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� Microreactor channels were coated with Au/c-Al2O3 catalyst.
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a b s t r a c t

Selective oxidation of methanol, ethanol, 1-propanol and 1-butanol to corresponding aldehydes was per-
formed in a microreactor in the presence of a Au/c-Al2O3 coated catalyst. Nanoparticle size distribution,
acidity, specific surface area and the average pore size as well as uniformity and thickness of the coating
layer were evaluated with relevant characterization techniques. The experiments were designed to reveal
the effect of temperature, residence time and oxygen-to-alcohol ratio on both alcohol conversion and
product distribution. Stability and repeatability of the coating procedure was successfully demonstrated.
To describe the reaction kinetics, plausible kinetic equations were implemented in a pseudo-
homogeneous plug flow model, which turned out to be an adequate approximation to describe the flow
pattern in the microreactor. Non-linear regression analysis enabled the determination of the rate and
adsorption parameters included in the kinetic model. An advanced kinetic and mass transfer model
was developed to reveal the impact of the diffusion inside the catalytic washcoat layer, confirming that
molecular diffusion is not a limiting factor for alcohol oxidation in the microreactor.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Partial oxidation of primary alcohols to produce aldehydes is
one of the key reactions in organic chemistry (Sheldon et al.,
2002). Molecular oxygen represents a clean alternative to the tra-
ditionally employed chromium-based stoichiometric reagents,
which are harmful for both human beings and environment.
According to guidelines of green chemistry, heterogeneous cata-
lysts should be preferred to stoichiometric reagents (Anastas and
Warner, 1988), allowing more efficient catalyst separation and
atom efficiency.

Gold nanoparticles (AuNPs) dispersed onto support materials
are acknowledged to be highly active and selective catalysts in
selective oxidation processes (Behravesh et al., 2018, Sharma
et al., 2016, Abad et al., 2008). As early as in 1913, Fokin (1913)
successfully employed gold in the catalytic oxidation of methanol
to formaldehyde, demonstrating its activity for the first time. How-
ever, the catalytic properties of gold were forgotten by the scien-
tific community in the years later. The scenario dramatically
changed as Haruta et al. (1985) and Hutchings (1987) discovered
the activity of gold in the catalytic oxidation of CO and catalytic
hydrochlorination of acetylene respectively, triggering the interest
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Notation

Latin letters
ak Activity of the catalyst for the alcohol k
C0,i Inlet concentration of the component i
Ci Concentration of the component i in the gas-phase
Cs,i Concentration of the component i in the gas-phase
DA,B Molecular diffusion of the component A in B
Deff,i Effective diffusivity of the component i
Ea,j Activation energy of the reaction j
Keq,j Equilibrium constant of the reaction j
KG
k Adsorption coefficient of the alcohol k on the surface of

gold
KL
k Adsorption coefficient of the alcohol k on Lewis sites of

alumina
KG
O2

Adsorption coefficient of oxygen on the surface of gold
kj Kinetic constant of the reaction j
kref,j Kinetic constant of the reaction j at the reference (de-

pend on the reaction order)
Lr Channel length
Mi Molecular weight of the component i
pk Partial pressure of the alcohol k
Qg Volumetric flow rate
R Gas constant
rj Reaction rate
Rw Washcoat thickness
s Shape factor

Si Selectivity to the product i
T Temperature
Tref Reference Temperature
TOF Turnover frequency
TOS Time on stream
ug Gas velocity
Xk Conversion of the alcohol k
x Dimensionless axial coordinate

Greek letters
DfG

0
i Gibbs free energy of formation of the component i at

standard conditions
DrG

0
j Gibbs free energy of reaction j at standard conditions

DrGj Gibbs free energy of reaction j at 1 bar a chosen temper-
ature

DfH
0
i Enthalpy of formation of the component i at standard

conditions
DrH0

j Enthalpy of the reaction j at standard conditions
qb Bulk density
mi Atomic diffusion volume increment of the component i
mij Element of the stoichiometric matrix
s Residence time
v Dimensionless washcoat coordinate
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of academic researchers in catalytic oxidation processes promoted
by gold (Tabakova, 2019). The outstanding properties of gold has
been observed only in nanoparticles and evidently they disappear
in the micrometric scale (Corma and Garcia, 2008). Therefore, the
recent impetus of nanoscience and the modern synthesis tech-
niques of supported nanoparticles have been the driving force for
the development of this new field of catalysis.

