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Abstract

A gas-phase process for methyl isobutyl ketone (MIBK) synthesis from 2-propanol in one-pot is studied as an alternative to the conventional
technology for producing MIBK from acetone (DMK). Bifunctional copper/acid—base catalysts able to operate at mild temperatures and
atmospheric pressure were prepared and characterized by measuring the acid and base properties as well as the metal dispersion. It was found that
a Cu-Mg-Al mixed oxide catalyst gives high MIBK yields. In this catalyst, the metal fraction in loadings of 2—-6 wt% promotes the hydro-
dehydrogenation steps at high rates whereas the surface acid—base sites of moderate acid and base properties favor the aldol condensation
reaction.

The effect of different operational conditions such as reaction temperature and reactant partial pressure was also investigated. The MIBK
formation rate was enhanced by increasing 2-propanol partial pressure in a wide range, consistently with a positive 2-propanol reaction order in the
overall kinetics whereas the presence of hydrogen in the reactant mixture inhibited MIBK synthesis due to a negative order with respect to H,. An
increase of the reaction temperature and the use of inert atmosphere improved the MIBK yield. By operation at 533 K in N, the Cu-Mg-Al catalyst
with 6.4 wt% Cu, yields 27% MIBK in comparison to the 30% typically obtained in current commercial liquid-phase high-pressure processes from

DMK.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

4-Methyl-2-pentanone, methyl isobutyl ketone (MIBK),
acetone (DMK) and methyl ethyl ketone are the aliphatic
ketones most produced worldwide. In particular, MIBK is
widely used as a solvent for vinyl, epoxy and acrylic resin
production as well as for dyes and nitrocellulose. MIBK is also
employed as an extracting agent for antibiotic production or
removal of paraffins from mineral oils, in the synthesis of
rubber chemicals, and in fine chemistry applications [1,2]. The
global demand for MIBK is estimated in 300,000 t per year.

Nowadays, MIBK is industrially obtained in a one-step
liquid-phase process from DMK and H, at low temperatures
(393-433 K) and high pressures (1-10 MPa) in multitubular
fixed bed reactors. The chemical reaction for this process is
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depicted in Eq. (1).

0 CH, 0
2 CHy C-CH; +H, —— CH-CHC-CH, + H,0 (1)
CH,

Several reaction steps are comprised in Eq. (1): (i) aldol
condensation of DMK to diacetone alcohol; (ii) dehydration of
diacetone alcohol to mesityl oxide (MO); (iii) hydrogenation of
the C=C bond of MO to MIBK. Therefore, multifunctional
catalysts such as Pd or Pt supported on sulfonated resins, which
contain condensation, dehydration and hydrogenation func-
tions are used in the industrial process [1,3]. Both the aldol
condensation and the dehydration reactions are reversible at
393-433 K [3] but the catalyst shifts the equilibrium in favor of
MO by irreversibly hydrogenating it to MIBK [4].

In the commercial process, DMK conversion is typically 30—
40% and the selectivity to MIBK reaches 90%. Thus, MIBK
concentration in the reactor effluent before distillation is
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usually lower than 30 wt%. In addition to the MIBK
purification cost, the process requires high pressures to operate
efficiently.

There is therefore a great interest for developing novel
one-step processes able to operate at atmospheric pressure
with comparable or better MIBK yields. Recently, Talwalkar
and Mabhajani [5] summarized conversion and selectivity of
the most promising catalysts reported in the literature for
MIBK synthesis from DMK at atmospheric or high pressures.
Group VIII or IB metals such as Pd, Pt, Ni and Cu on acidic
or basic supports like aluminosilicates, zeolites, mixed oxides
and ion exchange resins are mostly postulated. In particular,
Pd [4,6-8] or Ni [9,10] supported on Mg—Al or Zr—Cr mixed
oxides, alumina, HZSM5, Cu/MgO [11] and Cu-Mg alloy
powders [12] are reported to provide, in gas-phase and
atmospheric pressure, MIBK yields similar or higher than
that of the industrial process. However, none of these
catalysts have been commercially implemented and there are
no industrial plants operating in the gas-phase at atmospheric
pressure.

The DMK used as reactant in the current commercial
process must be obtained from other sources in a separate
reactor. The main DMK manufacturing processes are: (i)
Wacker—Hoechst direct oxidation of propane; (ii) dehydro-
genation of 2-propanol; (iii) co-product of the phenol synthesis
by the Hock process. The most important route worldwide is
the Hock process followed in Western Europe, USA and Latin
America by the dehydrogenation of 2-propanol [13]. In the
latter process, DMK is synthesized from 2-propanol in fixed
bed reactors at 493—-573 K on Cu-based catalysts [1]. In MIBK
manufacturing plants using this technology, the unreacted 2-
propanol is then recycled, and hydrogen and DMK are stripped
from the product mixture and sent to the MIBK synthesis
unit. However, DMK must be previously purified and cooled
down, thus increasing the operating cost of the MIBK
synthesis.

