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KATHE, BTUABRBRRE, i, ZEFUREED.
Heaven moving forward and forever, superior person shall accomplish excellence
with perseverance. Earth featuring vast and grand, superior person shall embrace

objects with virtues.
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— Classic of Changes

<Mne He HYIHCHBI 00KA3AMENbCMBA. 3AKOHbI NPUPOObLl UCKIIOUEHUL He MEPHAm U
IMUM SABHO OMAUYAIOMCA OM NPABUN U NPABUTbHOCMEl, NOOOOHbIX, HANpumep,

cpammamudyeckKkum.>>

“I have no need of proof. The laws of nature, unlike the laws of grammar, admit of no

exception.”

— [mumpuii Heanosuu Memnoenees

— Dmitri Ivanovich Mendeleev


https://en.wikiquote.org/wiki/Law
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Abstract

Using a mechanistically guided approach, a two-step synthesis route of diphenyl
carbonate has been developed, combining methanol carboxylation to dimethyl
carbonate with its transesterification with phenol. The equilibrium constraints are
overcome by the selective removal of water or methanol using novel zeolite
modifications. The catalytic efficiencies of both steps have been advanced based on

mechanistic insights gained from kinetic and spectroscopic studies.

Zusammenfassung

Unter Verwendung einer mechanistisch gefthrten Herangehensweise wurde eine
zwei-stufige Syntheseroute von Diphenylcarbonat entwickelt, die (ber eine
Carboxylierung von Methanol zum Dimethylcarbonat fUhrt und dessen Umesterung
mit Phenol die Reaktionssequenz abschliefd. Die Gleichgewichtslimitierungen
wurden durch selektive Abtrennung von Wasser oder Methanol mittels neuer
Zeolithmodifikation (berwunden. Die katalytische Effizienz beider Schritte wurde
durch mechanistische Erkenntnisse weiterentwickelt, die aus Kkinetischen und

spektroskopischen Untersuchungen gewonnen wurden.
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Chapter 1

1.1 Polycarbonates

Polycarbonates (PCs) are one of the most important engineering materials for their
featured temperature resistance, impact resistance and optical properties. Different
from most of the thermoplastics, PCs are able to afford large plastic deformation
without cracking. The impact resistance of PCs makes them suitable for coatings on
automotive components. Moreover, PCs are transparent to visible lights, with even
better transmittance compared to a series of glasses. The three main fields of
application for this material are as electronic components (e.g., electrical insulator and
dielectric capacitor), construction materials (e.g., dome light and noise barrier) and
data storage units (e.g., CD, DVD and Blu-ray Disc). Furthermore, PCs are recently
applied to high quality windows for automobiles. The versatility on application of
PCs is based on their balanced properties allowing more possibilities on their design

and handling options. [*+2

1.2 Brief history of PCs production

The first example of polycarbonate synthesis is dated from 1898, when benzenediols
(hydroquinone or resorcinol) and phosgene were used as reactants in a lab-scale

reactor. [

Following this investigation, another synthesis route towards PC without the use of
phosgene was developed on lab scale. In 1902, the PC production via the
transesterification between benzenediols and diphenyl carbonate (DPC) was reported.
[l The use of different benzenediol isomers enabled to have access to PCs with
different physicochemical properties. The melting point of polymer produced from

hydroquinone is > 280 <C, while low melting point of PCs (190 ~ 200 <C) were

2
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obtained in the case of the synthesis process involving resorcinol. ®! For both
synthesis pathways, due to their high energy demand of the process, the scaling-up

attempts were abandoned for an industrial application.

The research on aromatic carbonates was continued without significant milestones for
approximately 50 years. In the second half of 1950s, both Bayer AG and General
Electric Company disclosed the invention of new synthesis route independent from
each other. As described in the invention disclosure, PC can be synthesized by the use
of bisphenol-A (BPA, 4,4'-dihydroxy-2,2-diphenylpropane). © =& In addition, this
route allows the synthesis of products with high glass transition temperature and high
optical transmittance. ! From then on, the BPA-involved reaction routes became the

major industrial approaches for the production of PCs.

1.3 Principal synthetic route for PCs production

Currently, the most commonly applied polycarbonates production route is the reaction

between BPA and phosgene (COCI,). The overall reaction is shown in Scheme 1-1.

H;C  CH; H;C CH,
O
n + n —_ (0]
Cl Cl -2n HC1
HO OH O (6]
n

Scheme 1-1 Net reaction of polycarbonate synthesis via phosgenation

Practically, the reaction is not straightforward. The treatment of BPA with NaOH
needs to be performed first, allowing the deprotonation of BPA’s hydroxyl group, as

indicated in Scheme 1-2 (Eq. 1). In the next step, the resulted sodium diphenoxide is
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concomitantly reacted with phosgene forming chloroformate, which can rapidly be
converted with another phenoxide afterwards to polycarbonate via a net

polymerization, as shown in Scheme 1-2 (Eq. 2).

H,C  CH, H;C CH,

—_— 1
HO OH NaO ONa
H;C CH, H;C  CHj

(0]
(0]
! o Cl Cl @
NaO ONa -2n HCI o o
n

Scheme 1-2 Reaction pathways of the reaction between BPA and phosgene

With respect to process engineering aspects and product quality control, triethylamine
was identified as a suitable catalyst, since its nucleophilicity favors the formation of
acyl ammonium salt and enhances the conversion of phenolic reagents. Moreover, for
controlling the molecular weight of polymer products, different phenolic reagents,

such as phenol, 4-tert-butylphenol and 4-cumylphenol, were tested. %

For this process, BPA can be synthesized by the direct condensation of acetone with
phenol catalyzed by a strong acid, as prosecuted in Scheme 1-3 (Eq. 1). ™3 An
excess of phenol is required at industrial scale to ensure full condensation. In addition,
an extra distillation process is also required in order to extract BPA from the reaction

mixture containing by-products.
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H;C CH;,
O
[H']
2 OH —+ —_— 1)
H,¢” TCH; - H,0 HO oH
(0}
carbon catalyst
cl, + co S )k 2)
Cl Cl

Scheme 1-3 Production pathways of BPA (1) and phosgene (2)

Besides BPA, another important reactant for PC formation is phosgene (COCly) in this
synthesis route (Scheme 1-3, Eg. 2). The modern industrial COCI, synthesis has not
changed significantly since 1920s. The entire process comprises the preparation of
pure raw materials (Cl, and CO), the mixing of these compounds and the reaction of
the mixed gases over a solid catalyst bed followed by the purification and

condensation. [**

Phosgene is not an environmentally benign chemical due to its high toxicity. However,
for its high reactivity, it has extreme importance on carbonylation reactions for
pharmaceutical industry. ™ Moreover, the co-produced huge amount of aqueous CI
during PCs synthesis leads to lots of technical efforts and economical costs on reactor
maintenance. Hence, the disadvantages of the phosgenation process drove chemical
engineers to search for innovative solutions that enable PCs production without the

use of hazardous chemicals.

1.4 Alternative pathways for sustainable PCs production

1.4.1 Overview of possible routes

Industrially, an alternative synthesis route, usually called as “melt process”, BPA

5
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reacts with diphenyl carbonate (DPC), resulting in the formation of PCs and,
simultaneously, phenol as the 2" product via a transesterification reaction (Scheme
1-4). In this process, a little excess of DPC is applied to control the molecular weight
of the polymer products. Furthermore, the transesterification reaction of melt process
is an equilibrium constrained reaction. Therefore, the co-produced phenol has to be
removed from the reaction mixture during the synthesis procedure via high vacuum

distillation, in order to favor the forward chain growth reaction.

H:C CH,
H;C  CHj

o o OH
n + n )I\ _— + 2n
O O O (0]
HO OH n

Scheme 1-4 Phosgene-free synthesis of PCs (melt process)

The melt process allows the conversion of BPA without the use of phosgene. As
described in Section 1.3, BPA is produced via the reaction between acetone and
phenol, without the use of hazardous chemicals. Thus, in order to reach the target of
environmental friendly PCs production, a phosgene-free pathway synthesis of DPC,

another starting reagent in melt process, is required.

In this respect, several possibilities without the use of toxic phosgene for DPC

synthesis were proposed (Scheme 1-5). !
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PhOH

C0, 0,

o —5 QLD
3 >
) H3C\OJJ\O,CH3 3 OJ\ o
NO, 0,, CO DMC DPC
)

-CO

SEYS¢
DPO

Scheme 1-5 Investigated phosgene-free pathways towards DPC formation (EO:
ethylene oxide, PhOH: phenol)

Oxidative carbonylation of phenol and decarbonylation of diphenyl oxalate (DPO) are
the mostly considered direct pathway towards DPC (pathways (1) and (2) in Scheme
1-5). 3 The catalyst deactivation and separation problems in pathway (1) as well as
the complexity on obtaining reagent DPO on industrial scale in pathway (2) limit the
application of them. Most of the possible production routes involve dimethyl
carbonate (DMC) as an intermediate (pathway (3) in Scheme 1-5). As for the

production of DMC, methanol is used. CO or CO, are considered as a C; synthon.

In the industrially most favorable route for DMC synthesis, CO is successfully used as
a C; building block (pathway (4), Scheme 1-5). 28! In addition, DMC can be prepared
via the formation of methyl nitrite by using CO, NO and O, in a catalytic sequence
(pathway (5), Scheme 1-5). Subsequently, a transesterification reaction between DMC
and phenol is required for obtaining DPC. *”! However, CO is a toxic and flammable

reagent, resulting in the difficulties and technical risks by its handling. In order to

7
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fulfill the demands of sustainable and green chemical production, CO,, as an
environmental benign, renewable and non-toxic reagent molecule, has been
considered as a possible C; building block. In a first attempt of using CO, for the
synthesis of value-added chemicals, the transesterification of cyclic carbonates
(pathway (6) in Scheme 1-5) has been considered and scaled up. (18] In spite of the
improvements achieved by the two phosgene-free routes (pathways (4) and (6) in
Scheme 1-5), high process costs associated with the preparation and complex
purification of the reactants and products negatively influence the economic

efficiency of the process.

As one of the most relevant green process with the highest atomic efficiency, the
catalytic direct carboxylation of methanol with CO, to synthesize DMC followed by
its transesterification with phenol has been principally considered (detailed reaction

sequence is depicted as Scheme 1-6).

catalyst

o
2CH;0H + CO, == = y,c” Yo\cm +  HO M
0

o o OH O\H/O
talyst
H,e” Y SCH; + 5 ©/ - S - i + 2CH,0H @
0

Scheme 1-6 Phosgene-free DPC synthesis via DMC as an intermediate

In the reaction pathway shown in Scheme 1-6, the sole co-product in the net reaction
is water. However, high atom efficiency is achieved only if the reaction proceeds with
high selectivity towards DMC / DPC. Moreover, both of the reaction steps are
thermodynamically constrained. These features make the proposed synthesis route
very challenging on catalyst and process design. That points to the main target of the
present thesis, i.e., 1) mechanistically driven development of catalysts for

phosgene-free DPC synthesis using DMC as an intermediate, and 2) reaction
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optimization to ensure energy efficient and environment friendly sustainable DPC

production.

1.4.2 Catalytic DMC synthesis from methanol and CO,

DMC is an environmental benign chemical reagent in terms of its low toxicity,

9 - 211 Being applied in

applied sometimes also as fuel additive and solvent.
carbamates and isocyanate productions, DMC reacts with amines (primary or
secondary) via gas- or liquid-phase thermolysis, arising potential industrial interests
and being pursued by a number of chemical enterprises. 2 %! Moreover, DMC is
used as an alternative solvent substituting acetate esters and ketones, as oxygenate to
reduce vehicle emission and as a photochemical friendly fuel with the lowest

photochemical zone creation potential among all the oxygenated volatile organic

compounds. 24 %!

One of the very first attempts towards designing a catalyst for DMC formation from
methanol and CO, was succeeded on 1979. %! Dialkoxydibutyltin was identified as a
suitable homogeneous catalyst for the reactions between corresponding alkyl alcohols
(including methanol) and CO,. This investigation was a result of an earlier study of
the reaction between organotin compounds and CO,. ) The reactions were
performed under CO, pressure. As for the mechanism of the catalytic cycle, it was
assumed that CO; is inserted into the Sn-O bond of the organotin catalyst, followed
by alcoholysis resulting in carbonate and Bu,Sn(OH),, which in turn reacts with
alcohol again, leading to the regeneration of the original catalyst and DMC formation.
With concerns of process engineering, removal of the co-formed water from the

reaction mixture is necessary to obtain DMC with high yield.

On industrial scale, heterogeneous catalysts are favorably considered owing to their

9
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facilitated separation and regeneration after the catalytic run, albeit the activity and
selectivity of homogeneous catalysts are much higher. Various heterogeneous catalytic
materials like CeO,, ZrO,, Mg-Al hydrotalcite-silica lyogels and functional organotin
catalyst tethered on SBA-15 porous materials were proposed for the DMC synthesis
directly from methanol and CO,. 873! In the case of CeO, and ZrO, mixed oxide
catalyst, when water was removed from the reaction mixture by using an internal
dehydration agent, the methanol conversion was increased to 4.2 %. ¥ Furthermore,
in a recent scientific contribution, it was shown that clay supported Cu-Ni bimetallic
particles are able to afford 6.2 % DMC yield with 88 % selectivity. 3! Overall, it is
well accepted that the acidic / basic properties of the catalyst surface are the most
important factors in designing effective heterogeneous catalysts for the selective

DMC synthesis. B3

It is stated that the DMC synthesis from methanol and CO; is limited by equilibrium
(equilibrium constant K < 10 at a temperature range of 160 ~ 180 <C). Therefore,
besides the research conducted for the catalyst development, considerable efforts have
also been dedicated to shift the thermodynamic equilibrium towards enhancement of
DMC vyield. In this respect, two approaches were considered, i.e., increase reactant
concentration and the selective water removal. Based on Henry’s law, higher partial
pressure of CO, leads to higher concentration of CO; in liquid phase, thus, beneficial
for yield enhancement. In a presented extreme instance, 50 % methanol conversion
was achieved at 30 MPa CO, pressure after 72 hours time on stream. B However, the
excess of CO; leads to high investment costs on construction and maintenance of high
pressure reaction units. Consequently, water removal was taken into consideration as
a suitable approach to enhance the DMC vyield. It has been reported that
2,2-dimethoxypropane (DMP) and N,N’-dicyclohexylcarbodiimide (DCC) can be
used as chemical water scavenger. % The chemical water scavengers selectively
reacted with the co-formed water during the catalytic DMC synthesis (at same
temperature and pressure as the catalytic DMC synthesis). After chemical water
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scavengers are fully consumed by stoichiometric reaction with water, they need to be
separated from the mixture and regenerated or recycled accordingly. The main
disadvantages of the chemical water scavengers, thus, are the separation and
regeneration, since they are operated in the same liquid phase as the catalytic reaction.
In addition, the high expense of chemical water scavengers also limits their industrial
application, because high amount of chemical water scavengers is required due to
their low uptake capacity. Therefore, an easy-to-handle water scavenger with high
selectivity, low cost and high reusability is still desired for its application in this case.
With the above mentioned concerns, in order to overcome the disadvantages of
chemical water scavengers, solid state materials have been considered for water

removal instead of chemical water scavengers.

A short overview of recent progresses on DMC synthesis is listed in Table 1-1.

Table 1-1 DMC synthesis from methanol and CO,: overview of literature results

Catalyst Water trap DMC yield (%)*  Reference
ZrO; None 0.5 [29]
ZrO,/Ce0, Acetal 4.3 [32]
ZrO,/H3PO, None 0.62 [37]
H3PW1,0.40/CeyZr1402 None 0.4 [38]
Mg None 1 [39]
ZrO,/KClI Butylene oxide 7.2%* [40]
Zr0,/Ce0, None 0.7 [41]

* DMC vyield is calculated on methanol basis.
** DMC selectivity is 51 %.
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From the results summarized in Table 1-1, it is evident that the DMC yield is rather
low without the use of an appropriate water removal technique. Even by using of
chemical water scavengers, such as acetal and butylenes oxide, the DMC yield is only

enhanced till a limited level. Therefore, novel technical solutions are required.

1.4.3 Catalytic DPC synthesis from phenol and DMC

Besides its application in production of PCs, DPC has also attracted research interests
as an intermediate for the synthesis of low molecular weight aliphatic
monoisocyanates from ureas or allophenates. *2~#*! DPC synthesis can be achieved by
the transesterification of DMC with phenol. I Generally, the transesterification
between carbonates and hydroxylic compounds involves the substitution of a less
nucleophilic component with the more nucleophilic hydroxyl or by the substitution of
the less volatile compound by the more volatile one. ! The transesterification of
DMC with phenol to afford DPC occurs contrary to that and in consequence, a

suitable catalyst is required the enable the chemical reaction at a higher rate. 8!

DPC synthesis from phenol and DMC undergoes in two steps. In the 1% step, DMC
reacts with phenol to form methyl phenyl carbonate (MPC). In the 2" step, further
transesterification of MPC with phenol or the disproportionation of MPC takes place

(Scheme 1-7).

i: h O/OH
0. fe) O. O
AN
/O O\ Y CH3 Y
HiC Y CHy s = ! —_— g
o} - CH,0H

- CH3;0H
dimethyl carbonate (DMC) methyl phenyl carbonate (MPC) diphenyl carbonate (DPC)

Scheme 1-7 Transesterification of DMC with phenol for DPC synthesis

Numerous homogeneous catalysts were reported to be efficient, e.g., the
12
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organometallic compounds of Ti, Sn, Si, Pb, Fe, Li and Al. 1952 The reaction is
carried out in liquid phase with the use of hydrocarbon solvent at a wide temperature
range of 150 ~ 250 <C. In the homogeneous catalyzed process, formed co-product in
the reaction is removed in the form of an azeotrope mixture with the hydrocarbon

solvent or in the form of azeotrope mixture with DMC.

Similar as stated above, the development of heterogeneous catalysts are of
considerable industrial interests due to their advantages in separation and regeneration.
Various heterogeneous catalysts, e.g., MoO3/SiO,, B Ti0,/Si0,, B* %% v,04/Si0,, B¢
PbO/MgO ™ and CeO,-based mixed oxide ®® were reported for transesterification of
DMC with phenol. Based on above listed contributions, it is known that transition
metal oxides with mild surface acidic / basic properties are appropriate candidates as
heterogeneous catalysts for transesterification of DMC with phenol. An overview of

recent progresses on DPC synthesis is summarized in Table 1-2.

Table 1-2 DPC synthesis from phenol and DMC: overview of literature results

Catalyst Product separation Yield (%)* Reference
Sh,03 None 4.8 [55]
V,05/SiO; Gas-phase reaction 2.8 [56]
PbO/SiO; Reactive distillation <13.0 [57]
WO4/SiO, None 3.9 [59]
MgO Reactive distillation <7.2 [59]
Sn0O,/SiO, None 115 [59]

*Yield is calculated for all transesterification products on phenol basis.

In contrast to homogeneous catalysts, in the presence of heterogeneous catalysts, the

influence of side reaction becomes more significant as depicted in Scheme 1-8.
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Decarboxylation
OH
OCHj; -
Isomerization
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Scheme 1-8 Proposed reaction network enabled on the active sites of a heterogeneous
catalytic system

In the reaction network shown in Scheme 1-8, strong acidic sites favorably catalyze
the alkylation reaction between phenol and DMC, while strong basic sites accelerate
the decarboxylation of MPC. Both alkylation and decarboxylation pathways lead to
the formation of the main by-product anisole and its isomers. In order to enhance the
catalyst performance and improve the overall selectivity for further developments on
reaction engineering, a good understanding on the reactions at molecular level is

required.

Similar as for DMC synthesis using methanol and CO,, the reaction of DPC synthesis
is also equilibrium constrained (equilibrium constant K < 107 at a temperature range
of 160 ~ 180 <C). However, since an intermediate compound, MPC, is involved in the
DPC formation, the evaluation of thermodynamic parameters on each step is required
for defining the bottleneck of the total reaction network. In this respect, a detailed
thermodynamic model was proposed, based on combined theoretical and experimental
studies. @ The determined equilibrium constants of different reaction steps at a wide

temperature range are shown in Figure 1-1.
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Figure 1-1 Equilibrium constants of different reaction steps involved in DPC
synthesis

It is clearly noted that the co-produced methanol minimizes the formation of
transesterification products (MPC and DPC, Figure 1-1 (a) ~ (c)). In addition,
conversion from MPC to DPC is not strongly limited by the thermodynamic equilibria,
if methanol is continuously removed from the reaction mixture (Figure 1-1 (d)).
Therefore, it can be stated that the overall 1% step transesterification towards MPC is
the bottleneck in DPC synthesis and methanol concentration needs to be minimized
over the entire reaction course. Separated reaction zones for different reaction steps
involving methanol removal were proposed in order to overcome the thermodynamic
limitation. ™ Hence, a continuous process was developed for the DPC synthesis from
phenol and DMC catalyzed by titanium phenoxide. Three successive reaction zones
were designed in order to tune the reaction conditions aiming the maximization of the
product vyield. In the first two reaction zones, MPC formation via the
transesterification takes place. The vapors from the first two reaction zones were

separated by distillation. The DPC formation was achieved in the third reaction zone.
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Although the process based on reactive distillation technology has been already scaled
up, the complexity within the process design motivates to the development of a new
technology, which allows easier operation. Technologies that use in-situ methanol
scavenger are convincing alternative solutions for large scale DPC production.
Therefore, solid state materials, due to their advantages on separation and

regeneration, are highly desired.

1.4.4 Zeolites as solid state sorbents

Zeolites are porous materials consisting of aluminum and silicon connected via
oxygen atom bridges with the negative charge on the 4-coordinated aluminum atoms
compensated by different cations. Some of them are naturally acquired, while
nowadays more and more zeolites are artificially designed and synthesized. [ The
distinction of zeolites is based on their features of pore / channel structure. Normally,
microporous zeolites contain 8-, 10-, 12-membered oxygen ring and dual pore system,
while mesoporous materials possess expanded porous structure, such as

multi-membered ring and more complicated mesoporous system.

Some representative zeolites and their structural features are summarized in Table 1-3.
[63]
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Table 1-3 Characteristics of some typical zeolites and mesoporous materials

Zeolite Number of ring members* Pore size ()  Pore / channel structure
Erionite 8 3.6 x5.1 Intersecting
ZSM-5 10 5.1 %56 Intersecting
ZSM-11 10 5.3 %54 Intersecting
Ferrierite 8 3.5%4.38 Intersecting
10 4.2 <54 One-dimensional
Mordenite 8 2.6 X5.7 Intersecting
12 6.5 %7.0 One-dimensional
ZSM-12 12 55x59 One-dimensional
Faujasite 12 7.4 %74 Intersecting
VPI-5 18 12.1 x12.1 One-dimensional
MCM-41 / 16 ~ 100 One-dimensional

* The number is based on the oxygen atoms contained in the ring.

Owing to the well-defined structure of channels and cages, which covers a wide range
of size, zeolites are applied and investigated for their properties on selective
adsorption and reaction of molecules with special shape and size, i.e., shape
selectivity. Shape selectivity was first described in 1960. 4 Since then, the study on
shape selectivity of porous materials, surely including zeolites, was frequently
reported. Among all the porous materials, zeolites with small pores are especially
important for the application of selective gas separation and membrane technology

due to their selectivity for small molecule transportation.
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1.4.5 Molecular diffusion in zeolites

The adsorption and diffusion are with high importance to understand the performance
of zeolites on chemical separation. During the process of diffusion / transportation,
the hindrance of the molecule movement may come from bulk materials, crystal
particles or crystalline structures (pore / channel). As a measure of molecular
diffusion, diffusivity (or diffusion coefficient) is defined as a proportional constant
between the molar flux driven by molecular diffusion and the gradient on the species
concentration (or other driving force for diffusion). For molecular diffusion in zeolitic

materials, the relationship between diffusivity and pore size is shown in Figure 1-2.
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Figure 1-2 Schematic representation of the diffusivity (in cm? s™) in a porous zeolitic
material

Considering molecular diffusion inside of a porous material, three main different

regimes, i.e., bulk diffusion, Knudsen diffusion and intra-crystalline diffusion, can be
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identified. [ Under a specific condition, only one of the three above mentioned
diffusion types is dominating the diffusion process. When the pore diameter of the
porous materials is smaller than the free mean path of the molecule, i.e., pore size is
large enough, collision among molecules is dominating. Since collisions among
molecules have no impact on the porous structure of materials, it is also called as bulk
diffusion. When the free mean path of the molecule is comparable or larger than the
pore diameter, collisions between molecules and inter-crystalline channel becomes
dominant. The process takes place in Knudsen diffusion regime. Only if the Kinetic
diameter of the molecule (not free mean path) is comparable to the size of the
intra-crystalline pore (not inter-crystalline channel), the intra-crystalline diffusion
becomes dominant. In most of the well-ordered porous structures, the shape

selectivity is a result of the intra-crystalline diffusion.