Various selective oxidation processes can be efficiently catal-
ysed by gold nanoparticles. Partial oxidation of methanol produces
formaldehyde, which is an essential chemical building block in
several industrial applications (Salthammer et al., 2010). Bioetha-
nol is regarded as a sustainable alternative to ethylene in the syn-
thesis of acetaldehyde, typically performed by the Wacker process
(Xu J. et al., 2016). Partial oxidation of 1-propanol gives access to
propanal, which is a key intermediate in the manufacturing of rub-
ber, plasticizers and paints (Gong et al., 2020). Alkyd resins, poly-
urethanes and lubricants can be obtained by using butanal
(Mascal, 2012), which is the oxidation product of butanol. In all
the oxidation processes presented above, industrial scale applica-
tion of gold nanoparticles as active phases is of great interest.

Besides the catalyst material, the reactor structure is of great
importance in the design of partial oxidation processes. For contin-
uous gas-phase processes, packed bed reactors are often used.
Moreover, in order to keep the pressure drop in the reactor under
control, large catalyst particles (� 1 mm) have to be used, which
limits the efficiency because of heavy diffusion limitation. There-
fore, structured reactors with thin catalyst layers have been devel-
oped, such as monoliths, solid foams and microreactors.

Microreactors have emerged as a promising technology in pro-
cess intensification. The high area-to-volume ratio in microreactors
enables very efficient heat transfer, allowing quasi-isothermal
operations in the presence of highly exothermic and endothermic
reactions. Diffusion of the molecules is rapid because of the
micrometre dimension of the channels and thin catalyst layers,
leading to the suppression of internal and external mass-transfer
limitations. Therefore, microreactors are excellent tools to measure
intrinsic kinetics for rapid gas-phase processes (Salmi et al., 2019,
2

Schmidt et al., 2013). When using microreactors, the scale-up i.e.,
increasing the production capacity from the laboratory (g/min) to
the industrial scale (ton/h), is in principle very straightforward.
Several small units can be installed in parallel to increase the pro-
ductivity to the desired production level. This procedure is usually
referred as ‘‘numbering-up”. The hydrodynamic and transfer char-
acteristics of the laboratory scale devices are preserved with this
procedure. However, hundreds of thousands of microreactors
might be needed to satisfy the demand in case of bulk chemicals.
Moreover, many advanced flow distributors and gas delivery sys-
tems (e.g., mass flow controllers) are required to ensure a uniform
fluid flow in each reaction module. Thus, the microreactor scale-up
remains a challenging task and cannot be regarded as a simple
number up problem only. To reach a long-term industrial feasibil-
ity, numbering up might be combined with sizing up, i.e., increas-
ing the length and/or the diameter of the channels (Dong et al.,
2021). At the current state of art, microreactors are a powerful tool
for laboratory scale kinetic studies. Also, they can meet the indus-
trial needs for production capacities up to 1000 t/a (Salmi et al.,
2019).

The goal of this work was to determine the reaction kinetics and
product distribution in the oxidation of methanol, ethanol, 1-
propanol and 1-butanol on gold nanoparticles deposited in a labo-
ratory scale microreactor structure. The same reaction conditions
were investigated for all the alcohols in a systematic approach
aimed to correlate the catalyst activity with the chain length of
the primary alcohols. Mathematical modelling based on plausible
reaction mechanisms was carried out to reveal kinetic and adsorp-
tion parameters. An advanced kinetic and mass transfer model was
developed to reveal the impact of the diffusion in the catalyst layer.

2. Experimental section

2.1. Microreactor coating

The Au/c-Al2O3 catalyst employed for oxidation of L-arabinose
to arabinoic acid was used. The direct ion exchange (DIE) method



Table 1
Microreactor properties.

Property Value

Size (L � B � H) (mm) 45 � 45 � 32
Connectors (inlet/outlet) 1/40 ’
Number of mixing plates 10
Size of mixing plates (mm) 7.5 � 7.5
Number of catalyst plates 10
Size of catalyst plate (mm) 9.5 � 9.5
Channel geometry of the catalyst plates (width � depth; lm) 460 � 90
Numers of channels per plate 9
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was applied, in which an HAuCl4 aqueous precursor solution was
heated up at 70 �C and mixed with c-Al2O3. Ammonia was used
as the washing agent. Further details about the catalyst prepara-
tion can be found in Simakova et al. (2011).

The microreactor channels were successfully coated with the
slurry-based method described in the literature (Behravesh et al.,
2019, Schmidt et al., 2012, Vajglová et al., 2018, Suerz et al.,
2021). First, the catalyst powder was finely grinded and sieved to
obtain solid particles with the diameter less than 32 lm. A 5 wt%
Au/c-Al2O3 slurry was prepared by mixing 0.21 g of the catalyst
in 4 mL of water. The pH of the slurry was adjusted with an ammo-
nium hydroxide (32 %, Merck) solution at the value of 9.2. Then, the
slurry was mixed with a magnetic stirrer for 4 h at 50 �C and after-
wards at room temperature for four days at the rotation speed of
500 rpm. Prior to the coating, neat microplates were thermally
pre-treated at 750 �C in the presence of air, creating an oxide layer
on the surface which increased the surface roughness and, conse-
quently, the catalyst adhesiveness. The slurry was withdrawn with
a Finnpipette (0.5–5 lL) and deposited into the channels of the
microreactor. The coated platelets were dried at 5 �C for seven
hours, after which the excess of catalyst was scratched of with a
spoon. For a further drying of the plates, they were placed in an
oven at 100 �C for seven hours. Finally, the microplates were cal-
cined at 300� C.
2.2. Catalyst and coating characterization

To obtain information about the catalyst and coating properties,
various characterization techniques were applied. They are sum-
marized briefly here.