Several attempts have been reported on the direct ketone
synthesis from alcohols. In 1936, Dupont patented a one-step
ketone synthesis process from secondary alcohols, in which
MIBK was obtained with a 21 wt% yield on a copper-based
catalyst at 600-633 K and 100-700 kPa [14]. Other pioneer-
ing works can be found in references [15,16]. In a previous
work [17], we postulated a gas-phase 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 DMK, MIBK and other higher
oxygenates would present high commercial interest. The
overall reaction for this synthesis process is represented in

Eq. (2):

o @,
2 CH,- CH-CH, —= ~CH-CH,-C-CH, + H,0 + H, (2)
CH,

Main consecutive reactions involved in the reaction network
from 2-propanol are: (i) dehydrogenation of 2-propanol; (ii)

self-condensation of DMK to the a,3-unsaturated intermediate,
MO; (iii) hydrogenation of the C=C bond of MO to MIBK.

This direct process from 2-propanol presents several
technical advantages, such as to overcome the unfavorable
thermodynamics of the MIBK synthesis from DMK, that must
be carried out at low temperatures and high pressures and forms
concomitantly significant amounts of 2-propanol. Furthermore,
2-propanol is commonly used in fine chemistry as a source of
hydrogen for the gas-phase reduction of unsaturated ketones or
aldehydes [18-20]. This hydrogen donor capacity of 2-
propanol allows to carry out the MIBK synthesis from 2-
propanol without supplying gas-phase hydrogen.

In this paper, we continue our investigations on the MIBK
synthesis from 2-propanol using bifunctional catalysts that
combine in intimate contact a metallic function needed for the
hydro-dehydrogenation steps with an acid—base site required by
the aldol condensation reaction. We have prepared and
characterized several Cu-based catalysts with different copper
loadings and acid—base properties and we have compared their
catalytic performance. In addition, we investigated the effect of
the operational variables such as reaction temperature on the
catalyst activity and stability and MIBK yield. We also studied
the effect of varying the 2-propanol and hydrogen partial
pressures on the overall kinetics.

Our goal was to determine the optimum catalyst metal
loading and acid-base properties required for the MIBK
synthesis as well as the most favorable reaction conditions for
improving the MIBK yield. Results show that a low-copper
loading Cu-Mg-Al catalyst operating in the gas-phase at
atmospheric pressure, relatively high temperatures and inert
atmosphere gives MIBK yields similar to that of the industrial
process from DMK at high pressures. Furthermore, the MIBK
yield can be improved further by increasing the 2-propanol
partial pressure in the feed.

2. Experimental
2.1. Catalyst preparation

Catalyst precursors of Cu-containing CuMy(Mp)O, mixed
oxides, where M; and My; are metal cations like Mg**, AI** or
Ce™, were prepared by coprecipitation following similar
procedures. An aqueous solution of the metal nitrates with a
total [Cu2+ + M + My] cation concentration of 1.5M was
contacted with an aqueous solution of KOH and K,COj; 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
batchreactor. The resulting precipitates were aged for2 hat338 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.

2.2. Catalyst characterization

The crystalline phases in the coprecipitates and in the mixed
oxides were determined by X-ray diffraction (XRD) using a
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Shimadzu XD-D1
radiation.

CO, adsorption site densities (n,) and binding energies were
obtained from temperature-programmed desorption (TPD) of
CO, pre-adsorbed at room temperature. Samples (150 mg)
were pre-treated in N, at 773 K for 1 h and then exposed to a
flow of 3% CO,/N, at room temperature for 0.08 h. Weakly
adsorbed CO, was removed by flowing 50 cm*/min of N, and
then the temperature was increased to 773 K at 10 K/min.
Desorbed CO, was converted in CH4 on a methanation catalyst
(Ni/Kieselghur) and then analyzed using a flame ionization
detector.

The structure of CO, chemisorbed on the mixed oxide
samples was determined by infrared spectroscopy (IR). Data
were obtained using a Shimadzu FTIR-8101M spectrophot-
ometer after admission of 5.3 kPa of CO,, adsorption at room
temperature and sequential evacuation at 298, 373, 473, and
573 K. Spectra were taken at room temperature. An inverted T-
shaped Pyrex cell containing the sample pellet was used. The
two ends of the short arm of the T were fitted with CaF,
windows. The absorbance scales were normalized to 50 mg
pellets.

Acid site densities (n,) were determined by TPD of NH; pre-
adsorbed at room temperature. Samples (100 mg) were pre-
treated in He at 773 K for 1h and then exposed at room
temperature to a flow of 1.01% NH3/He until surface saturation.
Weakly adsorbed NH; was removed by flowing 60 cm*/min of
He and then the temperature was increased to 773 K at 10 K/
min. The NH3 concentration in the effluent was analyzed by
mass spectrometry (MS).

BET surface areas (S,) were measured by N, physisorption
at its boiling point using a Quantachrome Nova-1000
sorptometer. Copper and residual potassium contents of the
samples were determined by atomic absorption spectroscopy
(AAS).

The dispersion of the metallic copper particles, defined as
the ratio of the number of surface metallic copper atoms (Cu®),
to the total copper atoms in the catalyst formulation, was
determined by titration with N,O at 363 K using a stoichio-
metry of (CuO)S/NzO =2 [21]. Pre-reduced samples were
exposed to pulses of N,O in a flow of He. The number of
chemisorbed oxygen atoms was calculated from the consump-
tion of N,O measured by MS.

diffractometer and Ni-filtered Cu Ka

2.3. Catalytic testing

Catalytic tests were conducted at 453-533 K and atmospheric
pressure in a fixed bed reactor. Samples sieved at 0.35-0.42 mm
were pre-treated in N, at 773 K for 1 h before reaction in order to
remove adsorbed H,O and CO,. Then, catalysts were reduced in
situ in flowing H, at 573 K for 1 h prior the catalytic test.

