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Acetic acid was chosen to probe the kinetic behavior of car- 
boxylic acid hydrogenation over platinum supported on TiO2, SiO2, 
rl-A1203, and Fe203. The reaction was studied in the vapor phase 
under conditions of 423-573 K, 100-700 Torr hydrogen, and 7- 
50 Torr acetic acid in a differential, fixed-bed reactor. Product 
selectivity was strongly dependent on the oxide supports. Carbon- 
containing products during hydrogenation at low conversions con- 
sisted of about: 50% CO and 50% CH4 over Pt/SiO2; 8% ethanol, 
4% ethyl acetate, 10% ethane, 40% CH4, 33% CO, and 5% CO2 
over Pt/t/-Al203; 50% ethanol, 30% ethyl acetate, and 20% ethane 
over Pt/TiO2 reduced at either 473 or 773 K; and about 80% ac- 
etaldehyde and 20% ethanol over Pt/Fe203. The TiO2-supported Pt 
catalysts were the most active, and both their activities and their 
turnover frequencies were up to two orders of magnitude larger 
than those for Pt dispersed on SiO2, tj-Al203, or Fe203. The ac- 
tivity dependence on the partial pressures of hydrogen, PHz, and 
acetic acid, PA, was determined for Pt/TiO2 catalysts at three oper- 
ating temperatures--422, 445, and 465 K--after reduction at either 
473 or 773 K. The apparent reaction order with respect to H2 was 
found to vary between 0.4 and 0.6, while that with respect to acetic 
acid was between 0.2 and 0.4. One reaction model that correlated 
these data well involves a Langmuir-Hinshelwood-type catalytic 
sequence that incorporates dissociative hydrogen and acetic acid 
adsorption on one type of site existing on the Pt surface, but only 
molecular acetic acid adsorption at another type of site on the oxide 
surface. Only the latter species on the titania surface was consid- 
ered catalytically significant in the formation of desired products, 
i.e., acetaldehyde, ethanol, and ethane. The resulting rate expres- 
sion in terms of acetic acid disappearance has the form 

k P pll2/F/K pl l2- -K P /pll2"~(I+K4PA)] rHOAc = 1 A H2 / [ ~  2 H2 ~- 3 A /  H2 ) 

Values of enthalpy and entropy of adsorption obtained from 
the optimized rate for hydrogen on platinum and acetic acid on 
titania were reasonable and thermodynamically consistent. © 2ooo 
Academic Press 

INTRODUCTION 

The ability to synthesize industrially important  chemi- 
cals, such as aldehydes, alcohols and esters, f rom cheap and 
renewable carboxylic acids is highly desirable, particularly 
if it can be achieved by direct hydrogenation.  These re- 
actions are particularly important  for long-chain aliphatic 
acids. However ,  few quantitative studies of such reactions 

have been conducted. Acetic acid has been  utilized as a 
model  compound to probe  both carboxylic acid adsorption 
and its kinetic behavior  on metals, metal  oxides, and sup- 
por ted metal  catalysts because of its molecular  simplicity 
and wide commercial  application, as well as the desire to 
obtain a high selectivity to acetaldehyde. The patent  litera- 
ture describes certain catalyst systems that  have been used 
for the production of alcohols and esters by the hydrogena- 
tion of acetic acid (1-4), and most  of these catalysts are 
comprised of one or more  Group VI I I  noble metals dis- 
persed on Group I I I  or IV metal  oxides. Selectivity has 
been  repor ted to vary markedly; for example,  at 11 atm 
and temperatures  near  500 K acetic acid hydrogenat ion 
over  Ru/TiO2 catalysts gave high selectivity to ethyl acetate 
(98% ethyl acetate, 2% ethanol) (1), whereas a Pd -Re /C  
reversed the selectivity and gave 93 % ethanol  (2). Conse- 
quently, a bet ter  understanding of the mechanistic details 
associated with this catalytic reaction could facilitate the 
design and development  of bet ter  catalyst systems; unfor- 
tunately, only a few such studies have been repor ted  in the 
literature. Cressely et al. studied acetic acid hydrogenat ion 
over  Cu, Fe, or Co dispersed on an inert SiO2 support,  and 
their results showed that Cu/SiO2 was active for the forma- 
tion of ethanol, acetaldehyde, and ethylacetate,  whereas the 
reaction over Fe/SiO2 resulted in the product ion of acetone, 
and only decomposit ion products (CH4, CO2, and surface 
C) were obtained with Co/SiO2 (5). These authors proposed 
that selective acetic acid hydrogenat ion to ethanol and ac- 
etaldehyde took place via adsorbed acetate intermediates, 
and the difference in selectivity among the three supported 
metal  catalysts was associated with the presence or the ab- 
sence of these acetate species and their relative stability. 

More  recently, Pestman et al. found that highly reducible 
oxides such as FeeO3 and SnO2 were active for hydrogena- 
tion of acetic acid to acetaldehyde, and this selective reac- 
tion over  Fe203 was suggested to occur via a Mars - -Van  
Krevelen-type of mechanism in which lattice oxygen and 
oxygen vacancies participate in the reaction (6). They als0 
suggested that the main requirement  for an active catalyst 
is the presence of both  metallic and oxidic phases under 
reaction conditions. Hydrogen  is activated by dissociative 
adsorption on the metal  surface and it reacts with the active 
intermediate adsorbed on the oxide surface. 
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In this study, we investigate the kinetic behavior of acetic 
acid hydrogenation over platinum dispersed on four oxide 
supports, TiO2, SiO2, t/-A1203, and Fe203. Although some 
mechanistic details have been proposed in the literature, 
no reaction models have been proposed to describe the 
kinetics of carboxylic acid hydrogenation over supported 
metal catalysts. The catalytic behavior of this reaction over 
the catalysts mentioned above is examined, a Langmuir- 
Hinshelwood-type reaction sequence is proposed, and a 
thermodynamically consistent rate expression is presented 
for this reaction over Pt/TiO2 catalysts. 

