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Acetone transformation into methyl isobutyl ketone over
Pt/HMFI catalysts. IV. Effect of density

and strength of the acidic sites
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Acetone transformation into methyl isobutyl ketone (MIBK) was studied using a fixed-bed dynamic reactor at 160 ◦C, 1 atm pressure
and acetone/H2 molar ratio = 3. The reaction was carried out over Pt/HMFI bifunctional catalysts, with 0.30 wt% of platinum which was
supported over three aluminosilicates (Si/Al ratio = 40, 95 and 160) and a borosilicate (Si/B ratio = 44) with similar dispersion. The
results show that catalytic properties depend greatly on density and strength of the acidic sites of the catalysts. Moreover, the limiting
step of the MIBK synthesis reaction (aldolization of two acetone molecules) is carried out over the acidic sites of the aluminosilicates,
but not over those of the borosilicate, which considerably affects reaction selectivity.
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1. Introduction

Acetone can react under acid or basic catalysis, gener-
ating a large number of aldolization products, usually with
high volume and high molecular weight [1]. When ace-
tone reacts over amorphous solids, either acid or base, the
main reaction products obtained are cyclic ketones, such as
isophorone and isoxilitones [2]. This is the result of the
large size of the cavities in these solids. However, when
acetone reacts over MFI type crystalline aluminosilicates
at relatively low temperatures, the main product generated
is mesityl oxide (MO) [3,4], an unsaturated α–β ketone,
which is the most immediate intermediate for the synthe-
sis of methyl isobutyl ketone (MIBK). This substance is
very useful in industry as a solvent in the manufacturing of
paints, lacquers, etc. [5]

MIBK synthesis is normally carried out in a process
comprising three successive steps: (i) aldolization of the
acetone molecules under acid or base catalysis, which per-
mits the formation of the first intermediate, diacetone al-
cohol (DA); (ii) DA dehydration, by means of an acid ca-
talysis which results in the formation of the unsaturated
α–β ketone (MO); and (iii) selective hydrogenation of the
double olefinic bond of MO, which allows MIBK to be
obtained [3].

Recently MIBK has been obtained by means of a process
with only one apparent step, using acetone under hydro-
gen atmosphere and bifunctional crystalline metal/alumino-
silicates catalysts [6,7]. This produces a considerable sim-
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plification of the process, given the fact that the reaction
product can be separated from the catalyst more easily and
that less environmental pollution is produced.

However, this method, that comprises the use of bifunc-
tional catalysis, presents the following drawbacks:

(i) The presence of a parasite reaction, which leads to
the formation of light hydrocarbons (Hc, basically
propane), as shown in the reaction scheme (equa-
tion (1a)), proposed in a previous paper [8]. This
propane formation results in a severe decrease of the
MIBK formation selectivity.

(ii) The strong deactivation produced in these solids, as a
consequence of working at a high acetone/H2 molar
ratio, which favors the presence of successive aldoliza-
tion reactions resulting in the generation of carbonous
residues in the cavities near the active centers of the
solids. Since MIBK is a widely used solvent, which can
be synthesized from acetone, in hydrogen atmosphere,
over Pt/HMFI [7,8] bifunctional catalysts, it certainly
represents a very interesting method. However, the
fast deactivation of the solids used as catalysts is one
of the major drawbacks of this method. In this regard,
the purpose of our work is to elucidate how density and
strength of the acidic sites of the catalyst influence its
catalytic properties (activity, stability, and selectivity)
as well as define the step which limits the synthesis of
this important solvent. The results obtained show that
both strength as well as density of acidic sites consid-
erably effect catalytic properties of the solids.
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(1a)

(1b)

Equation (1).

2. Experimental

Four MFI type solids were synthesized according to the
method proposed by Guth et al. [9]. Three of them were
aluminosilicates with variable aluminum concentration and
the other was a borosilicate. Once calcined under dry air
atmosphere, these solids were assessed by means of X-ray
diffraction and nitrogen adsorption at −196 ◦C, which ver-
ified that they are highly pure and crystalline. Analysis
by means of inductively coupled plasma (ICP) [10] shows
that these solids have Si/Al ratios of 40, 95 and 160 for
aluminosilicates and a Si/B ratio of 44 for the borosilicate.
This last solid was obtained in a way that may ensure the
absence of aluminum, therefore, its synthesis was effected
using highly pure boric acid (Aldrich). The solid obtained
was subjected to a rigorous elemental analysis by means of
the ICP technique to determine its content of boron and sil-
icon, and to verify the presence of aluminum traces, which
was negative for this last element. Since the ICP method
employed has few interference and the detection limits for
aluminum and boron are 2 and 5 ppb, respectively [10], we
can assume the absence of aluminum in the borosilicate.

