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ABSTRACT: One-step transformation of isobutyl alcohol to aromatics (benzene,
toluene, and xylene) has been studied in a gas phase, fixed-bed reactor system over
several purely acidic zeolites and zeolite-supported metal catalysts. ZSM-S zeolites
give higher aromatics yields (~42 wt %) among the evaluated zeolites, and the Si/
Al ratios (Si/Al = 13—43) of ZSM-S slightly influence their catalytic performances.
During the transformation of isobutyl alcohol, large amounts of short alkanes
(mainly propane and butane isomers) are also generated on the acidic ZSM-S. To
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improve the conversion to aromatics, several metal species (Zn, Ga, Mo, La, Nj,

Ag, and Pt) are supported on the ZSM-S. The enhancements in aromatics yields (~60 wt %) are observed only on the Zn/ZSM-
S catalysts. The incorporation of Zn species preferentially decreases the strong-strength Brensted acidity and, thus, suppresses the
cracking to C; fragments. Moreover, mainly the Zn species at the exchange sites facilitate the recombinative desorption of H,
and, hence, enhance the reactions toward aromatics. Through these effects, Zn/ZSM-5 catalysts exhibit the remarkably promoted
formation of toluene and xylene and inhibit the generation of undesired alkanes products.
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1. INTRODUCTION

Aromatics, including benzene, toluene, and xylene (BTX), are
large-scale starting feedstocks for numerous chemical industrial
processes. Classically, catalytic reforming of naphtha and
hydrocarbon pyrolysis are the main routes for the production
of these basic aromatics, both of which have been well
developed in the petrochemical industry.' To match the
steadily growing market demand, other processes, such as
aromatization of light paraffins, have also been industrialized
since the 1990s.”~> All of these mature processes are based on
the nonrenewable resources of petroleum, coal, and natural gas.
However, concerns about the depletion of fossil reserves have
stimulated the investigation of sustainable processes for the
production of BTX.

Production of aromatics from renewable biomass resources
could provide sustainable alternatives to fossil-based processes.
Within this trend, the search for suitable biomass resources is
primarily crucial for the achievement of a promising process.’
So far, biomass-derived ethanol, glycerol, n-butyl alcohol/
acetone and a mixture of C,—Cjs alcohol have been reported as
feedstocks in the production of aromatics.” ' From a
structure—reactivity viewpoint, ethanol is more suitable for
the alcohol-to-olefins process, whereas transformation of
glycerol results in a complex product spectrum.” The mixture
of C,—C; alcohol or n-butyl alcohol/acetone suffers from gulck
deactivation within several hours over the ZSM-5 zeolite.

Recently, commercially available biobutanol isomers, ob-
tained from fermentable biomass-derived sugars, have been
emerging as a renewable source for fuel.'"'* Several enterprises
have disclosed or announced their commercial processes for the
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production of biobutanols. Especially, the number of
bioisobutyl alcohol producers continues to grow, which ensures
availability on a large scale. In addition to its usage in fuel
industry, isobutyl alcohol is expected to be a renewable
feedstock in the chemical industry. Conceptually, isobutyl
alcohol can be regarded as “isobutene hydrate”. The dehydrated
product of isobutene (or a mixture of butene isomers) can act
as platform compounds for the synthesis of various
chemlcals1112 Among the proposed transformation road-
maps,'' the dehydration—aromatization of isobutyl alcohol is
attractive and integratable with present aromatization process.

Herein, we report the one-step transformation of isobutyl
alcohol to aromatics over zeolite-based catalysts. Among the
evaluated acidic zeolites, ZSM-5 shows superior catalytic
performance for the formation of aromatics due to its shape-
selective effect. A large amount of short alkanes (mainly
propane and butane isomers) are also generated during the
transformation of isobutyl alcohol. To enhance the formation
of target BTX aromatics, several dehydrogenation or
aromatization- functlonal promoters (Mo,"® La,'* Ga,'s Zn,'¢
Ni,'” Pt,'® and Ag'®) are incorporated to the ZSM 5 zeolite.
The enhanced formation of aromatics is observed only on the
Zn/ZSM-S catalysts, which is also accompanied by the
suppressed generation of undesired alkanes. The reaction
schemes over the ZSM-5 and Zn/ZSM-$ catalysts have been
proposed for the transformation of isobutyl alcohol.
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2. EXPERIMENTAL SECTION

2.1. Catalysts Preparation. Acidic Zeolites. The protonic-
form zeolites are commercially available, and their texture
parameters are listed in Supporting Information Table SI1. The
sample is named according to the topology and nominal Si/Al
ratio. For example, ZSM-5">? represents ZSM-5 zeolite with Si/
Al ratio of 13.3.

