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Abstract: Diesel engines have gradually become one of the main forces in the human transportation
industry because of their high efficiency, good durability, and stable operation. However, compared
with gasoline vehicles, the high emission of diesel vehicles forces manufacturers to introduce new
pollutant control technologies. Although the particulate matter emissions of gasoline vehicles are
lower than that of diesel vehicles, with the popularity of gasoline vehicles and the continuous rise
of power, the impact of these particles on the environment cannot be ignored. Therefore, diesel
particulate filters and gasoline particulate filters have been invented to collect the fine particles in the
exhaust gas to protect the environment and meet increasingly stringent emission regulations. This
paper summarizes the research progress on diesel particulate filters and gasoline particulate filters at
present and comprehensively introduces the diesel particulate filter and gasoline particulate filter
from the mechanism, composition, and operation processes. Additionally, the laws and regulations
of various countries and the impact of gas waste particulates on the human body are described. In
addition, the mechanisms of the diesel particulate filter, gasoline particulate filter, and regeneration
were studied. Finally, the prospects and future directions for the development of particle filters for
internal combustion engines are presented.

Keywords: diesel particulate filter; gasoline particulate filter; regeneration; pressure drop; deposition

1. Introduction
1.1. Research Background

The good fuel economy, reliability, and durability of diesel vehicles [1] makes them the
main power source of medium and heavy vehicles [2,3]. However, the high emissions of
diesel engines limit their applications. The exhaust gas of diesel engines contains particulate
matter (PM), carbon monoxide (CO), hydrocarbons (HC), and nitrogen oxides (NOX) [4].
PM from diesel engines [5,6] has a serious impact on human health, leading to a sharp
increase in cardiovascular and respiratory diseases in particular [7]. PM are easily inhaled
in the bronchi and deep alveoli of the respiratory tract, causing people to suffer from
various respiratory diseases as a result. There has also been evidence in recent years that
PM can damage human neurodevelopment [8] and cognitive function [9]. In fact, PM was
classified as a carcinogen in 2012 by the World Health Organization (WHO) [10].

In order to deal with people’s health problems and prominent environmental problems,
governments are constantly tightening the control of PM emissions from diesel vehicles.
China has issued new limits and measurement methods for emissions from light-duty
vehicles (China VI). Compared with the old standard, the new standard reduces PM
emissions and brings the number of particles into the regulatory scope. The same situation
has occurred in Europe, the United States, and most countries around the world [11].

Therefore, it is necessary to develop an effective way to reduce PM emissions and
comply with the increasingly stringent emission regulations [12,13]. According to the cur-
rent research, there are many methods to control PM emission, such as blended fuel [14,15],
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biodiesel [16,17], the improvement of engine structure [18], and so on. However, the most
effective way to control PM is a particulate filter [19]. This article focuses on the basic
conditions of a particulate filter [20].

1.2. Present Situation of Diesel Particulate Filter

The pollution emissions from diesel engines limit the further application of diesel
engines [21–23]. Controlling diesel engine exhaust emissions has always been important
work to meet the increasingly stringent regulations and the need for environmental protec-
tion. At present, there are many methods to control the PM emissions of diesel engines,
such as engine type [24], after-treatment system [25], working point [26], and fuel and oil
type [27]. Among them, the DPF is the most representative technical method. Based on
the mechanism of particle deposition in DPFs, DPFs can reduce more than 90% of diesel
particles (including soot, soluble organic matter (SOF), sulfate, and ash) [28].

DPFs have been studied for over 30 years. In previous experiments, most DPFs could
reduce the HC emissions by 85%~95% and carbon monoxide by 50%~90%. Therefore, DPFs
are considered a feasible diesel engine after-treatment method to meet the increasingly
stringent PM requirements.

At present, although DPF technology is an effective way to control particulate matter
emissions and meets the current and future emission regulations, it is still in the opti-
mization and cost reduction stage [29]. The filtration efficiency of a DPF is usually higher
than 95%, and the particulate matter emission of a diesel engine equipped with a DPF
system is one order of magnitude lower than the current laboratory certification limit (6.0
× 1011#/(kW·h)) [30].

2. Diesel Particulate Matter
2.1. Composition of Diesel Particulate Matter

PM emitted by diesel engines is a very complex mixture. It is produced by a series of
physical and chemical reactions between the gaseous, liquid, and solid substances in the
exhaust pipe and the post-treatment catalyst at the exhaust stroke; soot is produced by the
high temperature and anoxic environment during the combustion of fuel oil.