TEM (JEOL JEM-1400Plus) was employed to evaluate the Au
nanoparticle distribution. The analyses were conducted on the
raw powder catalyst and on the particles present in the slurry after
four days of stirring in the basic solution. The excess of suspension
was dried overnight at 100 �C prior to the analysis. The spent cat-
alyst was also analyzed after scratching few particles from the
spent microplates. SEM was applied to measure the crystal size
distribution and investigate the catalyst surface morphology
before and after the coating procedure.

Nitrogen physisorption (Micromeritics 3 Flex 3500) was used to
determine the surface area of both the raw powder catalyst and the
catalyst contained in the slurry after four days of aging in the basic
solution. The Brønsted and Lewis acidities were quantitatively
determined with an Infrared Spectroscopy (ATI Mattson – Infinity
Series) by using pyridine as the probe molecule. Thin catalyst pel-
lets of 14 mg were prepared prior to the analysis. To obtain infor-
mation about the strength of the acid sites, measurements at
250 �C (weak + medium + strong sites), 350 �C (medium + strong
sites) and 450 �C (strong sites) were conducted. The results were
interpreted by using the extinction coefficient reported in the work
of Emeis (1993). An optical microscope was used to determine the
uniformity of the catalyst coating of the microchannels.
2.3. Equipment and procedures for kinetic experiments

2.3.1. Gas-phase microreactor equipment
The kinetic investigations were conducted in a gas-phase

microreactor purchased from Institut für Mikrotechnik Mainz
GmbH (IMM), comprising ten stainless-steel microplates with nine
channels each. The coated microplates were installed in parallel
into the microreactor housing (Figure S1a) and mixing of the reac-
tants was ensured by ten microstructured mixing plates located in
front of the catalytic zone (Figure S1b-S1d). Two cylindrical car-
tridges heated up the system at the desired temperature, which
was controlled by a PID controller (CalControls 9500P) and mea-
3

sured with a thermocouple. The characteristic dimensions of the
microreactor are summarized in Table 1.

Neat alcohol was fed from the bottom with a syringe pump
(Fusion 200) as a liquid and mixed with helium that carried the
reactant to the pre-heater, where the alcohol was slowly vaporized
keeping the temperature few degrees below the boiling point of
the alcohol. More aggressive vaporization would have been unde-
sirable generating non–homogeneous gas flows. Oxygen was fed
from the top with an additional helium flow. A flow sheet of the
experimental equipment is illustrated in Fig. 1.

2.3.2. Alcohol oxidation experiments
The effect of temperature, residence time, the oxygen-to-

alcohol molar ratio and the alcohol inlet concentration was inves-
tigated in the microreactor using identical conditions for all the
alcohols.

The reaction temperature was varied within the range 200 –
350 �C, while the volumetric flow rate was 25–100 mL min�1,
implying that the residence time in the microreactor channels
was 0.02 – 0.07 s. The alcohol inlet concentration, in terms of the
partial pressure, was varied from 0.12 atm to 0.23 atm. For a given
primary alcohol, the stoichiometry of selective oxidation towards
the correspondent aldehyde can be written as.

R - CH2OH þ 0:5 O2 ! R - CHO þ H2O

In this work, the oxygen-to-alcohol ratio was varied from the
stoichiometric one to four times oxygen excess. The complete
experimental matrix is reported in supplementary material
(Table S1).

2.3.3. Coating stability and repeatability
To investigate the long- term stability of the catalytic coating, a

reference experiment for each alcohol was repeated periodically
during the experimental campaign. During the tests, the tempera-
ture was set at 300 �C, the flow rate at 50 mL/min, the alcohol inlet
partial pressure was 0.21 atm and with the oxygen-to-alcohol ratio
of 2. Moreover, the coating reproducibility was studied by repeat-
ing the coating procedure on fresh microplates. Butanol was cho-
sen as the substrate to check the coating repeatability at the
operating conditions used in the reference experiment. In butanol
oxidation, the fresh coating was used to investigate the effect of
the reactant concentrations. To compare the catalyst performance
after different coating procedures, the nomenclature ‘‘coating 1”
and ‘‘coating 2” was applied.
3. Experimental results and discussion

3.1. Catalyst and coating properties

The influence of gold deposition and slurry preparation on
Brønsted and Lewis acidities of c-Al2O3 is displayed in Table 2.

