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The one-step MIBK synthesis from 2-propanol was investigated
as an alternative process to current conventional technology that
produces MIBK from acetone. The reaction was studied at 473 K
and atmospheric pressure using bifunctional Cu-base catalysts.
Single MjOy, binary MjMj;O,, and Cu-containing CuM;j(Mj;)Oy
mixed oxides, where My and My are metal cations such as Mg2+,
A, or Ce3t, were obtained by thermal decomposition of precipi-
tated precursors. The density and strength of surface basic sites were
obtained by CO; chemisorption and by temperature-programmed
desorption (TPD) of CO;, whereas the acid site densities were mea-
sured by TPD of NHj3. The MIBK synthesis reaction network in-
volves consecutively the initial 2-propanol dehydrogenation to ace-
tone, the aldol condensation of acetone to mesityl oxide, and the
final hydrogenation of this compound to MIBK. Cu/SiO; promoted
2-propanol dehydrogenation to acetone but did not form any Cg
condensation products. When copper was supported on protonic
HY zeolite, 2-propanol was essentially dehydrated to propylene and
the formation of acetone was negligible. Bifunctional Cu-base cata-
lysts were active and selective for MIBK synthesis. The highest
MIBK formation rates were obtained on Cu-base solids contain-
ing a high density of medium-strength Brgnsted base-weak Lewis
acid pair sites for promoting the acetone aldol condensation step.
CuMg;9Al;0, was the best catalyst because it contained in inti-
mate contact highly dispersed Cu® crystallites with proper A+
Lewis sites and Mg+t2-0?%~ basic pairs and efficiently combines the
active sites required for consecutive reactions leading to MIBK.
Catalysts containing strongly basic O~ sites, such as CuMg;oOy
and CuMg;(Ce;0Oy, presented lower condensation rates because
isolated O?~ hindered stabilization of anionic intermediates for ace-
tone condensation. The effect that the reacting atmosphere (N,
or Hy) has on catalyst activity and selectivity was investigated on
CuMg9Al;Oy. It was found that the catalyst activity is enhanced
in Ny, but for a given 2-propanol conversion the selectivity for C¢
aldol condensation products is higher in hydrogen. MIBK yields
as high as 25% were achieved in comparison to the 30% typi-
cally obtained in current commercial high-pressure processes from
acetone. (© 2002 Elsevier Science (USA)
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1. INTRODUCTION

4-Methyl-2-pentanone (methyl isobutyl ketone, MIBK)
is a valuable product among the “commodities” with wide
applications as a solvent in the manufacture of important
chemicals such as inks and lacquers (1). MIBK has been tra-
ditionally produced from acetone in a three-step catalytic
process: acetone is first converted into diacetone alcohol
(DAA) by a liquid-phase base- or acid-catalyzed aldol con-
densation reaction; DAA is then rapidly dehydrated on an
acid catalyst to mesityl oxide (MO), and finally the C=C
bond of MO is hydrogenated on a metal, e.g., Ni, to yield
MIBK.

Nowadays, MIBK is industrially obtained from acetone
(DMK) in one step in trickle-type reactors at low tempera-
tures (393-433 K) and high pressures (1-10 MPa) on mul-
tifunctional catalysts such as Pd or Pt supported on sul-
fonated resins, which contain condensation, dehydration,
and hydrogenation functions (1-3). Both the aldol conden-
sation and the dehydration reactions are reversible under
these reaction conditions (2) but the catalyst shifts the equi-
librium in favor of MO by irreversibly hydrogenating it to
MIBK (4). In the one-step synthesis from acetone, acetone
conversion is typically 30-40% and the selectivity to MIBK
reaches 90% (5); the whole process is more practical and
economical than the three-step process. However, MIBK
concentration in the reactor effluents before distillation is
usually lower than 30 wt%. In addition to the concomi-
tant purification cost, the process requires high pressures
to operate efficiently and there is therefore a great inter-
est in developing new one-step gas-phase processes able to
operate at atmospheric pressure. Recently, promising cata-
lysts with very different acid—base properties, such as Pd (4)
or Ni (6) supported on hydrotalcite-derived Mg-Al oxides,
Cu/MgO (7), or Pd(Ni)/AIPON (8, 9) and Pt on HZSM5
(10) or HMFI (11), have been reported for this purpose.

However, in all these processes acetone must be obtained
from other sources, such as 2-propanol in a previous step.
Acetone from 2-propanol is typically carried out in fixed-
bed reactors at 493-573 K on Cu-base catalysts (12). In
this process, unreacted 2-propanol is recycled, and hydro-
gen and acetone are stripped from the product mixture and
sent to the MIBK synthesis unit. However acetone must be
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previously purified and cooled down, thus increasing the
operating cost of the MIBK synthesis.