The reactant, 2-propanol (Merck, ACS, 99.5% purity) was
introduced via a syringe pump and vaporized into flowing N,
H; or a mixture of both to give 2-propanol partial pressures in
the range of 3.0-38.0 kPa. Reaction products were analyzed by
on-line gas chromatography using an ATI 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 6 h. Main reaction products were
identified as propane (C3), DMK, MIBK, and methyl isobutyl
carbinol (MIBC). At high conversion levels di-isobutyl ketone
(DIBK), di-isobutyl carbinol (DIBC) and other unidentified
heavy condensation products were also obtained. Due to a
slight catalyst deactivation process, the catalytic results
reported here were calculated by extrapolation of the reactant
and product concentration curves to zero time on stream. Then,
X, n and S represent conversion, yield and selectivity at t =0,
respectively.

3. Results and discussion

3.1. Reaction network and preliminary catalyst selection
for MIBK synthesis

The synthesis of MIBK from 2-propanol, Eq. (2), involves
the reaction sequence depicted in Scheme 1. In the first reaction
step, 2-propanol is dehydrogenated to DMK (step 2a). A
catalytic formulation for MIBK synthesis must then include an
active and selective metal for promoting 2-propanol dehy-
drogenation. In our case, we selected copper because of its
known catalytic properties for the selective conversion of
alcohols to carbonyl compounds such as aldehydes and ketones
[22,23], and also based on our previous results. We found, in
fact, that Cu/SiO, selectively forms DMK from 2-propanol at
reaction rates up to 1000 times faster than copper-free mixed
oxides [17], thereby indicating that metallic copper efficiently
catalyzes alcohol dehydrogenation reactions. We also postu-

OH
| Metallic site 1]
CH;- CH-CH; —— CH;-C-CH; + H, (2a)
2-propanol acetone
CH, 0] CH
1] Acid-base site | 1l Acid-base site & 5 Il
2 CH;- C-CH; — OH-(If-CHz- C-CH;, e /C=CH- C-CH; + H,O (2b)
CH; CH;,
diacetone alcohol mesityl oxide
CH o ~CH
N3 1l . Metallic site ™ > I
/C=CH— C-CH; + H, T /CH-CHZ— C-CH, (2c)
CH; CH;,

methyl isobutyl ketone

Scheme 1. Sequential reaction steps for the MIBK synthesis from 2-propanol.
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lated that 2-propanol dehydrogenation on reduced copper
atoms probably occurs via the formation of an alkoxide
intermediate upon alcohol adsorption and further removal of
the H* in agreement with previous work on single crystals and
on carbon-supported catalysts [24].

In a second reaction step, DMK is converted to MO via an
aldol condensation reaction and consecutive dehydration of the
aldol intermediate, diacetone alcohol (Scheme 1, step 2b). Step
2b is a sequence of elementary steps [25,26]. A surface O*~
Bronsted base 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 to yield
diacetone alcohol. Then, diacetone alcohol dehydrates on a
surface acid site giving an «,3-unsaturated ketone, MO. The
latter reaction is very rapid on mixed oxides containing acid and
base sites and thus diacetone alcohol is never observed in the
reaction products of the self-condensation of DMK under gas-
phase reaction conditions [25]. Formation of MO from gas-
phase DMK condensation is then a bimolecular reaction that
requires activation of two adjacent DMK species on Bronsted
base—Lewis acid pair sites. We have selected here oxides
containing Mg?*, Ce** or AI’* cations for promoting this
reaction step, where the metal cations supply the Lewis acid site
and the oxygen anions the Bronsted base site.

Finally, MO is hydrogenated to MIBK on the metallic site
(Scheme 1, step 2c). The H, molecule generated during 2-
propanol dehydrogenation (step 2a) is consumed in hydro-
genating MO. Dissociative H, adsorption on metal atoms forms
surface hydrogen fragments that hydrogenate the C=C of the
MO molecule yielding the saturated ketone, MIBK. Thus, the
MIBK synthesis from 2-propanol can be carried out without
supplying gas-phase hydrogen in the feed.

MIBK is not a terminal product because it might be
consecutively hydrogenated at the C=0O bond yielding the
saturated alcohol, MIBC, Eq. (3), or can further react with
another DMK molecule and H, to yield DIBK by aldol
condensation, dehydration and hydrogenation reactions,
Eq. (4). DIBK might in turn be hydrogenated at the C=0
bond giving the saturated alcohol, DIBC, Eq. (5).

MIBK + H, MIBC 3)

Table 1
Physicochemical properties of CuM(My)O, catalysts

MIBK + DMK + H, DIBK + H,0 4

DIBK + H, —— DIBC (5)

In summary, MIBK synthesis from 2-propanol requires
bifunctional catalysts that combine in intimate contact a
metallic function needed for the hydro-dehydrogenation steps
with an acid-base site that participates in the C=C bond
forming aldol condensation reaction.