In order to study the molecular transportation in zeolitic materials, several advanced
technologies have been utilized, e.g., pulsed-field gradient nuclear magnetic
resonance (PFG-NMR), [ neutron scattering, "' zero-length column, ©® Fourier
transformed infrared spectroscopy (FT-IR) © and frequency response technology
(FR). " However, there is no approach able to provide a straightforward scenario of
diffusion process, except direct measurement of mass transportation (DMMT).
DMMT allows an accurate evaluation of thermodynamic and kinetic parameters on
molecular diffusion in porous materials, especially in the case of small diffusivity and

small crystal particle size (between 1 and 10 zm). [}

1.5 Main challenges and opportunities on sustainable DPC synthesis

For an industry-oriented research, delivery of convincing technical solution is
important. Within the whole synthesis route of phosgene-free production of PCs, the

production of BPA has been already demonstrated in industrial scale without the use
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of harmful reagents. Therefore, the DPC synthesis from phosgene-free pathway has
been identified as the main target of the present thesis. As depicted in Scheme 1-6,
two reaction steps are with different challenges from both kinetic and thermodynamic

points of view.

DMC synthesis from methanol and CO,, from Kinetic point of view, requires the
development of stable and selective catalysts able to enhance the very slow reactions.
A key challenge in designing such a catalyst is to understand the complex surface
chemistry of CO,. Previous mechanistic and gas-phase kinetic studies have shown
that various transition metals are able to activate CO, by forming linear species as
o-coordinated CO, and o-coordinated CO, as well as carbonate and carboxylate
surface species. '@ The formation, stability and reactivity of surface intermediates
vary in different chemical reactions. Thus, the relationship between required active

forms is complicated and still requires special attention.

On the other hand, from thermodynamic point of view, DMC synthesis requires
selective removal of water in a methanol-abundant reaction mixture for yield
enhancement. Linde Type A zeolite (LTA or A zeolite) is a typical small-pore zeolite
with the unit cell containing 8-membered rings, 6-membered rings and 4-membered
rings (8MR, 6MR and 4MR). The pore opening of 8MR varies between 3 A and 5 A,
which is a little larger than the kinetic diameter of water (2.6 A), making it suitable
for water removal. Nonetheless, the kinetic diameter of methanol is 3.6 A, which is
similar as water, let alone the polarity of them is also similar, making it difficult to
separate water from methanol. Therefore, adsorption and diffusion properties of water
and methanol, which are lack of reports, are required to be accurately analyzed, in
order to propose a technical solution based on the use of zeolitic materials for DMC

yield enhancement.
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For DPC synthesis from phenol and DMC, similar issues are taken into considerations.
A representative heterogeneous catalyst, MoO3/SiO,, was reported for its high
selectivity on MPC and DPC formation. However, in-depth kinetic and mechanistic
studies of heterogeneous catalysts for this reaction are not available yet. Moreover,
the structure — activity correlation of MoO3/SiO, catalyst is still lack of report. From
thermodynamic point of view, the selective removal of methanol from the reaction
mixture containing DMC and phenol is less difficult than water / methanol separation,
and a similar approach from DMC synthesis can be transferred into this case.
Nonetheless, the efficiency of methanol removal needs to be optimized to fit the rate

of catalytic reaction.

1.6 Scope of the thesis

The main task of the present thesis is to provide fundamental understanding and a
practical approach on the two-step phosgene-free DPC synthesis. Both kinetic and

thermodynamic issues are discussed in detail.

In Chapter 2, a thorough experimental study has been carried out to unravel the
mechanistic reasons for favorable CO, activation and conversion on ZrO,-based
catalysts. Combining the experimental results from Kkinetic analysis and IR
measurements under operando conditions, it was shown that the CO, adsorption and
activation preferentially takes place on the new basic sites of the MgO-ZrO,, leading
to the formation of surface-active bidentate bicarbonate and bidentate carboxylates.
As a result, the MgO-ZrO, catalyst yields a 3-fold improvement of DMC compared to
ZrO, catalyst.

In Chapter 3, MoO3/SiO, catalyst was selected for a kinetic and mechanistic study on

transesterification of DMC with phenol. The activity-structure correlation was made
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by combining reaction and characterization results. It was further concluded that
DMC and phenol molecules are competitively adsorbed on surface Lewis acidic sites,
leading to the formation of key intermediate, an asymmetrical surface carbonate

species.

In Chapter 4, for yield enhancement of DMC synthesis, accurate analysis of
adsorption and diffusion parameters for water and methanol inside the
microcrystalline zeolite has been conducted by using a demanding analysis technique
based on DMMT approach in liquid phase. This enabled the development of a process
for DMC synthesis, where a sorbent with excellent water selectivity is used, to
enhance the strong equilibrium constrained reaction. Similar approach was further
applied to DPC synthesis. In-situ methanol removal by zeolitic sorbents allowed
significant enhancement of transesterification products. Furthermore, the performance

of newly developed zeolitic materials was briefly presented.

At the end, the summary and conclusion are given in Chapter 5.
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Chapter 2

Rate enhancement of DMC formation from
methanol and CO, over ZrO,-based
catalysts by heteroatom doping

Within this chapter, a thorough experimental study has been carried out to unravel the
mechanistic reasons for favorable CO, activation and conversion over MgO-ZrO,
catalyst. By using XPS analysis, it was possible to show that the heteroatom insertion
in the ZrO, lattice takes place, leading to the formation of a homogeneous solid
solution bearing new sites for catalysis at low doping degrees. Combining the
experimental results from Kkinetic analysis and IR measurements under operando
conditions, it was shown that the CO, adsorption and activation preferentially takes
place on the new basic sites of the MgO-ZrO,, leading to the formation of
surface-active bidentate bicarbonate and bidentate carboxylates. The contribution of
weak acidic sites and basic sites of the catalysts further facilitates the formation and
stabilization of monomethyl carbonate, a crucial intermediate in DMC synthesis. The

MgO-ZrO, yields a 3-fold improvement on catalytic efficiency compared to ZrO..
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2.1 Introduction

Sustainable chemical production aiming to design and deliver environmentally
preferable products is highly desired. Dimethyl carbonate (DMC) is an environmental
benign green chemical achieving increasing importance for the chemical industry due
to its versatility and usability as a non-toxic carbonylation and alkylation reagent, fuel
additive and polar solvent. ™ On industrial scale, there are three main large-scale
processes for DMC synthesis, i.e., the methanolysis of phosgene (Scheme 2-1 (Eq. 1)),
2l oxidative carbonylation of methanol (Scheme 2-1 (Eq. 2)) ®land transesterification

of cyclic carbonate (Scheme 2-1 (Eg. 3)).

Cl c1 +CH;0H _0 ~c + CH;0H 0
> — > HC H; (D
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Scheme 2-1 Reaction pathways towards DMC synthesis

As illustrated in Scheme 2-1 (Eq. 1), DMC synthesis via methanolysis of phosgene
requires the use of significant amounts of a poisonous and corrosive gas such as
phosgene. *® To focus on the more specific area of the replacement of harmful and
undesirable compounds, the oxidative carbonylation of methanol (depicted in Scheme
2-1 (Eqg. 2)) has been considered as an alternative path for the industrial production of
DMC. "8 This reaction route involves the use of copper as a redox catalyst and, thus,
requires high partial pressure of CO in order to reduce the oxidized copper species

Cu(ll) to Cu(l) in an atmosphere containing O,. Although the use of highly toxic
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phosgene has been avoided, a flammable and toxic CO is still required. Moreover,
during operation, the formation of acidic by-products gradually causes the failure of
plants and the redox catalyst deactivates rapidly. [ Therefore, in order to fulfill the
demands of sustainable and green chemical production, CO,, as an environmental
benign, renewable and non-toxic reagent molecule, has been considered as a possible
C; building block. In a first attempt of using CO; for the synthesis of value-added
chemicals, the transesterification of cyclic carbonates (illustrated in Scheme 2-1 (Eq.
3)) has been considered and scaled up. In spite of the improvements achieved by the
two phosgene-free routes, high process costs associated with the preparation and
complex purification of the reactants and products negatively influence the economic
efficiency of the process. In this respect, considerable efforts have been made to

overcome these drawbacks.

As one of the most relevant green process, the catalytic direct carboxylation of

methanol with CO, (Scheme 2-2) has been principally considered.

catalyst
2CH,0H + (0, =——Zom H3C/OYO\CH3 +  H0

catalyst o)
2 CH3OH ‘:‘ H3C/ \CH3 + Hzo

Scheme 2-2 DMC synthesis from methanol and CO, and possible side reaction

Various heterogeneous catalytic materials like CeO,, ZrO,, Mg-Al hydrotalcite-silica
lyogels and functional organotin catalyst tethered on SBA-15 were proposed for the
DMC synthesis directly from methanol and CO,. °“*? The major disadvantages of
this process are, however, the low methanol conversion and high consumption of
energy to consequently shift the reaction equilibrium and favour the DMC formation.
[10.22] |5 the case of CeO, and ZrO, mixed oxide catalyst, when water was removed

from the reaction mixture by using an internal dehydration agent, the methanol
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conversion was increased to 4.2 %. ™! By using mixed Mg-Al oxides supported on
silica lyogels 15.9 % conversion and high selectivity to DMC was achieved under
controlled experimental conditions. (21 Eyrthermore, in a recent scientific contribution,
it was shown that clay supported Cu-Ni bimetallic particles are able to afford 6.2 %
DMC yield with 88 % selectivity. ™ Overall, it is well-accepted that the acidic / basic
properties of the catalyst surface are the most important factors in designing effective

heterogeneous catalysts for the selective DMC synthesis. 0 4!

For the design and operation of a sustainable and green process for the direct DMC
synthesis, the development of stable and selective catalysts able to enhance the very
slow reactions is required. A key challenge in designing such a catalyst is to
understand the complex surface chemistry of CO,. Previous mechanistic and
gas-phase kinetic studies have shown that various transition metals are able to activate
CO;, by forming linear species as o-coordinated CO, and o-coordinated CO, as well
as carbonate and carboxylate surface species. 1* The formation, stability and
reactivity of surface intermediates vary in different chemical reactions. Thus, the
relationship between required active forms is complicated and still requires special

attention.

In order to further optimize the catalytic performance, within this work, heteroatom
modification of ZrO, with various metal oxides, resulting in the formation of new
acidic / basic sites with different strengths, is proposed. Owing to their known
properties, Al,O3; and MgO were selected as doping agents for this study. The

I** or Mg?* into a ZrO, crystal lattice are supposed to be able to create

insertion of A
new active sites, owing to their different electronegativities, coordination numbers
and different doping effects on the crystalline lattice. Herein the results of a
systematic multi-technique experimental study on the catalytic formation of DMC
from methanol and CO, on ZrO, as well as MgO-ZrO, and Al,03-ZrO, mixed oxides

are presented. The results from detailed in-situ IR study reveal that CO, activation on
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ZrO,-based catalysts occurs via the formation of bidentate bicarbonate and bidentate
carboxylate species on the surface-active Lewis basic sites (LBS). However, on the
surface of ZrO, catalyst, only bidentate bicarbonate species can be further converted
into the key intermediate monomethyl carbonate (MMC). In contrast to ZrO,,
MgO-ZrO, mixed oxide facilitates the CO, adsorption and conversion of both
bidentate bicarbonate and bidentate carboxylate, leading to the fast formation of the
MMC intermediate. The direct reaction of the MMC species with the second
methanol molecule enables the DMC formation with very high selectivity (over 99 %).
By analyzing the composition of reaction mixture, it is evidenced that DMC is the
only detected product. The selectivity of DMC is, therefore, higher than 99 %.
Moreover, exceptional catalyst stability was shown by repetitive use of the same
material for catalytic DMC formation. As a consequence, it is evidenced that the
catalytic rate and catalyst stability of ZrO,-based catalyst is significantly enhanced by
MgO doping, attributed to stabilization of the tetragonal phase as well as generation

of new active Lewis basic sites responsible for CO, activation and further conversion.

2.2 Experimental

2.2.1 Catalyst preparation

All Al,03-ZrO, and MgO-ZrO, mixed oxide catalysts with varying contents of
alumina and magnesia were prepared by co-precipitation of a solution of zirconyl
nitrate (ZrO(NOs3), - H,0) with the desired amount of aluminum nitrate (AI(NO3)s- 9
H,0) and magnesium nitrate (Mg(NO3), - 6 H,0). The pH of the aqueous solution
was maintained constant in the range of ca. 9 ~ 10 by dropwise addition of a
concentrated aqgueous ammonia (NH;3 - H,O) solution. The total cation concentration
of each mixed solution was 0.5 mol L™ All the samples were aged at room

temperature overnight. The isolated precipitates were then thoroughly washed with
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bi-distilled water, dried at 120 <C overnight and ground into fine powder. Prior to test,
each sample was calcined in synthetic air with a flow rate of 100 mL min™ at 500 <C

for 6 hours in a tube furnace (1 < min™ ramp).

2.2.2 Catalytic reaction

Direct DMC synthesis was carried out in a home-made stainless steel autoclave with
an inner volume of 70 mL. For maintaining the pressure during catalytic reaction, a
stainless steel sample cylinder with an inner volume of 50 mL (Swagelok) was
attached to the autoclave reactor. In a typical reaction procedure, various amounts of
ZrO,-based solid catalyst (0.5 ~ 2 g) were suspended in 39.6 g of methanol. The
autoclave was then sealed and purged with N, several times. Before heating the
reactor, N, atmosphere with ambient pressure was kept in the autoclave. After the
autoclave was heated to the reaction temperature (160 <C, monitored by Eurotherm
2132 temperature controller), 10 g of CO, were introduced with a flow rate of 5 mL
min™ by using a syringe pump (Teledyne Isco, model 500) that in this case was set to
80 bar at 20 <C for accurate control. For product analysis, aliquots of the filtered
sample were taken every 15 min by using an HPLC pump (Gilson 303). The
composition of the reaction mixture was determined by GC (GC 8000 series, Fisons
Instrument) equipped with a fused silica (Rtx-5AM) column. For analysis, the column
temperature was set to 80 <C and the samples were measured under isothermal

conditions.

For testing the chemical and thermal stability of various catalysts under operating
conditions, the reaction was repeated by using the same catalyst 6 times. After each
catalytic run, the catalyst was collected by filtration and dried at 120 <C overnight.
The ICP-OES measurement of the liquid reaction mixture after catalytic reaction was

conducted on a SpectroFlame type FTMOAB81A (Spectro Analytical Instruments)
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setup. In a typical measurement, fine aerosol was created in a nebulizer, and further
transferred with Ar flow to plasma. Afterwards, the emission of light was split in the
specific wavelengths of certain elements (Zr, Al, Mg etc. in this study) by a
polychromator and the intensity was detected by a photomultiplier. As the liquid
samples had high percentages of methanol so that the vapour pressures were too high
to be introduced into ICP-OES setup, the calibration and the quantitative analysis of
the metal content in methanol abundant solutions were performed with 100-time

water dilution.

In order to determine the correlation between reaction rate and reactant composition,
DMC formation catalyzed by ZrO,-based catalysts was also performed with different
amounts of methanol and CO,. The methanol amounts varied from 25 g to 50 g and

the CO, amounts varied from5gto 12 g.

After the catalytic reaction of DMC formation catalyzed by ZrO,-based catalysts, the

liquid reaction mixtures were collected and filtered for ICP-OES measurement.

2.2.3 Catalyst characterization

The crystal structure of synthesized materials was analyzed by X-ray diffraction
(XRD) measurements. Philips X Pert Pro diffractometer equipped with an X’celerator
module using Cu-K« radiation operating at 40 kV / 45 mA was applied. The samples

were measured with a scan rate of 3°min™ from 5°to 70°(26).

X-Ray photoelectron spectroscopy (XPS) spectra were obtained by using a modified
VG ESCALAB 220 spectrometer, equipped with a microspot monochromatized
Al-Ka or Mg-Ka source and a homemade ultra-high vacuum (UHV) cell. The Al-Ka

line (1486.5 eV) was used throughout the present work and the base pressure of the
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measuring chamber was below 1.5 x<10® mbar. In order not to overlap the signal from
samples, a stainless steel support was used to introduce samples (pressed into
self-supporting wafers) into a UHV cell. Throughout all the measurements performed,
besides Zr, O, Al and Mg lines, C and Fe lines were also found (C as an expected

impurity and Fe from the support).

In order to determine the BET specific surface area of all synthesized catalysts, N,
adsorption-desorption measurements were performed with a Sorptomatic 1990 Series
instrument. In all the cases, the samples were activated in vacuum at 300 <C for 2
hours before measurements. The adsorption-desorption processes were conducted at

-196 <C.

The nature and concentration of surface acidic sites were analyzed by temperature
programmed desorption (TPD) of NHgs, by using a 6-fold parallel reactor system.
Similarly, CO,-TPD was applied to characterize surface basic sites. For TPD
experiments, 50 ~ 100 mg of samples were pretreated at 500 <C (5 < min™ ramp) in
He stream for 1 hour in order to remove surface contaminants. After cooling at 100 <C,
ammonia was adsorbed with a partial pressure of 1 mbar. In contrast, CO, adsorption
was performed at 40 <C. Subsequently, the samples were purged with 30 mL min™ He
for 2 hours in order to remove all physisorbed molecules. Then 6 samples were
sequentially heated from 100 to 770 <T with an increment of 10 < min™ to desorb
NH3 and from 40 to 700 <C to desorb CO,. For analysis of the surface bonded species,
an attached mass spectrometer (Balzers QME 200) was used. The amount of desorbed
NH; was determined by the integration of the MS signal calibrated to a standard
material (H-ZSM-5 zeolite, Si / Al = 45, number of acidic sites 360 zmol g™*). The
response of the CO, signal was calibrated by employing the decomposition of

NaHCO3.
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IR spectroscopy of adsorbed pyridine was used to determine the concentration of
Brensted and Lewis acidic sites (BAS and LAS). The samples were pressed into thin
self-supporting wafers and activated at 450 <C for 1 hour in vacuum. Prior to pyridine
adsorption, the background spectrum was recorded by an IR spectrometer
(Perkin-Elmer 2000) with resolution of 2 cm™. Subsequently, the activated samples
were exposed to pyridine vapors at a pressure of 0.1 mbar for approximately 1 hour at
150 <C. After outgassing for 0.5 hour to remove physisorbed pyridine, another
spectrum was recorded. The bands at ca. 1540 cm™ and 1450 cm™ were used for
characterization of BAS and LAS, respectively. The concentrations of the Brensted
and Lewis acidic sites were calculated from the integrated areas of the difference
between these two bands with the molar extinction coefficients calibrated as 0.73 cm™

umol™ for BAS and 0.96 cm™ zmol™ for LAS, respectively. [*°!

For studying the surface chemistry and for the identification of intermediates involved
in the various elemental steps, in-situ vacuum infrared (IR) spectroscopic
measurements (Bruker ISF88) were performed. Methanol, CO,, dimethyl ether (DME)
and dimethyl carbonate (DMC) were separately used as adsorbate molecules in
independent experiments or concomitantly added for the identification of in-situ
formed intermediates on the catalyst surface. The temperature-dependent IR
measurements, in this study, were performed as follows. With all surface stable
intermediates, it was possible to design a temperature programmed measurement on a
catalyst sample, in order to track relevant transformations of key intermediates under
quasi-steady-state conditions. Based on experimental evidence, a temperature ramp of
1 T min™ was determined as suitable for the ZrO,-based catalytic system with all
surface intermediates formed during DMC formation. In a typical
temperature-dependent IR measurement, the catalyst was first pressed into thin
self-supporting wafers and activated under vacuum (p = 10° mbar) at 450 <C for 1
hour and the reference spectrum was recorded at 40 <C under vacuum. Following that
measurement, the adsorbate was also added at 40 <C and spectra were recorded.
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Afterwards, the system evacuation at 40 <C was initiated, and IR spectra of treated
catalyst were continuously recorded at an interval of 2 min till the surface species
reached a steady state (no visible change was observed between two sequential
spectra). The heating program was then started (temperature ramp 1 < min™), and IR
spectra were recorded from 40 <C to 160 <C. The recorded spectra were representative

for the steady-state conditions at the recording temperatures.

The adsorbate uptake and the adsorption capacities of various catalysts were studied
by using gravimetric uptake measurements combined with differential scanning
calorimetry (DSC). For these experiments, a highly sensitive microbalance with
detection limit of 107 g was used. For analysis, a quartz holder was filled with solid
sample and placed inside a heating block with adjustable temperatures. A
non-adsorbing reference was simultaneously measured under identical operational
conditions. The corresponding adsorption isotherms and heat of adsorption were
calculated from the obtained mass uptake profiles and the heat release during the
adsorption processes. Gravimetric sorption isotherms were measured on a modified
SETARAM TG-DSC 111 thermogravimetric instrument. The synthesized catalysts
were pressed into wafers and broken into small pellets before moving into the sample
holder to avoid the contamination of vacuum system by fine powders. The samples
were heated to 450 <C with ramp of 10 < min™* under vacuum and held at 450 <C for
1 hour before adsorption. Adsorbates were introduced into the sample cell with
pressure steps in the range of 10 to 10 mbar using a Balzers UDV 040 dosing valve.
The calibration with an iridium standard was a prerequisite for an accurate
measurement. Data analysis was performed with an Agilent-VEE Professional

program (Version 8.0).
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2.3 Results

2.3.1 Physico-chemical properties of ZrO,-based catalysts

In the initial efforts to rationally design a high-performance catalyst for the selective
and energy efficient DMC synthesis, all the obtained zirconia materials were
unambiguously characterized by techniques that include nitrogen adsorption (BET),
powder X-ray diffraction (XRD), X-ray photoelectron microscopy (XPS) and infrared

spectroscopy (IR).

It is well known that zirconium oxide exhibits different structural polymorphs. [

The most common ones are the monoclinic, tetragonal and cubic phases. It is
important to note, that the thermodynamically less-stable cubic phase was not present
in any of the synthesized materials (experimental evidence by Raman spectroscopy is
available in Section 2.7.1, Figure 2-19). Detailed microstructure characterization of
the synthesized material revealed that the non-modified ZrO, has both monoclinic and
tetragonal phases, evidenced by characteristic XRD peaks at 28.2 and 31.5 degree (26)
for monoclinic phase and at 30.3 degree (26) for tetragonal phase. *#! Figure 2-1

shows the XRD patterns of various ZrO,-based mixed oxide catalysts.
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Figure 2-1 Powder XRD patterns of Al,03-ZrO; (a) and MgO-ZrO, (b) mixed-oxides
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As evidenced by XRD spectra patterns shown in Figure 2-1, the monoclinic phase is
not present in the heteroatom modified ZrO,. Therefore, both Al,O3 and MgO doping
favored the stabilization of the metastable tetragonal phase of the crystalline ZrO,.
Precise measurements of unit-cell parameters indicated that the ZrO, crystal lattice
suffered a contraction due to the intercalation of Mg?* and AI** ions in the zr**-0-zr**
lattice, since the ionic radius of Mg®* (0.86 A) and AI** (0.68 A) are considerably
smaller than that of Zr** (0.98 A). ] However, at low modification degrees till 12
mol % M™ cation (M = Al, Mg; n = 2, 3; respectively), the increase of ion content
only has a marginal influence on the unit cell volume of the mixed oxides. In all cases,
no additional peaks attributed to the crystalline Al,O3 or MgO have been observed,
indicating that Al and Mg are integral parts of the ZrO, framework. Based on the
information obtained from XRD patterns of Al,O3-ZrO, and MgO-ZrO, materials, the
existence of amorphous Al,O3; or MgO deposits on the surface of ZrO, or ZrO,-based

solid solution could not be entirely excluded.

The specific surface areas determined from the N, adsorption-desorption isotherms at
-196 < by using Brunauer-Emmett-Teller method (Section 2.7.2, Figure 2-20)
indicated that BET surface areas increased with increasing heteroatom doping in the
range of 0 ~ 12 mol % in both cases of Al,03-ZrO, and MgO-ZrO,. Moreover, the
surface areas of materials, synthesized by the co-precipitation method with the
heteroatom fraction as high as 12 %, were obviously larger than those of the
mechanical mixtures of the two oxides. This can be either due to the heteroatom
insertion into crystalline lattice of ZrO, leading to the formation of a solid solution or
due to the formation of a new porous layer which covers the outer surface of the ZrO,

crystal particles.

In order to further clarify if the formation of either a solid solution or of a new layer
mainly contributes to the increase of the materials’ specific surface area, the surface

composition and binding energies of ZrO, and ZrO,-based mixed oxides were further
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investigated by XPS. With the reported experimental parameters, XPS spectra of Mg
1s, Zr 3d, Al 2s and Al 2p were able to be obtained with high signal-noise ratio and
without visible overlapping (Section 2.7.3, Figure 2-21). The characteristic Zr 3d peak
corresponding to ZrO, was fitted into two contributions, i.e., 3ds;; and 3dzp,, with the
intensity ratio of ~ 3/ 2, which is close to the theoretical value. For the position of the
Zr 3d main peaks (3ds;, and 3dsp), the obtained values also agreed well with the

values reported in literature.

