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The primary purpose of this study was to investigate the effect of a catalyzed continuously
regenerating trap (CCRT) system composed of a diesel oxidation catalyst (DOC) and a
catalyzed diesel particulate filter (CDPF) on the main gaseous and particulate emissions
from an urban diesel bus, as well as the durability performance of the CCRT system.
Experiments were conducted based on a heavy chassis dynamometer, and a laboratory
activity test as well as X-ray photoelectron spectroscopy (XPS) test were applied to evaluate
the changes of the aged CCRT catalyst. Results showed that the CCRT could reduce the CO
by 71.5% and the total hydrocarbons (THC) by 88.9%, and meanwhile promote the oxidation
of NO. However, the conversion rates for CO and THC dropped to 25.1% and 55.1%,
respectively, after the CCRT was used for one year (~60,000 km), and the NO oxidation was
also weakened. For particulate emissions, the CCRT could reduce 97.4% of the particle mass
(PM) and almost 100% of the particle number (PN). The aging of the CCRT resulted in a
reduced PM trapping efficiency but had no observable effect on the PN; however, it
increased the proportion of nucleation mode particles. The activity test results indicated
that the deterioration of the CCRT was directly relevant to the increase in the light-off
temperatures of the catalyst for CO, C3Hg and NO,. In addition, the decreased concentra-
tions of the active components Pt>* and Pt** in the catalyst are also important factors in the
CCRT deterioration.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

Thus, emission regulations are continuously being introduced to
limit the particulate and NO, emissions from diesel engines

Diesel engines have been widely used in heavy-duty vehicles,
especially in urban busses and trucks throughout the world for
their strong power, good economy and high reliability (Liu et al.,
2017; Shen et al,, 2018). However, they emit a huge amount of
particulates and nitrogen oxide (NO,), which not only pollute the
atmospheric environment but also endanger human health.

(Shen et al., 2015; Jung et al,, 2017). To meet the increasing
emission regulations, exhaust after-treatment equipment is
necessary for diesel engines (Guardiola et al., 2017; Fleischman
etal.,, 2018), among which the diesel oxidation catalyst (DOC) and
catalyzed diesel particulate filter (CDPF) are indispensable in
emission control (He et al., 2015; Zhang et al., 2018a). The DOC can
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Table 1 - Specifications of the diesel oxidation catal

(DOC) and catalyzed diesel particulate filter (CDPF).

Parameter Feature/value
DOC CDPF

Substrate FeCrAl Cordierite
Cell density (cell/cm?) 62 31
Wall thickness (mm) 0.06 0.35
Porosity None 55%
Catalyst Pt/Pd/Rh Pt/Pd/Rh
Catalyst load (g/L) 1.94 0.88
Precious metal ratio 10:1:0 10:2:1
Coatings v-Al,03 v-Al,03

not only remove the CO and hydrocarbons (HC) emissions, but
also oxidize the NO to NO,, and a higher ratio of NO, to NO; is
beneficial to the combustion of the trapped soot in the CDPF
(Guan et al., 2015; Zhang et al., 2018b). The catalyzed continu-
ously regenerating trap (CCRT), consisting of a DOC and a CDPF,
can reduce the CO and HC by more than 60%, as well as remove
more than 90% of the particulate emissions from diesel engines
(Caliskan and Mori, 2017; Orihuela et al., 2018). However, it is
difficult to maintain a CCRT’s high efficiency duringits whole life
cycle, because the catalyst of the CCRT will undergo aging
phenomena due to high temperature, chemical poisoning,
catalyst coking, clogging, etc., which will result in a decrease in
CCRT performance and the eventual failure of CCRT regeneration
(Gilpin et al., 2014). Available literature was investigated for
durability assessment of after-treatment catalysts during aging.
Zhang et al. (2018a) found that thermal aging was the main
reason for the loss of catalytic activity of DOC based on an engine
testbench. Lou et al. (2016) and Zhang et al. (2017) used a portable
emission measurement system to investigate the durability
performance of CCRT and found that the aging of the CCRT
resulted in lower PN trapping efficiency, but the particle size
distribution (PSD) was not studied. In terms of the aging
mechanism of the after-treatment devices, Hauff et al. (2010)
revealed that the durability performance of the aftertreatment
catalyst depended on the its surface area, while Wiebenga et al.
(2012) and Li et al. (2012) thought that durability performance of a
CCRT can be characterized by the light-off performance of the
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catalyst. Auvray et al. (2013) and Honkanen et al. (2017) reported
that the deterioration of the CCRT can be attributed to Pt/Pd
sintering. Current studies mainly focus on the effect of CCRT
durability on the emission reduction characteristics and its aging
mechanism separately. In addition, most of the studies con-
ducted laboratory aging evaluation and real-world on-the-road
aging evaluation separately. Consequently, it is necessary to
conduct an integrated research study on the effect of durability
on CCRT performance both from the viewpoint of the reduction
efficiency for main pollutants, and by catalyst deterioration
analysis using real-world test and laboratory analysis methods.

