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A novel magnetic microspherical catalyst support with enough mechanical strength
was prepared through coating Al,O3; on a magnetic core of NiFe,O, spinel ferrite
using the oil drop method to synthesize magnetic Pd-supported catalyst for acetylene
hydrogenation reaction. The synthesized core—shell composite Pd/Al,O; catalyst shows
high surface area and pore volume as well as sufficient saturated magnetization prop-
erty, characterized by powder X-ray diffraction, low-temperature N, adsorption—
desorption analysis, and magnetic measurements. Catalytic performance of this
magnetic Pd/Al,O; catalyst was measured for acetylene hydrogenation reaction in a
magnetically stabilized bed (MSB) reactor under different operation conditions. Under
the optimal conditions of 353 K, 1.5 MPa and a gas hourly space velocity of 12,000
h=!, CoH, conversion and C-Hy selectivity approximated 100% and 84%, respectively,
over this magnetic Pd/AL,O3 catalyst in the MSB reactor, as a control over the com-
mercial catalyst for hydrogenation reaction C;H, conversion and C,H, selectivity was
near 37 and 64% under the similar conditions. Significant improvement of acetylene
hydrogenation processes over this novel magnetic catalyst enlightens us a promising
route to explore process intensification techniques through MSB. © 2008 American Insti-
tute of Chemical Engineers AIChE J, 54: 1358-1364, 2008
Keywords: magnetically stabilized bed, magnetic core—shell catalyst, selective acety-
lene hydrogenation, process intensification

Introduction

Magnetically stabilized bed (MSB) has the advantage of
united characteristics of packed bed with conventional fluid-
ized bed, for example, efficient interphase mass transfer
properties, low pressure drop, high productivity, and the ab-
sence of particle clogging,'™ which attracts increasing inter-
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ests in the field of petroleum chemical processes involving
fine particles of catalyst besides the prior biotechnology proc-
esses. Using a magnetic amorphous Ni alloy catalyst,
recently, a novel MSB reactor was proved to intensify suc-
cessfully the purification process of caprolactam®’ through
effectively enhancing hydrogenation efficiency and reducing
reactor volume and reaction temperature. However, the
industrial application of MSB is restricted by the lack of
appropriate magnetic catalysts for related reactions.

Selective catalytic hydrogenation of acetylene impurity
(~0.3-3 vol %) has been the target of ethylene polymeriza-
tion processes. It is known that acetylene hydrogenation
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produces ethylene, ethane, and c,t oligomers, which are the
precursors to “green oil” often found in industrial proc-
esses.> This “green oil” tends to adhere to the catalyst
surface and leads to a gradual decline in the activity and
selectivity of the hydrogenation process, which results in
shortened catalyst lifetime and necessitates more frequent
regeneration of the catalyst, thereby leading to increased
operating costs. In addition, mass and heat transfer property
was the major factor that affects the selectivity for acetylene
hydrogenation to a significant extent. Because the reaction
order of acetylene hydrogenation is higher than that of ethyl-
ene hydrogenation,()*11 restricted mass transfer adversely
affects the selectivity of acetylene hydrogenation reaction.
To maximize the mass transfer coefficient, different catalyst
support with novel shapes involving trifoliate or gear,lz‘13
rather than the traditional spherical or columnar shape, have
been employed; however, little improvement on the reaction
selectivity was achieved due to the inherent disadvantages
of fixed bed reactors. Therefore, it is necessary to explore
novel reactors to make acetylene hydrogenation process
intensified.

Supported palladium catalysts with alumina, silicon diox-
ide, or honeycomb cordierite, are commonly used for the hy-
drogenation of highly unsaturated hydrocarbons such as
alkynes and/or diolefins.'*"” Promoters such as Group IB
elements,'®2° alkali, or alkaline earth metal elements?'>? are
added to enhance the hydrogenation selectivity of the catalyst
and reduce the possibility of catalyst deactivation resulted
from green oil formation. Although these supported palla-
dium catalysts themselves are not magnetic, the core—shell
structure makes it possible to produce composite catalysts
with a magnetic core. For instance, TiO, coated on
Znq 35Nig ¢sFe,04 spinel-like ferrite cores was reported as an
active catalyst for the photooxidation of oxalate,”® which
enlighten us the probability to incorporate composite cata-
lysts with a magnetic core in an MSB.

