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Abstract

The heterogeneous catalytic hydrogenation of acetophenone (Aceph) over Pt/Al,O3 in dg-toluene/hg-toluene at 273 K was performed in
semibatch mode, using a recycle configuration and on-line quantitative Fourier transform infrared (FTIR) spectroscopy measurements. Based
on the dg-toluene solvent used and the multivariate analysis applied, further details of the reaction chemistry were elucidated, including the
following: (i) Solvent activation occurred during reaction, leading to observable hydrogenation and H-D exchange, and (ii) 1-phenylethanol
(Phel), cyclohexyl methyl ketone (CMK), and cyclohexylethanol (Che) were observable products, and little H-D exchange occurred. The on-line
FTIR measurements, with sensitivity on the order of 1075 mol /L, also lead to the following kinetic observations: (i) Water had a strong inhibiting
effect on the hydrogenation rates, and (ii) very interesting short time-scale kinetic behavior occurred after some perturbations. The latter included
rapid initial hydrogenations on fresh catalyst (due to the presence of spillover hydrogen) and observable adsorption—desorption of other reactants.
The reaction rates obtained from the well-defined experiments in ig-toluene were fit to a number of Langmuir—Hinshelwood—Hougen—Watson
(LHHW) models, in which the effects of solvent and water were included. A model involving a pairwise addition of adsorbed dissociated hydrogen
to the adsorbed substrate provided the best fit of the data. The regression of the kinetic data suggested that water made a statistically significant
contribution to the competitive adsorption on the catalyst surface. In more general terms, the present contribution suggests the utility of detailed
on-line liquid-phase spectroscopy together with multivariate techniques for exploratory studies of heterogeneous catalytic systems.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction ditions, in addition to the primary product, Phel, two common
side products are cyclohexyl methyl ketone (CMK) and cyclo-
The catalytic hydrogenation of carbonyl groups is an im-  pexy] ethanol (Che). The product distribution has been shown
portant class of reactions in the fine-chemical and pharma- o be strongly dependent on reaction conditions and catalyst
ceutical industries [1]. The hydrogenation of acetophenone is composition. Platinum is a good catalyst for hydrogenation of
of particular interest because of the primary reaction prod-  poth carbonyl and phenyl groups. Acetophenone hydrogenation
uct 1-phenylethanol (Phel), which is used extensively in the on Pt catalysts produces marked amounts of CMK and Che as
pharmaceutical and perfume industries [2]. Earlier studies con- co-products [9,10,12,16]. At elevated temperatures, ethyl cy-
cerning heterogeneous catalytic hydrogenation of acetophe- clohexane, ethyl benzene, styrene, toluene, and benzene have
none were performed on Pd, Pt, Ni, and Ru catalysts at various 4150 been reported as possible side products. An overview of
temperatures and pressures [3-16]. Under many reaction con-  the primary product distribution in the liquid-phase syntheses
at low temperatures is provided in Fig. 1.
* Corresponding author. A versatile and compact experimental apparatus, consist-
E-mail address: chemvg@nus.edu.sg (M. Garland). ing of a stirred tank (25 mL), pump, tubular reactor, on-line
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Fig. 1. The possible reactions in the liquid-phase heterogeneous hydrogenation
of Aceph over Pt/Al,O3 at low temperatures and low hydrogen pressures.

Fourier transform infrared (FTIR) spectrometer, and an in-
jection/sampling block for liquid-phase perturbations, was de-
signed and characterized with respect to gas—liquid mass trans-
fer, mixing, liquid—solid mass transfer, and intraparticle diffu-
sion [17]. This setup was used in the current study to address
chemical issues associated with using dg-toluene as a solvent,
as well the kinetic issues associated with using hg-toluene as
a solvent. The present setup and methodology provided several
advantages for liquid-phase analyses. First, due to the on-line
FTIR measurements, concentrations of solutes could be mea-
sured quickly and with high precision, and the instantaneous
reaction rates could be evaluated very accurately. These aspects
greatly facilitated the least squares regression of LHHW models
as well as comparisons among models, because more data were
available and the quality of this data was higher. Second, mul-
tiple reagent perturbations allowed coverage of a wide range
of experimental conditions in a single semibatch run. These
multiple perturbations also greatly facilitated the application
of two advanced signal-processing programs, band-target en-
tropy minimization (BTEM) [18-22] and two-band-target en-
tropy minimization ({tBTEM) [23], thus permitting high-quality
deconvolution of the pure component spectra present. The ben-
efits of on-line multivariate analysis for calibration and system
identification, in contrast to off-line univariate measurements,
are widely recognized [24].

With a total liquid-phase volume of only ca. 15 mL, the
experimental apparatus permitted the use of an isotopically la-
beled solvent. By using a special solvent for spectroscopic pur-
poses, very specific chemical issues could then be addressed
by the on-line FTIR measurements and multivariate analysis.
dg-toluene was chosen as a solvent because it is readily avail-
able in high purity. This solvent allowed use of the C—H infrared
spectral region near 3000 cm™! for quantitative analysis of all
of the species involved in catalytic hydrogenation. Using dg-tol-
uene also allowed observation of the competitive hydrogena-
tion of the solvent. A further advantage of toluene over more
common solvents, like ethanol for this reaction, is the ease of

distillation to a very anhydrous state, thereby allowing better
understanding of the role of water in the catalysis.

