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Changes in the turnover frequency (TOF) of Ru(OH),/y-Al,Os during aerobic oxidation of benzyl alcohol in
a plug flow differential reactor were monitored online using an inline FTIR instrument over extended pe-
riods of time (up to 72 h). A new equation for catalyst deactivation is derived, to account for the different
lengths of time the catalyst is exposed to the reactants (benzyl alcohol and O,). Catalyst activity and stabil-

Received 22nd November 2016, ity are dependent on the amount of O, in the system; catalyst deactivation can be attributed to two simul-

Accepted 4th January 2017 taneous processes: a fast and reversible inhibition by the benzoic acid side product and a slower and irre-
versible loss of catalytic sites due to reduction of Ru. At steady state, the reaction rate is zero-order in

benzyl alcohol and partial positive order in O,. Finally, the suitability of a packed-bed (integral) reactor for
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Introduction

In recent years, catalytic aerobic oxidation reactions in the lig-
uid phase have become an important topic in catalysis re-
search, driven by the need for reaction technologies that can
be employed for biomass conversion,' and for more sustain-
able processes for the fine chemicals and pharmaceutical in-
dustries.>* In terms of process safety and control, it is widely
acknowledged that aerobic oxidation reactions are best
implemented in continuous flow using heterogeneous cata-
lysts.* Conversion of alcohols to their corresponding carbonyl
compounds (aldehydes or ketones) is an important functional
group transformation in organic chemistry. This can be
achieved most atom-efficiently by the catalytic dehydrogena-
tion of an alcohol to generate an equivalent of H, (Scheme 1,
eqn (1)), which is an endothermic process. Alternatively, O,
can be added to provide the thermodynamic driving force for
the reaction to proceed exothermally without compromising
its ‘green’ credentials, as only water is generated as a by-
product (Scheme 1, eqn (2)). Currently, the oxidative dehydro-
genation of alcohols is used industrially for the production of
formaldehyde and acetaldehyde, as well as fragrance alde-
hydes from Cs-C;, aliphatic alcohols; all these were
performed in the gas phase over heterogeneous catalysts.
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Pt, Pd, Au and Ru are frequently reported to have very
good catalytic activity and selectivity for the aerobic oxidation
of alcohols to aldehydes and ketones in an organic solvent,’
although none of these have yet been implemented on an in-
dustrial scale. In a flow regime, the longevity of a catalyst is a
major determinant of its economic viability, therefore it is
important to understand how catalyst activity (TOF) is af-
fected by reaction parameters, including temperature and
pressure, as well as how it may be affected by the length of
time the catalyst is exposed to the reactants. Interestingly, O,
has been simultaneously reported to have both positive and
negative effects on the catalyst activity; while the catalytic ac-
tivity of Pd catalysts has been directly correlated to the num-
ber of oxidized PdO sites,”® Pt- and Au-based catalysts are
known to deactivate as a result of over-oxidation of the
metal.” ™!

In contrast, the role of O, in Ru-catalysed aerobic reac-
tions is largely unknown and a subject of some considerable
debate. Ru(OH),/y-Al,O; was first reported by Yamaguchi and
Mizuno'>"® to be an active catalyst for the selective oxidation
of a wide range of alcohols to aldehydes and ketones. In
these reports, reactions were performed in a batch reactor,

catalyst

R/\ - R&O + H2 [1]
endothermic
catalyst
R NoH +050, — 2 o g +HO 2]
exothermic
Scheme 1 Dehydrogenation of alcohols: thermodynamic

considerations.
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with azeotropic removal of water and under an O, flow. Un-
der these conditions, the reaction rate was found to be insen-
sitive to O, pressure (between 0.5-3.5 bar). Subsequently, we
have shown that Ru(OH),/y-Al,O; can be employed in a
packed bed.'* In this system, a solution of the alcohol was
pre-saturated with O, prior to introduction to the catalyst
bed, and the differential reactor was operated in a continu-
ous recycle mode (semi-batch). Under these conditions, the
reaction is accelerated by an increase in the O, pressure/
concentration, contradicting the result in the earlier report.
On the other hand, the stability of the catalyst was first in-
vestigated on a continuous flow platform by Bavykin et al.,
using a multichannel microreactor with staged injection of
0,.'" In this work, the oxidation of benzyl alcohol was used
as a model reaction to investigate the deactivation of
Ru(OH),/y-Al,0;. Operating under a kinetic regime, the reac-
tion was reported to be zero-order in O,, and catalyst deacti-
vation was reported to follow a single exponential decay:

TOF, = TOF, x e ¥ (1)

where TOF, = initial turnover and k = rate of deactivation.