For the investigation of the surface composition, the integrated areas of Al 2s, Mg 1s
and Zr 3d XPS signals in each spectrum were compared, as shown in Figure 2-2. In
this respect, Al 2s and Mg 1s peak areas have been normalized to the Zr 3d peak area.
In Figure 2-2, two different slopes were observed for different Al,Os-doped ZrO,,
indicating the formation of two distinct phases. In all samples with low Al doping
degrees (< 3 %), the typical Al 2s peak area increased moderately, indicating the
formation of an Al-O-Zr mixed oxide. However, at higher modification degrees (>
3 %), the Al 2s peak area increased more accentuated with increasing Al content
(Figure 2-2 (a)), suggesting the formation of a different layer on the ZrO, surface. In
the case of MgO doping, the Mg 1s peak area increased linearly with increasing Mg
content in the crystalline ZrO, lattice (Figure 2-2 (b)). The binding energy values of
Zr 3ds, over different ZrO,-based catalysts are listed in Table 2-1. As evidenced in
Table 2-1, with increasing MgO content, Zr 3ds, binding energy values were shifted
into lower values by approximately 1 eV, indicating the formation of a new Mg-O-Zr
unit. By comparison, no similar shift was observed in the case of Al,O3 doping. **
Combining the experimental results of crystallinity measurements (XRD), pore
volumes analysis (N, physisorption) and surface composition (XPS), it was shown
that the insertion of Mg?* into the ZrO, lattice leads to the formation of homogeneous

solid solution in the case of MgO-ZrO,, while solid deposit on the ZrO,-based

particles may exist only in the case of Al,O3-ZrO,.
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Figure 2-2 Influence of the molar fraction of Al,O3 (a) and MgO (b) on surface
composition of the bimetallic oxide catalyst determined by surface XPS peak area
analysis vs. bulk molar ratio

Table 2-1 Binding energy values of Zr 3ds/, over ZrO,-based catalysts (eV)

Modification ratio (%) Al,03-ZrO; MgO-ZrO;
0 182.6 182.6
3 182.5 182.4
6 182.7 182.1
9 182.6 181.9
12 182.7 181.8

It is well known that both acidic and basic sites are simultaneously present on the
ZrO, surface. ! The incorporation of heteroatoms, however, not only influences the
concentration and strength of crystalline ZrO,’s acidic and basic sites, but can also
lead to the generation of new sites. In this respect, a rigorous analysis of the
synthesized mixed-oxides was made. As a first attempt to analyze the surface acidic
sites, NH3-TPD measurements were performed. Important results, as summarized in
Figure 2-3 and 2-4, evidenced that all the ZrO,-based materials contain only weak
acidic sites. The use of Al,O3 for the synthesis of ZrO,-based oxides resulted in an
increase of the overall surface acidic sites (Figure 2-3 (a) and 2-4 (a)). Comparison of

the results obtained at low Al,O3 doping degree (< 3 %) showed that a decrease in the
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acidic strength takes place upon incorporation of Al,O3; in the crystalline ZrO,
framework and the formation of new Al-O-Zr units. At higher Al,O3; doping degree (>
3 %), the generation of a stronger acidic alumina layer on the outer surface of the
parent materials was observed. Interestingly, all the MgO-ZrO, mixed oxides showed
a lower maximum desorption peak of NH3 and a narrower distribution, particularly in

the case of the 12 % MgO-ZrO,, than non-modified ZrO, (Figure 2-3 (b) and 2-4 (b)).
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Figure 2-3 NH3-TPD profiles of all Al,Os- (a) and MgO- (b) doped ZrO, catalysts
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Figure 2-4 Concentrations of total acidic sites of Al,Os- (a) and MgO- (b) doped ZrO,
catalysts (determined by NH3-TPD)

Owing to the variety and heterogeneity of ZrO, oxide surfaces, the nature and
concentration of acidic sites were analyzed by infrared spectroscopy of adsorbed
pyridine. IR spectra of adsorbed pyridine on zirconia surfaces recorded at 150 <C are
comparatively shown in Figure 2-5. The different nature of adsorbed pyridine on
aprotic (Lewis) and protic (Brensted) acidic sites could be distinguished by

monitoring the characteristic pyridine ring vibrations. The contact of all ZrO,-based
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catalysts with pyridine revealed typical bands in the range of 1400 ~ 1650 cm™. The
band located at ~ 1444 cm™ is assigned to a pyridine coordinatively bound to a Lewis
acidic site (LAS), while the band at 1540 cm™ attributed to pyridinium ion referring to
surface Brensted acidic sites (BAS) was not observed from any of the synthesized
materials. In addition, a band at ~ 1604 cm™, which can be assigned either to
hydrogen-bonded or to coordinatively-bonded pyridine, was observed for all
measured samples. *°! The total concentration of Lewis acidic sites determined by IR
spectra of adsorbed pyridine is in good agreement with the NH3-TPD results, since

none of the materials have surface BAS (Section 2.7.4, Figure 2-22).
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Figure 2-5 IR spectra of adsorbed pyridine on Al,Os- (a) and MgO- (b) doped ZrO,
catalysts

Temperature programmed desorption (TPD) of CO, was used to determine the
concentration and the strength of basic sites on the surface of the synthesized catalysts.
The CO,-TPD profiles and the concentration of basic sites for all ZrO,-based catalysts

are illustrated in Figure 2-6 and 2-7.
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Figure 2-7 Concentrations of total basic sites of Al,O3- (a) and MgO- (b) doped ZrO,

catalysts (determined by CO,-TPD)

Comparative analysis results reveal that MgO-ZrO, catalysts exhibit a higher

concentration of basic sites compared to the un-doped ZrO,, while the concentrations

of surface basic sites on Al,03-ZrO, decreased with increasing Al,O3; modification.

The strengths of basic sites stayed approximately constant in the case of Al,O3-ZrO,

catalysts. However, in the case of MgO-ZrO,, an obvious strengthening of the basicity,

due to the formation of non-equivalent Mg-O-Zr bonds, was observed. A brief

overview of surface acidic / basic sites on Al,O3- and MgO-doped ZrO, catalysts is

shown in Table 2-2.
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Table 2-2 Overview of surface acidic / basic sites on Al,O3- and MgO-ZrO, catalysts

Catalyst Al,03-ZrO;  MgO-ZrO; Experimental
evidence
Type of acidic sites Lewis Lewis Py-IR*
Concentration of acidic sites increase constant  NH3-TPD & Py-IR*
Strength of acidic sites stronger weaker NH3-TPD
Concentration of basic sites decrease increase CO,-TPD
Strength of basic sites constant stronger CO,-TPD

* Py-IR: IR spectroscopy of pyridine adsorption

2.3.2 Catalytic DMC formation over ZrO,-based catalysts

Under typical reaction conditions, the concentration of DMC initially increased with

increasing reaction time before reached an equilibrium level. In all performed

reactions, DMC was the only detected product, while dimethyl ether (DME), the only

possible by-product during DMC synthesis resulting from the Lewis acid catalyzed

dehydration of methanol, was under the GC’s detection limit. The initial rates of

DMC formation were normalized to the catalyst amount and compared, as shown in

Figure 2-8.
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Figure 2-8 ZrO, catalyzed DMC formation from methanol and CO, (Reaction
conditions: 39.6 g methanol, 10 g CO,, 0.5 ~ 2 g catalyst, 160 <C, total pressure 42
bar.)

Compared to the ZrO, synthesized by the precipitation method and containing both
monoclinic and tetragonal phases, both Al,O3- and MgO-doped mixed-oxides showed
a considerably higher catalytic activity, indicating an important contribution of the
heteroatoms to the formation and stabilization of the active sites. In the case of
Al,03-ZrO,, the DMC formation rate was enhanced in the presence of ZrO, with low
percentage of Al,O3 doping, reaching a maximum at 6 % concentration at which the
outer-sphere Al,O3 deposition becomes accentuated (Figure 2-8). Further increase of
Al,O3 content in the ZrO, led to a noticeable decrease on the catalytic activity. In
contrast to that, all the MgO-ZrO, mixed-oxide catalysts showed approximately two

times higher catalytic activities with increasing doping degree.

As one of the most important kinetic features relevant for understanding the nature of
interactions between the reactant molecules and catalysts, the reaction orders of both
reactants, i.e., methanol and CO,, were determined by using the double logarithmic
plots of the initial rates of DMC formation vs. the starting concentration of the

corresponding reactant (Section 2.7.5, Figure 2-23 and 2-24). A summary of the
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observed reaction orders for both reactants is shown in Table 2-3.

Table 2-3 Observed reaction orders for methanol and CO, on ZrO,-based catalysts

Catalyst methanol reaction order CO,, reaction order

ZrO; 0.06 1.10
3% Al,03-Zr0O; 0.12 1.03
6 % Al,05-ZrO, -0.05 1.05
9 % Al,03-ZrO; 0.08 1.08
3 % MgO-ZrO; -0.07 1.03
6 % MgO-ZrO, 0.02 0.95
12 % MgO-ZrO; 0.03 0.89

Reaction conditions: methanol amount varied from 25 g to 50 g, CO, amount varied
from 5 g to 12 g, reaction temperature 160 <C.

For ZrO, synthesized according to the precipitation method, selected as a benchmark
for comparison, the DMC formation shows first-order dependence from CO, and
zero-order dependence from methanol. Kinetic analysis of catalyzed DMC formation
revealed that Al,O; doping has no impact on the observed reaction orders for
methanol and CO,. In the case of MgO-ZrO, catalysts, the reaction order of methanol
was zero, while the overall reaction order of CO, decreased with increasing MgO
doping degree. This considerable difference concerning the observed reaction order of
CO; indicate that a more favorable CO; activation occurs on the stronger Lewis basic

sites of MgO-ZrO; catalysts.

It is of essential importance for catalysis to have a good understanding on the
elementary steps of CO, conversion. The nature of active intermediates on metal

oxides surfaces induced by CO, interaction was studied in previous research works.
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(51 On the surface of metal oxides, the interaction with CO, normally leads to
different activated forms of the C=0 bond, further resulting in the formation of
various carbonate species, i.e., non-coordinated, monodentate and bidentate carbonate
or bicarbonate. Nonetheless, the reactivity of those species or, more specifically, the
contribution of each species to the catalytic DMC formation, has not been reported
previously. In addition, MgO-ZrO, catalysts showed not only higher activities, but
also different kinetic behaviors compared to ZrO, and Al,O3-ZrO,. In order to analyze
the complex surface reactions enabled on the active sites, comparative
temperature-dependent IR measurements on the reactants adsorption and transient
formation of reactive intermediates were carried out between the most active

MgO-ZrO; catalyst and non-modified ZrO, catalyst.

First, to understand the elemental activation processes enabled on the catalyst surface,
in-situ IR studies on the methanol and CO, adsorption were performed. Figure 2-9

shows the IR spectra of adsorbed methanol under different measurement conditions.

The interaction of methanol with the active surface of ZrO, was investigated by
exposing ZrO, to methanol vapor for 30 min at 40 <C. The molecular adsorption of
methanol primarily occurred on the coordinatively unsaturated Zr**, a Lewis acidic
site located on the ZrO, catalyst surface, to form methoxide species having
characteristic bands at 2925 cm™ and 2825 cm™ (typical C-H stretching vibration
bands of a methoxide species). 2™ In addition to that, two small bands at 2940 and
2840 cm™ clearly indicated the presence of molecularly adsorbed methanol on ZrO,
surface. By analyzing the IR spectra recorded during temperature-programmed
evacuation of methanol-adsorbed catalyst surface at various temperatures, as noted in
Figure 2-9, it was possible to show that the intensities of the characteristic bands for
C-H stretching in methoxide species (2925 cm™ and 2825 cm™) were almost
unchanged over the selected temperature range under the conditions that the

physisorbed methanol was entirely removed. The same methanol activation process
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was observed in the case of both ZrO, and MgO-ZrO, catalysts.
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Figure 2-9 IR spectra of adsorbed methanol on ZrO, (a) and 12 % MgO-ZrO, (b)
(The inset in Figure 2-9 (a) shows the spectrum recorded immediately after methanol
dosage on ZrO,. Further spectra were recorded during the temperature programmed
desorption from 40 <T to 160 <TC.)
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The interaction of CO, with the active catalyst surface was investigated by exposing

ZrO,-based materials to CO, for 30 min at 40 <C. The IR spectra taken during

adsorption and evacuation on different catalysts are shown in Figure 2-10.
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Figure 2-10 IR spectra of adsorbed CO, on ZrO, (a) and 12 % MgO-ZrO, (b) (The
figure inset shows the spectrum recorded immediately after CO, adsorption on ZrO,.
Further spectra were acquired during the temperature programmed desorption at
temperature range between 40 <C and 160 <C.)

CO; adsorption on the ZrO, surface led to the formation of bidentate bicarbonate
species with characteristic IR bands at 1625 cm™, 1450 cm™ and 1325 cm™, as well as
to the transient formation of bidentate carboxylate species with a typical IR band at
1560 cm™. The band at 2350 cm™ indicated the presence of free molecular CO,. After
evacuation, the characteristic bands of transiently formed surface species, i.e.,
bidentate bicarbonate and bidentate carboxylate, were observed, while the band at
2350 cm™ corresponding to gas-phase CO, diminished. However, the intensities of
both bidentate bicarbonate and bidentate carboxylate species depressed considerably,
indicating a significantly lower stability on CO,-induced intermediates compared to
the surface methoxide. Moreover, the intensity of characteristic bands assigned to
bidentate bicarbonate species decreased more than that of the bands assigned to
bidentate carboxylate species, directly evidencing that bidentate bicarbonate has a
lower stability on ZrO, surface compared to the bidentate carboxylate. By analyzing

the IR spectra recorded during temperature-programmed evacuation of CO,-adsorbed
49



Chapter 2

catalyst surface at various temperatures (Figure 2-10), the intensities of characteristic
bands of the transiently formed intermediates in the range between 1700 cm™ and
1300 cm™ decreased with increasing temperature but still existed at high temperatures.
MgO doping resulted in a considerable increase in the CO, activation and formation

of stable bidentate bicarbonate species on the catalyst surface.
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Figure 2-11 IR spectra recorded after CO, adsorption on a methanol-saturated ZrO,
surface before (a) and after (b) evacuation at 10° mbar and 40 <T as well as IR
spectra recorded after methanol adsorption on a CO,-saturated ZrO; surface before (c)
and after (d) evacuation at 10° mbar and 40 <C

In a dynamic catalytic reaction, methanol and CO; are simultaneously present in the
reaction mixture. Therefore, it was of crucial importance to have IR measurements
designed to understand the formation of active species under real catalytic conditions.
In this respect, IR spectra were recorded when methanol or CO, was added in a
consecutive step after another reactant was already pre-adsorbed on the ZrO, surface.
In the case of a subsequent CO, addition to a methanol saturated surface, the new

bands at 1600 cm™, 1475 cm™ and 1360 cm™, corresponding to C=0 stretching, C—H
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bending and O—C-O stretching modes of surface MMC species were detected (Figure
2-11 (a)). It is important to note that the absence of a surface carboxylate directly
points to a competitive adsorption of methanol on those sites where carboxylate
formation is facilitated (coordinatively unsaturated Zr** in close proximity of a
surface -OH). In the case of a consecutive methanol addition to the CO, pre-treated
ZrO, catalyst, the rapid formation of MMC occurred. On the other hand, the initial IR
bands of the CO,-induced bidentate bicarbonate species’ characteristic IR bands
decreased, while those belonging to bidentate carboxylate remained almost unchanged
(Figure 2-11 (b)). This implies that, on the surface of ZrO, catalyst, solely bidentate

bicarbonate is involved in the formation of surface MMC species.

As one of the main mechanistic aspects, whether CO, participates in the reaction
following a Langmuir-Hinshelwood (LH) or an Eley-Rideal (ER) mechanism, there is
still no consensus reached. In one of the previous scientific reports, the authors stated
that the overall reaction of DMC formation from methanol and CO, over ZrO,
catalyst involves the direct reaction of adsorbed methanol with the non-activated CO,
from the gas phase. 28 In this case, the main intermediate, monomethyl carbonate,
can be formed by CO, insertion into the metal-oxygen bond of methoxide species
following an Eley-Rideal surface reaction mechanism. In the opinion of other
researchers, the LH mechanism would account better for the experimental
observations, i.e., CO, adsorbed on certain surface active sites is mainly involved in
MMC formation, although the active sites required for CO, adsorption and the
formation of active intermediates were not specified. > % In the present study, an
accurate analysis of all the experimental data revealed that MMC formation takes
place following LH model. This assumption is supported by the following fact that the
CO; chemisorption on the surface Lewis basic sites leads to the concomitant
formation of active intermediates, which are rapidly converted to MMC as methanol

is added.
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Figure 2-12 IR spectra of methanol addition to a CO,-saturated surface of ZrO, (a)
and 12 % MgO-ZrO, (b) catalysts

It is worth mentioning that, compared to ZrO,, in the case of MgO-ZrO,, the
characteristic bands of the transiently formed surface intermediates are shifted, due to
the different Lewis basic properties of the tested catalysts (Figure 2-12). In order to
investigate the stability of the surface species, temperature dependent gquasi-static IR
measurements were conducted following the evacuation of the selected catalysts. The
IR spectra of the MMC adsorbed on ZrO, and MgO-ZrO, catalysts (with bands
assigned to C=0 stretching, C-H bending and O-C-O stretching modes) recorded at

different temperatures are comparatively shown in Figure 2-13.
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Figure 2-13 IR spectra of surface MMC species on ZrO, (a) and MgO-ZrO, (b)
catalysts during temperature-programmed evacuation (Spectra from the top to the
bottom were recorded at gradually increased temperatures from 40 <C to 160 <C.
Surface MMC species was formed via methanol exposure to CO,-saturated surface.
All spectra were recorded in the absence of free molecular CO,.)
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As shown in Figure 2-13, following methanol addition to CO,-saturated ZrO,, the
formation of MMC species from bidentate bicarbonate and methanol takes place
rapidly. It is important to note that a conversion of bidentate carboxylate is solely
occurring in the case of more basic MgO-ZrO, catalyst. High temperature IR
measurements further indicate that MMC formed on active ZrO, surface under
reaction conditions (T = 160 <C) is not stable and quickly leads to the back formation
of the starting materials. Therefore, at high temperature, MMC on ZrO, was only
exists in the presence of free gas-phase CO, (Figure 2-14), required to shift the
adsorption equilibrium of CO, and enhance the formation of bicarbonate species. In
this case, the formation of the surface bidentate carboxylate was not affected by the
addition of free gas-phase CO, and was stable over the selected temperature range. In
the absence of gas-phase CO,, the stabilization of MMC was enabled only on the

active sites of MgO-ZrO, catalyst.

0.2 1560 cm? v:MMC
¢ @ : carboxylate
1600cm? 1360 cm™
S
S
@D
o
c
<
o
[
2
Q
<
1700 1600 1500 1400 1300

Wavenumber (cm)

Figure 2-14 IR spectra of surface MMC species on ZrO, with (top) and without
(bottom) gas phase CO, at 160 <C

Even if it has been experimentally confirmed that MMC is formed, following the
activation of both methanol and CO,, its further conversion to DMC is still not well
understood. In some previous contributions, MMC was similarly considered as the
main intermediate involved in the DMC synthesis. ** 3 However, in the case of

Zr0O,-CeO, mixed oxide catalyzed reaction, during a Ce®"/ Ce** redox catalytic cycle,
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a formate surface species was considered as a key intermediate in DMC formation. 2
In order to shed more light on the ZrO, catalyzed reaction, DMC was used as
adsorbate and the formation of surface active species was monitored by in-situ IR

measurements (Figure 2-15).
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Figure 2-15 IR spectra of ZrO, exposed to DMC (Spectrum (a) was recorded
immediately after exposure to DMC and spectrum (b) was recorded after exposure to
DMC followed by the evacuation of the system at 40 <C.)

The results obtained by careful analysis of the experimental data from IR
spectroscopic measurements confirmed that MMC co-exists in a dynamic equilibrium
with molecular DMC (characteristic IR band at 1580 cm™) on the surface. However, if
methanol and CO, were directly used as adsorbates, a rather low amount of DMC was
formed, and the only distinct DMC band at 1580 cm™ appeared only as a weak band
next to the main C=0 stretching band at 1600 cm™. It is important to note that the
simultaneously formed water, however, disturbs the IR spectral patterns. Thus, to
track DMC molecule formed in a forward reaction, the co-existence of water has to be
avoided. Therefore, in the next measurements, dimethyl ether (DME) was used as a
probe molecule. The IR spectrum after DME, CO, and methanol adsorption, as shown
in Figure 2-16, clearly demonstrates the co-presence of molecular DMC (1580 cm™)

with MMC, evidencing that MMC is the main intermediate in the DMC formation.
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Figure 2-16 IR spectrum of ZrO, catalyst after exposure of stepwise DME, CO; and
methanol

The chemical stability of the most active catalyst for the DMC synthesis was studied
by repeating the catalytic cycle for 6 times (Figure 2-17, and more results on stability

test are available in Section 2.7.6, Figure 2-25).
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Figure 2-17 MgO-ZrO, stability studied over 6 catalytic runs (Reaction conditions for
each reaction cycle: 12 % MgO-ZrO, catalyst, 39.6 g methanol, 10 g CO,, T =
160 <C.)

After each run of the catalytic reaction, the existence of homogeneous ZrO,-based
organometallic complexes was excluded based on the ICP-OES analysis (available in

Section 2.7.7).
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2.4 Discussion

Catalytic formation of DMC from methanol and CO, is a reaction with high atomic
economy. Among various metal oxide catalysts, ZrO, is particularly promising, owing
to its acidic / basic bi-functional properties. Elaborated experimental work on the
structure optimization of the metal oxides evidenced that it is possible to prepare
highly active ZrO,-based mixed oxide catalysts with long-term operational stability
by a simple co-precipitation method. Heteroatom modification of ZrO, stabilizes the
more active tetragonal phase of ZrO, and modulates the acidic / basic properties on
the surface (the comparison of different phases is available in Section 2.7.8).
Moreover, MgO doping leads to the formation of a homogeneous Mg-O-Zr solid
solution and an increase of surface basic sites which are essential for the activation of
a thermodynamically and chemically inert CO,. In contrast to MgO modification,
evidenced by XPS measurements, high Al,O3; addition to ZrO, resulted in the
formation of an amorphous monolayer on the outer ZrO, surface and caused a

decrease in the surface basic sites.

The catalytic transformation involves methanol adsorption, CO, activation, transient
MMC formation and its conversion to DMC followed by desorption. The formation
and release of water, another product molecule in this reaction, takes place during the
methanol adsorption as well as during MMC and / or DMC formation. Among all
elementary steps, the adsorption of CO, and MMC formation were identified as
possible rate determining steps (detailed discussion on rate determining step

identification is available in Section 2.7.12).

The adsorption of methanol primarily takes place on the Lewis acidic site of the ZrO,
catalyst. Adsorption of methanol occurs via its oxygen atom to the coordinatively
unsaturated Zr** cations, leading to the formation of stable methoxide (Zr-O-CHs) and
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the release of H,O following the consecutive protonation of a surface hydroxyl group
(the determination of coordinatively unsaturated Zr*" site and transformation of
hydroxyl group are available in Section 2.7.9 and 2.7.10, respectively). In addition to
that, Lewis basic sites (O center) could similarly contribute to the methanol
activation and formation of surface methoxide species. The proposed reaction
pathways of methanol adsorption and activation are shown in Scheme 2-3, which is in

accordance with previous publications. &% %!
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Scheme 2-3 Proposed methanol activation pathways on ZrO, catalyst

Detailed kinetic analysis along with results from IR spectroscopic studies evidenced
that the rapid methanol activation preferentially takes place on Lewis acidic sites
located on the catalyst surface, especially on the edge and terminal positions where
coordinatively unsaturated sites are located. Overall, the presence of surface Lewis
acidic sites is required for methanol activation, but it has no impact on the overall
reaction rate, since methanol activation (adsorption) is not a rate determining step and
has an observed reaction order of zero. Furthermore, based on the experimental
observation, the possibility of methanol activation on the Lewis basic site can be

completely ruled out.

In the second step, CO,, as a weak acidic molecule, is adsorbed on the Lewis basic

sites and leads to the formation of the bidentate carbonate and / or bidentate
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carboxylate as depicted in Scheme 2-4.
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Scheme 2-4 CO, adsorption on the ZrO, catalyst surface

Considering the binding possibilities of a carboxylate ion, the existence of the

following surface species can be assumed (Scheme 2-5).
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monodentate bridging bidentate bidentate chelating

Scheme 2-5 Coordination types of carboxylate ligands on the ZrO, catalyst surface (R
=-H, -CHg, etc.)

