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Abstract

Bimetallic Au-Pd nanoparticles supported on TiO, have shown excellent catalytic activity and
selectivity to benzaldehyde in the solvent-free transformation of benzyl alcohol to benzaldehyde,
where toluene is the main observed by-product, together with smaller amounts of benzoic acid,
benzyl benzoate and dibenzyl ether. However, despite the industrial relevance of this reaction and
importance of tuning the selectivity to the desired benzaldehyde, only a few attempts have been
made in the literature on modeling the reaction kinetics for a quantitative description of this reaction
system. A kinetic model for the oxidation of benzyl alcohol over Au-Pd is proposed in this paper. It
has been found satisfactory after a model discrimination procedure has been applied to a number of
simplified candidate models developed from microkinetic studies. Despite its relative simplicity, the
proposed model is capable of representing the reactant conversion and distribution of products
observed in experiments carried out at different temperature, pressure and catalyst mass in a stirred
batch reactor. Major findings included the quantitative evaluation of the impact of hydrogenolysis
and disproportionation pathways< on benzaldehyde production. At low temperature the
disproportionation reaction was the.dominant route to toluene formation, while hydrogenolysis

dominated at high temperature.
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1. Introduction

Benzyl alcohol oxidation is an important alcohol oxidation reaction in industry due to the demand
for benzaldehyde as an intermediate in the production of fine chemicals, fragrances and flavouring
additives [1]. Stoichiometric oxidants are often used for this transformation, however it is highly
desirable to use catalytic systems along with environmentally benign oxidants like O, HoO5 or air.
Many heterogeneous catalysts have been reported to be active for this transformation, including
copper-containing catalysts [2], supported Au [3] and Pd [4-5] monometallic catalysts and Au—Pd
bimetallic catalysts [6-7]. The use of inexpensive metals such as Cu, Mn and Ni-containing
catalysts also offer a good alternative in comparison with the precious metals, but they are still
under study [8,9]. After the discovery that an alloy of Au and Pd leads to a significant enhancement
in activity and selectivity by comparison to the Au or Pd mono-metallic catalysts [10], supported
Au-Pd catalysts have been extensively used for the oxidation of various alcohols, including benzyl
alcohol [11,12]. In particular, Au-Pd nanoparticles supported on TiO, have been recently shown to
be highly effective in the oxidation of benzyl alcohol [7] exhibiting excellent catalytic activity.

In the oxidation of benzyl alcohol to benzaldehyde using supported Au-Pd catalysts, toluene and
water are the main observed by-products, together with benzoic acid, benzyl benzoate and dibenzyl
ether [13-14]. Benzaldehyde and benzoic acid are formed by the sequential oxidative
dehydrogenation -and further oxidation of benzyl alcohol. Dibenzyl ether is formed by the
dehydration of benzyl alcohol, while benzyl benzoate is reported to be formed either via hemi-
acetal from benzaldehyde or by the esterification of benzoic acid by the substrate [13-16].
However, these products are typically formed in small amounts (<5%). There are different opinions
in the scientific community on the origin of the other main by-product, toluene [12,14,17], which is
formed in larger amounts (20-30% depending on the catalyst). Baiker et al. [17], proposed
hydrogenolysis of benzyl alcohol as the origin of toluene using the hydrogen produced from the

dehydrogenation of benzyl alcohol. Other groups proposed an alternative disproportionation



mechanism of benzyl alcohol [12,17], which results in an equimolar mixture of benzaldehyde and
toluene under oxygen-free reacting conditions. However, since under aerobic conditions
benzaldehyde is formed by both oxidation as well as disproportionation reactions, it becomes
difficult to study the disproportionation reaction alone. A methodology was recently reported to
quantify the two reactions separately, even under oxidative conditions [18]. Interestingly, according
to this methodology, oxidation and disproportionation reactions seem to have different active sites
in the supported Au-Pd catalyst. In particular, metal sites appear to promote the oxidation reaction,
while metal-support interface sites promote the disproportionation reaction. Furthermore, the nature
of the support was found to be very important for controlling the extent of disproportionation and
thus toluene formation [17,18].

In order to describe the concentration of the chemical species involved in the selective oxidation of
benzyl alcohol on Au-Pd catalysts in a quantitative way, as well as for catalyst design and process
optimisation purposes, a reliable kinetic model is required. Ultimately it is desirable to obtain the
most important product, benzaldehyde, in high yield by suppressing the formation of by-products.
The kinetic model should implement: i) a chemically consistent kinetic mechanism, defining its
constitutive rate equations; ii) a statistically precise and accurate estimation of the set of kinetic
parameters. Despite the great importance of the reaction, only a few attempts have been made to
develop kinetic models in order to elucidate the reaction mechanism [17,19,20]. In a recent study
[17], a Kinetic expression was derived for the solvent-free oxidation of benzyl alcohol on Au-Pd
nanoalloys. Two parallel competitive pathways were identified in the gas—liquid—solid multiphase
reaction system as the main source of benzaldehyde: i) a direct catalytic oxidative dehydrogenation
(PhCH,OH + %20, — PhCHO + H;0), yielding benzaldehyde and water and this reaction
exclusively takes place in the presence of gaseous oxygen; ii) a disproportionation reaction
(2PhCH,0OH — PhCHO + PhCHj; + H,0), resulting in a equimolar mixture of benzaldehyde,

toluene and water occurring both in the presence and the absence of oxygen and thus reducing the



selectivity of the desired product, benzaldehyde [17]. Experimental results were obtained in a
conventional glass stirred reactor (GSR) operated in a batch mode and the evaluation of kinetics
was based on initial reaction rate data. Based on this data set, a kinetic model was proposed that was
able to represent in a satisfactory way the data at low conversion, but revealed several limitations on
the representation of selectivity at high conversion. More recently, a microkinetic model of benzyl
alcohol oxidation over carbon-supported palladium nanoparticles was proposed [20]. The model
was able to represent the distribution of by-products such as benzoic acid; benzyl benzoate, and
benzyl ether observed in this catalytic system. The same authors extended the same model to the
Au-Pd system, again considering carbon-supported nanoparticles [21],;observing that using Au—Pd
alloying decreased the oxygen adsorption properties relative to pure Pd. The microkinetic model
was able to explain the selectivity observed in the catalytic system. However, one practical
limitation on the model applicability for reaction engineering purposes is the high number of
parameters to be estimated in this model (eleven without considering temperature dependence).

The goal of this paper is to develop_ a structurally simple kinetic model of benzyl alcohol oxidation
over a Au-Pd/TiO, catalyst capable of representing in a quantitative way the experimental
observations obtained from a stirred reactor operated in batch mode. A three-step model
identification procedure is implemented for this purpose. In the first step, a set of candidate kinetic
models is formulated, based on a microkinetic study of plausible reaction mechanisms occurring
over the catalyst surface. The complexity of candidate models is reduced to allow a statistically
reliable -estimation of kinetic parameters from batch reactor data. In the second step, a model
discrimination [22] is carried out with the purpose of selecting the most suitable mechanism
amongst proposed competitive kinetic models. In the third step, the performance of the best model
is tested on a wider range of experimental conditions, in order to investigate the effect of
temperature, oxygen pressure and catalyst amount on benzyl alcohol conversion and selectivity to

benzaldehyde and toluene. Results show that, despite the relative simplicity of the suggested model,



a good agreement with the experimental data is obtained under a wide range of experimental
conditions, providing a quantitative representation of the reaction system and elucidating the

pathways involved in the distribution of the main products.