EXPERIMENTAL 

Catalysts were prepared using an incipient wetness tech- 
nique. The four oxide supports--TiO2 (Degussa, P25), SiO2 
(Davison, Grade 57), ~-A1203 (prepared from calcining alu- 
minum fl-trihydrate), and Fe203 (Alfa Aesar, 99.95%)-- 
were calcined at 773 K for 2 h under 100 sccm of compressed 
air (M.G. Industries, 99.5 %) to remove any organic contam- 
inants before impregnation with a platinum salt solution 
prepared by dissolving H2PtCI6 - 6H20 (Aldrich, 99.995%) 
in distilled, deionized water. The metal precursor concen- 
tration was adjusted to achieve the desired total metal load- 
ing; then the solution was added dropwise to the calcined 
oxide support (0.6 cm 3 soln/g TiO2, 2.2 cm 3 soln/g SiO2, 
0.5 cm 3 soln/g ~-A1203, and 0.2 cm 3 soln/g Fe203), which 
was continuously stirred to obtain well-dispersed catalysts. 
The catalysts were dried in an oven at 393 K overnight in 
air and then stored in a desiccator. The exact metal loading 
was determined by atomic absorption spectroscopy and is 
expressed in metal weight percent. 

Catalyst pretreatments, which involved reduction in flow- 
ing hydrogen at a selected temperature, were carried out 
in situ so that there was no exposure of the catalyst to air 
before its use for chemisorption measurements or in the 
reaction. The catalysts with Pt supported on SiO2, ~-A1203, 
and Fe203 were pretreated by heating at 2-4 K/min to 
723 K under flowing H2 (50 sccm) and then holding at this 
temperature for i h. The TiO2-supported catalyst was sub- 
jected to two different reduction temperatures, i.e., either 
a low-temperature reduction (LTR) at 473 K for 2 h or a 
high-temperature reduction (HTR) at 773 K for 1 h. Plat- 
inum powder (Alfa Aesar, 99.999%) was also used after 
calcination at 673 K for i h under a flowing mixture of 30% 
02, 70% He followed by reduction at 723 K for I h. 

Hydrogen chemisorption was used to determine the num- 
ber of Pt surface atoms in the various supported catalysts. 
Experiments were carried out in a stainless steel adsorp- 
tion system with a base pressure of 1 x 10 .6 Tort in the 
cell. A more detailed description of the adsorption system 
is given somewhere else (7). Adsorption isotherms were 
recorded at 300 K over a range of 20--250 Torr using hy- 
drogen (99.999%, M.G. Industries) which had been passed 

through a molecular sieve trap (Supelco) and an Oxytrap 
(Alltech Assoc.). Irreversible uptakes were determined by 
taking the difference between two consecutive isotherms 
separated by a 30-min evacuation at 300 K. The platinum 
dispersion, D, was calculated using the ratio of the total 
atomic hydrogen uptake to the total platinum loading, as- 
suming a stoichiometry of unity for Htotal/Ptsurf • In the cases 
with very small Pt crystallites, which routinely give H/Pttotal 
ratios somewhat above unity, a dispersion of unity was used. 
An average platinum crystallite size (d) for each catalyst 
was then calculated using the equation 

d(nm) = 1.13/D. [1] 

The kinetic behavior of vapor-phase acetic acid hydro- 
genation was studied using a glass microreactor operated 
under differential conditions at atmospheric pressure. All 
the lines to and from the reactor were stainless steel and 
were heated to 373 K to prevent condensation of any reac- 
tant or products. The total conversion of acetic acid in the 
feed was maintained under 10% in order to minimize heat 
and mass transfer limitations, and this was achieved by using 
50 to 100 mg catalyst and 30 sccm gas feed. Liquid acetic acid 
(99.7% Glacial, E.M. Science) was flashed into a stream of 
H2 (99.999%, M.G. Industries) or He (99.999%, M.G. In- 
dustries) using a syringe pump (Sage Instruments) to pump 
the acid through a preheater maintained at 393 K upstream 
from the catalyst bed. A molecular sieve trap (Supelco) and 
an Oxytrap (Alltech Associates) were also installed in the 
H2 and He lines for additional purification. The composi- 
tion of the product was analyzed on-line using a Hewlett- 
Packard 5890 gas chromatograph equipped with a Pora- 
pak T column (Supelco). Conversion of acetic acid was de- 
termined from a carbon balance based on the analysis of 
compounds detected in the effluent stream, and product 
selectivity was based only on the carbon-containing prod- 
ucts, which excluded the amount of water formed. The rate 
data were evaluated and checked using the Weisz-Prater 
criterion to ensure they were satisfactorily free from mass 
transfer limitations. 

RESULTS 

Hydrogen chemisorption on the unsupported and 
supported platinum catalysts along with the calculated 
dispersions and crystallite sizes are reported in Table 1. 
Except for the 1.91% Pt/Fe203 and Pt powder samples, the 
catalysts had small Pt crystallite sizes of 2.5 nm or less. The 
dispersion of the Pt/SiO2 catalysts was somewhat lower 
than the others because an incipient wetness impregnation 
method was used rather than ion exchange. Catalytic 
activity for this reaction is defined as the rate of acetic 
acid (HOAc) disappearance per gram of catalyst, and the 
overall activity then represents hydrogenation (the forma- 
tion of acetaldehyde, ethanol, and ethane), esterification, 
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TABLE 1 

Catalyst Characterization: Hydrogen Uptakes, Dispersions, and Average Pt Crystallite Sizes 

Total uptake Irreversible uptake Dispersion Pt crystallite size b 
Catalysts (/*mol H2/g) (/*mol H 2 / g )  (Htotal/Pt) d (nm) 

0.69% Pt/TiO2 (HTR) 3.5 2.2 0.20 (1.1)' 
0.69% Pt/TiO2 (LTR) 21 10.6 1.19 [1.0] a 1.1 
2.01% Pt/TiO2 (LTR) 51 28.3 0.99 1.1 
0.78% Pth/-Al203 22 13.0 1.10 [1.0] a 1.1 
0.49% Pt/SiO2 5.6 2.2 0.45 2.5 

d 1.91% Pt/Fe203 1.3 0.3 0.027 - -  
Pt powder 3.1 1.7 0.0012 940 

"Dispersion (D) = 1 if H/Pt > 1. 
bFrom d=  1.13/D. 
CBased on D of 0.69% Pt/TiO2 (LTR). 
d Not determined due to unusually low uptake. 

ketonisat ion,  and decomposi t ion ,  which includes bo th  de- 
carbonyla t ion  and decarboxyla t ion  to p roduce  CH4, CO, 
and CO2. The tu rnover  f requency  (TOF)  is the activity 
normal ized  to the n u m b e r  o f  Pt  surface a toms based on 
the measured  Pt  dispersion in Table 1. 

