limited
solubility [1]. It involves the use of a purge stream of inert gas to continuously
remove one or more of the products of a reversible reaction. However, semi-batch
processes are among the most difficult to analyse from the viewpoint of reactor
design because one must deal with an open system operating under non-steady-
state conditions. Hence, the mathematical formulation involving differential
equations describing dynamic regime is more complex than it would be for the
same reaction carried out batchwise.

Another approach to increase reaction efficiency is to employ either

several individual tanks in series (battery) or units containing multiple stages
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within a single shell (see Figure 8.2). Tanks in series are more expensive but

provide more flexibility in use, since they are more readily altered if process

requirements change [2].

\
C/

7]

iy

Figure 8.2. Types of CSTRs: (a) three-stage continuous stirred tank reactor
battery, (b) three-stage continuous stirred tank battery in a single

shell. Adapted from [3].

The main advantage of the continuous stirred-tank reactors is the
possibility to improve selectivity to a desired product. They are preferred if a
reaction (network) consists of several steps including parallel formation of target
and by-products. In our case the consecutive urea transesterification with EG
could be divided into two steps. Each step can be performed in a separated tank

reactor containing different catalytic materials as shown in Figure 8.3.
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Figure 8.3. 2-step process of transesterification of urea with EG performed in

CSTR.

In the first reactor, formation of the intermediate (2-HC) takes place, after
that reaction mixture is fed to the second tank where the desired product (EC) is
produced. The choice of catalytic materials is important in every step to achieve
maximum selectivity and vyield of target product as well as intermediate
compound. This configuration can become effective once we know the factors
influencing the selectivities to produce 2-HC and to produce EC from 2-HC since
only an effective catalyst for the particular step can be employed.

During preliminary catalyst screening, we observed that in the presence of
zirconium oxide, the reaction intermediate product 2-HC was formed with highest
yield and selectivity after 6 h, whereas EC yield was low (which is attributed to
blockage of active acid sites as discussed earlier in Chapters 4 and 7). After the
reaction, the solution was cooled down, filtered and loaded in the reactor
containing Zn-Fe mixed oxide. After carrying out the reaction with Zn-Fe under
the same conditions, impressive yield of EC (47.7 mmol-gcat ') was obtained. This
value is almost twice of that obtained in one step-reaction with Zn-Fe (25.9 mmol

‘geat’’). We also tested the physical mixture of both Zn-Fe and ZrO: in the single
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reactor for 12 h. Obtained EC yield was actually notably high but still lower than

the case performed in two-steps with ZrO2 and Zn-Fe separately. The catalytic

results are summarized in Table 8.1.

Table 8.1. Catalytic performance of urea transesterification performed in two
steps in the presence of ZrO; in the first step reaction, Zn-Fe in the

second step and in one tank containing the physical mixture of both

catalysts.
Catalyst Yec/ mmol-gcat'1 Yac/ mmol-gcat'1 Sec/ %
ZrO; - 1st step (6 h) 8.9 41.2 94.5
Zns-Fe, after ZrO, - 2nd step (6 h) 47.7 28.7 88.7
Zns-Feqand ZrO, — one step (12 h) 30.3 6.9 88.5

Additionally, since the volume of reaction mixture decreases by releasing
ammonia, second reactor could be designed accordingly in order to minimize

capital costs.
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Kinteic modelling of urea transesterification with EG

Commonly, time-dependent concentration profiles of a chemical reaction
can be modeled by a set of time-dependent ordinary differential equations in the
form of Zi%Ci(t) = f(t, Ci(t),k) where Ci(t) represents the concentrations of
chemical species i at time t.

Assuming the consecutive and parallel character of urea
transesterification reaction and the above kinetic studies, we have set up a set of

the rate equations (A1-A4):

% = —Kurea * Clirea’ (A1)
dcz—_tﬂc = Kyrea * Cirea — Ko—nc * Comncs (A2)
% = Ky-ne-ec " C2-ne — Kec - Cec (A3)
% = Ky_nc2-0x " C2-nc — Kz-o0x * C2-0x; (A4)

After solving the differential equations simultaneously, concentration
profiles of all four species can be obtained. An example of the solution for Zn-Fe
(using the obtained k values obtained from the above studies) using the above

equations is shown in Figure A1.
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Figure A1. Calculated concentration profiles in urea transesterification for Zn-Fe

based on k values obtained (Chapter 4) from the comprising reactions.
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Based on the set of differential equations, the kinetic rate constants can
be fitted to the concentration profiles observed experimentally. We minimized the
sum of squared errors to find rate constants from obtained kinetic model.

Prior to fitting, urea concentration was normalized by the initial

Curea

concentration; Cyreqn = . Concentrations of EC and 2-Ox obtained after

Curea,o

MCR analysis were normalized using the final experimental concentrations

(Formula A5):
_C®i  Cifinal final
COin = "o (1 — Cyréan) (AS5)
i,final ifinal
where
eXp _ -exp exp exp exp exp
Z Cifinal = Ca_ncfinal T CCfinal T C2-ox final T CpEG final T CTEA final

exp
+ C3(2-EtoH)—2-0x) final

The concentration profile of 2-HC was calculated by subtracting
normalized concentrations of other products found in the IR monitoring (Formula
AB):

Cz2-tcn = 1 = Cyrean — Cecn — C2-0xn- (AB)

Thus obtained reaction rate constants of overall reactions (i.e. by means
of fitting) are compared with the rate constants obtained from the kinetic studies
of reaction steps (“single reaction”, Table A1). The major differences were
observed for the & values of the reaction of 2-HC. This implies that the reaction
rate of 2-HC is significantly different when the reaction is initiated with 2-HC itself
or starting from urea. The results have been interpreted as selective blocking of
acidic sites by urea and promoted conversion of 2-HC by basic sites. The latter
can lead to higher rate in conversion, but this does not necessarily impact the
catalytic performance positively depending on promoted reaction pathways as

discussed in the main text.
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Table A1. Comparison of reaction rate constants. The rate constants obtained

by fitting are shown with the range of 95% confidence interval.

Catalyst | Aurea=10-3/min-1 ke-1c-10-3/min-1 kec*10-3/min-1 k2-0ox*10-3/min-1
Single Overall Single Overall | Single Overall | Single Overall
reaction | reaction | reaction | reaction | reaction | reaction | reaction | reaction

blank 75 6.7+0.1 0.2 1.0+0.1 | 0.3 0.5+0.3 | 0.4 0

Al203 8.9 8.6+0.2 0.4 1.120.1 0.5 0 0.5 0

ZnO 14.6 10.5+0.4 1.3 13.9+0.8 | 0.5 1.6£0.3 0.7 3.2+1.1

MgO 15.4 13.61£0.4 2.4 7.1+£0.2 1.6 1.0£0.1 0.8 4.0+1.7

Fe203 10.8 9.8+0.1 0.5 1.1£0.1 2.4 2.210.5 15 0

Zn-Al 16.9 13.5¢0.5 | 0.8 8.2+t0.3 | 04 1.5¢0.2 | 0.7 4.0£2.0

Zn-Fe 18.4 14.8+0.5 0.6 10.4+04 | 0.4 1.61£0.2 0.7 0

Mg-Al 14.4 11.7£0.7 2.4 6.210.4 2.3 6.7£2.3 0.8 0.7x0.5

Mg-Fe 19.4 17.91£0.8 2.4 18.2+1.1 | 1.7 1.51£0.2 0.6 2.6+0.8

The normalized concentration profiles obtained by MCR analysis and fitted

profiles are compared in Figure A2.
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Figure A2. Comparison of experimental and fitted concentration profiles.
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