The main consecutive reactions involved in the reaction
network from 2-propanol are the following: (i) dehydro-
genation of 2-propanol; (ii) self-condensation of the result-
ing acetone to mesityl oxide (MO); and (iii) hydrogenation
of MO to MIBK.

The purpose of the present work is to explore the de-
velopment of a new process for the synthesis of MIBK in
one step at mild temperatures and atmospheric pressure
using 2-propanol as reactant. This process is intended to
be used in solvent manufacturing plants where producing
a mixture of acetone, MIBK, and other higher oxygenates
would present high commercial interest. In particular, the
direct 2-propanol-to-MIBK process would be more suitable
when the market demand for MIBK is low and the energy
consumption and the intermediate purification cost of the
synthesis from acetone make it noncompetitive.

Although there are no antecedents in the literature of di-
rect MIBK synthesis from 2-propanol, this process presents
other practical advantages, such as overcoming the unfa-
vorable thermodynamics of the low-temperature MIBK
synthesis from acetone, which forms concomitantly signi-
ficant amounts of 2-propanol (7). Furthermore, 2-propanol
is commonly used in fine chemistry hydrogen transfer reac-
tions like the Meerwein—Pondorff—Verley reduction of ke-
tones or aldehydes (13, 14). The known hydrogen-donor ca-
pacity of 2-propanol would make it possible to carry out the
MIBK synthesis from 2-propanol without supplying gas-
phase hydrogen.

In this paper, we study the MIBK synthesis from 2-
propanol using bifunctional catalysts that combine in
intimate contact a metallic function needed for the
hydrogenation—-dehydrogenation steps with an acid-base
site required by the aldol condensation reaction. Specifi-
cally, we have prepared and characterized Cu-base catalysts
and we have measured their catalytic properties. We have
chosen Cu metal because of its known catalytic properties
in the conversion of alcohols to carbonyl compounds such
as aldehydes (15) and ketones (16) at low temperatures and
by its ability to remove hydrogen atoms from alcohols with-
out breaking the C-O bond (17). Solid bases such as single
or mixed oxides containing Mg, Ce, or Al have been chosen
for their moderate basic properties.

Results show that our bifunctional Cu-base catalysts
are promising material for the novel one-step synthesis
of MIBK from 2-propanol at low temperature and atmo-
spheric pressure. The highest activity and selectivity for
MIBK formation was obtained on a CuMg;yAl;O, mixed
oxide containing 6.4 wt% Cu. We investigated on this sam-
ple the effect of the reaction atmosphere (H; or N;) on the
catalyst activity, selectivity, and stability. We also studied
the effect the nature of catalyst surface sites (metallic, acid,
or base sites) has on the surface properties and catalytic
performance. Furthermore, we identified primary and se-
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condary pathways involved in the MIBK synthesis reaction
mechanism by varying the contact time in the catalytic tests.

2. EXPERIMENTAL

2.1. Catalyst Preparation

Catalyst precursors of single M;O,, binary M{M;O,, or
Cu-containing CuM;(Mj;)O, mixed oxides, where M; and
My are metal cations such as Mg?*, AIP*, or Ce3*, were
prepared by coprecipitation following similar procedures.
For ternary CuMMj;O, catalysts, an aqueous solution of
the metal nitrates with a total [Cu®* + M| 4+ My;] cation con-
centration of 1.5 M was contacted with an aqueous solution
of KOH and K,COj3 at a constant pH of 10. Both solutions
were simultaneously added dropwise to 300 ml of distilled
water kept at 338 K in a stirred batch reactor. The result-
ing precipitates were aged for 2 h at 338 K in their mother
liquor and then filtered, washed thoroughly with 900 ml
of deionized water at 373 K, and finally dried at 393 K
overnight. Dried precipitates were decomposed overnight
in air at 723-773 K in order to obtain the corresponding
mixed oxides.

In addition, Cu/SiO; (SiO,, Grace 62,99.7%) and CwW/HY
(from NaY, UOP) samples were prepared by incipient wet-
ness impregnation by dropwise addition of an aqueous so-
lution of Cu(NOs3); - 3H,O with a copper concentration
of 0.6 M.

2.2. Catalyst Characterization

The crystalline phases in the coprecipitates and in the
mixed oxides were determined by X-ray diffraction (XRD)
using a Shimadzu XD-D1 diffractometer and Ni-filtered
CuK « radiation. Crystallite sizes were calculated from the
CuO(111) diffraction lines using the Scherrer equation.

The total base site densities (n,) were determined by irre-
versible CO, chemisorption at room temperature. Details
are given elsewhere (18). CO, adsorption site densities
and binding energies were obtained from temperature-
programmed desorption (TPD) of CO, preadsorbed at
room temperature. Samples (150 mg) were pretreated in N,
at 773 K for 1 h and then exposed to a flow of 100 ml/min
of 3% CO,/N; at room temperature for 0.08 h. Weakly ad-
sorbed CO; was removed by flowing N, and then the tem-
perature was increased to 773 K at 10 K/min. The reactor
effluent was fed into a methanator operating at 673 K to
convert CO; in methane and then analyzed by a flame ioni-
zation detector.