Note that the simple expression does not take into ac-
count the concentrations of the reactants.'® More recently,
the stability of a Ru(OH),/y-Al,O; catalyst was reassessed by
Mannel et al. using a packed bed reactor over an extended
period of time (72 h)."” In this system, the oxidation of ben-
zyl alcohol was performed under a slug flow regime using 8%
0, in N, (below the limiting O, concentration of the solvent).
Under these (oxygen-lean) conditions, catalyst deactivation
was neither linear nor first order. The authors reported ‘a
rapid decrease in activity during the first 50 turnovers, but the
activity stabilizes substantially beyond this point’, and the re-
action rate (kegr) was correlated with the quantity of benzyl al-
cohol that was exposed to the catalyst (p), which was fitted
empirically to an extended exponential equation:

keff = koei(ﬂp)n (2)

where k, = initial rate, f = deactivation constant, p
MOly1conor MOlg, ', and 7 = an unspecified constant

TOF, = TOF,e /" 3)

In these forms, catalyst deactivation (f) can be correlated
to the contact time between the catalyst and benzyl alcohol
(p). However, there is uncertainty to the meaning of the
power value (n = 0.156), which cannot be correlated to any re-
action parameter. Moreover, the effect of O, is not accounted
for using this model.

It is entirely possible that O, can have important effects
on both the intrinsic kinetics of the catalytic reaction (reac-
tion order) and the deactivation pathway(s). In order to un-
derstand the different roles of O,, we initiated a study to cor-
relate the catalyst activity and stability of Ru(OH),/y-Al,O;3 to
the molar flow of both of the reactants (benzyl alcohol and

This journal is © The Royal Society of Chemistry 2017
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0,) under different temperatures and pressures. The result of
the study revealed that O, does have a rather complex role:
while an increased O, pressure accelerates the reaction rate
and prevents the loss of active sites (via Ru reduction), it also
simultaneously generates benzoic acid that pacifies the active
catalyst sites.

Experimental

Materials

5 wt% Ru(OH),/y-Al,O3 (4.84 wt% in Ru) was purchased from
Alfa Aesar and sieved (150-250 um) prior to use. Where re-
quired, catalysts were diluted with SiC (Alfa Aesar) which was
sieved (250-425 pum), washed with water and ethanol, and
dried prior to use. Benzyl alcohol (Sigma-Aldrich) was dis-
tilled from sodium borohydride prior to use. All solutions
were prepared under nitrogen using dry tert-amyl alcohol
(Sigma-Aldrich) and stored in the reagent reservoir under a
drying tube (CaSO,).

Methods

Cartridges were packed with catalyst under suction to pro-
mote efficient packing. A typical cartridge contains 300 mg of
Ru(OH),/y-AL,O; or 1.4 g of SiC. Accurate values were recorded
for each experiment. The internal voidage of the catalyst bed
was calculated by the difference in mass between a packed
cartridge when dry and when filled with solvent and the den-
sity of the solvent.

All reactions were performed using a commercial X-
Cube™ reactor, which we have previously employed in the
aerobic oxidation of alcohols.'® The catalyst was loaded into
cylindrical cartridges (4 mm x 70 mm) and mounted into the
system, which allows control of reactor temperature, pres-
sure, and volumetric flow rates via two piston pumps and sat-
uration of the reactant solution with O, at ambient tempera-
ture via a gas mixer. Gas is added to maintain a 19:1 liquid-
to-bubble ratio in the flow prior to the catalyst cartridge. The
dissolved O, concentration can be controlled by changing the
operating pressure of the system (electronic back pressure
regulator). Oxygen concentrations for each set of conditions
were predicted using the CAPE-OPEN Flowsheet Environment
with a Peng-Robinson model."®

In a typical experiment, tert-amyl alcohol (--AmOH) and
oxygen were passed through a packed catalyst cartridge at the
required temperature and pressure at 1 mL min~* for 30 mi-
nutes before the flow rate was adjusted to that required for
the experiment and the system was allowed to stabilise for a
further 5 minutes. The inlet stream was switched to a solu-
tion of benzyl alcohol (100 mM in dry #AmOH) (time = 0)
and the fraction collector started simultaneously.

