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The heterogeneously catalyzed oxidation of (bio)ethanol to acetic acid is an environmentally friendly alter-
native to the current industrial Monsanto process. The reaction yields acetic acid from crude bioethanol
under mild reaction conditions. The triphasic reaction is technically critical, due to mass and heat transfer
limitations and is thus predominantly studied in batch reactor systems. However, in order to advance the
industrial implementation of the catalytic route, the operation in flow at the research stage is necessary. It
is an efficient, reliable, and safer system for triphasic reactions and allows us to define better performance
parameters for a later up-scale of a continuous flow process. Here, we evaluated the aerobic ethanol oxi-
dation in a flow reactor and compared it with a traditional batch system over a gold-titania catalyst under
analogous conditions. In both reactors, the reaction mechanism was similar: there was a zero-order de-
pendency in oxygen and a first-order dependency in ethanol. The different reaction orders indicate that
oxygen and ethanol interact with different surface sites, possibly ethanol with gold and oxygen with the
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support. The study showed that the catalytic performance improves in flow by about 30% for conversion
and by 10% for acetic acid selectivity. The enhancement is associated mainly with the greater resistance of
DOI: 10.1039/c8re00054a gold to sintering in the flow reactor. The study underlines the necessity of switching research to flow sys-
tems in order to benchmark more efficiently and identify potential catalysts for industrial implementation

rsc.li/reaction-engineering as well as to enhance our understanding of triphasic reactions.

acid (i.e. vinegar).” However, due to the slow kinetics of fer-
mentation, the current demands for acetic acid (up to 12 x

1. Introduction

The selective aerobic oxidation of alcohols has attracted sig-
nificant interest of the scientific community, because it leads
to a broad range of bulk and speciality chemicals and pro-
duces mainly water as a by-product.’™ The process is fully
sustainable when the alcohol originates from biomass, such
as bioethanol. Bioethanol is one of the most common bio-
fuels, the production of which is increasing rapidly up to 46 x
10° L per year.” This has led to the study of new pathways to
bio-chemicals. The biological partial oxidation of ethanol has
been known for centuries as aerobic fermentation to acetic

“ Institute for Chemical and Bioengineering, Department of Chemistry and Applied
Biosciences, ETH Zurich, Vladimir-Prelog-Weg 1, 8093 Zurich, Switzerland.
E-mail: jeroen.vanbokhoven@chem.ethz.ch; Tel: +41 44 632 55 42

b ThalesNano Inc., Zahony u. 7, 1031 Budapest, Hungary

¢ Doctoral School of Chemistry, ELTE Eétvds Lordnd University, Egyetem tér 1-3,
1053 Budapest, Hungary

 Institute of Materials Chemistry, Division Physical Chemistry, TU Wien,
Getreidemarkt 9/165, 1060 Wien, Austria

¢ Laboratory for Catalysis and Sustainable Chemistry, Paul Scherrer Institute,
WLGA 135, 5232 Villigen, Switzerland

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
c8re00054a

This journal is © The Royal Society of Chemistry 2018

10° tons per year) is met mainly by processes that utilize fossil
resources, such as the carbonylation of methanol.® The aero-
bic catalytic oxidation of bioethanol may be a compromise be-
tween the requirement for environmentally benign produc-
tion of chemicals and the fast and efficient processes of the
industry.

