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An eggshell Mo,C catalyst which is designed from the rapid combination of molybdate with melamine is described. In con-
trast to Pd-based catalysts, the eggshell Mo,C operates effectively with a wide-concentration window in high-temperature
gas phase hydrogenation of phenylacetylene, thus, an economical and energy-efficient front-end purification of styrene
monomers might be possible. © 2015 American Institute of Chemical Engineers AIChE J, 61: 2522-2531, 2015
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Introduction

The partial hydrogenation of phenylacetylene (PA) has
been an important industrial process for the synthesis of
high-purity styrene (ST), which is used as the monomer for
the synthesis of polystyrene, a widely used class of thermo-
plastic. Commercial ST derived from the dehydrogenation of
ethylbenzene (EB) typically contains a small fraction of PA
of up to 150 ppm. Despite its low concentration, PA has det-
rimental effects on the polymerization rate, and could induce
undesired cross-linking of polymer chains." To meet this
stringent standard for monomer purity, the level of PA
should be reduced to <10 ppm. For this purpose, a catalytic
partial hydrogenation process has been developed to reduce
the amount of PA into the lower ppm range with minimal
influence on the dominating ST. Supported palladium cata-
lysts, for example, on carbon nanotubes, Si-Al-O, zeolites,
TiO,, polymers, and more recently C3N, are used for the
hydrogenation reactions.”’ Pd selectively hydrogenates
traces of alkynes to alkenes under alkene-rich conditions.®
However, in addition to the high cost, Pd suffers from rapid
activity loss on contact with infinitesimal amounts of impur-
ities in the feedstock, which hinders its long-term industrial
applications. Therefore, modification of Pd by a second
metal was examined to extend the service life of the cata-
lysts. The incorporation of heteroatoms, such as Ag, Ga, or
Cu, is able to alter the electronic structure of Pd by forming
alloys, thus, allowing a quick desorption of the carbonaceous
species from the catalyst surface.””'' Consequently, the for-
mation of carbon overlayers and, in particular, the oligomeri-
zation of the reactive intermediates to higher hydrocarbons
which caused catalyst fouling can be decreased by several
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orders of magnitude. Many ways have been proposed to con-
trol the performance of Pd in alkene hydrogenation, includ-
ing modifying the electronic properties by alloying with
other metals, exposing the specific type of active sites or lat-
tice plane,lz’13 changing the interplay with the surround-
ings,14’]5 uncrystallizing through the introduction of
nonmetals,'® and so forth. One typical case was the use of
surfactants inherited from the synthetic process to improve
the alkene selectivity by modifying the electronic environ-
ment of Pd through N-containing species.'”'® However, the
surfactant-wrapped Pd particles normally cannot be effec-
tively stabilized by the supports, thus causing a leaching
problem. Controlling the morphology of Pd to exclusively
expose the appropriate lattice planes for partial hydrogena-
tion of alkyne was another way to enhance the alkene selec-
tivity. However, to immobilize these Pd particles without
losing the exposure of the required lattice planes remains a
big challenge. Other option such as the less active Au-based
catalysts were frequently investigated for alkyne hydrogena-
tion, but the alkyne conversions in these cases were not sat-
isfactory.'”?*  Recently, increasing demands for more
economical processes for alkyne hydrogenation have trig-
gered a fast-developing research area of new catalytic mate-
rials based on nonprecious metals. A series of
multicomponent catalysts based on Ni and Cu using Fe, Al
or Zn as modifiers displayed a good level of alkene selectiv-
ity of up to 80%, indicating noble metal-free catalytic system
has started to play an important role in this area of
reseach.?'~*

The existing process of PA hydrogenation is performed in
liquid phase below 100°C. Elevating temperature obviously
induces overhydrogenation with using those aforementioned
catalysts. In industry, conducting a process at low tempera-
ture is, however, against the block integration and should be
avoided for high energy efficiency. In addition, increasing
the operating temperature to perform the hydrogenation in
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Table 1. Summary of Catalyst Preparation

Type of Catalyst Powder Mo,C

Eggshell Mo,C/y-Al,O3

Powder Mo,C/y-Al,0O4 Eggshell MoO,/y-Al,03

Physical state Powder Spherical extrudate Powder Spherical extrudate
Reagents AHM,MA AHM,MA AHM,MA AHM
Wet chemistry Mixing Impregnation Impregnation Impregnation

Post treatment Thermal decomposition

Thermal decomposition

Thermal decomposition Hydrothermal reduction

gas phase could enhance catalyst stability. As desorption of
carbonaceous species from the catalyst surface is accelerated
in gas phase, the deactivation due to extensive oligmer pro-
duction could be reduced to a larger extent should the reac-
tion temperature be properly selected. Therefore, noble
metal-free is just one of the criteria for competitive advant-
age. Good performance in terms of suppressing overhydroge-
nation and oligmerization in gas phase PA hydrogenation
shall be the main focus in future development of alternatives
to the commercial Pd-based catalysts.