3.2. Catalyst characterization

A set of Cu-containing mixed oxides was prepared and
characterized to study MIBK synthesis from 2-propanol. The
physicochemical properties of these catalysts are given in
Table 1. The amount of copper in all the CuM{(My;)O, samples
was about 7 wt% Cu, excepting in CuMg;,0, that contained
10.1 wt% Cu. The residual potassium level in all the samples
was below 0.1 wt% showing that K* was almost completely
removed by washing the coprecipitated precursors.

XRD patterns of unreduced CuM(My)O, mixed oxides,
Fig. 1, showed in all the cases broad XRD lines corresponding
to quasi-amorphous structures, probably because the hydrated
precursors were decomposed at relatively low temperatures
(723-773 K). Because of the low-copper content, CuO
(tenorite) was detected as an incipient and poorly crystalline
phase in all the mixed oxides. Catalysts CuAl,c0, and CuCe,O,
contained single phases of y-Al,05; and CeO, (cerianite) while
CuMg;Al;0, and CuMg;(Ce,O, presented a MgO (periclase)
phase in addition to the alumina and cerianite phases.

Dispersion of Cu’ particles measured by N,O reduction was
in the range of 1-14% (Table 1) in agreement with the values
reported by other authors on similar low-copper loading
catalysts prepared by coprecipitation [27]. Cu? particle sizes of
10-100 nm were estimated from the dispersion values [28]. Ce-
containing catalysts show significantly higher dispersion values
attributed to a high Cu—Ce interaction [27].

The surface base properties of the CuM{(My)O, catalysts
were investigated by combining TPD and infrared measure-
ments of CO, pre-adsorbed at room temperature. The surface

Catalyst Cu loading® (wt%) Cu dispersion® (%) Mg (wt%) Al° (wt%) Ce® (wt%) Sgd (m*/g) n,° (wmol/m?) ny (wmol/m?)
CuAl;O, 6.4 24 - 48.2 - 211 1.2 0.1
CuMgALO, 6.4 1.0 29.7 214 - 211 0.5 1.6
CuCe, O, 7.4 14.0 - - 73.5 74 1.0 2.3
CuMg,(,Ce,0, 6.9 7.0 37.0 - 30.2 102 0.3 2.7
CuMg;oO, 10.1 N/d#® 50.3 - - 150 0.1 5.0

4 By AAS.

® By N,O chemisorption.

¢ Nominal.

4 Surface area.

¢ Acid site density by TPD of NHs.
T Base site density by TPD of CO,.
€ Not determined
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* MgO %
0 CeO,
B ALO,
V CuO

CuMg, Al O

Intensity (a.u.)

CuMg, Ce, 0, o

CuCe, 0

CuAl, 0,
10 ZIO 3»'0 4IU 50 60 70
20 (%)

Fig. 1. XRD patterns of CuM(My)O, mixed oxide catalysts.

acid properties of the catalytic materials were determined by
TPD of NH; pre-adsorbed at room temperature.

Total base and acid site densities (n,) and (n,), were
calculated by integration of the CO, and NH3 TPD traces (not
shown). It is observed in Table 1 that the n;, values varied in a
wide range (0.1-5.0 pmol CO,/m?) whereas the n, values
varied in a narrower range between 0.1 and 1.2 wmol NHs/m?.
The ny, and n, values depended on the acid-base properties of
metal cations M; and My, so that oxides containing more
electronegative cations (Lewis acids) such as AP’ in CuAl;(0,
present moderate density of acid sites and low density of base
sites. Contrarily, oxides of less electronegative cations such as
Mg** in CuMg;O, show a high base site density and poor
acidic features.

In previous work [29,30], we characterized the surface
basicity of different copper-free Mg-based oxides and
identified by FTIR of CO, three different CO, surface
species formed on oxygen sites of different chemical
environment. Unidentate carbonate forms on low-coordina-
tion surface O”~ ions such as those present in corners or edges
and exhibits a symmetric O-C-O stretching at 1360-
1400 cm ™' and an asymmetric O—C—O stretching at 1510—
1560 cm™'. Bidentate carbonate forms on Lewis acid—
Bronsted base pairs (M"*—0*~ pair site, where M™* is the
metal cation) and shows a symmetric O—C—O stretching at
1320-1340 cm™ ' and an asymmetric O—C—O stretching at
16101630 cm™'. Bicarbonate species formation involves
surface hydroxyl groups and shows a C—OH bending mode at
1220 cm™" as well as symmetric and asymmetric O—C—O
stretching bands at 1480 cm™' and 1650 cm ™', respectively
[31-33]. We also determined the following base strength
order for these surface oxygen species: low-coordination 0%~

Absorbance (a.u)

T T
1400 1200
v(cecm?)

T T
1800 1600

Fig. 2. IR spectra of CO, adsorbed at room temperature on CuMg;(Al;O,
(6.4 wt% Cu) and desorbed at increasing evacuation temperatures.

anions greater than oxygen in M"*~Q?" pairs and greater than
OH groups [29,30].

