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Novel metallic electrically heated monolithic
catalysts towards VOC combustion

Qiulian Zhu,? Hao Li,? Yue Wang,? Ying Zhou,? Anming Zhu,? Xiao Chen,®®
Xiaonian Li,? Yinfei Chen? and Hanfeng Lu @ *?

The development of metallic monolithic catalysts with various morphologies to catalyze rapid combustion
of volatile organic compounds (VOCs) under high space velocity is a profound challenge in catalyst
research. Herein, we reported the preparation of novel electrically heated monolithic Pt and Pd catalysts
supported on an FeCrAl metal wire. The catalysts exhibited high catalytic activity for the VOC combustion
to CO, and H,O under low-current DC power. Notably, the catalysts exhibited nearly 100% toluene and
ethyl acetate conversion rates under a DC power of 5 W and 8 W and a space velocity of 30000 mL h?
gt with a combustion response time of less than 30 s. The exceptional activity of the catalysts can be
attributed to a well-adhered alumina coating that formed on the surface of the FeCrAl metallic substrate
after thermal treatment and highly dispersed Pt and Pd nanoparticles on the surface of an alumina coating.
Meanwhile, surface temperature can instantly reach the desired ignition point, because of high thermal

rsc.li/catalysis

1 Introduction

In recent years, gaseous pollutant emissions caused by rapid
urbanization and industrialization have become increasingly
worse, and volatile organic compounds (VOCs) are recognized
as major contributors to air pollution."™ Catalytic
combustion is one of the most effective and economically
feasible technologies for VOC removal.”>® Monolithic
catalysts, which are commonly composed of ceramic or metal
materials, are widely used in catalytic combustion because of
their excellent attrition and low pressure drop even at a high
flow rate.’*>® Metallic materials exhibit higher thermal
conductivity and mechanical resistance, better electrical
conductivity, and lower manufacturing costs than ceramic
materials.>">**> Therefore, the application of metallic
substrates as catalyst supports has become more and more
common.>*>? Metallic monolithic catalysts are prepared
through  steam-only  oxidation,®®  anodization,®  or
electrophoretic deposition.** Cimino et al. prepared a catalyst
for  methanol  oxidation  through the  cathodic
electrodeposition of Pt onto commercial 50 ppi FeCr alloy
foams. They controlled the Pt deposition by varying electrical
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conductivity and electrical conductivity.

charges. The Pt-FeCr alloy foams exhibited 100% CO,
conversion, excellent stability and reusability, and low CO
emissions.*

As we all know, regenerative thermal oxidation (RTO) and
regenerative catalytic oxidation (RCO) are the two main
treatment technologies for VOC pollution control.>**
However, these traditional technologies usually require an
external heat source, such as a heating furnace to heat the
catalysts bed.**° This requirement extends combustion
response time and slows initial combustion rates. In
addition, several important issues remain unresolved in the
fabrication of metal-supported catalysts for VOC combustion,
including: (1) the process complexity and poor adhesion of
conventional wash-coating methods;**™** (2) the limitation of
active component loading due to carrier shape; (3) the
existence of an unstable state that results in VOC emission.
Therefore, metallic monolithic catalysts prepared by a simple
and general method, with a solid and well-adhered coating,
changeable shape, and fast response to changing conditions,
are highly desired for rapid VOC combustion under high
space velocity.

Here, we report novel electrically heated monolithic Pt Pd
catalysts supported on FeCrAl metal wires and fabricated
through a simple strategy. Active noble metal nanoparticles
(NPs) in liquid n-hexane were synthesized by a solvothermal
method (Fig. 1), and spraying carriers with dispersion liquid
was used to randomly load active species. Pt and Pd NPs were
highly dispersed on the surface of a metallic substrate with a
monomolecular membrane and were firmly bonded to a

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Preparation of Pt and Pd nanoparticle (NP) dispersion liquids (DPA: dinitrodiammineplatinum ammoniacal, PC: palladium chloride, OA:

oleylamine, OC: oleic acid).
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Fig. 2 (a) The scheme of the preparation of Pt and Pd monolithic catalysts; (b) photographs of (I) the untreated FeCrAl metallic monolith, (II)
FeCrAl metallic monolith calcined at 950 °C for 3 h under O, atmosphere, (lll) FeCrAl metallic monolith loaded with Pd NPs and (IV) FeCrAl

metallic monolith loaded with Pt NPs.

metallic substrate after calcination (Fig. 2a and b). The
metallic substrate was utilized because of its excellent
electrical conductivity, which can be self-heated electrically
and rapidly through direct connection to a DC power supply.

