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Abstract: The forthcoming implementation of the China VI emission regulations, which are currently
the most stringent around the world targeted at light-duty gasoline engine vehicles, will not
only further restrict the emissions of gaseous pollutants, but also put forward, for the first time,
the requirements of particulate number (PN) emissions with a limit set at 6 × 1011#/km. To achieve
the stringent emission targets, the ceramic wall-flow gasoline particulate filter (GPF) will be effective
to achieve the reduction of the particulate number tailpipe emissions in a way similar to the widely
applied diesel particulate filter (DPF) in diesel engines. This paper investigated the effect of a coated
gasoline particulate filter (GPF) on the PN emission and engine performance. The effects of two
factors, including the washcoat powder material bulk density and type of coating, were studied with
regard to three primary performances of GPF, including high three-way catalytic performance, low
pressure drop, and high PN filtration efficiency, according to the original equipment manufacturer
(OEM) requirements. The outcomes show that the use of high bulk density materials resulted in a low
washcoat volume and hence a decrease of flow resistance and backpressure, in addition to high PN
filtration efficiency. The type of coating had notable influence on the backpressure and PN filtration
efficiency. The coating length and coating amount both had notable influence on the backpressure
and PN filtration efficiency.
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1. Introduction

In order to further improve engine fuel economy and reduce CO2 emissions, turbocharged
gasoline direct injection (GDI) engines have prevailed as the power source for light-duty vehicles [1].
However, compared to vehicles equipped with traditional port fuel injection engines, GDI engines are
known to have higher engine-out soot and particle number emissions, especially under cold start and
high-speed, high-load operating conditions [2–4]. The latest China VI light-duty emission regulations
will be implemented in 2020. For China VI, the certification test driving cycle will be changed from the
New European Driving Cycle (NEDC) to the Worldwide Harmonized Light Vehicles Test (WLTC),
which includes more transient operation points, leading to an increase of the maximum speed and
acceleration, as well as a move to larger loads for engine operating regions [5]. Moreover, the pollutants
limits will be substantially tighter. The particle number emissions requirement will be introduced in
the China VI emission regulations for the first time, with the same limit set of 6 × 1011#/km in the
China VI-a and VI-b stages. In addition, the real driving emissions (RDE) certification test will be
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implemented in China VI-b stage in 2023, in which the conformity factor (CF) of the particulate number
(PN) and NOx will be limited to be 2.1 and the CO2 emissions will be recorded. There is no doubt that
the stringent requirements in China VI will be even more challenging for light-duty vehicles equipped
with turbocharged GDI engines, especially in terms of meeting the PM/PN limit requirements.

For light-duty gasoline vehicles, in response to the upcoming implementation of the China VI
emission regulations, advanced exhaust gas aftertreatment technologies (e.g., GPF) must be applied to
reduce the vehicle tailpipe emissions in addition to the adaptation of engine internal parameters, such as
air/fuel ratio, fuel injection strategy, and combustion phasing, to further optimize the combustion
system in order to reduce the engine-out raw emissions [6–9]. The technology of DPF to solve the
problem of diesel particulate emissions has been applied for many years, and its effectiveness on the
reduction of particulate emission has been well confirmed [10,11]. It is considered that the use of
GPF has the potential to effectively reduce gasoline particulate emissions over a wide range of engine
operating conditions [12]. However, employing GPF as a solution to reduce particulate emissions also
results in an increase of the pressure drop of the entire exhaust aftertreatment system. Consequently,
the drop increases the backpressure of the exhaust manifold, and hence imposes a negative influence
on the engine power output, fuel economy, and CO2 emissions [13].

In general, there are two types of particulate filters applied to the exhaust aftertreatment system
currently: One is bare GPF without any catalyst coated, and the other is cGPF, which is coated
with some amount of catalyst and could even further improve the three-way catalytic performance.
Compared to the bare GPF, it is considered that adopting the coated GPF (cGPF) has more advantages,
such as reducing the cost of substrates, packaging improvements, and an increase in soot regeneration
performance under cold running conditions [14]. It is believed that the coated GPF will become the
mainstream in auto original equipment manufacturers (OEMs) in the future. Coated GPF should
fulfill design requirements in order to achieve sufficient particulate number filtration efficiency to
meet the PN regulation limit. In the meantime, the pressure drop must be minimized to reduce its
influence on engine power output and fuel economy. Different kinds of coatings with integrated
pore characteristics of the filter wall were confirmed to have an evident effect on the reduction of the
pressure drop and to increase PN filtration efficiency [15,16]. Consequently, this study concerned the
coated GPF and describes the optimization design methodology. The results are discussed in detail in
the subsequent sections.

2. Experimental Section

In this study, the influence of the pressure drop of the washcoat on the GPF were tested on a
cold flow bench (computerized flowbench SF-1020 Probench), as can be seen from the Figure 1 and
Table 1. The pressure drop of the test GPF samples was carried out on the SF-1020 Probench with 25 ◦C
ambient temperature and an atmosphere pressure of 1 atm. Five air flow rates were studied, ranging
from 200 kg/h to 600 kg/h at a step of 100. The GPF design was a cylinder with a diameter of 132.1 mm
and a length of 127 mm. The cell structure was 300 cpsi/8 mil and the porosity was approximately 65%.
Detailed parameters are listed in the Table 2.