In general, the main components of PM include dry soot, SOF, and sulfate [31]. When
the diesel fuel is mixed unevenly in the combustion chamber and there is a local concentra-
tion area, it will lead to the local anoxic combustion of the diesel fuel mixture. Dry soot is
easily produced when the exhaust temperature is high. Soluble organic fractions account
for the majority of PM emitted by diesel and are composed of unburned and fully burned
components of a fuel and lubricating oil [32]. When the exhaust temperature is low, it is
adsorbed on the surface of various organic fractions and discharged along with the exhaust.
These organic components include various unburned organic compounds, oxygenated
organic compounds, hydrocarbons, and other derivatives. Sulfates are produced by the
presence of sulfur in diesel fuel. Figure 1 shows the specific composition of PM.

The particles produced by the engine are generally divided into five categories ac-
cording to their particle diameter: (1) large particles >10 µm, (2) coarse particles 2.5–10 µm
(PM10), (3) fine particles 0.1–2.5 µm (PM2.5), (4) ultra-fine particles 50–100 nm (0.1 µm)
(PM0.1), and (5) nanoparticles <50 nm. It can be seen that the diameter of particles emitted
by the direct injection engine is within 2.5 µm and the PM2.5 index includes these particles.
Figure 2a shows that the distribution of particle diameter in the exhaust gas is logarithmic
under the normal operation of the engine. It can be observed that most particle sizes
are concentrated in 50–100 nm sizes. Figure 2b shows the mass distribution of particles.
Compared with the particle size, the mass distribution shows a more concentrated state.
The particle mass is concentrated near 100 nm.
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Figure 2. Mass-size distribution of PM (a) and the number of particles (b) under normal engine
operation (1750 RPM/3.5 bar BMEP) [34].

2.2. Harm of Particulate Matter

Meteorologists and medical experts believe that the fine particle matter-like haze can
influence human health in a variety of ways, other than dust storms, it is recognized as an
important risk factor for many chronic diseases, including cardiovascular disease [35]. The
combustion of fossil fuels is a major source of fine particulates, although they are controlled
by pre-treatment or post-treatment [36].
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Particles with a diameter between 2.5 and 10 µm can enter the upper respiratory tract
and some of them can be discharged from the body through the sputum. In addition, they
will be blocked by the villi inside the nasal cavity, and are thus relatively less harmful
to human health. However, fine particles with a diameter of less than 2.5 µm, which is
one-tenth of the size of human hair, are not easily blocked. It is reported that the smaller
particles are the most harmful to human health [8].

The physiological structure of the human body determines that we have no ability to
filter and block PM2.5. When inhaled into the human body, these fine particles will directly
enter the bronchi, interfere with the gas exchange in the lungs, and cause diseases such as
asthma [37], bronchitis [38], and cardiovascular diseases [39].

Each person inhales about 10,000 L of air on average every day. The dust entering
the alveoli can be absorbed rapidly, and directly enter the blood circulation and distribute
to the whole body without detoxification by the liver. Secondly, it can damage the ability
of hemoglobin to deliver oxygen and compromise blood, which may have serious conse-
quences for patients with anemia and blood circulation disorders. For example, it may
aggravate respiratory system diseases and even cause heart diseases such as congestive
heart failure and coronary artery disease. In short, these particles can also enter the blood
through the bronchi and alveoli, in which harmful gases, heavy metals, etc. are dissolved
in the blood, causing greater harm to human health [40].

An epidemiological investigation found that polycyclic aromatic hydrocarbons (PAHs)
in urban air particles were related to the incidence and mortality of lung cancer. Fine
particles act as carriers in the process of PAHs entering the human body. Most PAHs are
adsorbed on the surface of particles, especially the particles with diameters less than 5 µm.
In contrast, there are few PAHs on large particles, that is to say, the more PM2.5 in the air,
the more opportunities we have for exposure to carcinogenic PAHs [41].

Secondly, pregnant women living in an environment full of PM2.5 for a long time
can experience affected fetal development and defects. In Wuhan, researchers found that
excessive PM increased the risk of fetal distress, which was more obvious in winter [42].