2 Experimental

2.1 Preparation of the electrically heated metallic monolithic
catalysts

34.6 mg DPA (or 35.2 mg PC) was mixed with 3 mL OA and 2
mL OC (or 6 mL OA and 2 mL OC) in a three-necked flask
equipped with a condenser and a stir bar, followed by
heating and maintained at elevated temperatures (200 °C for
Pt, 180 °C for Pd) for 3 h under flowing N, atmosphere.
Subsequently, the particles thus formed were purified by
precipitation in triple volumes of ethanol, centrifuged (6000
rpm, 5 min), washed twice with 10 mL ethanol, and
redispersed in 10 mL n-hexane. The FeCrAl metallic wire
(0.50 mm in diameter) was utilized as the substrate and
machined into a spiral shape. Then, the FeCrAl metallic
substrate was immersed in acetone, 10 wt% NaOH and 10
wt% HNO; with ultrasonic treatment for 30 min.
Subsequently, the FeCrAl metallic substrate was calcined in
O, atmosphere at 950 °C for 3 h. A ready-made Pt and Pd
nanoparticle dispersion liquid were supported on the FeCrAl
metallic substrate by spraying, then, the monolithic catalysts
were dried at 110 °C for 2 h and calcined at 500 °C for 5 h.
The loading of Pt and Pd is 0.1 wt% (it refers to the

This journal is © The Royal Society of Chemistry 2019

theoretical value), and the monolithic catalysts are denoted
0.1Pt/FeCrAl and 0.1Pd/FeCrAl.

2.2 Characterization

The SEM images and EDS results were taken using a Hitachi-
SU8010 SEM with an acceleration voltage of 5 kV for imaging
and 15 kV for EDS collection. The TEM images were taken on
a Tecnai G2 F30 S-Twin (Philips-FEI, Netherlands)
transmission electron microscope at an acceleration voltage
of 200 kv. The samples were dispersed in ethanol assisted by
an ultrasonic technique. The adhesion of the samples was
evaluated using ultrasound (KH3200E, Kunshan Hechuang
Ultrasonic Instrument Co. Ltd.) tests by immersing the
samples in water with ultrasound for 1 h. After the samples
were dried at 110 °C for 2 h and calcined at 500 °C for 2 h,
the weight loss was measured.

The Xray photoelectron spectra were taken using
monochromatized Al Ko irradiation a Thermo Escalab 250Xi.
The samples were cut into 5 mm in length and sonicated in
anhydrous ethanol for 20 min, then mounted onto the double-
sided adhesive tape on a sample holder. All binding energies
(BEs) were referenced to the C 1s peak (284.8 eV).

2.3 Catalytic performance test of the electrically heated
metallic monolithic catalysts

VOC catalytic combustion measurement was conducted with
a fixed-bed continuous flow reactor. The Pt and Pd

Catal. Sci. Technol., 2019, 9, 6638-6646 | 6639
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monolithic catalysts (about 2.0 g) were carefully held in a 6
mm (i. d.) quartz tubular reactor, while a K-type
thermocouple was placed in the region of the catalyst bed to
monitor the reaction temperature. The monolithic catalysts
were connected to a DC power supply (HSPY-60-02, Beijing
Hanshengpuyuan Technology Co. Ltd.) using wires. The
concentration of VOCs was 2500 ppm, balanced with air,
and the total flow rate was controlled with a mass flow
controller. The concentration of the VOCs at the outlet was
monitored with a gas chromatograph (Kexiao, GC1620)
equipped with a flame ionization detector (FID). The
concentration of the oxidative product (CO,) was monitored
with a mass spectrometer (MKS Cirrus 2). The percent
conversions were the values calculated according to the
equation: % conversion = {[VOCslin - [VOCs]out}/[VOCslin x
100%, where [VOCs]in and [VOCsJout represent the
concentrations of the VOCs at the inlet and outlet,
respectively. The concentrations of the feed and output
gases correspond to the peak areas.