The most promising heterogeneous catalysts for the par-
tial oxidation of ethanol are gold-based systems, supported
on inorganic metal oxides. They are very versatile and have
high activity and selectivity in various alcohol oxidation
reactions.” '® The oxidation of gaseous ethanol in a water-
free environment produces acetaldehyde as the main prod-
uct, in considerable excess of oxygen.'' Although acetalde-
hyde is a valuable market product, about 40% of it is used
for the production of acetic acid.'> On the other hand, the
liquid phase oxidation of diluted ethanol has high activity at
a milder temperature and produces acetic acid as the main
product.”*'* The presence of water is important for product
selectivity, which switches from acetaldehyde to acetic acid
with increasing dilution.’* Eqn (1) shows the net oxidation
reaction of ethanol to acetic acid. Jergensen et al. proposed a
reaction mechanism via intermediates (eqn (2)—(5)) based on
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experimental measurements over titania-supported gold: etha-
nol adsorbs on the catalyst and forms ethoxy species (2),
which dehydrogenates to acetaldehyde (3) and further oxidises
to acetic acid (4), or combusts to carbon dioxide (5).* Ethyl ac-
etate is also a by-product, likely from the esterification of
acetic acid and ethanol.™* Although adsorbed oxygen is consid-
ered as the oxidant, it has not been experimentally defined.
The dissociative adsorption of oxygen on the gold surface is
highly unlikely."® Density functional theory calculations of a
Au (111) surface demonstrated that adsorbed hydroxyl groups
lower the activation energy of all three steps (eqn (2)-(4)) com-
pared to a clean surface."®"” Experimentally, the oxidation of
diluted ethanol in a basic environment resulted in acetic acid
that contained oxygen from water (H,0'®), indicating that wa-
ter is more than just a solvent.'® A specific reaction mecha-
nism has yet to be determined and the cause of the selectivity
switch is not yet known.

CH,CH,OH + O, — CH;COOH + H,0 (1)
CH,CH,OH = CH;CH,O* (2)
CH,CH,0* = CH;CHO 3)
CH,CHO — CH;COOH (4)
CH;CH,O* — CO, (5)

Experimental measurements of aqueous ethanol oxida-
tion, especially kinetic and mechanistic tests, are very chal-
lenging due to the triphasic reaction, which induces prob-
lems such as mass and heat transfer. Hence, most
experimental research is done in batch systems at long resi-
dence times and high gas pressures to ensure an excess of
dissolved oxygen in the liquid phase.”*'*'®2' Those sys-
tems not only hinder scientific research but also differ from
conditions in industry, where continuous flow systems are
preferred because high throughput and long-term steady-
state operation are essential. Continuous systems are con-
sidered to be the most suitable for gas-liquid-solid reac-
tions and are implemented in the research of the oxidation
of liquid alcohols.>”>* Aqueous ethanol oxidation was ini-
tially studied in packed-bed flow reactors.>>® Operation in
flow reduces the residence time of the reaction, favours long-
term steady-state performance, and eases the transition to a
larger scale.>®”” For research, a flow system enables faster
screening of catalysts and specialized reaction testing, such
as kinetic measurements and in situ characterization.>>>®
Flow reactor systems are sometimes associated with an im-
provement in product selectivity and mass and heat trans-
fer.>” Furthermore, continuous systems are associated with
green chemistry as they are cost and energy efficient and in-
trinsically safe.**°

The first step towards the implementation of flow in aque-
ous ethanol oxidation is a systematic evaluation of its reliabil-
ity and its advantages over a traditional batch system. Here,
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we evaluated the activity of a gold-titania catalyst in the oxi-
dation of ethanol in both batch and flow reactors and present
a direct comparison of the two systems. The reaction mecha-
nisms were found to be the same, but the effects on the sta-
bility of the catalyst differed.

2. Experimental
2.1. Catalyst

A 1% Au/TiO, (AUROlite™, Strem, Lot: 26622800) commer-
cial catalyst was tested; the material that originated from
the same lot was used in both reactor systems and stored
in an identical manner. Before testing in batch, the catalyst
was crushed and pelletized to achieve a 90-120 pm grain
size so that filtration of the catalyst after testing was possi-
ble, since no diffusion limitations were detected (ESIt). The
catalyst bed in the flow reactor consisted of particles
smaller than 90 pm.

2.2. Catalytic testing

The batch experiments were conducted in a series of parallel
BR-25 autoclaves purchased from Berghof. The catalyst (100 +
7 mg and 90-125 um grain size) and 10 + 0.03 mL of a 5 +
0.3 vol% ethanol solution (Fluka, >99.8%) were added to a
Teflon®-lined reactor, which was sealed. Thereafter, oxygen
(PanGas, 99.999%) was introduced. Each reactor was stirred
and heated with a Heidolph MR3002 apparatus, and con-
trolled using a BTC-3000 controller (Berghof).

