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A key target to reduce current hydrocarbon emissions from vehicular exhaust is to improve their abate-
ment under cold-start conditions. Here, we demonstrate the exceptional properties of a hierarchical
Cu/H-ZSM-5 zeolite-based system as a catalytic trap. The largely increased external surface area coupled
with the preserved intrinsic properties attainable upon alkaline treatment and subsequent acid wash-
ing of a conventional ZSM-5 zeolite enable an improved dispersion of copper species in the hierarchical
counterpart. The impact of post-synthetic modification on the preparation of copper-containing ZSM-5 is

K?;IZ:::; vehicle emissions clearly revealed by XRD, N, sorption, FTIR, NH3-TPD, TEM, SEM, and HAADF-STEM. By providing stronger
%u/H—ZSM—S adsorption sites, the introduction of copper species improves the retention of propene and toluene with

respect to the protonic zeolites, and enables their further conversion to carbon dioxide and water on
reaching its desorption temperature. The equivalent adsorption capacity and improved oxidation activ-
ity and lower susceptibility to deactivation exhibited by the hierarchical Cu/H-ZSM-5 catalyst vis-a-vis its
conventional counterpart yield a superior bifunctional catalyst able of reach full hydrocarbon conversion

Xlierarchical zeolite
Eifunctional catalysis

under realistic operating conditions.

© 2014 Published by Elsevier B.V.

1. Introduction

Air pollution poses a major environmental concern worldwide.
In metropolitan areas, motor vehicle exhaust contributes a major
source of contaminants. With current three-way catalysts (TWCs),
arecognized challenge in preventing these emissions is the lack of
treatment capacity of hydrocarbons (HC) under cold-start condi-
tions. In a standard driving cycle, i.e. a New European Drive cycle
(NEDC) for a 2.0 diesel engine [1], the catalyst takes ca. 1 -2 min to
reach its operating temperature of between 200 and 300°C. For
gasoline engines, this time is very variable and depends on the
engine operation conditions. Of the scarce examples in the liter-
ature, Choi et al. [2] observed that the catalyst of a gasoline engine
reached 500°C in 30s for a 2.01 SULEV. During this time, about
50-80% of unburned HCs are emitted [3]. To curb these emissions,
the incorporation of an inorganic nanoporous material to act as a
HC trap prior to the TWC, is one of the most promising solutions.
The adsorbent must be able to capture the HCs at low temperatures
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and not to release them before reaching the optimal catalyst oper-
ating temperature. This strategy could be more efficient, compared
with other methods such as exhaust burner or the electrically-
heated catalyst [4]. However, in terms of efficiency, the comparison
between the HC trap and the close-coupled catalyst strategies is
not straightforward. As replacing a close-coupled catalyst with an
underfloor HC trap could imply a long delay in pollutant light-off
for HC, CO and NOy, the success will depend on the finding an opti-
mal configuration together with the TWC. A HC trap with catalytic
properties placed after the TWC could be a possibility. Zeolites are
often considered as HC trap materials due to their stability under
a variety of conditions [5,6]. Different zeolites and zeotypes, with
varying pore dimensionality and pore network connectivity, have
been studied as adsorbents for HC emission control during the cold-
start period [7-9]. However, none of the reported materials have
demonstrated the necessary characteristics of a HC trap under very
demanding operational conditions. It has been found that while
heavier exhaust HCs (e.g. aromatics) are adequately trapped, lighter
HC components in the exhaust, such as propene, are released before
the TWC has reached its light-off temperature [8]. In this sense, a
priority goal is to find an adsorbent that fulfills this requirement.
Furthermore, the treatment of alkane species may prove a challenge
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as they are not strongly chemisorbed by the Brgnsted acid or cop-
per sites [10]. These species must be dealt with by oxidation over a
catalyst above 300°C.

Previous results showed that ZSM-5 zeolites (MFI-type frame-
work) could be a promising material as a HC trap [3,11-17]. It has
been observed that propene retention under cold-start conditions
could be improved by ion exchange of the zeolite with transition
metals, such as copper, in order to create selective adsorption points
for light HCs [18]. A direct correlation was observed between the
degree of copper exchange and the trapping efficiency [10,19-23].
If the loading was too high, however, large copper oxide nanopar-
ticles formed on the external surface of the zeolite instead of
increasing the amount of copper in ion exchange sites. Although
these nanoparticles enhanced the oxidation of the HCs upon reach-
ing the desorption temperature, higher copper loadings appeared
detrimental for their initial function as a HC trap. Both propene
and toluene molecules (two of the primary HC pollutants) were
desorbed at lower temperatures than those required for optimal
operation [19].