The detailed kinetic analysis of acetophenone (Aceph) hy-
drogenation over Pt/Al,O3 to 1-phenylethanol (Phel) in Ag-tol-
uene was also performed. Again, quantitative information was
obtained by on-line FTIR measurements together with multi-
variate analysis. Based on the concentration profiles and rates
thus obtained, various LHHW models were fit, and conclusions
were drawn concerning the most appropriate model.

The principle aim of the present contribution was to demon-
strate that the judicious choice of experimental configuration
and numerical techniques can provide new and further opportu-
nities and insights into this well-studied reaction. Moreover, the
general methodological issues raised are in fact applicable to
many other fine-chemical liquid-phase heterogeneous catalytic
reactions.

2. Experimental
2.1. General issues

2.1.1. Chemicals

The catalyst Engelhard 4759 (5% Pt/Al,03) was sieved, and
the fraction from 53 to 75 um was used in this study. It was
prereduced in Hy at 400 °C for 120 min before reaction [25].
This catalyst was characterized elsewhere [26]. dg-toluene
(99.6%, Cambridge Isotope Laboratories) and toluene (99.9%,
Mallinckrodt) were distilled from sodium—potassium alloy un-
der purified argon for ca. 5 h to remove the trace water and
oxygen. Acetophenone (99%, Aldrich) and 1-phenylethanol
(98%, Acros Organics) were mixed and shaken with anhydrous
4-A molecular sieves to remove traces of water. Deionized wa-
ter was used without further purification. The other chemical
standards used included CMK (Aldrich) and Che (98%, Avo-
cado).

2.1.2. Experimental apparatus and on-line analytics

The experimental system consisted of a stirred tank (25 mL),
pump, tubular reactor, on-line FTIR spectrometer, and injec-
tion/sampling block for liquid-phase perturbations, all in a
closed-recycle configuration. Standard Schlenk techniques [27]
were used in all of the experiments. The general experimen-
tal procedures and details of the apparatus have been described
elsewhere [17]. The pressure of hydrogen was kept almost con-
stant during each experiment using a 1-L reservoir connected
to the system. The liquid was kept saturated with hydrogen
by operating the stirred tank at a stirring speed of 400 rpm.
The packed-bed tubular reactor with ca. 0.02 g of catalyst was
immersed in a water bath (Polyscience 9505) at 0°C. A heat
exchanger, consisting of ca. 60 cm of SS316 1/16-inch tub-
ing, was positioned before the reactor in the water bath. The
remaining parts of the experimental apparatus were maintained
at room temperature (ca. 22 °C).

The FTIR spectrometer was a Perkin—Elmer spectrum 2000
with a deuterated triglycine sulfate detector. The spectral res-
olution was 4 cm™! with a data interval of 0.2 cm™! for the
range 1000-5000 cm~ !, Purified nitrogen (99.99%, Saxol) was
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used to purge the FTIR spectrometer system. The path length
of the sturdy high-pressure FTIR cell with 15-mm-thick CaF,
windows was constant at ca. 0.0371 cm. The pressure depen-
dence of the cell’s path length, in the interval of 1.0-3.0 bar,
can be neglected in this study.

2.1.3. Off-line analytics

A gas chromatograph—-mass spectrometer (GC, Hewlett—
Packard 6890; MS, Hewlett—Packard 5973) with a HP-5MS
column (30 m x 0.25 mm x 0.25 pm) or a ZB-5 column
(30 m x 0.25 mm x 0.25 pm) was used in this study.

2.1.4. Band-target entropy minimization

Both BTEM and tBTEM were used to obtain pure compo-
nent spectral estimates from the multicomponent liquid phase
[18-23]. Often, the BTEM/tBTEM estimates were more accu-
rate than authentic references, because spurious moisture sig-
nals, etc., were eliminated. In the final fitting of the pure com-
ponent spectra to the measured reaction spectra, almost 100%
of the experiment signal could be recovered. Further details
regarding the application of BTEM/tBTEM to acetophenone
hydrogenation in dg-toluene and hg-toluene are provided in the
supplementary material (Parts 1 and 2).

2.1.5. Mass balances and molar absorptivities

The Lambert—Beer law was used to obtain the species con-
centrations from the reactive FTIR absorbance spectra. Details
on using the Lambert—Beer expression for quantitative in situ
or on-line measurements of liquid phases and the determination
of concentrations, overall mass balances, and rates have been
given previously [17,28].