In this article, the porous magnetic microspherical par-
ticles of NiFe,04-Al,O5; with the core—shell structure were
synthesized using the oil column method. This novel mag-
netic support was used to prepare Pd/NiFe,;04-Al,0O5 cata-
lysts, which were then employed in the selective hydrogen-
ation of acetylene in an MSB reactor. The structure and
properties of the catalyst were characterized by using X-ray
powder diffraction (XRD), low-temperature N, adsorption—
desorption analysis and magnetic measurements. Effects of
various operating parameters on acetylene hydrogenation
were investigated as well as the service life of this mag-
netic Pd-supported catalyst. It is indicated that the MSB re-
actor incorporated with this magnetic core—shell Pd catalyst
can significantly intensify the selective hydrogenation pro-
cess of acetylene, which provides a promising route to
explore novel process intensification technique using MSB
reactors.

Experimental
Catalyst preparation

The magnetic core catalyst support was prepared by the
oil drop method. Typically, the NiFe,O, spinel particles
were synthesized by traditional titration coprecipitation
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method. The metal salts solution of Fe(NO;3);-9H,0,
FeCl,-4H,0, and Ni(NO3),-6H,O was prepared in 100 ml
deionized water. Then the metal salts solution was added to
100 ml solutions contained 2 M NaOH and 0.125 M
Na,COj in flasks under vigorous stirring. When the addition
was complete, the mixtures were treated hydrothermally at
333 K for 24 h. After cooling to room temperature, the solid
particles were collected by filtration and washed with deion-
ized water subsequently, and then dried at 373 K for 10 h.
Finally, the solid particles were calcined at 1373 K for 2 h,
and the NiFe,O, spinel particles were obtained after cooling
to room temperature.

The NiFe,O, spinel magnetic particles were crushed to
powder form (1-3 um) and coated with a layer of SiO, by
heterogeneous deposition method. NiFe,O4 spinel magnetic
core was dispersed in deionized water with ultrasonic treat-
ment for 30 min. The pH of the suspension was raised to
8-10 by adding dilute NaOH solution. The suspension was
transferred into a 500-ml three-necked flask with vigorous
mechanical stirring and heated to 85-95°C. Ten milliliters of
0.1 M Na,SiO; and dilute HCI solutions were simultaneously
added to the suspension. The pH of the suspension was
maintained at 8§—10 by controlling the titrating speed of the
HCI, while the titrating speed of Na,SiO3; was kept constant.
After titration, the suspension was aged for 1 h and cooled to
room temperature. Then, the particles were washed five times
with deionized water and absolute ethanol, dried at 80°C for
2 h, and calcined at 873 K for 4 h.

The NiFe,0,/Si0O, magnetic-core particles were dispersed
in an alumina sol solution containing hexamethylenetetr-
amine, and the mixture was finally sprayed into hot oil. Then
resulting gel-like spherical aluminum hydroxide particles
were aged at 383-453 K for 5-10 h, washed with hot water,
and dried at 393 K for 12 h, and subsequently calcined in air
at 1373 K for 4 h. Spherical magnetic core—shell NiFe,Oy4-
Al,O5 catalyst support particles were obtained with a diame-
ter range of 50-450 um.

The magnetic Pd/NiFe,04-Al,05 catalyst was prepared by
incipient wetness of the above support with H,PdCl, solution
for 30-90 min, followed by drying at 373 K for 8 h and cal-
cination in air at 723 K for 4 h. The procedure for Pd
impregnation of the magnetic catalysts was the same as that
used in the preparation of the commercial catalyst, and the
loading was about 0.018 wt %. Before activity assessment,
the catalyst was reduced in H, flow (30 ml min~ ') at 423 K
for 2 h.

Characterization

Powder XRD data were collected on a Philips X’Pert Pro
powder X-ray diffractometer under the following conditions:
40 kV, 30 mA, Cu Ko radiation, with a scanning rate of
4° min~" in the range of 20 = 5-70°.

Low-temperature N, adsorption—desorption experiments
were carried out using an accelerated surface area and poros-
imetry 2010 system. The samples were degassed at 343 K
for 8 h. The specific surface area was calculated using the
BET method based on the N, adsorption isotherm.

