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Abstract—Isobutylene synthesis from acetone in the presence of micro—mesoporous MOR zeolites obtained
by hydrothermal recrystallization and modified with magnesium acetate by incipient wetness impregnation
has been studied. A kinetic study of the reaction has been conducted, and product formation routes have been
determined. It has been found that an increase in the mesopore content leads to an increase in the catalyst
activity owing to the removal of diffusion restrictions. It has been shown that isobutylene formation occurs on
both Lewis and Brgnsted acid sites. The modification of the initial aluminosilicates with magnesium has been
found to decrease the number and strength of Bronsted acid sites and thereby lead to a decrease in the number
of side reactions and an increase in the time-on-stream stability of the catalysts.
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Against the background of ever-increasing crude
oil prices, the development of methods for synthesiz-
ing high-demand chemicals from renewable raw mate-
rials is promising. One of these methods is isobutylene
synthesis from acetone that is a product of biomass
fermentation or pyrolysis and bioethanol steam
reforming and a byproduct of propylene oxide synthe-
sis and cumene production in phenol synthesis [1, 2].
Isobutylene as a monomer is commonly used in the
synthesis of butyl rubber and polyisobutylene and in
the production of methyl methacrylate and methyl
tert-butyl ether.

Acetone conversion to isobutylene was studied in
the presence of zeolite catalysts of various framework
types (BEA [1-6], MFI [2, 4, 6—12], FER [6], TON
[6], FAU (Y, X) [13], MOR [14]), molecular sieves
(SAPO-34 [15], MCM-41 [6, 16]), oxide catalysts
supported on silica gel (WO,/SiO, [17], Al,0;/SiO,
[18]), and mixed oxides Zn,Zr,O, [19-21].

Acetone conversion to isobutylene is a complex
process, which includes ketonization, aldol condensa-
tion, dehydration, cyclization, cracking, isomeriza-
tion, aromatization, and other reactions [1, 21], which
lead to the formation of a large set of products. It was
shown [2, 6] that strong acid sites contribute to the
occurrence of side reactions and the formation of con-
densation products. Although there is still no com-
plete clarity concerning the nature of isobutylene
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selective sites, most researchers believe that these sites
are of medium strength [1, 2, 6, 14, 20—22]. In this
context, it is of interest to use magnesium as a modi-
fier, because it is known that the introduction of mag-
nesium leads to a decrease in the number of strong
Bronsted acid sites and an increase in the number of
Lewis acid sites [23—25]. It was previously shown that
promising heterogeneous catalysts for acetone conver-
sion to isobutylene are micro—mesoporous molecular
sieves, which combine high acidity and unique molec-
ular stereoselectivity of zeolites with the transport
characteristics of mesoporous materials; it was found
that an increase in the mesopore content in the cata-
lyst leads to an increase in the initial rates of acetone
conversion and isobutylene formation owing to the
removal of diffusion restrictions [14].

Therefore, in this study, acetone conversion to
isobutylene in the presence of Mg-containing micro—
mesoporous catalysts synthesized by mordenite
(MOR) recrystallization [26] and having different
amounts of mesopores has been first analyzed, a
kinetic study of the reaction has been conducted, the
sequence of formation of reaction products has been
found, and the effect of the pore characteristics of the
catalyst and magnesium modification on the physico-
chemical and catalytic properties has been studied.
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EXPERIMENTAL

Mordenite with a silica ratio of SiO,/Al,0; = 97
(Zeolyst, product name CBV 90A) was used. Micro—
mesoporous zeolites (RM) based on MOR were syn-
thesized by the recrystallization procedure described
in [27]. The degree of recrystallization was varied by
changing the alkali concentration. To provide the for-
mation of RM-1, RM-2, and RM-3 materials
with different amounts of micro- and mesopores,
alkali/zeolite ratios of 3, 5, and
10 mmol(NaOH)/g(MOR), respectively, were used.