A Mettler-Toledo FlowIR™ instrument, equipped with a
diamond window, was employed at the outlet of the reactor
to monitor the outlet stream. Spectra were recorded between
4000 cm ™" and 650 cm™ with a resolution of 8 cm™ over 30
seconds. Post-reaction analysis of the spectra was performed
on the second derivative of the spectrum. Peak area was

React. Chem. Eng., 2017, 2, 60-67 | 61
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measured between the local minima of the 2nd derivative ei-
ther side of the peak at 830 cm™ and to a baseline drawn be-
tween the same points.

A Pharmacia Biotech RediFrac fraction collector equipped
with a drop detector was employed after the FlowIR™ to col-
lect samples for analysis by gas chromatography. Samples
were collected by setting the sampling time for each fraction,
ensuring that a minimum of 0.5 mL was collected. At least
three samples were collected at each time point.

Conversion of benzyl alcohol was monitored using an
HP6890 gas chromatography system fitted with an HP5 column
(30 m x 0.320 mm x 0.25 um). Samples were diluted with meth-
anol containing a standard (4-ter¢-butylphenol, 30 mM) and the
conversion and selectivity were determined using a calibration
plot for products and reactants against known standards.

Catalyst activity is presented as Turnover Frequency (TOF)
and is plotted against time (min or h). The reaction parame-
ters were carefully adjusted so that the system operated be-
low complete conversion for each single pass. Turnover fre-
quency (TOF) is calculated using the formula:

mmol(product)
TOF=—F———<+
mmol (catalyst)

where 7 = residence time (voidage of catalyst bed/flow rate).

Data fitting was performed using Origin 2015 using
a Levenberg-Marquardt iteration algorithm. The deactiva-
tion models used incorporate a term for the stoichiometric
flow rate (moles of substrate per mole of metal per hour),
¢, thus allowing different flow rates and loadings of catalyst
to be compared.

Results and discussion

Toluene has been frequently employed as a solvent in the aer-
obic oxidation of benzyl alcohol in earlier studies."*">"”
However, it is a poor choice for kinetic and mechanistic stud-
ies as it can oxidise to benzyl alcohol, or be formed as a by-
product from the disproportionation of benzyl alcohol (to
benzaldehyde and toluene).”>*" With this in mind, it was de-
cided that a tertiary alcohol be employed as an alternative
solvent to allow a good material balance. Equation of state
calculations (Peng-Robinson model) revealed that the
expected oxygen concentration in ter¢z-amyl alcohol is compa-
rable to that in toluene across our operating range (Table S1,
ESI}). The limiting oxygen concentration (LOC) for combus-
tion is similar to that of toluene at elevated pressures, provid-
ing it with similar safety characteristics in these reactions.>”
Furthermore, tert-amyl alcohol is a good solvent for organic
compounds and remains as a liquid over a wide range of
temperatures and pressures, making it particularly suitable
for use in a flow reactor (Scheme 2).

Catalyst deactivation

The studies were conducted using a commercial (X-Cube™)
flow reactor under plug flow conditions."* The oxidation was

62 | React Chem. Eng., 2017, 2, 60-67

View Article Online

Reaction Chemistry & Engineering

©A\o + H0

Scheme 2 Aerobic oxidation of benzyl alcohol under flow conditions.