ZSM-5-Supported Metal Catalysts. The supported metal
catalysts were prepared by the incipient wetness impregnation
method using ZSM-5**3 as support and Zn(NO,),-6H,0
(Tianjin Kermel Chemical Reagent Co., Ltd.), Ga(NO;);-H,0
(Sterm Chemicals Inc.), La(NO,);-nH,O (n = 2—3) (Shanghai
Yuelong Co., Ltd.), (NH,)¢Mo,0,,-4H,0 (Sinopharm Chem-
ical Reagent Co., Ltd.), AgNO; (Sinopharm Chemical Reagent
Co., Ltd.), Ni(NO;), (Tianjin Kermel Chemical Reagent Co.,
Ltd.), and H,PtCls:6H,0 (Shanghai Jiuling Chemical Co.,
Ltd.) as precursors, respectively. According to the calcination
and sequential calcination—reduction procedures, the resulting
catalysts are denoted in the following manner: xM/ZSM-5 and
xM/ZSM-S-R, where x represents the metal loading in weight
percent and R stands for the reduction step, respectively.

xM/ZSM-5: Typically, ZSM-5*** (4 g) was impregnated
with the solution of the precursor (desirable amount of
precursor in 10 mL deionized water). The mixture was stirred
at room temperature for 8 h and dried in an oven at 60 °C
overnight. The dried powder was calcined in flowing air at
specific temperatures (500 °C for Zn(NO,),/ZSM-S, Ga-
(NO,)3/ZSM-5, La(NO;)5/ZSM-5, and (NH,)¢Mo0,0,,/ZSM-
S and 460 °C for AgNO;/ZSM-S) for 4 h.

xM/ZSM-5-R: Typically, ZSM-5*** (4 g) was impregnated
with the solution of the precursor (the desirable amount of
precursor in 10 mL deionized water). The mixture was stirred
at room temperature for 8 h and dried in an oven at 100 °C
overnight. The dried powder was calcined in flowing air at
specific temperatures (550 °C for (NH,)¢Mo,0,,/ZSM-S,
Ga(NO,);/ZSM-S5, and Ni(NO;),/ZSM-5 and 450 °C for
H,PtCl;/ZSM-5) and then reduced in H, at the same
temperatures for 1 h.

2.2. Characterization. X-ray diffraction (XRD) measure-
ments were performed on an X’pert Pro/PANalytical
Diffractometer (Cu Ko radiation, 40 kv, 40 mA). The nominal
Si/Al ratio was analyzed on a Philips Magix 601X X-ray
fluorescence (XRF) spectrometer. Nitrogen adsorption meas-
urements were carried out at —196 °C on a Micromeritics
ASAP-2020 analyzer. Prior to analysis, each sample was
evacuated at 350 °C for 10 h. The specific surface area was
determined by the Brunauer—Emmet—Teller method. Ammo-
nia temperature-programmed desorption (NH;-TPD) meas-
urements were performed in a homemade flow apparatus using
a U-shaped quartz microreactor (4 mm internal diameter). The
NH;-TPD experiment was carried out in the range of 150—600
°C at a ramp rate of 20 °C min™", and the desorbed ammonia
was monitored by a gas chromatograph with a TCD detector.

Pyridine adsorption measurements (Py-IR) were performed
on a Thermo Nicolet Nexos 470 instrument. Prior to
measurement, a sample (11 mg) was pressed into a self-
supported wafer (1.0 MPa, 30 s) and evacuated in an IR cell
(attached to a vacuum line) at 450 °C for 1.5 h up to 107> Pa.
After the sample was cooled to room temperature, a spectrum
was recorded as background. Subsequently, the wafer was
exposed to pyridine vapor (equilibrium vapor at 0 °C) for 20
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min, followed by outgassing at 150 °C for 30 min. The IR
spectrum was collected after cooling to room temperature.

Diffuse reflectance infrared Fourier transform (DRIFT)
spectra were measured with a Thermo Nicolet Nexos 470
instrument (resolution 4 cm™, integration 20 times) equipped
with a Harrick diffuse reflectance attachment. Sample powder
(50 mg) was charged in a DRIFT cell with a KBr window and
pretreated in flowing dry N, flow (>99.99%, 20 mL min™") at
300 °C for 1 h. After the pretreatment, the sample was cooled,
and IR spectra were acquired at 30 °C.

UV—vis spectra were recorded with a JASCO 500
spectrophotometer equipped with a diffuse reflectance attach-
ment. The spectra were recorded under air-exposed conditions
in the range of 200—600 nm, and the scan speed was 100 nm
min~". The contribution from the ZSM-S support has been
subtracted from the signal.