In this paper, the effect of a CCRT system on the emissions of
CO, total hydrocarbons (THC), NO/NO,, particle mass (PM),
particle number (PN) and PSD from an urban diesel bus, as
well as the durability of this effect, were investigated. In
addition, the changes in light-off performance and active
elements were also investigated to evaluate the deterioration
of the catalyst in the CCRT.

1. Materials and methods
1.1. Experimental materials

1.1.1. Test vehicle

The test vehicle used in this study is a 7.1 L urban diesel bus
meeting the China III emission standard. The curb weight of
the bus is 16,500 kg, and its maximum speed reaches 85 km/
hr. The engine of this bus has a compression ratio of 18, and
its rated power is 177 kW. The maximum torque of this bus is
920 N'm. A CCRT after-treatment system was used to retrofit
the bus to study its emission reduction performance as well as
the durability performance.

1.1.2. CCRT specifications

The after-treatments used in this study were a new and an
aged CCRT consisting of an upstream DOC and a downstream
CDPF. The new and aged CCRTs had the same specifications
presented in Table 1. Before the test, a real-world on-the-road
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Fig. 1 - Schematic diagram of the experimental system. EEPS: engine exhaust particle sizer.
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de-greening of the new CCRT system was conducted for one
week on the bus’s regular route in order to activate the
catalyst. Then the CCRT was considered as a fresh one for
testing. The aging of the CCRT was also based on real-world
on-the-road driving on the bus’s regular route: the CCRT was
operated on the bus for one year with mileage of about
60,000 km. This was used as the aged CCRT for testing.

1.2. Experimental procedure
1.2.1. Heavy chassis dynamometer test

1.2.1.1. Test bench. As shown in Fig. 1, the experimental
system consists of a chassis dynamometer (ECDM 72H-2MOT,
MAHA-AIP, Germany), a diesel bus, a CCRT after-treatment
system, EchoStar SEMTECH-D (SEMTECH-D, Sensors, USA), an
EEPS™ engine exhaust particle sizer (EEPS, EEPS3090, TSI,
USA), and a two-stage diluter (DI-2000, Dekati, Finland). The
CO, THC, and NO/NO, emissions were measured by the
Sensors SEMTECH-D with test accuracy of +2%, +1% and +2%,
respectively. The particle number concentration and PSD with
particle sizes ranging from 5.6 to 560 nm were measured by
the TSI EEPS 3090.

1.2.1.2. Driving cycle. The driving cycle used in this study
was the Chinese city bus cycle (CCBC); the whole CCBC
duration was 1314 sec. Its mileage was about 5.897 km. The
minimum and maximum speed was 0 and 60 km/hr, respec-
tively, and the average speed was 16.2 km/hr, which can
reflect the typical running characteristics of buses in China.

1.2.1.3. Test procedure. First, the gaseous and particulate
emissions from the bus equipped with the fresh and aged
CCRT systems, respectively, were measured based on the
heavy-duty chassis dynamometer, as shown in Fig. 1. Both of
the tests were repeated three times in order to reduce test
error. Then catalyst samples with size of 20 mm x 40 mm
(diameter x length) were cut from the central position of the
fresh and aged DOCs and CDPFs, which were utilized to carry
out activity evaluation tests and X-ray photoelectron spec-
troscopy (XPS) characterization experiments, aiming to eval-
uate the changes in the light-off performance and catalyst
active components.

1.2.2. Catalytic activity evaluation

The catalytic activity of the fresh and aged CCRT catalyst
samples was evaluated using the temperature-programmed
reduction (TPR) method, and the test device (CHEMISORB 272,
Micromeritics, USA) consisted of a gas supply unit, reaction
unit and analysis unit, as shown in Fig. 2. The gas supply unit
provided the CO, C3Hg, NO, O, and N, components for study.
The saturated vapor was supplied from the vapor feeder, and
all the gases were mixed through the gas mixer. Then the
mixed gas entered the temperature-programmed heating
reactor. The catalyst sample including DOC and CDPF was
put in the heating reactor, which was wrapped with asbestos,
then Fourier transform infrared spectroscopy (FTIR) was used
to analyze the performance of the catalysts. The reaction gas
contained 400 ppmV NO, 400 ppmV C3Hg, 400 ppmV NO, 10%
CO,, 5% O,, and 5% H,0, while N, was used as a balance gas.