As expected, the surface of alumina mainly consist of Lewis acid
sites. Gold deposition increased significantly the Lewis acidity as



Fig. 1. Schematic process flow diagram for alcohol oxidation in microreactor.

Table 2
Acidity of the unsupported c-Al2O3 and Au/c-Al2O3 before and after ageing.

Catalyst Brønsted acid sites [lmol/g] Lewis acid sites [lmol/g]

weak medium strong
P

weak medium strong
P

c-Al2O3 4 0 0 4 28 11 0 38
Au/c-Al2O3 4 2 0 6 58 5 1 64
4 days aged 0 0 0 0 33 21 0 54
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gold nanoparticles are electron acceptors, therefore acting as Lewis
acid sites (Behravesh et al., 2017). In basic solutions, alumina
hydration, dissolution and subsequent aluminium hydroxide pre-
cipitation were observed in previous studies; therefore, changes
in the distribution of Lewis acid sites after slurry preparation can
be ascribed to the morphological changes of alumina. Surface area
has also been affected by the coating procedure to a small extent as
it was 200 m2/g and 225 m2/g in the raw powder and in the aged
catalyst, respectively.

Very small gold clusters of average size of 2 nm were observed
in the powder catalyst (Fig. 2). The treatment with a base led to
nanoparticle agglomeration, probably because of the increased
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Fig. 2. Gold nanoparticle distribution.

4

mobility of the gold nanoparticles while the alumina structure
was modified. Particles>12 nm were detected in the spent cata-
lysts, meaning that butanol oxidation led to pronounced particle
sintering.

Stirring in a basic solution causes a catalyst particle deagglom-
eration, changing rheological properties of the viscous slurry thus
improving the coating performance (Behravesh et al., 2019). SEM
micrographs confirmed that the catalyst average particle size
decreased from 6 to 1 lm after stirring (Fig. 3).

Optical microscope images and SEMmicrographs applied on the
coated microplates confirmed successful coating (Fig. 4, S2-S3).
The catalyst was uniformly distributed in the microreactor chan-
nels as neither scratches nor empty spaces were observed. The
measured coating layer thickness was 8 ± 1 lm; therefore, the dif-
fusional path inside the coating layer was very small, leading to
suppression of the diffusion resistance enabling the investigation
of the intrinsic kinetics of the reactions. Indeed, assuming an effec-
tive diffusion coefficient in the catalyst layer Deff = 10-6 m2/s, the
average intrawashcoat diffusion time is 0.06 ms, which is about
five hundred times lower than the estimated average residence
time (40 ms). Even though this is evidence of how powerful the
microreactor technology is in eliminating intraparticle diffusion
limitations, it might not be enough to exclude it for extremely
rapid reactions. In this case, the intrawashcoat concentration pro-
files should be examined with the aid of advanced mathematical
models based on the concept of simultaneous reaction and diffu-
sion in porous layers.
3.2. Catalyst performance in alcohol oxidation

3.2.1. Reaction networks
The reaction network observed for oxidation of different alco-

hols is displayed in Fig. 5 reflecting the formed products.



Fig. 3. Particle size distribution of (a) raw powder and (b) four days aged catalyst.

Fig. 4. (a) microreactor channel (b) coating frontal view.
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Ethanol, propanol and butanol oxidation comprises three paral-
lel reactions (Fig. 5b); together with aldehyde formation, etherifi-
cation and alkene formation took place simultaneously. A higher
reactivity of methanol led to a more complex product distribution
as CO, CO2 and methyl formate were detected in non-negligible
amounts. Thermodynamic calculations suggested that etherifica-
tion reaction is reversible within the temperature range investi-
gated, while other reactions comprising the networks are
irreversible. As a matter of fact, the estimated equilibrium con-
5

stants of etherification were small, showing values lower than
unity. On the contrary, the oxidation reactions present a very high
value of the equilibrium constant (Keq,j > 106). Detailed information
about reaction thermodynamics is reported in the supplementary
material (Tables S8-S9).

3.2.2. Coating stability and reproducibility
The catalyst coating used in the complete investigation of

methanol, ethanol and, partially, in butanol oxidation (coating 1)



Fig. 5. Reaction network in (a) methanol oxidation (b) ethanol, propanol and
butanol oxidation.
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was very stable over one month of operation (Fig. 6). The TEM
micrographs however indicated some sintering effects in the spent
catalyst (Fig. 2). Reasonably, they can be ascribed to butanol oxida-
tion, in which a decline of catalyst activity has been detected
(Fig. 6d-7a).