5 Wt% Rufy-Al,0,
Il A
tAmOH
120-180 °C, 25 bar

(100 mM)

initially performed using a full catalyst cartridge of 5 wt%
Ru(OH),/y-AL,O; (containing 125 pumol Ru) at three tempera-
tures (120, 150 and 180 °C), to determine if its deactivation
profile exhibits temperature dependence. In order to negate
the effect of the different O, solubility at different tempera-
tures, a large excess of dissolved O, (=7 equiv.) was applied
by pre-saturating the mobile phase under 25 bar of O,, prior
to exposure to the catalyst packed bed, i.e. the system is oper-
ated as an integral reactor. The catalytic activity (TOF) and se-
lectivity (benzaldehyde vs. benzoic acid) were assessed by
monitoring the output of the system over the first 3 hours of
exposure to a solution of benzyl alcohol in tert-amyl alcohol
(Fig. 1). At 120 °C, catalyst deactivation was rapid: TOF de-
creased from 13.1 h™* to 5.7 h™ (Fig. 1A). Formation of
benzoic acid was not observed under these conditions. By
raising the temperature to 150 °C, complete single-pass con-
version of the alcohol was obtained, but slowly decreasing to
95% over the period of observation. Concomitantly, a small
amount of benzoic acid (ca. 0.4%) can be detected in the out-
put throughout the experiment (Fig. 1B). Finally, at 180 °C,
complete conversion of benzyl alcohol can be maintained
over 3 hours. However, the reaction also becomes less selec-
tive, producing up to 4.5% benzoic acid (Fig. 1C).

The reduction in rate of deactivation with elevated temper-
ature is indicative of the passivation of the catalytic sites by
adsorbates. A more in-depth study requires online monitor-
ing of the TOF over extended reaction times. This was
achieved by using an IR detector fitted with a flow cell
(FlowIR™), attached to the outlet of the reactor for continu-
ous measurement of the reaction stream. The concentration
of benzaldehyde (PhCHO) in the reaction stream was deter-
mined by using the area under a diagnostic peak (at 830
ecm ™) in the second derivative of the spectrum. Selected sam-
ples collected over the period of the experiment were also
subjected to GC analysis for secondary verification.

For extended studies, the catalyst was diluted by dispers-
ing in silicon carbide which is chemically inert in the reac-
tion, has high thermal conductivity and whose low porosity
ensures a small pressure drop across the cartridge. Reducing
the amount of catalyst (approx. 18 times) allowed the deacti-
vation profile to be observed, even at the highest temperature
(180 °C). Under these conditions, the initially high activity of
the catalyst (TOF: 380 h™") rapidly reduces (ca. 220 h™" after 3
h) and approaches a quasi-steady state (TOFgs = 170 h™) to-
wards the end of the experiment (Fig. 2A). What is clearly ap-
parent is that the deactivation profile does not follow a sim-
ple, single exponential decay (eqn (1)), nor can our data be
fitted satisfactorily to the extended exponential equation put
forward by Mannel et al. (eqn (3)), without relaxing the con-
straint of initial TOF, (Fig. S1, ESIY).

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Time-on-line study for 5 wt% Ru(OH),/y-Al,O3 at 120 °C (A),
150 °C (B) and 180 °C (C). Conditions: benzyl alcohol (BnOH, 100 mM
in t-AmOH), 25 bar O,, 1.0 mL min™™. Yields obtained by GC analysis of
the product stream. Legend: x BnOH, x PhCHO, » PhCO,H and + over-
all mass balance.

Working on the hypothesis that there is more than one deac-
tivation pathway operating in our system, we were able to fit the
data to a double first-order decay exponential equation (eqn (4)):

TOF, = TOF4(e”* + e ) + TOFsg (4)

where p= M
mmoles Ru
This appears to produce an excellent fit to the experimen-

tal data. However, it cannot distinguish the individual effects

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

400 1 A

300 1L

200 i

TOF (h-)

100 A

400 1

300 A

TOF (h-1)

200 A

100 A

0 3 6 9 12 15 18 21 24

time (h)

Fig. 2 A = Deactivation profile of 5 wt% Ru(OH),/y-Al,O3 (7.0 umol
Ru), conditions: BnOH (100 mM in t-AmOH), 180 °C, 25 bar O,, 0.5 mL
min~t. B = Deactivation profile, including the overall fit (black line) and
its individual components (green, red and blue lines).