The space velocity was set to be 40,000 hr?, and the
temperature was increased at a controlled rate of 5°C/min
from 50 to 500°C.

The conversion rates of CO and CsHg and the NO,
production rate were used to characterize the CCRT catalyst
activity. The conversion rates were calculated by Eq. (1):

Co—C

n= x 100% (1)

Co
where, n represents the CO and Cs;Hg conversion rates and NO,
production rate, ¢, and c¢ (ppmV) are the CO, C3Hg and NO
concentrations of the feed gas and reactor outlet, respectively.

1.2.3. XPS evaluation

X-ray photoelectron spectroscopy evaluation was applied to
analyze the changes in the concentration and valence
distribution of the active element Pt in the aged CCRT catalyst.
In this study, an X ray photoelectron spectrometer (PHI 5000C
ESCA, PerkinElmer, USA) was used to analyze the active
elements Pt>* and Pt** on the surface of catalyst samples.

2. Results and discussion
2.1. Experimental result analysis

2.1.1. Exhaust temperatures and flow rates

Fig. 3 gives the evolution of the exhaust temperature, flow rate
and speed of the bus during the CCBC driving cycle. It can be
seen that the exhaust temperature and flow rate coincided
with the speed of the bus. The exhaust temperature ranged
from 132 to 345°C, and the average temperature throughout
the CCBC was about 216°C. The exhaust flow rate had a
distribution ranging from 0.39 to 6.49 m>®/min.

2.1.2. Gaseous emissions

Fig. 4a shows the CO emission rates of the bus with fresh and
aged CCRT during the CCBC. The CO emission rate had a
similar evolution to the exhaust flow rate, as well as the
speed. After using the CCRT, the CO emission rate decreased
significantly. Compared with the aged CCRT, the fresh one
resulted in larger reduction in the CO emission. Fig. 4b gives
the CO emission factors of the bus with the fresh and aged
CCRTs. The CO emission factor of the bus without CCRT was
1.32 mg/km. When the bus used the fresh CCRT, the CO
emission factor decreased by 71.5% and reached 0.38 mg/km.
After using the aged CCRT, the CO emission factor fell to
0.98 mg/km with a decrease of 25.3% compared to that
without CCRT. This is attributed to the thermal aging of the
DOC working long hours in a high temperature environment,
which not only leads to growth of noble metal particles, but
also causes the carrier coating to sinter; this results in
decreased activity on specific catalyst surfaces followed by
activity deterioration (Luo et al., 2010; Johns et al., 2015).

Fig. 5a presents the THC emission rates of the bus with the
fresh and aged CCRT during the CCBC. The THC emission
rates coincided well with the exhaust flow rate, as well as the
speed. The THC emission rate apparently decreased after
using the CCRT. The fresh CCRT had a better THC reduction
effect compared with the aged CCRT sample. The THC
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Fig. 2 - Schematic diagram of the temperature-programmed reduction (TPR) test system.

emission factors of the bus with fresh CCRT and aged CCRT
are presented in Fig. 5b. The THC emission factor of the bus
without CCRT was 0.26 mg/km. After using the fresh CCRT,
the THC emission factor decreased to 0.03 mg/km with a
reduction of 88.9%. For the aged CCRT, a decrease of 55.1% in
the THC emission was observed compared to the bus without
CCRT. The main reason for the change is that thermal aging of
the DOC results in the collapse of the catalyst structure and
the noble metal embedded therein; then, the specific surface
of the catalyst sample declines and causes decreased activity
(Kolli et al., 2010; Kim et al., 2008).

The NO/NO, emission characteristics of the bus with fresh
and aged CCRT during the CCBC are presented in Fig. 6a. It can
be seen that the NO and NO, emission rates had similar
trends with the exhaust flow rate, as well as the bus speed.
The NO emission rate decreased slightly after using the CCRT,
especially for the aged one. On the contrary, the use of CCRT
increased the NO, emission rate compared to the bus without
CCRT. The aging of the CCRT weakened its ability to oxidize
NO to NO,, and this is attributed to the reduced dispersion of
the noble metal particles in CCRT caused by thermal aging of
the catalyst (Matam et al., 2013).