3 Results and discussion

The transmission electron microscopy (TEM) images of the
Pt and Pd NPs are shown in Fig. 3. The Pt and Pd NPs are
quasi-spherical in shape and nearly monodispersed with low
aggregation and a narrow size distribution.**™*” Moreover,
the size histograms show that the average sizes of the Pt NPs
are in the range of 2-4 nm and the Pd NPs are in the range
of 2-5 nm. The extensive dispersion of Pt and Pd NPs on the
surfaces of the metallic substrate can be attributed to their
monodispersed structure.*® The active noble metal NPs can
be randomly loaded on the metallic substrate through
spraying given that they are scattered in n-hexane in liquid
form. It deserves to be mentioned that loading by spraying is
not limited by carrier morphology.

To promote the anchorage of the coating to the metallic
substrate,”” the FeCrAl substrate was thermally treated at 950
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°C for 3 h under O, atmosphere. In order to confirm if the
applied treatments resulted in the formation of a uniformly
roughened surface on the metallic substrate, the morphology
and composition of the FeCrAl substrate and monolithic
catalysts were investigated.>® The scanning electron
microscopy (SEM) micrographs and energy-dispersive X-ray
spectroscopy (X-EDS) results of the FeCrAl substrate surfaces
are shown in Fig. 4. The SEM micrographs of untreated
FeCrAl metallic substrate are shown in Fig. 4a. The FeCrAl
metallic substrate exhibited slightly cracked smooth surfaces.
The SEM micrographs of the FeCrAl metallic substrate
calcined at 950 °C for 3 h are shown in Fig. 4b which show
the generation of uniformly roughened surfaces. Bulk
aluminum has a higher chemical potential and is more likely
to undergo an oxidation reaction with oxygen, so it can easily
migrate from the bulk to the surface and reacts with oxygen
to form alumina whiskers.*>** These structures promote the
firm bonding of the active phase to the metallic substrate.
EDS mapping analysis shows that the Al and O atoms are
distributed over the entire field with similar dispersions. The
SEM micrographs of the monolithic catalysts are presented
in Fig. 4c and d, which allow us to appreciate the formation
of a homogeneous surface by the Pt and Pd catalysts on the
whiskers or pores. The EDS mapping of Pt and Pd indicates
that the Pt and Pd NPs are highly dispersed on the alumina
coating. In preparing monolithic catalysts, the adherence of
coatings and active phases to metallic substrates is crucial.
The adhesion of the wash-coating and active components
was evaluated through ultrasound tests. Considering the
margin of the experimental error, the catalysts have no obvious
weight loss after ultrasound treatment, indicating the excellent
adhesion of the alumina coating and active species to the
FeCrAl metallic substrate surface (see ESIT Table S1).

The elemental compositions of the FeCrAl monoliths are
presented in Table 1, and the EDS spectra of the monoliths
are shown in the ESIt Fig. S1. The elemental composition of
the FeCrAl metallic substrate was elucidated through EDS,

3.0
NPs size /nm

NPs size /nm

Fig. 3 TEM images of Pd (a-c) and Pt (e-g) NPs and their corresponding size histograms (d and h).
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o 5
Fig. 4 SEM and mapping images (EDS results) of the FeCrAl monoliths. (a) FeCrAL; (b) calcined FeCrAl; (c) 0.1Pt/FeCrAL; (d) 0.1Pd/FeCrAl.

which reports the mass percentages of each chemical
element (Fe, Cr and Al) with values similar to those reported
by the manufacturers listed in the materials. The EDS
analysis of the FeCrAl substrate after thermal treatment (950
°C for 3 h under O, atmosphere) indicates that the elemental
composition on the FeCrAl substrate surface has changed.
Specifically, the percentages of Al and O increases, whereas