Ar rhen ius  plots of  the overall  activity and the hydrogena-  
t ion turnover  f requency  for  0.69% Pt/TiO2 (HTR) ,  0.69% 
Pt/TiO2 (LTR),  2.01% Pt/TiO2 (LTR),  0.78% Pt/~-A1203, 
1.91% Pt/Fe203, 0 .49% Pt/SiO2, and Pt powder  catalysts 
are shown in Figs. l a  and lb, respectively. The kinetic 

data  were  obta ined  at PH2 = 700 Torr  and P H O A c  = 14 Torr  
under  bo th  increasing and decreasing t empera tu re  condi- 
tions in order  to verify the reproducibi l i ty  of  the measure-  
men t  and to detect  if any deact ivat ion occurred.  The 0.49% 
Pt/SiO2 and Pt  powder  catalysts are not  shown in Fig. l b  be- 
cause they exhibited no hydrogena t ion  activity as defined 
previously. 

The Pt/TiO2 catalysts were  active be low 473 K while Pt 
suppor ted  on the o ther  oxides did no t  show any activity be- 
low this tempera ture ,  and Pt powder  requi red  a m u c h  higher 
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FIG, 1. Acetic acid reactivity: (a) overall activity and (b) turnover frequencies for hydrogenation over 0.69% Pt/TiO2 (HTR)0 0.69% Pt/TiO2 
(LTR), 2.01% Pt/TiO2 (LTR), 0.78% Pt/o-AI203, and 1.91% Pt/Fe203. Reaction conditions: PIt 2 = 700 Torr, PHOAc = 14.7 Torr. 



ACETIC ACID HYDROGENATION OVER SUPPORTED Pt CATALYSTS 

TABLE 2 

Activities and Apparent Activation Energies of Hydrogenation, Esterification, Ketonisation, 
and Decomposition of Acetic Acid (PnoAc = 14 Torr, Pnz = 700 Tort) 

325 

Catalysts 

TOF at 480 K Activation energy 
Overall activity ( s-1 x 100) (kcal/mol) 

at 480 K Hydro- Esteri- Ketoni- Decompo- Hydro- Esteri- Ketoni- Decompo- 
(/zmol HOAc/s • gcat) ~' genation fication sation sition genation fication sation sition 

0.69% Pt/TiO2 (HTR) 1.84 15.3 7.1 0.07 2.0 13 20 29 29 
0.69% Pt/TiO2 (LTR) 1.26 2.0 1.4 0 0 13 21 - -  
2.01% Pt/TiOz (LTR) 2.40 1.6 0.72 0 0.13 12 20 - -  24 
0.78% Pt/~-A1203 0.04 0.065 0.0065 0.0020 0.052 9 7 29 23 
0.49% Pt/SiO2 0.014 0 0 0 0.13 - -  - -  - -  21 
1.91% Pt/Fe203 0.04 1.5 0 0 0 20 - -  - -  - -  
Pt powder 0.002 0 0 0 0.03 - -  - -  - -  24 
Fe203 0 . 0 0 4  . . . .  29 - -  - -  - -  

Calculated based on the overall disappearance of HOAc. 

t e m p e r a t u r e  of  at  leas t  573 K in o r d e r  to p r o d u c e  o b s e r v a b l e  
activity. The  overa l l  activities,  t u r n o v e r  f requencies ,  and  ap-  
p a r e n t  ac t iva t ion  energ ies  for  h y d r o g e n a t i o n ,  es ter i f ica t ion ,  
ke ton i sa t ion ,  and  d e c o m p o s i t i o n  of  acet ic  acid  ove r  each  
ca ta lys t  a re  shown in Table  2, whi le  p r o d u c t  se lec t iv i ty  is 
c o m p a r e d  at  s imi lar  convers ions  in Table  3. F o r  the  pur-  
pose  of  compar i son ,  the  act ivi t ies  and  t u r n o v e r  f r equenc ies  
a re  r e p o r t e d  at  480 K, which  is c lose to a c o m m o n  t emper -  
a tu re  for  all runs,  and  if some  of  the  ca ta lys ts  d id  no t  show 
any o b s e r v a b l e  act ivi ty  at this t e m p e r a t u r e ,  the  va lues  re-  
p o r t e d  he re  a re  the i r  e x t r a p o l a t e d  values.  A l l  the  ca ta lys ts  
exh ib i t ed  g o o d  act ivi ty  m a i n t e n a n c e  dur ing  the  first 12 h on  
s t r eam,  and  t h e r e  was no signif icant  deac t i va t i on  for  any  of  
the  catalysts .  F igu re  2 shows r e p r e s e n t a t i v e  act ivi ty  ma in -  
t enance  b e h a v i o r  for  the  mos t  act ive 0.69 % Pt/TiO2 ( H T R )  
and  (LTR)  catalysts ;  act ivi ty  loss af ter  2 h on  s t r e a m  was 
min imal .  