The molar absorptivities of the different species were ob-
tained from dilute solutions with different concentrations using
dg-toluene or hg-toluene as the solvent. Calibrations were per-
formed, and the molar absorptivities of Aceph (at ca. 3064 and
1690 cm™!), Phel (at ca. 3579 cm™!), Che (at ca. 2931 cm™!),
and water (at ca. 3680 cm~!) were determined to be ca. 22.2,
619.1, 73.2, 393.6 and 73.7 L/(mol cm), respectively. Based
on some judicious comparisons with the related compounds,
approximate values of 400, 150, and 410 L/(molcm) were
chosen for the absorptivities of dg—hg methylcyclohexane at
ca. 2903 cm™! and CMK at ca. 1710 and 2931 cm™!. dgs—hg
methylcyclohexane was the primary product for the hydrogena-
tion of dg-toluene over Pt/Al,O3.

Multivariate analysis of the dg-toluene experiment was per-
formed over the entire spectral window of 2500-4000 cm™.
Due to the strong C-H vibrations, multivariate analyses of
the hg-toluene kinetic experiments were performed over two
spectral windows of 1650—1750 and 3200-4000 cm ™. Further
details of the multivariate analysis are provided in the sup-
plementary material (Parts 1 and 2). Multivariate analysis of
the experimental spectra on the intervals at 2500-4000 cm ™!
and 3200-4000 cm~! included the use of background/moisture
spectra to obtain proper modeling for the O-H vibrational re-
gion.

2.1.6. Mass transfer issues

As demonstrated in detail elsewhere [17], the kinetic studies
performed in hg-toluene were not (i) gas—liquid mass transfer-
controlled at 400 rpm; (ii) liquid—solid mass transfer-controlled
at a flow rate of 5 mL/min, or (iii) intraparticle diffusion-
controlled using 53—75 um catalyst particles. In the experiment
performed in dg-toluene, a flow rate of ca. 3 mL/min was used.
This suboptimal flow rate decreased the observable rate slightly
(on the order of <20%).

2.1.7. The maximum observable reaction rates

Under current reaction conditions, the maximum observ-
able rates of hydrogenation were ca. 6 x 10~> mol/(min eat)
(Aceph to Phel), ca. 1 x 107> mol/(min 2.at) (Aceph to CMK),
and ca. 2 x 1079 mol/(min g_,,) (Phel to Che). The hydrogena-
tion of Aceph to Phel was the predominant reaction present. In
this study, the conversion for Aceph per pass was <0.5%. Ac-
cordingly, the present reaction was carried out under differential
conversion in each pass. This is often an important considera-
tion for accurate kinetic modeling [29]. The reaction rates were
calculated based on the slopes of the concentration profiles of
Phel, CMK, and Che, and these were evaluated on 10-spectra
intervals.

2.2. Experimental design

To study the chemical issues involved in the acetophe-
none hydrogenation, one semibatch reaction with perturbations
of substrate acetophenone (Aceph), product 1-phenylethanol
(Phel), and water were performed in dg-toluene at 0 °C and
1.56 bar hydrogen partial pressure. The details of the perturba-
tions are given in Table 1. The solution was pumped throughout
the experimental system at a rate of ca. 3 mL /min.

A total of six well-defined experiments with multiple per-
turbations were conducted in hg-toluene to study the reaction
kinetics of Aceph hydrogenation to Phel at 0 °C. Four different
hydrogen partial pressures, five 20-uL. Aceph perturbations, and

Table 1

Experimental design for the semibatch in dg-toluene reaction, using Pt/Al, 03
catalyst and on-line FTIR measurements. Perturbations were performed at var-
ious reaction times using injections of Aceph, Phel or water through the rotary
HPLC valves mounted in the on-line injection/sampling block

Time Spectral Volume Volume Volume
(min) no. of substrate of Phel of water
injected (uL) injected (uL) injected (uL)
10 10 20
40 36 20
70 63 20
100 91 20
130 114 20
175 154 2
205 180 2
235 206 2
265 232 2
295 258 2
319 279 2

345 =end 300
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The experimental designs for the kinetic study of acetophenone hydrogenation
to 1-phenylethanol over Pt/Al,O3 in hg-toluene

Expt. Catalyst Steps Py, Substrate Product
no. load (g) (bar) (uL) (uL)
1 0.020 1 1.75 20
2 1.75 20
3 1.75 20
2 0.019 1 1.75 60
2 1.75 20
3 1.75 20
3 0.019 1 1.75 60
2 1.75 2
3 1.75 2
4 1.75 2
5 1.75 2
4 0.020 1 2.49 60
5 0.019 1 2.98 60
6 0.019 1 1.28 60

four 2-uL Phel perturbations were included. The detailed exper-
imental designs of the six experiments are given in Table 2.

3. Results

3.1. The chemistry in dg-toluene as solvent

3.1.1. Concentration profiles

The concentration profiles of the organic reagents dur-
ing the reaction are plotted in Fig. 2, and the concentra-
tion profiles of the remaining species dg-toluene, water, and
ds—hg methylcyclohexane are plotted in Fig. 3. The concen-
trations of dg-toluene during reaction were obtained by com-
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paring them to the pure reference (9.36 M). It is important to
note that the sensitivity of the on-line FTIR measurements,
as indicated by the sequential data points in Fig. 2d, is ca.
10~ mol/L. Typical concentration perturbations were on the
order of 10732102 mol/L, which can be readily identified in
the plots.