2. Methods

The starting point for the development of the kinetic model is the availability of a chemically
consistent reaction mechanism, which cannot be formulated without a precise understanding of the
main species present on the catalyst surface. The main precursor species likely to be formed on the
catalyst surface from substrate (benzyl alcohol) oxidation [14,19] are illustrated in Figure 1.

Active sites on the catalyst surface remove the benzylic H of benzyl alcohol leading to the
formation of the intermediate a-hydroxyalkyl Species 1 (bonded to the catalytic surface through C
atoms) and/or the removal of alcoholic H resulting in alkoxy Species 2 (bonded to the catalytic
surface through O atoms), precursors to the formation of both major products (benzaldehyde and
toluene) and the minor by-products [13-16]. Starting from these species on the catalyst surface,

several basic kinetic reactions can be considered.

2.1 Definition of basic reactions

In an attempt to-describe the selective oxidation of benzyl alcohol in a comprehensive way, four
main competitive reactions are considered in this study:

1. Dehydrogenation (DH);

2. Hydrogenolysis (HL);

3. Disproportionation (DP);

4. Oxidative Dehydrogenation (ODH).

The DH reaction considers the dehydrogenation of precursor species (alkoxy or a-hydroxyalkyl) to

benzaldehyde in the form Alkox* = BzAld* + H*.



The HL is a two-step reaction occurring on the catalyst surface involving the breakage of C-OH

bonds:
i) first step (HL1): dehydrogenation of benzyl alcohol to benzaldehyde with the release of
hydrogen (Eq. 1)
PhCH,OH* = PhCHO* + 2H* ;
ey
i) second step (HL2): hydrogenolysis of another molecule of benzyl alcohol with the

hydrogen from HL1 to form toluene and water (Eq. 2)
PhCH,OH* + 2H* = PhCH3* + H,O*.
2)

Here the two reactions HL1 and HL2 are separate reactions. One molecule of benzyl alcohol
produces one molecule of benzaldehye and 2H atoms (or 1 molecule of H,) (HL.1) and in the second
reaction (HL.2) one molecule of toluene is formed from one molecule of benzyl alcohol and the H
produced from HL1.
The DP is a reaction occurring -on the catalyst surface between precursors [17,23] (alkoxy/a-
hydroxyalkyl and benzyl alcohol), which is known to provide an equimolar quantity of toluene and
benzaldehyde in the absence of oxygen, according to the following surface reaction:
PhCH,0* + PhCH,OH* + H*= PhCHO* + PhCH3* + H,O*
3)
Unlike in HL reaction, here toluene and benzaldehyde form simultaneously in one step from 2
molecules of benzyl alcohol through a bimolecular reaction where the alkoxy species and the benzyl
alcohol are adsorbed closely on the catalyst surface. As illustrated in Figure 2, two possible
mechanisms have been postulated for DP (DP1 and DP2) based on the modes of adsorption of
benzyl alcohol on to the catalytic surface [23]. In the first step for both mechanisms the substrate

adsorbs on the catalyst surface. Depending on the mode of adsorption the proposed mechanism



changes. For the first mechanism (DP1) the first molecule of benzyl alcohol adsorbs through the
benzylic C after the cleavage of the benzylic C-H bond and the second molecule of benzyl alcohol
adsorbs via O of the benzyl alcohol without any bond breaking. For the second mechanism (DP2),
the first molecule of benzyl alcohol adsorbs through the alcoholic O after the breaking of the O-H
bond and the second benzyl alcohol molecule adsorbs via O of the benzyl alcohol without any bond
breaking. After these initial steps a concerted one-step process involving inter-molecular hydride
transfer forms equimolar mixture of benzaldehyde, toluene and water (Figure 2).
In ODH [23,24] oxygen is responsible for benzyl alcohol dehydrogenation by removing water from
the catalytic surface through a two-step mechanism. In the first step, oxygen subtracts one hydrogen
from the substrate via the formation of the alkoxy precursor<and OH:
PhCH,OH* + O* = PhCH,O* + OH*

“)
In the second step, the OH* which is present on the surface takes away a second hydrogen from
alkoxy through water formation:

PhCH,O* + OH* = PhCHO* + HzO*

5)
The further oxidation of alkoxy in the presence of OH* leads to the formation of by-products like
benzoic acid [24]. Among the above-mentioned basic reactions 1-5 considered, DP and HL2 are the
only pathways to toluene if hydrogen is present on the catalytic surface, whilst ODH, DP and HL1

routes lead to the formation of benzaldehyde.

2.2 Potential reaction schemes
Starting from the aforementioned basic reactions, four different models are considered and

compared in this study:



1) Model 0 includes benzyl alcohol oxidation (PhCH,OH + Y2 O, — PhCHO + H,O) (ODH) and
disproportionation (2PhCH,OH — PhCHO + PhCHj; + H,O) (DP) as parallel global reactions
as presented in [17];

2) Model 1 (Figure 3a) considers DH, DP and HL reactions taking into account the main species
on the catalytic surface;

3) Model 2 considers DP, DH and HL2 reactions only (i.e. same scheme of Model 1 but ignoring
the hydrogenolysis pathway HLI1, hydrogen used by HL2 is released by DH via alkoxy
formation);

4) Model 3 (Figure 3b), adapted from Savara and coworkers< [19] where an oxidative
dehydrogenation pathway (ODH) is considered and DP reaction is not present. The alkoxy
species can provide benzaldehyde by reacting with OH on the catalyst surface (alkoxy to
benzaldehyde AB pathway), or toluene (benzyl to toluene BT pathway) via the formation of a
benzyl intermediate (alkoxy to benzyl AByl pathway).

In Model 1-3, the following reactions involving H* and OH* species are included:

O* + H* = OH*

(6)

OH* + H* = H,O*

)

OH* + OH* = H,0* + O*

(8)

Note that, according to Model 1 and Model 2, oxygen does not directly react with the substrate

and/or the alkoxy species (i.e. ODH reaction is not considered), but it has the primary role of

removing hydrogen from the catalytic surface. Conversely, direct oxidation reactions, where

reaction rate is dependent on oxygen concentration, are considered in both Model 0 and Model 3



reaction schemes. In particular, according to Model 3, oxygen reacts with the substrate to form the

alkoxy species according to ODH reaction.