In  a d d i t i o n  to be ing  the  mos t  active, the  Pt /TiO2 cata-  
lysts were  also the  mos t  se lec t ive  t o w a r d  the  f o r m a t i o n  of  
e t h a n o l  and  e thy lace ta te ,  as shown in Figs. 3 and  4. B o t h  the  

L T R  and  the  H T R  cata lys ts  p r o d u c e d  over  60% e thano l  at 
convers ions  nea r  5 %; however ,  as the  conver s ion  and /o r  the  
t e m p e r a t u r e  inc reased ,  the  se lec t iv i ty  to e thano l  d e c r e a s e d  
as tha t  for e thy lace ta te ,  CO,  CH4, and  CO2 increased .  A c -  
e t a l d e h y d e  fo rma t ion ,  on  the  o t h e r  hand,  was qui te  low 
over  bo th  catalysts ,  pa r t i cu l a r ly  Pt/TiO2 (LTR) .  E thy lac -  
e ta te  resul ts  f rom a s e c o n d a r y  es ter i f ica t ion  r eac t i on  be-  
tween  e thano l  and  acet ic  acid  whi le  CO2, CH4, and C O  
are  p roduc t s  of  acet ic  ac id  d e c a r b o x y l a t i o n  and  d e c a r b o n y -  
la t ion.  Inc reas ing  the  p r e t r e a t m e n t  r educ t i on  t e m p e r a t u r e  
for 0.69% Pt/TiO2 f rom 473 (LTR)  to 773 K ( H T R )  in- 
c reased  the  act ivi ty  by  45% and  the  t u rnove r  f r equency  
of h y d r o g e n a t i o n  b y  a fac tor  of  7, and  an effect  on  p rod -  
uct  se lec t iv i ty  was d e m o n s t r a t e d  by  a significant inc rease  
in C O  and  CH4 fo rma t ion .  H o w e v e r ,  the  a p p a r e n t  act iva-  
t ion energ ies  for  the  h y d r o g e n a t i o n  reac t ions  we re  s imilar  
(13-4-1 kca l /mol )  for  b o t h  the  H T R  and L T R  catalysts.  
H y d r o g e n a t i o n  act ivi ty  i nc r ea sed  as expec t ed  when  the  Pt  
load ing  was inc reased  for  t i t a n i a - s u p p o r t e d  Pt, as shown 
by the  resul ts  in Fig. 1 and  Table  2 for  0.69% Pt/TiO2 (LTR)  

TABLE 3 

Product Selectivity during Acetic Acid Hydrogenation (PHOAc = 14 Tort, PH2 = 700 Torr) 

Selectivity (tool%) 
Temp. Conversion 

Catalysts (K) (%) Acetaldehyde Ethanol Ethane Ester CO2 CO CH4 

0.69% Pt/TiO2 (HTR) 447 5.9 0 59 14 27 0 0 0 
0.69% Pt/TiO2 (LTR) 443 5.6 0 51 20 29 0 0 0 
2.01% Pt/TiO2 (LTR) 420 5.0 0 70 16 14 0 0 0 
0.78% Pt/0-A1203 523 4.7 0 8 10 4 5 33 40 
0.49% Pt/SiO2 511 2 0 0 0 0 0 50 50 
1.91% Pt/Fe203 523 4 80 20 0 0 0 0 0 
Pt powder 588 4.7 0 0 0 0 32 21 47 
Fe203 500 4 79 21 0 0 0 0 0 
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FIG. 2. Activity main tenance  with 0.69% Pt/TiO2 (HTR)  and 0.69% 
Pt/TiO2 (LTR). React ion conditions: PH2 = 700 Torr, PHOAc = 14.7 Torr, 
and T = 460 K. 

and 2.01% Pt/TiOa (LTR). The turnover frequency, how- 
ever, remained about the same for these catalysts, indicating 
the expected proportionality in the kinetic regime between 
Pt surface atoms and the observed activity. 

The products obtained with the 0.78% Pt/t/-A1203 cata- 
lyst consisted primarily of CO and CH4 with small amounts 
of ethanol, ethane, ethylacetate, and CO2, as shown in Fig. 5. 
At 5% conversion, the product composition was about 8% 
ethanol, 10% ethane, 4% ethylacetate, 5% CO2, 33% CO, 
and 40% CH4. The high selectivity to CO and CH4 was 
obtained because the decarbonylation reaction dominated 
at the temperatures required for this catalyst to be active, 
which were above 473 K. Compared to the hydrogenation 
reaction, the decarbonylation reaction is more thermody- 
namically favorable at higher temperatures. 

The 1.91% Pt/Fe203 catalyst showed a markedly differ- 
ent product distribution, as it was very selective for the 
formation of the initial hydrogenation product, acetalde- 
hyde (Table 3 and Fig. 6). Although activity was low and 
was observed only above 473 K, the turnover frequency at 
480 K was slightly higher than that obtained with 0.69% 
Pt/TiO2 (LTR) because with this 1.91% Pt/Fe203 catalyst, 
the total uptake of either hydrogen or CO was very low. 
Both hydrogen and CO chemisorption indicated that the 
Pt dispersion was only 0.006, which implies a very large Pt 
crystallite size of about 190 nm; however, X-ray diffraction 
(XRD) spectra did not indicate the presence of such large 
platinum particles. Therefore, an explanation other than 
large crystallites, such as Pt-Fe bimetallic particle forma- 
tion or surface coverage of Pt by FeOx species, appears to 
be more appropriate. 

The 0.49 % Pt/SiO2 and Pt powder catalysts showed simi- 
lar behavior, which was completely different from the other 
catalysts. No activity was observed below 473 K, and above 
this temperature only CO, CO2, and CH4 were observed as 
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products, as shown in Fig. 7. Thus only acetic acid decom- 
position via decarboxylation and decarbonylation reactions 
occurred, as verified by the molar ratios of CH4, CO2, and 
CO. The decarbonylation reaction requires the presence of 

hydrogen, as shown in 

CH3COOH + H2 --+ CH4 -t- CO -/- H20  [2] 

and results in the formation of CH4, CO, and H20. The 
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decarboxylation reaction, however, does not require hy- 
drogen and produces CH4 and CO2 as shown in 

CH3COOH --+ C H 4  + C O 2 .  [3] 