Throughout the study, good mass balances were obtained,
even after multiple perturbations were performed. For exam-
ple, during the period from spectrum 140 to spectrum 300 (i.e.,
after the fifth perturbation of Aceph; see experimental design
Table 1), the decrease in Aceph was ca. 1.4 x 10™* mol. Also
during this period, a total of 1.3 x 10~* mol of Phel were in-
jected. This is consistent with the total increases of Phel, CMK,
and Che, which were ca. 2.7 x 10~% mol. It is important to men-
tion that due to the use of the rotary valves, 3 x 2 pL of system
solution was lost in the same period. However, the loss of 6 uL.
from the ca. 15,000-uL solution can be considered negligible
for the present discussion.

3.1.2. Perturbations and on-line measurements

The experimental design, according to Table 1, involved
a series of perturbations in the substrate Aceph, the primary
product Phel, and water. These perturbations were planned to
survey a wide range of reactions conditions rapidly and with
a minimum usage of resources, and obtain spectroscopic data
particularly suitable for deconvolution via the BTEM/tBTEM
algorithm.

3.1.2.1. Substrate perturbations The first set of perturbations
involved injections of substrate. In Fig. 2a, the concentrations
of the substrate as a function of spectral number are shown.
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Fig. 2. The concentration profiles of the organic reagents during the piece-wise continuous reaction in dg-toluene involving numerous perturbations. (a) Aceph; (b)
Phel; (c) CMK; (d) Che. The three arrows in (a), (b), and (c), corresponding to the 165th spectrum, indicate the first perturbation of Phel.
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Fig. 3. The concentration profiles of dg-toluene, water and dg—hg methylcyclohexane during the reaction. (a) dg-toluene; (b) water; (c) dg—hg methylcyclohexane.
The slopes b1-b3 indicate the rates of the formation of dg—h¢ methylcyclohexane during the data points 1-15, 20-35 and 74-84, respectively.
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Fig. 4. Comparison of the normalized spectral changes (- - -) occurring after 1st perturbation of substrate with normalized reference spectrum of substrate (—).

The five perturbations of the substrate are readily identified in
the first 155 data points. The overshoot immediately after an in-
jection is due to the well-known dynamics of a closed recycle
reaction configuration [30]. Indeed, a separate experiment with
this apparatus involving injections of dg-toluene into hg-toluene
in the absence of catalyst produced the same type of dynam-
ics [17]. In Figs. 2b and 2c, and during the first 155 data points,
very interesting and unexpected rapid increases in the concen-
trations of the products Phel and CMK were observed imme-
diately after each substrate perturbation. The magnitude of the

increases in concentration after each perturbation appeared to
decline as a function of the number of perturbations performed.

The observation of unusually rapid increases in the concen-
trations of the products Phel and CMK (compared with their
long-term rates) is certainly real and not an artifact of the mul-
tivariate analysis. This can be clearly demonstrated by com-
paring spectra immediately before and after an injection. As
an illustration, Fig. 4 shows the normalized 18th experimental
spectrum (with solvent subtraction) taken after the first sub-
strate perturbation is compared with a normalized spectrum
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of substrate. The strong, highlighted new bands belong to the
products.

3.1.2.2. Phel perturbations The second set of perturbations
involved injections of the primary product Phel. Fig. 2b shows
the concentrations of Phel as a function of spectral number are
shown. The three perturbations of Phel are readily identified
during the 156-230th data points. Phel overshoots, associated
with the recycle configuration, were observed in these pertur-
bations.

3.1.2.3. Water perturbations The third set of perturbations
involved injections of water. Three perturbations of 2 pL of
water were performed at the 232th, 258th, and 279th exper-
imental spectra. Sharp jumps in the dissolved water concen-
tration were not observed due to the slow dissolution kinetics.
However, clear decreases in the slopes of Phel and CMK were
apparent starting at the 250th spectrum. The concentrations of
Che appear to actually decrease, but due to the very low signal
intensities involved, this is most likely an artifact of the mul-
tivariate fitting. The formation rates of Phel and CMK were
ca. 4.7 x 107> mol/(min g.,,) and ca. 7.6 x 10~ mol/(min g ,)
at the 250th spectrum and ca. 2.5 x 107 mol/(ming,,) and
ca. 4.7 x 10~® mol/(min g_,,) at the 300th spectrum. There was
a clear decrease in the reaction rates.

To summarize, the perturbation experiments described in
Section 3.1.2 indicate that the catalytic system responded on
two different time scales. The first scale was a brief system re-
sponse, reactive as well as nonreactive, to the perturbations. The
second was a longer time scale response due to the reaction ki-
netics alone.

3.1.3. Chemical issues

Several samples including the reaction mixture were also an-
alyzed using a GC-MS to provide further information on (i)
hydrogenation of the dg-toluene, (ii) possible dg-toluene H-D
exchange with other reactants, and (iii) the product distribution,
as exemplified by Fig. 1. Further details on GC-MS analysis are
given in the supplementary material (Part 3).