Similarly, the structure of the chemisorbed CO, species on
unreduced catalyst CuMg;oAl;O, was determined here by
FTIR after CO, adsorption at room temperature and sequential
evacuation at 298, 373, 473 and 573 K, Fig. 2. The spectra of
Fig. 2 show the same CO, surface species and binding energies
previously found on copper-free mixed oxides. In fact,
bicarbonate bands disappeared following evacuation at
373 K indicating that the surface OH groups are weak base
sites whereas unidentate and bidentate carbonates remained on
the surface even after evacuation at 473 K, reflecting their
stronger basicity. After evacuation at 573 K only the bands of
unidentate species were detected, thereby revealing that the
basic strength of low-coordination O®~ sites is higher than that
of oxygen in M"*-0?" pairs.

The binding energies of CO, on the CuM;(Mp)O, catalysts
of Table 1 were compared by measuring the CO, desorption
peak temperatures in the respective TPD curves. We found that
the CO, desorption temperatures are strongly related to the
electronegativity of the metal cations. Thus, the AI** cations in
CuAl,;c0, give rise to the weakest base sites (CO, desorption
temperature ~ 350 K), whereas Ce* in CuCe,4O, introduces
low- (= 400 K) and medium-strength (=500 K) base sites. The
Mg-containing samples (CuMg;,Al;O,, CuMg;,Ce,0,, CuM-
2100,) presented not only weak and medium-strength base sites
but also strong base sites, as indicated by the presence of high-
temperature desorption peaks (=550 K). By deconvolution of
the CO, TPD profiles, it was found that the contribution of the
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high-temperature peak to the total base site density increased
with the Mg content in the sample, thereby showing that the
Mg?* cations generate surface oxygen anions that strongly bind
CO,. The area of the high-temperature peak represented 58 % of
the total area in the CO, TPD trace of CuMg,(0,, the sample
containing the highest Mg loading (Table 1).

The NHj; binding energies, on the other hand, seem not to be
significantly affected by the catalyst chemical composition
since the NH3; TPD profiles for all the CuM(My;)O, catalysts
present a broad desorption peak at about 450-500 K attributed
to H-bonded adsorption on weak Bronsted sites (OH groups)
overlapping the irreversible NH; coordination to Lewis acid
cations of moderate strength [34]. This result is probably due to
the fact that none of the catalysts contains strong Lewis acid
cations or strong protons (Bronsted acid sites).

3.3. Catalytic results

3.3.1. Effect of the catalyst acid—base properties

As depicted in Scheme 1, the catalyst acid-base properties
are expected to affect the C=C bond forming aldol condensa-
tion reaction. The effect of the acid—base properties on MIBK
synthesis was analyzed here by comparing the catalytic
performance of CuM;(Mp)O, samples at ~40% conversion
and 473 K, in H, atmosphere. Results are presented in Fig. 3. A
contact time (W/F°) of 3.6 g cat. h/mol was used with all the
catalysts of Fig. 3 except with CuMg;(Al;O, that was more
active and required a W/F° of 1.2 g cat. h/mol to convert 40% of
2-propanol.

MO, the a,3-unsaturated Cq intermediate was not observed
in any of the experiments of Fig. 3. At 40% 2-propanol
conversion, MIBK was obtained with higher selectivities than
the saturated alcohol MIBC or the consecutive aldol
condensation product DIBK on all the catalysts except
CUCC4OX.

The selectivity to Cg aldol condensation products (MIBK
and MIBC) on CuAl 40, was very low, about 3%, thereby

12 N I MIBK
vz MIBC

DIBK

10

Selectivity to C; and C, products (%)

AL TN

1

CuAl, Oy CuMg,Al,O CuCeOy CuMg,Ce, 0 CuMg, Oy
CuM;(M;,)O, Catalysts

Fig. 3. MIBK synthesis from 2-propanol: selectivity to Cq and Cy products on
CuM((Mp)O, mixed oxide catalysts [T=473K; Pr=101.3kPa;

P(Z)-propanol = 7.8kPa; H, balance; X5 ,ropanol = 40%].

indicating that DMK condensation to MO is poorly promoted
on this sample. Furthermore, CuAl;cO, produced 2% of
propane (C;), an undesirable by-product formed from 2-
propanol dehydration on acid sites. This result would reflect the
Lewis acidic features of the AI** cations and the relatively large
number of acid sites present on this sample (Table 1). It seems
then that acidic catalysts with low density of base sites such as
CuAl;cO, are not able to efficiently promote the aldol
condensation of DMK to MO.

When a less electronegative cation such as Mg?* or Ce** was
included in the catalyst formulation (samples CuMg;,Ce,O,
and CuMg;(0,), the selectivity to C3 was negligible and the
selectivity to Cg aldol condensation compounds was about 10—
13%, significantly higher than the selectivity value obtained on
CuAl;¢0,. This selectivity improvement to the formation of
MIBK and MIBC is explained by considering the higher
density of base sites and lower density of acid sites present on
Mg- and Ce-containing oxides compared to CuAl;¢0O,.
Catalysts CuMg;oCe,O, and CuMg,(O,, in fact, have the
highest total base site densities (n,, Table 1) and contain a high
proportion of strong base sites not present in the other catalysts.

But the most selective catalysts for the formation of MIBK
and MIBC were CuCe,O, and CuMg,(Al;O, that present both a
moderate density of acid and base sites. The selectivity to Cg
aldol condensation compounds on these catalysts reached about
20% (Fig. 3). It appears that the C=C bond forming reaction is
preferentially promoted on catalysts containing weak Lewis
acid cations such as Ce** or a proper combination of Mg?*—
AIP* cations. Nevertheless, although the MIBK formation rate
was similar on CuCe,O, and CuMg;(Al;O, the activity decay
on stream was faster on the former, probably because of the
formation of higher amounts of heavy Co, compounds (Fig. 3).
Thus, we selected CuMg;(Al;O, as the most promising catalyst
to continue our investigations on MIBK synthesis from 2-
propanol.