2.3 Formulation of candidate kinetic models
Model 0: The model presented in [17] has been used as a reference model (Model 0) in the current
kinetic study of the benzyl alcohol oxidation system. According to Model 0, the benzyl alcohol

reaction rate rp;oy is described by the following kinetic expression:

Tscow = ¥op T Fopy =

ClB:0H] [ | k,l0)] )
Ki+[BzoH] ™ K3 +[0,]

In Eq. 9 rp,om [mol/s] is the rate of change of concentration of benzyl alcohol (through the parallel
DP and ODH reactions with rate of change rpp and ropy respectively), characterised by the rate
coefficients k;x and k,x for the reaction in the absence (DP) and presence (ODH) of O,. This model
does not capture the enhanced toluene formation in the presence of oxygen [17]. C represents the

total number of catalytic sites on the surface, proportional to the weight of catalyst and K, and K},

are adsorption constants for oxygenand benzyl alcohol from the adsorbed state.

Note that according to Eq. 9, benzyl alcohol oxidation (through ODH) is approximately zero order

with respect to oxygen, and disproportionation (DP) is approximately zero order with respect to

benzyl alcohol. This is consistent with the observed experimental behaviour under solvent-free

conditions, when all the catalytic sites are saturated with benzyl alcohol [17].

Models 1 and 2: These have been developed starting from a full microkinetic model following a

Langmuir-Hinshelwood approach and the mechanism reported in Table 1, under the following

assumptions:

e HLI, HL2, DP and DH are competing reactions assume to take place at the same active sites
and represent the (slow) rate limiting steps;

e the rate limiting steps do not change during the reaction;

10



e the adsorption/desorption of products/substrate is very fast;

e oxygen does not directly react with the substrate (i.e. ODH is not present), but reactions
described by Egs 6-8, involving H*, O* and OH* species (see Section 2.2), are included;

¢ only benzaldehyde, toluene and water are considered as reaction products.

The last assumption is consistent with the observed experimental results, showing ‘that in the

investigated experimental conditions (temperature range 7' = 80-120 °C, pressure range P = 1-3

bar), only a relatively small amount of other sub-products (mainly ester and benzoic acid) is found

in the products (always < 2% in terms of product selectivity).

The expressions for the rate limiting steps are':

e HL ,
HL1
Tt =k g0 ———— Op.010: O
6
(10)
HL2
Tary = kHLzeBzOH*eH* _?em*eom (11)

5

kDP
_ 7, DP
Ipp =k gAlknx*9310H*9H* - ? 0BzAld*9Tnl*9H20*
4

(12)

DH

_ , DH ' 4
To =k O Op-110:O+ -
3

13)

where r;, k; and K; are, respectively, the reaction rate, the rate coefficient and the equilibrium

constant for the i-th limiting step (i = HL1, HL2, DP, DH). Rearranging the equilibrium equations

! Here and in the following for the sake of conciseness in the kinetic expressions we will use the following notation for
reactants and products: BzOH for Benzyl Alcohol (PhCH,OH), BzAld for benzaldehyde (PhCHO) and To! for Toluene
(PhCH3).

11



reported in Table 1, the coverages 6;« of selected species on the catalyst surface can be computed as

a function of measurable quantities (i.e. products/reactants concentrations):

Alkox - VK K K12K13

(14)

[BzOH][O "

_ [H20]1/2\/ K, KKK, [02]1/4 0

Oons =

KK,
(15)

0, . =[H,0p./K,,
(16)

[H20]1/2

i JK KKK ,[0,]"*
(17)
Oy = |BzAId . 1 K,
(18)
0,,. = [Tollp. 1 K,
(19)
6,.=K,l0,]"?6.
(20)

O,.0ue= K,[BzOH 6.

In Eqs 14-21 the coverage of surface species 0 can be evaluated from8™ =1— ZQI .

The rate expressions of the limiting steps can be rewritten as:

2D
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HL1

[BzAld|[H,0] P

=k"™K [BzOH 6, -
rHLl 1[ : ] ' K6K7K8K11K12K13 [02]1/2 '

(22)
HL2 1/2 kHLZ K K K K
T = /—k s [BZOH][I;{ZO] 6. - e [H20]1/2[02]1/4[T01]9*2
K7K8K12K13 [02] KSKI()KSKIZ
(23)
kDP
rop = k"’ K K,|[BzOH 6, —————|[BzAld |10l ] H,0]6.’
4510711712
(24)
BOH 0 1/4 kDH BZ,Ald H01/4
- WKBKHKB[ z ][1/22] o [ ][“j I
[HZO] K3K11 K7K8K12K13 [02]
(25)

According to this microkinetic model, oxygen plays a crucial role in balancing the relative extent of
HL1 and HL2 reactions. In particular, a high amount of oxygen tends to remove H* from the
catalytic surface, according to Eq 17., promoting the formation of benzaldehyde through HL1 and
DH, and suppressing the formation of toluene through HL2. Furthermore, note that while HL.1, HL2
and DH are first order reactions with respect to benzyl alcohol, DP is second order (two benzyl
alcohol molecules are required to form one mole of water/toluene/benzaldehyde).

A limitation on the applicability of Model 1 through Eqs 22-25 for reaction engineering purposes is
the large number of parameters to be estimated (13 equilibrium constants and 4 rate constants).
More  importantly, these parameters cannot be uniquely estimated from reactant/product
concentration measurements only (i.e. the resulting model is not structurally identifiable [26]). For
this reason, a simplification is introduced here with the aim of preserving the estimability of kinetic
parameters from batch reactor data. According to Model 1, the following reaction rate expressions

for HL1, HL2, DP and DH reactions are derived:
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— kHLll[BZOH]_kHLIZ [Bmld][HZO]
[02]1/2

rHLl

(26)

po = L2 [BZOH][HZO]UZ
HL2 [02]1/4

—k"™*[H,0]"[0,]"[rol]
(27)

ryp = kPP [BzOH| —k"*[BzAld|[Tol|H,0]
(28)

_ o [BZOH][02]1/4 _pbH2 [BZAld][HzO]“4
1,01 lo,]"

DH

(29)
This model, where reaction rate constants k' for the i-th limiting step are lumped under the
hypothesis of constant surface coverage for the species (6« — constant), has been found to be
structurally identifiable from identifiability test [27], and it only requires 8 parameters to be

estimated from experimental data, namely the kinetic parameters for hydrogenolysis step 1 (HL1,

parameters K™ and K72, step 2 (HL2, parameters K and K727, disproportionation (DP,
parameters K”"" and k°*) and dehydrogenation (DH, parameters kP! and kPH2).

In the development of Model 2, the same reaction rate expressions are employed except Eq. 26
related to the description of HL1 and the model has been found structurally identifiable and
requiring only 6 parameters to be estimated from experimental data. For Model 1 the reaction rate
expressions for benzyl alcohol is

rB:OH :rHLl +rHL2 +2rDP +rDH

(30)
with rgp1, rur2, rpp and rpy computed from Eqs 26-29. For Model 2, the pathway HL1 is not present

and the corresponding equation becomes

14



Veon = Vuro +2rDP + Ty

€29

with rgp», rpp and rpy computed from Eqs 27-29.