Fig. 6b presents the NO and NO, emission factors of the bus
with the fresh and aged CCRT. The emission factors of NO
and NO, for the bus without CCRT were 8.54 and 0.91 g/km,
respectively, and NO, accounted for 9.6% of the NO,. After the
bus was equipped with the fresh CCRT, the NO emission
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Fig. 3 - Exhaust temperature and exhaust flow rate during
the Chinese city bus cycle (CCBC) driving cycle.

factor decreased to 8.00 g/km while the NO, emission factor
increased to 1.62 g/km, and the proportion of NO, in NO, was
16.9%. When the bus used the aged CCRT, the NO emission
factor was 8.18 g/km, while the NO, emission factor was
1.44 g/km. The total NOy is equivalent to that of the fresh
CCRT, but the NO, proportion decreased to 15.0%.

2.1.3. Particulate emissions

Fig. 7 shows the PN concentration emission of the bus with
the fresh and aged CCRT during the CCBC. The PN emission
concentration of the bus without CCRT was distributed from
107 to 10° particles/cm?®. After using the CCRT, the PN emission
concentration decreased by two orders of magnitude or more.
The fresh CCRT outperformed the aged CCRT in terms of PN
concentration reduction.
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Fig. 8 presents the PN and PM emission factors of the bus
with the fresh and aged CCRT. The PN emission factor of the
bus without CCRT was 2.47 x 10'* particles/km. After using
the fresh CCRT, the PN emission factor fell to 5.28 x 10*!
particles/km with a decrease of 99.8%. The aged CCRT still had
a near-perfect effect on the PN, with a decrease of 99.7%. In
terms of the PM emission factor, it reached 20.87 mg/km for
the bus without CCRT. When the bus was equipped with the
fresh CCRT, the PM emission factor fell to 0.54 mg/km, with a
decrease of 97.4%. However, for the aged CCRT, the reduction
effect on the PM emission factor declined slightly, with a
decrease of 93.9%. This is because the aging of the CCRT
weakens the oxidation of soluble organic fractions (SOF). On
the other hand, the aged upstream DOC leads to a weakened
NO oxidation ability. Therefore, the downstream CDPF is short
of having enough NO, to oxidize the captured particles.

To understand the differences in the overall PSD of the bus
before and after CCRT use, and the effect of the aged CCRT on
the PSD, the number-weighted PSDs of the bus with the fresh
and the aged CCRT are given in Fig. 9. Fig. 9 shows that the PN
concentration decreased significantly, and the PSD peaks
shifted to smaller particle sizes after using CCRT. This is
because the catalyst in the DOC and CDPF oxidized the SOF
adsorbed on the particulate matter, leading to a reduction in
the size of particles. (Young et al., 2012). The peaks of the
nucleation (<50 nm) and accumulation (>50 nm) mode parti-
cle number concentrations were near 19.1 and 165.5 nm,
respectively, before the bus started using CCRT. After the
installation of the CCRT, the nucleation and accumulation

Fig. 6 - (a) NO/NO, emission rates and (b) NO/NO, emission factors of the fresh and aged CCRT.
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Fig. 7 - Particle number (PN) concentration emissions of the
fresh and aged CCRT. dN/dlogD,: PN logarithm
concentration.

mode peaks shifted to 12.4 and 80.6 nm respectively, and the
proportion of the nucleation mode particles decreased from
98% to 66%. The main reason is that the CCRT can oxidize
most of the SOF in the particulates, which may be measured
as nucleation mode particles by EEPS (Zhang et al., 2018b). The
aged CCRT had no obvious effect on the PSD, but its effect on
PN reduction was slightly inferior to that of the fresh CCRT,
and the proportion of nucleation mode particles presented a
rising trend and reached 71%, which can be attributed to the
deterioration of the catalyst of the CCRT, causing a reduced
SOF oxidation activity (Tartakovsky et al., 2015; Sandra et al.,
2016; Zhou et al., 2018). In addition, the accumulated ash in
the aged CDPF also weakened the oxidation activity of the
catalyst by covering the active sites of the catalyst (Yamazaki
et al., 2016).