Furthermore, in the presence of basic surface terminal hydroxyl groups in close
vicinity of a Lewis basic site, the insertion of the CO, molecule into a reactive surface
hydroxyl bond and the subsequent formation of bicarbonate species might similarly
be favored on the surface. In this transformation, CO is activated by the basic 0%
center of a hydroxyl group, forming the [OH-CO;] adduct in the transition state which

is further converted into surface bicarbonate species, as depicted in Scheme 2-6. %!
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Scheme 2-6 CO, activation and formation of bicarbonate species

The stability of bicarbonate and bidentate carbonate on ZrO, is rather low, especially
at high temperature (160 <C). Therefore, under reaction conditions, the surface
coverage of reactive intermediates is low and directly proportional to the CO, partial
pressure. This situation is, however, different in the case of carboxylate intermediates.
Nevertheless, it is important to mention that the formation of carboxylate is
considerably hindered in a methanol abundant environment due to the preferred
competitive adsorption of methanol on the same active sites. These mechanistic
assumptions are strongly supported by the observed first order of CO,. The
modification of MgO in the ZrO, lattice enhances the electron density of the
neighboring basic 0%, favoring the CO, adsorption on the Lewis basic sites. The
observed slight depression of CO, reaction order with MgO-ZrO, catalysts can be
explained by the better accommodation and activation of CO, on the more and

stronger basic sites.

Immediately after intermediate surface-active compounds are formed, the driving
force for monomethyl carbonate (MMC) generation is the nucleophilic attack of the
oxygen atom of the activated methanol on the electrophilic carbon of surface
bicarbonate resulted after CO, activation (Scheme 2-7). Noteworthy, the concurrent

formation of water was also evidenced by the results of IR measurements (available in

59



Chapter 2

Section 2.7.11).
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Scheme 2-7 Surface reaction between adsorbed species of CO, and methanol

As evidenced by NH3-TPD, the strength of Lewis acidic sites of ZrO,-based catalysts
is weakened by MgO doping, so that the reactivity of the activated methanol is
considerably increased. This effect counts for the increased reaction rate in the case of
MgO-ZrO,. Moreover, with MgO maodification, the dynamic equilibrium between

bidentate bicarbonate and carboxylates is favored (Scheme 2-8).
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Scheme 2-8 Dynamic equilibrium between surface bidentate bicarbonate and
bidentate carboxylate species

In the case of bidentate bicarbonate, compared to bidentate carboxylate species, the
neighboring electronegative oxygen atom in the hydroxyl group makes the
electropositive carbon more susceptible for nucleophilic additions. Although bidentate
carboxylate species has almost no reactivity on ZrO, catalyst, by doping with MgO,
due to the strong electron donating ability of Mg?*, an increased electron density on
oxygen atom of the methoxide species is similarly able to further drive the surface

reaction.
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To further strengthen that MgO doping not only allows a better accommodation and
activation of CO,, but also enables a higher surface coverage concomitantly
contributing to the enhancement of the reaction rate constants, the overall rate of
DMC formation was normalized to the accessible Lewis basic sites where CO,

adsorption and following MMC formation occur (Figure 2-18).
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Figure 2-18 DMC formation from methanol and CO, over MgO-ZrO, catalysts
(Reaction conditions: 39.6 g methanol, 10 g CO,, 160 <C, total pressure 42 bar. The
reaction rate is normalized to the concentration of Lewis basic sites determined by
CO,-TPD.)

The results clearly evidence an increase in the catalytic activity with increasing MgO
modification degree (TOF for ZrO, is 1.23 h™*, while for 12 % MgO-ZrO, is 1.75 h™).
The influence of MgO doping on CO, involved surface reactions (possible rate
determining steps) was further evaluated by calorimetric measurements (Section
2.7.13, Figure 2-30). Compared to ZrO,, higher heats for the rate determining steps
were observed when MgO-ZrO, catalysts were used, suggesting that the rate
determining steps are energetically favored on MgO-ZrO,.
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It is observed from in-situ IR measurements that the interaction between methanol
molecule and surface MMC rapidly leads to the formation of DMC. Moreover, the
interaction between DMC molecule and an activated ZrO, catalyst is able to form
MMC on the surface. Thus, the DMC formation following the transesterification of
surface MMC species with methanol has been demonstrated. In the absence of a
vicinal surface -OH group, the protonation of the nucleophilic oxygen in methanol
molecule cannot be avoided. Therefore, it can be proposed that the release of CH3"
able to further react with the nucleophilic oxygen of the MMC directly bound to the
surface, leading to the formation of DMC and regeneration of initial active sites
(Scheme 2-9). This reaction mechanism is in agreement with previous work of P&pai

etal. [
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Scheme 2-9 DMC formation from MMC and methanol

The proposed overall mechanism summarizing the most important experimentally
evidenced reactions on the best performing MgO modified catalyst is presented in

Scheme 2-10.
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Scheme 2-10 Proposed reaction sequence for DMC formation on MgO-ZrO; catalyst

2.5 Conclusion

The rate of ZrO,-catalyzed DMC formation from methanol and CO, has been
considerably improved by using newly developed catalysts. It was proved that one
important aspect of an efficient catalyst is the concomitant presence of acidic and
basic sites on the active material surface. Homogeneous distribution of the new active
sites created by heteroatom (Al, Mg) insertion on a highly crystalline ZrO, surface
were proved to have an important impact on the optimization of the catalyst
performance. Critical parameters and key intermediates have been identified and
studied by using advanced spectroscopic techniques. It has been shown that new basic
active sites considerably favor CO, adsorption and activation on the surface.
Following methanol adsorption and formation of reactive methoxide species, MMC, a
key intermediate, is formed, following the reaction with a surface bicarbonate or
carboxylate accommodated on MgO-ZrO, surface. Higher activity of MgO-ZrO,

catalyst is attributed to the higher CO, coverage caused by stronger basic sites as well
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as to the higher efficiency of nucleophilic attack from oxygen to carbon.
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2.7 Appendix

2.7.1 Raman spectroscopy of different ZrO,-based catalysts

All the Raman spectroscopic measurements were performed with a Renishaw
spectrometer (Series 1000). After calibration of the spectrometer using a Si (111)
single crystal, Raman spectra were recorded with the use of green line of an argon-ion
laser (514.53 nm, 2.41 eV). For ex-situ measurement, the activated samples were
prepared over glass slits. Up to 10 accumulations between 100 and 4000 cm™ were
recorded for obtaining high signal-to-noise-ratio spectra. Raman spectra of ZrO,,

Al;03-ZrO; and MgO-ZrO, catalysts are shown Figure 2-19.
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Figure 2-19 Raman spectra of different ZrO,-based catalysts (a: ZrO,, b: 6 %
Aleg-ZfOz, c: 12 % MgO-ZrOz)

The Raman spectrum of ZrO, synthesized via precipitation method showed both
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characteristic bands of monoclinic and tetragonal phases. In contrast, Al,O3-ZrO, and
MgO-ZrO, showed only characteristic bands of the tetragonal phase. For all measured
ZrO,-based materials, the exclusive Raman band for cubic phase at 490 cm™ was not
observed, indicating that both Al,03-ZrO, and MgO-ZrO, present only tetragonal

phase. [*+2!

2.7.2 N, physisorption of synthesized catalysts

The specific surface areas and pore volumes determined from the N
adsorption-desorption isotherms at -196 <C by using Brunauer-Emmett-Teller method

are shown in Figure 2-20.
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Figure 2-20 BET surface areas (a: Al,O3-ZrO,, b: MgO-ZrO,) and pore volumes (c)
of synthesized ZrO,-based catalysts

Figure 2-20 (a) and (b) indicate that BET surface areas increase with increasing

heteroatom doping in the range 0 ~ 12 % for both Al,03-ZrO, and MgO-ZrO,.
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Moreover, the linear correlation between heteroatom modification ratio and the

extrapolated surface area for the simple mechanical mixture of Al,O3/ MgO and ZrO,

is similarly shown for comparison (dashed line in Figure 2-20 (a) and (b)).The surface

area of the catalysts synthesized by co-precipitation method with a heteroatom

fraction up to 12 % was obviously greater than that of the mechanical mixture of two

oxides. The significant increase on the surface area of Al,03-ZrO, catalysts shown in

Figure 2-20 (c) implies the formation of amorphous deposits with high porosity. In

contrast, no extra amorphous layer is formed in the case of MgO-ZrO, catalysts, and,

therefore, no change on the pore volume is observed.

2.7.3 Representative XPS spectra of synthesized ZrO,-based catalysts
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Figure 2-21 XPS spectra sample of ZrO,-based catalysts
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2.7.4 LAS concentration on ZrO,-based catalysts determined by IR spectra of

adsorbed pyridine

0.6
A Al,05-Zr0, A
e MgO-Zr0, /
/
5045 /
o /
—_— /
o e
A
- U
~ 034 °
g [ M S e
w
L
©
'S 0.15 A
<
0 T T
0 5 10 15

Heteroatom modification degree (%)

Figure 2-22 LAS concentration on ZrO,-based catalysts determined by IR spectra of
adsorbed pyridine

2.7.5 Determination of reaction orders on different ZrO,-based catalysts

For the determination of the reaction order, the formula shown in Eq. 2-1 was used.

d[DMC]

T T

= k [MeOH]% [CO,]

Eq. 2-1

Reaction orders of both reactants, i.e., methanol and CO,, were determined by using
the double logarithmic plots of the initial rates of DMC formation vs. the starting

concentrations of the respective reactant (Figure 2-23 and 2-24).
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Figure 2-23 Determination of methanol reaction order on Al,03-ZrO, (a) and
MgO-ZrO, (b) catalysts (Reaction conditions: T = 160 <C, 10 g CO,, methanol
amounts vary from 25 g to 40 g.)
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Figure 2-24 Determination of CO, reaction order on Al,O3-ZrO; (a) and MgO-ZrO,
(b) catalysts (Reaction conditions: T = 160 <C, 39.6 g methanol, CO, amounts vary
from5gto12g.)

2.7.6 Stability test for MgO-ZrO, catalyst under different conditions

To test the stability of the prepared catalysts under different reaction conditions, the
catalytic reaction was performed using different approaches. In the stability test, 0.1 g
fresh prepared MgO-ZrO, (12 % doping) catalyst was loaded in the autoclave and
39.6 g methanol were added. In the following step, the reactor was purged by N, (10

bar, 5 times) in order to avoid possible complications caused by the presence of
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oxygen. As soon as the temperature of the reactor reached 160 <C, CO, was
introduced by a syringe pump and the stirring was started. During the reaction, new
portions of CO, were fed several times with the interval of 5 hours, leading to an
overall increase of pressure. The measured rate of DMC formation was compared
with the rate of the reaction where fresh catalysts were used (Figure 2-25). The
pressure increase during repeated CO, addition is similarly shown in Figure 2-25. It is
also worth mentioning that the catalyst amount was very small, the DMC yield was
below 0.1 % and the overall catalytic reaction was conducted far away from the
equilibrium level so that measured reaction rate was not affected by the

thermodynamic constrains.
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Figure 2-25 Stability test on MgO-ZrO, catalyst (a: Reaction rate is normalized by
the rate obtained with the use of fresh catalyst under the same conditions. b: The
pressure change during the stability test is accordingly presented.)

The stability tests clearly evidence that the catalytic activity of MgO-ZrO, is not
depressed under various reaction conditions, demonstrating the excellent stability of

the material.

2.7.7 Results of ICP-OES measurements

The results from ICP-OES measurements showed that Zr** concentration in liquid
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phase was under the detection limit (10 weight fraction). The results support that

DMC is formed in a direct heterogeneous catalyzed reaction of methanol and CO,.

2.7.8 Activity comparison of different ZrO, phases

To examine the effect of zirconia phase on the performance of ZrO, for DMC
synthesis from methanol and CO,, mixed phase and pure phase ZrO, catalysts were

synthesized.

Pure-phase monoclinic ZrO, was prepared by solvo-thermal method according to the
procedure described in reference. B For synthesis of pure monoclinic ZrO,, zirconyl
nitrate and urea were dissolved into water, resulting 80 mL solution with
concentration of zirconyl nitrate and urea of 0.4 and 4 mol L™, respectively. Then the
prepared solution was sealed in a Teflon container with volume of 100 mL adapted
inside a stainless steel autoclave and kept at 160 <T for 20 hours. During the
solvo-thermal treatment, precipitate was formed under self-generated pressure and pH.
After that, recovered precipitate was washed several times with deionized water, dried
and calcined at 400 <C in synthetic air (1 < min™ ramp). Pure-phase tetragonal ZrO,
was obtained in a methanol solution following the same procedure as described above.
The isolated precipitate was washed with methanol and calcined at 400 <C in N,

atmosphere (1 < min™ ramp).
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Figure 2-26 Powder XRD patterns of pure-phase ZrO,

The formation of pure-phase ZrO, under synthesis conditions is evidenced by XRD
patterns as shown in Figure 2-26. Their catalytic performance was tested with the
procedure described in experimental section (T = 160 <C, 39.6 g methanol, 10 g CO,).
The rate of DMC formation was determined as 0.09 mmol gca{l h* for monoclinic
ZrO, and 0.40 mmol gea - h™ for tetragonal ZrO,. Since the acidic / basic properties of
these two phases of ZrO, are quite similar, ! this difference in the observed catalytic
activity is attributed to the better accessibility of the active sites located in tetragonal

crystalline arrangement.

2.7.9 Characterization of surface Lewis acidic sites on ZrO, and MgO-ZrO, catalysts

For more detailed characterization of ZrO,-based catalysts’ Lewis acidity, IR
spectroscopy with adsorption of CO as a probe molecule was applied. CO is a weak
basic molecule. Its interaction with either the Lewis acidic zirconium cation or
hydroxyl group was investigated. ™) In this chapter, the use of IR spectroscopy of CO

adsorption is to further elucidate Lewis acidic site from methanol activation.
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Figure 2-27 The IR spectroscopy of ZrO, (a) and MgO-ZrO, (b) catalysts with CO
adsorption

In the IR spectra of different ZrO,-based catalysts with CO adsorption, the band at ~
2193 cm™ and another shoulder band at lower wavenumber (~ 2180 cm™) were
observed (Figure 2-27). The band at ~ 2193 cm™ is the finger print of coordinatively
unsaturated Zr** (Lewis acidic sites). Furthermore, the wavenumber of CO vibration
bands indicates the strength of this Lewis acidity. MgO-ZrO, showed no difference
compared with ZrO, (ZrO, ~ 2193 cm™, MgO-ZrO, ~ 2192 cm™). Therefore, the
Lewis acidity of MgO-ZrO, is also entirely contributed by coordinatively unsaturated
Zr**. In addition, the shoulder bands at lower wavenumbers indicate the existence of
terminal hydroxyl groups which interacts with adsorbed CO, as shown in Scheme

2-11 (vibration mode 2).

I
_»CO T ibration mode 1)
Zr/O\Zr/O\Zr Zr/o\ﬁr/O\Zr vibre
O.
[ P|I
. /O\Zr _OH &, 7 /O\ér _0 (vibration mode 2)

Scheme 2-11 Two different CO vibration modes of CO adsorbed on coordinatively
unsaturated Zr** (The wavenumbers of IR bands attributed to mode 1 and 2 are ~
2193 and ~ 2180 cm™, respectively.)
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2.7.10 Change on surface hydroxyl group during methanol adsorption
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Figure 2-28 IR spectra of adsorbed methanol on ZrO, (a) and 12 % MgO-ZrO, (b)
(Presented spectra are the results of subtracting the spectra following methanol
adsorption from the spectra before methanol addition, A: surface hydroxyl group.)

IR spectra during methanol adsorption in the range of 3900 cm™ ~ 3600 cm™ are
shown in Figure 2-28. The consumption of surface hydroxyl groups is evidenced by

the inverted characteristic bands in this range.

2.7.11 Experimental evidence of water formation during MMC formation

In IR spectroscopy, the signal of O-H stretching vibration in the range of 3000 ~ 3500
cm™ is used for the characterization of water formed during surface reactions.
However, in this spectral region, the contribution of the hydroxyl groups needs to be
similarly considered. Therefore, methanol was solely introduced into the IR cell to
enable the interaction with ZrO, catalyst. The same amount of catalyst was interacted
with CO, followed by methanol addition, in order to mimic the formation of surface

MMC. The results of these two measurements are shown in Figure 2-29.
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Figure 2-29 Comparison on water formation between methanol interaction and MMC
formation on ZrO; catalyst (Red: IR spectrum of methanol addition to a CO,-saturated
surface of ZrO,. Black: IR spectrum of methanol addition to activated ZrO, followed
by desorption. All spectra were recorded at 160 <C.)

Since the amount of catalyst for the two measurements was identical, it is not
surprising that the intensities of the bands at 3775 (surface hydroxyl group), 2925 and
2825 cm™ (surface methanol-induced species) were close to each other. In contrast, in
the range of 3000 ~ 3500 cm™, two recorded spectra showed a huge difference on
intensity. The intensity of IR line recorded after MMC formation is almost as high as
twice the intensity of the methanol induced species. The explanation for this
observation is the additional water formed during MMC formation. Noteworthy, the
different IR band intensities of C-H stretching in the range of 2700 ~ 3000 cm™ on
different spectra are due to different molar extinction factors of different surface

species, based on the results of previously performed calibration.

2.7.12 Rate expression derivation of different elementary steps

In order to establish the correlation between surface properties and observed catalytic
activity, the overall assumption was made as that all tested ZrO,-based catalysts have

to be operated under the same kinetic regime, i.e., the same surface reactions are
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taking place with comparable rates in the assumed reaction sequence. The rationality
of the above assumptions is based on the similarity of measured kinetic parameters
and detected surface species. It is further assumed that all methanol-involved
intermediates are accommodated on surface Lewis acidic sites. CO, adsorption is,
however, opposite to methanol, enabled on the surface basic sites and is relatively
weak. Therefore, it can be assumed that the surface coverage of methanol is

considerably higher compared to that of CO,.

In order to identify the rate determining step, a steady state assumption was made. In
this respect, we assumed that the overall rate of DMC formation is identical with the
rate of the slowest reaction step (rate determining step). For an accurate analysis, the
rate each step was presented compared with the experimental determined rate

expression.

In the overall catalytic transformation, following 5 elemental steps were considered.

Methanol adsorption: MeOH + LASempy = MeOH-LAS (Step 1)
CO, adsorption: CO; + LBSempty = CO,-LBS (Step 2)
MMC formation: MeOH-LAS + CO,-LBS = MMC-LAS (Step 3)
DMC formation: MMC-LAS + MeOH = DMC-LAS (Step 4)
DMC desorption: DMC-LAS =DMC + LAS (Step 5)

The rate of step 1 can be expressed as Eq. 2-2.

Eq. 2-2
Here [LASempty] represents the concentration of unoccupied Lewis acidic site specific

for methanol adsorption.
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Based on the Langmuir’s model, the concentration of unoccupied Lewis acidic site

can be formulated as Eq. 2-3.

[LASempty] = (1 + K; [MeOH])™!

Eq. 2-3

Therefore, the rate of methanol adsorption will become ry in Eq. 2-4.

r, = k, [MeOH] (1 + K, [MeOH])!
Eq. 2-4

Based on the investigation of in-situ IR measurements, the methanol coverage is high
(K1 [MeOH] >> 1, Figure 2-9). Therefore, r; reduces to a constant k; Ki™
independent by the concentration of methanol and CO, in the mixture. Under the
circumstances, this would imply an observed reaction order of 0 for both reactants
(methanol and CO,), being in contradiction with current experimental results (Table

2-3). Therefore, step 1 methanol adsorption is not RDS.

The rate of step 2 can be formulated as shown in Eq. 2-5.

r, = ky [COZ] [LBSempty]
Eq. 2-5

Here [LBS] represents the concentration of unoccupied Lewis basic site specific for

CO; adsorption.
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Based on the Langmuir’s model, the concentration of unoccupied Lewis basic site can

be calculated as Eq. 2-6.

[LBSempty] = (1+ K, [CO,])™*

Eq. 2-6

Therefore, the rate of CO, adsorption will become r; in Eq. 2-7.

ry; = ky [CO,] (1 + K, [CO,D!
Eq. 2-7

Based on the investigation of in-situ IR measurements that CO; is low (K, [CO,] << 1,
Figure 2-10). Therefore, r; reduces to k, [CO,]. In this case, it can be assumed a zero
order for methanol and a first order for CO,. This form is in agreement with the
experimentally determined rate expression, so that step 2 is considered as a possible

RDS, limiting the overall DMC formation.

The rate of step 3 is shown in Eq. 2-8.

Eq. 2-8
Here LAS-MeOH and LBS-CO, represent the active sites where methanol and CO,

were adsorbed, respectively.

Based on the Langmuir’s model, the concentration of Lewis acidic site occupied by

methanol and the concentration of Lewis basic site occupied by CO; can be calculated

79



Chapter 2

as Eq. 2-9.

[LAS — MeOH] = K; [MeOH] (1 + K; [MeOH])™*
[LBS — CO,] = K, [CO,] (1 + K, [CO,])7?!

Eq. 2-9

Under the above assumptions of high surface coverage on LAS (K; [MeOH] >> 1,
Figure 2-9), [LAS-MeOH] will become equal to 1. In contrast, low coverage on LBS
(K2 [CO,] << 1, Figure 2-10) leads to that [LBS-CO;] will reduce to K, [CO,]. Under
this condition, the rate of step 3 reduces to ks K, [CO,], implying a zero order for
methanol and a first order for CO,, in good agreement with experimentally
determined reaction orders. Thus, step 3 is similarly considered as a possible RDS,

limiting overall DMC formation.

The rate of step 4 can be presented as Eq. 2-10.

r, = k, [LAS — MMC] [MeOH]
Eq. 2-10

Here LAS-MMC represents Lewis acidic sites where MMC is formed.

The concentration of LAS occupied by MMC is proportional to the concentration of

LAS-MeOH and LBS-CO,. Therefore, the rate expression will become r4 in Eq. 2-11.

7. = k4 K5 [LAS — MeOH] [LBS — CO,] [MeOH]

Eq. 2-11

Under the conditions of high coverage of methanol on LAS and low coverage of CO,
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on LBS (Figure 2-9 and 2-10), [LAS-MeOH] reduces to 1 while and [LBS-CO,]
reduces to K, [CO,], so that Eq. 2-11 further reduces to r4 in Eq. 2-12.

T'4 = k4 KZ K3 [MeOH] [COZ]
Eq. 2-12

As shown in Eq. 2-12, the rate expression of step 4 would imply a first order for both
reactants. This is in contradiction with experimentally determined reaction orders.

Therefore, step 4 is not considered as the RDS.

The rate of the last step (step 5) is rs in Eq. 2-13.

r5 == k5 [LAS - DMC]
Eq. 2-13

Here LAS-DMC represents DMC adsorbed on Lewis acidic sites.

The concentration of DMC adsorbed on Lewis acidic sites is proportional to the
concentration of MMC adsorbed on Lewis acidic sites and of methanol (derived from

step 4).

[LAS — MeOH] = K; K, [LAS — MeOH] [LBS — CO,] [MeOH]
== Kz K3 K4_ [MeOH] [COz]

Eq. 2-14

The rate expression for step 5 becomes Eq. 2-15.

s = kS KZ K3 K4 [MeOH] [COZ]

Eqg. 2-15
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In this formulation, both reactants have a first order correlation to the rate of step 5, in
contradiction with experimentally determined rate expression. Therefore, step 5 is not

considered as the RDS.

A general overview of the estimated reaction orders are shown in Table 2-4.

Table 2-4 Estimated reaction orders in different elementary steps

Elementary step Methanol order CO, order
Methanol adsorption 0 0
CO; adsorption 0 1
MMC formation 0 1
DMC formation 1 1
DMC desorption 1 1

Compared to experimental results, the rate determining step is concluded to involve
CO;, adsorption and / or surface reaction (MMC formation). From Kinetic parameters,
among steps of CO, adsorption and surface reaction, it is difficult to distinguish which

of these two reactions presents a higher limitation to the DMC formation.

In previous contributions, it was proposed that the CO, insertion into the surface
methoxide species leads to MMC formation and is one single rate determining step, ™
or it is considered that CO, competitively adsorbed with methanol and the consecutive

surface reaction is the rate determining step. 7

Concerning the CO, adsorption (step 2 in the proposed model, Eg. 2-5), as CO; is

rather an acidic molecule and a more basic MgO-ZrO, would have a higher affinity to
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COg, an acceleration of the reaction (higher k;) is expected as compared to a ZrO,
catalyzed reaction. Since CO, coverage is rather low, the concentration of empty LBS
nearly equals to the concentration of total LBS. In the case of MgO modified material,
an increase of the sites are observed (Figure 2-7). These two factors have an impact
on the overall reaction rate under the assumption that CO, adsorption is the rate
determining step. In addition, the slight depression of CO, reaction order with
increasing MgO modification degrees can be explained by larger CO;, coverage

caused by stronger basic sites.

Concerning the step of MMC formation (step 3), as shown in Eqg. 2-8, the
concentration of methanol occupied LAS is the same for ZrO, as well as for
MgO-ZrO, catalysts. Concerning the CO, adsorption, compared to ZrO, catalyst,
MgO-ZrO; has larger fraction and stronger basic sites, so that [LBS-CO;] becomes
larger for MgO-ZrO,. The surface reaction is driven by the nucleophilic attack from
an oxygen atom of methoxide species on a carbon atom of adsorbed CO,. As
evidenced by NH3;-TPD measurements, Lewis acidity of ZrO,-based catalysts is
weakened by MgO doping, so that the coordinatively unsaturated electropositive
metal has less affinity for the electrons of a nucleophilic oxygen atom in methoxide
species and the surface reorganization becomes favored. This effect indicates that the
rate constant ks becomes larger. Therefore, the overall reaction rate is similarly

enhanced.