Also, each one of these MFI type solids was assessed
using TPD NH3. This analysis established that the alumi-
nosilicates desorb ammonia at temperatures over 450 ◦C,
whereas this gas desorption does not exceed 200 ◦C for the
borosilicate, as can be seen in the example in the ammonia
desorption thermograms (figures 1 and 2) for H[Al]ZSM5
(Si/Al = 40) and H[B]ZSN5 (Si/B = 44), respectively.
These results confirm those found using ICP, because if
aluminum is found in the borosilicate this will show am-
monium desorption at temperatures over 450 ◦C.

Once these solids were calcined, they were used as a
support in the preparation of the bifunctional Pt/HMFI cat-
alysts. Platinum was introduced by means of exchange
with competition, using Pt(NH3)4Cl2 as a precursor and
NH+

4 as a competing ion. A molar ratio equal to 200
(nNH+

4 /nPt(NH3)2+
4 ) was kept, which ensures a homoge-

neous exchange over the zeolite grain, as has been shown
by Ribeiro et al. [11]. The exchange process with competi-
tion was carried out for 24 h, followed by dry evaporation
at 50 ◦C. This let us ensure that Pt(NH3)2+

4 ion was ex-
changed and/or impregnated over the zeolite support, which
was later confirmed through platinum chemical analysis us-
ing ICP (table 1).

Catalysts were calcined in dry air atmosphere up to
300 ◦C and then reduced under hydrogen at 500 ◦C, ac-

Figure 1. Thermogram of NH3 desorption for H[Al]ZSM5 (Si/Al = 40)
aluminosilicate.

Figure 2. Thermogram of NH3 desorption for H[B]ZSM5 (Si/Al = 44)
borosilicate.

Table 1
Physicochemical characteristics of the catalysts.a

Catalyst Si/M Pt exp. DTEM DH/Pt A0
H

(%) (%) (%) (mmol/h g)

0.30PtH[Al]ZSM5(40) 40 0.31 21 25 7.1
0.30PtH[Al]ZSM5(95) 95 0.29 23 22 7.0
0.30PtH[Al]ZSM5(160) 160 0.30 20 24 7.1
0.30PtH[B]ZSM5(44) 44 0.31 22 23 7.2

a Si/M: silica/structural metal atomic ratio; Pt exp.: percentage of plat-
inum supported in each solid, experimentally determined; DTEM: dis-
persion of platinum obtained by TEM; DH/Pt: dispersion of platinum
obtained by hydrogen chemisorption. A0

H: total initial activity in toluene
hydrogenation extrapolated at t = 0 min.

cording to well-established protocols [12]. Metallic phase
dispersion of these solids was evaluated using transmission
electronic microscopy (TEM), in a Jeol 100 CX II electronic
microscope, and hydrogen chemisorption. A suspension of
the solid in ethanol was prepared and then deposited over
a copper grid, coated before with carbon film. Dispersion
of the supported platinum phase was obtained as follows:
random micrographs of the analyzed samples were taken
and zones with 500–1000 metallic particles were selected.
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These were considered spherical and, therefore, their diam-
eter and frequency of appearance were determined. The
average diameter (d ) of the disperse particles in the sup-
ports was then determined using the equation [13,14]

d =
∑

nid
3
i

/∑
nid

2
i , (2)

where (di) is the diameter of each metal particle and ni
the number of particle found with the same diameter in the
selected sample. d, determined in nanometer (nm), per-
mitted us to determine metallic phase dispersion (D) using
expression (3) proposed by Boudart et al. [15], which is an
excellent approximation for transition metals:

D = 1/ d (nm). (3)

Results found are shown in table 1. The metallic phase
of these catalysts was also assessed by means of hydro-
gen chemisorption. Both techniques show (table 1) that
platinum dispersion of the solids prepared is almost 20%.

The hydrogenating activity of these Pt/HMFI catalysts
was assessed using toluene hydrogenation [7] as a reaction
model. This hydrogenation was carried out in a fixed-bed
dynamic reactor at 110 ◦C, 1 atm pressure, H2/toluene mo-
lar ratio = 4 and WHSV (grams of injected reagent per
hour and per gram of catalyst) = 21.5 h−1.