It is worth mentioning that Cu/H-ZSM-5 has shown promising
activity and selectivity in several automotive applications, as the
direct decomposition of NO and the selective catalytic reduction
of NH3 and HCs. However, their application has been limited by a
lack of hydrothermal stability of the zeolite and by sintering of the
copper species [24-26], which have been evidenced at operating
temperatures between 600 and 800°C. The extent of sintering is
known to increase with temperature, aging time, and in the pres-
ence of steam, and it may pose a challenge during cyclic operation
as a cold-start trap. Furthermore, since higher temperatures (up to
700°C) are expected in front of the TWC than after, differences in
the severity of sintering are expected to depend on the positioning
of the HC trap in the catalytic converter.

A recent study showed that the sintering of cobalt catalysts
could be suppressed when supported on hierarchical zeolites,
offering a greatly increased external surface area coupled with
the largely preserved crystallinity and acidic properties of con-
ventional zeolites [27-29], thereby improving their stability in
Fischer-Tropsch synthesis [30]. The application of hierarchical
zeolites could potentially also lead to a more efficient cat-
alytic trap by enhancing (i) the accessibility to copper species
in ion-exchange positions, (ii) the dispersion of copper oxide
nanoparticles, and ultimately (iii) the HC abatement under cold-
start conditions. Accordingly, this manuscript investigates the
impact of hierarchical structuring on the performance of copper-
loaded ZSM-5 zeolites in cold-start tests (CST) representative of
standard gasoline engine emissions. Since in practice the gas-
hourly space velocity may vary between 10 and 100K h-1 [31],
the HC traps are evaluated at 60 Kh~!, presenting more demand-
ing experimental conditions than in previous works [18,19].
The traps are fully characterized before and after application in
three CST cycles to assess their stability under the operating
conditions.

2. Experimental
2.1. Preparation of Cu-loaded hierarchical zeolites

A commercial ZSM-5 zeolite (CBV 8014, Zeolyst International,
nominal Si/Al ratio=40, NH4-form) was converted to the pro-
tonic form by calcination at 450°C for 6h in static air (ramp
rate=5 OCI{nin*l ). Hierarchical ZSM-5 was prepared by desilication
in stirred aqueous sodium hydroxide (>98% Sigma Aldrich) solu-
tion (0.2 M, 65°C, 30 min, 30 cm? per gram of zeolite) followed by
sequentially treatment in aqueous hydrochloric acid (37 wt% Sigma
Aldrich) solution (0.1 M, 65°C, 6h, 100 cm? per gram of zeolite)

to restore a similar bulk Si/Al ratio to that of the conventional
zeolite [32]. The slurries resulting from each step were quenched
in ice-water, filtered, and the isolated solids washed extensively
with deionized water and dried at 105°C for 13 h. The hierarchi-
cal sample was converted into the H-form by two consecutive ion
exchanges in aqueous ammonium nitrate (99.8% Fisher Scientific)
solution (1M, 80°C, 24 h, 12 cm? per gram of zeolite) followed by
calcination as described above. Copper introduction was achieved
by treating the zeolites (3 g) in stirred aqueous solutions of cop-
per nitrate (99% Sigma Aldrich) (100 mM, 6.6 cm3 per gram of
zeolite). The pH of the solution was adjusted to 6 by addition of
ammonium hydroxide solution (1 M) prior to heating under reflux
at 100°C for 24 h. Subsequently, the copper-containing samples
were filtered, washed, dried as above, and finally calcined at 550°C
for 4h (ramp rate=1 OC/{nin* ). The conventional and hierarchical
ZSM-5 zeolites are coded H-ZSM-5 and mesoH-ZSM-5, respectively,
and the copper-containing catalysts are coded Cu/H-ZSM-5 and
Cu/mesoH-ZSM-5.

2.2. Characterization

X-ray diffraction (XRD) patterns were measured with a Bruker
D8 Advance series Il diffractometer using monochromatic Cu Ko
radiation (A =0.1541 nm). Data were collected in the 26 range from
3° to 40° using a scanning rate oflol{ninfl. N, isotherms at ~196°C
were measured in a Quantachrome Autosorb 1 gas adsorption ana-
lyzer. Prior to the adsorption measurements, the samples were
outgassed in situ under vacuum (4 mbar) at 250°C for 4h. The
total surface area (Sger) was estimated using the BET method,
the micropore volume (V) cro) and mesopore surface area (Sygso)
were determined by applying the t-plot method, the mesopore size
distribution was calculated by applying the BJH method to the des-
orption branch of the isotherm, and the mesopore volume (Vyeso)
was estimated as: Vjgso = Vk/m:ogg — VMicro- The copper content in
the solids were measured by inductively coupled plasma-optical
emission spectroscopy (ICP-OES), in a Jobin Ybon 2000 instru-
ment. Secondary and back-scattered electron images (SEM) were
acquired using a Zeiss Gemini 1530 FEG microscope operated at
5KV (SE) or 10kV (BSE). Transmission electron microscopy (TEM)
and high-angle annular dark field scanning (HAADF-STEM) images
were acquired using a FEI Technai F30 microscope operated at
300kV. The samples were supported on holey carbon coated cop-
per grids by dry dispersion. Temperature-programmed desorption
of ammonia (NH3-TPD) was measured by using a Micromerit-
ics Pulse Chemisorb 2700 instrument equipped with a thermal
conductivity detector. The catalysts (0.2 g) were degassed under
Ar flow at 500°C for 6h followed by saturation at 50°C using
30cm?3 STPmin~! flow of 5% (v/v) NHs in Ar. The gas mixture was
then switched back to Ar and the sample was purged at 50°C
for 30 min. NH5-TPD profiles were subsequently recorded under
30cm3 STPmin~! He flow, from 50 to 600 °C using a ramp rate of
5°Cmin~1.