3.1.3.1. Solvent chemistry A separate catalytic Schlenk tube
experiment with only dg-toluene, H», and Pt/Al,O3 was per-
formed. Clear FTIR and GC-MS experimental evidence (i.e.,
strong broad vibration at 2903 cm™! and significant fragment
at 106 m/z, were obtained for hydrogenation of dg-toluene to
ds—hg methylcyclohexane. In addition, other fragments at 92,
93, 95, and 96 m/z provided evidence for H-D exchange on
the dg-toluene, and fragments at 104, 105, 107, and 108 m/z
provided evidence of H-D exchange on the hydrogenated prod-
uct. The FTIR and GC-MS results were then used to confirm
the presence of both phenomena in the acetophenone hydro-
genation experiment.

In the acetophenone hydrogenation experiment in dg-tol-
uene, only slight hydrogenation of the solvent occurred (ca.
0.01%). The slopes b1-b3 in Fig. 3c indicate the rates of for-
mation of dg—he methylcyclohexane during the data points 1—
15 (before the first Aceph perturbation), 20-35 (after the first

Aceph perturbation), and 74—84 (after the third Aceph perturba-
tion), respectively. In the first period, only solvent was present,
and a high rate of formation of dg—hg methylcyclohexane oc-
curred. Afterward, the rates of formation of dg—hg methylcyclo-
hexane clearly decreased with increasing Aceph. These reduced
rates of solvent hydrogenation can be rationalized by noting that
acetophenone should have a much higher adsorption equilib-
rium constant than toluene and thus can successfully displace
dg-toluene on the platinum surface. With less adsorbed toluene,
little hydrogenation and H-D exchange of dg-toluene can oc-
cur.

3.1.3.2. Reactants The on-line FTIR measurements and mul-
tivariate analysis (BTEM/tBTEM) of the acetophenone hydro-
genation experiment over Pt/Al,O3 in dg-toluene revealed only
dg-toluene, dg—he methylcyclohexane, Aceph, Phel, CMK,
Che, and water as observable liquid-phase components. GC-MS
analysis of the reaction mixture confirmed the presence of
Aceph, Phel, CMK, and Che (as well as their isotopomers,
with ca. 1% H-D exchange), but no other organic reactants.
In particular, there was no evidence of ethylcyclohexane, ethyl-
benzene, styrene, toluene, or benzene. Accordingly, Fig. 1 ac-
curately represents the product distribution for the liquid-phase
acetophenone hydrogenation under the reaction conditions
used.

3.2. Kinetic study performed in hg-toluene

Using dg-toluene as the solvent in the preliminary experi-
ment helped clarify the chemical issues. To address the asso-
ciated kinetic issues, the solvent was changed from dg-toluene
to hg-toluene. Two spectral regions, at 1650-1750 and 3200—
4000 cm ™!, were selected for the multivariate quantitative spec-
tral analysis in the kinetic study using hg-toluene as the solvent.
The first region corresponds to the carbonyl fundamental vi-
brational; the second, to the O—H fundamental vibrational and
carbonyl overtone. In the second spectral window, CMK had
a very weak carbonyl overtone, and Che had a hydroxyl ab-
sorptivity of ca. 70 L/(molcm). Furthermore, in the present
study, the selectivity to CMK was <20% and the selectivity
to Che was <3%. But, most importantly, the maximum conver-
sion of Aceph was only ca. 25%. Accordingly, both CMK and
Che made very small contributions to the overall experimental
absorbance in the second spectral region. After trying various
fitting procedures to account for the very small contributions in-
volved, these two species were neglected from the multivariate
quantitative spectral analysis. Quantitative information on the
instantaneous concentrations of Aceph, Phel, and water were
obtained by multivariate analysis of the two spectral windows
mentioned.

As seen in the dg-toluene experiment, the on-line FTIR mea-
surements in hg-toluene indicated two different time scales for
observable events. In this section, attention is given to this com-
plex superposition of effects, whereas in Section 3.3, only mod-
eling and analysis of the long time scale reaction kinetics is
addressed.
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Fig. 5. The concentration profiles of different species in Expt. 1 and Expt. 2. (a) Aceph in Expt. 1; (b) Phel in Expt. 1; (c) water in Expt. 1; (d) Aceph in Expt. 2;

(e) Phel in Expt. 2; (f) water in Expt. 2.

3.2.1. Different substrate concentrations and the reaction
rates

Experiments 1 and 2 were performed to address the effect of
different substrate concentrations on the reaction rates. In ex-
periment 1, three injections of 20-uL acetophenone were intro-
duced using the injection valves in one semibatch experiment.
In experiment 2, 60 uL of acetophenone was first injected into
the reaction system at time ¢ = 10 min. Afterward, two pertur-
bations of the substrate acetophenone in 20-pL. volumes were
injected. Concentration profiles of the substrate, product Phel,
and water in experiments 1 and 2 are plotted in Fig. 5.