Acetone transformation reaction was carried out in
a fixed-bed dynamic reactor at 160 ◦C, 1 atm pressure,
acetone/H2 molar ratio = 3 and WHSV between 9.5 and
28.4 h−1.

The main products resulting from this reaction were
methyl isobutyl ketone (MIBK) and propane (Hc). 2-methyl
pentane (2MP), diisobutyl ketone (DIBK), and mesityl ox-
ide (MO) are produced as minority products. Effluents from
the reactor were injected on line into an HP-6890 chro-
matograph equipped with a phenyl–methyl siloxane type

column, which allowed the determination of the composi-
tion of the mixture from the reactor at different reaction
times and WHSVs.

3. Results and discussion

3.1. Toluene hydrogenation

The 0.30Pt/H[Al]ZSM5 catalysts (Si/Al ratio = 40, 95
and 160) as well as 0.30Pt/H[B]ZSM5 (Si/B ratio = 44)
show a very similar activity in toluene hydrogenation, as
can be seen in table 1. These results show that these solids
have a very similar number of hydrogenating metallic cen-
ters (as shown by the dispersion measurements using TEM
and chemisorption), because this reaction depends solely
on the population of accessible metallic centers in the cat-
alysts [3,7].

3.2. Effect of density of acidic sites

Acetone transformation was carried out over the plat-
inum catalysts supported over MFI type aluminosilicates
with Si/Al ratio of 40, 95 and 160. Figure 1 shows the
evolution of conversion as a function of reaction time under
standard conditions and WHSV = 19 h−1. This figure also
indicates that total initial activity decreases as the number
of active acid centers of the catalyst decreases.

Since the initial step of the acetone transformation into
MIBK is a bimolecular reaction (aldolization of two acetone
molecules, equation (1b) and is catalyzed by acidic sites,
a reaction mixture in the molecular ratio acetone/H2 = 3, as
the one used in this work, is expected to favor the formation
of DA, MO and, finally, MIBK [3]. As a consequence, total
transformation of acetone should occur mainly in this way.
In this regard, the results reported in figure 3 are completely

Figure 3. Evolution of acetone conversion as a function of reaction time for 0.30Pt/H[Al]ZSM5 (Si/Al = 40, 95 and 160) catalysts; T = 160 ◦C,
acetone/H2 molar ratio = 3 and WHSV = 19 h−1.
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Figure 4. Residual activity as a function of the Si/Al ratio for 0.30Pt/
H[Al]ZSM5 (Si/Al = 40, 95 and 160) catalysts; T = 160 ◦C, acetone/H2

molar ratio = 3 and WHSV = 19 h−1.

Table 2
Relationship of MIBK and Hc formation velocities and selectivity of the
different products formed at 10% isoconversion, for all catalysts em-

ployed.

Catalyst MIBK/Hc MIBK Hc MO 2MP DIBK

0.30PtH[Al]ZSM5(40) 10.6 8.4 0.8 0.4 0.3 0.1
0.30PtH[Al]ZSM5(95) 7.5 7.5 1.0 0.4 0.8 0.2
0.30PtH[Al]ZSM5(160) 4.3 6.5 1.5 0.4 1.4 0.2
0.30PtH[B]ZSM5(44) 0.3 2.0 7.5 0.3 0.2 –

logical, because in a series of catalysts like those used in
this experiment (0.30Pt/H[Al]ZSM5 (Si/Al = 40, 95 and
160)), with similar number of metallic centers (table 1) and
sites with the same acid strength, the catalyst with higher
density in acidic sites is expected to show a higher total
initial activity in acetone transformation, since this will be
the catalyst producing the largest number of molecules of
DA (bimolecular reaction), MO and, finally, MIBK.

Figure 4 shows that the catalytic stability of these solids,
expressed as residual activity (Ar = At/A0, fraction of
the initial activity remaining in the catalyst after a time t
of 150 min of use under operation conditions) is directly
proportional to their structural Si/Al ratio, which is a rea-
sonable result, because the higher the density of the acidic
sites, the higher the MO concentration generated over the
surface of the solid. Assuming that these three catalysts
(0.30Pt/H[Al]ZSM5 (Si/Al = 40, 95 and 160)) have a simi-
lar number of hydrogenating centers, a higher concentration
of non-hydrogenated MO would remain over the solid with
higher density of acidic sites. However, the fact that MO is
one of the main precursors of coke in these solids [7] would
explain why the highest and the lowest deactivation is pro-
duced over these catalysts 0.30Pt/H[Al]ZSM5 (Si/Al = 40)
and 0.30Pt/H[Al]ZSM5 (Si/Al = 160), respectively.