Magnesium modification of the catalysts was con-
ducted by incipient wetness impregnation with a mag-
nesium acetate solution to provide the metal content
in the sample of 3 wt %. After preparation, all samples
were calcined at 550°C in an air stream for 24 h.

The chemical composition of the samples was
determined by X-ray fluorescence analysis on a
Thermo Scientific ARL Perform'X instrument
equipped with a 3.5-kW rhodium tube.

X-ray diffraction (XRD) patterns were recorded on
a Bruker D2 PHASER diffractometer (CukK, radia-
tion) in an angular range of 5° < 20 < 50°. Small-angle
X-ray scattering (SAXS) patterns were recorded in the
angular range of 1.5° < 20 < 5°. The diffraction pat-
terns were processed using the Bruker DIF-
FRAC.EVA software package. Phases were identified
in accordance with the ICDD PDF?2 database.

Electron microscope images of the samples were
recorded on a JEOL JEM 2010 transmission electron
microscope using a 200-keV electron beam.

The pore structure characteristics of the zeolites
were studied on a Micromeritics ASAP 2000 auto-
matic porosimeter. Micropore volume was deter-
mined by the t-plot method. The pore volume taking
into account adsorption in micropores and mesopores
and on the outer surface was calculated from the
amount of nitrogen sorbed at a relative pressure of
P/P, = 0.95. Mesopore volume was determined from
the difference between the total pore volume and the
micropore volume.

The acidic properties of the samples were studied
by temperature-programmed desorption of ammonia
(NH; TPD) on a USGA-101 universal sorption gas
analyzer as described in [14] and by infrared (IR)
spectroscopy of adsorbed pyridine (Py). Infrared
spectra were recorded on a Nicolet Protégé 460 Fou-
rier transform spectrometer equipped with an MCT
detector with an optical resolution of 4 cm~' in a range
of 4000—400 cm~!. The catalysts were activated in an
IR cell at 400°C and a pressure of 1073 torr for 2 h. Pyr-
idine adsorption was run at 150°C for 30 min; it was
followed by evacuation at 150°C for 15 min. The
recorded IR spectra were processed using the OMNIC
ESP software package (version 7.3); the attribution
of bands in the IR spectra was conducted using data
of [28].
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Catalytic tests were conducted in a fixed-bed flow
reactor at atmospheric pressure, a temperature of
500°C, and a feed space velocity of 2—72 g/(g h), while
diluting the reaction mixture with nitrogen
(20 mL/min). The chromatographic analysis of the
liquid and gaseous reaction products was conducted
on a Kristall 2000M gas—liquid chromatograph
(Chromatec Analytic) equipped with a flame ioniza-
tion detector and a capillary column coated with the
SE-30 phase using nitrogen as the carrier gas. Metha-
nol was used as an internal standard for liquid samples.
To determine the amount of CO, and separate C,—C,
light hydrocarbons (HCs), gaseous samples were also
analyzed on a Kristall 2000M chromatograph
equipped with a thermal conductivity detector and a
packed column coated with the Porapak Q phase using
hydrogen as the carrier gas. The products were identi-
fied using individual organic substances and by the gas
chromatography—mass spectrometry method on a
Thermo Trace GC Ultra chromatograph and a
Thermo DSQ II mass spectrometer using a 50-m long
quartz capillary column with the Ultra 1 nonpolar lig-
uid phase. The catalytic properties of the samples were
characterized according to acetone conversion and
product selectivity. Initial reaction rate was deter-
mined by differentiating the initial portions of the rate
curves characterizing the dependence of the reactant
conversion on the contact time.

Ethanol conversion and target product selectivities
and yields were calculated using the chromatographic
analysis results.