Infrared spectroscopy was performed using a Thermo Nico-
let 5700 spectrometer equipped with a SpectraTech Collector
Il diffuse reflectance accessory and a high-temperature cell.
Prior to the measurement, the sample was dried at 300°C
in N flow (60cm?min~!) for 120 min. Spectra were recorded
in the range of p50—4000cm‘1 with a nominal resolution of
4cm~! and co-addition of 200 scans after reducing the tem-
perature to 200°C. The amount of coke formed during the
CST was determined by thermogravimetric analysis (TGA). The
samples were heated to 900°C at a rate of SOOC/J\'nin‘1 under
flowing air (250 ml,min*1 ), and the weight loss measured
between 200 and 900°C was averaged over three independent
measurements.
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Fig,\l. XRD patterns of the as-synthesized microporous (a) and hierarchical (b) HC
traps, and following three CST cycles (designatedﬂu). Marked reflections at 26 =/§6‘*‘
and 39° correspond to monoclinic CuO.

2.3. Simulated/gold—start tests

CST experiments were carried out in a fixed-bed reactor
(ID=0.52 cm; 0.10 g of sample) under conditions that closely mimic
the automotive “cold start”. Prior to each test the zeolite was pre-
treated in situ at 600 °C for 30 min in a flow of argon. In the course
of the simulated CSTs, the reactor temperature was increased from
300 600°Cat50°C min~', and held at this temperature for further
30 min. The temperature was measured by a thermocouple located
at the top of the catalyst bed. The inlet gas composition used for
HC adsorption-desorption experiments was 0.010% (v/v) propene,
0.0087% (v/v) toluene, 1% (v/v) oxygen, 10% (v/v) water in argon
leading to a total flow of 100 cm3 STP min~! and a gas hourly space
velocity (GHSV) of 60 Kh~!. According to the literature [33-35], the
HC concentration in real exhaust during the cold start period ranges
between 100 and 500 ppmv, and thus our value of 200 ppmv is a
realistic approximation. The oxygen concentration (1%, v/v) was
chosen to be representative of standard gasoline engine emissions,
in which the values vary between 0.2% and 2% (v/v) [36]. Moreover,
the tests were defined to enable proper evaluation of the optimum
light-off temperature of the three-way catalysts [37]. Aliquots of
the outlet stream were analyzed on line using a quadrupole spec-
trometer (Omnistar, Pfeiffer Vacuum). The following masses were
monitored: ;n/z=40 for argon, 42 for propene, 91 for toluene, 32
for oxygen and 18 for water; jn/z 55 and 56, related to oligomer
formation [17,38,39] and jn/z=44 and m/z=28 related to CO; for-
mation and CO formation, respectively after HC total oxidation,
were also followed during the experiment. Finally, three consec-
utive CSTs were performed once the reactor was cooled down
to assess the reusability of the HC traps. Carbon balances were
closed in all the experiments over Cu-loaded hierarchical zeolites
(1004 3%), whereas some deviation, observed over the protonic
zeolites is ascribed to oligomer and/or coke formation. In the case
of the Cu-loaded conventional ZSM-5, it could also be attributed to
the retarded desorption of HC from the structure.

3. Results
3.1. Catalyst properties

The phase purity and crystallinity of the samples before and
after application as cold-start HC traps was verified by XRD. Sharp
reflections corresponding to the MFI structure [40] were identified
in all cases (see Fig, 1). The slightly reduced reflection intensi-
ties observed for hierarchical zeolites is as expected following the

(2) (b)
500 500
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Fig, 2. Nitrogen isotherms at 77 K of the as-synthesized microporous (a) and hier-
archical (b) HC traps, and following three CST cycles (designatedﬂu).