Table 1 Atomic composition of the FeCrAl monoliths as determined
through X-EDS

Sample Element Weight/% Atomic/%
FeCrAl Al 3.87 7.68
Cr 25.24 25.56
Fe 70.88 66.76
Calcined FeCrAl (¢} 11.56 26.43
Al 20.16 27.33
Cr 31.32 22.03
Fe 49.96 24.21
0.1Pt/FeCrAl (o) 14.41 34.21
Al 19.93 28.04
Cr 15.95 11.65
Fe 33.84 23.01
Pt 15.88 3.09
0.1Pd/FeCrAl (0] 15.91 36.42
Al 13.80 18.73
Cr 19.43 13.68
Fe 43.88 28.77
Pd 6.98 2.40

This journal is © The Royal Society of Chemistry 2019

that of Fe decreases because of the formation of alumina.’**>

Thus, the well-adhered alumina coating can firmly bond the
noble metal NPs to the FeCrAl substrate. The EDS analysis of
Pt and Pd indicates that the active phase bonds with the
metal substrate and the thermal treatment increases the
exposed area of the FeCrAl substrate, which makes the
nanoparticles more evenly dispersed. The adherence of the
active phase with the metal substrate ensures catalytic
activity.

Metallic substrates have excellent electrical conductivity.
Joule's law states that a metallic substrate will rapidly self-
heat when connected to a DC power supply. To investigate
the heating performance of the FeCrAl substrate, the metallic
monoliths were directly connected to a DC power supply and
the surface temperatures were measured using
thermocouples (Fig. 6a). As shown in Fig. 6b, when the
temperature approaches 300 °C under a current of 1.2 A ,
VOC catalytic combustion seems to occur, while the
temperature of the FeCrAl substrate rapidly increases to 300
°C within 30 s. By contrast, the temperature of the FeCrAl
substrate quickly decreases when the power is turned off.
This phenomenon can be attributed to the favourable
thermal and electric conductivities of the metallic substrate.
Therefore, the rapid catalytic combustion of VOCs can be
achieved under low power input. In addition, exterior-to-

Catal. Sci. Technol., 2019, 9, 6638-6646 | 6641
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Fig. 5 The photoemission spectra recorded for (a) 0.1Pd/FeCrAl and 0.1Pt/FeCrAl; (b) Pd 3d; (c) Pt 4f.

interior heat transfer shortens the response time of catalytic
combustion.

The XPS spectra of the Pd/FeCrAl and Pt/FeCrAl catalysts
are shown in Fig. 5a-c, and all the spectra are presented by
subtraction of the Shirley background from experimental
spectra. As shown in Fig. 5b, there are two states of Pd
species on the Pd/FeCrAl catalysts with Pd 3ds, binding
energy (BE) values of 335.3 eV and 337.0 eV, respectively. The
Pd species with a BE of 337.0 eV could be attributed to the
species Pd*" in the form of PdO on the surface of the Pd/
FeCrAl catalyst®® and the peak at 335.3 eV could be induced
by Pd° on the surface.”® These results suggest that more Pd
species are in the form of Pd*" rather than Pd’. As shown in
Fig. 5c, there are two states of Pt species on the Pt/FeCrAl
catalysts with Pt 4f,, binding energy (BE) values of 71.5 eV
and 75.7 eV, respectively. The Pt species with a BE of 71.5 eV
could be attributed to the species Pt° (ref. 55) and the peak at
75.7 eV could be induced by Pt** in the form of PtO, on the
surface.”® The higher BE indicates that more electrons
transfer from Pt to the MO, coating due to the intensified
interaction between them.>”

To demonstrate the catalytic activity of the electrically
heated catalysts, the catalytic combustion of toluene and
ethyl acetate over Pt- or Pd-loaded monoliths was
investigated. As shown in Fig. 6d, blank FeCrAl monoliths
exhibited low toluene conversion rates below 12 W. These
results suggest that the FeCrAl monoliths do not exhibit
considerable toluene combustion activity; direct thermal
oxidation of toluene in the absence of the active species is