Acidsite densities were measured by TPD of NH; pread-
sorbed at room temperature. Samples (100 mg) were pre-
treated in He at 773 K for 1 h and then exposed to pulses of
NH3 until saturation. Weakly adsorbed NH3; was removed
by flowing He and then the temperature was increased to
773 K at 10 K/min. The NH3 concentration in the effluent
was analyzed by a thermal conductivity detector.
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BET surface areas (S,) were measured by N, physisorp-
tion at its boiling point using a Quantachrome Nova-1000
sorptometer. Potassium and copper contents of the sam-

ples were determined by atomic absorption spectroscopy
(AAS).

2.3. Catalytic Testing

Catalytic tests were conducted at 473 K and atmospheric
pressure in a fixed-bed reactor. Samples sieved at 0.35—
0.42 mm were pretreated in N, at 723-773 K for 1 h be-
fore reaction in order to remove adsorbed H,O and CO,.
In addition, Cu-containing catalysts were reduced in situ in
flowing H; at 573 K for 1 h prior to the catalytic test.

The reactant, 2-propanol (Merck, ACS, 99.5% purity),
was introduced via a syringe pump and vaporized into
flowing N, or H; to give a 2-propanol partial pressure of
7.7 kPa. A low 2-propanol partial pressure was selected
for analytical purposes in order to avoid excessive over-
condensation and formation of heavy oxygenates (Co,
ketones and alcohols). Reaction products were analyzed
by online gas chromatography using an ATT Unicam 610
chromatograph equipped with a flame ionization detector
and a 0.2% Carbowax 1500/80-100 Carbopack C column.
Data were collected every 1 h for 10 h. Main reaction
products were identified as propane (C3), acetone (DMK),
methyl isobutyl ketone (MIBK), and methyl isobutyl
carbinol (MIBC). At high conversion levels di-isobutyl ke-
tone (DIBK) and other unidentified heavy condensation
products were also obtained. Catalytic results were calcu-
lated at initial conditions, i.e., by extrapolation of the re-
actant and product concentration curves to zero time on
stream.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization

The physicochemical properties of the catalysts prepared
in this work are given in Table 1. Most of CuM(My;)O,
samples contained about 7 wt% Cu. The residual potas-
sium level in all the samples was below 0.1 wt%, showing
that K* was almost completely removed by washing the
coprecipitated precursors.

X-ray diffraction patterns of unreduced CuM;(My)O,
mixed oxides showed in all cases broad XRD lines corre-
sponding to quasiamorphous structures, probably because
the hydrated precursors were decomposed at low tempe-
ratures (723-773 K). Copper oxide (CuO, tenorite) was
detected as a poorly crystalline phase, thereby suggesting
that copper was highly dispersed in My(My;)O, mixed ox-
ide matrix. The Mg?* cations formed MgO and in cerium-
containing oxides this metal was oxidized to CeO,. The
diffraction pattern for Cu/SiO, exhibited a well-defined
CuO phase; calculations showed that on this sample the
CuO crystallite size was about 250 A.

DI COSIMO, TORRES, AND APESTEGUIA

TABLE 1

Characterization of My(Mpj)Oy, CuM;(Mj;)Oy, Cu/SiO;, and
Cu/HY Catalysts: Chemical Composition, BET Surface Areas,
and CO; Chemisorption Results

Cu Surface Base site
loading® area density”
Catalyst (Wt%) (m?/g) (mol/m?)
Al O3 — 230 0.7
MgloAlzoox — 296 1.3
CeO, — 75 1.9
Mg;yCe, O, — 103 2.9
MgO — 125 33
Cu/SiO, 6.1 233 0.0
Cu/HY 6.7 340 <0.1
CuAl;60, 6.4 211 0.6
CuMgl(]Alz() O\» 3.8 244 1.2
CuMgyAl;O, 6.4 211 1.6
CuCe40O, 7.4 74 2.4
CuMg;(Ce, O, 6.9 102 3.0
CuMg;o0, 10.1 150 3.1
“ By AAS.

® By CO, chemisorption.

In previous work (19, 20), we characterized the surface
basicity of different Mg-based oxides by using a variety of
spectroscopic techniques and identified three different sur-
face Brgnsted basic sites. We also determined the following
base strength order for these sites: low coordination O*~
anions > oxygen in Mg?*-O?~ pairs > OH groups. In the
present work, we have measured the total catalyst base site
density (n,) by CO, chemisorption and the relative base site
strength by TPD of CO;. The TPD traces for M;(My;)O,
and CuM;(My;)O, samples are presented in Figs. 1a and 1b,
respectively.