post-synthetic introduction of intracrystalline mesopores. Addi-
tionally, reflections at 36° and 39° in the copper-containing
samples, which were more prominent in Cu/H-ZSM-5 than
Cu/mesoH-ZSM-5, evidenced the formation of monoclinic CuO
(ICSD PDF-number: 01-073-6023 45-937). The segregation of CuO
species on ZSM-5 zeolites has been previously observed at high
copper loadings [41], and the weaker reflections observed for the
hierarchical sample suggest an improved dispersion of copper
oxide nanoparticles. Following application in the CSTs, the CuO
reflections in the hierarchical material appeared slightly more dis-
tinct. However, it was not possible to distinguish differences in the
dispersion by application of the Scherrer equation, which indicated
an average crystal size of ca. 20 nm in all samples. It should be noted
that a reliable analysis of changes in the size of the CuO crystals by
XRD is hindered by peak broadening due to the presence of the
crystalline zeolite support in addition to instrumental broadening,
meaning that smaller crystals may not be detected and high errors
may result (>20%).

The copper loading and porous properties of the samples are
compiled in Table 1. Analysis by means of ICP-OES revealed a
comparable copper content in the conventional and hierarchi-
cal zeolites of 7.7 and 8.6wt%, respectively, which remained
unchanged after use. These loadings are higher than the amount
theoretically required to fully occupy all ion exchange sites (ca.
1wt%), which implies that the remaining copper is randomly
deposited over the zeolite particles. As seen in Fig, 2, the conven-
tional H-ZSM-5 exhibited a typical type I isotherm with a limited
uptake of N, at higher relative pressures. A similar N, isotherm was
found after copper exchange, Cu/H-ZSM-5, although the micropore
volume and mesopore surface area were slightly diminished fol-
lowing the metal introduction. The formation of mesopores upon
post-synthetic modification of the conventional zeolite was clearly
visible from the fypes I-IV N, isotherms of the hierarchical zeo-
lites shown in Fig, 2 [42]. The increased uptake at high relative
pressures (p/pR >0.5) corresponded to the filling of the generated
mesopores. Analysis of the pore size distribution indicated that
mesopores of 12 nm average diameter were developed. This led to a
significant increase in mesoporosity in terms of mesopore volume
(by 0.43 cm? g~1) and mesopore surface area (by 230 cm3 g~1), that
was almost entirely preserved after copper introduction. Following
three CST cycles, a slight drop in micropore volume was observed in
all cases except for Cu/mesoH-ZSM-5, and a moderate reduction in
mesopore surface area (Table 1). The latter could be related to coke
deposition, which was evidenced over both the protonic zeolites
(ca. 5.2wt%) and over Cu/H-ZSM-5 (ca. 1.1 wt%) (see Fig. 3). In the
case of the copper-loaded zeolites, this could also reflect some sin-
tering of the CuO nanoparticles. Moreover, the higher temperature
reached in the CST (600°C) than during the catalyst preparation
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Table 1

Characterization data of the as-prepared HC traps, and after use in three consecutive CSTs.

Sample Cu contenti [wt%] Sger” [m? g7] Smeso® [m? g~1] Vamicro® [cm® g~] Vameso® [cm?® g ']
Fresh Fresh Used Fresh Used Fresh Used Fresh Used
H-ZSM-5 - 469 392 58 36 0.18 0.16 0.10 0.07
Cu/H-ZSM-5 7.7 392 330 43 43 9.14 0.13 0.11 0.09
mesoH-ZSM-5 - 528 464 284 153 }\).1 0 0.09 0.51 0.38
Cu/mesoH-ZSM-5 §.6 472 421 238 178 2,09 0.09 0.63 0.47

2 Measured by ICP-OES.

b BET method.

¢ t-plot method.

4 ViMeso = Vpjpo-0.99 — Vmicro.

(550°C) can also be the origin of the decreased surface area after
use.

Fig, 4 shows representative FEG-SEM micrographs of the con-
ventional and hierarchical zeolites. While both zeolites exhibited
comparable particle sizes and morphology, some differences could
be pointed out. Secondary electron (SE) images of the conventional
sample revealed some particles of distinct rod-like morphology
located at the external surface of the larger zeolite crystals, which
could be related to the copper oxide phase detected by XRD. The
different composition was confirmed by the much brighter appear-
ance of these features in the back-scattered electron (BSE) images,
consistent with a higher average atomic number expected for the
latter phase. On the other hand, these particles were not visible
in either the SE or the BSE images of Cu/mesoH-ZSM-5. Finally,
some accessible mesopores appeared in the external surface of
the hierarchical zeolite crystals, resulting from the post-synthetic
modification.