The magnetic properties of the samples were measured at
room temperature using a JDM-13 vibrating sample magne-
tometer, manufactured by Jilin University.
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Figure 1. Diagram of the magnetically stabilized bed experimental facility.

Reaction performance and analytical procedures

The performance of magnetic Pd/NiFe,0,4-Al,05 catalysts
was studied in a MSB experimental facility as shown in Fig-
ure 1. Its key section is the MSB reactor, which is encircled
by four similar DC-powered copper wire coils. These coils
are arranged at a fixed distance and can generate an axial
and homogeneous magnetic field of up to 60 kA m~'. The
magnetic field intensity can be controlled by adjusting
the current in these coils. To keep the magnetic field steady,
the MSB reactor is not equipped with a heating unit, and the
gas mixture is heated by a preheater with the temperature
monitored by a K-type thermocouple inserted in the middle
of the preheater.

As a control, the performance of a commercial catalyst
was measured for acetylene hydrogenation reaction in a con-
ventional quartz tubular reactor under the same operation
conditions with those for magnetic catalysts. Size distribu-
tions of the commercial catalyst particles were kept similarly
to those of synthesized magnetic catalysts. To make these ex-
perimental data comparable to those obtained in the MSB,
the diameter of the conventional tubular reactor was main-
tained as the same as that of MSB reactor with the same

where x is the molar fraction of the corresponding compound
indicated by the subscript.

Results and Discussion

Characterization of Pd-supported magnetic
core—shell catalyst

Figure 2 depicts the XRD pattern of the core—shell mag-
netic catalyst support calcinated at 1373 K containing 30 wt
% magnetic NiFe,O, spinel. The pattern shows the character-
istic diffraction peaks of an NiFe,O4 spinel phase (20 =
18.45°, 30.34°, 35.74°, 37.33°, 43.40°, 47.67°, 53.89°,
57.46°, 63.09°, 66.49°) and the monoclinic form of alumina
0-Al,05; (20 = 19.48°, 31.30°, 32.80°, 36.73°, 38.94°,
44.89°, 50.63°, 59.83°, 67.45°). It is indicated that the spinel
and alumina phases do not integrate with each other during
the high temperature calcination and that nonmagnetic phases
such as NiAl,O, spinel are not formed. It is worthwhile to

Table 1. Compositions of the Feed Gas

- Component Content (%)
amount of loaded catalyst weight.

A mixed gas feed with similar composition to that of the 21214 ;;33
feed gas used in an industrial ethylene processing plant was C,H, 812
used in the experiments as shown in Table 1. The reactant C,H, 40.30
gas and the reaction effluent were analyzed on line by a Shi- C3Hg 0.40
madzu GC-9A gas chromatograph with a hydrogen-air flame é% 18.326
ionization detector. ,-.3306 0.066

The formulae for calculating C,H, conversion (Xc,n,) and n_ég 0187
C,H, selectivity (Sc,u,) are defined as follows: PD 0.248

CH, 0.885
p-Cs™ 0.171
Xc,m, (inlet) — xc,n, (outlet) n-Cy~ 0.48
Xeon, = . i-Cy~ 0.788
Xc,m, (inlet) -Cy~ 0.104
e 0.067
. 1,3-C4~ ~ 3.089
S — Xcan(outlet) — xc,p, (inlet) MA 0.383
M e, (inlet) — xc,p, (outlet) Cs™ 0.070
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Figure 2. XRD pattern of the magnetic core-shell
NiFe,04-Al;03; catalyst support calcined at
1373 K.

note that the characteristic diffraction peaks of a-Al,O3; were
not detected in the catalyst supports, although o-Al,O3 is
generally formed by calcination of hydrated alumina precur-
sors at 1373 K. Thus, it is suggested that the presence of the
NiFe,0, spinel phase can restrict the transformation from 6-
ALO; to o-Al,O;. As a control, a commercial catalyst
(denoted as catalyst A in the context) that is commonly used
in the front-end hydrogenation reaction was also studied by
X-ray diffraction. The results showed that the support of
the commercial catalyst is mainly composed of rhombohedral
a-Al,O3 (as shown in Figure S1 in the Supporting Informa-
tion).