Model 3: The same modelling approach can be extended to the development of Model 3, for'which

reaction mechanism is described in Table 2. The coverages of the main species involved in ODH,

AByl, BT and AB reactions are:

_ KWK KKK, [BzoH]0,]"

0 st =
Alkox* K7 [1-120]1/2
(32)
0 - K,K,\| KK, KK,
Bzyl* K3K7 [1_120]1/2[02 ]1/4 gh
(33)
KK, [H,0]"[0,]"
Oop = .
VKK KK,
(34

On.0- =[H,00. 1K,
(35)

___ mo]”
" \/K3K7K8K11 [02]1/4

(36)

Oy = |BzAId. 1 K,
(37)

0,,. =[Tollp. 1K,

(38)
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6,.=K,[0,]"*6.
(39
0,.on = K,[BzOH 6. (40)
The following reaction rate expressions for ODH, AB, AByl and BT reactions, representing the

limiting steps, are derived:

ODH2

k
Topn= kODHlKlK3[BZOI'd[02]”2@2 - [BZAZQ][Hzo]@Z
671 11
41)
AB2
r = k"' K,K.[BzoH]0,]"*6. - [BzAld[H,0]p? (42)

107411

1,01 KK, (7,0

114 AR [ 3/ 4
Tasy = kAByll% /K3K7K8K11 [BZOH ][Oz] _ 3y B Bghy g [TOI][Oz] 0> 43)
7

BT2

_em K,K,[BzOH] &k
KK )0,]76" K,

[Toll6.

BT

(44
Note how the rate expressions for pathways ODH and AB are indistinguishable based on
observables. The resulting rate expressions with corresponding lumped reaction rate constants k' (i

= ODH, AB, AByl, BT) assuming constant surface coverage for the species (6= — constant), are:

Toow =k [BzOH]0,]"* - k" [BzAld|[H, 0]

45)
Fasy = AR [BZOH ][?/22 ]1/4 L [TOZ ][021]/32/4
[H#,0] [#,0]
(46)
—— [EQOZO]ﬁ]_kBTZ[TOZ]
2
47
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In Eq. 45 the kinetic constants for ODH and AB pathways are grouped together in a single pathway
(ODH’, where KOPH' = jOPHI 4 pABl | ODPHY _ pODHY | pABYy  The model has been found
structurally identifiable and requires the estimation of only 6 parameters from experimental data.
Note that a totally different dependence on oxygen is predicted by this model as a result.of the
introduction of the direct oxidative dehydrogenation pathway for which the rate of reaction (Eq. 45)
is proportional to power 1/2 of the oxygen concentration. Six kinetic parameters need to be
estimated, namely the kinetic parameters for oxidative dehydrogenation to benzaldehyde (ODH,

parameters KOPH and kOPH2, alkoxy to benzyl step (AByl, parameters K*P"and K*%"%) and benzyl

BTI BT2
k k

to toluene step (BT, parameters and ). Benzyl alcohol consumption can be evaluated by
considering ODH’, AByl and BT as competitive reactions taking place in the reaction system. The

reaction rate for benzyl alcohol is

Tg.on = Yopr' T Tapy T Tgr
(48)

with ropm, ray and rpr and described by Eqs 45-47.

2.4 Experimental Procedures

24.1 Catalyst preparation

HAuCly3H,0 (Sigma Aldrich) and PdCl, (Sigma Aldrich) were used as the metal precursors for the
synthesis of 1%Au-Pd/TiO; catalyst. The catalyst was prepared, with a Au:Pd molar ratio of 1:1, via
a previously reported sol-immobilisation method [12,18]. In a typical synthesis, requisite amounts
of the aqueous solutions of PdCl, and HAuCls were added to 800 mL of double distilled water in a
1 L glass beaker with constant stirring. To this solution, the required amount of a freshly prepared
aqueous PVA solution (1 wt%) was added (PVA/(Au + Pd) (wt/wt) = 1.2). After a few minutes of

vigorous stirring, the required amount of freshly prepared NaBH, solution (0.1 M, NaBH./(Au +

17



Pd) (mol/mol) = 5) was added to form a dark-brown sol. After 30 min of sol generation, the colloid
was immobilized by adding the solid support [TiO» (Evonik, P25)] and acidified to pH 1 by
concentrated sulphuric acid under vigorous stirring. The amount of support material required was
calculated so as to have a total final metal loading of 1 wt%. After 2 h the slurry was filtered, the
catalyst washed thoroughly with distilled water (neutral mother liquors) and dried at 120-C
overnight under static air. The filtrate solution was checked for the presence of Au and Pd using
Atomic Emission Spectroscopy. It was found that there were no metal ions in the filtrate, indicating
that all the metals are immobilized on to the support. A detailed catalyst synthesis procedure can be

found in our previous reports [12,18].

24.2 Aerobic batch oxidation of benzyl alcohol

Solvent-free aerobic benzyl alcohol oxidation was carried out in a carousel reactor using a 50 mL
moderate pressure glass stirred reactor. In a typical reaction, the requisite amount of catalyst and
substrate were charged into the reactor at room temperature which was then purged with the
required gas (O,) three times before the reactor was sealed using a Teflon screw threaded cap. The
reactor was always connected to the open gas line to ensure that any gas consumed was replenished.
The pressure was measured using a gauge fitted to the gas inlet line. There was no change in the
pressure during the course of the reaction. The reactor with the reaction mixture was placed into a
preheated heating block, which was maintained at the reaction temperature. Switching on the
stirring inside the reactor with a magnetic bar at 1000 rpm started the reaction. As will be shown
later, no effect on reaction performance was observed when the stirring speed was above 750 rpm.
The TiO, particles were nonporous, hence internal mass transfer resistances were neglected. After a
specific time, the stirring was stopped and the reactor was immediately cooled in an ice bath. After
cooling for approx. 10 min, the reactor was opened carefully and the contents were centrifuged. An
aliquot of the clear supernatant reaction mixture (0.5 mL) was diluted with mesitylene (0.5 mL) for

quantitative analyses in a GC (a Varian Star 3800 cx with a 30 m CP-Wax 52 CB column). It was
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established that no reaction occurred in the absence of the Au—Pd catalyst or in the presence of the

catalyst support alone.