In EU countries, PM2.5 leads to an 8.6-month reduction in life expectancy. In China in
Asia, despite the high-intensity governance of the government, more than 88% of people
are still exposed to excessive PM2.5. It has seriously damaged the health of residents [43].
PM2.5 can also be used as a carrier of viruses and bacteria which can promote the spread of
respiratory infectious diseases. At present, PM2.5 is listed as the air quality standard by
the major developed countries in the world, as well as China, Japan, Thailand, and India
in Asia.

2.3. Factors Affecting Particulate Matter Generation

There are many factors that affect the generation of particles, such as the design of the
engine, the operating conditions, the types of fuel and oil used, etc. All of these will affect
the composition of particles.

Considering dry soot in the design of the engine, the trade-off between soot and NOx
can be observed under post-injection conditions. Compared with other emissions, soot
emissions are not sensitive to post-injection timing, except for post-injection timing at
20 ◦CA [44]. Figure 3 shows the changes of particle number and size distribution with
different injection volumes after fuel injection amounts post-injection. The soot emission
is not sensitive to the injection timing when the injection quantity is small and at 20 ◦CA,
the soot emission increases because of the increase in post-injection fuel. At 40 ◦CA, the
soot is oxidized by the post-injection combustion in the main injection combustion as the
post-injection reduces the soot emission.
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(c)

Figure 3. Effects of different amounts of post-injection on PM number size distribution vs. Time:
(a) Original; (b) 1 mg; (c) 2 mg; (d) 3 mg; and (e) 4 mg [45].

Fuel characteristics also significantly affect PM and PN emissions and size distribution
for Euro VI (without DPF) vehicles [46]. For example, at the beginning of the DPF loading
process, the filtration efficiency of particles using biodiesel is 10% lower than that of diesel,
but this difference will decrease as the DPF filter is fully loaded [47].

Using optimization methods to optimize the operating conditions of biodiesel and
diesel blends to reduce PM emission is also one of the recent research directions. For
example, Vellaiyan et al. [48] used the multi-response optimization method to improve the
engine performance and emission level by adjusting the concentration of ZnO nanoparticles.
Kim et al. [49] studied the emission characteristics of the compression ignition engine using
diesel, water, and n-butanol. After changing the water content or n-butanol content, the
quality and quantity of engine PM decreased significantly. The binary mixture of diesel
and other organic mixtures is also a good way to change the emission of soot particles. For
example, Ge et al. experimented with a mixture of diesel and ethanol and found a 46.88%
reduction in soot emissions [50].

3. Working Principle of Diesel Particulate Filter
3.1. Structure of Diesel Particulate Filter

At present, most DPFs use the wall-flow honeycomb monolith structure [51] which
proves to have a relatively high filtration efficiency, low fuel penalty, and low cost [10].
The filter substrate is composed of thousands of parallel channels with square sides. The
passageways are separated by permeable ceramics. For every two adjacent passageways,
one is blocked at the entrance and the other is blocked at the exit. When exhaust gas flows
through the walls, which are usually made of silicon carbide (SiC), the particles in exhaust
gas are deposited on the wall of the inlet passage. As the particulate trap catches increasing
amounts of particles, the porosity and permeability of the wall become lower and lower.
This process will last a few minutes and is usually called ‘deep-bed’ filtration [10,51]. The
purification mechanism changes into deep filter bed filtration. In the process of deep filter
bed filtration, the filtration efficiency depends largely on the size, shape, and porosity
of micropores. Seungmok et al. [52] compared DPFs with different porosities and found
that high porosity is conducive to DPF filtration and reduces the pressure drop in the
process. When the soot particles accumulate to a certain thickness, a PM layer will form
on the microporous surface of the catcher, and it can be called a “soot cake”. This will
greatly enhance the purification efficiency of the particulate trap. However, according to
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the research of Fang et al. [53], excessive ash accumulation will lead to the decline of DPF
filtration efficiency. When the ash content is greater than 40 g/L, the filtration efficiency
decreases gradually with the increase in ash content and the exhaust back pressure will
increase, so the particulate trap needs to be replaced or regenerated.

3.2. Particulate Matter Collection Mechanism

The DPF wall should be designed with the optimum porosity so that the exhaust
gas can pass through without too much obstruction [54]. The micropores of the partic-
ulate trap are usually on the micron scale, the micropores cannot directly play a role in
purification as the soot particles are much larger, therefore it is collecting particles through
other mechanisms. At present, various mechanisms of particulate collection have been
extensively studied, such as the traditional mechanisms of filtration or deposition of sus-
pended particles, including Brownian diffusion, interception, inertial collision, gravity
settling, electrostatic attraction, and thermophoretic interdiction [55]. Recently, a DPF
load forecasting model based on the capture mechanism and equivalent permeability was
proposed by Wang et al. [56]. The average error between the model and the experimental
value was 2.72%, which provides a more mathematical reference for filtering and active
regeneration strategy.