Table 1. Measurement conditions of the pressure drop on the gasoline particulate filter (GPF).

Measurement Equipment SF-1020 Probench
Flow Measurement Accuracy ±0.5% of reading in normal operating ranges

Repeatability ±0.25% of reading
Range 0–1000 cfm

Temp. Measurement Accuracy ±0.3% ◦C
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Figure 1. Measurement equipment SF-1020 Probench.

Table 2. Measurement conditions of the pressure drop on the GPF.

Measurement Equipment SF-1020 Probench
Temperature 25 ◦C

Atmosphere Pressure 1 atm
Air flow rate 200 kg/h, 300 kg/h, 400 kg/h, 500 kg/h, 600 kg/h

GPF size Φ132.1 mm × 127mm 1.74 L
Cell structure 300 cpsi/8 mil

Porosity Approx. 65%
Mean Pore Size Approx. 20 um

Catalyst amount 100 g/L

In this study, the influence of the particle number filtration and gas pollutant abatement efficiency
of the washcoat on the GPF were tested on a light-duty passenger car, equipped with 1.4-liter
displacement turbocharged gasoline direct-injection (TGDI) engine, which was employed for the
on-engine experiment at test driving cycle Worldwide harmonized Light vehicles Test Cycle (WLTC)
on vehicle emission hub of HORIBA test equipment. The tests used China VI emission regulation 92 #
gasoline, as can be seen from the Figure 2. The information of the test engine and the washcoat are
shown in Table 3.

Figure 2. Tests of the particulate number filtration and efficiency.

Table 3. Main parameters of the test vehicle.

Vehicle reference mass 1460 kg
Engine 1.4 L TGDI

Test driving cycle WLTC

Closed-coupled TWC Φ118.4 mm × L60 mm, 200 g/L
0/47/3 Fresh

Under-floor catalyzed GPF Φ118.4 mm × L127 mm, 100 g/L
0/7/3 Fresh
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3. Results and Discussion

3.1. Washcoat Powder Material Bulk Density

The effects of washcoat powder material bulk density on gasoline particulate filter performance
were first studied. In order to study the factor, the catalyst coating amount was kept constant at 100 g/L.
In the meantime, the bulk density of powder material of the washcoat was changed by adjusting
the percentage of composition of the powder. Two kinds of compositions were employed in the
study, namely aluminum oxide and cerium zirconium composite oxides. Two types of powder with
different bulk densities, referred to as GPF-A and GPF-B, were investigated. Detailed information of
the powders is listed in the Table 4. As listed in Table 4, GPF-A represents the washcoat, which used
low-level bulk density material. The percentage of the aluminum oxide was 0.37 g/mL and the cerium
zirconium was 0.27 g/mL. On the other hand, GPF-B represents the high-level bulk density material
washcoat, with 0.76 g/mL and 0.55 g/mL for the two materials. For the convenience of comparison,
GPF-Ref represents a commercial GPF with same catalyst coating amount.

Table 4. Comparison of bulk density of GPF-A and GPF-B (g/mL).

Aluminum Oxide Cerium Zirconium Composite Oxides

GPF-A 0.37 0.27
GPF-B 0.76 0.55

The pressure drop of test GPF samples against the air flow rate is plotted in Figure 3. It can be
seen from the Figure 3 that the pressure drop of the GPF-B in the whole test flow range was about
34.9% lower than that of the GPF-A, and 11.1% lower than that of the commercial GPF-Ref. As can be
seen from Table 2, the bulk density of the powdery material used in the GPF-B was about twice as high
as that of GPF-A. Therefore, the washcoat volume of former coating was smaller than that of the latter
under the same coating amount. Consequently, the type of washcoat with a smaller volume avoided
extensive build-up in the pores of the substrate, and hence reduced flow resistance. Eventually, it led
to a decrease in pressure drop.

Figure 3. Influence of washcoat material bulk density on pressure drop.

In order to further check the influence of bulk density on the pressure drop, the microstructure of
the GPF washcoat was characterized by scanning electron microscope (SEM). The images of the two
types of coating are seen in Figure 4. The white part in the figure represents the washcoat, and the
dark grey part represents the substrate. As described above, the washcoat in GPF-A showed extensive
piling up, especially on one side of the substrate, which had a great hindering effect on the gas flow.
As the material bulk density increased, the washcoat of GPF-B had a lower volume and appeared
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to accumulate very little. Hence, the flow resistance of GPF-B was obviously lower than GPF-A, as
confirmed in pressure drop test.

Figure 4. SEM images of the GPF samples of GPF-A and GPF-B.

The results of fresh state PN efficiency by the two types of washcoat are shown in Figure 5. It can
be seen that the efficiency was significantly improved by both washcoats, further confirming the
effectiveness of the washcoat on the reduction of particle emission. More importantly, compared with
GPF-A, the PN filtration efficiency of GPF-B slightly increased by about 2.9% after raising the bulk
density of the coating material. More dispersed distribution of the inner coating in the large pores
by application of high bulk density coating material is considered to be the reason for the higher PN
filtration efficiency.