The flow experiments were performed in a stainless-steel
tubular reactor (4 mm internal diameter, 250 mm long)
which was heated with a Phoenix Flow Reactor™ unit
(ThalesNano) (Fig. 1). The liquid phase was pumped with a
Knauer Smartline K120 HPLC pump and the gas with a

Ethanol

|~ Furnace

|~ Tubular reactor

L =
T DA DL

(LS

|~ Catalyst bed

Self-controlled valve

FC: Flow Control
TC: Temperature Control

PC: Pressure Control Acetic acid

Fig. 1 Schematic representation of the flow reactor. Aqueous ethanol
solution and gaseous oxygen are mixed and pumped through the
catalyst bed. The mass flows, temperature, and pressure are constantly
controlled (Fc, Te, and Pc, respectively). The liquid products are
collected at the end of the reactor.

This journal is © The Royal Society of Chemistry 2018
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ThalesNano GasModule™. A Teflon disk back-pressure con-
troller regulated the pressure. The catalyst (1000 + 5 mg and
>90 um grain size) was mixed with 2000 mg silica (Molar
Chemicals) and introduced into the reactor. All the experi-
ments were run using the same catalytic bed, with the excep-
tion of the stability tests, during which a fresh catalyst was
used. The ethanol stream (5 + 0.3 vol% ethanol solution, Mo-
lar Chemicals, >99.99%) was mixed with oxygen (Linde,
99.5%) in a static mixer and pumped through the catalyst
bed. See Table 1 for the standard testing conditions.

The products were analysed with an Agilent 7890A gas
chromatographer equipped with a flame ionization detector
(FID). During the analysis, 1 pL of sample was injected at 343
K and carried in a 2 mL min " helium flow through the col-
umn (DB-FFAP).The temperature of the column was constant
at 313 K for 2 min and it was then heated at 8 K min™" up to
409 K. The FID was fed with 30 mL min™" hydrogen mixed
with 400 mL min™" air at 573 K. The signal of each com-
pound was calibrated and the calibration line used for quan-
tification was determined by linear regression.

The quantification of the compounds was used to deter-
mine the ethanol conversion (X, eqn (6)) and the product se-
lectivity (S;, eqn (7)-(9)), where EtOH is ethanol, AcOH is
acetic acid, MeCHO is aldehyde, and EtOAc is ethyl acetate.
The average reaction rate (7, eqn (10)) was defined as the
change in the molar concentration of ethanol during the total
reaction time. The carbon dioxide selectivity was obtained
from the carbon balance (eqn (11)), because it is the only
expected gaseous product and the only gaseous carbon-
containing product confirmed by GC.'* The gas sample was
collected in a 0.6 L Tedlar® bag (Supelco, Lot: 61118LC22G)
and analysed qualitatively using an Agilent 3000A Micro GC
equipped with three parallel columns: 1. a molecular sieve
column with an argon carrier gas and a thermal conductivity
detector (TCD); 2. a plot-U column with a helium carrier gas
(TCD); 3. an alumina column with a helium carrier gas
(TCD). The possibility of carbon species adsorbing on the cat-

Table 1 Reaction conditions of catalytic testing in batch and flow reac-
tors. Conditions are kept constant unless otherwise specified

Batch Flow
P, = 30 bar, Py = f{t) Py =30 bar
T=423 K T=423 K

Meae. = 100 £ 7 mg
& =5+ 0.3 vol% EtOH,q
¢g =100 vol% O,

Meae. = 1000 + 5 mg + 2000 mg SiO,
$1 =5 £ 0.3 vol% EtOH,,
¢y = 100 vol% O,

Vi=10 ml F=0.3 mlmin™", F; = 10 ml min™*
tg = 420 min tg = 10.5 min
o =500 rpm —

Where, P, is the pressure introduced into the batch reactor, Py is the
reaction pressure, which in the batch reactor changes with the
reaction time, 7T is the set reaction temperature, mc,. is the catalyst
mass, ¢; is the reactant concentration, V) is the initial liquid volume
in the batch, F; is the reactant volumetric flow rate in the flow
reactor, ty is the reaction residence time, and  is the stirring speed
in the batch reactor.