2.2. Activity evaluation of samples

The conversion rates of CO and C3Hg and the NO, production
rates of the fresh and aged CCRT catalyst as a function of
temperature are shown in Fig. 10. The conversion rates of CO
and C3Hg and the NO, production rates increased with
temperature. The CO conversion rate of the fresh catalyst
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Fig. 8 — Particle mass (PM) and PN emission factors of the bus,
fresh and aged CCRT.
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Fig. 9 - Particle size distributions and (inset) particle
proportions of the fresh and aged CCRT.

sample was higher than that of the aged one when the
temperature was <240°C; then the CO conversion rates of
fresh and aged catalyst samples were equivalent, and both
reached approximately 100%. The C3Hg conversion rates were
very low (<10%) both for the fresh and the aged catalyst
samples when the temperature was <300°C due to competi-
tive adsorption with CO (Goto et al, 2014), and then they
increased rapidly with temperature. Through the whole
temperature range, the C;Hg conversion rate of the fresh
catalyst sample was always higher than that of the aged
catalyst sample, and when the temperature reached 500°C,
the CsHg conversion rate of fresh catalyst sample was 90%.
However, for the aged catalyst sample, the conversion rate of
CsHg was only 50%. The NO, production rates of the fresh and
aged catalyst samples increased with temperature and
showed a similar trend. It can be seen that there were no
peaks for NO, production at ~400°C, caused by the chemical
equilibrium limitation (Tang et al., 2014); the main reason is
that the presence of CO and C3Hg inhibited NO oxidation
(Hauff et al., 2012). The NO, production rate of the fresh
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Fig. 10 - CO, C3Hg conversion rates and NO, production rate

with temperature. Tso: the temperature of 50% conversion;
T,s: the temperature of 15% conversion.




172 JOURNAL OF ENVIRONMENTAL SCIENCES 84 (2019) 166-173

1.0 =
/) Fresh

_oslh Eii Aged
=X
= 1
Eosf %
(o)
o0
<
= 04¢
Q
5
A 021 3

0.0

Pt2+ Pt4+
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catalyst sample was higher than that of the aged one. When
the temperature was 500°C, the NO, production rate of the
fresh catalyst sample was 24.5%, while for the aged sample,
the NO, production rate was 16.1%. In terms of the catalyst
light-off temperature, it can be seen that the Ty, (the
temperature of 50% conversion) for CO of the fresh catalyst
sample was 115°C, while for the aged sample, Tso was about
210°C. In terms of the light-off characteristics of C3Hg, the Tsg
was 410°C for the fresh sample, but for the aged sample, the
Tso increased to 500°C. For NO oxidation, the Tjs (the
temperature of 15% conversion) for the fresh catalyst sample
was 240°C, while for the aged sample, T;s increased to 440°C.
The aged CCRT catalyst resulted in higher light-off tempera-
tures because the crystallinity of the catalyst sample in-
creased after aging, which inhibits the migration and
activation of the surface oxygen and reduces the dispersion
of Pt and Pd on the surface of the support, resulting in a
reduction of active sites (Chen et al., 2015).

2.3. Active element analysis by XPS

Fig. 11 gives the mole percentages of Pt>* and Pt** on the
catalyst samples before and after aging. It can be observed
that the mole percentages of Pt>* and Pt** were 0.67 and
0.70 mol.% for the fresh catalyst sample. Compared with the
fresh one, the mole percentages of Pt>* and Pt** of the aged
catalyst sample decreased by 70.27% and 67.52%, and they
reached 0.20 and 0.23 mol.%, respectively. The declining Pt**
and Pt** components reflected that high temperature resulted
in sintering of the active element, which reduced the number
of active sites (Wiebenga et al., 2012).

3. Conclusions

The reduction effect of a CCRT on the main exhaust emissions
from an urban diesel bus was investigated based on a heavy
chassis dynamometer, and the durability of this effect was
also studied. In addition, a laboratory activity evaluation and
XPS evaluation were applied to characterize the catalyst
changes of the aged CCRT. The main conclusions are listed
below:

(1) The fresh CCRT reduced the CO by 71.5% and the THC by
88.9%, while for the aged CCRT, the conversion of CO and THC
declined to 25.2% and 55.1%, respectively. The use of the CCRT
promoted the NO oxidation, but this oxidation ability was
weakened after aging.

(2) The fresh CCRT could reduce more than 97% of the PM
and almost 100% of the PN, but an obvious reduction in the PM
trapping efficiency was observed after aging. The use of a
CCRT shifted the peaks of the PSD to a smaller size and
decreased the proportion of nucleation mode particles, but for
the aged CCRT, its effect on nucleation mode PN reduction
was slightly inferior to that of the fresh CCRT.

(3) The Tso values for CO and CsHg of the aged catalyst
sample increased by 95 and 90°C respectively compared with
the fresh one, and the T;s of the NO, production for the aged
CCRT was 200°C higher than that of the fresh one. Meanwhile,
the aged CCRT showed reductions in Pt** and Pt** mole
percentages by 70.27% and 67.52%. The increase in the light-
off temperatures and decrease of Pt?* and Pt** components
of the aged CCRT are the direct reasons for the CCRT
deterioration.
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