2.3. Catalysts Evaluation. The catalytic reaction was
carried out in a gas phase, fixed-bed reactor system (stainless
steel, 6 mm i.d. and 20 cm in length) at atmospheric pressure.
The reaction system includes an HPLC pump, a mass flow
controller, an electrically heated preheater section before the
entrance to reactor, and an ice bath after the reactor
(Supporting Information Figure S1). The catalyst (1.0 g, 20—
40 mesh) was packed in the middle zone between two layers of
quartz wool, and the thermocouple was fixed to the middle of
the external wall of the reactor. The zeolite and xM/ZSM-5
catalysts were pretreated at 480 °C for 1 h in high-purity
nitrogen flow (30 mL min~") before reaction. The xM/ZSM-S-
R catalysts were initially pretreated in high-purity hydrogen
flow (30 mL min~") for 1 h, and then switched to high-purity
nitrogen flow (30 mL min~") for 0.5 h. Once the reactor was
cooled to 450 °C, liquid isobutyl alcohol was fed using an
HPLC pump at a rate of 0.08 mL min~". The liquid was
completely vaporized in the preheated lines (130 °C) before
entering the reactor. Effluent was quenched and separated in an
ice bath, and gas phase products of C;—Cj; alkanes and alkenes
were analyzed on an online Varian CP-3800 GC equipped with
an FID detector and an HP-alumina (PLOT) column (50 m X
0.32 mm). The concentration of H, was analyzed by a
Shimadzu GC-8A equipped with a TCD detector and a TDX01
molecular sieve column. The collected aqueous and organic
phase products were separated by storage in a refrigerator (0
°C) for 10 min. The organic phase products were analyzed by a
Varian CP-3800 equipped with an FID detector and a PONA
column (30 m X 0.32 mm). The aqueous phase was diluted
with ethanol as an internal standard and also analyzed on the
above Varian CP-3800 GC.

The overall transformation of isobutyl alcohol comprises
complex reaction networks (dehydration, isomerization,
oligomerization, cracking, aromatization, etc.). The isobutyl
alcohol conversion (Xisobmyl Jcohol), isobutene conversion
(Xisobutene), products selectivity (Sel,), and yield (Y;) were
calculated as following:

X isobutyl alcohol

minj isobutyl alcohol — misobutyl alcohol,aq misoburyl alcohol, org

minj isobutyl alcohol

X 100% (1)
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Table 1. Product Distributions of Isobutyl Alcohol Transformation over Several Zeolites”

product distribution (wt %)

catalyst CH, C, GC¥ ¢ cr¥ ¢’ cF

UsY*? 0.1 0 0 0 3.5 1.0 801

g3Le 02 02 37 36 194 114 181

ZSM- 0.6 09 18 207 22 214 1.4
1 126,6

ZSM- 0.6 09 1.6 221 19 213 12
513,3

ZSM- 0.8 1.1 1.0 242 21 193 12
534,3

ZSM- 0.8 12 16 253 19 190 12
542,7

Cs

7.0
16.3
6.8

7.0

6.4

5.2

Ces’ B T EB® pX mX® oX" G H, IA
56 0 02 0 03 02 02 16 01 25
120 06 24 05 23 15 06 70 01 150
20 39 143 10 30 70 31 96 02 419
17 42 152 10 30 73 32 77 02 416
14 43 157 10 33 76 34 70 03 423
12 43 185 10 29 77 33 76 03 423

“Reaction conditions: 0.1 MPa, 450 °C, WHSV 3.88 h™/, time-on-stream = 3 h. bC4_, alkenes. “Benzene. “Toluene. “Ethylbenzene. “para-Xylene.
Emeta-Xylene. "ortho-Xylene. ‘Cy and Cy* aromatics. “Total yield of aromatics.

Table 2. Product Distributions of Isobutyl Alcohol Transformation over Metal/ZSM-S Catalysts®

product distribution (wt%)

catalyst CH, C, G C C& C° C2F
(a)

2.3% Zn/ 1.2 0.3 2.4 5.5 3.3 12.0 2.4
ZSM-5

2.1% Ga/ 0.9 1.2 1.5 25.2 1.7 18.8 1.1
ZSM-5

2.4% La/ 0.6 09 19 215 23 190 16
ZSM-5

2.1% Mo/ 0.8 12 14 255 17 192 11
ZSM-5

2.3% Ag/ 0.7 L1 12 254 15 188 10
ZSM-5

0.4% Pt/ 0.7 17 09 243 13 202 12
ZSM-5-R

2.1% Ga/ 08 10 L1 233 14 199 15
ZSM-5-R

2.1% Mo/ 0.6 L1 10 240 13 182 09
ZSM-5-R

(b)