Ethanol conversion (K) and ith product molar
selectivity (S;) were calculated by the following formu-
las:

K =100x (kiQi’}/Mi)/(S(kiQf'}/Mi)
+ kacetoneQaCetone/Macetone)’ %7

S, =100% (kQ,/M,)/S (kQ./ M), %,

where Q; is the area of the chromatographic peak of
the ith product, k; is the coefficient of concordance
between the peak area and the weight fraction of the
product, M;is the molecular weight of the ith product,
and r,is the coefficient taking into account the number
of acetone molecules included in the ith product. Cal-
ibration coefficients for acetone, mesityl oxide, and
acetic acid were determined by the absolute calibra-
tion method; reference values were taken for the other
substances.

The ith product yield (Y;) was calculated as follows:

Y= KS,/100, %.
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Table 1. Physicochemical properties of the samples
Sample Vtotal’ Cm3/g VmicrOa Cm3/g Vmicro/ Vtotal SiOZ/A1203 ao, l~lm01 N H3/g ao, MmOI A]/g

MOR 0.24 0.16 0.66 97 436 1.3
MgMOR 0.24 0.16 0.66 96 863 2.6
RM-1 0.34 0.13 0.38 92 376 1.3
MgRM-1 0.27 0.11 0.41 — 782 2.3
RM-2 0.45 0.09 0.2 94 319 0.9
MgRM-2 0.40 0.05 0.13 — 725 2.1
RM-3 0.80 0.03 0.04 96 276 0.8
MgRM-3 0.68 0 0 — 394 1.2

RESULTS AND DISCUSSION
Physicochemical Properties of the Catalysts

The physicochemical properties of the initial, Mg-
containing, and recrystallized samples are shown in
Table 1.

It is evident that the original MOR and micro—
mesoporous samples have an identical chemical com-
position; that is, during recrystallization, the partially
dissolved zeolite is completely incorporated into the
structure of the synthesized material.

According to XRD, SAXS, low-temperature nitro-
gen adsorption, and transmission electron microscopy
data, the synthesized micro—mesoporous materials
with different degrees of recrystallization are similar to
materials described in [26] (not shown in this manu-
script) and are as follows: mesoporous zeolite crystals
coated with a mesoporous layer (RM-1), zeo-
lite/MCM-41 micro—mesoporous nanocomposites
(RM-2), and a mesoporous material with zeolite frag-
ments incorporated into the walls (RM-3). Magne-
sium modification does not lead to a significant
change in the pore characteristics of the samples
(Table 1).

The study of the acidic properties of the catalysts
consisted in the determination of the amount,

strength, and nature of acid sites by NH; TPD and IR
spectroscopy of adsorbed Py molecules.

Figure 1 shows NH;-TPD curves for the micro—
mesoporous samples with and without magnesium.
According to NH; TPD, the desorption curve of the
original MOR sample has almost the same shape as
that of the curve for RM-1 and exhibits two peaks with
maxima at 170 and 460°C; the first maximum corre-
sponds to weak acid sites and physically adsorbed
ammonia molecules, while the second maximum cor-
responds to strong acid sites. An increase in the degree
of recrystallization leads to a shift of the high-tem-
perature maximum to the region of lower tempera-
tures, which indicates a decrease in the strength of the
acid sites and the total number of acid sites (Table 1).
Differences in the number of acid sites in the micro—
mesoporous materials at an identical Si/Al ratio can be
attributed to the fact that during the formation of the
mesoporous phase, a portion of aluminum is incorpo-
rated into the walls of the material and becomes inac-
cessible to ammonia molecules. This assumption is
supported by the fact that the calculated ratio of the
amount of ammonia desorbed from the samples to the
amount of aluminum in them decreases upon switch-
ing from MOR to RM-3 (Table 1).

Magnesium modification leads to an increase in
the total acidity; in addition, the maximum of the
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Fig. 1. Ammonia TPD curves for (a) the RM-1 and MgRM-1; (b) RM-2 and MgRM-2; and (c) MOR, RM-3, and MgRM-3

samples.
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Fig. 2. Infrared spectra of Py adsorbed on the MOR, RM-2, and MgRM-2 samples.

high-temperature peak of ammonia desorption is
shifted to the region of lower temperatures; in the case
of the MgRM-3 sample, the maximum is not
observed. Thus, the magnesium-containing samples
mostly contain weak and medium-strength acid sites.