Earlier work revealed the formation of carbide-like phase
of Pd during the early stage of Pd-catalyzed alkyne hydro-
genation. The formation of carbides on the surface region
was proposed to be responsible for the constantly high selec-
tivity to alkenes.”> While the actual role of the carbides in
alkyne hydrogenation is still under debate, this part of work
did inspire us to compile the carbides into the catalog of
potentially advantageous catalytic materials. Early transition
metal carbides showed some reagent adsorption and activa-
tion phenomena that were qualitatively similar to those
observed on precious group metals, though reaction rates
were several orders of magnitude slower. This property of
transition metal carbides may help promoting the selectivity
of the intermediates in certain consecutive reactions usually
catalyzed by noble metals due to the slow activating of the
intermediates with respect to the relatively quick desorption
of the intermediates over the carbides. In this work, we con-
ducted the PA hydrogenation under industrially relevant con-
ditions over a series of molybdenum carbide catalysts. The
results indicated that the carbide phase was intrinsically less
capable in activating ST thus able to terminate the hydrogen-
ation at the intermediate step. In addition, molybdenum car-
bides showed both high activity and selectivity during PA
hydrogenation with high H,/PA ratios close to those in the
tail-end cuts of an EB dehydrogenation process. The hydro-
genation process thus can be possibly coupled with EB dehy-
drogenation to develop a more economical front-end
technology for the purification of ST.

Experimental

All the reagents were purchased from Sinopharm Chemi-
cal Reagent Co., and used without further purification. The
7-AlL,O3 pellets with a mean diameter of 5 mm, a surface
area of 280 m?/g, a total pore volume of 0.46 cc/g, and an
average mass of 70 mg were used as received without
removal of the residual polymers which were used as bind-
ing agents. Table 1 depicts the summary of the catalyst prep-
aration, while the preparation details are presented below.

Powder Mo,C

The powder Mo,C was prepared by a single step of pyrol-
ysis of the Mo melamine hybrids (chemical formula:
M019066(C3H7N6) 18° 12H20) under a flow of HQ/AI'
(v:v =2:5, 70 mL/min) at 650°C for 90 min. Mo ""-melamine
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hybrids were obtained by mixing the aqueous solutions of
ammonium molybdate ((NH4)sMo,0,4-4H,0) and melamine
(C3HgNg) and collecting the immediately precipitated white
solids. The as-prepared powder Mo,C possessed a surface
area of 7 m?/g.*

Eggshell Mo,C/y-ALO;

In the preparation of eggshell Mo,C/y-Al,Os, y-Al,O3 pel-
lets were impregnated in (NH4)sMo,0,4 (aq.) in an appropri-
ate quantity for obtaining a Mo loading of 10 wt %. After
24 h of impregnation, the y-Al,O3 pellets were collected
from (NHy)¢Mo0;0,4 (aq.) without drying and added into
melamine (aq.). The y-Al,O5 pellets were collected by filtra-
tion after conditioned to melamine (aq.) for 10 min and dried
at 120°C before further heat treatment under a flow of H,/Ar
(v:v=2:5, 70 mL/min) at 650°C for 90 min.

Powder Mo,C/y-Al,O3

Powder y-Al,O3 (by grinding the y-Al,O3 pellets into fine
powder) were impregnated in (NH4)¢Mo070,4 (ag.) in an
appropriate quantity for obtaining a Mo loading of 10 wt %.
Melamine (aq.) was added into the slurry containing powder
7-Al,O3 after 24 h of impregnation. The powder y-Al,O3
was collected by filtration after conditioned to melamine
(aq.) for 10 min and dried at 120°C before further heat treat-
ment under a flow of Hy/Ar (v:v =2:5, 70 mL/min) at 650°C
for 90 min.

Eggshell MoO,/v-Al,O3

The eggshell MoO,/y-Al,O; was used as a reference. Its
preparation was identical to that of the eggshell Mo,C/y-
Al,O5 without subjecting the impregnated y-Al,O5 pellets to
melamine (aq.).