2.5 Kinetic modelling

The batch reactor was modelled through a system of differential and algebraic equations (DAEs) in

the form:
NI'I:‘(II

dr m,
(49)

where C; is the j-th component concentration [mol/kg] (benzyl alcohol, benzaldehyde, water,
toluene), r;; is the i-th reaction rate [mol/s] with respect to the j-th component, m; is the substrate
mass [kg], vij is the stoichiometric coefficient of the j-th species in the i-th reaction and « is a factor

introduced to account for the amount of catalyst used in the reaction system. « is evaluated from

(50)

0
cat

is a reference catalyst mass (m", = 0.020 g), which is

where m.,, is the catalyst mass [g] and m ot
the amount of catalyst used in the reference experiments. Oxygen is assumed to be present in the

liquid phase at its equilibrium concentration

)

Co :K_;I

CBzOH

(51
where P, is the oxygen pressure [bar] and K" is the Henry constant [bar] obtained from the

following correlation®®
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H)_
ln(K )-A+T

(52)
where A = 7.39 and B = 228. The reaction rate constants k; in each reaction rate expression were

evaluated using a modified Arrhenius equation in the form:

k, = exp[ RT} =exp. i=1..N"

(33)

where N*“““ is the number of reactions taking place. This form was used with the purpose of

preserving the structural identifiability of candidate kinetic' models [26,27] by minimising the

impact of parameter correlation during the estimation of parameters E! (activation energies) and A;
(pre-exponential factors) by estimating 6, = ln(Al.) and 0,, = E! /R [29]. gPROMS ModelBuilder

[31] was used as simulation software for the integration of the system of differential and algebraic
equations described by Eqs 49-53 with the following expressions for reaction rate: Eq. 9 for Model
0; Eq. 30 (through Eqs 26-29) for Model 1; Eq. 31 (through Eqs 27-29) for Model 2; Eq. 48
(through Eqs 45-47) for Model 3. The software was also used for the estimation of kinetic
parameters and for the statistical assessment of model adequacy. The precision in the estimation of
kinetic parameters was evaluated in terms of the #-test. For a statistically precise estimation, the #-

value of the i-th kinetic parameter (at 95% confidence level) is

(54
and should be higher than 1/, a reference r-value given by a Student #-distribution with (N - Np)

degrees of freedom (N is the total number of experimental points while Ny is the number of model

parameters). In Eq. 54 é,. is the estimated value and v} is the estimated variance of the i-th kinetic
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parameter obtained from maximum likelihood parameter estimation [30]. Maximum likelihood
parameter estimation is carried out with simple bounds on parameters using an SRQPD
optimisation solver to solve the nonlinear optimisation problem; the solver DASOLYV has been used
for the integration of the DAEs. A two-step parameter estimation procedure has been applied
starting from multiple initial guesses to mitigate the risk of incurring into local minima: in the first
step (i), parameters 0;; have been estimated by fixing 0,;; in the second step (ii), parameters 0,;
have been estimated by fixing 0, ;. For Model 1 the i-ii) iterative procedure involved a total CPU
time of approximately 10.5 minutes on a Intel® Core Xeon® E5-1650, 3.5 GHz, RAM 8 GB.
The quality of fitting (model adequacy) was assessed for each candidate kinetic model by using a
chi-square (y°) test. For each model the global chi-square
G S =5 S L

i1 =1 -1 O

(35)
was computed and compared with xief, a reference value from a X2 distribution with (N - Np)

degrees of freedom. In Eq.'55 yj;is the j-th observation of the i-th measured response, 3;is the

relative model prediction, while ’and Gi are the chi-square and the expected variance for the i-th

measured response respectively. The best model in terms of fitting performance is the model with

the lowest value of xZ,,,and, if Xg,, < xief , the chi-square test is passed and the model provides an

adequate representation of experimental data. In the current study, the experimental observations
used for model development were measurements of benzyl alcohol conversion (X)

X = CBzOH,in - CBzOH,j 100%

BzOH ,in

(56)

and selectivity to benzaldehyde (8544 and toluene (S™') in the form
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, C.v
§'=—""—100%

BzOH ,in

(57)
In Eqs 56-57 Cg.on,in and Cg,on; are, respectively, the initial concentration of benzyl alcohol and the
concentration in the j-th collected sample, C;; is the product concentration in the j-th sample and v is

the number of alcohol moles required to produce one mole of product. The observed variability in

the measurements, obtained from 3 repeated experiments, is given by 6,y = 1.3% and ¢ = 1%.
: .,

The global chi-square (Eq. 55) has been used for a quantitative comparison of the relative
performance of candidate kinetic models as well as for model discrimination purposes [22].

3. Results

3.1 Set of experiments performed

The set of experiments carried out in the batch reactor is illustrated in Table 3. The main goal of the
experimental study was to investigate the effect of a change in temperature, pressure, stirring speed

and amount of catalyst on benzyl alcohol conversion and selectivity to benzaldehyde and toluene.

Reference experimental conditions were 7 = 80 °C, P = 1 bar, m, = m’ = 0.020 g my=12g,

1000 rpm stirring speed. Experiments at different stirring speed (SS1-5) were carried out to verify
the absence of external mass transfer limitations in the reactor at both 7= 80 °C and T = 120 °C
(Po2 = 1 bar). At T'= 80 °C, the change in conversion and selectivity passing from 500 to 1000 rpm
was negligible. At T = 120 °C, again no significant change in conversion was observed (i.e. the
variation was less than 2%) passing from 750 to 1000 rpm stirring speed, and no effect was
observed on selectivity. All the experiments used for the determination of reaction kinetics were

performed at 1000 rpm.

3.2 Model discrimination from reference experiment R1
A preliminary model discrimination, based on statistical indexes was carried out based on the

reference experiment R1 (7' = 80 °C, Py, = 1 bar, my; = 2 g, m¢, = 0.020 g). Results in terms of
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fitting the k; of candidate kinetic models (Model O - 3) to benzyl alcohol conversion, benzaldehyde
selectivity and toluene selectivity data are illustrated in Figure 4. Experimental data showed a
nearly linear increase of benzyl alcohol conversion with time, reaching about 38% after 7 hours
(Figure 4a). Selectivity to benzaldehyde was always higher than 80% (Figure 4b) and exhibited a
minimum due to a maximum on formation of toluene after around 3 h (Figure 4c). Under these
experimental conditions, the main products observed were benzaldehyde and toluene (only traces of
benzoic acid and benzyl benzoate were detected). It is apparent from Figure 4 that the four models
predict conversion and selectivity profiles in a very different way:
® Model 0 provides a good representation of conversion, but ‘it can only represent an average
(constant) value for benzaldehyde and toluene selectivity during the experiment; hence, it
cannot be used for representing the distribution of products in the reactor at different reaction
times in a quantitative way;
® Model 1 provides a good representation of both conversion and selectivity;
®* Model 2 provides a good representation of selectivity, but a poor representation of conversion;
®  Model 3 fails to represent both conversion and selectivity.
Model 2 is not able to represent the conversion in a very reliable way, but is capable of representing
toluene and benzaldehyde selectivity. Model 3 predicts a high conversion at the beginning of the
experiment, where a higher rate of benzyl alcohol consumption is computed as a result of the direct
oxidation pathway to benzaldehyde described by Eq. 45. Selectivity is also poorly represented, with
a mearly linear behaviour which is not capable of representing the experimentally observed
maximum on toluene formation. Comparing Model 1 and Model 2 performance on conversion it
seems that the introduction of the direct HL.1 pathway in the kinetic scheme plays an important role
under these experimental conditions, as it greatly improves the description of conversion. Results in
terms of X2 statistics obtained after values for k; were estimated for each candidate model are

reported in Table 4. In order to ensure that the results obtained are due to the inherent model
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structure and not due to artificial numerical convergence the parameter estimation procedure was
carried starting from stochastically generated points in the parameter space in order to mitigate the
risk of incurring local minima. The estimated values of kinetic parameters for each model are
reported in the Supplementary Information.