The nature of acid sites was determined using the
IR spectra of adsorbed Py, which indicate the pres-
ence of the Bronsted (1545, 1637 cm™!) and Lewis acid
sites (1454, 1622 cm™") in the initial MOR and recrys-
tallized samples (Fig. 2). The spectrum of Py adsorbed
on the RM-1 sample did not differ from the spectrum
recorded for the original MOR sample. With an
increase in the degree of recrystallization, the total
number of acid sites decreases, while the amount of
Lewis acid sites increases. Apparently, in this case, the
presence of Lewis acid sites is attributed to a partial
scission of the Si—O—Al bonds.

Magnesium modification leads to a decrease in the
intensity of the band corresponding to Bronsted acid
sites (1637, 1545 cm™!); however, in this case, new
bands at 1610 and 1449 cm™' appear; they are
attributed to Lewis acid sites (Fig. 2). The authors of
[25] believe that, during modification with magne-
sium (3 wt %), the added Mg?* ion interacts with the
protons of bridged hydroxyls to form Mg(OH)*; there-
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fore, the number of Lewis acid sites increases, and the
number of Brgnsted acid sites decreases.

Catalytic Properties

The catalytic conversion of acetone is a complex
multi-route process; the reaction products contain, in
addition to the target product (isobutylene), methane,
C,—C, light HCs, Cs—C; olefins, C,—C,, aromatic
HC:s, acetic acid, mesityl oxide, and carbon dioxide.

To control the isobutylene selectivity, a Kkinetic
study of the reaction was conducted to determine the
acetone conversion scheme. The kinetic study of ace-
tone conversion to isobutylene was conducted in the
presence of MgRM-2 at 500°C in a broad contact time
range of 0.014—0.5 h. The determined dependences of
yields of all reaction products on the feedstock conver-
sion at varying contact time are shown in Fig. 3. The
curves for primary products have a nonzero tangent
slope in the region of low conversions. Unstable prod-
ucts are characterized by a curve passing through a
maximum. Based on the data, the reaction products
were classified (Table 2) and an acetone conversion
scheme was proposed (Fig. 4).

It is known from the literature [7, 16, 22] that the
catalytic conversion of acetone occurs through aldol
condensation to form diacetone alcohol; however, it
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Fig. 3. Dependence of the product yield on acetone conversion in the presence of the MgRM-2 catalyst at 500°C.

was not observed in the reaction products, apparently,
because of the high reactivity of this alcohol. It can be
further converted either to isobutylene and acetic acid
or to mesityl oxide—pseudoprimary products—owing
to dehydration. Isobutylene is an unstable product:
owing to the occurrence of oligomerization and crack-
ing reactions, it is converted to aliphatic HCs. Acetic
acid and mesityl oxide are also unstable products: ace-
tic acid can undergo decomposition to form carbon
dioxide, acetone, and water or be converted to meth-
ane and carbon dioxide. Apparently, under these con-
ditions, the process occurs so rapidly that, at an ace-
tone conversion of 3—5%, carbon dioxide is a primary
product. There can be another route providing the for-
mation of carbon dioxide as a primary product from
acetone; additional studies in the low conversion
region are required for a more reliable determination
of whether CO, is a primary or secondary product.
Methane, as a primary product, can be formed in ace-
tone pyrolysis, which also leads to the formation of
ketene, which is an extremely unstable product that
can be converted to coke. The condensation of three
acetone molecules, with subsequent dehydration and
cyclization, leads to the formation of mesitylene and
mesitylene isomers, which can undergo cracking to
form other aromatic HCs. The dependence of yield on
conversion for mesitylene has a shape characteristic of

the sum of primary and secondary products; in addi-
tion, it is evident that the curve for other aromatic HCs
passes through a maximum. Apparently, at higher
conversions, mesitylene becomes dominant as a ther-
modynamically more stable product. The occurrence
of many secondary conversions—apparently, metath-