The n, values for CuM;(My)O, samples and their
homologues M;(My;)O, are between 0.5 and 3.5 pmol/m?
(Table 1). As a general trend, both the surface areas and
the basic properties of CuM;(Mp)O, mixed oxides are
very close to those determined for copper-free My(My) O,
samples. In fact, results in Table 1 and in Figs. 1a and 1b in-
dicate that neither the base site density nor the site strength
distribution of M;(My;)O, samples are significantly mod-
ified by the addition of copper in the catalyst formulation.
Nevertheless, it is observed in Table 1 that the n;, values
depend on the acid-base properties of metal cations M;
and Mj. Mixed oxides containing Lewis acidic cations
such as CuAljsO, or Al,O; present low base site densities
(np <1 wmol/m?) whereas n, is higher than 3 umol/m? for
the oxides containing less-electronegative cations, such as
CuMg;yO, or MgO. On the other hand, the number of sur-
face basicsites in Cu/SiO, and Cu/HY samples is negligible.

Similarly, the TPD traces of Figs. 1a and 1b show that the
relative base site strength depends on the electronegativity
of the metal cations. In both M;(My;)O, and CuM;(My;)O,
samples the AI** cations give rise to the weakest basic sites
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FIG. 1.

(CO, desorption temperature ~350 K), whereas Ce** in-
troduces low- (2400 K) and medium-strength (=500 K)
basic sites. The Mg?* cations generate not only weak and
medium basic sites but also strong basic sites shown as a
high-temperature desorption peak (=550 K).

3.2. The Role of Metallic Copper in MIBK Synthesis

To elucidate the effect of the metallic site on the synthe-
sis of MIBK from 2-propanol, several catalytic experiments
were carried out at 473 K with Cu/SiO,, CuM;(Mp)O,,
and M;(My)O, catalysts feeding the reactor with a reac-
tant mixture H,/2-propanol = 12 (molar composition). The
values of initial 2-propanol conversions (Xo) and initial
selectivities obtained in the catalytic tests are shown in
Table 2.

All the copper-free M{(Mp)O, oxides, excepting alu-
mina, exhibit poor activity for 2-propanol conversion reac-
tions; high contact times (W /F{ ;o = 120 g of cat h/mol)
were needed to convert 2-12% 2-propanol. Alumina is a
well-known dehydration catalyst and readily converts 2-
propanol to propylene, which resulted in the main reaction
product. MIBK and MIBC were the only Cg¢ condensation
products formed. In no case was the C¢ «,B-unsaturated
intermediate (mesityl oxide, MO) detected. The lack of
MO among the reaction products may be attributed to
the known ability of basic oxides for promoting the hy-
drogen transfer reduction of «,B-unsaturated ketones to
the corresponding saturated ketones and alcohols when 2-
propanol is the hydrogen donor (13). Formation of MIBC
via a MO hydrogen transfer reduction may also explain the
low MIBK/MIBC selectivity ratios obtained on M;(My;)O,
samples.
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The Cu/SiO; sample efficiently promotes 2-propanol de-
hydrogenation to DMK but does not form any Cs con-
densation product. This is consistent with results given in
Table 1 which show that silica does not contain surface basic
sites.

Copper-containing CuM(Mp)O, samples are much
more active than the My(My)O, oxides. As shown in Fig. 2,
the 2-propanol conversion rate was about three orders of
magnitude higher on CuM;(Mj;)O, oxides than on the

CuMg, Ce, 0,
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N’é\ ] CuMg Al O CuMg, O
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=
=
=
~ Mg Al_O
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2-Propanol Conversion Rate

0.001 M0 0,
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FIG. 2. 2-PropanolconversionratesonM;(My)O, and CuM;(My)O,
catalysts as a function of time on stream (473 K, 101.3 kPa total pressure;
H,/2-propanol =12).
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TABLE 2

Catalytic Results for 2-Propanol Conversion on My(Myy)O,, CuM(Mjp)Oy, Cu/SiO;, and Cu/HY Catalysts®

Initial Initial selectivity (carbon atom %)
W/F 83H7OH 2-propanol
Catalyst (gh/mol) conversion (%) Cs DMK MIBK MIBC Others? MIBK/MIBC Total Cq
AL O3 120 58.9 48.1 17.3 0.3 0.4 143 0.7 0.7
MgioAlyO, 120 11.9 34 46.0 6.6 222 21.8 0.3 28.8
CeO, 120 24 3.0 71.8 12 9.1 8.9 0.1 10.3
Mg;yCer O, 120 6.1 0.6 81.8 1.6 8.7 7.3 0.2 10.3
MgO 120 7.2 0.2 80.7 1.8 10.6 6.7 0.2 12.4
Cu/SiO, 10 41.7 0.4 99.6 0.0 0.0 0.0 — 0.0
Cuw/HY 02 433 71.0 . 0.0 0.0 — — 0.0
CuAl;0, 3.6 41.0 1.9 92.8 1.8 1.1 24 1.6 29
CuMgi9AlyO, 3.6 40.0 02 87.0 6.7 4.6 1.5 15 113
CuMgpAl; O, 12 412 <0.1 73.9 113 8.1 6.6 14 19.4
CuCe4O, 3.6 45.6 0.0 68.9 10.4 82 12.5 13 18.6
CuMg;,Ce, O, 3.6 43.4 <0.1 85.9 7.6 5.1 1.3 15 12.7
CuMg;(O, 3.6 422 0.1 88.3 6.1 4.0 1.5 15 10.1