Summarizing the observations made related to the two CO; involved reaction steps, it
is argued that CO, adsorption and subsequent surface reactions have similar impacts
on the overall reaction kinetics. Furthermore, MgO doping results in the generation of
new and stronger Lewis basic sites on ZrO, catalyst surface, and has a positive effect
on both steps. In the present study, the CO, coverage on MgO-ZrO, catalyst is
predominantly higher, thus, cannot be neglected, since a slight depression of CO,

reaction order has been observed by increasing the MgO content in the catalyst. This
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observation further supports the LH mechanism in CO, involved surface reaction.

2.7.13 Calorimetric study on rate determining steps

Prior to the surface reaction, the catalyst surface is saturated by dimethyl ether (DME),

in order to generate surface methoxide species and to avoid water formation. After

removal of physisorbed species, CO, is contacted with DME-saturated catalyst.

During this procedure, the CO, adsorption and formation of bicarbonate / carboxylate

along with MMC occur simultaneously on the surface. The gained calorimetric results

are the combined effects of these two elementary steps.
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Figure 2-30 Example of fitted Langmuir isotherm (a), average reaction heats (b) and
uptake of interaction (c) between CO, and DME-saturated surfaces on different
ZrO,-based catalysts (A: MgO-ZrO,, @: Al,05-ZrO,)

The surface interactions follow Langmuir’s model on all measured catalysts. One

example of fitted results by Langmuir’s isotherm is shown in Figure 2-30 (a). The
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comparison of average reaction heat for this surface interaction as well as the CO;
uptake capacity on DMC saturated surface over different catalysts are shown in
Figure 2-30 (b) and (c). The experimental observations clearly demonstrates that the
reaction heat increases with MgO doping while decreases with Al,O3 doping. In
addition, the DME saturated surface of MgO-ZrO, has larger CO, capacity than ZrO,
catalyst. These phenomena suggest that the rate determining steps are more favored

on MgO-ZrO,, which is in agreement with kinetic and spectroscopic investigations.
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Chapter 3

Mechanism of MoO; catalyzed transesterification of
DMC with phenol: evidence for highly active

nanocrystalline phase for selective DPC formation

Nanocrystalline MoO3 clusters on porous SiO, exhibit the highest catalytic activity
and the best chemoselectivity for transesterification of DMC with phenol. For
transesterifcation, the catalyst yields a TOF of 51 h™ and a chemoselectivity to methyl
phenyl carbonate of > 99 %. The superior catalytic performance is attributed to a
cooperative effect between the highly dispersed nanocrystalline MoOj clusters for
DMC activation and unique surface properties of MoOs-SiO, with a high
concentration of Mo-O-Mo sites on the catalyst surface. The high chemoselectivity is
mainly governed by the high dispersion of the mild Lewis acidic and basic sites of
nanocrystalline MoOj3 on the support responsible for the preferential adsorption and
activation of DMC via carbonyl group. Reactivity data confirm the competitive
adsorption of DMC and phenol, leading to the formation of an asymmetrical

carbonate species as key intermediate in the transesterification reaction.
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3.1 Introduction

With the increasing concern about the energy and environmental issues originating
from current chemical processes, the development of sustainable and green chemical
processes for the synthesis of polycarbonates is highly required. Polycarbonates (PCs)
are, due to their unique physicochemical properties, widely employed as an
engineering plastic in various applications, such as electronic appliances, optical lens
and medical equipment. PCs can be produced via transesterification of bisphenol-A
with diphenyl carbonate (DPC), without the use of toxic and corrosive reagent
phosgene. In order to go beyond “traditional” chemical engineering, scientists are
continuously working on novel concepts and techniques that potentially could
transform the DPC synthesis into an environment-friendly sustainable phosgene-free
process. * ~4 In this respect, DPC was synthesized via a two-step reaction starting
from phenol and dimethyl carbonate (DMC). Transesterification of DMC with phenol
primarily leads to the formation of methyl phenyl carbonate (MPC), a key
intermediate in the DPC process. The further activation of MPC on Lewis acidic sites
(LAS) facilitates the following disproportionation reaction and leads to the selective
formation of DPC. Brensted acidic sites (BAS) and strong LAS catalyze alkylation,
while surface basic sites favor decarboxylation reactions, overall enabling the
formation of anisole and cresol isomers. ¥ The proposed reaction network that could

count for all the assumed products and by-products is depicted in Scheme 3-1.
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The main pathway of DPC synthesis (the 1% step transesterification to MPC followed
by the 2" step disproportionation to DPC in Scheme 3-1) is an equilibrium
constrained reaction (equilibrium constant K < 10 at a temperature range of 160 ~
180 <C). From thermodynamic point of view, the presence of methanol, as the
co-product in the reaction mixture (Scheme 3-1), limits the overall yield of MPC and
DPC. In order to overcome this limitation, the methanol content in the reaction
mixture needs to be continuously reduced. Compared to the disproportionation of
MPC, the reaction between phenol and DMC is more critical, owing to its lower
equilibrium constant (K < 10 for the 1% step transesterification while K ~ 0.1 for
disproportionation of MPC). ' From kinetic point of view, both reaction steps are
enabled on surface LAS, although the operational conditions which favor the two
reactions might differ from each other due to thermodynamic concerns. © " Therefore,
studies on the critical parameters influencing the first transesterification step are

mandatory for understanding the catalysis.

The transesterification of DMC with phenol can be enabled by either homogeneous or
heterogeneous Lewis acid catalysts. In this respect, several remarkable homogeneous
Lewis acid catalysts were reported for their high activity and selectivity. ¥ ! Among
all homogeneous catalysts, (C4Hg),SnO is the most representative one, due to its
excellent catalytic performance and stability. 1> *! In parallel with the development of
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homogeneous catalysts, various heterogeneous catalytic materials like MoO3/SiO,, 7]
TiO/SiO,, P ¥1V,0s/Si0,, 1 PhO/MgO P! and CeO,-based mixed oxides ™ were
also reported for the transesterification of DMC with phenol. Based on the outcome of
scientific research, it is known that transition metal oxides with mild surface acidic /
basic sites are suitable candidates of heterogeneous catalysts for the transesterification
of DMC with phenol. Strong BAS or LAS favorably catalyze the alkylation reaction
between phenol and DMC, while strong basic sites accelerate the decarboxylation of
MPC (Scheme 3-1). Both alkylation and decarboxylation pathways lead to the
formation of the main by-product anisole and its isomers on a thermodynamically
favored pathway. However, in-depth kinetic and mechanistic studies of heterogeneous
catalysts for this reaction are not available yet. Due to the mild acidic and basic
properties of the active sites of MoOs;, MoOj3 supported on SiO, was reported as
suitable transesterification catalyst presenting high activity and selectivity.
Therefore, it is important to investigate the catalytic transesterification at molecular
level, in order to understand fundamental activation processes and to design a new

energy-efficient catalytic process.

In this chapter, MoO3; was prepared by using various supports with different surface
acidic / basic properties and tested for the transesterification reaction of DMC with
phenol. By correlating the structural analysis data and the catalytic performance, it
was shown that the high concentration and high dispersion of Mo-O-Mo sites in
nanocrystalline «-MoOg clusters are stabilized on the SiO, support, contributing to
the favored adsorption and activation of DMC via carbonyl group. Based on detailed
kinetic results and in-situ spectroscopic measurements, it was possible to identify
main reaction steps that would count for the DPC formation. The reaction involves the
competitive adsorption of both reactants (phenol and DMC) on Lewis acidic sites,
resulting in the formation of an asymmetrical carbonate species, the key intermediate

in DPC formation.
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3.2 Experimental

3.2.1 Catalysts preparation

3.2.1.1 Preparation of MoO3-based catalysts on different supports

MoO; catalysts deposited on oxide supports with various structural and chemical
properties, i.e., Al,O3, CaO, ZrO, and SiO,, were prepared by wet impregnation
method. For synthesizing supported MoO; materials (20 wt. %), 1.23 g of
(NHg)sM07024 -7 H,O were dissolved in 50 mL water (pH = 7.5 at 25 <C).
Afterwards, 4 g of support were added to the aqueous solution under continuous
stirring. The resulted blue suspension was then stirred for 4 hours at 80 <C till a
homogeneous gel was formed. Finally, the obtained gel was dried at 120 <C overnight
and calcined for 6 hours at 500 <C in air. For comparison, non-supported MoO3
catalyst was also prepared by pyrolysis of (NH4)sMo07024 -7 H,O for 6 hours at
500 <C.

3.2.1.2 Preparation of MoQO3/SiO, catalysts with different MoOj3 loadings

Following the synthetic approach described in Section 3.2.1.1, a series of M0Os-SiO,
catalysts with loadings of 1 ~ 20 wt. % were prepared by using various amounts of

(NH4)6M07024 -7 H>,O and S|02

3.2.1.3 Preparation of 20 wt. % MoO3/SiO, catalysts at different calcination

temperatures

Following the synthetic approach described in Section 3.2.1.1 and 3.2.1.2, 5 portions
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of homogeneous (in sum ca. 50 g) gel mixture of (NH;)¢M0;0,4 -7 H,O and SiO,
were prepared. After drying the gel mixture, the 5 aliquots were calcined in air for 6

hours at 300, 400, 450, 500 and 600 <C, respectively.

3.2.2 Catalytic reaction

The transesterification reaction of DMC with phenol was carried out in a stainless
steel autoclave (Parr instrument) with an inner volume of 300 mL. In a standard
catalytic reaction, 0.1 g MoOs-based catalyst (synthesized with different supports,
different loadings and at different calcination temperatures), 11.4 g phenol and 109 g
DMC (substrate / catalyst = 1200 in weight) were suspended in the autoclave at
ambient temperature. The autoclave was then sealed and purged with N, for several
times before heating. After the reaction temperature was reached (160 <C, monitored
by the reactor controller Parr 4848), rigorous stirring (700 rpm) was started. For
product analysis, aliquots of filtered samples were taken at short time intervals (5 ~ 20
min). The composition of the reaction mixture was determined by GC (Shimadzu GC
2010 plus) equipped with a capillary column (Optima 35 MS). For analysis, the
column temperature was set to 90 <C and the samples were measured by using a

temperature ramp of 15 <C min™.,

For a better understanding on the complex reaction network, the MoOs-catalyzed
transesterification was similarly performed by using different fractions of phenol and

DMC at identical substrate to catalyst ratio.

3.2.3 Catalyst characterization

In order to determine the BET specific surface area of synthesized MoOs-based

catalysts, N, adsorption-desorption measurements were performed with a Sorptomatic
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1990 Series instrument. In all the cases, the samples were activated in vacuum at
300 <C for 2 hours before measurements. The adsorption-desorption processes were

conducted at -196 <C.

The crystal structure of synthesized materials was analyzed by X-ray diffraction
measurements. Philips X’Pert Pro diffractometer equipped with an X’celerator
module using Cu-K« radiation operating at 40 kV / 45 mA was applied. The samples

were measured with a scan rate of 3°min™ from 5°to 70°(26).

Raman analysis was performed with a Renishaw spectrometer (Series 1000). After
calibration of the spectrometer using a Si (111) single crystal, all the Raman spectra
were recorded by using the green line of an argon-ion laser (514.53 nm, 2.41 eV). For
ex-situ measurement, the activated samples were prepared over glass slits. 1 ~ 10
accumulations of Raman shift between 100 and 4000 cm™ were recorded for
obtaining high signal-to-noise ratio. In-situ Raman spectra were recorded from
materials placed between quartz wool in a quartz reactor with an inner-diameter of
1.62 mm by using the same parameters as described above. In order to remove the
pre-adsorbed small molecules from the sample, the materials were activated under
inert conditions (N, atmosphere) for 1 hour at 150 <C. During the in-situ measurement,
vapors of the liquid adsorbates (e.g., DMC) were introduced into the reactor by using

N, as a carrier gas.

IR spectroscopy of adsorbed pyridine was used to determine the concentration of
Brensted and Lewis acidic sites (BAS and LAS). The samples were pressed into a
thin self-supporting wafer and activated for 1 hour at 450 <C in vacuum. Prior to
pyridine adsorption, the background spectrum was recorded by an IR spectrometer
(Perkin-Elmer 2000) with resolution of 2 cm™. Subsequently, the activated samples

were exposed to pyridine vapors at pressure of 0.1 mbar for ca. 1 hour at 150 <C.
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After evacuation for 0.5 hour to remove physisorbed pyridine, another spectrum was
recorded. The bands at ca. 1540 cm™ and 1450 cm™ were used for characterization of
BAS and LAS, respectively. After that, the adsorbed pyridine was desorbed by
evacuation at elevated temperature (450 <C), in order to evaluate the strength of

surface acidic sites.

In order to study the surface chemistry and to identify intermediates involved in the
various elemental steps, in-situ vacuum IR spectroscopic measurements (Bruker
ISF88) were performed. Prior to measure, all the samples were pressed into thin
self-supporting wafers and activated under vacuum (p = 10 mbar) for 1 hour at
450 <. DMC and MPC were used as adsorbates for the identification of in-situ
formed intermediates on the catalyst surface. The temperature-dependent IR
measurements, in this study, were performed under quasi-steady state conditions.
Based on experimental data, a temperature ramp of 1 < min™ was determined as
suitable for the present catalytic system. In a typical temperature-dependent IR
measurement, the catalyst was first treated with the respective adsorbate(s). The
system evacuation was initiated as soon as the expected intermediate was formed. IR
spectra of treated catalyst were continuously recorded at short time intervals (5 min)
till the steady state conditions were reached. The heating program was then started

with a ramp of 1 <C min™ under evacuation (p < 10™ mbar).

3.3 Results

3.3.1 Physico-chemical properties of MoO3 catalysts

In an initial effort to establish the correlation between catalytic performance and

active catalyst surface, all the synthesized MoO3/SiO, materials were analyzed by
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using spectroscopic characterization techniques including N, physisorption (BET),

powder X-ray diffraction (XRD), Raman and infrared (IR) spectroscopy.

For MoOg catalysts supported on Al,0O3, CaO, ZrO, and SiO,, the BET surface area
was in the range of 100 ~ 200 m? g, much larger than that of unsupported MoOs
catalyst (ca. 5 m? g'), indicating that the support with high surface area provides a
porous structure for accommodation of MoOs particles. It was revealed that 1 ~ 5 wt. %
loading of MoOj3 on the SiO; support results in an obvious depression of surface area,
while the specific surface area of MoO3/SiO, catalysts with higher loadings (5 ~ 20
wt. %) was almost constant (~ 180 m? g*). Another significant depression of the BET
surface area was observed at loading higher than 20 wt. % (Section 3.7, Figure 3-11
(a)).The total volume of macro- and mesopores almost kept constant in the range of 1
~ 20 wt. % MoOj3 loadings (Section 3.7, Figure 3-11 (b)), while a depression of the

micropores volume happened at loadings of 1 ~ 5 wt. %.

In order to analyze the stabilization of MoO3 particles supported on SiO; in detail,
information on crystallinity is required. In this respect, XRD measurements were
performed on all prepared MoO3/SiO, materials and typical XRD patterns are shown

in Figure 3-1.
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Figure 3-1 XRD patterns of 1 ~ 20 wt. % MoO3/SiO; calcined at 500 <T (a) and 20
wt. % MoO3/SiO; obtained at different calcination temperatures (b)
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For comparison, the XRD pattern of pure SiO; is included. The patterns show the
amorphous nature of the material at low MoO3 loadings. At low loadings (< 5 wt. %),
no characteristic diffraction peaks of crystalline MoO3; were detected in the XRD
spectra of MoOs/SiO, (Figure 3-1 (a)). At higher loadings (> 5 wt. %), characteristic
diffraction peaks of crystalline MoO3 were observed at 23.3, 25.6, 27.3, 33.7, 38.8,
49.3 and 55.2 degree (26). It is well known that crystalline MoO3; exhibits an
orthorhombic (e-M00O3) and a metastable monoclinic (5-MoOs) crystal phase. [18. 9]
At high MoOs loading degree (10 ~ 20 wt. %), the presence of o-MoO; with a
characteristic diffraction peak at 12 degree (26) corresponding to the (020) crystalline
phase was identified. The most probable impurity, MoO,, was not observed for any of
the materials. *? Post-synthetic thermal treatments on 20 wt. % MoO3/SiO, favored
the formation of o-MoO; following the dehydration of S-MoOs. Y As shown in
Figure 3-1 (b), the crystallinity of MoO3/SiO, calcined at temperature range of 400 ~
500 <C is considerably higher than that of the materials calcined at lower temperature
(300 <), as indicated by the diffraction intensity of the peak located at 12 degree (26).
At higher calcination temperature (600 <C), the a-M00O3 had a lower crystallinity, due
to the temperature enabled surface reorganization as a consequence of oxygen release

from the crystal lattice to the gas phase during calcination, leading to more oxygen
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vacancy and a reduced crystallinity. %%

It is important to note that the SiO, support
still retains its amorphous nature even at high MoO3 loadings, leading to the high

surface area of the materials.

The Raman spectra of MoO3/SiO, catalysts with different loadings are shown in

Figure 3-2.
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Figure 3-2 Raman spectra of 1 ~ 5 wt. % MoOs/SiO; (a) and 5 ~ 20 wt. %
MoO3/SiO; (b) calcined at 500 T

The Raman spectra of the materials with low MoOj3; content (< 5 wt. %) do not show
the typical bands for crystalline MoOs. Importantly, the very weak and broad Raman
band at 900 ~ 1000 cm™ observed in the spectra of materials with low MoO3 loadings
(Figure 3-2 (a) inset) is attributed to both Mo=0O and Si-O stretching modes from
amorphous surface silicomolybdic species. ! It is speculated that the initial
formation of surface silicomolybdic species similarly counts for the reduction of the
specific surface area of the materials with 1 ~ 5 wt. % MoOj3; on SiO, (Section 3.7,
Figure 3-11 (a)) and for the lack of typical XRD patterns in the XRD spectra recorded.
In contrast, Raman spectra recorded for the materials with high MoO3 content (5 ~ 20
wt. %) deposited on SiO, show three main bands characteristic for terminal Mo=0

(998 cm™), Mo-O-Mo unit in one-dimension of a-MoOj structure (822 cm™) as well
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as for the multi-linkage of Mo-O unit in crystalline MoO; (667 cm™). Typical Raman
bands for 5-MoO3 with monoclinic structure, located between 830 and 850 cm™, were
not observed, further strengthening the hypothesis deducted from XRD analysis that

only a-MoO; phase is present in the crystalline MoOj. %24

The presence of Lewis acidic sites on surface coordinatively unsaturated MoO3/SiO,

was ascertained by measuring the IR spectra of adsorbed pyridine (Figure 3-3).
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Figure 3-3 IR spectra of adsorbed pyridine on MoQ3/SiO, catalysts with MoO3
loading of 5 wt. % (a), 10 wt. % (b), 15 wt. % (c) and 20 wt. % (d)

The band at 1452 cm™, which is attributed to pyridine coordinated to surface LAS,
was observed for all the studied MoQO3/SiO, catalysts. In addition, the band at 1537
cm™, assignable to pyridinium ion in the spectrum of MoOs/SiO,, indicates the

presence of very low concentration of surface BAS (Figure 3-3 (c) and (d)). The other
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two bands (1489 and 1610 cm™) can be attributed in both LAS and BAS.
Moreover, after desorption at 450 <C, all the IR bands diminished, indicating that all

the surface acidic sites are weak acidic sites.

3.3.2 MoOs-catalyzed transesterification of DMC with phenol

The complex reaction network involves the primer formation of MPC and anisole on
transesterification and alkylation reaction pathways, respectively. As products of the
consecutive reaction, DPC and cresol isomers are formed. As the first attempt to
unravel the correlation between physicochemical properties of the MoOg3-based
catalysts and catalytic activity, the influence of the support on the transesterification
of DMC with phenol was studied by using 20 wt. % MoO;3; deposited on various
supports having additional acidic (Al,Os3), basic (CaO) and both acidic and basic
(ZrOy) sites, and compared with the MoOg3 deposited on neutral SiO, support. As
reference, the unsupported MoO3 synthesized by pyrolysis of (NH;)6M0;024 -7 H,0
was considered. The final composition of the reaction mixture was analyzed after time

on stream of 3 hours (Figure 3-4).
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Figure 3-4 Comparison on the catalytic performance of MoOj3 deposited on different
supports (Reaction conditions: 11.4 g phenol, 109 g DMC, 0.5 g supported MoOs
catalysts or 0.1 g unsupported MoO3 catalyst, MoOj3 loading of each catalyst 20 wt. %,

reaction time 3 hours, reaction temperature 160 <C.)
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Results of the comparative study shown in Figure 3-4 revealed that the Lewis acidic
and basic sites of the support have a direct implication in the catalytic activation
processes and strongly influence the overall chemoselectivity of MoOs. Unsupported
MoO; with crystalline a-phase is highly selective for transesterification. However,
unsupported crystalline a-MoO3; showed very low activity due to its extremely low
surface area (5 m? g*). The use of MoOs deposited on Al,O3 bearing strong LAS, the
selectivity of MPC and DPC is rather was (44.5 %), while high concentrations of
alkylation products (55.4 %) were monitored in the composition of the final reaction
mixture. The highest overall selectivity to by-products was observed in the case of
CaO supported MoOs. Strong Lewis basic sites of CaO favor the decarboxylation of
MPC and formation of undesired by-products. SiO, and ZrO, supported MoOj3
materials had similar high chemoselectivities (99.0 % and 97.7 %, respectively).
Importantly, the SiO, supported MoO; catalyst shows the highest activity
(transesterification yield of 11.4 % compared to 8.9 % for ZrO, supported MoOs,
Figure 3-4).

Following the structural analysis of the sites located on the active MoOs3/SiO,
catalysts, i.e., terminal Mo=0, accessible bridged Mo-O-Mo and Mo-(0),-Mo (n > 1),
have been considered as being important for the selective transesterification (Figure
3-2). To distinguish in-between the contribution of different active sites on the
sequential and parallel reaction network and to identify key parameters influencing
the overall selectivity of the MoOg catalysts, detailed kinetic analysis was performed
at phenol conversion lower than 2 %. Thus, the reaction network can be simplified as
that MPC and anisole are the only products formed at this low conversion. Initial rates
of MPC formation determined in the presence of MoO3/SiO, catalysts with different
MoO3 loading and 20 wt. % MoO3/SiO, prepared at different temperatures are shown

in Figure 3-5 (a) and (b).
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Figure 3-5 Transesterification of DMC with phenol in the presence of MoOs3/SiO,
with different MoOg3 loadings (a) and in the presence of 20 wt. % MoO5/SiO; calcined
at different temperatures (b) (Reaction conditions: 11.4 g phenol, 109 g DMC, 0.1 g
MoO3/SiO; catalyst (calcined at 500 <TC for (a)), reaction temperature 160 <C.)

At low MoOs loadings (< 5 wt. %) on SiO,, when amorphous surface silicomolybdic
species are preferentially formed (Figure 3-2), the materials showed a rather low
catalytic activity for MPC formation (Figure 3-5 (a)). In contrast, starting from 5 wt. %
of MoO;3 loading, the reaction rate continuously increased with increasing MoOs
loading. Combining activity results (Figure 3-5 (a) and (b)) with the results from XRD
analysis (Figure 3-1), it can be revealed that nanocrystalline a-MoOs is the most
important active phase of the catalysts. Notably, the high surface area of the
MoOQO3/SiO, has an important role in the accommodation of larger amounts of
nanocrystalline a-MoO3; with increasing MoO; loading and further positively
influence the transesterification reaction course. Therefore, the unique surface
properties of SiO, able to accommodate highly active nanocrystalline o-MoO;

clusters are of critical importance for the transesterification of DMC with phenol.

As shown in Figure 3-5 (b), with the same MoOj3 loading, the catalysts calcined at the
temperature range of 400 ~ 500 <C showed significantly higher activity for MPC
formation. From the results of XRD measurements (Figure 3-1), it is known that such

samples have a high content on a-MoO3 phase. In contrast, the other two samples
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(calcined at 300 and 600 <C having a low content on crystalline «-MoQj3) showed

limited catalytic activity for MPC formation.