TEM images of the fresh copper-loaded conventional zeolite
(Fig, 5a), evidenced a heterogeneous dispersion of copper oxide,
with particles of similar shape to those visible in the BSE images
in addition to smaller-sized nanoparticles decorating the external
surface of the zeolite. Thus, a wide particle size distribution rang-
ing from 2 to 20 nm was attained. No significant differences were
appreciated when this sample was used repeatedly as a HC trap
in the CST (Fig, 5b). In the case of the copper-loaded hierarchi-
cal ZSM-5 (Fig, 5c¢), the TEM micrographs confirmed the preserved
crystallinity of the zeolite. This alkaline treated and acid washed

100

98
2 96
5
o 94
= H-ZSM-5

92 4 —®=— mesoH-ZSM-5

Cu/H-ZSM-5
—— Cu/mesoH-ZSM-5
90 T T T T I
200 400 600 800

Temperature [°C]

Fig. 3. TGA data of the used samples after three consecutive CSTs.

sample exhibits intracrystalline mesopores of about 10 nm diam-
eter in agreement with the pore-size distribution determined by
N, sorption. It is noteworthy that the large copper oxide particles
identified for the conventional zeolite were less prominent in the
hierarchical sample. In addition, as observed for the conventional
zeolite, no differences in the dispersion of the copper oxide particles
were noticed after use (Fig, 5d).

Fig. 6 shows the HAADF-STEM images of both the conventional
and hierarchical zeolites loaded with copper. Consistent with the
BSE images, the rod-like copper oxide structures appearing with
brighter contrast were observed surrounding the conventional
zeolite particles. The image of the hierarchical zeolite clearly high-
lighted the uniform distribution of intracrystalline mesopores. It
is likely that small nanoparticles decorated the entire surface, but
the tendency to sinter and to form large nanoparticles was strongly
reduced by the larger spatial separation.

FTIR spectra in the hydroxyl stretching region of the different HC
traps are reported in Fig, 7. Equivalent intensities of the band corre-
sponding to bridging hydroxyls at Brensted acid sites (3610 cm™1),
an increased intensity of the band arising from isolated termi-
nal silanol groups (3740cm~1), and a decreased intensity of the
broad contribution associated with silanol nests (centered at ca.
3450cm~') compared with the conventional H-ZSM-5, were as
expected for the hierarchical zeolite in protonic form [32]. In the
Cu-loaded analogues, the interaction of copper with the related
hydroxyl groups resulted in decreased band intensities. This was
most noticeable for the Brgnsted acid hydroxyls, which disap-
peared almost entirely, supporting the incorporation of copper in
cation exchange sites [21,43]. As a consequence of the reduced
intensity of the Bronsted hydroxyl stretch, the band at 3640 cm™!
appeared more prominently in the copper-containing zeolites. This
frequency is associated with hydroxyls at defect sites within the
zeolite structure, which clearly did not interact significantly with
any copper species [44]. No significant changes were evidenced by
FTIR following CST testing (Fig, 7).

Temperature-programmed desorption of ammonia (NH3;-TPD)
was used to further characterize the strength of accessible acid
sites in the catalysts (Fig, 8). Due to the conditions used, all
the samples displayed a desorption peak below 150°C related
to weakly physisorbed ammonia. At higher temperatures, two
characteristic contributions centered, at ca. 180 and 370°C were
similarly distinguished for the protonic zeolites, in agreement with
the comparable acidic properties of the conventional and hier-
archical H-ZSM-5 zeolites. A substantially different behavior was
seen for the copper-containing zeolites, which exhibited addi-
tional desorption peaks (centered at ca. 280 and 460 °C), while
the peaks related to the protonic zeolites became less noticeable.
The creation of distinct adsorption sites in copper-containing ZSM-
5 zeolites has been previously reported [45-49]. In particular, at
high copper loadings, various copper species including isolated
Cu?* ions, Cu?*Oy and Cu?*0% Cu?* compounds, and CuO clus-
ters, can exist, and consequently the number and strength of sites
are expected to depend on the content and location (e.g. specific
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FigA4. Secondary (a and b) and back-scattered (cgnd d) electron images of Cu/H-ZSM-5 and Cu/mesoH-ZSM-5, respectively.

cation exchange sites and extraframework) of the copper species.
Furthermore, the findings of Il'ichev gt al., who combined electron
spin resonance with NH;-TPD and evolved gas analysis, specifically
related the higher temperature desorption peaks observed over
copper-loaded ZSM-5 with adsorption complexes formed on Cu2*
ions, demonstrating that these sites caused the decomposition of
ammonia to H,O and N, [49]. In this case, the high-temperature
contribution was greater for the hierarchical zeolite, evidencing
a greater number of such strongly adsorbing sites in this sam-
ple. Cu/mesoH-ZSM-5 also appeared to have the largest interaction
with ammonia molecules. In line with the FTIR observations, no
significant change in the NH3-TPD profiles was visible for the
protonic zeolites after three consecutive CSTs. However, some dif-
ferences were noticeable with respect to the high-temperature
desorption peak for the copper-loaded zeolites, which disappeared
completely in the microporous Cu/H-ZSM-5 sample. It is possi-
ble that these sites are blocked by the coke formation evidenced
in this sample, or that the underlying copper species suffered
from sintering, but, in the latter case this does not appear to be
related with dealumination of the zeolite framework. The fact that
the high-temperature desorption peak remained in the case of
Cu/mesoH-ZSM-5, evidenced the superior stability of the hierar-
chical sample.