“T =473 K, P =101.3 kPa, H,/2-propanol = 12.
» DIBK, di-isopropyl ether and Cy; oxygenates.

homologues Mi(Mp)O, catalysts. This activity difference
cannot be explained by modifications in catalyst basicity
because the base site density and strength of My(Mp)O,
samples are not changed by addition of copper in the cata-
lyst formulation (Fig. 1). The higher activity measured for
bifunctional CuM;(M;)O, catalysts is due, in fact, to the
ability of Cu’ atoms finely dispersed in the oxide matrix
to promote the a-proton abstraction rate from 2-propanol,
leading to a remarkable enhancement of the DMK forma-
tion rate.

In Table 2 we also present the product distribution ob-
tained on CuM;(Mj;)O, samples at isoconversion (Xo=
40%). Catalytic tests were performed at W/Fg3H7OH =
3.6 g of cat h/mol except for the CuMgiAl;O, sam-
ple, which showed a higher activity and reached 40% 2-
propanol conversion at W/ F oy = 1.2 g of cat h/mol. On
CuM;(M))O, samples the selectivity toward MIBK was
higher than that to MIBC, thereby indicating that MIBK
formation is favored in the presence of metallic copper.
Furthermore, the MIBK/MIBC ratio did not depend on
the catalyst basic properties and was about 1.5 for all the
samples.

3.3. The Role of Catalyst Acid or Base Properties
in MIBK Synthesis

In previous work we studied the reaction pathways fol-
lowed by primary (20, 21) and secondary (19) alcohols
on strongly basic copper-free Mg-based catalysts such as
Mg-Al mixed oxides or alkali-promoted MgO. We found
that on these materials the active site for dehydrogenation
and aldol condensation reactions is a Brgnsted base-Lewis
acid surface pair site of moderate basic properties. In the

present work, we have tested bifunctional CuM;(My;)O,
catalysts in the synthesis of MIBK from 2-propanol to inves-
tigate the effect of both Brgnsted basicsites (oxygen anions)
and moderately acidic Lewis sites (metals cations My and
M) on the product selectivity. Table 2 shows the prod-
uct distribution obtained at about 40% 2-propanol initial
conversion.

The CuAljsO, catalyst produces essentially DMK be-
cause it is not basic enough to catalyze the consecutive C—
C bond formation reaction required to yield Cs condensa-
tion products. The dehydrating activity to C; of this sample
is attributed to the acidic AI** cations. Incorporation of
16.2 wt% of a less electronegative cation such as Mg>*
in the catalyst formulation (sample CuMg;yAl,O,) de-
creases the dehydrating activity compared to CuAl;cO, and
givesrise to amoderate formation of condensation products
(11.3% selectivity toward Cs compounds). This is consistent
with the fact that the CuMg;0AlyxO, sample contains more
(Table 1) and stronger (Fig. 1b) surface basic sites compared
to CuAl60,.

CuMg;,0, and CuMg;,Ce;O, oxides contain a high con-
centration of Mg?*t ions that generate strongly basic O?~
sites (Fig. 1b). On these catalysts, the dehydrating activity
is completely suppressed but no notorious enhancement
on the Cg product formation is observed because the iso-
lated low-coordination O*~ sites are almost inactive for
C-C bond formation (21).

CuCe4O, and CuMg;pAl;O, are solids of intermediate
basicity on which neither the weakest nor the strongest ba-
sic sites dominate on the surface. These catalysts exhibited
the highest selectivity to condensation compounds, produc-
ing about 20% Cs products at X = 40%. They also yielded
significant amounts of DIBK, a valuable Cy product formed
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by consecutive aldol condensation of DMK and MIBK.
These results confirm previous reports (21) showing that
an adequate balance between the basic sites (O?~ surface
anions) and the neighboring Lewis acidic sites (Mg?*, Ce**,
or APt metal cations) is required to efficiently catalyze the
aldol condensation step. The role of the Lewis acid sites
is to stabilize the anionic intermediates in the C-C bond
formation reaction.