imposed by each reactant, which were introduced to the cata-
lyst bed sequentially in these experiments. To account for this,
eqn (4) can be rewritten as eqn (5), to allow for the different
molar flows of benzyl alcohol and O,, with the introduction of
an additional time constant (7) to account for the amount of
time the catalyst is exposed to the aerated solvent solution,
prior to the introduction of a step change in benzyl alcohol:

TOF, = TOF4(e %" + e #»*9) + TOFsg (5)
where

Fx[BnOH],

mmoles Ru

Fx [Oz]
" mmoles Ru

¢ =molar flows of reactants, ¢, = X

(note: ¢ x t = p in the previous equations), o = deactivation rate
constant due to benzoic acid poisoning (directly related to the
amount of benzyl alcohol), B = deactivation rate constant due
to changes in the catalyst's redox state, and t = delay between
the introduction of O, and benzyl alcohol to the catalyst.

Thus, the overall process can be described as a composite
of three underlying processes. Eqn (5) can be fitted to the ex-
perimental data to yield information on each of these path-
ways (Fig. 2B): a fast deactivation, associated with the in-
creased formation of benzoic acid, due to over-oxidation of
benzyl alcohol to which the catalyst has been exposed
(Fig. 2B, blue exponential curve, a = 3.24 x 10"°). This process

React. Chem. Eng., 2017, 2, 60-67 | 63
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is approximately 33 times faster than a simultaneous deactiva-
tion associated with O, (Fig. 2B, red exponential curve, § = 9.95
x 10™°). The system eventually converges upon a final quasi-
steady state of 165 h™ (Fig. 2B, green line, TOFgg). Clearly, TOF,
may be affected by other, slower, deactivation processes, but this
will require extending the study beyond the current experimen-
tal timescale (72 hours) for these to be detected and quantified.

In eqn (5), TOF,4 directly correlates to, and reflects, the
number of catalytic sites that are subjected to the two deacti-
vation processes, and we assume that benzoic acid and O,
compete for and deactivate the same catalyst sites. Alterna-
tively, eqn (5) can also be expanded further to eqn (6):

TOF, = TOF,e “%* + TOF,e #*(*) + TOFg (6)

where TOF, = sites prone to deactivation by benzoic acid and
TOF}, = sites prone to redox changes.

This will allow for each deactivation process to be
assessed separately, for it is known that certain catalytic
sites/surfaces can be more susceptible to certain deactivation
processes. Fitting of eqn (6) to our experimental data does re-
veal a marginal improvement in terms of fitting error com-
pared to eqn (5) (Fig. S3, ESIf). However, the addition of an-
other parameter is not judged to be warranted at this stage of
the work, as we are not sufficiently confident to interpret our
data according to a separate site model.

In order to evaluate the parameters in eqn (5), two further
experiments were conducted at a different pressure (10 bar)
and temperature (120 °C), and the results are summarised in
Table 1 (see also Fig. S3-S5, ESIt).

At 180 °C and 25 bar of 0,, a TOF, of 282 h™ may be ex-
trapolated from the fitted data. Reducing the pressure to 10
bar causes an apparent increase in the TOF,.>* This is attrib-
uted to the fact that the catalyst bed is exposed to O, prior to
the introduction of the alcohol, i.e. benzyl alcohol is intro-
duced into a catalyst bed that is pre-saturated with O, at the
beginning of the experiment. This can lead to the rapid for-
mation of benzoic acid that can poison the active sites. At
lower O, pressure, this over-oxidation of alcohol to benzoic
acid is reduced, which is reflected in a higher observed TOF,.

At the same temperature (180 °C), the values of « are simi-
lar at different pressures, indicating that catalyst poisoning
by benzoic acid is independent of [O,]. In contrast, # in-
creases by over an order of magnitude at lower pressure,
suggesting the reduction of Ru as the secondary deactivation
pathway. Overall, the same observed TOF; was observed at
180 °C, indicating that the deactivation by benzoic acid is the
dominant process at high temperatures.