PA hydrogenation

The gas-phase PA hydrogenation (Reaction scheme
seen in Fig. 1) was performed in a fixed-bed continuous-flow
cylindrical stainless steel reactor which was 12 mm in diam-
eter of the cross-section, 2 mm in wall thickness, and
500 mm in length. For each reaction, a certain amount of
catalyst, that is, a pellet of eggshell Mo,C/y-Al,O5 or egg-
shell MoO,/y-Al,03, 0.07 g of powder Mo,C/y-Al,O3, and
0.007 g powder Mo,C were used in each case for obtaining
identical amount of Mo. They were then diluted with 2 g of
quartz sand and placed in the thermostatic region of the
reactor, which was about 30 mm in length at the middle of
the reactor. All the catalysts were reduced in situ at 0.5 MPa
H, (50 mL/min) at 400°C for 120 min prior to the hydrogen-
ation. The feedstock consisted of a solution of 1 wt % PA in
cyclohexane (unless otherwise mentioned) and was fed into
the reactor by a high performance liquid chromatography
(HPLC) pump. The feed rates of the reactants were
expressed at liquid state. Liquid samples were collected from
a trap cooled in cold water at the bottom of the reactor. The
samples were analyzed using Agilent 7890-11 gas
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Figure 1. Reaction scheme of the consecutive PA hydrogenation to ST and EB.

chromatography equipped with an OV-101 capillary column
and a flame ionization detector, and confirmed by gas
chromatography-mass spectrometry. Liquid samples were
collected after a stabilizing period of 12 h for evaluating the
performance of the catalysts. The weight hourly space veloc-
ity (WHSV) and the styrene loss (STp.s) were calculated
using the following equations:

WHSV=Mass Flowps/weight of cat
=[Feed Rate/mL/min]X60%0.78X0.01/0.007

STLoss= { (ST initial — ST final }/ ST itial

Characterization

X-ray diffraction (XRD) patterns were recorded on a
Rigaku D/MAX2400 diffractometer with Cu Ko (40 kV, 100
mA) radiation. All samples were ground into fine powder
before testing. Transmission electron microscopy (TEM) was
performed on a Philips CM200 FEG transmission electron
microscope with an accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed in an ultrahigh vacuum setup equipped with a
Gammadata-Scienta SES 2002 analyzer and used the main C
Is peak at 284.5 eV as reference. The line distribution pro-
file of Mo, C elements in the cross-section of y-Al,O5 pellets
was measured using electron probe microanalyzer in EPMA-
1600. Carbon, hydrogen, and nitrogen (CHN), elemental
analysis was performed with an Elementar Vario EL system.
The hemisphere of y-Al,0; was embedded in a thermoplastic
resin with the polished cross-section upward and coated with
a layer of gold by vacuum deposition. The acceleration volt-
age of the electron beam was 15 kV and the sample current
was 0.012 pA. The electronic signals were collected with a
scanning speed of 0.001 mm/s. CO chemisorption was meas-
ured using ASiQC0000-4 (Quantachrome Instrument Co.).
Samples were treated in H, flow at 673 K for 2 h and evac-
uated at 5 X 102 Pa for 2 h before chemisorption measure-
ments at 303 K. The Mo content of powder Mo,C was
determined with a Cahn TG-2131 thermobalance in pure air
with a heating rate of 5°C/min from room temperature to
800°C. Temperature-programmed oxidation (TPO) was per-
formed by introducing 5% O,/He with a total flow rate of
100 mL/min into the system while the temperature was
raised from RT to 900°C at a rate of 10°C/min. The signal
of H,O (m/e =18), CO (m/e =28), and CO, (m/e =44)
were monitored.

Results and Discussion
Formation process of eggshell Mo,C/y-Al,0;

Previous work by our group has shown a cheap single-
source precursor for f-Mo,C obtained by combining ammo-
nium molybdate (aq.) with melamine (aq.).”® The mixing
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immediately produced resin-like white solids, which pos-
sessed a large molecular weight of 5382. Through a single
step of heat treatment at 650°C, the white solids were trans-
formed into highly pure -Mo,C with almost exactly the
same as the stoichiometric amount of carbon (Eq. 1)