3.2. Catalyst performance

Fig, 9 shows the CST profiles observed over the conventional and
hierarchical acid zeolites. During the first minutes of the CST, the
signal of HCs (propene and toluene) was kept close to zero in both
cases, due to either physical adsorption or chemical interactions
between HCs and adsorbent surface [19]. As the system tempera-
ture was increased, the adsorption was no longer favored and the
CST profile showed HC evolution peaks, firstly for propene and,
after for toluene. Eventually, the HC signals reached a maximum
and started to decrease due to the onset of catalytic combustion

above the HC desorption temperature, until reaching steady-state.
HC desorption was found to start earlier over meso/H-ZSM-5 than
H-ZSM-5 (see Figs. 9 and 10), and a higher concentration of propene
and toluene was observed over the former zeolite at steady state.
The lower adsorption capacity evidenced over the hierarchical
zeolite in protonic form can be attributed to the reduced micro-
pore volume of this sample (see Table 1), whereas the decreased
retention of HCs could be related to the greater accessibility of
the adsorption sites and consequently facilitated desorption of
the trapped HCs with increasing temperature. It is important to
note that by applying a constant feed gas composition during the
CST, the location of the HC peak can be shifted to higher temper-
atures since, in addition to the temperature ramp, the desorption
of HCs trapped by the zeolite also depends on the concentration
gradient in the feed.

Limited catalytic activity was observed over the protonic zeo-
lites, especially for mesoH-ZSM-5, which showed the lowest CO,
evolution and the lowest propene desorption temperature of all the
HC traps studied (see Figs. 10 and 11(a)). On the other hand, Fig, 9
shows the relative CST profiles measured for the copper-loaded
counterparts. A clear reduction of the HC signals was observed
at the reactor outlet over both Cu/H-ZSM-5 and Cu/mesoH-ZSM-
5 compared to the base protonic zeolites, and even close to zero
signals were obtained in the case of the hierarchical sample. The
remarkably improved performance of both copper-containing zeo-
lites is consistent with the enhanced interaction of HCs due to the
presence of the stronger adsorption sites evidenced by NH3-TPD. In
terms of catalytic activity, although both solids were able to oxidize
the HCs, the catalytic combustion started earlier in the hierarchi-
cal sample (Fig, 11a) in line with the better dispersion of copper
nanoparticles observed for this sample. The oxidation of HC under
lean conditions was also reported by Meng et al. [50], who observed
ca. 70% toluene conversion at 400 °C over Mn-ZSM-5 catalysts. The
reduced CO, emission over Cu/mesoH-ZSM-5 than over Cu/H-ZSM-
5 at the end of the CST, is thought to result from the more efficient
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Fig,\S. TEM images of Cu/H-ZSM-5 (aﬂnd b) and Cu/mesoH-ZSM-5 (c/%nd d), as-synthesized (a and c), and after three CST cycles (blgnd d), respectively.

a4 desorption of HCs at lower temperatures in the former sample. The possible occurrence of propene polymerization over the 4
45 Although a high trapping capacity is typically desired, in this case samples was studied by mass spectrometric analysis of the evolved 4
426 the faster desorption of HCs is countered by a more efficient cat- gas components, since any oligomers formed during the driv- 430
47 alytic combustion of the HCs desorbed. ing cycle could also be emitted to the atmosphere. As seen on

FigAG. HAADF-STEM images of Cu/H-ZSM-5 (a) and Cu/mesoH-ZSM-5 (b).
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FigA 7. FTIR spectra in the hydroxyl stretching region of the as-synthesized
microporous (a) and hierarchical (b) HC traps, and following three CST cycles (des-
ignatedﬂu).

comparison of the fragmentation patterns observed during the CST
at240°C(Fig, 12), several m/z peaks could be observed in the range
Jn/z=20-100 over the protonic zeolites, of which a signal at jn/z =56
was one of the most prominent. The evolution of the peak was more
prominent over the hierarchical zeolite than over the conventional
counterpart, which could be attributed to a better accessibil-
ity to the acid sites where the production of these compounds
takes place (Fig, 11D). In contrast to the extensive oligomerization
observed over the zeolites in protonic form, the introduction of
copper seemed to completely inhibit the emission and/or forma-
tion of these molecules for which no mass fragments were detected
(see Fig, 12).

Moreover, it is noted that both acid zeolites and the microp-
orous Cu/H-ZSM-5 catalyst deactivated slightly after three CSTs
(see Fig, 10). TGA analysis revealed the presence of coke (ca. I.1
wt%) in this sample (see Fig, 3). On the other hand, no deactiva-
tion was observed for the hierarchical copper-exchanged zeolite
after three consecutive cycles (neither propene emission nor coke
formation was detected).