Table 2. Classification of the products of catalytic acetone

conversion

Product name

Product type

Isobutylene
Acetic acid
Methane
Ethylene
Propylene
Butane
Butenes
Cs—C;
Mesityl oxide
Mesitylene
Aromatic HCs
Carbon dioxide

Primary, unstable

Primary, unstable

Primary + secondary, stable
Secondary, stable
Secondary, stable
Secondary, stable
Secondary, unstable
Secondary, stable

Primary, unstable

Primary + secondary, stable
Secondary, unstable
Primary, stable
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Fig. 4. Schematic catalytic conversion of acetone.

esis and hydrogen redistribution reactions—leads to
the formation of C,—C, alkanes and alkenes. In gen-
eral, our results are consistent with the kinetic studies
described in the literature [2, 12]; however, it should
be noted that the authors of those studies did not take
into account the formation of oxygen-containing
products and carbon oxides.

Comparison of the catalytic properties of the Mg-
containing catalysts based on MOR and the micro—
mesoporous materials was conducted according to the
initial rates of acetone conversion and target prod-
uct—isobutylene—formation (Fig. 5). Upon switching
from MgMOR to MgRM-3, the catalyst activity
increases. Since the total number and strength of acid
sites decrease in this order, the increase in the initial
rate of acetone conversion is apparently attributed to
the pore characteristics of the material. In fact, an
increase in the degree of recrystallization leads to an
increase in the pore volume, which facilitates the dif-
fusion of molecules and makes the active sites of the
catalyst more accessible. In addition, an increase in
the initial rate of isobutylene formation with an
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increase in the mesopore content in the magnesium-
modified samples suggests that isobutylene formation
occurs on both Brgnsted and Lewis acid sites,
because, according to IR spectroscopy of adsorbed Py,
an increase in the degree of recrystallization leads to a
decrease in the number of Bronsted sites and an
increase in the number of Lewis sites (Fig. 2).

Magnesium modification leads to the formation of
alarge number of new Lewis acid sites, as evidenced by
the NH; TPD results (Table 1, Fig. 1) and the IR spec-
tra of adsorbed Py (Fig. 2). However, comparison of
the initial activities for MOR and MgMOR shows that
this significant change in acidity does not lead to an
increase in the catalyst activity (Fig. 5). Apparently,
Lewis acid sites attributed to the presence of
Mg(OH)™ cations are not active in the reaction.

Table 3 lists selectivity values for the products of
acetone conversion in the presence of Mg-containing
MOR and micro—mesoporous catalysts at close ace-
tone conversions. The amount of produced isobuty-
lene increases in a row from MgMOR to MgRM-3. In
this case, the amount of methane, ethylene, and pro-
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pylene (secondary products) decreases in accordance
with the proposed conversion scheme, while the
amount of unstable products, such as acetic acid and
mesityl oxide, increases.

Taking into account the acidic and pore character-
istics of the catalysts, it can be concluded that the pres-
ence of strong Breonsted acid sites (as in MOR and

weakly recrystallized material RM-1) is responsible

Table 3. Acetone conversion and selectivity towards reaction products in the presence of magnesium-modified MOR and
micro—mesoporous catalysts at 500°C and 72 h™!