0.8% Zn/ 0.9 05 17 100 21 156 17
ZSM-5

5.1% Zn/ 14 03 27 43 38 100 28
ZSM-5

9.0% Zn/ 1.3 03 27 46 40 109 29
ZSM-§

Cs

7.6
5.1
6.4
5.6
5.6
5.8
5.8

S.1

9.4
7.3

8.4

Ces® B  T¢ EB® pX mX8 oX' CY H, 3N
2.8 3.8 24.3 2.3 4.6 11.8 4.8 7.8 3.0 59.3
11 46 166 10 33 77 34 63 04 429
19 42 162 12 33 83 36 68 02 436
L1 45 158 10 29 76 32 70 03 420
12 45 161 11 30 80 34 71 03 432
10 46 162 10 31 76 33 67 03 425
14 45 166 11 32 80 34 69 04 437
12 49 175 12 36 82 36 73 03 462
20 45 229 15 39 100 42 72 19 542
27 41 259 25 53 121 46 70 33 6l4
32 37 246 25 51 118 43 67 31 587

“Reaction condition: 0.1 MPa, 450 °C, WHSV 3.88 h™', time-on-stream =3 h. sz_g alkenes. “Benzene. “Toluene. “Ethylbenzene. fpara—Xylene.
Emeta-Xylene. "ortho-Xylene. ‘Cy and Cy* aromatics. *Total yield of aromatics.

Mlsobutcnc
Mip; isobutyl alcohol X — Mgetisobutene
) Migobutyl alcohol
Xisobutene = M
isobutene
Minj isobutyl alcohol X (71\4, —_— 1)
X 100% )
m;
Sel,(wt) = X 100%
Z Met CH, Mgetisobutene 3)
Yt(Wt) = Xisobutene X Seli (4)

in which M and m represent the molecular weight and weight,
respectively.

The water product is not included in the calculations. The
detected products refer to hydrocarbons and hydrogen (CxHy).
Typically, carbon balances are 85—91% over the xZn/ZSM-5
catalysts and 90—95% over the other catalysts, respectively. In
the experiments, the conversions of isobutyl alcohol are always
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close to 100% (>99.99%), and the concentration of isobutene is
less than 2 wt % in the detected products for ZSM-S zeolites,
*M/ZSM-5, and xM/ZSM-5-R (i.e, Xisoputene > 98 Wt %, and
Xisobutene is not provided in the following Table 1 and 2).
Considering these conditions, the yield is approximately

equivalent to the selectivity on these catalysts.

3. RESULTS AND DISCUSSION

3.1. Transformation of Isobutyl Alcohol over Purely
Acidic Zeolites. Several typical zeolites, including USY, 8,
ZSM-11, and ZSM-S, were studied in the transformation of
isobutyl alcohol at 450 °C. All these zeolites show high isobutyl
alcohol conversions (>99.9 wt %); however, the product
spectra are quite different (Table 1). The large pore zeolite of
USY*® provides isobutene (52.9 wt %) and butene isomers
(27.2 wt %) as the major products, whereas gives very low yield
to aromatics (2.5 wt %). Such a product spectrum indicates the
dominance of dehydration and sequential isomerizations over
the USY zeolite.

dx.doi.org/10.1021/cs300048u | ACS Catal. 2012, 2, 1203-1210
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Another large-pore zeolite of R°'° gives a more average

product distribution, which consists of propene (19.4 wt %),
butane isomers (11.4 wt %), butene isomers (18.1 wt %), Cq
fragments (16.3 wt %), and aromatics (15.0 wt %). As a sharp
comparison, ZSM-5'*? shows superior performance in the
aromatization of isobutyl alcohol, whose aromatics yield
achieves 41.6 wt % (BTX 32.9 wt %). The major gas phase
products are not isobutene and butene isomers, but saturated
propane (22.1 wt %) and butane isomers (21.3 wt %).
Similarly, ZSM-11%%, another type of pentasil zeolite, also gives
aromatics (BTX 31.3 wt %), propane (20.7 wt %) and butane
isomers (21.4 wt %), as the main products. Considering the
superior catalytic performance, ZSM-S zeolite was selected for
further study.

ZSM-S zeolites with different Si/Al ratios were studied in the
reaction. As shown in Table 1, yields to aromatics are around
42 wt % on ZSM-S zeolites whose Si/Al ratios are within 13.3
to 42.7. However, ZSM-5**3 exhibits a slightly higher yield of
34.3 wt % to BTX. Although ZSM-5 zeolites show rather high
yields to aromatics, a large amount of propane and butane
isomers are also generated during the reaction.