3.3.2. Effect of the copper content

In previous studies on MIBK synthesis by the conventional
DMK + H, process, it was found that there is an optimum metal
content because, in general, DMK conversion increases but
MIBK selectivity decreases with increasing the metal loading
[4,11,35,36]. The metal content is expected to influence the
MIBK synthesis from 2-propanol too, because the first and the
last reaction steps in Scheme 1 are promoted by metallic sites.
Therefore, we investigated here the effect of Cu loading on the
catalyst activity and selectivity using the previously selected
CuMg;(Al;Ox catalyst that contains a Mg/Al molar ratio of 1.4.
The copper content was varied between 0.27 and 6.4 wt%,
whereas the Mg/Al ratio was maintained constant. These
materials are referred to as Cu,Mg;oAl;O, oxides.

The copper loading did not significantly affect the surface
areas of the Cu,Mg;oAl;0, oxides which were between 211 and
260 m*/g. Similarly, the ny, values measured by TPD of CO,
were almost independent of the Cu concentration. The CO,
binding energies on the different Cu,Mg;,Al;O, oxides were
comparable to those of catalyst CuMgoAl;O, (6.4 wt% Cu),
with the main CO, desorption peak at 400 K. Therefore, base
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site density and strength distribution were not much affected by
the copper content.

The catalytic results obtained on Cu,Mg;,Al;0O, oxides at
473 K in N, atmosphere are presented in Fig. 4. 2-propanol
conversion increased from 6 to 82% when the Cu content was
augmented from 0.27 to 1.82 wt% and then remained almost
constant for higher Cu concentrations.

It seems that in low-metal loading catalysts (our samples
containing 0.27 and 0.55 wt% Cu) copper is excessively diluted
and buried inside the mixed oxide matrix to perform the
dissociative 2-propanol adsorption leading to DMK at high
rates. Similarly, Barth et al. [37] reported that Co/SiO, catalysts
with cobalt loadings below 0.4 wt% were inactive for 2-
propanol dehydrogenation. They attributed this result to
irreducibility of cobalt ions due to a metal-support interaction.
We made an attempt to measure the copper dispersion on the
catalysts containing 0.27 and 0.55 wt% Cu, but we did not
detect any N,O decomposition. Consistently, Kenvin and White
[38] observed that low-metal Cu/SiO, samples do not react with
N,O. They explained this result by considering that low-copper
loading catalysts do not have copper atoms close enough to
form the ensembles required to decompose N,O. The linear
dependence observed in Fig. 4 between 2-propanol conversion
and copper content for low-metal loading catalysts probably
reflects the increase of the kinetic constant of the 2-propanol
dehydrogenation reaction which is promoted on metallic sites.
In other words, DMK formation would be the rate determining
step for low values of 2-propanol conversion as it is suggested
by the DMK selectivities of 90-95% measured from the results
of Fig. 4 on catalysts containing 0.27 and 0.55 wt% Cu.

By increasing the copper loading up to about 2%, the
catalyst activity increases but the selectivity to DMK
concomitantly decreases because the formation of consecutive
C¢ and Cg products by aldol condensation takes place at
increasing rate. For higher Cu loadings both 2-propanol
conversion and product yields level off because the reaction

kinetics is now controlled by the aldol condensation reaction
that is not promoted on metallic sites. It is worth noting that also
the catalyst activity decay was similar on samples containing
less or equal to 1.82 wt% Cu. We observed, in fact, that the
samples with 1.82, 4.1 and 6.4% Cu lost about 10% activity
after the 6-h catalytic run.

In summary, our catalytic results show that the Cu content
can be decreased to about 2 wt% without causing significant
changes on the catalyst activity, selectivity and stability.

3.3.3. Effect of the reaction temperature

The conventional MIBK synthesis from DMK + H,, Eq. (1),
must be carried out at low temperatures (393—433 K) because
of thermodynamic constraints derived from the fact that the
overall reaction is strongly exothermic (—22.5 kcal/mol at
393 K). Contrarily, our calculations for Eq. (2) using additivity
rules for the estimation of thermodynamic parameters [39]
indicate that 2-propanol equilibrium conversion is around
100% for reaction temperatures in the range of 300-600 K,
thereby confirming the absence of thermodynamic limitations
for the MIBK synthesis from 2-propanol.

Furthermore, our calculations led us to conclude that the
gas-phase MIBK synthesis reaction from 2-propanol is a
slightly endothermic process (0.7 kcal/mol at 473 K). There-
fore, the increase of the reaction temperature is expected to
improve the MIBK formation rate but not to influence
significantly the thermodynamics of the overall MIBK
synthesis process. However, the effect of the reaction
temperature will be important on the thermodynamics of each
individual reaction involved in the MIBK synthesis process,
i.e., the three steps of Eq. (2), and Egs. (3)—(5), by modifying
the product distribution at each reaction temperature.