The calculated catalyst amount in the microreactor in coating 1
was 4 mg, while it was 5 mg in the coating 2. Therefore, activity per
Fig. 6. Results of the stability tests over coating 1 in (a) meth
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unit of the catalyst mass was used to compare the catalyst perfor-
mance within different slurry preparations, thus testing the coat-
ing repeatability. Fig. 7a confirmed the outstanding repeatability
of the kinetic experiments in the application of microreactor tech-
nology. Since the catalyst amount was slightly higher in coating 2,
the butanol conversion was also improved; however, this led to a
slightly different product distribution (Fig. 7b). Moreover, the
selectivity towards butanal decreased to a small extent, probably
because of the nanoparticle sintering (Fig. 2).
3.2.3. Kinetic investigation results
Following the Arrhenius law, the dependence of the alcohol

conversion on temperature exhibited a typical exponential beha-
viour (Fig. 8a). Because the volumetric flow rate is inversely pro-
portional to the residence time, a decrease in alcohol conversion
was observed as the volumetric flow was augmented. Up to
300 �C, the catalytic activity decreased in the order:
aMetOH > aEtOH > aPropOH � aButOH

A decline of the alcohol reactivity with the chain length was
also reported by Wang and Ueda (2008) in the aerobic oxidation
of alcohols over Mo-V-O oxides. They suggested that the sterical
hindrance of the alcohol chain length is an important factor to
explain catalytic activity. Conversely, Corma et al. (1996) noted
an increase of the reactivity with the chain length when oxidizing
alcohols with hydrogen peroxide over TS-1. The catalytic beha-
viour of the alcohol oxidation was in line with the predicted inter-
mediate on the active sites of TS-1. In the aereobic oxidation of
alcohols promoted by gold, the formation of alkoxy species is sup-
posed to occur on the catalytic surface (Behravesh et al., 2021,
Boronat et al., 2011). The inductive effect of the alkyl chain length
diminishes the electrophilicity of the hydroxyl group, lowering the
reactivity of the reaction intermediate. Mathematical modelling
confirmed a decrease of the adsorption constant of the alcohol on
anol (b) ethanol (c) propanol and (d) butanol oxidation.
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gold with the chain length (Table 4). Here, it was found that the
effect of the alcohol chain length increase is not significant after
propanol.

A high reactivity of formaldehyde in the subsequent transforma-
tions led to amore rapid decreasing profile of its selectivity (Fig. 9a).
On the contrary, acetaldehydedisplayed ahigh selectivity at all tem-
peratures investigated. Alcohol dehydration is more sensitive to
temperature rise than etherification as the activation energy of the
latter is lower (Phung et al.,2014, Clayborne et al., 2004). As a result,
selectivity to propene and butene is 40 % at 350 �C.

Methanol conversion is enhanced in diluted systems (Fig. 10a),
which reflects strong adsorption of the alcohol on the catalyst sur-
face. The conversion was experimentally observed to be indepen-
dent of the oxygen-to-methanol ratio (Fig. 10a). Since methyl
formate and CO2 formation is negligible at 250 �C, it was revealed
that the reaction order of oxygen in formaldehyde formation is
zero. This finding is in agreement with the work of Pestryakov
et al., 2013, who ascribed the zero-order kinetics with respect to
7

oxygen at the kinetic control of methanol oxidation on gold
nanoparticles.

On the contrary, ethanol, propanol and butanol conversion was
improved by the oxygen concentration in the feed. Lateral interac-
tions between the adsorbed oxygen and alcohol on the catalytic
surface might lead to different adsorption strength of the oxygen
on gold, changing the influence of the oxygen concentration on
the alcohol conversion. Mathematical modelling confirmed that
the adsorption constant of oxygen on gold surface decreases as
the chain length increase (Table 4). Alcohol concentration in the
feed did not improve conversion significantly for oxidation of etha-
nol, propanol and butanol (Fig. 10b-10d).

Since the reaction order in oxygen is zero with respect to selec-
tive oxidation, the formaldehyde selectivity did not show any trend
with the oxygen-to-alcohol molar ratio (Fig. 11a). As oxygen does
not take part in dehydration reactions and total oxidation was
not observed, oxygen concentration improved selectivity to alde-
hyde in ethanol, propanol and butanol oxidation (Fig. 11b-11d).
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4. Kinetic modelling principles and results

4.1. Modelling principles

The modelling principles are based on the consideration of the
reactor flow pattern, mass transfer effects in the catalyst layer, as
well as thermodynamic and kinetic considerations. The ultimate
goal is to determine meaningful numerical values for the rate
and adsorption parameters included in the kinetic model.
8