3.2. Transformation of Isobutyl Alcohol over xM/
ZSM-5 and xM/ZSM-5-R Catalysts. To improve the yield to
aromatics, promoters, which are typically used in short alkanes
aromatization, are incorporated into ZSM-5 zeolite. Metal
species, including Zn, Ga, Mo, La, Ag, Ni, and Pt, are supported
on the ZSM-5** and screened for the reaction. Dramatic
discrepancies are observed in the transformation of isobutyl
alcohol (Table 2). Among the incorporated metal components,
only zinc species result in the enhanced yield to aromatics.
Compared with the purely acidic ZSM-5, 2.3% Zn/ZSM-§
improves the aromatics yield to $9.3 wt % (BTX 49.3 wt %)
and gives obviously lower yields for propane (5.5 wt %) and
butane isomers (12.0 wt %).

In addition to the variations of aromatics and alkanes, a large
amount of hydrogen (3.0 wt %) is also generated over 2.3%
Zn/ZSM-S. This is indicative of the promoted desorption of H,
during the aromatization reactions. However, such promotional
effects are not observed on the other supported xM/ZSM-S. As
shown in Table 2a, 2.1% Ga/ZSM-S, 2.4% La/ZSM-5, and
2.1% Mo/ZSM-S show 42.9, 43.6, and 42.0 wt % aromatics
yields, respectively, which are close to the 42.3 wt % aromatics
yield on the purely acidic ZSM-5***. It is also worth noting that
the reduced xM/ZSM-5-R catalysts do not exhibit remarkably
improved catalytic performances. Their yields to aromatics are
close to the values of the unreduced counterparts, except for
the slight enhancement to 46.2 wt % on 2.1% Mo/ZSM-5-R. In
particular, Ga/ZSM-5-R, which is a superior catalyst in the
aromatization of short alkanes,”'>*° barely promotes the
overall aromatization of isobutyl alcohol. Analogously, the
yields to aromatics of 2.3% Ag/ZSM-5 and 0.4% Pt/ZSM-S-R
are similar to that of ZSM-5***. Much worse reaction results are
observed on 2.2% Ni/ZSM-5-R, which achieves an only 20—
50% carbon balance during the initial reaction period due to the
severe coking (Supporting Information Table S2). The inferior
catalytic performances of xM/ZSM-5 and ¥xM/ZSM-5-R are
still characterized by the high yields to short alkanes and small
portion of hydrogen (0.2—0.4 wt %).

The catalytic performances of Zn/ZSM-5 catalysts with
different Zn loadings were also studied. As shown in Table 2b
and Figure 1a, the yield to aromatics is obviously enhanced with
the increase in Zn loading in the low loading range (<2.3 wt
%). After that, only a slight enhancement is observed with
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—=&— Benzene
—O— Toluene
—&— Xylene

—w— Total aromatics

Y, (wt%)

W
;

10 1
0 T T T T T T T T T ‘T
0 1 2 3 4 5 6 7 8 9
Zn loading (wt%)
(@
30

0 T T T T T T T T T T
0o 1 2 3 4 5 6 7 8 9
Zn loading (Wt%)
()

Figure 1. Product distributions as a function of Zn loading. Reaction
conditions: 0.1 MPa, 450 °C, WHSV 3.88 h™!, time on stream = 3 h.

higher Zn loading; and the highest aromatic yield of 61.4 wt %
is obtained on 5.1% Zn/ZSM-S. However, a further increase in
Zn loading leads to a descending trend in aromatization, as
shown by the 58.7 wt % aromatic yield over 9.0% Zn/ZSM-S.
For Zn/ZSM-5 catalysts, the enhancement in aromatics yield is
mainly due to the improved formation of toluene and xylene
(Figure 1a). In contrast, the yield to benzene is barely improved
on these Zn/ZSM-5 catalysts. Compared with the unpromoted
ZSM-S zeolites, Zn/ZSM-5 catalysts exhibit obviously lower
yields to the side products of propane (4—10 wt %) and butane
isomers (10—16 wt %). The decrease in propane is more
pronounced than that of butane isomers over the Zn/ZSM-5
catalysts (Figure 1b). All the catalysts show yields similar to the
cracked product of C;—C, (3—4 wt %).

Figure 2a illustrates the variation of aromatics yield at the
initial stage of isobutyl alcohol transformation. Neither
induction period nor dramatic deactivation is observed on
ZSM-5 and Zn/ZSM-$ catalysts during the evaluated S h. The
stable aromatic yields indicate the achievement of steady state
of the reaction on these catalysts. A long-term stability test is
further studied on 2.3% Zn/ZSM-S. As shown in Figure 2b, the
product distributions are relatively stable with the extending
time on stream. The yields to aromatics and BTX progressively
drop from 59.6 to 56.8 wt % and from 49.7 to 46.3 wt %,
respectively. The relatively constant yields to various products

dx.doi.org/10.1021/cs300048u | ACS Catal. 2012, 2, 1203-1210
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T ——C3
204 ——C4
¢ t———— 4
104 o0 0—0—00—0—0—0——2
0] X F—2—XX—X X—X X
0 5 10 15 20 25 30 35 40 45 50

Time-on-stream (h)

(b

Figure 2. The stability test of various catalysts: (a) Short-term stability
test on ZSM-S and Zn/ZSM-S catalysts; (b) long-term stability test on
2.3% Zn/ZSM-S. Reaction conditions: 0.1 MPa, 450 °C, WHSV 3.88
hl

also prove the smooth running of the reaction network during
the evaluated 48 h.