This journal is © The Royal Society of Chemistry 2018
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alyst was investigated by thermogravimetric analysis, where
no significant mass change was observed (ESIT).

EtOH,, (mol I"') - EtOH,,, (mol I'")

X (%)= x100%  (6)

EtOH,, (mol 1)
B AcOH,,, (mol 1)
Sieon (%) = EtOH,, (mol I"') - EtOH,, (mol 1) <100% - (7)
MeCHO,, (mol 1)
Syecto (%) x100%  (8)

" E1OH,, (mol )= EOH,, (mol 1)

out

EtOAc,,, (mol 1")
EtOH,, (mol I"') - EtOH,,, (mol I"')

Seione (%) =2x x100% (9)

EtOH. 11"") - EtOH 11
F[m_?ljz m(mo ) i ml!(mo ) XV](l) (10)
min tx (min)
Scoz(%) =100% — Sacon ~ SmecHo ~ Sktoac (11)

2.3. Characterization

Scanning transmission electron microscopy (STEM) investiga-
tions were performed using an aberration-corrected HD-
2700CS STEM microscope (Hitachi).”’ The microscope was
operated at an acceleration potential of 200 kv (cold field
emitter). In the high-angle annular dark-field STEM (HAADF-
STEM), the image is generated with incoherently scattered
electrons, resulting in an intensity strongly increasing with
the atomic number (Z-contrast). The images were recorded
with frame times between 20 and 40 s. Analytical investiga-
tions were performed with an energy-dispersive X-ray spectro-
meter (EDXS) attached to the microscope column.

3. Results
3.1. Structure of the catalyst

The titania support was defined by XRD as a mixture of 20%
rutile and 80% anatase (ESIT), while gold was not detected in
any of the patterns (ESIt). Fig. 2a displays the HAADF-STEM
images of the fresh and tested catalysts. EDX analysis showed
that the bright dots represent gold nanoparticles (ESIf).*!
Fig. 2b gives the size distribution of the gold particles of the

React. Chem. Eng., 2018, 3, 781-789 | 783
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Fig. 2 HAADF-STEM images of fresh and used catalyst (a). The gold
particle size was determined using multiple HAADF-STEM images, tak-
ing into account at least 100 individual particles: (b) fresh, (c) tested at
423 K, and (d) tested at 473 K (d) in batch (orange - dashed line) and in
flow (green - solid line). The mean particle size noted was evaluated
based on the normal distribution.

fresh catalyst. The mean particle size was 2.0 nm, determined
by size analysis of at least 100 single individual gold parti-
cles. Fig. 2c and d show the particle size distribution of the
catalysts tested in batch (orange: dashed line) and in flow
(green: solid line). The catalysts in both systems have been
exposed to reaction conditions for 4 h. After reaction, the cat-
alysts showed an increase in the size of the gold particle. The
batch system promoted significant gold sintering, up to 4.3
and 9.3 nm after reaction at 423 and 473 K, respectively. Less
sintering was observed after the reaction in flow, with a maxi-
mum particle size of 5.8 nm at 473 K.