View Article Online
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As expected, lowering the reaction temperature to 120 °C
leads to reduced productivity (TOF, = 23.3 h™). Under these
conditions, ¢ increases as the desorption of benzoic acid
from the active site becomes less favourable. Under these
conditions, the second deactivation process becomes even
more rapid, to the extent that f becomes competitive with c.

More significantly, larger £ values at lower temperatures and
pressures are reflective of a process whereby active sites are lost
due to insufficient catalyst regeneration by O,. This would sug-
gest that the active catalyst involves Ru in a higher oxidation
state, previously proposed as RuO, or Ru(OH);(OH,);.>*°

Having identified the two major deactivation pathways, the
nature of these processes was further interrogated in situ, by
introducing step changes to the reactant feed over the course
of an extended experiment. In earlier papers, benzoic acid (an
over-oxidation product) has been implicated as a source of cat-
alyst poisoning,'*"* which is supported by the direct observa-
tion of benzoic acid in the spent catalyst, and a brief recovery
of catalyst activity after rinsing of the catalyst with a basic solu-
tion (pH = 12). In this study, the catalytic system was operated
at 180 °C under 25 bar of O, over 24 h, when the TOF de-
creased from 300 to 114 h™". The benzyl alcohol feed was then
replaced by the solvent (Fig. 3, perturbation A), and the catalyst
system was subjected to solvent rinsing for 3 hours while the
O, delivery was maintained. Upon the reintroduction of the
benzyl alcohol (perturbation B), a recovery of the TOF was

300 ] B
250 1 l
T 200 \ A ’
: | ¢ o
F 150 | KM,, \N l l
100 4 Ww [ ——_r
50 1
Mwww
3 b
0 12 24 36 48 60 72 84 %
time (h)

Fig. 3 Reversibility of the benzoic acid poisoning established by
perturbation tests. Initial conditions (t = 0): 0.1 M benzyl alcohol in
tert-amyl alcohol (reactant feed), 5 wt% Ru(OH),/y-Al,Os (7.0 pumol Ru),
180 °C, 25 bar, 0.5 mL min™*. A: Switching reactant feed to solvent. B:
Switching back to reactant feed. C: Switching to ‘doped’ solution (5
mM benzoic acid in 95 mM benzyl alcohol). D: Switching back to reac-
tant feed.

Table 1 Results obtained from fitting eqn (5) to experimental data collected at different temperatures and O, pressures”

Conditions TOF,’/h™* TOF4/h™* alx 107 pIx 107° TOFgs/h* R*

180 °C, 25 bar 282 114.8 3.24 9.95 167.2 0.979
180 °C, 10 bar 337.5 115.4 2.59 53.9 222.1 0.944
120 °C, 10 bar 23.3 19.5 7.15 300 3.8 0.971

“ General reaction conditions: BnOH (100 mM in +-AmOH), 0.5 mL min'. » TOF, = TOF, + TOF,,. ¢ Goodness-of-fit.

64 | React Chem. Eng., 2017, 2, 60-67
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observed (ca. 220 h™), which quickly returned (a = 6.5 x 107%)
to the level of activity prior to perturbation A, in accordance
with previous suggestions that the active site is inhibited by
the adsorption of the benzoic acid side product. Furthermore,
the underlying slow deactivation process is unaffected by these
perturbations, i.e. the loss of catalyst sites by the redox process
appears to be irreversible under these conditions. The revers-
ibility of the benzoic acid inhibition is confirmed by switching
the reactant feed for a solution containing 5 mM benzoic acid
and 95 mM benzyl alcohol in tert-amyl alcohol (perturbation
C). As expected, this resulted in a nearly instantaneous drop in
TOF. After 21 h, the undoped reactant feed was reinstated,
whereupon the TOF immediately returned to its prior level.
This shows that the acid poisoning of the active site is a fast
and reversible process.