Table 2 lists the surface area, pore volume, and average
pore size of the magnetic core—shell NiFe,04-Al,O5 catalyst
calcined at different temperatures together with the related
data for catalyst A. It is shown that the surface area and pore
volume of the magnetic alumina catalyst decreased with
increasing calcination temperature, whereas the average pore
size increased. Previous work” indicated that low surface
areas and large pore volumes enhanced the selectivity of the
catalyst and extended the catalyst life; hence, the magnetic
core—shell support calcined at 1373 K was chosen to prepare
hydrogenation catalyst. It should be noted that the surface
area and pore volume of the magnetic alumina support cal-
cined at 1373 K are significantly larger than the correspond-
ing values for catalyst A, whilst the average pore sizes of
these two materials are comparable.

Figure 3A shows the specific saturated magnetization at
room temperature of the core—shell magnetic alumina sup-
ports with different contents of NiFe,O, calcinated at 1373
K. As expected, the specific saturation magnetization of the
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Figure 3. A: Specific saturated magnetization of mag-
netic core-shell NiFe,0,4-Al,0; catalyst sup-
ports with different contents of NiFe,O, after
calcination at 1373 K. B: Hysteresis loop for
the magnetic core-shell NiFe;0,4-Al,03 cata-
lyst support with NiFe,O,4 content of 30 wt %.
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material increased with increasing loading of the magnetic
core. When the magnetic core content in the alumina support
exceeded 30 wt %, however, the mechanical strength of the
support decreased markedly and the support could be easily
crushed. To meet the requirements of both magnetic perform-
ance and mechanical strength, the optimum content of the
magnetic core is selected as 30 wt %. The hysteresis loop of
the magnetic alumina support with this optimal composition
(Figure 3B) shows that the saturation magnetization of the
material reaches a value of 11.2 emu gfl, which is suitable
for the application in an MSB reactor.

Table 2. Textural Properties of the Magnetic Core-Shell NiFe,04-Al,05 Catalyst Supports and Catalyst A

Catalyst or Support

Surface Area (m> gfl)

Pore Volume (cm> gfl)

Average Pore Size (nm)

Magnetic Al,O; support calcined at 973 K 158
Magnetic Al,O3 support calcined at 1173 K 101
Magnetic Al,O3 support calcined at 1273 K 72
Magnetic Al,O3 support calcined at 1373 K 46
Catalyst A 23

0.93 23.49
0.83 32.88
0.65 31.57
0.39 35.61
0.19 36.78
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Effects of operation conditions in the MSB reactor on
hydrogenation reaction

Operation conditions of the MSB reactor were determined
according to the cold model experiments in a gas—solid MSB
reactor, which classified three possible operating regimes de-
pendent on the reaction parameters including the magnetic
field intensity, the catalyst particle size, and the gas flow ve-
locity. Three operating regimes comprise the particulate
regime, the chain regime, and the magnetically condensed re-
gime, among which the chain regime is superior to provide
good heat and mass transfer property and low pressure drop
even when the particles are very small.?**> Therefore, during
the catalytic activity assessment, the MSB reactor was main-
tained under the chain regime by adjusting the magnetic field
intensity as necessary.

To evaluate the performance of the magnetic core—shell
Pd/NiFe,0,4-Al,O5 catalyst, a series of tests were carried out
in the experimental MSB facility under operation conditions
ranged within a GHSV of 1.0 X 10* to 3.0 X 10° h™', a
reaction temperature of 313-373 K, a system pressure of
0.1-3.0 MPa, and a magnetic field intensity of 0-40 kA m ™'

Figure 4A shows the variation in C,H, conversion and
C,H, selectivity as a function of the temperature for acety-
lene hydrogenation reaction in the MSB reactor. The results
show that the performance of the magnetic core Pd-sup-
ported catalyst depends strongly on the reaction temperature.
The C,H, conversion increases with temperature, whilst the
C,H, selectivity decreases. C,H, almost totally conversed at
the temperature higher than 343 K, while the C,H, selectiv-
ity approximates to 100% in the temperature range of 313—
343 K but decreases sharply above 343 K. This is consistent
with other work in the literature,?® which showed that the
rate of C,H, hydrogenation was affected by the amount of
C,H, adsorbed on the catalyst surface. The rate of C,H4 hy-
drogenation is relatively low and the C,H, selectivity rela-
tively high in the presence of small amount of C,H,,
whereas when C,H, is no longer present, the rate of C,H,
hydrogenation is high and the C,H, selectivity therefore
decreases sharply.