3.2. Catalytic activity

Fig. 3 shows the stability test in the flow reactor up to 240
min on-stream under standard conditions, 423 K and 30 bar
oxygen (Table 1). The ethanol conversion, which started at

100 100
4 O XEtOH B
80 — — 80
< . O sAcoH <> SMecHo [ 2
L 04 A — 60 3
z 1 SEtOAc 3¢ SCO, | g8
) O*g—g\%— 40 &
: 40 — = E\;
. - ’_,_6:— g =
20 — 6/6/6/ — 6
] — 4
0 T I T I T I T I T 2
0 50 100 150 200 250

t (min)

Fig. 3 Catalyst's stability in the flow reactor at 423 K and 30 bar. The
conversion slightly decreases and stabilizes after about 60 min on-
stream. Similar evaluation of the catalyst's stability is impossible in
batch.
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84%, diminished fast to 80% within 60 min and then stabi-
lized at 76% until 240 min. As the conversion decreased
within the first 60 min, the selectivity to acetic acid improved
from 40 to 46% and remained stable thereafter. The selectiv-
ity to acetaldehyde and ethyl acetate also increased by about
2%. Overall, the performance of the catalytic reactor was sta-
ble up to 240 min on-stream. The performance was also sta-
ble at 473 K (ESI?).

Fig. 4 compares the conversion and product selectivity of
the reaction in batch (top graph) and in flow (bottom
graph). The conversion increased with temperature in both
systems. In the batch system, the ethanol conversion im-
proved from 35% at 373 K to about 100% at and above 453
K. A very low (about 2%) conversion was observed in flow at
373 K. Above 423 K, the conversion started at 73% and
reached 98% at 473 K. In the batch reactor, the selectivity to
acetic acid was about 45%, independent of temperature. The
selectivity to acetaldehyde and ethyl acetate decreased with
increasing temperature from 10% to below 5%. The main
by-product was carbon dioxide at about 50% selectivity. In
flow, the selectivity to acetic acid was 60%, while that for ac-
etaldehyde and ethyl acetate was below 10%. The remaining
ethanol was converted to carbon dioxide with 35% selectiv-
ity. At 373 K, the product selectivity could not be evaluated
with precision due to the low level of conversion.

Fig. 5a displays the conversion and product selectivity as a
function of oxygen partial pressure. The tests at 0.2 bar oxy-
gen partial pressure were carried out in an open-to-the-
atmosphere reactor at 358 K to retain the liquid phase. In the
batch system (top graph), at a low pressure and temperature,

% T xeton P =
@ 5ACOH
T x SMeCHO *
70 7 A seoac
1% sco, ®
50 — K 3
] o B -F=¥F |§
¥ 30
g J
3
g 10 -
[-%
£ 90
T J
o]
o 70 —
>
] o
50 — 9]
H
30 —
10 —
H— — A\_
350 400 450 500
T(K)

Fig. 4 Ethanol conversion (X) and product selectivity (S) as a function
of temperature in the batch (top) and flow (bottom) systems. The
remaining conditions were kept constant as shown in Table 1: 30 bar,
5 vol% ethanol solution, 420 min and 10.5 min in batch and in flow,
respectively.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Ethanol conversion (X) and product selectivity (S) as a function
of oxygen partial pressure (a) in the batch (top) and flow (bottom)
systems. The remaining conditions were kept constant as shown in
Table 1: 423 K, 5 vol% ethanol solution, 420 min and 10.5 min in batch
and in flow, respectively. Data at 0.2 bar (yellow-filled symbols)
correspond to an open-to-atmosphere reactor at 358 K to sustain the
liquid phase. Reaction rate dependency on oxygen partial pressure (b).

the ethanol conversion was 4% and mainly acetaldehyde was
produced with 52% selectivity. A low conversion (10%) was
also observed at 0.2 bar oxygen in the flow reactor (lower
graph), but the selectivity to acetic acid was 95%.

Between 10 and 50 bar oxygen partial pressure and at 423
K, the conversion in both systems remained constant be-
tween 85 and 90%. The product selectivity was also constant,
independent of pressure. In the batch reactor, the selectivity
to both acetic acid and carbon dioxide stabilized at about
50% while in the flow reactor, acetic acid was the main prod-
uct with about 60% selectivity; less carbon dioxide was pro-
duced than in batch with about 30% selectivity. Small
amounts of acetaldehyde and ethyl acetate were observed in
both systems. Fig. 5b visualizes the dependency of the reac-
tion rate in oxygen at pressures between 10 and 50 bar. The
reaction order in oxygen was zero in both batch (solid sym-
bols) and flow (open symbols).