A similar approach was adopted to study the effect of O,
concentration and pressure (Fig. 4). After allowing the catalytic
system to establish a quasi-steady state turnover at 180 °C un-
der 25 bar of O,, lowering the O, pressure to 10 bar (ref. 27)
induced an immediate decrease in the TOF from 154 h™" to 73
h™. This supports our earlier observations that the reaction
has a partial positive order in O, while it operates in a plug
flow reactor.™ This contradicts the result of earlier studies by
Yamaguchi et al., where the reaction was reported to be zero
order in O,. However, it is noted that the experiments were
conducted using a batch reactor, over a small pressure range
of 0.2-3 bar."” Under these conditions, it might have been dif-
ficult to observe the order due to significant O, starvation, i.e.
the reaction rate is limited by the rate of diffusion into the lig-
uid phase. Similarly, in the flow reactor system reported by
Bavykin et al,'® it was also claimed that the order in O, was
zero. Closer inspection of their data®® reveals that there was,
indeed, a positive order in O, observed between 4-16 bar. The
reaction order for O, was drawn from data acquired at 16 and
24 bar, where the data are not sufficiently accurate to rule out
a partial reaction order.

350 1
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200 ] W’*m,‘

TOF (h?)
&
%

150 4
100 - K

50 4

A

time (h)

Fig. 4 Irreversibility of the slow deactivation process. Initial conditions
(t = 0): 0.1 M benzyl alcohol in tert-amyl alcohol, 5 wt% Ru(OH),/y-
Al,O53 (7.0 umol Ru), 180 °C, 25 bar, 0.5 mL min™. At point A, O, pres-
sure was lowered to 10 bar, and the catalyst cartridge was briefly
purged with solvent (15 min).
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Reaction order in benzyl alcohol

These observations prompted us to re-examine the reaction
order of benzyl alcohol in the quasi-steady state regime, i.e.
where catalyst deactivation is no longer a significant process.
Under these conditions, the single-pass conversion of benzyl
alcohol was obtained at different flow rates, which afforded a
zero-order rate plot (Fig. 5, R> = 0.991) with a ks of 0.94 mM
s'. The analysis was subsequently repeated at 10 bar and the
reaction remained zero order in BnOH (Fig. S6, ESI}),
confirming that the observed rate is not subject to mass
transfer limitations. This would imply that the first-order de-
pendence observed by previous studies''* is most likely the
result of (poor) transport of the reactant to the active site.
Also, catalyst deactivation was not explicitly taken into ac-
count (during which time the number of active catalyst sites
decreased rapidly). The experiment was repeated at different
temperatures at 10 bar (120-180 °C), to yield an Arrhenius
plot (Fig. S7, ESIY), giving an apparent activation energy of
94.9 kJ mol™ for the oxidation of benzyl alcohol to benzalde-
hyde in t-AmOH. This value is broadly in agreement with that
previously reported, recorded in toluene (78.2 kJ mol™*)."

Overall mechanism and rate equation

The catalytic process is generally believed to involve 4 distinc-
tive steps (Scheme 3): the active catalyst is a ruthenium hy-
droxide species that can undergo metathesis with an alcohol
(step A) to form a surface alkoxide species. f-Hydride elimi-
nation ensues (step B) to generate a surface hydride and an
adsorbed benzaldehyde, which is released in the next step.
The insertion of O, into the Ru-H forms an unstable perox-
ide (step C) that eliminates an oxygen atom to regenerate the
active site (step D). The revised kinetic orders (zero order in
benzyl alcohol and partial positive order in O,) allowed us to
identify step C as turnover-limiting during steady-state opera-
tion of the catalyst. The results of the present study allow us
to interpolate deactivation pathways to the catalytic cycle (in-
dicated in red in Scheme 3), where a ‘Janus’ effect of O, is

100 §~_
S X

80 Rl
E Tixe
E
= 60 %
o of ~
(e}
=
)
= 40 y =-0.9397x +102.41

R2=0.9909
20 4
0
0 10 20 30 40 50
Tres (S)

Fig. 5 Zero-order rate plot obtained for a Ru(OH),/AlL,O3 catalyst (7.0
pmol Ru), operating in the quasi-steady state region. Conditions: BnOH
(100 mM in t-AmOH), 25 bar O,, 0.5-2.5 mL min™™.
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Scheme 3 The catalytic cycle for the Ru-catalysed oxidation of benzyl
alcohol with deactivation pathways incorporated.

highlighted: while the presence of excess O, is beneficial for
turnover and prevents irreversible loss of active catalyst sites,
too much of the gaseous reactant can cause over-oxidation of
the product to benzoic acid, which can inhibit catalyst activ-
ity by reversible binding.