3.3. Characterization of ZSM-5 and xZn/ZSM-5
Catalysts. In DRIFT IR spectra (Figure 3), the intensity of
the band at 3610 cm™!, associated with bridging OH
groups,”' = is reduced on the Zn/ZSM-5 catalysts. This

0.8%7Zn/ZSM-5

2.3%Zn/ZSM-5

K-M (a.u.)

5.1%Zn/ZSM-5

9.0%Zn/ZSM-5.

3500 3600 3700 3800

Wavenumber(cm'l)

3400

3300 3900

Figure 3. DRIFT spectra of ZSM-5 and Zn/ZSM-5. The samples were
pretreated in N, at 300 °C for 1 h and cooled to 30 °C.
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evidences the decrease in the Brensted acidity due to the
exchange of protons by Zn cations.'®** Nevertheless, the 3610
cm™! band still remains on 5.1% Zn/ZSM-5 and 9.0% Zn/
ZSM-S, although their Zn loadings are distinctly higher than
the theoretical exchange capacity of 1.5 wt % for ZSM-5**
(page S8 in the Supporting Information). This indicates that
only part of the bridging OH can be exchanged by Zn
cations.”*** The exchange level of Zn/ZSM-5 is estimated by
comparing the intensities of 3610 cm™ band (page S9 in
Supporting Information). The exchange level increases from
33% for 0.8% Zn/ZSM-S to 61% for 2.3% Zn/ZSM-S, and
maintains this level (61%) for 5.1% Zn/ZSM-5. However, a
decreased exchange level of 47% is obtained for 9.0% Zn/ZSM-
S, which may be related to the enhanced aggregation of Zn
species (vide infra). As shown in Py-IR spectra (Figure 4b), the

9.0%Zn/ZSM-5
5.1%Zn/ZSM-5|
-~
=
&
~ 2.3%Zn/ZSM-5
-y
@
g
= 0.8%Zn/ZSM-5
L)
w
T T T T T
150 225 300 375 450 525 600
Desorption temperature (°C)
(a)
9.0%Zn/ZSM-5
-~
3
8 5.1%Zn/ZSM-5
d)
9
=
x*
2 2.3%Zn/ZSM-5
2
=
< [\ 08%Zn/ZSM-5
/‘\_\/\/\—_\/\ZSM-S’”

1560 1540 1520 1500 1480 1460 1440 1420 1400

Wavenumber (cm'l)

(b)

Figure 4. NH;-TPD curves (a) and Py-IR spectra (b) of parent ZSM-$
and Zn/ZSM-S catalysts.

band at ~1550 cm™" on ZSM-5**? evolves into the negligible
ones on Zn/ZSM-§ catalysts. Combined with the diminished
desorption peak centered at 450 °C in NH;-TPD curves, it can
be deduced that Zn cations preferentially replace the strong-
strength Brensted acid sites of ZSM-5. Therefore, the
remaining bridging OH groups on Zn/ZSM-5 are mainly
attributed to the weak-strength Bronsted acid sites. A portion of
the incor?orated Zn cations also acts as the Lewis acid
sites”"***° and gives rise to the widened desorption peak at 230

dx.doi.org/10.1021/cs300048u | ACS Catal. 2012, 2, 1203-1210
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°C in NH;-TPD and simultaneously enhanced 1450 cm™' band
in Py-IR spectra.

The consumption of bridging OH groups (DRIFT IR and
Py-IR) suggests the presence of Zn species at the exchange sites
on all Zn/ZSM-§ catalysts. However, it has been reported that
Zn/ZSM-5 catalysts prepared by the impregnation method
contain exchanged Zn cations, highly dispersed Zn clusters, and
ZnO crystallites.'®** As shown in UV—vis spectra (Figure 5), a

-
z 9.0% Zn/ZSM-5
Py
<
g 5.1% Zn/ZSM-5
=
s
2 2.3% Zn/ZSM-5
<
0.8% Zn/ZSM-5
T T T
200 300 400 500 600

Wavelength (nm)

Figure S. UV—vis absorption spectra of Zn/ZSM-$ catalysts.

weak band appears at ~370 nm on 0.8% Zn/ZSM-S,
corresponding to the ZnO crystal on the external surface of
ZSM-5.>**° This band obviously develops with the increase in
the Zn loading. The intensive band on 5.1% Zn/ZSM-S and
9.0% Zn/ZSM-S is indicative of the formation of large ZnO
particles, which are also clearly observed in the TEM images
(Supporting Information Figure S7). For 9.0% Zn/ZSM-S, the
characteristic peaks of ZnO crystallites (26 = 31.7, 34.4, 36.2,

and 47.5°) can be observed in the XRD pattern (Supporting
Information Figure S3).