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Ethanol conversion (X) and product selectivity (S) as a function
of ethanol concentration (a) in the batch (top) and flow (bottom)
systems. The remaining conditions were kept constant as shown in
Table 1: 30 bar, 423 K, 420 min and 10.5 min in batch and in flow,
respectively. Reaction rate dependency on ethanol concentration (b).

Fig. 6a shows the effect of ethanol concentration on the
catalytic activity. In both systems, the conversion, about 90%
in a 5 vol% reactant solution, diminished with increasing
ethanol concentration to 50% at 30 vol% of the initial etha-
nol solution. In the batch reactor at 5 vol% ethanol, the main
products were acetic acid and carbon dioxide (each about
50%). With increasing ethanol concentration, the selectivity
to acetic acid decreased to 27%; ethyl acetate started to form,
resulting in an increase in its selectivity from 1 to 30%. At 30
vol% ethanol solution, acetic acid, carbon dioxide, and ethyl
acetate were produced each with about 30% selectivity. In the
flow reactor, the selectivity to acetic acid exhibited a maxi-
mum of 60% at 10 vol% ethanol solution and decreased to
40% with an increased concentration of the reactant solution.
At the same time, more ethyl acetate formed with 23% selec-
tivity. Even at 30 vol% ethanol solution, acetic acid was the
main product with 42% selectivity, in contrast to 30% in the
batch reactor. Fig. 6b shows the dependency of the reaction
rate on ethanol concentration. In both reactors, batch (filled

React. Chem. Eng., 2018, 3, 781-789 | 785
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solid symbols) and flow (open symbols), there is approxi-
mately a first-order ethanol dependency; the actual slopes
were 0.8 and 1.2, respectively.

Fig. 7 demonstrates the effect of residence time on the
conversion and selectivity in batch (top graph) and in flow
(bottom graph). The minimum residence time in batch was
180 min, which corresponded to the time of heating and
cooling, during which the reaction proceeded, giving a mini-
mum conversion of about 45%. With a longer residence time,
the conversion rose to 90%. The selectivity to acetic acid
remained relatively stable between 40 and 47%. The forma-
tion of carbon dioxide competed with that of acetic acid, with
a selectivity of about 47%. The selectivity to acetaldehyde and
ethyl acetate dropped with increasing residence time from 10
to 3 and from 5 to 1%, respectively. The flow system has a
maximum residence time of 10.5 min, governed by the limi-
tation of the liquid pump. The conversion improved from 40
to 80% at prolonged reaction times. However, the selectivity
to acetic acid decreased by 20%, thus increasing the carbon
dioxide selectivity to 40%. At a very short residence time of
2.6 min, there was no carbon dioxide production.

Fig. 8 shows the conversion level of both systems when
both parameters are taken into account. To reach a defined
conversion level, the catalyst mass, residence time, or both
must be adjusted. It took 14.5 g min™" at 50% conversion in
batch, whereas in flow only 5.5 g min was sufficient. The dif-
ference is more apparent at higher conversion, where 90%
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Fig. 7 Ethanol conversion (X) and product selectivity (S) as a function
of residence time in the batch (top) and flow (bottom) systems. Other
conditions were kept constant according to Table 1: 30 bar, 423 K, and
5 vol% ethanol solution. The minimum and maximum residence times
are governed by the system'’s limitations.
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Fig. 8 Comparison of the required catalyst mass and residence time
for achieving the same conversion level in the batch (solid symbols)
and flow (open symbols) systems. The lines are obtained by curve
fitting (power allometric model) with the red area representing a 97%
confidence level.

conversion would require 4.3 times more catalyst or a longer
residence time in batch than in flow.

Fig. 9 highlights the difference in selectivity to the liquid
products of the two systems. The selectivity to acetic acid was
between 55 and 68% in the flow reactor, while in batch it
was between 37 and 48%. The smallest difference in selectiv-
ity (7%) was found when the conversion approached 100%.
At the same time, the selectivity to ethyl acetate was about
10% higher in the flow reactor.