As it is clear from the results of Table 4, Model 0 and Model 1 provide the best representation of
conversion but, as previously discussed, only Model 1 can be used for representing the distribution
of products (i.e. selectivity) at different reaction times. Both Model 2 and Model 3 are not adequate
to represent the experimental observations under reference conditions.-Hence, based on the relative
fitting performance of candidate models, the model with the lowest global chi-square (Model 1) was
selected as the most suitable candidate for representing the observations under a wider range of

experimental conditions. This model was also the only one found adequate to represent the system

according to the y” test (i.e. 2, < xief ).

3.3 Evaluation of Model 1 performance under different experimental conditions

Model 1 performance was assessed by fitting the model to experiments under different experimental
conditions; these include:

e Temperature (experiments T1, T1b, T2, T2b, T3);

e Pressure (experiments P1, P2, P3);

e (Catalyst amount (experiments C1 to C6).

Results are detailed in the following sections for Model 1 only for the sake of conciseness.
Nonetheless, it has been verified that Model 0, Model 2 and Model 3 showed the same limitations
on the representation of system concentrations described in Section 3.2 even when applied to
investigate different conditions of temperature, pressure and catalyst amount.

3.3.1 Temperature effect

An increase in temperature provides a progressive increase in benzyl alcohol conversion (Figure
Sa). Interestingly, the quasi-linear behaviour observed at low temperatures (7 = 80 °C) is lost at
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high temperatures. The highest conversion (70%) is observed at 7 = 120 °C and 3h. However,
increasing the temperature decreases the selectivity to the desired product, benzaldehyde (Figure
5b) and promotes the formation of toluene (Figure 5c¢). The model is able to represent in a very
reliable way both the conversion and selectivity at various temperatures, with only a slight over-

estimate of conversion at 7= 80 °C.

332 Pressure effect

The effect of pressure on conversion and selectivity observed in experiments P1-P3 is more difficult
to interpret as these experiments are affected by higher uncertainty in the concentration
measurements due to the presence of acetal (derived from benzaldehyde) forming in the reaction
system. According to Figure 6a, at low reaction times (under 1 hour) oxygen pressure seems to
increase the conversion. However, after three hours, all the experiments at higher pressures (Poz = 2
and Poz = 3 bar) exhibited approximately the same benzyl alcohol conversion (X = 25-30% against
X =20 % of the reference experiment). Because of the greater uncertainty in the values of
measurements in these experiments, the model is not able to capture this sudden increment of
conversion, but provides a conversion of around 23 % at higher pressures after 2 hours. An even
higher degree of uncertainty is also present in the experimental characterisation of selectivity
(Figure 6b) where again the results observed at Py, = 2 and Py, = 3 bar do not differ much. The
model is capable of representing the increase in benzaldehyde selectivity observed at higher
pressures (after 3 hours §5A = 90-92% at Pg, = 2-3 bar), but tends to under-estimate toluene

formation at low pressure.

3.3.3 Effect of catalyst amount

The effect of catalyst mass m.,; on conversion and selectivity to products was assessed at both low
(T = 80 °C) and high (T = 120 °C) reaction temperatures. The results are given in Figure 7 for

benzyl alcohol conversion. The model, even if it tends to underestimate the conversion at low
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temperature (i.e. see for example experiment C3, m.., = 0.08 g, high amount of catalyst), is capable
of representing this similarity in the trend and the increase of conversion observed in the
experiments for increasing catalyst amount. Most importantly, it can represent the distribution of
products in a reliable way. Selectivity results for experiments C1, C2 and C3 are reported in Figure
9. Notwithstanding the presence of some uncertainty in the measurements, the model is able to
represent the experimentally observed decrease in benzaldehyde selectivity due to higher
conversion for increasing amount of catalyst. This observed behaviour is apparent at high
temperatures (Figure 8). A low amount of catalyst tends to provide a low conversion (only around X
=~ 10% after 1.2 h), which positively influences the selectivity towards the desired product, as

clearly shown in Figure 9a.

3.4 Estimation of kinetic parameters

Results from the estimation of kinetic parameters from reference experiments and experiments at
different temperature, pressure and catalyst amount are given in Table 5, and provide some further
insight. Due to the simplifying modelling assumptions (see Section 2.3), confidence intervals
obtained from the fitting must be interpreted with some caution for multi-parameter estimation
purposes. The relatively low value of the activation energy for HL.1 suggests a strong affinity of the
catalyst towards hydrogen, as the dehydrogenation step represents the preferential pathway to
benzaldehyde formation. However, also the DH mechanism (via alkoxy) seems to be present, with
corresponding activation energy well below 90 J/kmol, in agreement with the values obtained by
Savara and coworkers [20]. The model clearly shows that both disproportionation (DP) and
hydrogenolysis (HL2) pathways are present, the latter representing the main route to toluene at
higher temperatures. This is in contrast with the mechanism proposed by the same authors where
only a dehydrogenation mechanism via benzyl was suggested to explain toluene formation. The

kinetic parameters A; related to HL1, DP and DH inverse reactions are negligible (In (4;) = -10,
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corresponding to A; = 4.540E-5) so that these reactions can be ignored and the corresponding
activation energies have not been estimated. Hence, the kinetic model described by Eqs 26-29 can
be further simplified to
iy = k™ [B2OH |

(58)

po = L [BZOH][Hzo]UZ

s [02]1/4 _kHLZZ [H20]1/2[02]1/4[TOZ]

(59
rop = k7' [BzOHT
(60)

_ o BzoHf0 )"
ok

DH
(61)

The resulting reaction scheme is given in Figure 10. The parameter estimation is statistically

satisfactory for the full set of kinetic model parameters (i.e. the t-values are higher than the

reference t-value). Furthermore, the kinetic model described by rate equations (58-61) provides a

good fitting of the full set of experiments as underlined by the chi-square statistics:
Koy =269.2<276.1= ,z’,igf .
(62)
The global chi-square (y;,,,) is lower than the reference chi-square (xief ), meaning that the model

is adequate for representing the selected set of experiments. However, it has to be pointed out that
the assumption of constant coverage 6* in the formulation of the simplified models might represent
a potential source of uncertainty affecting the estimation of kinetic parameters and the statistical

quality of fitting. Furthermore, it is also possible that some rate limiting steps change during the
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course of reaction. These might explain the difference observed between the models and the
experiments at some investigated experimental conditions.