6642 | Catal Sci. Technol., 2019, 9, 6638-6646

negligible under test conditions.”” By contrast, the 0.1Pt/
FeCrAl and 0.1Pd/FeCrAl catalysts exhibited excellent toluene
combustion conversion of 100% under 5 W. The products of
the toluene combustion reaction were analysed by GC and
MS (see ESIT Fig. S2). This result, in addition with SEM and
TEM observations, indicates that the catalytic activity is
improved by the formation of a well-adhered alumina coating
on the surfaces of the FeCrAl metallic substrate through
thermal treatment and the high dispersion of Pt and Pd NPs
on the surfaces of the alumina coating. Pd° (or Pt°) is initially
oxidized by O, to form very active [Pd*0°7] (or [Pt**O%])
species and a Pd** (or Pt*") cation is simultaneously reduced
to Pd° (or Pt°) as toluene is oxidized to CO, and H,O over
active [Pd**0*7] (or [Pt**0?]) species.’® In addition, the mass
spectroscopy (MS) results (Fig. 6e and f) show that carbon
dioxide emission is satisfactory. The ignition curve can be
represented by either a VOC decline curve or a CO, rising
curve.”® These results collectively indicate that the catalysts
exhibit high CO, selectivity. Furthermore, the catalytic
combustion rapidly occurs with a response time of less than
30 s. The catalytic combustion of toluene is quickly
completed under DC power and terminated as the DC power
is turned off. This on-off reaction model is suitable for
industrial VOC control because of its unstable emissions.
The activity of the catalysts for ethyl acetate combustion
(Fig. 6g) is inferior to that for toluene combustion.
Nevertheless, the catalysts exhibited 98% ethyl acetate
conversion under 8 W within 1 min, and the products of the
combustion reaction are analysed by GC and MS (see ESIf

This journal is © The Royal Society of Chemistry 2019
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(a) Image of the electrically heated metallic monolithic catalyst reactor; (b) heating performance of the FeCrAl substrate; (c) stability of

0.1Pd/FeCrAl in toluene combustion (I = 0.9 A); (d) light-off curves of toluene catalytic combustion and MS tested curves of toluene catalytic
combustion (/ = 0.9 A) over (e) 0.1Pt/FeCrAl and (f) 0.1Pd/FeCrAL; (g) light-off curves of ethyl acetate catalytic combustion and MS tested curves of
ethyl acetate catalytic combustion (/ = 1.0 A) over (h) 0.1Pt/FeCrAl and (i) 0.1Pd/FeCrAl. Other conditions: toluene and ethyl acetate concentrations

of 2500 ppm and WHSV of 10000 mL h™* g™,

Fig. S3). The catalytic combustion of ethyl acetate is more
difficult to achieve than that of aromatic compounds.”®°
Interestingly, in good agreement with the MS results, 0.1Pd/
FeCrAl exhibits better catalytic activity than 0.1Pt/FeCrAl
(Fig. 6h and 1i). Ethyl acetate oxidation reactions over Pd/
Al,O; and Pt/Al,O; are found to be structure sensitive
reactions, and in most probability, ethyl acetate decomposes
to ethanol and acetic acid.®™®* Furthermore, this result
implies that the catalytic activity may be related to the
interaction between the active compound and the support.
Additionally, the catalysts exhibit excellent performance in
the catalytic combustion of other VOCs (see ESIt Fig. S4). We
can conclude that the order of the catalytic activities of our
catalysts for the VOC combustion is oxygenated (nitrogen) >
chain alkane compounds, because the molecular structure of
chain alkanes is extremely stable and difficult to be oxidized.
In summary, the Pt and Pt catalysts exhibit superior
performance for the VOC catalytic combustion. In addition,
we have listed a comparison with other systems in the
literature (see ESIf Table S2). To examine the stability of
0.1Pd/FeCrAl, additional experiments were conducted for 30

This journal is © The Royal Society of Chemistry 2019

cycles under 10000 mL h™ g™ space velocity, 2500 ppm
toluene concentration, and 0.9 A power current. As shown in
Fig. 6¢c, excellent catalytic activities are observed during these
cycles. After 30 cycles, the catalyst still has a conversion rate
of 100%. These results suggested that our catalysts have
excellent stability and can be applied in the industrial
combustion of VOCs. The reusability of the catalysts shows
that 0.1Pd/FeCrAl worked well for at least 10 runs without
significant activity loss (see ESI} Fig. S5).