4. Discussion

The overall performance of the two systems proves that the
triphasic ethanol oxidation is feasible in flow without being
detrimental to catalytic performance (Fig. 4 to 9). The stable
performance in flow (Fig. 3) indicates that long-term opera-
tion is the major advantage of the flow reactor. Long-term
stability tests are now feasible with the flow system. Catalyst
stability tests in batch, i.e. recycling and reuse of the catalyst,
showed a decline in conversion and in acetic acid selectiv-
ity." Heeskens et al. reasoned that the catalyst deactivation
is probably due to the recycling process, filtering and drying,
during which a change in the -catalyst structure was
expected.” The stable performance in flow justifies the use
of one catalytic bed for testing under multiple conditions,
while in batch, a fresh catalyst sample is required for each re-
action. Hence, the flow operations also have the distinct ad-
vantage that the catalyst can be used for longer periods com-
pared to batch cycles, which require new or regenerated
catalysts. For example, the ethanol throughput was 18 ml
(h™ ¢™") in flow and 14 ml (h™" ¢™) in batch when one batch
cycle was taken into account. However, under long-term oper-
ation in flow with the same catalyst bed, the throughput can
increase indefinitely, for example when 10 batch cycles are
taken into account (total 1 g catalyst in both reactors) the
batch throughput decreases to 1.5 ml (h™ g™).

The overall catalytic performance was better in the flow re-
actor: when the catalyst mass and residence time were the

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Product selectivity as a function of conversion in batch (solid symbols) and in flow (open symbols). The flow is 7 to 20% more selective
towards acetic acid. The lines are obtained by linear fitting with the red area representing a 97% confidence level.

same; the flow reactor yields a higher ethanol conversion by
up to 30% (Fig. 8). This increase in conversion is associated
with the lower degree of sintering of the gold particles in flow
(Fig. 2). The size of the gold particles is crucial to gold cataly-
sis; the smaller the gold particle, the more active the cata-
lyst.>* The particle size of gold also influences the product se-
lectivity, as exhibited in the epoxidation of propylene over
Au/TiO,.*>** In our case, the selectivity to acetic acid im-
proved in flow by about 10%, independent of the reaction
conditions (Fig. 9), while the selectivity to carbon dioxide de-
creased. While a low and similar selectivity to acetaldehyde
was found for both systems, more ethyl acetate formed in
flow. The esterification reaction of acetic acid with ethanol
(eqn (9)) is an equilibrium reaction that leads to the forma-
tion of large amounts of ethyl acetate with increasing ethanol
concentration, making it the main product with 50% selectiv-
ity when more than 70 wt% ethanol was oxidized."* The same
trend was observed in our batch system with increasing etha-
nol concentration, but in flow, the ethyl acetate selectivity
stabilized at about 30% (Fig. 6). Here, the residence time
drives the product selectivity; a short residence time in flow
systems may enhance the product selectivity by preventing
further chain reactions.”” The residence time also influenced
the carbon dioxide selectivity in our flow system (Fig. 7): from
5 to 10 min the selectivity to carbon dioxide increased from
0 to about 50%, at the expense of the acetic acid selectivity.
In the batch system, the residence time does not influence
the selectivity to acetic acid or carbon dioxide, both of which
remain stable at about 50%. This trend is also supported by
Aghaei et al. who found 60 and 35%, respectively.”® Hence, in
flow, the reaction residence time is a major parameter and
fine tuning can lead to optimal selectivity. A highly selective
system is more desirable than a system with high conversion,
as recycling can improve the overall yield, but low selectivity
requires further product separation processes.>”

The extensive study under different reaction conditions
also provided insight into the reaction kinetics. We found a
zero-order dependency in oxygen and first-order in ethanol in
both systems (Fig. 5 and 6). This indicates that the reaction