4.1.1. Pseudo-homogeneous plug-flow model
The Reynolds number (Re) is typically very low in microreac-

tors, giving a clear indication of a laminar flow inside the
microchannels. However, the spreading effect of a laminar velocity
profile is counterbalanced by the extremely rapid molecular diffu-
sion because of the micrometre dimension of the microchannels.
Indeed, the Pèclet number is very high (>100), making the plug
flow assumption very solid for the flow pattern even if the mixing
relies on diffusion only (Jess and Wasserscheid, 2013).
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Symbols represent the experimental data while solid lines reflect the simulated values.
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Assuming constant volumetric flow rate within the microchan-
nels, the mass balance under steady-state conditions is written as
displayed below.

ug

Lr

dCi

dx
¼ qb

XNR

j¼1

mijrj ð1Þ

where ug is the gas velocity, mij is element of the stoichiometric
matrix, Lr is the length of the microreactor channel and qb is the
bulk density, i.e. the mass of catalyst (wcat)-to-reactor volume
ratio. At � = 0, the concentration of the component i is equal to
the inlet concentration. Therefore, the inlet condition is.

Cijx¼0 ¼ C0;i ð2Þ
4.1.2. Intrawashcoat diffusion model
For extremely rapid reactions, diffusion inside the coating layer

might have a retarding effect and intrawashcoat concentration
profiles might arise. Therefore, the concentration profiles inside
the catalytic washcoat layer were monitored with the aid of a com-
bined kinetic and mass transport model. The steady state mass bal-
ance equations for the fluid and the solid phase are written as Eqs.
(3) and (4), respectively.

ug

Lr

dCiðxÞ
dx

¼ Deff ;i

R2
w

@Cs;iðx;vÞ
@v

����
v¼0

ð3Þ
Deff ;i

R2
w

@2Cs;iðx;vÞ
@v2 þ s

v
@Cs;iðx;vÞ

@v

 !
þ
XNR

j¼1

mijrj ¼ 0 ð4Þ

The radial concentration profiles in the gas bulk phase were
considered to be negligible. However, concentration gradients
inside the coating layer might arise because of the diffusion resis-
tance inside the catalyst layer. Under steady state conditions, the
convective flux in the bulk is equal to the molecular flux at the
washcoat inlet (v = 0).
9

In the catalytic layer, the mass transport relies on the diffusion
only, but chemical reactions proceed simultaneously there. The
boundary conditions of the coupled system of partial and ordinary
differential equations are listed in Eqs. (5),

CiðxÞjx¼0 ¼ Ci;0 ð5aÞ

CiðxÞ ¼ Cs;iðx;vÞ
��
v¼0 ð5bÞ

@Cs;iðx;vÞ
@v

����
v¼1

¼ 0 ð5cÞ

At the microreactor inlet (x = 0), the boundary condition is the
same as in the plug flow model (Eq. (2)). As the impact of the film
resistance to the mass transfer can be neglected in gas-phase sys-
tems, the concentration in the solid phase at v = 0 is equal to the
bulk concentration. Because the gas cannot diffuse through the
reactor wall, the first derivative of the concentration in the solid
is 0 at v = 1.

4.1.3. Thermodynamic calculations
The Gibbs energy and enthalpy of formation at standard condi-

tions were employed to estimate standard enthalpy and Gibbs
energy of the reactions, according to Eqs. 6–7.

DrH
0
j ¼

X
j

mij � DfH
0
i ð6Þ

DrG
0
j ¼

X
j

mij � DfG
0
i ð7Þ

The temperature dependence of the Gibbs energy was evalu-
ated according to the Gibbs-Helmholtz equation.

DrGjðTÞ
T

¼ DrG
0
j

T0 þ DrH
0
j

1
T
� 1
T0

� �
ð8Þ

Finally, the equilibrium constant was calculated applying the
van’t Hoff equation.
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Keq;jðTÞ ¼ exp �DrGjðTÞ
RT

� �
ð9Þ

The results of the thermodynamic calculations for each sub-
strate are reported in the Supplementary material (Tables S2-S9).

4.1.4. Numerical strategies
A coupled system of partial and differential equations (PDEs)

appeared in the development of the intrawashcoat diffusion model
(Eqs. 3–4), which was numerically solved by the method of lines
(MOL) algorithm included in gPROMS ModelBuilder v.4.0.0 soft-
ware. The MOL discretizes the spatial domains while the time vari-
able is left continuous, converting the PDEs in a large set of ODEs.
The backward finite difference formulae and the central difference
formulae were applied as the methods of discretization for the first
and second derivatives, respectively.

To perform the parameter estimation the solver MAXLKHD,
included in the gPROMS software, was employed. It is based on a
maximum likelihood approach, implying that the values of the
unknown parameter are determined to maximize the probability
that the model will describe the experimental values given as an
input to the system.

4.2. Rate equations

The reaction rate equations were developed based on the exper-
imental findings. The mathematical formulation of them is sum-
marized in Table 3. The kinetic expression of alcohol selective
oxidation is in line with the mechanism proposed based on DFT
calculations for ethanol oxidative dehydrogenation on gold
(Behravesh et al., 2021), where KG

ROH and KG
O2

are the adsorption
constants of alcohol and oxygen on the gold surface, respectively.
Table 3
Kinetic equations.