Since the presence of Lewis acid sites is necessary for
promoting aldol condensation reactions, we investigated
whether Brgnsted acidic sites could similarly catalyze C-C
bond-forming reactions leading to MIBK from 2-propanol.
Previous reports have shown that Brgnsted solid acids pro-
mote the aldol condensation of acetone to MO and hy-
drocarbons (22, 23) and that bifunctional metal-Brgnsted
acid catalysts convert acetone to MIBK (11, 24). We pre-
pared a Cu/HY catalyst (Table 1) to explore the Brgnsted
acid-catalyzed pathways for 2-propanol conversion reac-
tions. The base site density of the Cu/HY sample measured
by TPD of CO, was 0.03 ymol/m? whereas the density of
Brgnsted acidic sites measured by NH3; TPD was 3.7 umol/
m?. The TPD characterization reveals, as expected, the typ-
ical strong surface acidity of HY zeolites. Catalytic results
show (Table 2) that Cu/HY converts essentially 2-propanol
to Cs. Brgnsted acid sites dehydrate 2-propanol to propy-
lene (C3=) which in the presence of Cu” atoms and gaseous
H; is readily converted to Cs. It is noteworthy that although
C; is the main reaction product, with a selectivity of about
70%, the total product selectivity does not add 100% be-
cause the C3= intermediates yield coke-forming polymeric
hydrocarbons that remain adsorbed on the catalyst sur-
face. In summary, formation of DMK on Cu/HY is negligi-
ble and the synthesis of Cs condensation products from 2-
propanol via Brgnsted acid-catalyzed pathways is therefore
unlikely.
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3.4. Effect of the Contact Time and the
Reaction Atmosphere

In the overall reaction from 2-propanol to MIBC, i.e.,
2 CG3H;0H — CqH130H+H,0, the hydrogen amount gen-
erated by initial dehydrogenation of 2-propanol to DMK
is stoichiometrical enough to totally hydrogenate the MO
molecule in consecutive steps, leading to MIBK and MIBC.
Thus, the supply of hydrogen in the feed might not be nec-
essary for MIBK or MIBC synthesis. We investigated the
effect of the reaction atmosphere on the activity and prod-
uct distribution for 2-propanol conversion reactions. The
catalytic tests were performed on CuMg;(Al;O,, the most
active and selective of the catalysts used in this work. Exper-
iments were carried out by vaporizing 2-propanol in pure
N, or H, and varying W /FQ oy between 0.4 and 8 g of cat
h/mol.

In Fig. 3a, the initial molar yields, n? (n;, mol of pro-
duct i/mol of 2-propanol in the feed) and the corresponding
initial 2-propanol conversions obtained on CuMgj;yAl;O,
in H, are plotted as a function of contact time. The local
slope of the curves in Fig. 3a is the formation rate of each
product at a given alcohol conversion and contact time.
The nonzero initial slope of the DMK curve is consistent
with direct formation from 2-propanol and the maximum
reflects the conversion of acetone in higher oxygenates by
consecutive aldol condensation pathways at increasing con-
tact times. The initial zero slopes for MIBK and MIBC for-
mation reveal, in fact, that these products are produced via
consecutive reactions from primary DMK. The Cy product,
DIBK, clearly forms from MIBK. The highest 2-propanol
conversion measured in H, was about 70%, with a MIBK
concentration of 14 wt%.

Catalytic tests carried out in N, (Fig. 3b), show that the
DMK, MIBK, and MIBC formation pathways are similar to

0.5
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Effect of the reaction atmosphere on activity and product distribution. 2-Propanol initial conversion and initial product yields as a function

of contact time (CuMg;pAl; O, catalyst, 473 K, 101.3 kPa total pressure). (a) Hy/2-propanol = 12; (b) N,/2-propanol = 12.
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those in H; but the yields to MIBK and DIBK improved at
the expense of MIBC. This result indicates that when only
surface-generated hydrogen is present in 2-propanol con-
version reactions, the MIBK aldol condensation to DIBK
is favored as compared to MIBK hydrogenation to MIBC.
For instance, at total 2-propanol conversion, the DIBK con-
centration in reactor effluents was 37 wt% whereas that of
MIBC was only 0.4 wt%.

On the other hand, it must be noted that MIBK concen-
trations as high as 25 wt% can be reached in N,.

In Fig. 4 we have plotted the MIBK/MIBC selectivity
ratio as a function of 2-propanol conversion. It is observed
that in H, the MIBK/MIBC ratio is about 1 and increases
slightly, with 2-propanol conversion reaching a value of
1.6 at Xy = 70%. When the reaction is conducted in N,,
the MIBK/MIBC ratio is notoriously improved compared
to the reaction in Hj, increasing from a value of 5 at low
conversions to 60 at total 2-propanol conversion. These
results strongly suggest that in N, the MIBK hydrogena-
tion rate to MIBC is not significant because of insufficient
surface-generated H; pressure.