19
M019O66(C3H7N6)1g . 12H20 — 7M02C+XCO+yC02

76+x
+ N
3

4x+6y—95

J’_
3
89—2x—2y

2 NH;+ (78—X—2y)

H,O+ C3HgNg

ey

In this work, we have used this synthetic route to prepare
three types of Mo,C catalysts: powder Mo,C, powder Mo,C/
7-Al,O3, and eggshell Mo,C/y-Al,O3 for assessment. After
impregnation with aqueous solution of ammonium molyb-
date, Mo species showed an eggshell distribution on the 7-
Al,O3 extrudate (Figure 2a). Gibson et al. explained this
phenomenon well using in situ noninvasive spectroscopic
techniques and reconstructed the evolution of Mo;0;
within the y-Al,O5 extrudate during the impregnation.”” Mo
species were inhibited from entering the centre of the y-
Al,O3 extrudate due to the strong electrostatic interaction
between M07Og; and Al—OHH, which gave rise to an
Anderson-type heteropolyanion of Al(OH),MosO3; (Eq. 2).
A gradient of Mo components toward the core of the extru-
date formed as a consequence

12Mo;08; +7A1,03+27H,0+30H" — 14A1(OH)MosO3y
()

When subjecting the impregnated y-Al,O3 extrudate to
melamine (aq.), the protonated —NH, moieties of the mela-
mine molecules reacted with the adsorbed M07Og4_ species
in a very fast way leading to the formation of Mo" -mela-
mine hybrids (single-source precursors for ;-Mo,C) in situ
bounded by Al-OH*". Due to a large molecular weight of
about 5400 and a huge steric hindrance, the hybrids could
effectively block the pores of the supports thus, prohibiting
the inward diffusion of the melamine molecules. Through a
single step of heat treatment at 650°C, the hybrids converted
into islands of ;-Mo,C dispersed on the outer layer of the y-
Al,O3 extrudate with identical inward depth, thus were
described as a carbide shell.

Characterization of eggshell Mo,C/y-AlL,O;

Elemental distribution vs. diameter was measured by elec-
tron probe microanalysis (EPMA) operating in line scanning
mode. No carbon signal was captured across the 7-Al,O3
body (Figure 2b). We presumed the thickness of the carbide
layer was less than the measuring step of EPMA of 1 um, or
otherwise was nanometer sized. The C content in the
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Figure 2. Optical images of the cross-sections of the eggshell MoO,/y-Al,O; (a) and eggshell Mo,C/y-Al,O3 (b).
Attached is the elemental distribution of Mo (solid) and C (dots) along the diameter. The plateau of car-
bon beyond but close to the y-Al,03 pellet was due to the thermoplastic polymers used as fixed agents
during the measurements. (c) High-resolution TEM image of the sample scratched off the surface of the
eggshell Mo,C/y-Al;03. The measured distance of 0.195 nm was attributed to some crystallized y-Al,O3

after the heat treatment.

eggshell Mo,C/y-Al,O5 was estimated as 0.05 wt % after
eliminating the contribution from the 7-Al,O; extrudate
(Table 2). By referring to the C content, the thickness of the
carbide layer could be roughly estimated based on three
assumptions: (1) all of the carbon arose from the carbide
phase; (2) no other carbide phases (e.g., MoC, MoC,_,)
except Mo,C existed in the catalyst; (3) the carbide layer was
described as a spherical shell filled with Mo,C particles but
without condensation. In this way, the carbide layer was cal-
culated to be 800 nm in thickness. While given that part of
the carbon was amorphous (e.g., surface carbon deposit) and
the existence of other carbide phases with higher C content,
the actual carbide layer should be much thinner. To confirm
the presence of the carbide phase in the eggshell Mo,C/y-
Al,O3, the sample was studied by TPO. The powder Mo,C
(verified by XRD patterns from Figure 3a) prepared by the
thermal treatment of the Mo"'-melamine hybrids was used as
a standard carbide for comparison during heating in oxidizing
atmosphere (i.e., O,-He mixture). As shown in Figure 4, the
oxidation of the eggshell Mo,C/y-Al,O3 occurred in two dis-
tinct regimes, almost identical to the case of the powder
Mo,C. The first regime in the profile from 280 to 450°C
belonged to the surface oxidation of molybdenum carbide,

while the second regime from 450 to 700°C was derived from
the bulk oxidation of molybdenum carbide, the rate of which
was determined by the diffusion of oxygen atoms within the
particles. Thus, the second regime in the case of the eggshell
Mo,C/y-Al,O3 was observed to end at lower temperature with
respect to the powder Mo,C for the fast diffusion of oxygen
atoms within the small dispersed carbide particles supported
on the Al,O5 support. The deconvoluted Mo 3d XPS spectrum
of the eggshell Mo,C/y-Al,O3 gave rise to Mo species with
binding energy of 228.2 eV (Figure 5a), which can be
assigned to carbidic Mo.?®*?° Further evidence on the carbide
phase was from the high-resolution TEM image, in which the
measured lattice distance of 0.226 nm was indexed to the
(101) facet of f-Mo,C (Figure 2c). Based on the results, the
hierarchical structure of the eggshell Mo,C/y-Al,O3 can be
described in analogy to an egg with MoO, as the eggshell
wrapped by a nanolayer of Mo,C.