The effect of temperature on the catalytic performance of
CuMg;,Al;0, (6.4 wt% Cu) was investigated in the range of
453-533 K and in the absence of gas-phase hydrogen in the
feed, i.e., 2-propanol was vaporized in a N, flow. Results are
shown in Fig. 5A. As expected, conversion increased with
increasing temperature and a 2-propanol conversion of 95%
was obtained at 533 K.

The DMK yield increased with temperature and then
reached a maximum at about 513 K while the MIBK formation
augmented monotonically with temperature. This result shows
that at high temperatures the consecutive transformation of
DMK to MO (step 2b, Scheme 1) predominates over DMK
formation, thereby suggesting that on CuMg;,Al;O, the
apparent activation energy of the self-condensation of DMK
is higher than that of 2-propanol dehydrogenation. Both
reactions are endothermic and are not limited by equilibrium
under our reaction conditions.

At a reaction temperature of 533 K nygk reached a value of
27%; this value is comparable to the 30% of the current
commercial MIBK synthesis process from DMK at high
pressures. On the other hand, it appears that hydrogenation of
the C=C of MO to MIBK (step 2c, Scheme 1) takes place much
faster than MO desorption because only traces of gaseous MO
were detected on our copper catalyst, even at high conversion
levels (Fig. 5A).
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Formation of MIBC and DIBC by hydrogenation of MIBK
and DIBK, Egs. (3) and (5), respectively, are exothermic
reactions severely limited by the thermodynamics. This
explains that nypc and nppc decreased with temperature in
Fig. 5A. As a consequence of the opposite trend observed for
MIBK and MIBC yields with temperature, the MIBK/MIBC
ratio is drastically improved by increasing the reaction
temperature, as it is shown in Fig. 5B.

The increase of nppx Wwith temperature follows that of
MIBK in Fig. 5A because DIBK is formed by aldol
condensation of MIBK with DMK, Eq. (4). The total yield
to Cg products (MIBK + MIBC) was higher than that of Cy
compounds (DIBK + DIBC) at all the reaction temperatures of
this study (Fig. 5B).

Finally, we remark that formation of C; was negligible
(<0.05%) even at high temperatures. This shows that the
undesirable 2-propanol dehydration, which is an endother-
mic reaction, is not kinetically significant on the basic
CuMg,pAl;0, catalyst.

Catalyst stability was slightly decreased by increasing the
reaction temperature. At 533 K, catalyst CuMgoAl;O,
(6.4 wt% Cu) lost about 20% activity after the 6-h catalytic
run due to formation of high boiling point Co, oxygenates,
whereas at 453-473 K the deactivation was negligible.
Sintering of the metal particles is not likely to contribute to
the deactivation process at high temperatures because of the
low surface hydrogen pressure in the catalytic experiments and
because the catalyst was previously treated with pure hydrogen
at a temperature higher than that of the catalytic runs (573 K).

3.3.4. Effect of the 2-propanol partial pressure

The effect of the reactant composition in the feed was
investigated on catalyst CuMg;oAl;0, (6.4 wt% Cu) at 473 K
and at a contact time of 0.48 g cat. h/mol in a wide 2-propanol
partial pressure range of 3.0-38.0 kPa. A low contact time value
was chosen for these experiments in order to keep the 2-
propanol conversion around 20-25%. Results are presented in
Fig. 6.
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The catalyst activity increased with 2-propanol partial
pressure in the entire Pg_pmpml range studied. By plotting 2-
propanol conversion rate as a function of P(z’_lmp,dno1 in
logarithmic scale we obtained a straight line. From the slope
of this plot we calculated an apparent 2-propanol reaction order
of 0.17 on the overall kinetics. Riuox and Vannice [28] studied
the kinetics of 2-propanol dehydrogenation to DMK, step 2a, on
carbon-supported Cu catalysts and postulated a Langmuir—
Hinshelwood-Hougen—Watson (L-H-H-W) surface reaction
mechanism consistent with a reaction order in 2-propanol of
0.34 at 473 K for 2-propanol partial pressures of up to 7.0 kPa.

The formation rate of MIBK and other products also
increased by increasing the 2-propanol partial pressure (Fig. 6).
In particular, a 10-fold increase of the 2-propanol partial
pressure, increased the MIBK formation rate by a factor of 2.
From the values of Fig. 6, we calculated an apparent order in 2-
propanol of 0.35 for the MIBK formation rate. This value is in
agreement with the results reported by Melo et al. [40]. These
authors investigated the kinetics of the gas-phase MIBK
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Fig. 6. Effect of the 2-propanol partial pressure on the catalytic performance of
CuMg;0Al,0, (6.4% Cu) [W/F®=0.48 g h/mol; T=473K; Pr=101.3 kPa;
sz =39.6 kPa, N, balance].
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synthesis by the conventional technology from DMK, Eq. (1)
on Pt/HZSMS, at 463 K and atmospheric pressure, and found
that the apparent order with respect to DMK was 0.3 for the
MIBK formation rate.

3.3.5. Effect of the hydrogen partial pressure

In a previous work [17], we investigated the reaction
pathways leading from 2-propanol to MIBK and other products
by varying the contact time (W/F°) in different reaction
atmospheres (with or without supplying gas-phase hydrogen) at
473 K. The results suggested that the same reaction pathways
leading to MIBK, MIBC and DIBK apply in both atmospheres.
However, when the reaction was carried out in N,, 2-propanol
conversions were higher than in H, what indicates that gaseous
hydrogen is detrimental to the catalytic activity.