In order to identify the main interaction processes enabled on various site of
MoO3/SiO,, the DMC adsorption on 20 wt. % MoO3/SiO, catalyst was studied at
(160 <C). The catalyst surface transformation and transient formation of reactive
intermediates were analyzed by in-situ Raman and IR spectroscopy, respectively

(Figure 3-6).
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Figure 3-6 In-situ Raman spectra of 20 wt. % MoO3/SiO, catalyst contacted with
DMC vapor at 160 <C (a) and in-situ IR spectra of adsorbed DMC (p = 5 mbar) on 20
wt. % MoO3/SiO; at 160 <T (b)

Recorded Raman spectra of 20 wt. % MoO3/SiO, under inert conditions (N, flow at
160 <C, Figure 3-6 (a)) showed three characteristic bands at 998, 822 and 667 cm™,
corresponding to terminal Mo=0O bond, Mo-O-Mo and Mo-(O),-Mo (n > 1). By
addition of DMC, the unique behavior of each coordinatively unsaturated site located
on the surface of MoOs/SiO, catalyst was monitored. The results of in-situ Raman
spectroscopic analysis evidenced that DMC addition leads to an increase in Raman

band intensities at terminal Mo=0O and one dimensional Mo-O-Mo sites on the
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catalyst surface. In contrast, the change on Mo-(O),-Mo (n > 1) was negligibly small
(Figure 3-6 (a)). It was interesting to observe that the DMC chemisorption enabled on
the surface Mo-O-Mo sites is reversible under inert conditions, while the interaction
at terminal Mo=0 sites is totally irreversible. These experiments emphasize the
importance of Mo-O-Mo site for reversible DMC adsorption. For the further
characterization of transiently formed surface intermediates, in-situ IR studies on the
DMC adsorption were performed. Figure 3-6 (b) shows the IR spectra of adsorbed
DMC at reaction temperature (160 <C). It was evidenced that 10 min exposure time
was sufficient for reaching the adsorption equilibrium between surface bidentate
carbonate groups and molecular DMC at 160 <C. The band at 1750 cm™ and two
shoulder bands are attributed to C=0 stretching vibration of molecular DMC with
different adsorption states, ") while the band at 1660 cm™ is attributed to the
presence of bidentate carbonate groups. ?® In addition, the bands at 1460, 1435 (C-H
bending vibration of the methyl groups) and 1310 cm™ (asymmetric O-C-O stretching
vibration) can be assigned to both molecular DMC and surface bidentate carbonate

groups.

To further investigate the stability of formed surface species, after the adsorption of
DMC molecule, desorption from MoQO3/SiO, catalyst was performed in vacuum (p <
10 mbar) under isothermal conditions (160 <C). The corresponding IR spectra

recorded during desorption are shown in Figure 3-7.
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Figure 3-7 IR spectra of adsorbed DMC on 20 wt. % MoOs/SiO, catalyst during
desorption at 160 T (The catalyst was exposed to DMC vapor (p = 5.0 mbar) at
160 <C for 30 min prior to desorption.)

Prior to desorption, it was clearly shown that all bands referring to both molecular
DMC and surface bidentate carbonate groups are concomitantly present on the surface.
During desorption, the intensity of all characteristic bands depressed rapidly,
indicating that the stability of transiently formed surface species is rather low, so that
a weak and reversible interaction between DMC and MoO3/SiO, catalyst is assumed

under the selected experimental conditions.

Aiming the identification of DMC activation process in the presence of phenol-based
intermediates, MPC was used as a second adsorbate for in-situ IR measurement. Since
MPC contains both aliphatic and aromatic moieties, it can serve indirectly to the
elucidation of the main pathways of DMC / phenol activation. Typical IR spectra

recorded during MPC interactions are shown in Figure 3-8.
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Figure 3-8 IR spectra of adsorbed MPC (p = 5 mbar) on 20 wt. % MoO3/SiO; at
160 T

The interaction of MPC with the active sites located on the surface of 20 wt. %
MoO3/SiO; catalyst was investigated by the exposing the catalyst to DMC vapor at
160 <C. The IR spectra recorded after the adsorption of MPC give the evidence of the
characteristic bands of the aromatic ring and of carbonyl species, indicating the
co-existence of aromatic and carbonyl species on the surface at 160 <C. The band at
1750 cm™ is attributed to C=0 stretching vibration of molecular MPC. The bands at
1670, 1455, 1340, 1310 cm™ indicate the presence of bidentate carbonate groups,
similar as in the case of DMC adsorption. In addition, the bands at 1590 cm™ and
1495 cm™ are assigned to different modes of C-C stretching vibration in the aromatic
ring. %3 Compared to the IR spectra of adsorbed DMC (Figure 3-6 (b)), the band at
1660 cm™ attributed to C=0 stretching vibrations of the surface carbonate species is
shifted to 1670 cm™, due to the effect of the neighboring aromatic moiety. Moreover,
there was only one sharp band at 1310 cm™ attributed to O-C-O stretching vibrations

in the case of DMC adsorption, while a new broad band at 1340 cm™ and a shoulder
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band at 1325 cm™ were observed if MPC was used as adsorbate.

The stabilities of different surface species after MPC adsorption were studied by
isothermal desorption (similar as in the case of DMC), followed by desorption

conducted at elevated temperatures. The experimental results are shown in Figure 3-9.
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- 1min
---- 2min 2
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Figure 3-9 IR spectra of adsorbed MPC on 20 wt. % MoO3/SiO, recorded during
desorption (Main figure shows the spectra recorded during isothermal desorption at
160 <C. The inset figure shows the spectra recorded during temperature programmed
desorption from 160 to 220 <C. The catalyst was exposed to MPC vapor (p = 5.0 mbar)
at 160 <C for 30 min prior to desorption.)

Based on the results of the stability tests (Figure 3-9), the blue shift of C=0 stretching
vibration band (from 1660 to 1670 cm™) as well as the splitting of O-C-O stretching
vibration band (from one single band at 1310 cm™ to two neighboring bands at 1310
and 1325 cm™) indicate a stronger chemical bonding in -O-(CO)-O- unit on the
catalyst with neighboring aromatic species than that without the presence of aromatic
species. Even at 220 <C in vacuum (60 <C higher than the adsorption temperature),

the characteristic bands of aromatic ring (1590 and 1495 cm™) are still present in the
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IR spectra without depression of intensity, while the intensity of a neighboring band
attributed to aliphatic carbonate species (1455 cm™) considerably decreased. It is,
therefore, consequently deduced that the interaction between the carbonyl group and
catalyst surface is weakened by the co-present aromatic group. This investigation
further implies a competitive adsorption of DMC and phenol on the catalyst surface

during the activation processes.

As one of the most important kinetic features relevant for understanding the nature of
interactions between the reactant molecules and catalysts, the reaction orders of both
reactants, i.e., phenol and DMC, were determined by using the double logarithmic
plots of the initial rates of MPC formation vs. starting concentration of the
corresponding reactant on the most active catalyst, i.e., 20 wt. % MoO3/SiO,, as

shown in Figure 3-10.
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Figure 3-10 Determination of reactants reaction order on MPC formation over 20 wt. %
MoOs/SiO; catalyst (Reactions were performed in the 300 mL autoclave and the total
volume of all reagents were between 100 and 150 mL, reaction temperature 160 <C.)

From the conducted kinetic measurements, it can be concluded that the reaction
orders of phenol and DMC are -1 and 1, respectively. This observation is in agreement
with the facts that the reaction follows Langmuir-Hinshelwood model, i.e., both
reactants are adsorbed before the surface reaction starts, and, more important, a
competitive adsorption of the two reactants takes place on the same active sites during

the catalytic reaction (a detailed kinetic model is available in Section 3.7.2). !
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3.4 Discussion

The basic structural unit of crystalline MoOs is MoOg octahedron. In «-MoQj3 phase,
the distorted octahedral share edges and form chains which are cross-linked by
oxygen atoms to further form layers. In contrast, in f-MoOs phase, the chains
composed by edge-sharing octahedral are disturbed by crystalline water. ! The
presence of crystal water hinders the chain and layer formation, so that the formation
of /-MoO3 phase is favored at low temperatures (< 400 <C). At elevated temperatures
(400 ~ 500 <C), the formation of a-MoOjs is achieved following the total dehydration
of S-MoOj3 phase. When the calcination temperature is even higher (> 500 <C),
however, the mobilization of lattice oxygen atoms becomes significant, producing
large amount of oxygen vacancies in the crystal lattice so that crystallinity and the

concentration of Mo-O-Mo unit are reduced.

Different surface units, i.e., terminal Mo=0O, one dimensional Mo-O-Mo and
Mo-(0),-Mo (n > 1), are present on the surface of MoOj3 catalysts. Mo=0 site is
mainly located on the edges and vacancies. Therefore, the materials with large content
of /~-MoQOj3; where the edge-sharing octahedral are disturbed by crystal water and the
materials prepared at high temperature with large oxygen vacancies have high
concentration of terminal Mo=0 sites. In contrast, the formation of Mo-O-Mo unit
requires a well-ordered and cross-linked chain structure, which is only enabled in

crystalline a-MoO:s.

MoO; itself has rather low surface area (ca. 5 m? g'). Therefore, a porous support
with large surface area is required for the accommodation of highly active MoOj3;
particles and for the enhancement of the catalytic activity. At the same time, the

support needs to possess high thermal and chemical stability. In the case of
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MoOs3/SiO;, the particle size of MoO3 was in the range of 10 nm (determined from
XRD patterns shown in Figure 3-1 (b) by using Scherrer equation), which is much
smaller than that of unsupported MoOg particles (> 100 nm) synthesized by using
similar thermal treatment. *® Therefore, a much higher dispersion of MoOj3 is
achieved by using SiO; as a support. Moreover, the dispersed nanocrystalline MoO3
particles did not block or collapse the porous structure of SiO, (Section 3.7, Figure
3-11). In order to disperse the highest concentration of active MoO3 phase, the loading
of MoO3 should also be carefully considered. Crystalline a-MoO3 can only be formed
at loadings higher than 5 wt. %, while MoOg3 loading higher than 20 wt. % leads to
significant depression of the pore volume. Therefore, for a good dispersion of active

MoO; particle, the loading should be controlled at 20 wt. %.

In the catalytic transesterification of DMC with phenol, surface coordinatively
unsaturated sites were proposed as the active center responsible for selective
transesterification and a catalytic cycle was accordingly proposed in previous
publication. ["! However, there is no existing information concerning the interaction
ability of various Lewis acidic / basic sites identified in the composition of the active

a-MoO:s.

The in-situ IR and Raman studies on the DMC interaction with MoO3 surface
evidenced that the associative adsorption of DMC preferentially takes place on the
Lewis acidic / basic pairs of Mo-O-Mo unit similar as previously proposed on other
Lewis acidic / basic sites. 28 As a result, a surface symmetrical carbonate species is
formed as a consequence of the electrostatic interactions of the organic molecule with

the active Lewis acidic / basic Mo-O-Mo sites, as shown in Scheme 3-2.
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Scheme 3-2 Proposed interactions between DMC molecule and different surface sites
on MoOs;

The nucleophilicity of oxygen atom is different at terminal Mo=0 as in Mo-O-Mo
and Mo-(0),-Mo (n > 1) units. The Hitkel charge of oxygen atom in Mo=0,
Mo-O-Mo and Mo-(O),-Mo (n > 1) units is -1.3, -1.1 and -0.8, respectively
(calculated by using Chem 3D Pro, Version 12.0.2.1076). High oxygen
nucleophilicity in terminal Mo=O sites (Hickel charge -1.3), due to its high
coordinative unsaturation level, leads to a strong adsorption of DMC molecule,
further blocking the sites (Scheme 3-2 (1)). This strong interaction might further lead
to the dissociation of chemisorbed DMC molecule. *® *! In contrast, low oxygen
nucleophilicity in Mo-(0),-Mo (n > 1) (Hickel charge -0.8) and the coordinative
saturation of the sites hinder the DMC adsorption. Only accessible Mo-O-Mo sites
with mild nucleophilicity of oxygen (Hickel charge -1.1) enables the reversible DMC
adsorption (Figure 3-6 and 3-7). As evidenced by in-situ IR studies, it is worth

mentioning that the interaction between DMC and surface Mo-O-Mo unit is strong
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enough to activate C-O bond via carbonyl group but not to irreversibly block the

active sites hindering further catalytic transformations.

In a reaction mixture of phenol and DMC, the surface interaction of phenol was
considered in parallel. From the resonance structure of phenol, it is well known that
the aromatic ring has nucleophilicity comparable with free amines, owing to the

nucleophilicity of the carbon located at ortho- and para-positions (Scheme 3-3).

@ @ @®
¢OH OH OH OH
S ©
— (’ — . —
8,

Scheme 3-3 Resonance structure of phenol molecule

Therefore, the O-H bond of the phenolic hydroxyl group is able to be activated on
Lewis acidic / basic pairs. It is important to note that the sites favoring DMC
adsorption are also the sites where phenol adsorption is supposed to take place. On
different surface units on MoOj catalyst, the surface adsorption form of phenol is also

different (Scheme 3-4).
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Scheme 3-4 Surface adsorption of phenol

As discussed above, the nucleophilicity of oxygen in terminal Mo=0 sites (H{ckel
charge -1.3) is too strong, leading to the dissociative adsorption of phenol molecule
and the formation of the surface stable phenoxide species. In addition, the
nucleophilicity of oxygen in Mo-(O),-Mo (n > 1) units is too weak, so that no
effective interaction takes place. Therefore, it is rationalized that phenol adsorption
occurs on the Mo-O-Mo units of a-MoO3 with mild oxygen nucleophilicity, resulting

in a better accommodation of phenol molecule, as depicted in Scheme 3-4 (2).

In the co-presence of DMC, the proton from phenol molecule is preferentially
interacting with the oxygen atom of the carbonyl moiety, forming an energetically

favored 6-membered transition state (Scheme 3-5).

111



Chapter 3

(0] r (0] BE:
H,C Icli C H3C\ ﬂ CH,
3 \O/E\O/ 3 PhOH ©\ H O/E\O/
| | | —_— ! '
SN Mg N — " ~M¢" Mo T~

I

C CH,

- CH;0H PO |

Scheme 3-5 Competitive adsorption of phenol and DMC on the surface and formation

of MPC

The electron density of oxygen atom in carbonyl group of DMC molecule (Hitkel
charge -1.3 calculated by using Chem 3D Pro, Version 12.0.2.1076) is comparable to
that of oxygen atom in Mo-O-Mo unit. Comparing the chemical environment of two
different oxygen atoms, i.e., the one in Mo-O-Mo site and the one in carbonyl group
of DMC molecule, the lone pair electron of oxygen atom in Mo-O-Mo sites is shared
by the d orbital of Mo atom, while the lone pair electron of oxygen atom in carbonyl
group cannot be donated since the neighboring carbon atom does not have d orbital.
Consequently, the oxygen atom of DMC molecule, with its high affinity to the proton
of phenol molecule, promotes the adsorption of phenol molecule on the surface LAS
via the formation of a 6-membered transition state and a hydrogen bond in the
transition state ring. Moreover, from the experimental results of in-situ IR
measurements, a blue shift of characteristic IR bands for C=0 and O-C-O stretching
vibration (contributed from aliphatic carbonate species) is observed, when
phenol-based intermediates are coexisting on the surface (Figure 3-6 and 3-8).
Therefore, it is evidenced that the simultaneous presence of phenolic group on the
surface Mo-O-Mo sites weakens the adsorption of DMC molecule. Furthermore,
evidenced by the splitting of the characteristic IR band for O-C-O stretching vibration,

the symmetrical carbonate species becomes an asymmetrical carbonate species with
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the presence of phenolic species. These investigations strengthen the proposed surface

transformation shown in Scheme 3-5.

After the formation of the 6-membered transition state, a methanol molecule is
formed and released. The phenolic fragment has been subsequently accommodated by
the surface Lewis acidic site, subsequently leading to the formation of a new C-O

bond, overall resulting in the formation of product molecule MPC (Scheme 3-5).

The transesterification between carbonates and hydroxylic compounds involves the
substitution of a less nucleophilic component with the more nucleophilic hydroxyl or
by the substitution of the less volatile compound by the more volatile one. 2 The
transesterification of DMC with phenol to afford DPC occurs contrary to that and in
consequence, a suitable catalyst is required the enable the chemical reaction at a
higher rate. ! Based on the consideration that the resonance structure provides the
nucleophilicity of the aromatic ring of phenol, the activation and deprotonation of
phenol on Mo-O-Mo sites is not difficult, and therefore, not rate determining. In
contrast, the C-O bond cleavage is crucial for the selective transesterification, which
requires a mild interaction with Lewis acidic / basic pair. Therefore, the main role of

MoO3/SiO; catalyst is located on the C-O bond activation.

Combining the experimental data of catalyst characterization and IR spectroscopic
measurements, following elementary steps enabled on the catalyst surface, are
proposed for catalytic cycle for the most critical step in the DPC formation (Scheme

3-6).
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Scheme 3-6 Proposed catalytic cycle for the MoO3 catalyzed transesterification

The adsorption of DMC on the coordinatively unsaturated Mo-O-Mo unit at
nanocrystalline a-MoOs results in the transient formation of symmetric carbonate
species on the surface, leading to the activation of the C-O bond. Phenol is firstly
interacted with adsorbed DMC species in order to active the O-H bond. In the
presence of phenol, the concomitant formation of asymmetric carbonate takes place
and the adsorption of DMC is weakened. Following the surface reconstruction and the
release of a methanol molecule, phenolic species is accommodated on Lewis acidic
site leading to the surface adsorbed MPC formation. This mechanism is consistent
with the measured reaction orders for DMC and phenol (1 and -1, respectively, Figure
3-10). It pictures the MPC (formed following co-adsorption of DMC and phenol) as a

true intermediate that can be detected and characterized by spectroscopy.
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3.5 Conclusion

Active nanocrystalline a-MoOj3 supported on SiO, was synthesized and successfully
tested for transesterification of DMC with phenol. Among terminal Mo=0 sites,
Mo-O-Mo and Mo-(0),-Mo (n > 1) units, the surface coordinatively unsaturated
Mo-O-Mo sites, stabilized on an orthorhombic crystal lattice, are identified as
responsible for the catalytic transesterification of DMC with phenol. Based on the
observed negative reaction order of phenol, competitive adsorption on Lewis acidic /
basic pairs of two reactants is proposed. Results from detailed in-situ spectroscopic
measurements further support these mechanistic assumptions and enable to propose a
reaction sequence that would account for MPC formation, a crucial intermediate in

the process of DPC synthesis.
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3.7 Appendix

3.7.1 N physisorption
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Figure 3-11 BET surface areas (a) and pore volumes (b) of MoO3/SiO, catalysts with
different loadings (Pore volume was determined for the pores with a size larger than

20 A)

3.7.2 Kinetic analysis

The measurements of kinetics revealed the reaction orders for phenol and DMC are -1

and 1, respectively. Based on the experimental observations from Kinetic
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measurements, a rational model of reaction sequences is proposed. A competitive
adsorption on the same active site between phenol and DMC is featured in this model.
From steady-state kinetic assumptions, the overall reaction rate equals to the rate of
the rate determining step and all the other elementary steps are fast enough to reach

equilibrium.

In the overall catalytic transformation, following 4 elemental steps were considered.

DMC adsorption: DMC + LASempy = DMC-LAS (Step 1)
Phenol adsorption: ~ PhOH + LAS¢ny = PNOH-LAS (Step 2)*
Surface reaction: PhOH-LAS + DMC-LAS = MPC-LAS + MeOH (Step 3)
MPC desorption: MPC-LAS = MPC + LAS (Step 4)

* Step 2 is actually achieved via the involvement of DMC-LAS, as PhOH +
DMC-LAS + LAS¢mpty = PhOH-LAS + DMC-LAS. Within this elementary step (Step
2), it is assumed that the coverage of DMC is not changed, although the strength of
adsorbed species has been weakend.

For simplification of the model, based on the fact that the concentration of MPC in the
reaction mixture is very low thus the surface coverage of MPC is negligible, MPC
desorption (Step 4) has little influence on the overall reaction rate. Therefore, only

steps 1, 2 and 3 are discussed.

The rate of step 1 can be formulated as Eq. 3-1.

r, = ky [DMC] [LASempty]

Eqg. 3-1
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Based on the Langmuir’s model, since both reactants (DMC and phenol) are
competitively adsorbed on the same active sites, the concentration of unoccupied

Lewis acidic sites can be formulated as Eq. 3-2.

[LASempty] = (1 + K, [DMC] + K, [PhOH])™*

Eq. 3-2

Therefore, the rate of DMC adsorption will become r; in Eqg. 3-3.

r, = k, [DMC] (1 + K, [DMC] + K, [PhOH])"?

Eq. 3-3

Based on the investigation of in-situ IR measurements, the phenol coverage is high
while the DMC coverage is low (K; [DMC] << 1, K; [PhOH] >> 1, Figure 3-9).
Therefore, 1 + K; [DMC] + K, [PhOH] reduces to K, [PhOH], so that r; reduces to k;
Ky* [DMC] [PhOH]™?, in the same form as that the reaction orders of DMC and
phenol are 1 and -1, respectively. Therefore, step 1 is considered as a possible RDS,

limiting the overall transesterification.

The rate of step 2 can be expressed as Eq. 3-4.

1, = ky [PhOH] [LASempiy |

Eq. 3-4

Here [LASempty] represents the concentration of unoccupied surface Lewis acidic sites.
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Based on the site balance shown in Eq. 3-2, the rate of phenol adsorption will become

r, in Eq. 3-5.

r, = k, [PhOH] (1 + K, [DMC] + K, [PhOH])™!

Eq. 3-5

As discussed above, 1 + K; [DMC] + K; [PhOH] reduces to K, [PhOH], thus r;,
reduces to a constant k, K,™, independent by the concentration of phenol. This would
imply an observed reaction order of O for phenol, being in contradiction with

experimental results (Figure 3-10). Thus, step 2 (phenol adsorption) is not RDS.

The rate of step 3 is shown in Eq. 3-6.

3 = ks [LAS — DMC] [LAS — PhOH]
Eq. 3-6
Here LAS-PhOH and LAS-DMC represent the active sites where phenol and DMC

were adsorbed, respectively.

Based on the Langmuir’s model, the concentration of active sites occupied by phenol

and DMC can be calculated as Eq. 3-7.

[DMC — LAS] = K, [DMC] (1 + K, [DMC] + K, [PhOH])™*
[PhOH — LAS] = K, [PhOH] (1 + K, [DMC] + K, [PhOH])™?

Eq. 3-7

Therefore, the rate of step 3 (Eq. 3-6) will become r3 in Eq. 3-8.
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rs = ks Ky K, [DMC] [PhOH] (1 + K, [DMC] + K, [PhOH])~2

Eq. 3-8

Under the above assumptions that 1 + K; [DMC] + K, [PhOH] reduces to K, [PhOH],
the rate of step 3 (Eq. 3-8) will become ks Ki Ko [DMC] [PhOH]?, in the same
form as that the reaction orders of DMC and phenol are 1 and -1, respectively.

Therefore, surface reaction (step 3) is similarly considered as a rate limiting step.

As a conclusion, the kinetic model with assumption of surface competitive adsorption
fits well with the experimental observation. Moreover, the DMC-involved elementary

steps are identified as possible RDS(s).
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Chapter 4

Optimization of a two-step process for the
phosgene-free DPC production

In the phosgene-free pathway of the DPC synthesis presented in the current thesis,
both the DMC formation from methanol and CO; and the transesterification of DMC
with phenol are strongly equilibrium constrained reactions. In order to enhance
product vyield, several microcrystalline zeolitic materials were selected and further
analyzed for the highly selective separation of co-produced water or methanol from
the reaction mixture. The determination of adsorption and diffusion parameters for
water and methanol inside the microcrystalline zeolitic pores has been made by using
a demanding analysis technique based on direct measurements of mass transportation
(DMMT) in liquid phase. It was possible to demonstrate that the chemical engineered
sorbents, due to their high separation factors, have many inherent advantages, such as
higher throughput and product purity as well as considerably high recyclability. The
yield of products in both reactions was significantly enhanced when the selected

materials and process conditions was applied.

122



Chapter 4

4.1 Optimization of DMC synthesis from methanol and CO, using a

selective water removal agent

4.1.1 Introduction

The current widely applied industrial processes for dimethyl carbonate (DMC)
synthesis are the methanolysis of phosgene ™M and the oxidative carbonylation of
methanol. ! Both of them involve the use of toxic and / or flammable reagents, e.g.,
phosgene and CO, making the direct synthesis of DMC from methanol and CO;

especially attractive.

K<<l 0
2CH;0H + CO, = = y,c~ \H/O\CH3 + HO
0

Scheme 4-1 Chemical equation of DMC formation from methanol and CO,

As shown in Scheme 4-1, the direct synthesis of DMC from methanol and CO,,
however, is a thermodynamically un-favored reaction (equilibrium constant K < 10
determined at a temperature range of 160 ~ 180 <C and corresponding to A;Gp, > 40
kJ mol™), indicating that the maximum DMC vyield is lower than 1 %. B4 The
reaction equilibrium, however, can be significantly shifted by using a suitable water
scavenger to minimize the water content in the reaction mixture and to maximize the
DMC product formation. It has been previously reported that 2,2-dimethoxypropane
(DMP) and N,N’-dicyclohexylcarbodiimide (DCC) can be used as a selective
chemical water scavenger in this reaction. ! However, the main disadvantage of the
chemical water scavenger is the high energy consumption in regeneration of the spent
scavenging agent which reacts stoichiometrically with water. In addition, the high
expense of large amounts of chemical water scavengers required in an operational unit

also limits their industrial application. Therefore, an easy-to-handle water scavenger
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with high selectivity, low cost and high reusability is desired for this application. With
the above mentioned concerns and in order to overcome the disadvantages of
chemical water scavengers, well-ordered crystalline materials have been considered

for the selective water removal in a DMC synthesis process.