Figure 4B indicates the effect of system pressure on the
catalyst performance. Both C,H, concentration at the outlet
and C,H, selectivity decrease with increasing system pres-
sure. According to the kinetics equations for C,H; and
C,H, hydrogenation reactions derived by Bond,”’ C,H4
tends to convert into C,Hg at high pressures, so that the
C,H, selectivity decreases with increasing system pressure.
Taking into account the actual situation in industrial ethyl-
ene units, it is reasonable to select the optimal working
pressures in the range 2.0-4.0 MPa for a front-end hydro-
genation reactor.

Figure 4C shows the effect of gas hourly space velocity
on the performance of the magnetic core Pd/Al,O5 catalyst.
It can be seen that the C,H, selectivity is very low at low
space velocities but increases markedly with increasing
space velocity up to 6000 h™' and then remains relatively
constant even under a space velocity as high as 24,000 h '
This behavior is distinctly different from that observed in a
traditional fixed bed reactor in which the acetylene conver-
sion is low at high space velocity. This high C,H, selectiv-
ity is attributed to the unique feature of the MSB reactor,
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Figure 4. Relationship between the performance of the
magnetic Pd-supported catalyst and opera-
tion conditions: (A) reaction temperature (P =
1.5 MPa, GHSV = 10,000 h™', H = 25 kA
m~"); (B) system pressure (T = 343 K, GHSV
= 8000 h™', H = 25 kA m™"); (C) space veloc-
ity (T =348 K, P = 1.5 MPa, H = 25 kA m™").

that is, its good heat and mass transfer property and high
contact efficiency is beneficial for small magnetic particles
to operate at high space velocities without excess pressure
drop. 2%

Additionally, the relationship between the catalyst per-
formance and the space velocity reflects the fact of reaction
competitions in acetylene hydrogenation processes. As men-
tioned earlier, acetylene hydrogenation processes involve the
series reactions from acetylene to ethane with ethylene as the

May 2008 Vol. 54, No. 5 AIChE Journal



Table 3. Effect of Magnetic Field Intensity on the
Performance of the Magnetic Core Pd/Al,O3 Catalyst

H (kKA m™ ) Xcn, (%) Sc,u, (%)
10 84.6 62.9
20 97.8 81.7
30 98.5 83.6
40 98.2 83.4

Reaction conditions: 7 = 343 K, P = 1.5 MPa, GHSV = 9,000 h™ ..

intermediate and the paralleled reactions from acetylene to
ethylene and from ethylene to ethane.’*>? Increase the space
velocity makes the residence time shortened, which reduces
the probability of ethane formation and consequently enhance
the C,Hy selectivity. Although under much high space veloc-
ity, the residence time is too short to provide enough reaction
time for C,H, hydrogenation to C,H,, so that the C,H, con-
version would be reduced. As far as industrial ethylene units
are considered, a space velocity in the range of 6000-18,000
h™! appropriates the practical application in a front-end
hydrogenation reactor.

Furthermore, the performance of magnetic catalyst was
measured under different magnetic field intensity. As listed
in Table 3, acetylene conversion was only 84.6% when the
magnetic field intensity was relatively low (10 kA m™ "),
which is not so high enough to prevent the catalyst particles
from carrying out of the apparatus. Under higher magnetic
field intensities (20-30 kA m '), the MSB operates stably in
the above-mentioned chain regime with uniform porosity,
which are beneficial to adsorption of reactants and desorption
of products so as to achieve high acetylene conversion and
ethylene selectivity. No significant improvement in catalyst
performance is obtained by further increasing the magnetic
field intensity; moreover, very high magnetic field intensities
lead to increased capital and operating costs. Thus, in the
view of practical applications, the optimal magnetic field in-
tensity is in the range 20-30 kA m ™.