The model allows for a quantitative evaluation and comparison of the four parallel limiting steps
proposed in the formulation of Model 1 kinetic mechanism. The relative importance of each

reaction can be evaluated by computing the area under the curve of reaction rate

T
AUC(n)=Indt i =HLI, HL2, DP, DH
0

(63)
where the integration horizon t has been fixed to t=2.5 h.
According to the model, at low temperatures (7' = 80 °C) (Figure 11a), solely the hydrogenolysis
reaction HL1 leads to benzaldehyde, while disproportionation (DP) (rather than hydrogenolysis via
HL?2) seems to be the preferential pathway to toluene. Only a limited amount of toluene is provided
by hydrogenolysis pathway HL2, and this appears to support the existence of a bimolecular
disproportionation route to toluene at low temperatures. Furthermore, it is interesting to notice that
dehydrogenation pathway DH is‘not present at all at low temperature, suggesting a further potential
simplification of the model at these experimental conditions. At high temperatures (7' = 120 °C)
(Figure 11b) the situation is very different. The role of hydrogenolysis becomes significant and it
represents the  dominant pathway to toluene formation (rather than disproportionation).
Furthermore, the highest amount of benzaldehyde produced is provided by hydrogenolysis reaction.
However the DH pathway, albeit considerably less influential on benzaldehyde formation, is also
present. If this pathway is not considered in the model formulation, a 4% underestimation of
benzaldehyde selectivity in the reference experiment would be present.
3.5 Model performance under oxygen-free conditions
One limitation of the proposed model is that step 2 of hydrogenolysis reaction (HL2), leading to
toluene formation, strongly depends on the oxygen concentration, and Eq. 59 cannot be used in the

total absence of oxygen (oxygen is in the denominator of the direct HL.2 reaction). Assuming a very
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low oxygen concentration is present (Pp2 = 1.0E-5 bar), the model tends to predict an equimolar
distribution of products (Figure 12b) after several hours when a balance between HL2 and HL1
pathways is realised (Figure 12a). As a result of the progressive formation of toluene via HL.2, the
selectivity to benzaldehyde is relatively high at the beginning of the experiment. Furthermore, a
high benzyl alcohol conversion is predicted by the model (around 30% after 2.5 h).

If the kinetic model is used, suppressing HL and DH pathways (with the same kinetic constants for
the DP reaction reported in Table 5, under the hypothesis of pure disproportionation), an equimolar
distribution of products is predicted from the beginning of the experiment (Figure 13) and, more
importantly, a low conversion of benzyl alcohol to products (X = 10%) is observed. As becomes
apparent from Figure 13, this is in very good agreement with experimental observations obtained in
batch experiments [17] where, together with the nearly equimolar distribution of products, a very
low conversion (X =~ 7%) was observed after 4 hours. These results have also been recently
confirmed in flow systems [32] and suggest the existence of a disproportionation-driven mechanism
in the absence of oxygen, where hydrogenolysis pathways become negligible. Further experimental
investigations are required for modelling in a detailed way the reaction mechanism over the catalyst

surface under oxygen-free experimental conditions.

4. Conclusions

A discrimination procedure was carried out to identify the most suitable kinetic model from a set of
chemically-consistent kinetic models for the solvent-free oxidation of benzyl alcohol over Au-
Pd/Ti0,. Kinetic models were developed from microkinetic studies based on individual reaction
steps starting from the assumption that a number of basic reactions may take place simultaneously
on the catalytic surface. After model simplification in order to preserve the estimability of kinetic
parameters from batch data, the most suitable kinetic model for representing the experimental data

was found to be a model implementing hydrogenolysis (HL), disproportionation (DP) and
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dehydrogenation (DH) reactions occurring in parallel. Results showed that the hydrogenolysis
reactions cannot be neglected in the model formulation, as this would generate a poor prediction of
both conversion and selectivity to benzaldehyde. Despite its relative simplicity, the proposed model
was capable of representing the conversion and selectivity to products observed in a stirred batch
reactor under different experimental conditions of temperature (7 = 80-140 °C), pressure (Poz = 1-3
bar) and catalyst mass (., = 0.005-0.080 g). A certain degree of uncertainty was present in the
experimental measurements at different pressure, but the model was still able to predict an increase
in selectivity to benzaldehyde at higher pressures. The same agreement cannot be provided by
kinetic models where only direct oxidation and disproportionation reactions are postulated.

The proposed model was used for a quantitative evaluation of each pathway taking place in the
reaction system, underlining the important role of temperature on disproportionation and
hydrogenolysis reactions. At low temperature the bimolecular kinetics provided by the
disproportionation reaction is essential to describe toluene formation, while hydrogenolysis
becomes the dominant pathway to toluene at high temperature. The key role of disproportionation
for describing the system is even more apparent when oxygen is present at low concentration or is
totally absent. Under oxygen-free conditions the model is able to represent the experimental
observations of equal distribution of the main products (benzaldehyde and toluene) and a very low
benzyl alcohol conversion (even for long reaction times), only if disproportionation becomes the
dominant mechanism,. Further experimental studies are required to investigate in a more detailed
way the kinetic mechanism under these conditions in order to provide a mechanistic description of

the complete set of reactions taking place on the catalyst surface.
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Table 1 Model 1: reaction mechanism. Assumed rate limiting steps are highlighted in bold.

Reaction Description Rate and equilibrium equations
BzOH + * = BzOH* Benzyl alcohol adsorption Ogror = Kl[BZOH ]6?*
N Formation of alkoxy
BzOH* + * = Alkox* + H* ermediate Onior = KyOaronOe 1 O,y
k DH
Alkox* + * = BzAld* + H* Dehydrogenation (DH) lon = K" 04060 — —— OnneOne
3
Alkox* + BzZOH* + H*= BzAld* | . op k°°
+Tol*+ H O* Disproportionation (DP) Mop = K™ OpioxOeor s = Oaania-bro O 00
2 4
Hyd lysi 2 i
BZOH™ +H* = Tol* +OH* (Hnggeno ySis, step Mo = kHLz@BZOH*eH* - OrorOop=
5
Hydrogenolysis, step 1 k"
BZOH* + 2* = BzAld* + 2H* ydrogenolysis, step My = K00 002 — —— O nO2

(HL1)

6

O* + H* 2 OH* +*

OH formation

O = K;0,.0,,.16.

OH*+ H* = H O* +*
2

Water direct synthesis

O,y 00 = KgOopyuOrye 1 6.

OH* + OH* = H 0% + O*

Water from OH

O or = Ky O 1 O,

20*
20*

Tol*= Tol +*

Toluene desorption

Ororr = [TOI]Q* /Ky

BzAld* = BzAld + *

Benzaldehyde desorption

eBzAId* = [BZAId ]9* / Ki

HO*=HO +*
2 2

Water desorption

On,0 = [HZO]& Ky,

O +2* = 20*

Oxygen adsorption

Oor = Kyg [02 ]1/2 0.




Table 2 Model 3: reaction mechanism. Assumed rate limiting steps are highlighted in bold.

Reaction

Description

Rate and equilibrium
equations

BzOH + * = BzOH*

Benzyl alcohol adsorption

O, = K,[BzOH 6,

O, +2* = 20*

Oxygen adsorption

0,. =K [0,]/%6.