Methanol Ethanol, propanol and butanol

rALDE¼ k0ALDECMetOH

1þKG
MetOHCMetOH

rALDE¼ k0ALDECROHCO2

ð1þKG
ROHCROHþKG

O2
CO2

Þ2

rET¼ k0ET C2
MetOH-CDMECW=Keq;DMEð Þ
ð1þKL

MetOHCMetOHÞ
2 rET¼ k0ET C2

ROH-CETCW=Keq;ETð Þ
ð1þKL

ROHCROH Þ
2

rCO2¼
k0CO2 CROH

CO2

1þKG
MetOHCMetOH

rALK¼ k0ALKCROH

1þKL
ROHCROH

rMF¼ k0MFCROHCO2
CFA

1þKG
MetOHCMetOH

rDEC¼kDECCMF

Table 4
Estimated kinetic parameters.

Parameter Unit Value ± 95 % CI

Methanol

Ea,Alde kJ mol�1 23 ± 3
Ea,Et kJ mol�1 76 ± 4
Ea,Alk kJ mol�1 /
Ea,CO2 kJ mol�1 81 ± 2
Ea,MF kJ mol�1 74 ± 5
Ea,Dec kJ mol�1 103 ± 16
kref,Alde m6/(kg mol s) 0.11 ± 0.03*
kref,Et m6/(kg mol s) 0.08 ± 0.08
kref,Alk m3/(kg s) /
kref,CO2 m6/(kg mol s) 8∙10-4 ± 2∙10-4

kref,MF m9/(kg mol2 s) 2∙10-3 ± 6∙10-4

kref,dec m3/(kg s) 0.46 ± 0.05

KG
O2

m3/mol /

KG
ROH

m3/mol 0.5 ± 0.2

KL
ROH

m3/mol 1 ± 0.6

* in methanol oxidation, the unit of kref,Alde is m3/(kg s).
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Since a zero-order kinetics was observed in formaldehyde forma-
tion, the oxygen dependence in formaldehyde formation was dis-
carded. The adsorption constant KL

ROH is referred to the
adsorption of the alcohol on Lewis acid sites, which are active in
etherification. The active sites catalyzing alkene formation are still
debated: some authors reported that Lewis sites are involved in the
alkene formation (Phung et al., 2014), others that it takes place
mainly on Brønsted sites (Suerz et al., 2021). As alkene selectivity
is low in most of the experiments, it is not possible to discriminate
between these two assumptions. To minimize the number of
parameters in the kinetic modelling, alkene formation was sup-
posed to occur on Lewis acid sites. Moreover, the desorption of
the reaction products was discarded. First-order kinetics was
assumed for the thermal decomposition of methyl formate
(Francisco, 2003). Etherification equilibrium constants were calcu-
lated based on the thermodynamic approach reported in the sup-
plementary material. The values are listed in Tables S8-S9.

The dependence of the kinetic constants on the reaction tem-
perature was taken into account implementing the modified
Arrhenius law (Murzin and Salmi, 2016).

kj ¼ kref ;je
�Ea;j

R
1
T� 1

Tref

� �
ð11Þ

where kref,j is the value of the kinetic constant at the reference
temperature Tref = 250 �C. The modification of the Arrhenius law
was used to suppress the correlation between the activation
energy and the pre-exponential factor.

4.3. Parameter estimation results

The rate expressions listed in Table 4 were implemented in the
pseudo-homogeneous plug flow model (Eq. (1)) to estimate the
kinetic parameters.

In general, the experimental trends were successfully predicted
(Figs. 8-11), with a coefficient of determination R2 > 0.985 for each
substrate. The normal distributions of the residuals were revealed
from the parity plots displayed in Fig. 12, where the kinetic model
predicted the experimental values within a confidence interval of
20 %.

Fig. 11d indicates that the experimental values at oxygen-to-
butanol ratio equal to 1 differ from the predicted values. This
was ascribed to the small catalyst deactivation in butanol oxida-
tion (Fig. 7b). Indeed, the experiments with stoichiometric
amounts of oxygen were conducted at the end of the experimental
campaign, hence the selectivity values were slightly overestimated
Ethanol Propanol Butanol

25 ± 2 29 ± 2 44 ± 2
93 ± 2 81 ± 2 76 ± 1
129 ± 2 123 ± 4 124 ± 2
/ / /
/ / /
/ / /
2∙10-2 ± 4∙10-3 1∙10-2 ± 3∙10-3 5∙10-3 ± 8∙10-4