For that, zeolites, a class of solid state crystalline materials with well-defined pore
structure, intra-crystalline channels and cages, were analyzed as potential candidates.
581 In the present specific case, i.e., concerning the selective separation of two small
molecules having comparable kinetic diameter (water 2.6 A and methanol 3.6 A),
zeolites with narrow pores are of special importance. Linde Type A zeolite (LTA or A
zeolite) is a typical small-pore zeolite with a well-ordered crystalline structure
consisting of unit cells containing 8-, 6- and 4-membered rings (8MR, 6MR and
4MR). The pore opening of 8MR varies with different cation compositions between 3
A and 5 A (being only marginally larger than 2.6 A, the kinetic diameter of water),
making it suitable for the selective water removal from organic solutions. LTA zeolite,
therefore, has been widely used as dehydration agent in separation processes (e.g.,
adsorptive solvent drying and methyl acetate purification) ° @ as well as water
scavengers to shift thermodynamic equilibria (e.g., germantranes synthesis and
polymerization of BPA with CO). *:*2I The uptake capacity and the diffusion kinetics
are strongly dependent on the water concentration and temperature. In the case of
DMC formation from methanol and CO,, it is especially complicated, since water is
required to be selectively removed from a methanol-abundant reaction mixture, so
that a competitive adsorption / diffusion system needs to be rigorously controlled.
Therefore, adsorption and diffusion properties of water and methanol were accurately
analyzed, in order to find a viable technical solution for DMC yield enhancement by

using LTA zeolites.

Herein, a detailed temperature-dependent analysis of various well-ordered LTA
zeolitic materials was performed in order to ensure a selective water adsorption.
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Direct measurements of mass transportation (DMMT) reveal that 3A zeolite, among
all, has the highest diffusion coefficient ratios of water and methanol as well as the
highest water uptake capacity at low temperature (-25 <C).Based on these
experimental results, a new technological design consisting of an operational unit next
to a reaction zone was developed. Within this study, it was successfully shown that by
using a 3A sorbent operated at low temperature for the selective water removal from

the reaction mixture, a 10-fold increase in DMC production can be achieved.

4.1.2 Experimental

4.1.2.1 Structural and composition analysis

The crystal structure of LTA zeolites was analyzed by X-ray diffraction measurements.
Philips X Pert Pro diffractometer equipped with an X’celerator module using Cu-Ka
radiation operating at 40 kV / 45 mA was applied. The samples were measured with a

scan rate of 3°min™ from 5°to 70°(26).

In order to determine the elemental compositions of K, Na, Ca, Si and Al in LTA
zeolites, AAS measurements were conducted. All zeolites were calcined at 450 <C for
4 hours in air flow, for elimination of adsorbed water. Then the samples were

analyzed by atomic absorption spectrometer (AAS Unicam Solar 939).

4.1.2.2 Adsorption isotherms

3A, 4A and 5A zeolites (pellets) were used for the adsorption isotherm measurements.
All zeolites were calcined in a tube furnace in air flow (100 mL min™) for 4 hours at
450 <C to remove adsorbed water and organic molecules. Before use, the calcined
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zeolites were kept in a Schlenk tube in order to prevent further contamination.

For the determination of water adsorption isotherm, isobutanol was selected as an
appropriate solvent based on the fact that the kinetic diameter of isobutanol is much
larger than the pore opening of any of the considered zeolites. For analysis, in several
conical beakers, a series of solution containing water and isobutanol (0.1 ~ 5.0 wt. %
water content, each of 25 g) was prepared. The temperature was controlled by a
Fisherbrand FBC 740 thermostat, where the glass conical beakers containing liquid
solutions were placed inside, and the temperature was set to 25, 0 and -25 <C,
respectively. After the solutions were tempered, 5 g of dried zeolite were added to
each beaker and the solution was further equilibrated for 48 hours under isothermal
conditions. Then, the liquid samples were taken and analyzed by Karl-Fischer titration
(Metrohm KF-Coulometer 831). From the residual water in the liquid samples, the

amount of adsorbed water was calculated.

In the case of methanol adsorption isotherm, the same approach, as in the case of
water, was employed. Liquid solutions of methanol / isobutanol with 0.1 ~ 5.0 wt. %
methanol were prepared by using conical glass beakers. Following the addition of the
selected zeolitic materials and the equilibration of the solution, gas chromatography
(Fisons GC 8160 equipped with a fused silica column Rtx-5AM) was applied for the

determination of residual methanol concentration.

In another experiment mimicking the adsorption properties of LTA zeolites in the
presence of methanol, a methanol solution containing various amounts of water was
used for the determination of water adsorption isotherm in the presence of methanol.
In these experiments, a series of water / methanol solutions with 0.1 ~ 5.0 wt. % water
content were prepared, and the same procedure described above was applied to
determine the adsorption behavior of water in the presence of methanol. From the

residual water concentrations in liquid mixtures, the amounts of adsorbed water by
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zeolites were calculated. ™

4.1.2.3 Diffusion kinetics

For the analysis of time dependent adsorption of water, 3A, 4A and 5A zeolites
(pellets) were used. The pretreatment of zeolites was the same as described in Section

41.2.2.

For the measurements of water diffusion kinetics, isobutanol was selected as solvent.
A solution of isobutanol with 5 wt. % water was prepared (total weight 25 g) prior to
the measurements. The temperature was controlled by a Fisherbrand FBC 740
thermostat, where the glass conical beakers containing liquid solutions were placed
inside, and the temperature was set to 25, 0 and -25 <C, respectively. Afterwards, 5 g
of dried zeolite were added to each beaker and the kinetic measurements were started
under isothermal conditions. During the kinetic measurement, liquid samples with
volume of 0.05 mL were collected at short time intervals and analyzed by
Karl-Fischer (KF) titration (Metronm KF-Coulometer 831). The amount of adsorbed
water was calculated based on the experimental results obtained following the KF
titration. Based on the plot of adsorbed water amount vs. time, important parameters

of diffusion kinetics were determined.

For the determination of methanol diffusion kinetics, the same experimental approach
was applied. Liquid solution of methanol / isobutanol (5.0 wt. % methanol) was
prepared and the time-dependent change of the liquid mixture in the presence of the
selected LTA zeolites was finally analyzed by GC (Fisons GC 8160 equipped with a

fused silica column Rtx-5AM).

In order to determine the values of mass transportation coefficient, the average size of
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secondary zeolitic particles is required. Before measurements, all zeolites were dried

and grounded to fine powder and treated in ultrasonic bath for 0.5 hour. Afterwards,

the size distribution of all zeolitic materials was measured by laser scattering analyzer

(Coulter LS 230).

4.1.2.4 Catalyzed DMC synthesis from methanol and CO,

For optimizing the process for DMC production, a new process design with high

operational flexibility was considered. The schematic representation of the device

consisting from a reaction zone and a separation unit is shown in Figure 4-1.

Heating

Reaction Zon;‘él\

w
=
=
=
«Q
—

Feeding pumps

y /N

@
@

v I \ Cooler

v Filter

Methanol, CO,
&
catalyst

Autoclave

S
\ = = —

Separator

HPLC pump}

————— —

( I\_J * Separation unit

Figure 4-1 Sketch of the reactor and the dehydration unit employed for DMC

synthesis

The catalytic reaction was carried out in a 70 mL stainless steel jacketed autoclave
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attached to a stainless steel sample cylinder with an inner volume of 50 mL
(Swagelok) to ensure constant pressure during the entire reaction duration. The
dehydration unit was tempered by circulation of the cold liquid (aqueous solution of
ethylene glycol) between the thermostat (Fisherbrand FBC 740) and the jacketed tube.
The internal recirculation of the reaction mixture was ensured by an HPLC pump
(Gilson 303). This construction allowed outstanding operational flexibility to achieve

superior catalytic conversion.

In the catalytic DMC synthesis, ZrO, was used as a catalyst. For the preparation of
ZrO, catalyst, solutions of zirconyl nitrate and ammonium hydroxide were mixed
together and the formed hydrous ZrO, was aged at room temperature overnight.
Afterwards, the resulted gel was washed with bi-distilled water and dried at 110 <C
overnight. Finally, obtained sample was calcined at 400 <C for 4 hours in air flow. The
method for the catalyst preparation was the same as reported in previous literature.
For the sorbents used in the separation unit, prior to reaction, the zeolitic materials

were calcined in a tube furnace in air flow (100 mL min™) at 450 <C for 4 hours.

For a typical reaction, the dehydration unit was filled with 18 g of dried zeolite
sorbent and the temperatures were systematically varied from -25 to 25 <C.
Subsequently, 2 g of ZrO, catalysts and 39.6 g of methanol were added to the
autoclave. The reactor was then sealed and intensively purged with N in order to
maintain inert conditions during the catalytic reaction. As soon as the temperature of
reaction zone reached 160 < (monitored by Eurotherm 2132 temperature controller),
10 g of liquid CO, were introduced with a flow rate of 5 mL min™ by using a syringe
pump (Teledyne Isco, model 500) and the catalytic reaction was started. During the
entire reaction course, the mixture was stirred with a rate of 1200 rpm. Before
recirculation, the reaction mixture was filtered by using an in-line particulate filter
with 0.5 micron element kit (Swagelok SS-2F-K4-05) and cooled to the temperature

at which the selective water removal in the dehydration unit is favored (-25 ~ 25 <C).
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The composition of the liquid samples was analyzed by Karl-Fischer titration
(Metrohm KF-Coulometer 831) and gas chromatograph (Fisons GC 8160 equipped
with Rtx-5AM column). The yield of DMC was calculated based on initial amount of

CO,, as shown in Eq. 4-1.

_ n (DMC)
DMC Yield (mol. %) = g (CO,) X 100%
0 2

Eq. 4-1

4.1.3 Results

4.1.3.1 Adsorption isotherms

XRD and AAS analysis were performed to characterize the crystalline phase and
chemical composition of the selected solid sorbents, respectively. All the selected LTA
zeolites have a well-ordered crystalline structure with different cation composition
(details are shown in Section 4.5). As a first attempt to understand the structural
requirement on the selective water uptake in methanol abundant solution, the water
and methanol adsorption capacities in different LTA zeolites and the adsorption
isotherms were determined (with the use of isobutanol as solvent). Noteworthy,
methanol and water are quite similar in molecular size, polarity and in many other
chemical properties, rendering them difficult to be separated. Detailed water
adsorption isotherms in LTA zeolites at low temperature (-25 <C) and at ambient

temperature (25 <C) are shown in Figure 4-2.
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Figure 4-2 Water adsorption isotherms (isobutanol was used as solvent) on LTA
zeolites at different temperatures (a: 3A at -25 <C, b: 3Aat 25 T, c¢: 4Aat -25 <, d:
4Aat 25 C,e: 5Aat -25 C, f: 5Aat 25 C)

Considering the adsorption model, isobutanol was selected as solvent molecule in
order to exclude the co-adsorption of solvent and water in the zeolites, thus, the
adsorption isotherm was fitted into Langmuir’s model, which is normally used for the
determination of a single component adsorption. The only difference on experimental
conditions between the performed measurements and an ideal Langmuir’s model is
that the experiments were conducted in liquid phase instead of gas phase which is
assumed in Langmuir’s model. In this case, the term of partial pressure is substituted
by the term of concentration as illustrated in Eq. 4-2 and 4-3.
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9 =

C

L4ads]__

KeqC

[So]l 14 KeoC

C 1

L4ads]

[So] * KeqlSo]

Eq. 4-2

Eq. 4-3

Here 6 represents adsorption coverage, [Aags] 1S concentration of adsorbed water, [So]

stands for the total number of positions (the sum of occupied and available positions).

In Eq. 4-2 and 4-3, K¢ represents adsorption equilibrium constant in Langmuir’s

model and C is the concentration of water in liquid phase. Eq. 4-3 was derived from

Eq. 4-2 for fitting of experimental data.

Based on Eq. 4-3, the experimental results were fitted by using Langmuir’s model (C

[Aags] ™ was plotted against C), as shown in Figure 4-3.
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Figure 4-3 Experimental data point fitting of water adsorption isotherms (with the use
of isobutanol as solvent) on all LTA zeolites at different temperatures using

Langmuir’s model
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It was shown that water adsorption on all selected LTA zeolites followed the
Langmuir’s adsorption model, when isobutanol was used as a solvent. Expectedly, all
measured adsorption isotherms, independent from zeolites and temperatures,
possessed the same adsorption features. This investigation reflected the fact that all
LTA zeolites have identical inner volumes for water uptake so that a maximum
concentration of water adsorption was determined as ca. 200 mg g* for all the
materials. It is also worth mentioning that other classical adsorption models, e.g.,
Freundlich’s model and Temkin’s model, were also attempted to fit the experimental
results. However, none of them could describe the experimental data with sufficient

accuracy.

Methanol adsorption isotherms and their fittings, according to Langmuir’s adsorption
model, are shown in Figure 4-4, respectively. All other classical adsorption models

failed to describe the experimental results.
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Figure 4-4 Methanol adsorption isotherms (a) and their Langmuir fittings (b) on LTA
zeolites at 25 <C (with the use of isobutanol as solvent)

Different from water adsorption in LTA zeolites, the methanol uptake varied with
different pore size of the LTA zeolites. Among the selected LTA zeolites, 5A zeolite
having the largest mean pore opening had the largest uptake capacity for methanol
(208 mg g™), while the smallest uptake was determined for 3A zeolite (133 mg g).
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The adsorption of water and methanol on different LTA zeolites was further analyzed

to fully understand their unique behaviors towards selective adsorption of water from

a methanol abundant solution.
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Figure 4-5 Water adsorption isotherms (with the presence of methanol) on 3A zeolite
at different temperatures (a) and on different zeolites at -25 <C (b)

As shown in Figure 4-5 (a), under the condition that the water content was ca. 2.5

wt. %, significantly higher amounts of water (132 mg g*) were adsorbed from a

methanol abundant solution in 3A zeolite operated at -25 <C than that at 25 <C (80 mg

g™l). Similar trends were observed when the water content in the liquid solution was

even lower (ca. 500 ~ 5000 ppm). 4A and 5A zeolites had a considerably lower

selectivity for water at -25 < (Figure 4-5 (b)), indicating the co-adsorption of

methanol.

4.1.3.2 Diffusion kinetics

Time-dependent measurements on water and methanol diffusion in the selected LTA

zeolites were conducted at different temperatures. For the determination of important

kinetic parameters, the uptake of water or methanol was measured and plotted against

134



Chapter 4

adsorption time. Under the conditions employed for the present study, the adsorption
course comprised the inter- and intra-particle diffusion, which included, more
specifically, surface diffusion, Knudsen diffusion, bulk diffusion and intra-crystalline
diffusion. Among them, the intra-crystalline diffusion has the lowest diffusion
coefficient that is, at least 2 ~ 3 orders of magnitude smaller than Knudsen diffusion
and bulk diffusion (Figure 1-2). Based on this consideration, the overall diffusion
kinetics was simplified to one diffusion step with one single diffusion coefficient (D).
In a previous study, a model for diffusion in ideal rectangular particles was proposed

(Eq. 4-4). [

[SO] - [Aads](t) _ ﬂ . ( 1 1 1)

Mo~ el @)~ 7 3 *

2 ptea

Eq. 4-4
Here [So] represents the maximum uptake of adsorbate, [Aags] is a function of time (t),
representing the time dependent concentration of adsorbed amount of water or
methanol, Cy is a constant depending on the particle shape, D represents the diffusion
coefficient, a, b, c represent edges of rectangular parallelepipeds, with 2a, 2b, 2c in

length.

In Eq. 4-4, based on the fact that initial water content of the zeolite is negligible since
all the zeolites were calcined at high temperature (450 <C) prior to use, [Aags] (0) was
regarded to be equal to 0. Together with the cubic shape of LTA zeolites, the model

was adapted as Eqg. 4-5.

—In ll _ [Aads](t)] — 37T2D .

t+C
[So] 2qz LT Co

Eq. 4-5

Here a represents the edge of a cubic particle with 2a in length.
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In a rigorous analysis, the diffusion coefficient also depends on the concentration of
adsorbate. However, at the beginning of the adsorption course, the concentration of
adsorbate is low and, therefore, has little impact on the diffusion coefficient. The

diffusion coefficient was calculated from the slope of linear region of the plot
—In [1 - Ma‘;ﬂ] vs. t, where a was determined by the particle size distribution
0

analysis (Table 4-1).

Table 4-1 Average particle size of LTA zeolites

Zeolites Average particle size (um)*
3A 2.47
4A 2.30
5A 1.82

* The measured average particle size equals to 2a in Eq. 4-5.

In Eq. 4-5, the value of Cy was not considered in the calculation and could vary with
various systematic and random errors. Furthermore, intra-crystalline diffusion in

porous crystalline materials obeys Arrehenius plot, as illustrated in Eq. 4-6.

InD(T) =InDy — E
RT
Eq. 4-6
Here D (T) is the diffusion coefficient which depends on temperature, Dy represents
the pre-exponential constant, E, is the diffusion activation energy, R represents the

ideal gas constant and T is the absolute temperature.

The calculated diffusion coefficients of water and methanol on different LTA zeolites
at different temperatures and corresponding activation energy values are listed in

Table 4-2 and 4-3.
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Table 4-2 Water diffusion kinetic parameters in LTA zeolites

Zeolites Ea (kJ mol™) Diffusion coefficient of water (10™* cm? s™%)
-25 C 0< 25 C
3A 29.2 2.37 9.35 25.3
4A 30.6 2.95 13.2 35.3
5A 25.6 3.46 9.21 27.1

Table 4-3 Methanol diffusion kinetic parameters in LTA zeolites

Zeolites E.(kJmol™)  Diffusion coefficient of methanol (10 cm? s™)
-25 C 0 25 C
3A 91.6 0.02* 0.12 6.98
4A 62.6 0.17* 0.89 14.3
5A 53.5 0.22 2.19 17.1

* At -25 <C, the amount of methanol uptake on both 3A and 4A zeolites is very small.
Compared to total adsorption, the adsorption of methanol on the outer surface of the
LTA zeolites cannot be neglected. In contrast to that, methanol adsorption on 5A
zeolite and water adsorption on all LTA zeolites is negligibly small. The diffusion
coefficient D was determined over a temperature range, at which the diffusion
mechanism is identical. The temperature dependent variation of the pore size might
induce a change in the diffusion mechanism for 3A and 4A zeolites. Therefore, these
values for diffusion coefficient obtained at -25 <C on 3A and 4A zeolites are not
considered in the determination of diffusion activation energies.

It is observed that the temperature has a greater impact on the methanol diffusion as

compared to water, leading to higher diffusion activation energy of methanol than in

the case of water.
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Table 4-4 Ratio between diffusion coefficients of water and methanol

Zeolites Duwater / Dimethanol
-25 C 0< 25 C
3A 119 77 3.6
4A 17 15 2.5
S5A 15 4.2 1.6

From results listed in Table 4-2 and 4-3, a direct comparison between diffusion
coefficient of water and methanol was made, and the ratios of D (water) to D
(methanol) were calculated (Table 4-4). The ratio of D (water) to D (methanol)
indicates the ability of selective water adsorption from a methanol abundant mixture.
In this context, the 3A zeolite operated at low temperature displayed the highest
selectivity on water diffusion than any other selected zeolites as well as itself operated

at higher temperatures.

In order to have direct evidence on the selectivity of water adsorption under selected
operational conditions, the co-adsorption of water and methanol on zeolites was

studied in detail (Figure 4-6).
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Figure 4-6 Co-adsorption of water and methanol (with the use of isobutanol as
solvent) on LTA zeolites at different temperatures (a: 3A at -25 <C, b: 3Aat 25 T, c:
4A -25 T, d: 4A 25 T)

Experimental results indicate that water uptake increase was faster than the increase in
methanol uptake. 3A zeolite operated at low temperature (-25 <C) showed the highest
selectivity on water diffusion and displayed the best competence on selective
adsorption of water, among all tested zeolites and operational conditions. In the case
of the co-adsorption on 4A zeolite at ambient temperature, the uptake of both water
and methanol increased fast in quantity at the beginning followed by decrease of
methanol uptake and continuous increase of water uptake owing to higher polarity of
water molecule compared to that of methanol. Similar phenomena were observed in

the case of benzene and n-parrafin co-adsorption on NaX zeolite. %!

4.1.3.3 Catalyzed DMC synthesis from methanol and CO,

ZrO,-catalyzed DMC synthesis from methanol and CO, was performed by using LTA
zeolites as heterogeneous sorbents to reduce the thermodynamic constraints of the

reaction. To improve the overall DMC formation, two comparative studies were
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conducted, i.e., 1) different crystalline LTA zeolites were used at same operational
temperature in order to identify the most adequate solid sorbent for the process and, 2)
the most efficient zeolite was further studied at different temperatures to maximize the
adsorption / diffusion performance of the material. The yield-time profiles of DMC

obtained under different experimental conditions are shown in Figure 4-7.
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Figure 4-7 DMC formation in the presence of different LTA zeolites operated at
-25 T (a) and in the presence of 3A zeolite operated at different temperatures (b)
(Reaction conditions: zeolites 18 g in separation zone, ZrO; catalyst 2.0 g, CO; 10 g,
methanol 39.6 g, total pressure 42 bar, temperature of reaction zone 160 <C, liquid
mixture circulation rate 2.0 mL min™.)

DMC synthesis from methanol and CO, is a thermodynamically limited reaction and
the DMC vyield in the absence of a water scavenger is lower than 1 % at 160 C
(Figure 4-7 (a) and (b)). Among all the tested LTA zeolites, 3A zeolite showed the best
ability in shifting the thermodynamic equilibrium. In addition, lowering the operation
temperature of the dehydration agent favored the DMC production, owing to the
enhanced uptake capacity and water diffusion selectivity of 3A zeolite at lower
operational temperatures. The highest DMC yield was achieved when 3A zeolite was
operated at -25 <C. Under this condition, by using a 3A sorbent for the selective water
removal from the reaction mixture, a 10-fold increase in DMC production was

achieved.
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4.1.4 Discussion

ZrO,-catalyzed DMC synthesis is a thermodynamically constrained reaction. The
maximal attainable extent of the reaction is pointed out by the corresponding
equilibrium constant (K) of the reaction. A comparison between theoretical
(calculated based on the data available in NIST Chemistry Web Book and literatures

[17. 18]y and experimentally determined equilibrium constants is shown in Table 4-5.

Table 4-5 Theoretical and experimental determined equilibrium constants

Temperature (<C) Experimental determined K Theoretical determined K
140 8.8 x10° 9.0 x10°
160 7.1 x10° 7.6 x10°
180 6.1 x10° 6.5 x10°

Both theoretical and experimental values of equilibrium constants indicate that the
equilibrium limitation in this reaction is very strong. From the aspect of industrial
feasibility, an economic and facile strategy is required to shift the chemical

equilibrium and to favor the formation of desired DMC.

Crystalline LTA zeolite was synthesized in its sodium form having chemical formula
of Naj,Al12Si2045. All LTA zeolites share the same structural topology and the only
difference among 3A, 4A and 5A is in their cations content compensating the overall
electrons resulting in different pore openings (Section 4.5). Precisely because of it,
these materials show huge differences on the adsorption properties, especially when
water removal from low molecular weight alcohols was considered. In former times,
various attempts were already made in previous contributions on the evaluation of the
[19, 20]

impact of different cations on the adsorption capacities of LTA zeolites.

However, a convincing evidence of a shape selective material with high performance
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is still missing.

The water uptake capacity from isobutanol solutions of different LTA zeolitic sorbents
was nearly identical at the studied temperatures (Figure 4-2 and 4-3). However, under
these conditions, the presence of large excess of methanol will strongly hinder the
adsorption of small amounts of water in the zeolitic cages. Thus, the only conceptual
possibility to selectively adsorb water is to block the access of methanol using shape

selective properties of narrow pore zeolites.

In the crystalline LTA zeolitic framework, some of the cations are located at the pore
opening (8MR), directly influencing the molecular diffusion. In order to study the
molecular transportation in zeolitic materials, several advanced technologies have

been utilized, e.g., pulsed-field gradient nuclear magnetic resonance (PFG-NMR), 1

[22] [23]

neutron scattering, zero-length  column, Fourier transformed infrared
spectroscopy (FT-IR) ¥ and frequency response technology (FR). %! However, there
is no approach able to provide a straightforward description of diffusion process,
except direct measurement of mass transportation (DMMT). DMMT allows an
accurate evaluation of thermodynamic and kinetic parameters on molecular diffusion
in porous materials, especially in the case of small diffusivity and small crystal

particle size (between 1 and 10 zm). !

Considering the competitive adsorption of water and methanol, water uptake in the
presence of methanol in LTA zeolites (maximum 130 mg g™, Figure 4-5) is much
lower than the water uptake when solely isobutanol was used as a solvent (ca. 200 mg
g, Figure 4-2). Since the available positions for water uptake are identical in all the
LTA zeolites, the lower water uptake in the presence of methanol is due to the
competitive adsorption of methanol inside the zeolitic cages. The direct comparison of
the uptake capacity in different LTA zeolites at different temperatures (Figure 4-5)
evidenced that 3A zeolite, having the smallest mean size of pore opening compared to
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the others, has the highest shape selectivity for water removal with the aspect of water

uptake capacity.