Catalyst MOR, 3%Mg RM-1, 3% Mg RM-2, 3% Mg RM-3, 3% Mg
Conversion, % 3 5 7 8
Isobutylene 57.5 62.3 65.2 65.2

Selectivity, mol %
Methane 3.7 2.2 1.9 1.0
Ethylene 5.9 2.2 0.2 0.2
Ethane 0.3 0.0 0.0 0.0
CO, 21.2 21.6 21.3 23.6
Propylene 8.1 4.9 3.0 1.7
Propane 0.0 0.0 0.0 0.0
C, 0.7 2.5 1.4 0.3
Cs—C, 0.1 1.8 1.0 1.5
Aromatic HCs 0.6 0.9 1.2 1.9
Acetic acid 0.4 0.8 3.5 2.9
Mesityl oxide 0.1 0.7 0.9 1.2
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for the occurrence of undesirable secondary pro-
cesses; the target product—isobutylene—apparently
undergoes further conversions to form lower olefins.
Therefore, in the presence of MOR and RM-1, the
isobutylene selectivity is lower and the amount of light
olefins is larger. With an increase in the degree of
recrystallization, the number of strong Brensted acid
sites decreases. The RM-3 material mostly contains
Lewis acid sites; their total number is sufficient for the
occurrence of acetone conversion to isobutylene; in
this case, the contribution of secondary processes is
lower, as evidenced by a decrease in the amount of
light olefins and the presence of unstable primary
products, such as acetic acid and mesityl oxide. An
increase in the amount of aromatic HCs upon switch-
ing from MOR to mesoporous RM-3 can be attributed
to an increase in the pore size, i.e., an improvement in
the transport characteristics of the catalyst.

Based on the results, it is possible to make an
assumption on acetic acid conversion routes. Appar-
ently, on strong Brgnsted acid sites, acetic acid is con-
verted to methane and carbon dioxide; with an
increase in the amount of Lewis acid sites, another
route—formation of acetone, water, and carbon diox-
ide—becomes dominant. Therefore, the products
formed in the presence of MOR contain a larger
amount of methane.

Comparison of the activity and on-stream stability
ofthe Mg-containing catalysts was conducted at a feed
WHSYV of 2 h™!; the results are shown in Fig. 6. In the
MgMOR—-MgRM-3 set of magnesium-modified
samples, the acetone conversion varied from 26 to
52%, while the isobutylene selectivity varied only
slightly (from 55 to 60 wt %); therefore, the target
product yield was determined by acetone conversion.
All the catalysts underwent deactivation over time,
whereas the isobutylene selectivity hardly changed
over time. The micro—mesoporous materials exhibit a

PETROLEUM CHEMISTRY  Vol. 60
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more stable on-stream behavior than that of the origi-
nal MOR sample. The significant deactivation of
MgMOR can be caused by both the presence of strong
Bronsted acid sites, which actively mediate coke for-
mation processes, and the small size of the pores
blocked by condensation products. Thus, the role of
metal cations is to decrease the number of strong acid
sites that mediate undesirable side reactions, in partic-
ular, coke formation, which leads to catalyst deactiva-
tion.

CONCLUSIONS

Thus, an increase in the mesopore content leads to
an increase in the accessibility of active sites, facilitates
the transport of feed reactants and reaction products,
and thereby contributes to an increase in the activity of
the catalysts in acetone conversion to isobutylene. An
increase in the degree of recrystallization provides a
decrease in the total amount of acid sites and an
increase in the number of Lewis acid sites. According
to the kinetic analysis of acetone conversion to isobu-
tylene, it has been found that the main routes of ace-
tone conversion are as follows: (1) aldol condensation
to form diacetone alcohol, which further undergoes
decomposition to form isobutylene and acetic acid;
(2) the condensation of three acetone molecules with
subsequent dehydration and cyclization to form mesi-
tylene; and (3) the conversion of acetone condensa-
tion products to aliphatic and aromatic HCs. An
increase in the mesopore content in the original zeo-
lite leads to an increase in the catalyst activity owing to
the removal of diffusion restrictions. Magnesium
modification leads to a decrease in the number of
strong Bronsted acid sites that mediate undesirable
side reactions, in particular, coke formation, which
leads to catalyst deactivation.
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