Molybdenum carbide catalysts in PA hydrogenation

Table 3 depicts the hydrogenation performance of the cat-
alysts as a function of WHSV. It can be seen from the initial
results that decreasing WHSV over powder Mo,C did not
cause any obvious decrease in the selectivity to ST while the

Table 2. Mo, Mo,C, C Contents, CO Uptake, and TOF

Content (wt %)

Sample Mo* c® Mo,C* CO Uptake (umol/g) TOF (min™ )
7-AL,0; - 0.37 - - -
Eggshell Mo,C/y-ALO5 0.63 0.05° 0.85 _f 7.28
Powder Mo,C/j-ALO3 1.54 0.11° 1.87 _ 348
Powder Mo,C 93.3" 45 - 25.9 1.1 X 104

“By ICP-AES.
Averaging the results of three times of analysis.

“Calculated by assuming carbon arose from Mo,C and no other carbide phases existed.

dOf the reaction state depicted in Table 3, Entry 8.
°Eliminating the contribution from alumina extrudate.

fCannot measure with acceptable accuracy due to the actual Mo,C loading was ultralow.

£0n the basis of the total Mo,C loading.
"By thermogravimetric (TG) analysis.
By CHN elementary analysis.

’On the basis of the CO uptake assuming 1:1 stoichiometry for CO and Mo,C. TOF was calculated according to the formula: TOF = (F X X)/M; where F is the

molar rate of the reactant, X is the PA conversion, and M is the mole of Mo,C.

AIChE Journal August 2015 Vol. 61, No. 8

Published on behalf of the AIChE

DOI 10.1002/aic 2525



i N I —— ﬁ.Mo Zc
) JCPDS (35-0787)

Intensity (a.u.)

15 30 45 60 75
2 Theta (deg.)

2 Theta (deg.)

Figure 3. XRD patterns of (a) powder Mo,C and (b) eggshell Mo,C/y-Al,O3.

No diffraction peaks due to Mo species except the background for y-Al,O3; were resolved in (b) owing to a low loading and corre-
sponding high dispersion of Mo species, while all resolved peaks in (a) can be well indexed to §-Mo,C with a hexagonal structure.

PA conversion showed a gradual increase. This phenomenon
indicates that f-Mo,C was intrinsically less effective in acti-
vating ST. To the best of our knowledge, molybdenum car-
bides have not been applied for PA hydrogenation in the
literature so far. The observed high selectivity cannot be
fully understood at this stage. It can be correlated with the
incorporation of carbon to Mo forming carbide, which was
demonstrated to have properties similar to noble metals in
the context of catalytic activity and selectivity.*>

The macroscopic eggshell distribution which localizes the
active phase on the periphery of the support can minimize
the inner diffusion of the reactants, thus improving the mass
transfer for a high-catalytic efficiency. Furthermore, the read-
sorption of the reaction intermediates over the catalysts in
eggshell distribution can be significantly reduced, which is
beneficial for a high selectivity to the intermediate products
in consecutive reactions.’>** Thus, we expected the use of
the eggshell Mo,C/y-Al,O3 could maintain the high selectiv-
ity to ST at high PA conversion. Remarkably, the eggshell
Mo,C/y-Al,03 was found to facilitate a high selectivity
toward ST, in line with a significantly enhanced PA conver-
sion compared with the powder Mo,C under identical
WHSV.

Powder Mo,C/y-Al,05 was comprised of aggregates of
microeggshell primary particles, giving rise to a porous net-
work in the interstitial spaces between them. It seems that
readsorption of the intermediates within this porous network
of primary particles produced the observed lower selectivity
to ST compared with that over the eggshell Mo,C/y-Al,0O3
under identical conditions.

Molybdenum oxides in PA hydrogenation

Molybdenum oxides were observed in both the eggshell
and the powder Mo,C/y-Al,03 (Mo 3d XPS spectrum shown
in Figure 5b). In an attempt to understand their roles in the
reaction, we compared the catalytic performance of the egg-
shell Mo,C/y-Al,O5 directly with that of the counterpart, the
eggshell MoO,/y-Al,O5, during a long-term PA hydrogena-
tion (Figure 6). The results implied that the eggshell MoO,/
7-Al,O3 was undergoing a progressive change in the surface
region, as indicated by the gradual increase in both the PA
conversion and the selectivity to ST. After a time period of
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Figure 4. CO, profiles in the TPO of the y-Al,O3, egg-
shell Mo,C/y-Al;0O3, and powder Mo,C.