This journal is © The Royal Society of Chemistry 2018

mechanism is the same in both systems. Aghaei et al. con-
firmed those orders by similar studies in batch.” Their pres-
sure tests at 353, 403, and 433 K showed a stable conversion
between 4.5 and 10 bar oxygen partial pressure, indicating a
zero-order reaction even below 10 bar. In our study, the only
exception was the open-to-the-atmosphere reactor, which led
to negligible conversion, both in batch and in flow. At very
low pressures, the limiting factor of the reaction was the oxy-
gen mass transfer, as the molal solubility of oxygen in the re-
actant solution is too low.** Above 10 bar oxygen partial pres-
sure, oxygen is sufficiently soluble in water, ranging from
0.02 to 0.03 mol O, per kg H,O, increasing further with oxy-
gen partial pressure. The first-order dependency in ethanol
was confirmed by Aghaei et al.>® Although not explicitly de-
fined, a non-zero-dependency in ethanol is observed. Such re-
action orders are typically observed for reactions consisting
of multiple steps, such as the pathway to acetic acid (eqn (2)
to (4)).>® As the surface of the catalyst is fully covered by oxy-
gen (zero-order in oxygen) and adsorbs non-competitively
with ethanol, different adsorption sites are expected for the
two reactants.

The different adsorption sites of oxygen and ethanol were
not identified by our experiments. However, it is argued that
oxygen dissociative adsorption on a clean gold surface is
highly unlikely."® Oxygen chemisorption on the titania sup-
port is more likely, especially in the presence of oxygen va-
cancies.®*® Similar to carbon monoxide oxidation, oxygen
should dissociate on the reducible support rather than on
the surface of the noble metal.>’** With respect to ethanol
(eqn (2)), the adsorption and reaction of ethanol on titania
would lead to the products acetaldehyde or acetic acid during
the reaction over pure titania, which we did not observe. Ad-
sorption on a clean gold surface is also energetically
unfavourable at an activation energy of 204 kJ mol™."® When
the gold surface has some adsorbed hydroxyl groups, the en-
ergy decreases by an order of magnitude to 22 kJ mol™. Our
diluted ethanol system probably favours the adsorption of hy-
droxyl groups on the gold surface, even at neutral pH. Fur-
thermore, the first-order dependency in ethanol indicates
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that ethanol adsorption is competitive with other species,
possibly with hydroxyl groups. The subsequent reaction
steps, dehydrogenation to acetaldehyde (eqn (3)) and oxida-
tion to acetic acid (eqn (4)), are also energetically more
favourable in the presence of adsorbed hydroxyl groups.'
Here, the presence of molecular oxygen is crucial to regener-
ate the hydroxyl group to close the catalytic cycle.'® As the ox-
ygen is more likely to dissociatively adsorb on the support,
the regeneration of hydroxyl groups must occur on the sur-
face of the support.

5. Conclusions

The aerobic selective oxidation of ethanol was tested over Au/
TiO, in batch and flow systems. Comparison of the catalytic
performance in both systems under equivalent reaction con-
ditions confirmed that ethanol oxidation is possible in flow.
A main advantage of the flow reactor was the continuous use
of one catalyst bed, demonstrating the feasibility of long-
term operation when the catalytic performance is stable. The
shorter residence time and the use of one catalyst bed in flow
can improve the reaction throughput from 1.8 to 18 ml (h™
g "). Structural changes on the catalyst were dependent on
the reactor system. 2 nm gold particles sintered up to 9 nm
in batch, while only 6 nm in flow, which led to improved cat-
alytic performance. The ethanol conversion and selectivity to
acetic acid were enhanced by an average of 30% and 10%, re-
spectively. The higher selectivity in flow was also associated
with the shorter residence time; in the flow reactor the selec-
tivity was dependent on the residence time. Furthermore, the
extensive study revealed a zero-order reaction in oxygen and a
first-order reaction in ethanol. The non-competitive adsorp-
tion of the two reactants revealed that the reaction mecha-
nism probably proceeds similarly to the oxidation of carbon
monoxide: the organic molecule is oxidized through a redox
cycle of the reducible support.
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