At ambient temperatures, the flexibility of the zeolitic crystal lattice and the energy of
molecular diffusion do not allow a selective adsorption of water from a methanol
abundant mixture due to the marginal difference in the kinetic diameter of the two
molecules. The competitive diffusion of water and methanol via the 8MR of LTA
zeolites at ambient temperature leads to a modest improvement on the DMC
production. However, lowering the operational temperature of the molecular diffusion
in LTA zeolites to -25 <C will lower the flexibility of the crystalline lattice and
considerably increase the shape selectivity of the zeolite. The smaller the mean pore
opening of the zeolite is, the higher the shape selective water removal will be and,
consequently, more DMC is yielded (Figure 4-7 (a)). At low conversion, the ZrO,
catalyzed DMC synthesis from methanol and CO; is kinetically controlled. As soon as
the reaction approaches to the region that water needs to be removed from the reaction
mixture, the overall rate of DMC formation is limited by the competitive uptake

kinetics of water and methanol in the separation zone (Figure 4-7 (a) and (b)).

Overall, using a 3A zeolitic scavenger in a separation unit operated at -25 <C for the
selective removal of formed water is an economical and facile strategy to enhance the

yield of DMC.

4.1.5 Conclusion

Selective water removal on solid zeolitic sorbents during the ZrO,-catalyzed DMC
synthesis from methanol and CO, is a highly efficient approach to considerably
increase the DMC vyield. In a comparative study, various LTA zeolites were selected
and tested for the selective dehydration of a methanol abundant solution at various

operational temperatures. It was shown, that at ambient temperature, due to the high
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flexibility of the zeolitic lattice, methanol adsorption / diffusion are similarly favored,
lowering the water uptake capacity and the shape selectivity of the zeolite. However,
operated at low temperature, 3A zeolite had the lowest methanol uptake capacity and
the strongest hindrance of methanol diffusion. This temperature dependent shape
selectivity of 3A zeolite makes it an outstanding candidate for the selective water
removal agent to be used in a dehydration unit. By using a new technical design
consisting of a reaction zone and an external separation unit, a 10-fold increase of the

DMC production was achieved.

4.2 Reaction optimization of DPC synthesis from phenol and DMC

by in-situ methanol removal

4.2.1 Introduction

In order to produce DPC without the use of phosgene, a two-step transesterification
reaction from DMC and phenol is proposed. In the 1% step, DMC reacts with phenol
to form methyl phenyl carbonate (MPC), while in the 2" step, the transesterification

of MPC with phenol or the disproportionation of MPC takes place (Scheme 4-2).
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Scheme 4-2 Reaction network of DPC synthesis from DMC and phenol
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Similar as in the case of DMC synthesis from methanol and CO,, the complete
reaction network that counts for the DPC synthesis from phenol and DMC consists of
equilibrium-constrained reactions (Keq < 10®°). Considering MPC as the main
intermediate compound in DPC synthesis, based on combined theoretical and
experimental studies, an accurate thermodynamic analysis of each reaction step is
given. %! It is stated that the co-produced methanol minimizes the formation of MPC
and DPC. In addition, the conversion of MPC to DPC is considerably enhanced if
methanol is removed from the reaction system. Therefore, the 1% step
transesterification towards MPC represents the major limitation in the two-step DPC
synthesis and the methanol concentration needs to be reduced over the entire reaction

course.

In order to overcome the thermodynamic constrains, separated reaction zones for
different reaction steps involving methanol removal were previously considered. 271 A
continuous process based on reactive distillation was developed and scaled-up for the
titanium phenoxide catalyzed DPC synthesis from phenol and DMC. In this process,
three successive reaction zones were designed in order to tune the reaction conditions
aiming the maximization of the product yield. In the first two reaction zones, MPC
formation via the transesterification is enabled. The vapors from the first two reaction
zones were separated by distillation. The DPC formation was achieved in the third
reaction zone. However, the complexity within this process design motivates to the
development of a new technology, which allows an easier energy-efficient operation.
The use of high-performance in-situ methanol scavengers is a promising method to
reduce thermodynamic constrains and to enhance the product formation. With the
concerns of reaction engineering and process technology, an ideal solid state methanol
scavenger is expected to meet following requirements, 1) high methanol uptake
capacity, 2) high rate of methanol diffusion and, 3) high chemical inertness and

thermal stability under reaction conditions. The fundamental knowledge gained on the
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study of selective water removal sorbents was used for the design of a
high-performance material for methanol removal from the reaction mixture. The
kinetic diameter of methanol is 3.6 A, while the kinetic diameter of phenol is 6.6 A,
which is much larger than methanol and even larger than the pore opening of all
commercial available LTA zeolites (5A zeolite is with the pore opening of 5 A). %]
Due to the shape selectivity of the crystalline zeolites, the diffusion of phenol inside
the crystalline structure of LTA zeolites is hindered and, therefore, can be used for the

efficient methanol separation.

In this section, high temperature DMMT was applied for the determination of
methanol diffusion parameters and for the analysis of chemical inertness of different
zeolitic sorbents. Finally, significant yield enhancement on transesterification of DMC
with phenol is achieved with the use of 4A zeolite at high temperature (180 <C)

without the use of an external separation unit.

4.2.2 Experimental

4.2.2.1 Direct measurements of mass transportation at high temperature

3A, 4A and 5A zeolites were selected for high-temperature diffusion Kkinetic
measurements. All zeolites were calcined in tube furnace with air flow at 450 <C for 4
hours to remove adsorbed water and organic molecules. Before use, the calcined
zeolites were kept in a Schlenk tube in order to prevent further contamination from

atmosphere.

The high-temperature DMMT was conducted when 5 g of sorbent were introduced in
a 70 mL autoclave and isobutanol was used as solvent and internal standard.

Subsequently, the reactor was purged with N, at 1 MPa till inert conditions were
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reached. When the temperature in the autoclave reached 160 <C, the magnetic stirring
was started and 25 g of methanol / isobutanol mixture containing 5 wt. % methanol
were introduced into the autoclave at a flow rate of 20 mL min™ by using a syringe
pump. During the adsorption process, samples were taken at short time intervals and
analyzed by GC. Based on the remaining methanol concentrations in liquid mixtures,
the amounts of methanol adsorbed by the zeolites were estimated. Based on the

DMMT results, the adsorption isotherms and diffusion kinetics were determined.

4.2.2.2 Catalytic reaction

The transesterification of DMC with phenol was carried out in a stainless steel
autoclave (Parr instrument) with an inner volume of 300 mL. In a typical reaction
procedure, 0.5 g of MoO3/SiO, solid catalyst (20 wt. % loading of MoO3 synthesized
as described in Section 3.2.1.2), 20 g of zeolitic sorbents together with phenol and
DMC were added in the autoclave (total volume of reactants was below 200 mL). The
autoclave was then sealed and purged with N, several times. After the temperature in
the autoclave reached the reaction temperature (160 ~ 180<C), rigorous stirring was
started with a rate of 700 rpm. During the catalytic reaction, the temperature and
stirring speed were monitored and controlled by a reactor controller (Parr 4848). The
final composition of reaction mixture was determined by GC, and vyield of each

product was calculated based on the starting amount of phenol.

4.2.2.3 Characterization of zeolitic sorbents

The methods used for the characterization of crystallinity and chemical composition
are the same as described in Section 4.1 (results are available in Section 4.5, Figure

4-15 and Table 4-8).
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The nature and concentration of surface acidic sites was analyzed by temperature
programmed desorption (TPD) and NHj; was used as a probe molecule. The
measurements were performed by using a 6-fold parallel reactor system. For TPD
experiments, 50 ~ 100 mg of samples were pretreated at 500 <C (5 <C min™ ramp) in
He stream for 1 hour in order to remove surface contaminants. After cooling at 100 <C,
ammonia was adsorbed with a partial pressure of 1 mbar. Subsequently, the samples
were purged with 30 mL min™ He for 2 hours in order to remove all physisorbed
molecules. Then 6 samples were sequentially heated from 100 to 770 <C with an
increment of 10 < min™ to desorb NHs. For analysis of the surface bonded species,
an attached mass spectrometer (Balzers QME 200) was used. The amount of desorbed
NH3 was determined by the integration of the MS signal calibrated to a standard

material (H-ZSM-5 zeolite, Si / Al = 45, number of acidic sites 360 zmol g).

4.2.3 Results

The methanol adsorption isotherms on LTA zeolites at high temperature (160 <C) are

shown in Figure 4-8.
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Figure 4-8 Methanol adsorption isotherms on LTA zeolites at 160 C
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It was successfully shown that the methanol adsorption isotherms for 4A and 5A
zeolites are similar to each other, indicating that the pore openings of LTA zeolites up
to 4 A are large enough to enable efficient methanol diffusion and larger pore opening
does not have any further advantages on it. In addition, the maximum uptake of ca.
120 mg g, which is slightly lower than the value determined at temperatures lower
than the ambient temperature (Section 4.1). The observed lower overall methanol
uptake can be explained by Le Ch&elier's principle, as methanol adsorption on LTA
zeolites is an exothermic process. Compared to 4A and 5A zeolites, 3A zeolite showed
a lower methanol uptake in each of measurement, especially at low concentration

range of methanol (< 25000 ppm).

Since methanol is the only possible molecule in the reaction mixture that can diffuse
into the pores of LTA zeolites, the methanol diffusion kinetics of different LTA

zeolites was studied for 3A, 4A and 5A zeolites (Figure 4-9).
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Figure 4-9 Diffusion kinetics of methanol on LTA zeolites (Conditions: reactor
volume 70 mL, sorbent 5.0 g, methanol / isobutanol 25.0 g, initial concentration of
methanol 5 %, T = 160 <C.)

It is clearly evidenced that 4A and 5A zeolites showed comparable diffusion rate (ca.
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51 mg g* h™ at the initial stage) while the diffusion rate of 3A zeolite was

considerably slower (ca. 26 mg g™ h™ at the beginning).

The transesterification reaction from phenol and DMC was catalyzed by 20 wt. %
MoO3/SiO; catalyst. The excellent catalytic performance of MoQO3/SiO, was already
shown and discussed (Chapter 3). In order to enhance the yield of transesterification
products (MPC and DPC), the zeolitic sorbents were loaded concomitantly with the
catalysts and reactants and the whole system was operated at high temperature

(160 <C). The results are listed in Table 4-6.

Table 4-6 Yield enhancement of transesterification by methanol removal (160 <C)

Condition Conversion Yield (%)
(%) MPC  DPC Anisole Others
Without methanol removal 15.4 13.2 0.2 trace trace
Methanol removal by 3A zeolite 24.9 24.6 0.3 trace trace
Methanol removal by 4A zeolite 38.0 375 0.4 trace trace
Methanol removal by 5A zeolite 38.7 38.1 0.3 0.2 trace

Conditions: DMC / phenol =5, T = 160 <C, 20 wt. % MoO3/SiO, 0.5 g, zeolite 20 g
(if used), reaction time 6 hours, conversion and yield were calculated on phenol basis.

From the data presented in Table 4-6, it is evidenced that at least 52 % higher phenol
conversion was realized in the presence of LTA zeolites. Among all the LTA zeolites,
4A and 5A zeolites showed an increased methanol uptake capability compared to 3A
zeolite and had an even higher impact (60 % increase in phenol conversion compared
to 3A zeolite). This observation is in good agreement with the adsorption isotherms
and diffusion kinetics (Figure 4-8 and 4-9), demonstrating that the continuous
methanol removal has a direct influence on the overall product yield. In addition, the
transesterification selectivity is high, so that anisole, the main by-product formed via
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alkylation of phenol and DMC or decarboxylation of MPC, and other compounds
(mainly cresol isomers), are formed with very small percentages. Since MoO3/SiO,
catalyst is a selective catalyst for transesterification at 160 <C, as described in Chapter
3, the use of methanol scavengers did not influence the by-products formation,
suggesting that all LTA zeolites have an outstanding chemical inertness under the
reaction conditions. In order to further investigate the impact of critical parameters of

the reaction system, the same reaction was operated at higher temperature (Table 4-7).

Table 4-7 Yield enhancement of transesterification by methanol removal (180 <C)

Condition Conversion Yield (%)
(%) MPC  DPC Anisole Others
Without methanol removal 18.4 17.3 0.9 0.2 trace
Methanol removal by 3A zeolite 325 30.4 1.5 0.6 trace
Methanol removal by 4A zeolite 53.4 48.9 3.3 1.1 trace
Methanol removal by 5A zeolite 53.6 45.7 2.9 1.5 ~3

Conditions: DMC / phenol = 5, T = 180 <C, 20 wt. % MoO3/SiO, 0.5 g, zeolite 20 g
(if used), reaction time 6 hours, conversion and yield were calculated on phenol basis.

When the system was operated at 180 <C, the yield of each product was higher than
that obtained at 160 <C, and the conversion of phenol was very close to the
equilibrium level (ca. 18 %, as estimated from Figure 1-1). At higher temperature, it is
not surprising that 4A and 5A zeolites led to comparable phenol conversion which
was much higher than that obtained in the presence of 3A zeolite. However, it is also
observed that the formation of by-products became even more favorable at 180 <C,
compared to the results obtained at 160 <C. Especially the use of 5A zeolite resulted
in the formation of considerable amount of alkylation / decarboxylation products
(with the selectivity of ca. 8 %), reducing the final yield of MPC and DPC. The

formation of by-products can be attributed to the thermally favored secondary
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reactions, since the catalytic reaction without any methanol removal similarly gave an
increased yield of anisole compared to 160 <C. The transesterification selectivity with
the use of 3A and 4A zeolites was ca. 98 %, which is very close to the observed
selectivity for the reaction performed in the absence of a sorbent (~ 99 %). When 5A
zeolite was operated at 180 <C, the selectivity of the transesterification products
(MPC and DPC) was ca. 90 %. In order to investigate the influence of the sorbents on
by-product formation, the acidity of different LTA zeolites was determined by

NHa-TPD (Figure 4-10).
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Figure 4-10 NH3-TPD profiles of LTA zeolites

As shown in NH3-TPD profiles, 5A zeolite presents distinct surface acidity, while the
acidity of 3A and 4A zeolites is negligible. The concentration of surface acidity on 5A
zeolite was determined as 285 zmol g™*. These surface acidic sites might promote the

acid catalyzed anisole and cresol formation.

4.2.4 Discussion

In the aspects of methanol uptake and diffusion rate, 4A and 5A zeolites showed

higher performance compared to 3A zeolite (and the performances of 4A and 5A

152



Chapter 4

zeolites are comparable). The lack of adsorption capacity as well as diffusion rate of
3A zeolite is attributed to its smaller mean pore opening (smaller than the Kinetic
diameter of methanol molecule) hindering the methanol diffusion, as discussed in

Section 4.1.4.

With the respect of chemical inertness, 3A and 4A did not contribute to by-product
formation, while 5A led to distinct undesired alkylation products. LTA zeolites are
normally first produced in Na-form (4A zeolite), followed by cation exchange in order
to tailor the size of pore opening (partial K* and Ca®* exchange of Na* towards 3A
and 5A zeolites, respectively). With the presence of crystalline water, Ca®* leads to the
generation of Ca(OH)" together with proton at the intersection of two cages in the
LTA framework. ) The observed acidity of 5A is responsible for the decomposition
of DMC, forming methanol and dimethyl ether (DME), which further undergo
alkylation with phenol resulting in anisole formation. ®% In contrast, similar
transformation does not take place when LTA zeolites have only mono-valence

cations, reflected by the chemical inertness of 3A and 4A zeolites.

Not as in the case of DMC synthesis, where a competitive complex transportation of
water and methanol is involved, the DPC synthesis with methanol removal displayed
a much simpler model for the methanol diffusion, allowing the efficient product
separation without the use of an external separation unit. From industrial points of
view, the in-situ methanol scavenger reduces huge energy consumption, as no
temperature gradient exists in the reaction system so that extra controlling of different
temperatures in different reactor parts (for DMC synthesis, the temperature gradient is

185 <C) is not necessary.
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4.2.5 Conclusion

Methanol can be successfully removed under the experimental condition where
transesterification of DMC with phenol takes place, leading to an increased MPC /
DPC formation. Among all tested zeolites, 4A zeolite is the most suitable candidate
for its excellent methanol uptake capacity and high diffusion rate as well as for its
chemical inertness. The performance of 3A zeolite is low, due to its narrow pore
openings hindering methanol diffusion, while 5A shows a low chemical inertness and
enhances secondary undesired reaction paths, due to the presence of additional Lewis
acidic sites. From the consideration of process design, the use of methanol scavenger
provides the possibility of reducing the number of reaction zones, compared to the

traditional MPC process with two reaction zones.

4.3 Further development on process technology

4.3.1 Zeolitic sorbent for in-situ water removal

In the process of DMC synthesis from methanol and CO,, an external separation unit
filled with LTA zeolites for water removal is designed, as presented in Section 4.1.
However, the high demand on energy consumption for the recycling and temperature
adjustment limited its industrial feasibility. Hence, it is highly desired to develop new
sorbents that can selectively remove water from methanol-abundant reaction mixture
at high temperatures (ideally the same temperature as that of the catalytic reaction).
Nonetheless, all commercial available LTA zeolites failed on this issue. As an example,
the diffusion kinetics of water and methanol in commercial available 4A and 3A

zeolite are comparatively shown in Figure 4-11.
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Figure 4-11 Diffusion kinetics of water and methanol on 4A (a) and 3A (b) zeolites
(Conditions: reactor volume 70 mL, sorbent 5.0 g, methanol / isobutanol (or water /
isobutanol) 25.0 g, initial concentration of methanol (or water) 5 %, T = 160 <C.)

Besides the crystalline network of the zeolitic framework, it was revealed that the
location of different cations has a crucial effect on the size of zeolite pore opening.
With this respect, recently, new chemical modification has been made on commercial
available zeolites. The resulted materials have high separation selectivity for water
compared to methanol at 160 <C. ¥ Under the same conditions of high-temperature
DMMT measurements in Section 4.2, the diffusion kinetics of water and methanol is

comparatively shown in Figure 4-12.
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Figure 4-12 Diffusion kinetics of water and methanol on new zeolitic sorbent
(Conditions: reactor volume 70 mL, sorbent 5.0 g, methanol / isobutanol (or water /
isobutanol) 25.0 g, initial concentration of methanol (or water) 5 %, T =160 <C.)

In the catalytic reaction, when zeolitic sorbents were suspended together with
reactants and catalysts (at 160 <C), 3A zeolite was not able to enhance the yield of

DMC. In contrast, the newly developed zeolitic sorbent significantly improved the
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DMC yield by one order of magnitude as shown in Figure 4-13.
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Figure 4-13 DMC vyield enhancement with the use of zeolitic sorbents (Conditions:
39.6 g methanol, 10 g CO,, 18 g zeolitic sorbent (if used), 2.0 g ZrO, used as catalyst,
T =160 <T for both catalytic reaction and operation of sorbents.)

In sum, it was shown that the newly developed zeolitic sorbents successfully fulfill
the requirements for an industrial application, i.e., 1) high selectivity, 2) high
reusability, 3) high temperature operational stability. Therefore, the new zeolitic
sorbents can be similarly applied as dehydration agents in various separation
processes (e.g., removing trace amounts of water present in organic solvents),
demonstrating the overall importance of the new engineering material for the
sustainable process design. Furthermore, the new zeolitic sorbents could also be used
as a main component for the membrane preparation in order to achieve energy-saving

continuous operation under a broad range of operational conditions.

4.3.2 Zeolitic membrane for high-performance water / methanol separation

As proposed after the development of new zeolitic sorbents with excellent
performance on water / methanol separation (Section 4.3.1), a new zeolitic membrane

based on the transportation features of basic operation units in the zeolitic sorbent is
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further developed. *2 The separation factor of water to methanol is higher than 1000
at 160 <T with the water permeance in an industrial feasible range (ca. 10® mol m?s™
Pa'). B3 As a benchmark for comparison, a commercial available LTA zeolitic
membrane is only able to separate methanol and water with the factor < 10 under the
same condition. * Compared to the new zeolitic sorbents presented in Section 4.3.1,
the present zeolitic membrane not only possesses all the advantages of the sorbents,

but also provides the advantages required for continuous operation (Figure 4-14).

Based on the new zeolitic membrane, a process of continuous DPC production is

finally proposed, as shown in Figure 4-14.

DPC production
A

Membrane for
water removal

Methanol
removal and
recirculation

Methanol
removal and |
recirculation

\ 4

O
. Pump

PhOH

Catalysts for DPC
formation (MoOg3-based)

. \ Catalysts for DMC

formation (ZrO,-based)

Pump

Methanol <

4

Figure 4-14 Schematic representation of an operational unit for the continuous DPC
production based on membrane reactor
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As proposed in Figure 4-14, methanol and CO; are first fed into the reactor. In the 1%
step, ZrO,-catalyzed DMC formation from methanol and CO, takes place.
Simultaneously, the co-produced small amount of water in the reaction mixture is
diffused and removed via the zeolitic membrane with high separation factor. % As a
result, high-purity DMC is produced. In the presence of phenol introduced in the 2"
part of the reactor, the formation of MPC is enabled on the active surface of MoO3;
catalyst. To reduce thermodynamic constrain of the transesterification reaction,
methanol is separated from the reactor and recycled. Finally, the outcome of the
operation is high concentration of high-purity MPC, which is in the last reaction step,
can be readily converted into DPC via disproportionation. One main advantage of the
proposed operational unit is the high energy-efficiency of the process, since the
temperature gradient among different reaction / separation zones is very small thus an

internal heat exchange demanding high energy consumption is not required.
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4.5 Appendix

4.5.1 XRD patterns of LTA zeolites

2
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Figure 4-15 XRD patterns of all LTA zeolites

4.5.2 Chemical composition of LTA zeolites

Table 4-8 Elemental composition of LTA zeolites

Zeolites Composition formula
3A K4.65Nag gsAl11 53511247048
4A Nay1 68Al11.68S112.32048
5A Cay.79Na7.g3Al11 72511228048
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Summary
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Summary

Innovative pathways for sustainable DPC production without the usage of highly
toxic and corrosive reagents are required. In order to fulfill the demands of green
chemical production, a two-step reaction pathway has been proposed, combining
methanol carboxylation to dimethyl carbonate (DMC) followed by its
transesterification with phenol, where CO; is used as C; building block. The research
conducted for catalyst development and considerable efforts dedicated to shift the
thermodynamic equilibrium towards enhancement of product yield are identified as

the two major objects in the present thesis.

The rate of ZrO,-catalyzed DMC formation from methanol and CO, has been
considerably improved by using newly developed catalysts. Homogeneous
distribution of the new active sites created by heteroatom insertion on a highly
crystalline ZrO, surface was proved to have an important impact on the optimization
of the catalyst performance. It has been shown that new basic active sites considerably
favor CO, adsorption and activation on the surface. Following methanol adsorption
and formation of reactive methoxide species, monomethyl carbonate, a key
intermediate, is formed, via a reaction with a surface bicarbonate or carboxylate.
Higher activity of MgO-ZrO; catalyst is attributed to the higher CO, coverage caused
by stronger basic sites as well as to the higher efficiency of nucleophilic attack from

oxygen to carbon.

Active nanocrystalline «-MoQOj3 supported on SiO, was synthesized and tested for
transesterification of DMC with phenol. Raman spectroscopy enabled to distinguish
among terminal Mo=0 sites, Mo-O-Mo and Mo-(O),-Mo (n > 1) units. The surface
coordinatively unsaturated Mo-O-Mo unit, stabilized on an orthorhombic crystal
lattice, is responsible for the catalytic transesterification between phenol and DMC.
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Based on the observed negative reaction order of phenol, a Langmuir-Hinshelwood
mechanism with competitive adsorption of two reactants is proposed. Results from
detailed in-situ spectroscopic measurements further support these mechanistic
assumptions and enable to propose a reaction sequence that would account for MPC

formation, a crucial intermediate in the process of DPC synthesis.

Selective water removal by using solid state zeolitic sorbents is an efficient approach
for yield enhancement of DMC formation from methanol and CO,, which is
thermodynamically not favored. Compared to water, the diffusion of methanol is more
severely influenced by temperature on LTA zeolites, indicated by observed higher
temperature dependence of intra-crystalline methanol diffusion. In contrast, water
diffusion on different LTA zeolites varies only in limited extent. At different
temperatures, the ratio of water diffusion coefficient to methanol diffusion coefficient
direct reflects the ability of selective water removal from methanol of LTA zeolites.
The highest value of above ratio is achieved with 3A zeolite operated at -25 <C. A
dehydration unit operated at low temperature with the use of LTA zeolite is applied for
shifting thermodynamic equilibrium of DMC formation accordingly and one order of
magnitude enhancement on DMC vyield is obtained. Similar concept is applied for
transesterification of DMC with phenol. 4A zeolite is the most suitable candidate as
in-situ methanol scavenger, for its excellent methanol uptake capacity and high
diffusion rate as well as for its chemical inertness. As a result, an overall
transesterification product yield is achieved over 50 %. Finally, based on the newly
developed zeolitic membrane, a continuous process model of the entire reaction route
is proposed. The above study allows further developments of sustainable DPC

production.
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