Comparison of magnetic Pd-supported catalyst
with the commercial catalyst

Based on the effects of operation conditions on catalyst
performance, the optimal reaction condition was selected as
T =2353K,P =15 MPa, H= 25 kA m™ !, under which
the performance of magnetic Pd/Al,O; catalyst was measured
and compared with that of commercial catalyst A containing
0.018 wt % Pd and about 99 wt % alumina. Table 4 lists the

acetylene conversion and ethylene selectivity over the mag-
netic Pd/Al,O5 catalyst and the catalyst A under the same
reaction temperature and system pressure but different space
velocity. It is indicated that over the magnetic Pd/Al,Oj; cata-
lyst both acetylene conversion and ethylene selectivity are
markedly superior at high space velocities (12000 h™' and
above), although its advantage over catalyst A is not so
significant at low space velocities.

Inspired by the process intensification concept of chemical
processes, a number of investigations have been reported to
improve catalytic reactor performance via novel modes of
operations. For instance, improving product selectivities in a
parallel-series reaction by feeding one reactant through the
reactor by step-wise reactant dosing.>® Increasing the rates
and improving the selectivity of catalytic reactions was
achieved by using ultrasonic and microwave technology.**

MSB reactors have the advantages of efficient interphase
mass transfer properties and high productivity; however, its
practical application is constrained by the nonmagnetic prop-
erty of most catalysts. Improvement of acetylene hydrogena-
tion processes in this article illuminates that catalysts coated
on a magnetic core are available to operate in MSB reactors
as well as provide a promising route to explore process
intensification techniques through MSB.

Conclusions

Core—shell Al,O3; microsphere particles with a diameter of
50-450 um were successfully prepared by spray-coating alu-
mina solution on the magnetic core of NiFe,O, spinel ferrite.
Using impregnation method, Pd catalyst was supported on
the magnetic core—shell Al,O3; microsphere particles, which
displayed high surface area and pore volume and sufficient
saturated magnetization property that appropriated for opera-
tion in a MSB reactor. Optimal operation conditions were
determined through catalytic performance assessment for
acetylene hydrogenation reaction over this magnetic Pd/
Al,O5 catalyst in an MSB reactor. When compared with the
commercial catalyst for hydrogenation reaction operated
under the same conditions of 353 K and 1.5 MPa, this mag-
netic Pd/Al,O3 catalyst incorporated with the MSB reactor
significantly enhanced the productivity and achieved the
C,H, conversion close to 100% and the C,H, selectivity of
84%, whereas the commercial catalyst showed C,H, conver-
sion and C,H, selectivity near 37 and 64%, respectively.
These results not only provide an available procedure to syn-
thesize magnetic core—shell catalysts suitable for operation in
MSB reactor, but also enlighten us potentially wide applica-

Table 4. Comparison Between the Magnetic Pd/Al,0; Catalyst and the Commercial Catalyst A

Xc,n, (%) Sc,u, (%)
Space Velocity (h™') Magnetic Pd/Al,O3 Catalyst A Magnetic Pd/Al,0O5 Catalyst A
3,000 100 100 —11.2 —65.8
6,000 100 92.7 68.0 23.5
9,000 100 78.1 80.6 46.9
12,000 100 36.6 83.7 63.8
18,000 98.6 13.8 84.2 65.5
24,000 95.1 2.7 82.6 70.1
Reaction conditions: T = 353 K, P = 1.5 MPa, H = 25 kA m™ ",
AIChE Journal May 2008 Vol. 54, No. 5 Published on behalf of the AIChE DOI 10.1002/aic 1363



tions of MSB in the development of novel process intensifi-
cation techniques.

Notation

Xc,u, = CoH, conversion (%)
Scu, = CoHy selectivity (%)

Xcu, (inlet) = C,H, concentration at inlet of reactor (mol %)
xczéo (outlet) = C,H, concentration at outlet of reactor (mol %)
xcj.b (inlet) = C,H,4 concentration at inlet of reactor (mol %)
xczé“ (outlet) = C,H4 concentration at outlet of reactor (mol %)
S = saturation magnetization (emu g~ ')

H = magnetic field intensity (kA m ')
T = temperature (K)
P = pressure (MPa)

GHSV = gas hourly space velocity (h™")
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