Finally, in order to assess the performance of the copper-loaded
hierarchical zeolite under a wider range of operational conditions,
two additional scenarios have been considered. In the first case,
the amount of oxygen in the main stream was decreased to 0.115%
(v/v). This would correspond to the stoichiometric oxygen required
to control the current HC emissions. The propene desorption tem-
perature of both copper-loaded zeolites after 4 CSTs are shown

(a) (b)
Cu/H-ZSM-5-u

Cu/mesoH-ZSM-5-u

356
247279

456
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Fig. 8. NH;-TPD profiles of the as-synthesized microporous (a) and hierarchical (b)
HC traps, and following three CST cycles (designated/iu).
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Fig. 9. Simulated CSTs for conventional (black lines) and hierarchical (grey lines)
zeolites, propene (a), toluene (b). Conditions:)g.O]% (v/v) propene, 0.0087% (v/v)
toluene, 1% (v/v) O3, 10% (v/v) H,0 and Ar balance, GHSV=60Kh~1.

in Fig, 13. As noted, the propene desorption temperature of the
microporous sample is lower than that observed for the hierarchi-
cal counterpart, which could be attributed to the improved catalytic
activity demonstrated by the latter. Encouragingly, efficiencies
higher than 90% were achieved in both cases. Under these condi-
tions, TGA analysis evidenced only marginal coke formation after 4
cycles, which agrees well with the stability of the traps under these
conditions.

In the second case, 1.6% CO (v/v) was introduced in the main gas
stream, corresponding to a lambda value (the ratio of the actual
air-fuel ratio to the stoichiometric air-fuel ratio) of ca. 1. Under
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GHSV=60Kh~'. No results are shown for the copper-loaded hierarchical zeolite 4
since no propene desorption was observed for this sample. 6,0X1 0 A 600
these circumstances, both CO and the HC would compete for the 4
oxygen in the exhaust stream. The propene desorption tempera- 5,0x107 <500
tures of the Cu-loaded zeolites after 4 CSTs are shown in Fig, 13. —
As can be observed, the performance of the traps slightly declines = 4 —
compared to that exhibited in the absence of CO (see Fig, 10). The O, 4,0x10 " A 400 @
low propene desorption temperature observed for the microporous © 3
zeolite (below 175°C) could be ascribed to the inferior catalytic [ 8
activity of this sample. In contrast, the retention of propene to tem- Koy 3,0x1 ()4 . L300 8
peratures higher than 290 °C and the overall propene efficiency of » =
greater than 97% evidenced for the copper-loaded hierarchical zeo- &8 =
lite are promising results. Unfortunately, a slight deactivation was I 2.0x1 0‘4 i L 200 2
observed in both cases. TGA analysis revealed the presence of a sim- N ’ o
ilar amount of coke (7 wt%) in both samples after 4 cycles, which E Q
could be one reason for the reduced propene efficiency. Accord- 1.0x1 04 i L 100
ingly, a very active CO oxidation catalyst prior to the trap could be ’
necessary to possibly diminish the deactivation phenomenon.
0 0 .-..----....-F e el POl 0
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4. Discussion

In a previous work [19], it was observed that an optimum par-
tially copper-exchanged zeolite could behave as an ideal trap under
simulated cold-start conditions at a GHSV of 10 Kh~1. The amount
of copper in ion-exchange positions and the presence of CuO par-
ticles on the external surface of the zeolite crystals were found to
be key parameters for the performance of these solids as HC traps.
None of the materials studied, however, were able to trap all HCs
upon increasing the GHSV from 10 up to 60K h~1. Clearly, an opti-
mal interplay between the accessibility to copper in ion-exchanged
positions (beneficial for the sorption process) and copper as CuO
particles (beneficial for the combustion of the desorbed HCs [51])
should be achieved. Now, in order to overcome these restric-
tions, alkaline treatment combined with a sequential acid wash
was applied to the commercial H-ZSM-5 zeolite. The result was
a hierarchical zeolite that had an ideal behavior as a HC trap at
higher GHSV. A larger external surface, arising from the intro-
duction of intracrystalline mesopores, coupled with the preserved

0 10 20 30 40
Time [min]

FigAll. CO,, (a) and oligomer (b) evolution during the simulated CSTs for different
HC traps. Conditions:p.Ol% (v/v) propene, 0.0087% (v/v) toluene, 1% (v/v) O, 10%
(v/v) H,0 and Ar balance, GHSV=60Kh~".