Because the Pt/TiO2 catalysts exhibited very good hy- 
drogenation activities, both LTR and HTR samples were 
prepared to study the effects of reactant partial pressures 
on kinetic behavior. Catalytic activities were first measured 
at H2 partial pressures between 100 and 700 Torr while 
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acetic acid partial pressure was kept constant at 14.3 Tort, 
then measured at acetic acid partial pressures between 7 
and 54 Torr while H2 partial pressure was kept  constant at 
700 Torr. Data  were obtained at three different tempera-  
tures between 422 and 473 K and, for each data set, activ- 
ities were determined with both increasing and decreasing 
partial pressures to verify the reproducibility of the mea- 
surement. In addition, results were compared to those ob- 
tained from the separate Arrhenius run conducted at stan- 
dard conditions of PH2 = 700 Torr and PHOAc = 14.3 Torr. 
The two catalysts used were 0.69% Pt/TiO2 (HTR)  and 
2.01% Pt/TiO2 (LTR), and the results showed that the ap- 
parent  reaction order with respect to hydrogen varied be- 
tween 0.4 and 0.6 while that with respect of acetic acid var- 
ied between 0.2 and 0.4. The apparent activation energy 
was found to be affected by both H2 and acetic acid partial 
pressures. In the case of the 2.01% Pt/TiO2 (LTR) catalyst, 
increasing the partial pressure of H2 from 100 to 700 Torr 
while keeping the partial pressure of acetic acid constant at 
14.3 Torr increased the activation energy from 10 to 
13 kcal/mol, whereas increasing the partial pressure of 
acetic acid from 7 to 54 Torr while keeping the H2 partial 
pressure of hydrogen constant at 700 Torr decreased the 
activation energy from 13 to 11 kcal/mol. 

The oxide supports were also tested for activity under  the 
standard hydrogenation reaction conditions. The SiO2, 7- 
A1203, and Fe203 were pretreated under flowing H2 at 
723 K for 1 h, while the TiO2 was subjected to either an 
LTR or an H T R  pretreatment.  There was no activity de- 
tected below 473 K with these oxides; however, although 
SiO2 was found to be totally inert, t/-A1203, TiO2, and Fe203 
were capable of catalyzing the ketonisation reaction above 
523 K, and equal amounts of acetone and CO2 were ob- 
served. This reaction involves two acetic acid molecules, as 
shown in 

2CH3COOH -+ CH3COCH3 + CO2 + H20.  [4] 

The specific activities for ketonisation on these oxides are 
reported in Table 4. Besides being active for ketonisa- 
tion, Fe203 was also active above 523 K for hydrogenation 

to form acetaldehyde, but its hydrogenation activity was 
10 times lower than that obtained with 1.91% Pt/Fe20;. 

DISCUSSION 

The activity and selectivity during acetic acid hydrogena- 
tion is strongly dependent  on the oxide support used, with 
titania-supported Pt being the most active catalyst. Plat- 
inum metal alone or the pure oxides by themselves show 
a marked difference in catalytic behavior under the hy- 
drogenation conditions studied; i.e., with the exception of 
Pt/SiO2, a synergism between Pt and the support clearly ex- 
ists. These observations suggest either that the catalytic be- 
havior of these supported Pt catalysts results from an inter- 
action between the Pt crystallites and the oxide support to 
create new sites at the metal -support  interface or that more 
than one type of site is required for optimal hydrogenation 
performance, for example, a bifunctional process involv- 
ing H spillover. The former possibility can be attributed to 
metal-support  interactions (MSI), which have been shown 
to exist with noble metals dispersed on TiO2, V203, Nb2Os, 
and Ta205 (8-10). These MSI properties, in particular, have 
been used to explained why Ni/TiO2 and Pt/TiO2 are better  
catalysts for CO hydrogenation, compared to Ni/SiO2 and 
Pt/SiOz (11, 12), and why a Pt/TiOa (HTR) catalyst can in- 
crease the specific activity for acetone hydrogenation more 
than 100-fold (13). Interfacial sites favoring the activation 
of the carbonyl bond have been proposed to explain this 
behavior. With respect to acetic acid hydrogenation, the in- 
fluence of MSI on catalytic behavior may be less obvious; 
however, the activity of the H T R  Pt/TiO2 catalyst is 45 % 
higher than that for the LTR sample, and the TOF of the 
former is increased more than sevenfold. The differences 
in selectivity were not great, although ethylacetate was fa- 
vored with the H T R  sample while ethanol was the principal 
product over the LTR Pt/TiOz catalyst. 

Another  plausible scheme for this reaction is one in which 
the reaction occurs because both the metallic and oxidic 
phases participate as active components and the kinetic 
behavior is dictated by the characteristics of the adsorbed 
species on the sites of each phase. The higher hydrogena- 
tion activity observed might be due to longer-range effects 

Oxides 

TiOz (LTR) 
rio2 (HTR) 
7/-A1203 
SiO2 
Fe203 

TABLE 4 

Ketonisation Activity of Individual Oxide Supports 

Surface area 
(nl2/g) 

Activity at 523 K 
0zmol HOAc/s. g) 

Specific activity 
at 523 K 

(/xmol HOAc/s .  m 2) x 103 
App. activation energy 

(kcal/mol) 

50 
50 

240 
220 

8 

0.2 
0.2 
0.024 
0 
0.04 

4 
4 
0.1 
0 
5 

29 
29 
33 

n.a. 
29 
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involving hydrogen spillover from Pt atoms to acetic acid 
molecules adsorbed on the oxide surface. A similar model 
has been used to describe the kinetics of hydrogenation 
of aromatics on supported Rh catalysts (14) and hydro- 
genation of toluene and benzene on supported Pt catalysts 
(15, 16). 

Platinum supported on different oxides but with similar 
Pt dispersion, i.e., 0.69% Pt/TiO2 (LTR), 0.49% Pt/SiO2, 
and 0.78% Pt/~-A1203, did not show similar activity and 
selectivity. This illustrates the importance of the oxide 
phase in these reaction kinetics because the crystallite sizes 
are small and comparable, and the variation in product 
selectivity must be associated with the nature of acetic 
acid adsorption on these different oxide surfaces. Only the 
TiO2- and ~-A1203-supported catalysts yielded ethanol and 
acetaldehyde during acetic acid hydrogenation, while the 
Pt/SiO2 catalyst was active only for decarbonylation to pro- 
duce CH4 and CO (and H20). The similarity in selectivity 
between Pt powder and Pt/SiO2 indicates that the acetic 
acid decarbonylation reaction takes place on the Pt sur- 
face, a conclusion further supported by the fact that SiO2 is 
completely inert under the reaction conditions considered 
(see Table 4). 