Fig. 5 shows smooth piecewise continuous concentration
profiles for all of the solutes. As expected, each perturbation
of substrate Aceph resulted in a momentary overshoot in the
Aceph concentration profile due to the closed-recycle configu-
ration, followed by gradually decreasing concentration due to
reaction. The Phel concentration took an initial jump, followed
by gradual concentration increases due to the reaction. The dis-
solved water concentration (i) continuously increased due to
slow desorption from the experimental system and subsequent
dissolution into the anhydrous liquid phase and (ii) discontinu-
ously increased due to introduction during perturbations. A rep-
resentative example of case (ii) is the obvious jump in the water
concentration after the second perturbation of Aceph, occurring
at the 44th data point in Fig. 5. In this regard, it is important
to recognize the presence of residual moisture in the treated
reagents, as well as the logistic difficulties associated with per-
forming entirely anhydrous transfers.

Reaction Rate x 10° (mol/min.geat)
&

0 T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06

Reagent Concentration (M)

Fig. 6. The reaction rates for the formation of 1-phenylethanol as a function of
different substrate concentrations.

The formation rates of 1-phenylethanol at the different sub-
strate concentrations are plotted in Fig. 6. This figure shows
that at low concentrations of acetophenone, the formation rate
of Phel increased with increasing concentration of acetophe-
none, whereas at high concentrations and higher conversions,
the rates were almost independent of acetophenone concentra-
tion.

3.2.2. Different Phel concentrations and the reaction rates
Experiment 3 was performed to address the effects of dif-

ferent product concentrations on the reaction rates. First, 60 uL

of acetophenone was injected into the reaction system at time
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Fig. 7. The concentration profiles of Aceph, Phel and water with 4 different Phel perturbations performed at times 36, 62, 87 and 112 min. (a) Aceph; (b) Phel;

(c) water.

t = 10 min; then four perturbations of 1-phenylethanol (2 pL
each) were sequentially injected into the reaction system. Con-
centration profiles of the substrate, product Phel, and water are
plotted in Fig. 7.

Again, smooth piecewise continuous concentration profiles
for all of the solutes were obtained. The first injection, which
involved substrate, resulted in a momentary overshoot in the
Aceph concentration profile, followed by gradually decreasing
concentrations thereafter due to the reaction. The Phel concen-
tration took an initial jump during the first injection of Aceph,
followed by repeated jumps due to Phel injections. The dis-
solved water concentration again showed a similar behavior
to that shown in Fig. 5. The reaction rates of Aceph to Phel
declined markedly as a function of increasing Phel concentra-
tions, from ca. 4 x 107> mol/(min g.,) at ca. I x 1073 M Phel
to ca. 2 x 107 mol/(ming,) atca. 1 x 1072 M Phel.

3.2.3. Different hydrogen partial pressures and the reaction
rates

Experiments 4-6 were performed to address the effects of
various hydrogen partial pressures on the reaction rates. At
t = 10 min, 60 pL of acetophenone was injected into the reac-
tion system through the high-pressure liquid chromatography
injection valves at three different hydrogen partial pressures
(1.28, 2.49, and 2.98 bar). Concentration profiles of the sub-
strate and product Phel at various hydrogen partial pressures
are plotted in Fig. 8.

The reaction rates of Aceph to Phel at different hydrogen
partial pressures are plotted in Fig. 9. This figure shows that
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Fig. 8. The concentration profiles of Aceph, Phel at different hydrogen partial
pressures. (a) Aceph; (b) Phel.

at similar substrate concentrations, the reaction rates increased
with increasing pressure. The reaction rates were shown to be
first order with respect to the hydrogen partial pressure (1—
3 bar).

3.3. LHHW modeling and kinetic analysis

3.3.1. Assumptions and simplifications
As mentioned in the Introduction, the hydrogenation of ace-
tophenone in the presence of Pt/Al,O3 is comparatively more
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Fig. 9. The reaction rates for the formation of 1-phenylethanol as a function of
different hydrogen partial pressures.

complex than simple ketone hydrogenation on metals such as
Raney nickel. However, with a few judicious simplifications,
modeling of the present system becomes tractable. Most of
these assumptions are related to the magnitude of the compet-
ing reactions and the magnitude of the associated adsorption
equilibrium constants.

Accordingly, the following assumptions for kinetic fitting
with the LHHW models can be made:

(i) Methylcyclohexane, the hydrogenated product of hg-tol-
uene, has a very low concentration throughout the ex-
periments (<0.01% of solution) and it does not adsorb
strongly on platinum.

(i1)) CMK does not have a high adsorption equilibrium con-
stant (especially compared with Aceph, Phel, and water)
and thus does not occupy a significant percentage of ac-
tive sites on platinum.

(iii)) Che has a very low concentration and does not have
a high adsorption equilibrium constant (especially com-
pared with Aceph, Phel and water) and thus does not oc-
cupy a significant percentage of active sites on platinum.