3.4. Discussion. The transformation of isobutyl alcohol to
aromatics proceeds through the consecutive reactions of
dehydration and aromatization. Dehydration of isobutyl alcohol
is catalyzed by mildly acidic alumina, metal oxides, and zeolites,
which has been studied for decades."" Isobutyl alcohol readily
undergoes dehydration over the acidic zeolite catalysts (almost
100%) at 450 °C in this work; however, only zeolites with MFI
and MEL topologies show high yields to aromatics (Table 1).
The aromatization of isobutene and butene isomers (i.e., the
products after dehydration of isobutyl alcohol) has been the
subject of several studies.””’ " It has been widely proved that
the pore structures of MFI and MEL are in favor of the
formation of aromatics and constrain the formation of
carbonaceous deposits.>> This is applicable to explain the
superior aromatization activities of ZSM-11 and ZSM-S$ zeolites
in the transformation of isobutyl alcohol.

The conversion of hydrocarbons to aromatics is complicated
and involves a complex reaction network and dozens of
intermediates. As a simplified model for alkenes, the
aromatization primarily consists of oligomerization, cyclization,
and the essential dehydrogenation steps paralleled with a
sequence of hydrogen transfer reactions.” *** Accordingly,
Scheme la describes the major reaction pathways for the
conversion of isobutyl alcohol to aromatics over the ZSM-5
zeolites. Starting from isobutyl alcohol, aromatics are formed
through the steps of dehydration, oligomerization, cyclization,
and the parallel hydrogen transfer reactions. Butane isomers
(19—21 wt %) are generated at the expense of isobutene and
butene isomers as the balanced products of aromatics due to
the hydrogen transfer reactions. Another major balanced
product of propane is generated through the combined
oligomerization—cracking and hydrogen transfer of C4—C,
oligomers. As listed in Table 1, the yield of propane is

Scheme 1. Transformation Pathways of Isobutyl Alcohol over ZSM-S and Zn/ZSM-S Catalysts
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disproportionally higher than that of methane, indicating that
propane does not originate from the protolytic cracking of
isobutene or butene isomers. Moreover, the obviously high
portion of propane (22—25 wt %) is supportive for the
occurrence of multiple oligomerization—cracking (C, + C, —
Cy = Cs + Cy; Cg + C, > Cy > Cy + C4 = 3C,). Nearly
equimolar ratios are obtained for CH,/C,H, (Supporting
Information Figure S2) over the ZSM-S and xZn/ZSM-S
catalysts. This suggests that mainly the secondary cracking
reactions contribute to the formation of methane and ethene
(C; » H—transfer, cracking CH, + C,H,). Among the above
reaction pathways, the intensive multiple oligermization—
cracking and hydrogen transfer reactions lead to the formation
of undesired saturated C;° and C,’ fragments and, thus, limit
the aromatization of isobutyl alcohol over the purely acidic
ZSM-S zeolites.

Zn/ZSM-5 catalysts show remarkably improved catalytic
performances in these two aspects. As shown in Figure 1, the
incorporation of Zn species not only enhances the yield to
aromatics but also results in obviously lower yields for propane
and butane isomers. The incorporated Zn species may promote
the primary aromatization steps (ie, isobutyl alcohol —
aromatics) or give rise to the additional secondary aromatiza-
tion of the propane and butane isomers (i.e., saturated C;°, C,°
— aromatics). The analysis of product distribution is
informative for such a discussion.

As indicated in Figure la, Zn/ZSM-5 catalysts mainly
increase the yields of toluene and xylene, which refers to the
enhanced formation of C, and Cg oligomeric precursors (C, +
C,— Cg Cg — Cs + Cy, Cy + C4 — C,). This suggests that the
multiple oligomerization—cracking of oligomeric intermediates
is suppressed, which is due to the decreased strong-strength
Bronsted acidity on Zn/ZSM-5, as revealed by DRIFT IR, Py-
IR spectra, and NH;-TPD curves.