It appears there is a correlation between good hydro- 
genation catalysts and oxides that are active for ketoni- 
sation in that the-former contain the latter as a support. 
If acetic acid reactions on the oxides in the absence of 
Pt are considered, SiO2 is not active, whereas TiO2 and 
Fe203 have similar specific activities at 523 K, as indicated in 
Table 4. However, under the hydrogenation conditions used 
here, ketonisation is suppressed almost completely and hy- 
drogenation dominates when Pt is dispersed on the oxides. 
These results suggest that ketonisation and hydrogenation 
involve the same surface intermediate and that activity and 
selectivity are dictated by the adsorption behavior of acetic 
acid on these oxide surfaces as well as the availability of 
activated hydrogen, presumably in the form of atomic hy- 
drogen. The role of Pt is to provide this activated hydrogen, 
which can react with surface species on the oxide support 
to form acetaldehyde, ethanol, and ethane (17, 18). Hydro- 
genation may be favored over ketonisation in the presence 
of activated hydrogen because the ketonisation reaction 
has a higher activation energy of 29-33 kcal/mol compared 
to values of 9-23 kcal/mol for hydrogenation. The possibil- 
ity that H atoms may migrate and block certain adsorption 
sites on the oxide support cannot be discounted, however. 

Different behavior was obtained with the 1.91% Pt/Fe203 
catalyst. Fe203 by itself shows selectivity similar to that with 
the Pt/FezO3 catalyst, as shown in Table 2. This is not surpris- 
ing because, as reported by Pestman et  al., Fe203 contains 
Fe ° and Fe304 after reduction at 723 K for 1 h (18). Dis- 
persing Pt on this oxide increases the activity presumably 
because reduction of Fe203 is enhanced by the Pt, and, in 
addition, Pt increases the concentration of activated hydro- 

gen under reaction conditions. Thus the activity per gram 
catalyst of Pt/Fe203 was almost 10 times higher than that 
of Fe203 alone. The selectivity obtained with Pt/TiO2, Pt/o- 
A1203, and Pt/Fe203 can be dependent on conversion and 
temperature, as well as the nature of the active sites; for ex- 
ample, high conversion would further facilitate secondary 
reactions and higher temperatures would affect equilib- 
rium adsorption constants for reactants, as well as alter- 
ing rate constants. The different selectivity behavior among 
Pt/TiO2, Pt/o-A1203, and Pt/Fe203 could be simply a con- 
sequence of different adsorption strengths of reactants and 
products on these catalysts. Assuming acetaldehyde is the 
first product of acetic acid hydrogenation, further hydro- 
genation to ethanol, or other secondary products such as 
ethylacetate, is very much dependent on the adsorption 
strength of acetaldehyde as well as its rate of hydrogenation. 
A large adsorption equilibrium constant would result in a 
high surface concentration of acetaldehyde, and would thus 
favor further hydrogenation to ethanol. The much higher 
acetaldehyde selectivity of Pt/Fe203 implies a much lower 
surface coverage of acetaldehyde due to a much higher rate 
of desorption on this catalyst during competitive adsorption 
compared to Pt/TiO2. In addition, on the latter catalyst, the 
TOF for acetaldehyde hydrogenation is 1000-fold higher 
than that for acetic acid (19). The significant formation of 
ethylacetate over Pt/TiO2 is the result of a secondary re- 
action between acetic acid and ethanol. As expected, the 
formation of this compound is pronounced at high acetic 
acid conversions and is minimal on Pt/Fe203 since little 
ethanol is formed on this catalyst. The low selectivity to 
hydrogenation products with Pt/o-A1203 appears to be due 
to a low hydrogenation rate constant because the hydro- 
genation turnover frequency on this catalyst is one order of 
magnitude lower than that on the Pt/TiO2 catalysts, whereas 
the decomposition turnover frequencies are comparable. 

The following important observations can be made about 
the kinetic behavior of acetic acid hydrogenation to form 
organic compounds over supported Pt catalysts: 

1. The reaction requires both metal and an appropriate 
oxide phase in the catalyst. 

2. Oxides that are active for ketonisation are the best 
supports, implying the reaction can occur on the oxide sur- 
face. 

3. The metal, in this case Pt, acts as a source of activated 
hydrogen, presumably hydrogen atoms. 

4. For Pt/TiO2 the reaction orders varied between 0.2 
and 0.4 with respect to acetic acid and between 0.4 amd 0.6 
with respect to hydrogen. 

5. The apparent activation energy is affected by both H2 
and acetic acid partial pressures. 

Based on the above statements, various reaction mod- 
els were considered for the hydrogenation of acetic acid 
to form acetaldehyde, ethanol, and ethane over Pt/TiO2 
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catalysts, and a Langmuir-Hinshelwood-type catalytic se- 
quence provided a derived rate expression that gave the 
most consistent fit of the data (19). Hydrogen and acetic 
acid were assumed to adsorb dissociatively on one type 
of site existing on the metal surface in quasi-equilibrated 
processes. It is well known that hydrogen adsorbs dissocia- 
tively on clean Pt surfaces, and hydrogen spillover, i.e., the 
migration of H atoms from the metal to the oxide surface, 
is a well-known phenomenon (20). Vajo et al. have shown 
that acetic acid adsorbs dissociatively on polycrystalline Pt 
surfaces to form a surface acetate species (21), and this 
surface acetate can recombine with a hydrogen atom and 
desorb as an acetic acid molecule. These processes are rep- 
resented by Eqs. [5-7] in the reaction sequence, where • 
represents an active site on the Pt surface. The CH3COO* 
species was assumed to be stable at low temperatures, but 
at higher temperatures it can decompose to give CH3 and 
CO2 or, under a hydrogen atmosphere, it can undergo de- 
carbonylation to form CH4, CO, and H20, as indicated by 
the selectivity behavior of Pt powder. The adsorption of 
hydrogen and acetic acid on these Pt sites is considered 
to be quasi-equilibrated, with adsorbed hydrogen atoms 
(H*) and acetate (CH3COO*) species assumed to be the 
abundant surface intermediates. In addition, acetic acid also 
can adsorb at sites on the oxide surface. Kim and Barteau 
have reported that acetic acid adsorbs reversibly on tita- 
nia (anatase) as both weakly bound molecular acetic acid 
and a strongly adsorbed surface acetate species (22). These 
authors also found that during TPD this acetate species de- 
composed at 615 K into ketene, acetone, and carbon diox- 
ide along with small amounts of methane, ethylene, carbon 
monoxide, and hydrogen. Under a hydrogen environment, 
it is assumed that weakly adsorbed molecular acetic acid is 
the active intermediate in the hydrogenation reaction, and 
acetic acid adsorption on the support is also assumed to be 
quasi-equilibrated, as depicted in Eq. [8] in the sequence, 
where S is a site on the oxide surface. 