The effect of WHSV on catalytic performance was
investigated, and the light-off curves of the catalysts are
shown in the ESIt Fig. S6. Obviously, increased WHSV leads
to a lower toluene conversion under the same reaction
temperature, which may be caused by the shorter residence
time of toluene in the catalyst bed under higher WHSV.
Nevertheless, the catalysts exhibit excellent activities under
high space velocity. These can be attributed to the rapid
response rate of the catalysts, since the reactant molecules
(O, and toluene) diffuse to the surface of the metallic
monolithic catalysts at high temperature, thereby favouring
oxidation reactions going to completion.®® These results

Catal Sci. Technol,, 2019, 9, 6638-6646 | 6643
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demonstrate that the Pt- and Pd-loaded monoliths can be
used to catalyse the combustion of high-flux VOCs. Therefore,
our Pt- and Pd-loaded monoliths have potential industrial
applications. Moreover, we also studied the effect of noble
metal loading on the catalytic activity for toluene combustion
(see ESIT Fig. S7). From an economic point of view, a highly
active catalyst with a low palladium component is desirable.
Obviously, the lower the Pd loading, the lower the catalytic
activity, because the metal loading has a direct effect on the
quantity of the active components. Lower Pd loading leads to
less distribution on the surface of the FeCrAl metallic
substrate, resulting in less active sites and worse catalytic
activity. When the Pd loading is 0.1 wt%, and the Pd NPs can
be completely dispersed on the FeCrAl metallic substrate,
therefore, the 0.1Pd/FeCrAl catalyst exhibits superior activity
for toluene combustion. Thus, this highly active catalyst with

View Article Online
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a low Pd loading has industrial
applications.®*

To further study the potential industrial applications of
the electrically heated monolithic catalysts, we performed an
amplifying experiment. As shown in Fig. 7a, toluene was
diluted with air to a desired concentration and transported
using an air pump into a quartz fixed reactor charged with
the 0.1Pd/FeCrAl catalyst. The images shown in Fig. 7d reveal
that toluene is rapidly degraded.

When the current is switched to 1.4 A under a power of
414 W, the temperature of off-gas reaches approximately 300
°C and the toluene conversion reaches 90%, at 15.4 x 104 h™*
space velocity and 2500 ppm toluene concentration.
Furthermore, when the current is switched to 1.4 A under a
power of 433 W at a space velocity of 11.34 x 104 h™", the
toluene conversion reaches 98% (Fig. 7e), which indicates
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Fig. 7 (a and b) Images of the amplifying experiment apparatus; (c) image of the pilot apparatus; light-off curves of 300 ppm (d) and 2500 ppm (e)

toluene combustion.
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that the 0.1Pd/FeCrAl catalyst shows excellent activity for
toluene combustion and has promising performance for the
industrial VOC catalytic combustion at medium and low
concentrations even under high space velocity.®® So, it is
suitable for the removal of high-flux VOCs. Based on these
results, we designed and established a pilot apparatus, as
shown in Fig. 7c. At present, this apparatus is under
construction, and it is expected to achieve better results.

4 Conclusions

A simple, general and effective strategy is proposed to
prepare novel electrically heated monolithic Pt and Pd
catalysts supported on an FeCrAl wire. Thermal treatment
results in the formation of a well-adhered alumina coating
on the metallic substrate. In addition, Pt and Pd NPs with
sizes of 2 nm to 5 nm are highly dispersed on the alumina
coating. Under low-current DC power, the catalysts achieve
nearly 100% VOC combustion ratio with a combustion
response time of less than 30 s. Furthermore, the catalysts
exhibit 100% CO, selectivity and outstanding activity under
high space velocity. Meanwhile, the optimized -catalyst
exhibits excellent stability and reusability after 700 min of
use, and provides the following advantages: (1) requirement
of small equipment, (2) high-efficiency energy utilization, (3)
self-heating, (4) rapid response velocity, (5) excellent activity
under high space velocity, and (6) good stability. Thus, our
strategy will provide a new route for the preparation and new
application prospect of environmental catalysts in the future.
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