3.3.2. Model comparison and analysis

With the above judicious simplifications, the adsorption of
methylcyclohexane, CMK, and Che can be omitted from the
models. The elementary steps considered for the hydrogenation
of acetophenone on Pt/Al, O3 include competitive adsorption of
substrate, product, water and solvent on the same active sites,
dissociative or nondissociative adsorption of H»; and stepwise
or pairwise addition of hydrogen to adsorbed substrate. By as-
suming different rate-limiting steps, 11 different LHHW mod-
els were constructed. Details of these models are given in the
supplementary material (Part 4). The partial pressure of hydro-
gen gas, rather than the dissolved hydrogen concentration in
the liquid phase, was used in the above rate equations because
Henry’s law can be applied in this low-pressure range (1-3 bar).
In this far-from-equilibrium study, the reverse surface reactions
were neglected, and the corresponding rate expressions for the
product formation could be reduced.

After omitting a few models that were obviously inconsistent
with the experimental rate data, the concentrations of differ-
ent species under different reaction conditions were used to fit
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Fig. 10. Comparison of experimental data with the best-fit model for acetophe-
none hydrogenation to Phel.

the remaining rate equations. The solvent concentration was as-
sumed to be constant due to the low concentrations of the other
species. Nonlinear regression was used to fit the models to the
experimental concentration and the rate data for acetophenone
hydrogenation to Phel. To determine the best model for describ-
ing the reaction rate, the following criteria were used: physical
reasonableness of the parameters (i.e., positive values for the
estimated adsorption and the rate constants), the residual sum
of squares, and parity plots (the actual data plotted against the
model values).

The model involving the pairwise addition of dissociated
hydrogen to adsorbed substrate as rate-limiting step gave the
lowest mean residual sum of squares, that is, the squared dif-
ference between the model and the experimental data. The rate
expression for this model in given the following:

e kKyKACAPH,
(14 /KuPy, + KaCa + KpCp + KwCw + KsCs)3’
(1

where k is the reaction rate constant for the rate-limiting step,
the K’s are equilibrium constants, the C’s are concentrations,
Py, is the partial pressure of hydrogen, and the subscripts A,
H, P, S, and W refer to Aceph, hydrogen, Phel, solvent, and
water, respectively. The complete six sets of experimental re-
action rates are compared with the corresponding sets of the
fit reaction rates in Fig. 10. The absence of any systematic de-
viation indicates that the selected best-fitting model accurately
describes the formation of Phel from Aceph hydrogenation. The
regressed parameters for the best-fitting model are listed in Ta-
ble 3.

4. Discussion

4.1. Rapid initial hydrogenation of substrate on the fresh and
hydrogen-rich catalyst

The initial rate of hydrogenation of Aceph on the fresh and
hydrogen-covered catalyst was unusually high. Indeed, there
was a significant observable jump in the concentrations of Phel
and CMK after the first Aceph perturbation in dg-toluene at
t = 10 min. After injection of 20 pL of Aceph (ca. 1.7 x
1074 mol), and within 10 min, a measurable amount of Phel
(ca. 2.2 x 107> mol) and CMK (ca. 4.5 x 107° mol) were
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Table 3

Regression parameters for LHHW model with a pair-wise addition of dissociated hydrogen to the adsorbed substrate as rate-limiting step

k (mol/(min g)) Ky (1/atm) K (1/mol) Kp (1/mol) Kw (1/mol) Kg (1/mol)
0.005 £ 4E-05 0.21 £ 2E-05 10.24 £0.20 11.33£1.73 200.26 £5.79 0.05 + 7E-04

formed. During the next 10 min, only an additional ca. 1 x
107> mol of Phel and ca. 2 x 10~ mol of CMK were formed.

Before the first perturbation, the catalyst surface was covered
only by adsorbed dissociated hydrogen and adsorbed solvent
molecules. Under such a situation, Aceph can rapidly displace
the toluene, and rapidly hydrogenate on the hydrogen-rich sur-
face, leading to the almost immediate appearance of the prod-
ucts. The observation of this phenomenon was made possible,
to a significant degree, by the very sensitive on-line FTIR mea-
surements.

The number of surface platinum sites on the ca. 0.02 g of
catalyst was ca. 7.6 x 10'7 or 1.3 x 10~° mol, and the number of
surface sites on the support surface was ca. 2.6 x 10'% or 4.3 x
10~ mol. The sum of Phel and CMK, formed quickly after the
first Aceph perturbation, was ca 1.6 x 10'? or 2.7 x 1073 mol.
Comparison of these numbers seems to indicate that spillover
hydrogen was involved in the initial product formation. There
is simply not enough dissociated hydrogen on platinum alone
before the substrate injection to account for the pulse of the
products produced.

4.2. Displacement of reactants on the catalyst support surface

Due to the functional groups present, and in part to the wide
range of unsaturation/saturation in the organic reactants used,
a wide variation in adsorption equilibrium coefficients on the
platinum crystallites is expected. Indeed, this is confirmed by
the values listed in Table 3, which were obtained from the re-
gression of the best-fitting LHHW model. The results indicate
that the adsorption equilibrium coefficients of the reagents fol-
low the order Kwater > Kaceph & Kphel > Ktoluene On platinum.

The perturbation experiments lead to a number of very inter-
esting short time-scale phenomena, one of which is desorption
of species. This is perhaps best exemplified by the first Phel
perturbation at the 165th spectrum, which was conducted in
dg-toluene (indicated by the arrows in Fig. 2). The introduc-
tion of Phel into the system led to a marked sudden increase in
substrate Aceph.