In a previous publication,'* we have shown the kinetics of
the catalytic reaction operating via a Mars-van Krevelen-type
mechanism, which can be described by two main processes
as shown in eqn (6) and (7), from which the rate equation
(eqn (8)) can be derived:

PhCH,OH + [Ru-OH]<==PhCHO + H,0 +[Ru-H]  (7)

[Ru-H]+ 0.5 0, ===[Ru-OH] (8)

e [PhCH,OH][0,]" - [li}:CHO][HzoyK] 5
1+[0,]"k,

rati

where A = kK;[cat],, and [cat],, = total catalytic sites.
As the catalyst regeneration step is rate-limiting, &, is small,
so K, < 1; therefore, eqn (9) can be simplified into eqn (10):

rate = [cat]ie(k1K>[PhCH,OH][0,]*® - k_41[PhCHO][H,0]) (10)
In this system, the relative number of catalyst sites is much

smaller than the amount of benzyl alcohol present ([cat]., <
[Ph,CH,OH]). Hence, the observed order in benzyl alcohol be-
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Fig. 6 O, gradient in a packed catalyst bed.

comes effectively zero. Under these conditions, a partial posi-
tive order in O, becomes evident, particularly at high concen-
trations of benzyl alcohol at lower pressures. As [O,] increases,
the reaction rate will eventually approach zero-order depen-
dency, as observed by Bavykin et al. at high pressures.'

Conclusions

During the oxidation of benzyl alcohol to benzaldehyde, the
Ru(OH),/y-Al,O; catalyst deactivates through two parallel
mechanisms: a fast process due to adsorption of benzoic acid
and a slower process caused by loss of active sites, due to in-
sufficient regeneration of the catalyst by O,. New equations
(eqn (5) and (6)) incorporating two deactivation constants «
(for inhibition by PhCO,H) and f (loss of active sites by re-
duction), as well as different molar flow rates of the reac-
tants, have been derived, which allow for each of these pro-
cesses to be interrogated independently in a plug-flow
reactor. These equations can be applied to the study of other
aerobic oxidation catalysts operating under continuous flow
in different reactor configurations, thus allowing direct com-
parisons to be made between catalyst performance. Poten-
tially, further correlations can be made to specific catalyst
surfaces (by using eqn (6)). By operating in the quasi-steady
state regime of the integral plug-flow reactor, we have found
the reaction to be zero order in benzyl alcohol and a partial
positive order in O,, thus identifying the catalyst regeneration
step to be rate-limiting.

Our study highlights the importance of on-line deactiva-
tion studies as a pre-requisite for the proper investigation of
kinetics, which can only be achieved in a flow reactor. We
have demonstrated, in this case, that fast deactivation pro-
cesses may interfere with the correct determination of reac-
tion order, if they are not properly accounted for. With a zero
order in benzyl alcohol (at quasi-steady state), our system al-
lows us to determine the intrinsic catalytic activity of
Ru(OH),/y-AL,O; that is independent of pre-equilibria, deacti-
vation and transport processes.

Last but not least, the results from this study call into
question the suitability of plug flow reactors for aerobic oxi-
dation reactions. Given that O, exerts opposing effects on the
deactivation processes, the existence of an O, concentration
gradient causes different degrees of deactivation along the
length of the reactor (Fig. 6), which may be exacerbated by a

This journal is © The Royal Society of Chemistry 2017
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high single-pass conversion (integral reactor) and a relatively
low concentration of O,. Over time, this will cause speciation
of the catalyst species along the packed bed that could com-
promise both the activity and selectivity of the system. This
may be overcome by controlling the exposure of the catalyst
to O,, for example, by reversing the flow of the reactant peri-
odically, or by using a membrane reactor to implement an
even distribution of O, along the catalyst bed, such as a tube-
in-tube reactor reported recently by Gavriilidis and co-
workers.>’
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