intrinsic crystallinity and acidic properties of the conventional H-
ZSM-5, led to an enhanced accessibility of copper sites located in
ion-exchanged positions and to an increased dispersion of copper
species. Based on the FTIR results, high degrees of ion exchange
were achieved in both the conventional and hierarchical sam-
ple. Nevertheless, the copper-loaded hierarchical sample exhibited
the highest catalytic activity for HC combustion. According to the
analysis by XRD, FEG-SEM, and HAADF-STEM, the conventional
sample presented larger copper oxide particles with rod-like crys-
tal morphology visible on the external surface of zeolite particles,
which were less prominent in the hierarchical analogue. This
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Fig, 12. Mass scan in the range jn/z=20-100 during the CST for different HC traps.
Conditions:p.O]% (v/v) propene, 0.0087% (v/v) toluene, 1% (v/v) Oz, 10% (v/v) H,0
and Ar balance, GHSV=60Kh~! ,X= 240°C.

20 40 100

confirms that an improved dispersion of copper oxide nanopar-
ticles was achieved due to the increased external surface of the
hierarchical zeolite. Consequently, the copper-loaded hierarchi-
cal zeolite showed the lowest propene desorption temperature,
complete removal of oligomers, no coke formation, and almost
full HC conversion at high temperature. Finally, a higher stability
was evidenced for the hierarchical copper-loaded zeolite, which
exhibited no signs of deactivation after three consecutive cycles
under very demanding operational conditions, while minor deacti-
vation was noted over the conventional copper-loaded zeolite. This

— Scenario 1 Scenario 2
© 400,  CumesoH-ZSM-5

o 21

5 350+

'§ 300 Cu/mesoH-ZSM-5
|
g 207y

5 2001 H-ZSM-5

3 A%

o 1504

3

© 100 -

2

o 504

o

o

a CiCs CiCs C,Ci CiCs

Cycle number

Fig. 13. Propene desorption temperature for different HC traps for the two scenar-
ios. C; and C4 denote 15t cycle and 4th cycle, respectively. Conditions scenario 1:
.01% (v/v) propene, 0.0087% (v/v) toluene, 0.115% (v/v) O, 10% (v/v) H,0O and Ar
balance, GHSV=60Kh~'; Conditions scenario 2:}3.0] % (v/v) propene, 0.0087% (v/v)
toluene, 1% (v/v) Oz, 1.6% (v/v) CO, 10% (v/v) H,0 and Ar balance, GHSV=60Kh-',

is consistent with the decreased concentration of high-strength
adsorption sites and the presence of coke evidenced for the lat-
ter sample by NH3-TPD and TGA analysis, respectively. Thus, both
blockage of the adsorption or catalytic sites due to coke formation,
or their loss due to the migration of copper species could originate
the deactivation observed in this case, although the occurrence of
sintering could not be confirmed by XRD or TEM. The high stabil-
ity of the copper loaded hierarchical zeolite is in agreement with
previous findings [30], where it was suggested that the sintering of
cobalt catalysts could be suppressed when supported on hierarchi-
cal zeolites.

Conversely, although no deactivation has been observed for the
copper-loaded hierarchical zeolite, this sample was tested under
much more highly demanding operational conditions, i.e. (i) with
the stoichiometric oxygen concentration and (ii) in the presence of
CO. The results are still encouraging since HC removal efficiencies
greater than 90% are achieved, despite the observation of a slight
deactivation when CO is present into the main gas flow. Under these
conditions, appreciable amounts of coke are deposited on the HC
trap surface, which is a well-known problem observed for this type
of materials when applied for NOy abatement that could possibly
be diminish by using a very active ’E\.o oxidation catalyst prior to the
trap. Consequently, a higher number of cycles under real conditions
should be performed in order to ensure the promising HC removal
efficiency observed for this material. In addition to this, joint studies
on the optimum configuration of the HC trap and the TWC in the
gas exhaust manifold need to be undertaken since coke formation
was greatly avoided under the first scenario.

5. Conclusions

This study revealed that the development of mesopores by alka-
line treatment prior to the introduction of copper enhanced the
catalytic trapping performance of Cu/H-ZSM-5 zeolites. Results of
simulated CSTs showed that the increased external surface area
played an important role in the properties of the hierarchical mate-
rial. These structural features translated into a stable bifunctional
catalyst that was able to perform as an ideal trap under very
demanding operational conditions, GHSV: 60 K h—!. The hierarchi-
cal copper-loaded zeolite maintained its remarkable HC adsorption
capacity, while a better dispersion of copper nanoparticles on
the zeolite external surface led to exceptional catalytic properties
over multiple consecutive cycles. Although high efficiencies were
reached for this material, slight deactivation was evidenced over
the copper-loaded hierarchical zeolite under very demanding oper-
ational conditions. Thus, a higher number of cycles under a wider
range of feed compositions, such as in the presence of other hydro-
carbons or CO, are necessary to confirm the potential application
of these materials for HC removal under cold start conditions.
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