Although this desorption is very interesting, the absorption
coefficient ordering of species on the platinum does not seem
to be the primary reason for this observation. Approximately,
1.3 x 10'® molecules of Aceph were desorbed by the first Phel
perturbation. Because the number of platinum surface sites on
the 0.02-g catalyst was only 7.6 x 10'7, the desorption event
indicates that there was coverage of adsorbed Aceph on the sup-
port before the perturbation and that this coverage decreased on
the injection of Phel. Because the surface area of the reaction
system was only ca. 49 cm?, compared with the surface area of
2.66 x 10* cm? for the 0.02-g catalyst, the contribution of the
experimental apparatus to the complex responses was minimal.

2H* + Aceph* = Phel* + 2*

Fig. 11. The proposed rate-limiting step for Aceph hydrogenation to Phel at low
temperatures and low hydrogen pressures.

4.3. Proposed reaction mechanism

Kinetic studies of the liquid-phase hydrogenation of sim-
ple ketones have been studied extensively by several groups.
Generally, either the first or second H addition was the rate-
determining step depending on the catalyst and the reaction
conditions (i.e., temperature, pressure, reaction phase, and sol-
vent) [31-33]. However, pairwise addition has been suggested
in some cases. For example, Chang et al. [34] proposed a pair-
wise addition of dissociated hydrogen to adsorbed ketone on
Raney nickel as the rate-limiting step. Hydrogenation of several
simple ketones, including acetone, methyl ethyl ketone, methyl
n-propyl ketone, and diethyl ketone, appears to be consistent
with this rate-limiting step.

The best-fitting model in the present contribution is also
consistent with a pairwise hydrogen addition mechanism. The
elementary steps involved for Aceph hydrogenation to Phel on
Pt/Al,03 at 0°C and low hydrogen partial pressures appear to
be competitive adsorption of substrate, water, Phel, and solvent
on the same active sites; dissociative adsorption of hydrogen;
and pairwise irreversible addition of dissociated hydrogen to
adsorbed substrate. The surface reaction is the rate-limiting
step as depicted in Fig. 11, where * indicates an adsorbed
species.

4.4. Effect of water on reaction rates

As indicated in Section 3.1.2, injection of water into the
reaction system resulted in decreased rates of catalytic hydro-
genation. Although the reaction performed in dg-toluene was
not 100% anhydrous in the period + = 0-265 min, very little
water was present and it had very little apparent effect on the
hydrogenation kinetics. Only after the deliberate introduction
of water at = 265 min (the 232th spectrum) was a significant
decrease in hydrogenation kinetics observed.

The marked effect of water on the reaction rates is clearly
due to the magnitude of the adsorption equilibrium constant
for water, as indicated by Table 3. The adsorption equilibrium
constants on platinum have the ordering Kwater > Kaceph ~
Kphel 3> Kioluene. Therefore, water made a statistically signif-
icant contribution to the competitive adsorption on the catalyst
surface.

These results have important implications for the study of
liquid-phase heterogeneous catalysis. They suggest that nontra-
ditional anhydrous experiments serve a very useful purpose and
should be implemented whenever possible. The high sensitivity
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to trace water exhibited by this reaction also suggests that water
variation should be more routinely included in the evaluation of
LHHW models.

4.5. Presence of hydrogen bonding

Water is known to hydrogen-bond to many oxygen-contain-
ing organic compounds. Such hydrogen bonding can lead to
changes in absorptivity of the oxygen-containing moieties, as
well as shifts in the corresponding characteristic vibrations. But
the spectral data measured in the present experiments did not
exhibit any particularly noteworthy changes, at least when the
more-or-less anhydrous spectra were compared with those in-
volving the deliberate addition of water. Accordingly, there is
little reason to believe that any significant errors or artifacts
have arisen in the multivariate analyses, particularly in the con-
centration profiles.

5. Conclusion

On-line FTIR liquid-phase measurements and multivariate
tools were used to successfully analyze the heterogeneous
hydrogenation of acetophenone over Pt/Al,O3 in dg-toluene/
hg-toluene. The combination of very precise on-line spec-
troscopy and the numerical techniques yielded some unex-
pected phenomenological information. In particular, some of
the complex observations seem to be consistent with (i) the
presence of spillover hydrogen on the support and its involve-
ment in initial hydrogenation, (ii) adsorption/desorption events
involving the reactants on the support, and (iii) the inhibitory
effect of water on the catalytic reactions. The methodology also
permitted accurate quantitative information on concentrations
and reaction rates. The resulting best-fitting LHHW model in-
volved the pairwise addition of dissociated hydrogen to the
adsorbed ketone as the rate-limiting step, in which water had
a crucial inhibitory effect due to its large adsorption equilib-
rium constant and hence its ability to displace organic reac-
tants.

Supplementary material

The online version of this article contains additional supple-
mentary material.
Please visit DOI: 10.1016/j.jcat.2006.04.024.
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