The oxidation of the powder Mo,C occurred in three
distinct regimes. The first regime ranging from 280 to
450°C belongs to the surface oxidation of Mo,C,
whereas the second regime from 450 to 700°C is
assigned to the bulk oxidation of Mo,C. Normally, the
CO, signals disappear from here onward owing to the
complete oxidation of Mo,C. However in the present
case, a sharp increase of CO, signals appeared at
around 780°C. The oxidation of Mo,C is determined by
the inward diffusion of oxygen. When the particle size
of Mo,C is big or the particles agglomerate severely, it
is possible for a core (Mo,C)-shell (M0O;) structure in
the oxidation progress. The MoOj; shell will slow down
the diffusion of oxygen into the bulk and shields the
Mo,C core from being oxidized. While the temperature
increases continuously, the sublimation of MoO;
becomes distinct. The Mo,C core loses protection owing
to the elimination of MoO; shell and will be oxidized
rapidly due to the accelerated oxygen diffusion at ele-
vated temperature. The powder Mo,C was characterized
by micrometer-sized agglomerate in our previous work,
so it is reasonable to observe an additional oxidation
region in the range of 750-840°C. Referring to the y-
Al,O3, CO, released in the range of RT-280°C in the
case of eggshell Mo,C/y-Al,O5 is attributed to those
physisorbed on the y-Al,O3 extrudate.
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Figure 5. Mo 3d and C 1s XPS spectra.

Peaks in (a, b, c) assigned to carbidic Mo and peaks in (a’, b/, ¢/, d’) assigned to lattice C were marked with pentagram and cross,
respectively. (a, a’) Eggshell Mo,C/y-Al,Os. (b, b’) Powder Mo,C/y-Al,03. (¢, ¢’) Powder Mo,C. Assignation of the rest peaks was
listed in the following table. As the peaks due to d3/ orbital (unmarked) were related with those due to ds), orbital, here only listed
the peaks due to the ds/, orbital of the Mo species in images a, b, c.
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Table 3. PA Hydrogenation Performance Over Mo,C Catalysts

Powder Powder Eggshell
Feed Rate HZ/PA M02C M02C// A1203 MOzC/, A1203
Entry WHSV (h™ ") (mL/min) Molar Ratio Con.*(%) Sel.’(%) Con. (%) Sel. (%) Con. (%) Sel. (%)
1 2 0.03 204 97.3 91.2 99.7 0.1 99.2 91.2
2 4 0.06 204 95.9 92.4 98.3 70.9 98.3 93.4
3 6 0.09 204 91.7 92.7 98.0 84.7 96.9 94.1
4 8 0.12 204 78.8 94.3 97.9 84.5 96.4 94.6
5 10 0.15 204 72.7 94.4 98.0 88.2 95.8 95.4
6 12 0.18 204 63.2 94.5 96.1 89.4 95.2 95.7
7 16 0.24 204 47.0 94.7 95.0 90.3 95.2 95.9
8 20 0.30 204 41.5 94.7 94.7 91.2 91.6 96.1
9 20 0.30 102 - - - - 92.4 96.8
10 20 0.30 20.4 - - - 94.3 97.4

“Conversion of PA.
“Selectivity to ST. Reaction temperature: 240°C. 2 MPa H,.

about 20 h, it exhibited a catalytic performance resembling
that of the eggshell Mo,C/y-Al,O3. We collected the Mo 3d
XPS spectrum of the spent eggshell MoO,/y-Al,O3; and
found a newly resolved peak assigned to carbidic Mo (Figure
7b), indicative of an exchange of the lattice oxygen in MoO,
with external carbon from reactants during the reaction, in
which the process transformed the catalytic inert MoO, into
active MoC, species.