BzOH* + O* = Alkox* +
OH*

Benzyl alcohol oxidative dehydrogenation

(ODH)

6Alkox* = Kzgeon*eo* /90H*

Alkox* + * = Alkyl* +
O*

Alkoxy reduction to Alkyl (AAIK)

O g = KO0/ ‘90*

Alkyl* + H*= Tol* + *

Alkyl to Toluene (AT)

A kAT
it =K Oy e =~ — Orae D

5

Alkox* + *= BzAld* +H*

Dehydrogenation (DH)

DH
_ |, DH
oy = k 9A|kox~‘9* -
6

QBZAld*gH*

O* + H* = OH* + *

OH formation

Opr = K; 00,0,y 1 6.

OH* + H* = H 0%+ *

Water direct synthesis

0.0 = Ko OOy 1 6.

OH* + OH* = H 0% + 0*

Water from OH

eHzo* =K, GCZ)H*/HO*

BzAld* = BzAld + *

Benzaldehyde desorption

eBzAld* = [BZAId ]‘9* / KlO

HO*=HO +*
2 2

Water desorption

QHZO* = [H 20]0*/ Ki

Tol* = Tol +*

Toluene desorption

Oro- = [TOI]H* Ky,




Table 3 Experiments for the development of kinetic models of benzyl alcohol
oxidation. All experiments were performed with a 1% Au-Pd/TiO, sol-
immobilised catalyst.

Experimental conditions

Experiment ID Description _
T Mgt | Po2 | M Stirring sped
[°CI | [g] | [bar] | [g] [rom]
R1 Reference experiment 80 | 0.020 1 2 1000
R2 Reference experiment 80 | 0.020 1 1 1000
T1,T1b (replicate) Temperature effect 100 | 0.020 1 1 1000
T2,T2b (replicate) Temperature effect 120 | 0.020 1 1 1000
T3 Temperature effect 140 | 0.020 1 1 1000
C1 Effect of catalyst amount | 80| 0.010 1 1 1000
c2 Effect of catalyst amount | 80 | 0.004 | 1 1 1000
C3 Effect of catalyst amount | 80 | 0.080 1 1 1000
C4 Effect of catalyst amount | 120 | 0.010 1 1 1000
C5 Effect of catalyst amount | 120 | 0.040 1 1 1000
C6 Effect of catalyst amount | 120 | 0.005 1 1 1000
P1 Pressure effect 80 | 0.020| 3 1 1000
P2 Pressure effect 80 | 0.020| 2 1 1000
P3 Pressure effect 80 | 0.020| 1 1 1000
SS1 Effect of stirring speed 80 | 0.020 1 1 500,1000
SS2-5 Effect of stirring speed 120 | 0.020 1 1 | 300,500,750,1000




Table 4 Model discrimination in terms of y*
statistics (values indicating model inadequacy
are highlighted in bold). The lowest value of
global »*, corresponding to the best model, is

underlined.
Model Zéonv ZSZBzAId ZSZTOI Zélob
Model 0 | 0.415 | 2.341 | 2534 | 5.291
Model 1 | 0.719 | 0.671 | 0.349 | 1.739
Model 2 | 6.752 | 0.521 | 0.598 | 7.871
Model 3 | 22.012 | 3.592 | 3.702 | 29.306
Yot 3.652

Table 5 Results from parameter estimation in terms of estimated value, 95% confidence
interval and t-values. For a statistically precise parameter estimation of the parameter, the

t-value of the parameter should be greater than the reference t-value reported in bold.

Model Final Upper/Lower Confidence Interval 95%
Parameter Value bounds 95% t-value

ESM [imol] 29623 | 1.0E3-1.0E5 +6568 451

EM™2[3/mol] A - - -
E? [3/mol] 58358 | 1.0E3-1.0E5 +15817 3.69
E %2 [3/mol] 97766 | 1.0E3-1.0E5 +33948 2.88
E>™ [3/mol] 55520 | 1.0E3-1.0E5 +32369 1.71

E 2P2 [3/mol] - - - -
E>M [J/mol] 76360 | 1.0E3-1.0E5 +19044 4.01

E>"% [3/mol] - - - -
Als™ 6.916E3 | 1.0E-5-1.0E9 +1.655E3 4.17

[s*(mol/kg)*] | 4.540E-5 - - -

L12
A, [s"(mol/kg)] | 6.108E6 | 1.0E-5-1.0E9 +1.965E6 3.11
[s*(mol/kg)®*] | 1.184E2 | 1.0E-5-1.0E9 +3.761E1 3.15
L22

Ap, [s'(mol/kg)] 1.558E5 | 1.0E-5-1.0E9 +7.212E4 2.16

A, [s'(mol/kg)’] | 4.540E-5 - - -
ALy, [s'(mol/kg)™] | 7.429E8 | 1.0E-5-1.0E9 +2.769E8 2.66

As,[s™] 4.540E-5 - - -
Reference t-value (95%): 1.65
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Fig. 1 Species on the catalyst surface.
Step 1 Step 2
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DP1 Mechanism H— C — OH H— C —H
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! Catalyst I
¥ $ $
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Fig. 2 Two possible mechanisms (DP1 and DP2) for the disproportionation of benzyl alcohol (DP) as
reported by Nowicka and coworkers [23].
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H +O* OH* + H* = H,0% + *
Ph——— OH* ——> Ph + O* +OH* OH* + OH* = H,0* + O*
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Fig. 3 Reaction schemes considered in the current study: (a) Model 1; (b) Model 3. (
indicates species adsorbed on the catalyst surface). Additional reactions involving adsorbed
O, H and OH species and desorption reactions for main products are included in the
schemes. For the sake of clarity, single arrows have been used to denote reversible reactions.
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°C, Pop, =1 bar, mg =2 g, m; = 0.020 g): (a) benzyl alcohol conversion; (b) selectivity to benzaldehyde; (c)
selectivity to toluene. The experimental points are indicated by black diamonds.
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were carried out at Po, =1 bar,mgy=1g.



100 T T T T T T T T I I I T T T T T
¢ m_=001g
= ol 4 m,=004g9 i
°; { = ¢ m_,=0.08¢g
= °; —— Model 1
E £ |
I 3]
) 1 2 wf ]
° (7]
2 ° |
[J] ¢ m _=001g 5
° cat g
o _ 2
N 4 m_=0.04¢g 1l g
CCB © mcat:0'08 9 0} mca( -
— Model 1
60 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
00 02 04 06 08 10 12 14 16 00 02 04 06 08 1.0 12 14 16
Time [h] Time [h]
(@) (b)
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Fig. 11 Analysis of reactions in terms of AUC(r;) at different temperatures (Po, = 1 bar, mg =1 g, mg, = 0.020
g): (@) T=80 °C; (b) T=120 °C.
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Highlights

° Simplified kinetic models were developed for benzyl alcohol oxidation

o Model discrimination was applied to find the most appropriate kinetic model
. At low temperature, toluene formation is dominated by disproportionation

. At high temperature, toluene formation is dominated by hydrogenolysis
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