Figure 5. Influence of the washcoat material bulk density on particulate number (PN) filtration efficiency.

In order to check the influence of the bulk density on the light-off temperature on the emission of
gasoline engine, the results of CO/HC/NOx light-off temperature (T50) of engine bench test of GPF-A
and GPF-B are further shown in Figure 6. It can be confirmed that the coating material bulk density
had little impact on CO/HC/NOx light-off temperature.
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Figure 6. Influence of coating material bulk density on T50 of CO/HC/NOx.

3.2. Catalysts Coating

In addition to the material of the washcoat on GPF performance, the impact of catalyst coating on
GPF performance was also studied. Two factors, namely the direction and the length of the coating,
were investigated via experiment. The catalyst coating amount was kept constant (approx. 100 g/L) for
fair comparison. The test samples were prepared in four different types of coating using the S-75%
and S-100% to represent single-side coating with 75% and 100% of substrate length for coating length,
respectively, whereas T-50% and T-75% represent two-side coating with 50% and 75% of substrate
length for coating length, respectively. The sketches of different catalyst coating are shown in Figure 7.

Figure 7. Diagram of two different catalyst coating of GPF.

The experiment boundary conditions for the measurements and procedure are same as Table 1.
The experimental test was carried out on the cold flow bench with 25 ◦C ambient temperature and an
atmosphere pressure of 1 atm. The four catalysts coating tested were S-100%, S-75%, T-50%, and T-75%.

The pressure drop, with four different kinds of catalyst coatings against air flow rate, is plotted in
Figure 8. It can be seen that catalyst coating had moderate influence on the pressure drop, including
the coating direction and coating length. First, all the coatings increased the pressure drop at each flow
range. Moreover, the pressure drop of the S-100% was the highest in the whole flow range in the test,
followed by T-75%, T-50%, and S-75%. Different coatings had a great influence on the distribution
of the coated washcoat in the interior of GPF. The T-75% coating did not only make the washcoat
cover the inlet and outlet wall of substrate more uniformly, but also increased the washcoat density
per length, resulting in the highest pressure drop. For the S-100% coating, it was not easy to control
the coating process operation because it was prevent the penetration of the washcoat throughout the
S-100% length-coating process, and it was also difficult to guarantee the uniformity of the coated
washcoat. The T-50% coating did not only greatly reduce the pressure drop, but was also easy to be
controlled for coating. In addition, better uniformity and distribution of the coated washcoat can also
be achieved by this coating. Although the pressure drop was the lowest for the S-75% coating, a blank
of 25% length was left to the substrate, which largely affected the PN filtration efficiency.
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Figure 8. Influence of catalysts coating on GPF cold flow pressure drop.

Furthermore, series of WLTC emission tests were conducted to determine the impact of several
different catalyst coatings on PN filtration efficiency. Figure 9 shows the results of the fresh state PN
filtration efficiency of four different kinds of catalyst coating. Corresponding to the results of the
pressure drop, the T-75% coating had the highest PN filtration efficiency, reaching more than 95%.
The PN filtration efficiency of S-100% and T-50% coatings, respectively, were about 92% and 89%, while
the S-75% had the lowest PN filtration efficiency with approximately 85%. It can be concluded that the
pressure drop is positively correlated with the PN filtration efficiency after further comprehensive
analysis in terms of influence of different coatings on pressure drop and PN filtration efficiency. Based
on the principle that the pressure drop should be reduced as much as possible on the premise of the
PN filtration efficiency to meet development requirements, the T-50% was determined the optimum
catalyst coating.

Figure 9. Influence of catalyst coatings on PN filtration efficiency.

4. Conclusions

In this study, the washcoat for a gasoline particulate filter (GPF) was experimentally studied.
The influence of material selection and different kinds of coatings on the pressure drop, PN filtration
efficiency, and three-way catalytic performance were examined. The two main conclusions were drawn
as follows:

1. The bulk density of powder materials employed in GPF washcoat had a great influence on the
backpressure. High bulk density materials resulted in a low washcoat volume and hence the
decrease of flow resistance and backpressure. The PN filtration can also be improved using high
bulk density powder materials due to the more dispersed distribution of the inner coating.
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2. The kind of different coatings, which included coating directions, coating length, and coating
amount, had notable influence on the backpressure and PN filtration efficiency. T-50% has
been experimentally confirmed as the optimum catalyst coating, which meets both the lower
backpressure and PN filtration ratio that fulfilled the development requirements.
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Abbreviations

PN Particulate Number
PM Particulate Matter
GDI Gasoline Direct Injection
RDE Real Driving Emissions
GPF Gasoline Particulate Filter
PFI Port Fuel Injection
NEDC New European Driving Cycle
DPF Diesel Particulate Filter
MPS Mean Pore Size
AFR Air Fuel Ratios
PGM Platinum Group Metals
TWC Three-Way-Catalyst
WLTC Worldwide harmonized Light vehicles Test Cycle
SEM Scanning Electron Microscope
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