Here, we have investigated further the influence of hydrogen
on the catalytic performance of sample CuMg,(Al;0, (6.4 wt%
Cu) at 473 K and at a low contact time of 0.48 g cat. h/mol, by
systematically varying the hydrogen partial pressure between
0.0 and 94.0 kPa while maintaining constant the 2-propanol
pressure at 7.8 kPa. Results are presented in Fig. 7. Thermo-
dynamic calculations for Eq. (2) indicate that the 2-propanol
equilibrium conversion at 473 K is around 100% regardless of
the hydrogen partial pressure, and consequently a thermo-
dynamic hindrance has to be ruled out when interpreting the
results of Fig. 7.

The catalyst activity remained practically constant when the
H, partial pressure was increased up to about 50 kPa but higher
H, pressures decreased the 2-propanol conversion rate. Our
results obtained in the low H, partial pressure region are in
agreement with those reported by Roiux and Vannice [28,41].
These authors, in fact, studied the gas-phase 2-propanol
dehydrogenation to DMK (step 2a) on carbon-supported Cu
catalysts and found a near zero-order dependency in hydrogen
when exploring hydrogen pressures of up to 23 kPa at 473 K.

The effect of Py, on the MIBK formation rate was
qualitatively similar to that found for DMK, i.e., the use of high
H, pressures inhibited the MIBK synthesis. This result may be
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explained by considering that the MIBK formation kinetics is
essentially determined by the MO formation rate from aldol
condensation of DMK (Scheme 1, step 2b), the consecutive MO
hydrogenation to MIBK not being kinetically significant. The
rapid MO transformation to MIBK is in agreement with the fact
that the MO concentration detected in gas-phase was negligible.
From the values of Fig. 7 for hydrogen partial pressures less or
equal to 18 kPa we calculated an apparent H, negative reaction
order of —0.74 on the MIBK formation rate consistently with
the fact that H, is a product of the MIBK synthesis from 2-
propanol. On the contrary, results in literature show that the
MIBK formation from DMK is favored by increasing the H,
pressure. For example, Melo et al. [40] studied the kinetics of
the gas-phase MIBK synthesis from DMK on Pt/HZSMS5 and
reported an apparent reaction order in hydrogen of 1.3 for
hydrogen partial pressures of up to 80 kPa. Similarly, OKeefe
et al. [42] investigated the liquid-phase formation of MIBK
from MO (Scheme 1, step 2c) on Pd/Al,O3 at 373 K and found
that the reaction is first order with respect to hydrogen for
partial pressures of 1.5-4.23 MPa. The results reported in these
two papers are in agreement with the fact that hydrogen is a
reactant in both step 2c and Eq. (1).

The MIBC formation rate did not change by varying P(I’{2
(Fig. 7). This result suggests that MIBC is not formed by any
reaction requiring the presence of molecular H, in gas-phase,
and is consistent with the fact that the MIBK hydrogenation to
MIBC is severely limited by thermodynamics. Thus, MIBC
would be mainly formed via a hydrogen transfer reaction
between MO and 2-propanol, acting 2-propanol as the
hydrogen donor molecule. As we have reported [43], this
reaction does not require the presence of gas-phase H, to
proceed and is promoted on oxides containing a high density of
acid-base pair sites.

4. Conclusions

The one-step synthesis of MIBK from 2-propanol is
satisfactory carried out at mild temperatures and atmospheric
pressure on a Cu,Mg;pAl;O, bifunctional catalyst that
combines in intimate contact the metallic function (Cuo)
required for hydro-dehydrogenation steps and the acid-base
pair sites needed for the C=C bond forming aldol condensation
reaction leading from DMK to MIBK. The copper loading can
be varied between 2 and 6 wt% without affecting the catalyst
activity, selectivity and stability.

Conversion of 2-propanol significantly increases with
temperature and values of 90-100% can be reached at about
533 K and reasonable low contact times. The yield to MIBK
also augments monotonically with temperature while the DMK
formation increases initially but then reaches a maximum at
about 513 K, probably reflecting that on CuMg;(Al;O, catalyst
the apparent activation energy of the self-condensation of DMK
is higher than that of 2-propanol dehydrogenation. The
consecutive hydrogenation of MIBK to MIBC is an exothermic
reaction severely limited by thermodynamics that causes the
diminution of MIBC yield when increasing the temperature. In
contrast, formation DIBK from the aldol condensation of
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MIBK with DMK increases with temperature because the
reaction has not thermodynamic constraints.

The catalyst activity and MIBK formation rate diminish with
increasing the H, partial pressure, which reflects a negative
order with respect to H, in the reaction kinetics. Contrarily, the
MIBK formation rate can be improved by increasing the 2-
propanol partial pressure in the feed because the reaction is
positive reaction order with respect to 2-propanol.

On CuMg¢Al;0O,, operation at 533 K and atmospheric
pressure yielded 27% of MIBK among other valuable
oxygenates such as DMK and DIBK. This promising value
is close to the 30% MIBK yield of the current commercial
process from DMK carried out in liquid-phase at high
pressures.
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