Likewise, selectivity of these catalysts, expressed by
means of the reaction rates ratio of MIBK and Hc formation
(MIBK/Hc), at 10% isoconversion, decreases as density of
acidic sites decreases, as shown in table 2.

It is obvious that selectivity for these bifunctional cata-
lysts varies as the Si/Al ratio changes, because if the density
of acidic sites is lower, it is less likely that the bimolec-
ular aldolization reaction of two acetone molecules (equa-
tion (1b)) can take place, which results in the reduction of

Figure 5. Evolution of acetone conversion as a function of reaction time
for 0.30Pt/H[Al]ZSM5 (Si/Al = 40) and 0.30Pt/H[B]ZSM5 (Si/B = 44)
catalysts; T = 160 ◦C, acetone/H2 molar ratio = 3 and WHSV = 19 h−1.

the concentration of the DA, MO and, of course, MIBK
produced.

Hc production is practically invariable in these catalysts
because the reaction limiting its formation seems to de-
pend basically on the number of active metallic centers,
which are very similar in the three catalysts (table 1). Since
Hc concentration remains practically constant and that of
MIBK decreases as the Si/Al ratio increases, the MIBK/Hc
ratio is smaller when density of acidic sites in these cata-
lysts is lower (table 2).

3.3. Effect of acid strength

Figure 5 shows the evolution of the acetone conversion
as a function of the reaction time for 0.30Pt/H[Al]ZSM5
(Si/Al = 40) and 0.30Pt/H[B]ZSM5 (Si/B = 44) cata-
lysts. As in the previous case, the reaction was carried
out in a dynamic reactor under standard conditions and
WHSV = 19 h−1. The catalysts used have a similar num-
ber of metallic centers and of acidic sites.

Results reported in figure 5 show that total initial activity
in acetone transformation over 0.30Pt/H[Al]ZSM5 (Si/Al =
40) is almost four times higher than total initial activity for
0.30Pt/H[B]ZSM5 (Si/B = 44). This figure also shows that
catalytic stability of the 0.30Pt/H[B]ZSM5 (Si/B = 44) is
five times higher than that of 0.30Pt/H[Al]ZSM5 (Si/Al =
40). These differences should be associated neither to den-
sity of acidic sites nor to porous structure of the supports,
because these are similar in both catalysts. This catalytic
behavior depends on the strength of acidic sites in each
solid, which is higher in the aluminosilicate (Si/Al = 40)
than in the borosilicate (Si/B = 44), as observed in the
ammonia desorption thermograms (figures 1 and 2).

Table 2 shows (10% isoconversion) that the ratio of
formation velocity of MIBK and Hc (MIBK/Hc) for the
0.30Pt/H[Al]ZSM5 (Si/Al = 40) catalyst is approxi-
mately 35 times higher than that obtained with the 0.30Pt/
H[B]ZSM5 (Si/B = 44) catalyst.

Differences in the catalytic properties (activity, stability
and selectivity) of these catalysts can be explained if we
consider the strength in the acidic sites of each solid.
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3.3.1. Activity
Both catalysts have the same number of metallic cen-

ters and similar density of acidic sites, therefore, the higher
total initial activity obtained with the 0.30Pt/H[Al]ZSM5
(Si/Al = 40) catalyst can be attributed to the higher acid
strength of the sites present in the aluminosilicate with re-
spect to the borosilicate.

The acetone transformation over the 0.30Pt/H[Al]ZSM5
(40) catalyst can be expected to take place through two
processes proposed in the reaction scheme (equations (1a)
and (1b)). That is, through hydrogenation–dehydration–
hydrogenation, which could lead to the formation of
propane (equation (1a)) and the other process, which allows
acetone transformation through aldolization–dehydration–
hydrogenation, and will result in the formation of MIBK
(equation (1b)). Both reactions would be perfectly feasible
over this catalyst, because it has the active sites neces-
sary to catalyze the acetone transformation through both
processes; however, the most favored would be that re-
sulting in the MIBK formation, because the acetone/H2

molecular ratio of the reaction mixture is 3. The oppo-
site can be observed over the 0.30Pt/H[B]ZSM5(44) cat-
alyst, because acetone transformation through the process
aldolization–dehydration–hydrogenation is not favored, due
to the absence in the borosilicate of acidic sites with the
strength necessary to catalyze the aldolization reaction.
Therefore, activity in MIBK formation and total initial ac-
tivity in acetone transformation are very low over this cat-
alyst.