Inspection of Fig. 3 shows that the activity of
CuMg;pAl;O, for 2-propanol conversion is much higher
in N, than in H,. Total conversion of 2-propanol on
CuMg;pAl;O; is reached in N, at W/ F83H70H values close
to 7 g of cat h/mol. Thermodynamically, the dehydrogena-
tion of alcohols may be limited by the presence of hy-
drogen. However, calculations of the equilibrium conver-
sion for 2-propanol dehydrogenation at 473 K and high H,
partial pressure (H,/2-propanol =12) allow us to rule out
a thermodynamic hindrance. Thus, the lower 2-propanol
conversion rates measured on CuMg;yAl;O, when replac-
ing N, with H; as reaction atmosphere probably reflect a
negative order with respect to H; in the reaction kinetics.

60
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0.5
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20 40 60 80
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FIG. 4. Effect of the reaction atmosphere on Cg compound se-
lectivity ratio. MIBK/MIBC ratio as a function of 2-propanol con-
version (CuMg;pAl;O, catalyst, 473 K, 101.3 kPa total pressure;
H,(N»)/2-propanol =12).
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FIG.5. Effect of the reaction atmosphere on aldol condensation
product selectivity. Initial selectivity to C¢ compounds as a function of
2-propanol conversion (CuMg;yAl;O, catalyst, 473 K, 101.3 kPa total
pressure; Hy(N3)/2-propanol = 12).

In contrast, the total selectivity toward Cg aldol conden-
sation products at a given 2-propanol conversion is higher
in H, than in N, (Fig. 5). Results of Fig. 5 may be inter-
preted by considering that in the presence of gas-phase H,
the aldol condensation products are more easily formed
and released to the gas phase. Hydrogen pressures higher
than those provided by the 2-propanol dehydrogena-
tion reaction would be required, then, in the last reac-
tion step (MO hydrogenation) to increase Cg product
selectivity.

Finally, we point out that the catalyst activity decay on-
stream was not significantly affected by the nature of the
reaction atmosphere. Results of Fig. 6a and 6b obtained in
H, and N, respectively, at similar 2-propanol initial con-
versions (Xo = 60%) show that the catalyst deactivation
rate was similar in both atmospheres.

3.5. Reaction Pathways for the Synthesis of MIBK
on Bifunctional Cu’-Base Catalysts

Based on catalytic results obtained on M;(My;)O, and
CuM;(My))O, samples we postulate in Scheme 1 the pro-
bable reaction pathways involved in the synthesis of MIBK
from 2-propanol.

In the first reaction step, 2-propanol is either dehydro-
genated to DMK or dehydrated to propylene. Because
DMK is the intermediate required to yield MIBK, a poten-
tial catalytic material for MIBK synthesis must be active
and selective for 2-propanol dehydrogenation.

On copper-free basic catalysts, 2-propanol is dissocia-
tively adsorbed on Brgnsted base-Lewis acid pair sites
which break the O-H bond and form a surface alkox-
ide intermediate. The subsequent abstraction of H* or H?
from the 2-propoxide anion intermediate leads to DMK
or C3=, respectively. Predominant formation of either ke-
tone or olefin will depend therefore on the relative acidity
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of H* and H? and on the catalyst dehydrogenating-
dehydrating properties. In a previous work (19) we stud-
ied the 2-propanol conversion on MgO-based catalysts and
found that 2-propanol dehydrogenation to DMK, which
takes place via an anionic E.5-like mechanism on Brgnsted
base-Lewis acid pair sites, is significantly more rapid than its
dehydration to propylene. In agreement with these results,
we observe here that Mj(Mj)O, samples form essentially
DMK, the selectivity to C3= being lower than 4% in all
these basic materials (Table 2). In contrast, on alumina the

2-propanol conversion rate to Cs;= is significantly higher
than that to DMK. Alumina contains Al*>~O?~ pair sites
of weak basic strength, which promote the formation of
propylene via E; elimination pathways.

Cu/SiO; selectively forms DMK from 2-propanol at re-
action rates up to 1000 times faster than My(My;)O, oxides,
thereby showing that metallic copper efficiently catalyzes
alcohol dehydrogenation reactions. CuM;(Mj) O, samples
were more active than Cu/SiO;, for 2-propanol dehydro-
genation probably because Cu is better dispersed in the
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SCHEME 1.

Reaction steps involved in the MIBK synthesis from 2-propanol on bifunctional CuM;(My;)O, catalysts.
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M;(M)O, matrix than on silica. 2-Propanol dehydro-
genation on copper would occur via the formation of an
alkoxide intermediate upon alcohol adsorption and further
removal of the H?, as has been postulated for ethanol de-
hydrogenation on Cu/ZnO by Chung et al. (25) and on
Cu(110) by Wachs and Madix (26). Formation of DMK
from 2-propanol on either surface Cu’ atoms or acid—base
pairs of bifunctional CuMg. Al, O, catalysts is illustrated in
Scheme 2a.