In addition to the suppression of multiple oligomerization—
cracking, Zn species play a pronounced effect in the essential
dehydrogenation reactions of C, and Cg intermediates for the
formation of toluene and xylene. Compared with the extremely
low portion of H, over the ZSM-S, the amounts of generated
H, are increased by an order of magnitude (19—30) over the
Zn/ZSM-5 catalysts (Table 2). The molar ratios of H,/(H, +
propane + butane isomers) as a function of Zn loading are also
calculated (Figure 6). The ratio is remarkably increased from
0.14 for ZSM-S to 0.66 for 0.8% Zn/ZSM-S and reaches a

1.0 exchange level
0.8- //- )
% 61% 61%
§ 0.6 % Z
2 %
E‘* 049 /330,
= 0l
0.2 é
0.0 / /
o 2 4 6 8 10

Zn loading (Wt%)

Figure 6. The molar ratios of H,/(H, + propane + butane isomers)
(recombinative effect/hydrogen transfer) and exchange level as a
function of Zn loading.

1209

plateau around 0.82 after 2.3 wt % Zn loading. This indicates
that the dehydrogenation reactions are paralleled with the
intensive desorption of H, on Zn/ZSM-S catalysts. Such
phenomena have been proposed as the recombinative effect in
the aromatization of alkanes, which promotes the dehydrocyc-
lization of alkanes to aromatics on Ga/ZSM-5 and Zn/ZSM-5
catalysts.”>*° As shown in Figure 6, the evolution of H,/(H, +
propane + butane isomers) ratios follows the variation trend of
exchange levels as a function of Zn loading. This correlation
suggests that mainly the Zn species residing at exchange sites
are responsible for the recombinative effect.

However, such recombinative effect does not invoke the
secondary aromatization of propane and butane isomers (i.e.,
saturated C,°, C,° — aromatics) during the transformation of
isobutyl alcohol. As reported, butane is ~4 times more reactive
than propane in the aromatization,* which leads to the
preferential conversion of butane in the mixed alkanes.
However, instead of butane, propane is found to undergo
more rapid and substantial reduction in this work (Figure 1b).
This disagreement indicates that the improved yields to
aromatics are not due to the secondary aromatization over
the Zn/ZSM-S.

The promotional effect of Zn/ZSM-S catalysts on the
aromatization of isobutyl alcohol is proposed in Scheme 1b.
The incorporation of Zn species preferentially decreases the
strong-strength Bronsted acidity of the ZSM-5 zeolites and,
thus, suppresses the multiple oligomerization-cracking to the C;
fragments. Moreover, Zn species residing at exchange sites
remarkably enhance the dehydrogenation reactions by the
recombinative desorption of H atoms to H,, which in turn
inhibits the hydrogen transfer reactions with C;*~ and C,*”
hydrocarbons.

It is worth noting that the catalytic performances of 2.1%
Ga/ZSM-5, 2.1% Mo/ZSM-S, and 2.4% La/ZSM-5 catalyst are
very similar to that of purely acidic ZSM-S (Table 2a).
Likewise, the reduced catalysts of 2.1% Ga/ZSM-S-R and 2.1%
Mo/ZSM-5-R barely promote the formation of aromatics. The
multiple oligomerization—cracking and hydrogen transfer
reactions are still intensive on the above-mentioned catalysts,
as shown by their product distributions in Table 2. In particular,
the reduced Ga/ZSM-5-R does not exhibit the expected
promotional effect for the formation of aromatics and H, in the
transformation of isobutyl alcohol. So far, it is premature to give
any confirmative analysis about the inertness of reduced Ga
species. We still incline to propose that the presence of a high
concentration of water, formed from the dehydration of
isobutyl alcohol, is closely related to their inferior catalytic
performances. For instance, the oxidation and hydrolysis of
reduced Ga species by water vapor with certain partial pressure
have been reported on Ga(I)/ZSM-5.>"** Further efforts are
required to unveil the responsible structure transformation of
above-mentioned metal species.

4. CONCLUSIONS

One-step transformation of isobutyl alcohol to aromatics is
achieved by ZSM-S zeolites (Si/Al = 13.4—34.3) at 450 °C
under atmospheric pressure. The yields to benzene, toluene,
and xylene reach 33—35 wt % over the purely acidic ZSM-$
catalysts; however, large amounts of propane and isobutane are
also generated as the balanced byproduct. The aromatization
can be enhanced by the incorporation of Zn species. With the
suitable Zn loading (2.3—5.1 wt %), the yields to benzene,
toluene, and xylene are increased to 49—52 wt %. Mainly the
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Zn species residing at exchange sites promote the trans-
formation of isobutyl alcohol in the following two manners: (i)
decrease the strong-strength Bronsted acidity of the ZSM-S
zeolites and thus suppress the multiple oligomerization—
cracking steps for the formation of C, fragments and (ii)
facilitate the recombinative desorption of H atoms to H, and
improve the dehydrogenation reactions for the formation of
aromatics. Therefore, the Zn/ZSM-S catalysts promote the
formation of toluene and xylene and inhibit the generation of
undesired propane and butane isomers.
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