This adsorbed species is then involved in a series of irre- 
versible surface reactions consisting of the consecutive ad- 
dition of adsorbed hydrogen atoms to an adsorbed acetic 
acid molecule. Acetaldehyde is formed as the first initial 
product, and it can either desorb or react with additional 
hydrogen atoms to form ethanol and, subsequently, ethane. 
These surface reactions and reversible desorption steps are 
depicted by Eqs. [9]-[17] in the following sequence of ele- 
mentary steps: 

H2(g) + 2* ~ 2H* [51 

H* g~p Hsp [6] 

CH3COOH(g) + 2* ~2~ CH3COO* -4-- H* [7] 

CH3COOH(g) + S ~ CH3COOH-S [8] 

CH3COOH-S + Hsp kl> CH3COOH2-S [9] 

CH3COOH2-S + Hsp &> CH3CHO-S + H20(g) [101 

CH3CHO-S k3~_ CH3CHO(g) + S [11] 
k3 

CH3CHO-S + Hsp . &> CH3CHOH-S [12] 

CH3CHOH-S + Hsp ks> CH3CH2OH-S [13] 

CH3CH2OH-S ~ CH3CH2OHcg) + S [14] 
k-6 

CH3CH2OH-S + Hsp 1,7> CH3CH2OH2-S [15] 

C H 3 C H 2 O H 2 - S  + Hsp ks> C H 3 C H 3 - S  + HzO(g) [16] 

C H 3 C H 3 - S  ~ ~ CH3CH3(g) + S. [17] 
k-9 

The hydrogenation activity is determined by the rate of 
acetic acid disappearance to form hydrogenated products, 
i.e., the overall rate of formation of acetaldehyde, ethanol, 
and ethane, as shown in Eq. [181: 

FHOAc = /"acetaldehyde -~- rethanol +/'ethane- [18] 

It follows from Eqs. [11], [14], and [17] that the rates of 
formation of these products can be expressed as 

racetaldehyde = k30acetaldehyde -- k-3Pacetaldehyde0S [19] 

rethanol = k60ethanol -- k-6PethanolOS [20] 

rethane = k90ethane -- k-9PethaneOs, [21] 

where Oi is the fractional surface coverage of species i, with 
S representing an empty site, and Pi is the partial pressure 
of species i. Applying the steady-state approximation to the 
surface intermediates, it can be easily shown that 

rHoac = klOACH, [22] 

where the subscript A refers to the acetic acid molecules 
adsorbed on the oxide and CH is the concentration of hy- 
drogen atoms at this site on the oxide surface. The total 
number of active sites is incorporated in k> 

The quasi-equilibrium expressions representing adsorp- 
tion on the Pt surface are 

n2 , p  n2 [23] KH2 = C'H/ H2tT, 

/~ac = OAcOH/PA 02, [24] 

where subscripts • and Ac, represent vacant sites and ac- 
etate on the Pt surface, respectively. The quasi-equilibrium 
expressions for acetic acid adsorption and H atom concen- 
tration at the oxide surface site are written as 

g A = OA/ PAOs [25] 

Ksp = CH/OH. [26] 
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Expressions for 0a and CH can be obtained from Eqs. [23]- 
[26], and substitution into Eq. [22] gives 

?'HOAc = N1KAKspK1//pAP~t/220SO* [271 

where k] includes the active site concentration. 
Because adsorbed hydrogen atoms (H*) and adsorbed 

acetate species (CH3COO*) are the predominant surface 
species on Pt, a balance on • sites gives the expression for 0, 

1 
O, = {U1/2pl/2 1/2 1/2 ' \"H2 " H2 + KAcPA/KH2 Pfi2 ) [28] 

and if the reaction runs at low conversion so that product 
concentrations are low, it can be assumed that molecular 
acetic acid is the only significant surface intermediate on 
the oxide surface sites, which gives 

1 
0s - (1 + KAPA)" [29] 

The final rate expression is obtained by substituting 
Eqs. [28] and [29] into Eq. [27] to give 

k r,," r,-- v 1 / 2 D  o l / 2  
llX A~o~ sptX H2 r A r H 2  

rHOAc = (K1/2p1/2 1/2 1/2 
t. Ha- H2 -~- KACPA/KH2 PH2 ) (1 + K A P A )  

t.r o D1/2 
~--- r~l ' a • H2 [30]  

(K2p1/22 -}- K3PA/P1/22)(] q- K 4 P A )  

1/2 / g l / 2  v i v 1 / 2  
where k~ = klKAKspKH2 , K 2  = "~H2 , K3  = L~Ac/IxH2 , and 
K4 = K A .  