Front-end PA hydrogenation

Conventionally, ST from EB dehydrogenation (Section I
in Figure 8) first goes through heat exchange then con-
denses in the condenser to release H,. The liquefied prod-
ucts are subject to Section II for manipulations (A: EB/ST
separation column; B: EB recycle column; C: benzene/tolu-
ene separation column; D: ST rectifying column). The
effluent of Section II is purified ST with untreated PA
which shall be removed through PA hydrogenation process.
Given that the molybdenum carbide catalysts for PA hydro-
genation operated at high temperature (~240°C), we pro-
posed putting the PA hydrogenation unit (Reactor A, Figure
8) between the heat exchanger and the condenser and use
the tail-end cuts of Section I as the input for PA hydrogen-

ation. The tail-end cuts are at high temperature (~550°C).
The carried large amount of heat can be used to heat up the
PA hydrogenation. By elevating the operating temperature
of the PA hydrogenation to approach to that of the tail-end
cuts, the energy loss of Route B can be significantly
reduced. For Pd-based catalysts, the Hy/PA molar ratio had
to be kept low, normally varying from 1 to 70, to suppress
overhydrogenation. Hence, the existing PA hydrogenation
processes can hardly be coupled with EB dehydrogenation
process, where H, was far in excess of PA. To link up to
the tail of EB dehydrogenation processes, the catalysts for
PA hydrogenation should be designed to operate selectively
in a wide range of H,/PA ratios. The common value of H,/
PA in the tail-end cuts of EB dehydrogenation was around
100. Therefore, the H,/PA ratio was first halved to 102.
Both the ST selectivity and the PA conversion over the
eggshell Mo,C/y-Al,O3; remained as high as 96.8 and
92.4%, respectively (Table 3, Entry 9), suggesting the cata-
lyst could directly deal with the effluent of an EB dehydro-
genation reactor in an effective manner. Even the H,/PA
ratio was reduced by 10 times, the conversion of PA
remained high as 94.3% with the ST selectivity equal
97.3% (Table 3, Entry 10), indicating the eggshell Mo,C/y-
Al,O5 was insensitive to the H,/PA ratio that it was able to
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Figure 6. Time-dependency conversion of PA (a) and selectivity to ST (b) over the eggshell Mo,C/y-Al,O3; (0) and
the eggshell MoO,/y-Al,03 (x) in long-term PA hydrogenation.

Reaction conditions: 240°C, 2 MPa H,, feed rate = 0.03 mL/min, H,/PA =204, WHSV =2 h~".
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Figure 7. Mo 3d XPS spectra of the eggshell MoO,/y-Al,O3 before (a) and after (b) reaction.

Peak assignation: (a) Mo®* species (236.2 eV, 3djz.,; 233.1 eV, 3ds)), Mo’ species (234.8 eV, 3d3.,; 231.7 eV, 3ds;;) and (b) Mo®+
species (235.8 eV, 3ds; 232.7 eV, 3ds;), Mo®* species (234.6 eV, 3ds; 231.5 eV, 3ds;), Mo** species (232.6 eV, 3ds; 229.5 eV,

3ds/,), and carbidic Mo (231.3 eV, 3d;/,; 228.2 eV, 3ds)).

conduct the PA hydrogenation effectively in a wide range
of H,/PA ratios.

Stability of eggshell Mo,C/y-Al,O3

To assess its feasibility for industrial application, we put
the focus on the long-term performance of the eggshell
Mo,C/y-Al,03 in PA hydrogenation with excess ST in the
feed. The catalyst exhibited a stable performance with steady
activity and selectivity to ST in the 100 h life-time test (Fig-
ure 9a), showing potential for applications beyond lab scale.
The effective elimination of PA was confirmed by the disap-
pearance of the PA peak in gas chromatography, which was
achieved after circulating the out-feed for three times (Fig-
ures 9b—d) with ST} s number of 4%.

PA hydrogenation under simulated industrial condition

One point that has to be recognized is the ability of the
eggshell Mo,C/y-Al,O5 catalyst to eliminate the trace PA in

Section |

B

v W

; EB Dehydrogenation

a virtual sea of ST which was massively diluted by cyclo-
hexane does not guarantee the usefulness of the catalyst in
removing PA in a commercial ST plant, as the effluent from
EB dehydrogenation reactor contains undiluted ST with a
small amount of unreacted EB. Thus, to check whether the
catalyst could be useful in commercial front-end PA hydro-
genation, the catalyst was subjected to a mixture of ST and
EB (w:w=90:10) to find out if it could yet eliminate the
involved trace PA. However, when the temperature was kept
at 240°C, the ST flow suffered severe thermal polymeriza-
tion in the reaction tube. Hopelessly, as the nonreaction zone
of the reaction tube was about 16 times longer than the reac-
tion zone, the long residence time of ST in the nonreaction
zone does not permit a successful pass of concentrated ST
through the reaction tube without thermal polymerization at
temperature as high as 240°C. In this case, it was found only
when the temperature was below 150°C could the thermal
polymerization of the concentrated ST be alleviated to some

Reactor A

Front-End
PA Hydrogenation

Hz2

Figure 8. lllustration of the front-end PA hydrogenation technology.