3.3.2. Stability
Catalytic stability for both catalysts has been estimated

on the base of the residual activity (Ar). Figure 6 shows that
Ar after 150 min reaction is approximately 0.14 and 0.80
for 0.30Pt/H[Al]ZSM5(40) and 0.30Pt/H[B]ZSM5(44), re-
spectively. These results could be explained based on the
capacity of each one of these solids to generate reaction
intermediates which are not transformed into the final prod-
uct of interest, as seems to be happening with the 0.30Pt/
H[Al]ZSM5(40) catalyst. This solid, with density of very
strong acidic sites, would be capable of catalyzing the al-
dolization reaction of two acetone molecules to produce
the DA intermediate, which, by dehydration over the same
acidic sites on which it is generated, would result in the
formation of a high MO concentration over the catalytic
surface. If the 0.30Pt/H[Al]ZSM5(40) catalyst does not
possess the number of metallic centers enough to hydro-
genate all of the MO produced (as should happen in the
catalyst due to the low dispersion in its metallic phase), the
remaining molecules of this unsaturated α–β ketone could
continue to react with additional acetone molecules under
acid catalysis, thus forming molecules with high volume
and molecular weight, such as isophorone, which has been
determined to be one of the main components of coke de-
activating the medium-size pore aluminosilicates [7].

The phenomenon described before is not observed over
the 0.30Pt/H[B]ZSM5(44) catalyst, because a very low con-

Figure 6. Residual activity for 0.30Pt/H[Al]ZSM5 (Si/Al = 40) and
0.30Pt/H[B]ZSM5 (Si/B = 44) catalysts; T = 160 ◦C, acetone/H2 molar

ratio = 3 and WHSV = 19 h−1.

centration of DA, and, therefore, of MO, is produced over
this catalyst. This hinders the formation of macromolecules
and the early deactivation of the catalyst. However, after
150 min of reaction the catalyst loses 20% of its initial
activity (figure 6). This deactivation cannot be attributed
either to the formation of macromolecules through aldoliza-
tion or to propene oligomerization, because the borosili-
cate does not have the sites with the acid strength required
to catalyze these reactions (figure 2). This suggests that
the loss of activity in this catalyst could be the result of
the presence of water generated by dehydration of the in-
termediate alcohols in this process (basically isopropanol),
which results in the formation of a step (probably a plat-
inum oxide) inactive to the acetone hydrogenation reac-
tion.

3.3.3. Selectivity
Table 2 shows that, at 10% isoconversion, the 0.30Pt/

H[Al]ZSM5(40) catalyst is much more selective to MIBK
formation than to Hc (MIBK/Hc = 10.6). This higher se-
lectivity towards MIBK is due to the fact that the platinum
catalyst supported over aluminosilicate has sites with such
an acid strength as would be appropriate to catalyze the
aldolization step, which seems to require sites with an acid
strength higher than the remaining steps needing acid ca-
talysis in this process.

Moreover, the larger production of Hc (MIBK/Hc = 0.3)
over the platinum catalyst supported over borosilicate (ta-
ble 2) is explained, because there are no acidic sites over
this solid with the strength required to catalyze the aldoliza-
tion step. Therefore, most of the acetone molecules over the
catalytic surface will not be aldolized, so that they could
move from the acidic sites (weak), completely intact, to-
wards the neighboring metallic centers, where they would
be hydrogenated and converted into isopropanol. Since
this is a secondary alcohol and is susceptible to be dehy-
drated over the weak acidic sites in the borosilicate, propene
would be produced which then would be hydrogenated into
propane over the metallic centers.
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4. Conclusions

Total activity of acetone transformation under standard
conditions, catalytic stability and selectivity of the re-
action products depend mainly on the density of acidic
sites present in the bifunctional catalysts of the 0.30Pt/
H[Al]ZSM5 type with the same number of metallic cen-
ters.

The effect of the strength of the acidic sites is really
important in the selectivity of the main reaction products
(MIBK and Hc). It was found that for platinum catalysts
supported over aluminosilicates, the selectively formed
product is MIBK and over the platinum solid supported
over borosilicate, light hydrocarbons (Hc) are the most fa-
vored.
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