This equation was fitted to the experimental data 
obtained from the Arrhenius and the partial pressure 
runs with the 0.69% Pt/TiO2 (HTR) and 2.01% Pt/TiO2 
(LTR) catalysts using a least-squares nonlinear optimiza- 
tion method. The iteration process was initiated with a num- 
ber of sets of initial values, each with initial reasonable val- 
ues for kl', K2, K3, and K4, and it continued until optimum 
values were obtained. The rate expression represented by 
Eq. [30] was fitted to the experimental data at three tem- 
peratures to obtain three separate values for kl I, K2, K3, 
and K4 (Table 5), and the results using these optimized pa- 
rameters are shown in Figs. 8 and 9. This expression fits all 
the data satisfactorily, and there was excellent agreement 
between the experimental and the predicted values for the 
apparent activation energies. Recalling that the equilibrium 
adsorption constants can be written as 

Kad,i = exp(AS°ad,i/R - AH°ad,i/RT), [31] 

where R is the ideal gas law constant, T is temperature, 
and o AHOd,i are ASad, i and the standard entropy and en- 
thalpy of adsorption, respectively, for compound i, one can 
obtain ASa°d and AH0d for H2 and acetic acid by plotting 

TABLE 5 

Optimized Rate Parameters in Equation [30] for Pt/TiO2 Catalysts 

klKsp KH 2 KA KAc 
Catalysts (/xmol/s. gcat) (atm -1 x 10 -5) (a tm -1) (a tm -1 x 10 7) 

A. 0.69% Pt/TiO2 (HTR)  
Temp. (K) = 437 2.42 50.8 10.9 13.5 
Temp. (K) = 460 17.9 7.6 4.4 4.7 
Temp. (K) = 470 22.2 4.8 5.5 3.3 

B. 2.01% Pt/TiO2 (LTR) 
Temp. (K) = 422 8.16 17.4 4.3 8.9 
Temp. (K) = 445 26.6 6.1 3.3 4.2 
Temp. (K) = 465 627 0.7 0.4 0.9 

In K 2, In K2K3, and In K4 versus 1/T, and their values are 
reported in Table 6. Both the enthalpies and entropies 
are expected to be negative, and evaluation criteria show 
them to be reasonable and thermodynamically consistent 
(23, 24). The enthalpy values for H2 on TiO2-supported 
Pt are fairly high compared to integral A H 2 d  v a l u e s  de- 
termined calorimetrically for irreversible adsorption, but 
they are similar to initial heats of adsorption on clean, 
single-crystal Pt surfaces (25). This could imply that the val- 
ues measured kinetically correspond only to H atoms ad- 
sorbed on the high-energy sites present at low H coverages. 
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FIG. 8. Hydrogenat ion  activity over 0.69% Pt/TiO2 (HTR)  at 437, 
460, and 470 K versus acetic acid and hydrogen partial pressures. Solid lines 
indicate the op t imum fit obtained by fitting Eq. [30] to the  experimental  
data points. 
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TABLE 6 

Enthalpies and Entropies of Adsorption from Rate Parameters (Standard State: 1 atm) 

Acetic acid on TiO2 Hydrogen on Pt Acetic acid on Pt 

AHOA AS~, A/~0 AS~ AHa0c Z~S~,c 
Catalyst (kcal/mol) (cal/mol. K) (kcal/mol) (cal/mol • K) (kcal/mol) (cal/mol • K) 

0.69% Pt/TiO2 (HTR) -10 -18 -29 -38 -32 -22 
2.01% Pt/TiO2 (LTR) -22 -47 -29 -39 -35 -31 

333 

This interpretation is consistent with the fact that this re- 
action takes place at higher temperatures (above 423 K) 
than many other hydrogenation reactions. The enthalpies 
for nondissociative acetic acid adsorption on TiOz surfaces 
are not high, and they indicate bonding is stronger on the 
LTR TiO2 surface, which should have more hydroxyl groups 
and fewer oxygen vacancies than the H T R  surface (10, 26-  
28). Acetic acid is known to adsorb molecularly on oxide 
surfaces, and the reaction model forwarded here proposes 
that an adsorbed acetic acid molecule is the catalytically 
significant species. Carboxylate ions, acyl carbonium ions, 
and ketenes may form, but these H-deficient species, rel- 
ative to acetic acid, do not participate in the formation of 
acetaldehyde, ethanol, or ethane. Overall, the model pre- 
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FIG. 9. Hydrogenation activity over 2.01% Pt/TiO2 (LTR) at 422,445, 
and 465 K versus acetic acid and hydrogen partial pressures. Solid lines 
indicate the optimum fit obtained by fitting Eq. [30] to the experimental 
data points. 

sented here demonstrates that acetic acid hydrogenation 
over titania-supported platinum catalysts can be satisfacto- 
rily described by a Langmuir-Hinshelwood-type reaction 
mechanism. Even if all the active sites on the TiO2 surface 
exist only in the metal -support  interfacial region, as pro- 
posed for other reactions involving carbonyl bonds (29), 
this reaction model is still applicable; the only difference is 
that the H spillover distance is very short. 

SUMMARY 

The catalytic behavior of acetic acid hydrogenation over 
Pt supported on TiO2, SiO2, ~-A1203, and Fe203 was in- 
vestigated. Strong evidence was obtained that the reaction 
involves both metal (Pt) and oxide support, and it takes 
place at sites on the oxide surface. Thus, the interaction of 
acetic acid with the oxide support plays a major role in de- 
termining the kinetics of the reaction, and the principal role 
of Pt in this case is to serve as a source of mobile, activated 
hydrogen atoms. Pt/TiO2 catalysts were the most active for 
acetic acid hydrogenation, with the H T R  sample having a 
TOF 7-8 times greater than the LTR catalyst and more 
than 100-fold times higher than the other Pt catalysts, and 
Pt/TiO2 gave the highest selectivity to ethanol (up to 70 %). 
A Pt/Fe203 catalyst was also active for hydrogenation, and 
gave a particularly high selectivity to acetaldehyde, i.e., 
80% acetaldehyde and 20% ethanol, but it required a much 
higher temperature of operat ion than Pt/TiO2. In contrast, 
decarbonylation and decomposition reactions dominated 
on Pt powder, Pt/SiO2, and Pt/~-A1203. This study provides 
evidence that acetic acid hydrogenation over supported Pt 
catalysts can be described by a Langmuir-Hinshelwood- 
type mechanism invoking two types of sites, one on the 
metal to activate H2 and one on the oxide to molecularly 
adsorb acetic acid, and the kinetic rate expression derived 
from this reaction model  fits the data well with thermody- 
namically consistent parameters. 
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