Whether a DPF meets a successful design standard depends on its capture performance
and regeneration performance [57]. Whether the capture performance is good or not mainly
depends on whether it has high filtration efficiency, low pressure drop, solid structure, and
low escape rate. A good regeneration performance is reflected in the regeneration time,
regeneration efficiency, thermal durability, and reliability, as well as whether it has the
ability to resist a large number of high-temperature pulsations in the regeneration process
in its life cycle [58].

The DPF substrate is a very important part of the particle catcher. The quality of it
directly affects the performance and reliability of the filter. DPF materials need to have
strong thermal shock resistance, good thermal stability, good mechanical strength, and
other properties as the DPF works in the hot end of an exhaust system, which is generally
in a complex environment of high temperature and corrosion for a long time. At present,
Cordierite (Cd,2MgO·2Al2O3·5SiO2), SiC, Acicular Mullite (ACM, Al2SiO5), Aluminum
Titanate (AT, Al2TiO5), and Alloy Foam (AF), as shown in Figure 4, are widely used as
particle filter materials [29]. The most commonly used filter materials are Cordierite and
Silicon Carbide.
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Cordierite is the most widely used DPF filter material. Its main advantages are low cost,
low coefficient of thermal expansion, high temperature resistance [64], and high mechanical
strength [65]. Cordierite has a low thermal quality and good coating performance, so its
catalyst has a short ignition time [66,67]. The cordierite trap has high conversion efficiencies
of CO and HC at low temperatures which can reduce the particles generated in the cold
start-up stage and the catalyst heating stage. Cordierite also has some disadvantages,
such as poor corrosion resistance, higher radial expansion coefficient than axial expansion
coefficient, smaller thermal conductivity, and so on. The internal heat cannot be dissipated,
and the filter will crack if the thermal conductivity is low. At the same time, the specific
heat capacity of cordierite is smaller, so it is necessary to design a larger wall thickness
and channel density, which will lead to an increase in exhaust back pressure and total
heat capacity [68]. Therefore, Ki et al. [69] proposed that the sintering atmosphere is an
important parameter to measure cordierite. In their study, it was found that the sintering
atmosphere affected the pore size and distribution of the DPF and greatly affected its
filtration efficiency.

Compared with cordierite, SiC has better heat resistance, heat conduction, and corro-
sion resistance as well as higher mechanical strength [70]. The thermal conductivity and
thermal quality of SiC are very high. During regeneration, it can quickly dissipate the
heat generated by PM combustion, reduce the damage to materials, and work in a worse
regeneration environment. The main defect of SiC is poor thermal shock resistance, as
the filter cracks easily at a high temperature [71]. Therefore, the DPF with SiC as the filter
material generally uses ceramic fiber to bond the components into a whole rather than a
honeycomb structure. This structure can improve the thermal shock resistance, but also
increase the exhaust back pressure. Compared with diesel, SiC-CDPF can help biodiesel
reduce power loss [72].

The development of the DPF design includes the optimization of cell shape and cell
wall porosity to minimize back pressure on the engine, extend filter service intervals, and
promote catalyst coating. Zhang et al. [73] analyzed the structure and operation factors of
DPFs by using the orthogonal experimental method. It was concluded that wall thickness
and porosity are the two most important factors affecting plugging, which puts forward a
scientific basis for improving the DPF structure. Figure 5 shows the loading structure of
most DPF experiments.
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3.3. Several Types of Diesel Particulate Filter

At present, according to different operation modes, DPFs can be divided into wall-flow
DPFs and rotary DPFs.