Route A presented in solid line for production of ST via conventional route. Route B presented in dash line for production of ST

monomers using front-end PA hydrogenation technique.

AIChE Journal August 2015 Vol. 61, No. 8

Published on behalf of the AIChE

DOI 10.1002/aic 2529



164
(a)
Long-term 102h on Stream

Xx

Content (wt.%)
e

X
44 Xxxxxxxxxxxxxxxxxxxxxxxxxxx’ i

-|4+P-9__ Q. _Qq_0_0_ 0 _Q_0Q_0_ 0]

1 (b)
15t Cycling- 36h on Stream

X X X X X 3% X X x X X

100 ; 10 15 20 25 30 35

20 a0 60 80

L 1(d)

] ] x

_ 12 ] % X x =,
= 0] x x x x x ]
3 |
E 64 2" Cycling- 21h on Stream ] 31 Cycling- 15h on Stream
8

11 S FRRpENp . MR Y . . JRRpp S . o .

Undetectable

24— T T T y T y T

6 8 10 12 14 16 18 20

Time on Stream (h)

22 2 4 6 8 10 12 14 16

Time on Stream (h)

Figure 9. Time-dependency contents of PA (o) and EB (x) in the effluent of long-term PA-ST hydrogenation over

the eggshell Mo,C/y-Al;03.

The liquid products collected in the last hydrogenation process were used as the feedstock for the following hydrogenation process.
Processes in a, b, ¢, and d were in time sequence. Reaction conditions: 240°C, 2 MPa H,, H,/PA molar ratio of 204, WHSV of
12 h™", initial feed: PA-ST (w:w, 10:90) diluted by 100 times in cyclohexane, feed rate of 0.18 mL/min. The content of each compo-
nent was calculated on the basis of the total weight of PA + ST + EB. The catalyst was continuously on stream for 174 h in total.

extent within the specific type of reaction tube. In light of
this, the reaction temperature was reduced to 120°C and the
weight ratio of ST to EB was adjusted to near 50:50 to avoid
the thermal polymerization of ST. In the meantime, the H,
pressure was decreased to 0.3 MPa to lower the partial pres-
sure of ST to avoid its hydrogenation, while the H, flow rate
was set at 120 mL/min to accelerate the pass of ST through
the reaction tube. In the first round, a mixture of EB and ST
(w:w =48:52) with 100 ppm PA relative to ST was intro-
duced to the eggshell Mo,C/y-Al,O5 catalyst at liquid feed
rate of 0.03 mL/min. The effluent from the hydrogenation
reactor was found free of PA with EB:ST =48:51 in weight.
Then, the PA content in the EB-ST mixture was increased to
1000 ppm to check the response of the catalyst to bad situa-
tions in commercial production of ST. The results demon-
strated the catalyst could respond well to the suddenly
increased PA at bad working condition by eliminating PA
without losing ST. These preliminary results proved that the
eggshell Mo,C/y-Al,O5 catalyst by virtue of molybdenum
carbide being ineffective in activating ST suits for the PA
removal within excess ST at high concentration. Therefore,
it might develop into a cost-effective catalyst for commercial
front-end purification of ST monomers. One thing we have
to acknowledge is, in this case reducing the reaction temper-
ature to 120°C is against the proposed energy integration
concept, which may also undermine the eggshell Mo,C/y-
Al,Oj3 catalyst’s advantage of being able to steadily work at
high temperature in contrast to the Pd-based catalysts. But it
is believed that, through reducing the aspect ratio of the
hydrogenation reactor and decreasing the portion of the non-
reaction zone to a certain degree, the thermal polymerization
problem of ST can be mitigated. Accordingly, the reaction
temperature needs further optimization. Furthermore, given
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the industrial use of steam diluent as a heat source in EB
dehydrogenation reactor, the effect of steam on the perform-
ance of the eggshell Mo,C/y-Al,O3 catalyst should be inves-
tigated on the potential use of the catalyst in PA removal in
a commercial ST plant.

Conclusions

In summary, localizing Mo,C in a nanosized eggshell
proved to be a unique way to utilize the intrinsic selective
character of Mo,C in PA hydrogenation while maintaining a
high PA turnover rate. The eggshell Mo,C/y-Al,O5 catalysts
with a significantly lower cost than noble metal catalysts can
operate effectively with a wide concentration window for
gas-phase PA hydrogenation. The preliminary results indi-
cate the carbide catalyst might potentially be used for eco-
nomical coupled processes for the front-end purification of
alkenes in chemical industry.
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