4∙10-3 ± 2∙10-3 2∙10-3 ± 1∙10-3 3∙10-2 ± 2∙10-2

4∙10-4 ± 1∙10-4 2∙10-2 ± 1∙10-3 1∙10-2 ± 5∙10-3

/ / /
/ / /
/ / /
0.07 ± 0.01 0.04 ± 0.01 9∙10-3 ± 5∙10-3

0.08 ± 0.01 0.1 ± 0.03 0.04 ± 0.02

0.6 ± 0.2 0.4 ± 0.1 1.7 ± 1



0 20 40 60
0

20

40

60

0 20 40 60
0

20

40

60

0 20 40 60
0

20

40

60

0 20 40 60
0

20

40

60

C
al

cu
la

te
d 

da
ta

(%
)

Experimental data (%)

±20 %

a

C
al

cu
la

te
d 

da
ta

(%
)

Experimental data (%)

±20%

b

C
al

cu
la

te
d 

da
ta

(%
)

Experimental data (%)

±20 %

c

C
al

cu
la

te
d 

da
ta

(%
)

Experimental data (%)

±20 %

d

Fig. 12. Parity plots for (a) methanol (b) ethanol (c) propanol (d) butanol oxidation. The data are expressed as percentage yield and conversion.

Fig. 13. Intrawashcoat concentration profile of ethanol at different catalytic layer thicknesses (b) dimensionless concentration vs layer thickness at v = 1.

L. Mastroianni, Z. Vajglová, K. Eränen et al. Chemical Engineering Science 260 (2022) 117920
from the kinetic model. The model fit for the oxygen-rich systems
is considered to be acceptable.

The activation energy of the selective oxidation of alcohol
increases as the alcohol chain length increases (Table 4). Further-
more, it shows values below 30 kJ mol�1 except from butanal for-
mation, probably because of the activation energy dependence on
nanocluster size for structure-sensitive catalysts (Murzin, 2019).
Alcohol dehydration and etherification revealed estimated activa-
tion energies consistent with previous findings on pure alumina
(Roy et al., 2012, Kostestkyy et al., 2014, Swecker and Datye,
1990). The kinetic modelling confirmed that the alcohol adsorption
coefficient on both gold and Lewis sites decreases with the chain
length.

4.4. Concentration profiles inside the washcoat layer

Ethanol oxidation was chosen as the reference reaction to
implement the intrawashcoat diffusion model. The temperature
11
was set at 350 �C to simulate conditions in which is more likely
that a concentration gradient in the washcoat layer is established.

The binary molecular diffusivities were calculated with the
Fuller-Schettler-Giddings equation (Schettler and Giddings, 1966).

DA;B
cm2

mol

� �
¼

10�3T1:75 1
MA

þ 1
MB

� �1
2

p
P
mAð Þ1=3 þ P

mBð Þ1=3
h i2 ð12Þ

where R mi is the sum of the atomic diffusion volume incre-
ments of the component i. To have a reasonable order of magni-
tude, the effective diffusion coefficient was estimated as one-
tenth of the molecular one.

The ethanol concentration profiles inside the washcoat at differ-
ent thicknesses of the coating layer are displayed in Fig. 13.

The simulation confirmed that no concentration gradients arise
in catalytic layers below 10 lm but the diffusion limitations are
severe for layers thicker than 300 lm. As it was mentioned above,
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the thickness of the catalyst layer in the current work was
8 ± 1 lm. Typically, the catalyst layer in a microreactor does not
exceed 30 lm: thus, in this case it is possible to consider flat con-
centrations inside the catalytic washcoat when using microreac-
tors. Nevertheless, diffusion inside the coating layer might
become a limiting factor in milli-structured devices. To sum up,
the intrawashcoat diffusion model have been a useful tool to
strengthen the assumption of plug flow in the microreactor.

5. Conclusions

Selective oxidation of methanol, ethanol, propanol and butanol
was performed successfully in a microreactor. Gold nanoparticles,
dispersed on c-alumina, were used as the catalyst coated in the
microreactor channels.

The slurry-based method was successfully employed to coat the
microreactor channels. Nanoparticle distribution size, acidity,
specific surface area and the average pore size of the catalyst were
evaluated as well as the uniformity and thickness of the washcoat
layer.

The effect of temperature, residence time and the reactant con-
centrations on both the alcohol conversion and product distribu-
tion were investigated in depth. The experiments revealed a
decline of catalytic activity with the alcohol chain length ranging
from one to three carbon atoms. Propanol and butanol showed
similar catalytic activities.

The collected experimental data were used in the modelling of
the microreactor. Mechanistically sound rate expressions were
implemented in a pseudo-homogeneous plug flow model to esti-
mate the kinetic parameters. The importance of the molecular dif-
fusion inside the catalytic layer was investigated with an advanced
reaction–diffusion model, confirming the excellent properties of
microreactors in suppressing the internal transport limitations in
catalyst layers.
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