However, when copper is supported on protonic HY ze-
olite 2-propanol is converted essentially to C3= because
the rate of 2-propanol dehydration on strongly Brgnsted
acid sites is significantly higher than that of 2-propanol de-
hydrogenation to DMK on metallic copper. Bifunctional
Cu/Brgnsted acid catalysts will not promote efficiently,
then, the MIBK synthesis from 2-propanol. Propylene for-
mation from 2-propanol on strong Brgnsted acid sites oc-
curs via a unimolecular E1 mechanism in which a carbonium
ion intermediate is involved (C-O bond cleavage) with no
alkoxide formation (27).

In the second reaction step, DMK is converted to MO
via an aldol condensation reaction (Scheme 1). Acetone
condensation is a bimolecular reaction between adjacent
acetone species adsorbed on medium-strength Brgnsted
base-weak Lewis acid pair sites (18, 28). Strong basic sites
such as low-coordination O%>~ anions present lower con-
densation rates because isolated O>~ hindered accommo-
dation of anionic intermediates. Surface O°~ Brgnsted basic
site abstracts the a-proton of the adsorbed DMK molecule
forming a carbanion intermediate, which reacts with the
carbonyl group of a second DMK molecule (Scheme 2b).

Then, formation of «,8-unsaturated mesityl oxide and re-
lease of a water molecule occur, followed by the fast hy-
drogenation of MO to MIBK, as depicted in Scheme 2c.
Gas-phase H, is dissociatively adsorbed and activated on
Cu® atoms of CuM;(My)O, catalysts. The resulting sur-
face hydrogen atoms migrate to the basic site and hydro-
genate the C=C of the MO molecule. It appears that hy-
drogen activation and migration take place faster than the
a,B-unsaturated intermediate desorption, thereby favoring
the complete hydrogenation of MO to MIBK; no traces
of gaseous MO were detected on our CuM(Mp)O, cata-
lysts, even at high conversion levels. However, MIBK is
delivered to the gas phase before the C=O function is to-
tally hydrogenated to MIBC (Scheme 2d), giving rise to
MIBK/MIBC selectivity ratios of about 1.5 (Table 2) when
catalytic tests are performed at high H, partial pressures
(Pu, =93.5 kPa).

Bifunctional catalysts containing a dehydrogenating—
hydrogenating metal supported on basic solids are poten-
tial catalytic materials for catalyzing the MIBK synthesis
from 2-propanol. Metallic copper shows high 2-propanol
dehydrogenation rates to DMK and also promotes the
MO hydrogenation to MIBK. The rate-limiting step in
the MIBK synthesis reaction mechanism is probably the
DMK aldol condensation to MO which occurs on medium-
strength Brgnsted base—-weak Lewis acid pair sites. The
CuMg;9Al;O, catalyst contains in intimate contact highly
dispersed Cu' crystallites with proper AI** Lewis sites
and Mg*t2-O?~ basic pairs and efficiently combines the
active sites required for consecutive reactions leading to
MIBK.
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4. CONCLUSIONS

The one-step synthesis of MIBK from 2-propanol can
be satisfactory carried out at mild temperatures and atmo-
spheric pressure on catalytic materials containing in inti-
mate contact the metallic and acid-base sites required for
consecutive reactions leading to MIBK. The best results
are obtained on copper-mixed oxide bifunctional catalysts
in which Cu® atoms are finely dispersed in a matrix of mode-
rately basic properties. At reasonable low contact times and
depending on the reaction atmosphere, 2-propanol conver-
sions between 70 and 100% can be reached, giving a reac-
tion product mixture with up to 25 wt% MIBK and other
valuable oxygenates, such as DMK, MIBC, and DIBK.
These are promising results considering that in the commer-
cial high-pressure synthesis process from acetone, MIBK
concentrations are about 30 wt %, with acetone conversions
lower than 40%.

Surface Cu® atoms efficiently promote 2-propanol dehy-
drogenation to acetone but do not form consecutively any
Cs condensation product because the C—C bond-forming
reaction takes place on active acid-base pair sites.

Catalysts consisting of copper supported on strongly ba-
sic (Mg or Mg—Ce oxides) or acidic (Al oxide) solids are
less selective for MIBK synthesis than are those contain-
ing copper on moderately basic Mg—Al oxides because the
rate-limiting aldol condensation step requires an appropri-
ate balance of medium-strength Brgnsted base—weak Lewis
acid sites. Bifunctional copper/strongly Brgnsted acid cata-
lysts convert 2-propanol essentially to propane and are
therefore unsuitable for MIBK synthesis.

The CuMg;pAl;O, catalyst is active and selective for
MIBK formation from 2-propanol and does not show ap-
preciable deactivation onstream, either in N, or Hy. Higher
2-propanol conversion rates are obtained in nitrogen, prob-
ably reflecting a negative order with respect to H; in the
reaction kinetics. However, at similar conversion levels the
selectivity to C¢ compounds (MIBK and MIBC) is lower in
nitrogen because the aldol condensation products are more
easily formed and released to the gas phase in hydrogen.
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