(1) Wall-flow diesel particulate filters:

Since the muffler was replaced by a diesel particulate trap in the early days, the wall-
flow diesel particulate trap has been considered the most common and effective method to
remove the particles in diesel engine combustion emissions [75]. The wall-flow honeycomb
structure DPF that meets the emission regulations is usually composed of a large number
of axial parallel holes [76]. The size of the intercepted particles is directly related to the pore
size. The smaller the pore size, the better the interception effect [77]. However, too small a
pore size will affect the filtration efficiency [78], so the general pore size is 10–30 µm. One
of the two ends is blocked in the filtering channels. The exhaust gas flows through one of
the walls and flows out from the other so that the particulate matter can be deposited on the
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filter wall surface [79]. The DPF carrier is usually a wall-flow channel structure, as shown
in Figure 6. Materials of the filter substrate are mainly cordierite or silicon carbide [80].
The particles are separated from the exhaust gas to the carrier wall by inertia collision,
interception, molecular diffusion, gravity sedimentation, and other mechanisms [81]. Wall-
flow DPFs are very effective in removing carbon and metal particles, including fine particles
with diameters less than 100 nm [82]. Under various operating conditions of the engine, its
mass efficiency is more than 95% and its quantity efficiency is more than 99% [83,84]. It
also has good mechanical and thermal durability. At the same time, because too much soot
cake accumulation will reduce the filtration efficiency, the DPF needs to be regenerated
regularly [85]. This requires the DPF to have good thermal and mechanical durability [86].
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(2) Catalytic diesel particulate filters:

Considering that the thermal stress generated by high temperatures during wall-flow
DPF regeneration will affect driving safety and service life [88], a method that can regenerate
anytime and anywhere, such as passive regeneration and catalytic diesel particulate filters
(CDPF), and the corresponding machine, are proposed [29]. The temperature must be
above 550 °C during wall-flow DPF regeneration [89], however, the connected exhaust gas
cannot reach this temperature, requiring the mixing of catalyst powder into the fuel to
make the discharged exhaust gas easier to oxidize [90]. The structure of CDPF is the same
as that of wall-flow DPF, but it can prolong the interval time of the DPF active regeneration
and service life. The original CDPF, sample slice, and carrier device are shown in Figure 7.



Processes 2022, 10, 993 9 of 27

Processes 2022, 10, x FOR PEER REVIEW 9 of 27 
 

 

be above 550 ℃ during wall-flow DPF regeneration [89], however, the connected exhaust 
gas cannot reach this temperature, requiring the mixing of catalyst powder into the fuel 
to make the discharged exhaust gas easier to oxidize [90]. The structure of CDPF is the 
same as that of wall-flow DPF, but it can prolong the interval time of the DPF active re-
generation and service life. The original CDPF, sample slice, and carrier device are shown 
in Figure 7. 

 
Figure 7. The original CDPF, sample slice, and carrier device [91]. 

(3) Rotary diesel particulate filters: 
Microwave heating is a method of DPF regeneration [92]. Recently, a rotary DPF has 

received extensive attention. The schematic diagram of the rotary microwave regeneration 
filter with a silicon carbide foam ceramic filter is shown in Figure 8. The structure of the 
MR-DPF can be divided into the intake pipe, expansion pipe, filter, contraction pipe, and 
exhaust pipe. The silicon carbide foam ceramic filter (pore density 50 ppi, length 135 mm, 
outer diameter 200 mm, inner diameter 80 mm) can be divided into several blocks. In the 
working process of the rotary MR fluid filter, when the exhaust back pressure reaches a 
certain value, the filter rotates at a certain angle α (α is the circumferential angle of each 
filter unit) and starts the microwave generator. In the regeneration stage, one filter unit is 
heated by microwave, and the other filter unit captures smoke and dust to realize contin-
uous recycling [93]. Experiments show that the catalyst can also be used in a rotating DPF. 
Using Pd and Pt catalysts on a rotating DPF can reduce the soot reaction temperature and 
activity [94]. 

 

Figure 7. The original CDPF, sample slice, and carrier device [91].

(3) Rotary diesel particulate filters:

Microwave heating is a method of DPF regeneration [92]. Recently, a rotary DPF has
received extensive attention. The schematic diagram of the rotary microwave regeneration
filter with a silicon carbide foam ceramic filter is shown in Figure 8. The structure of the
MR-DPF can be divided into the intake pipe, expansion pipe, filter, contraction pipe, and
exhaust pipe. The silicon carbide foam ceramic filter (pore density 50 ppi, length 135 mm,
outer diameter 200 mm, inner diameter 80 mm) can be divided into several blocks. In
the working process of the rotary MR fluid filter, when the exhaust back pressure reaches
a certain value, the filter rotates at a certain angle α (α is the circumferential angle of
each filter unit) and starts the microwave generator. In the regeneration stage, one filter
unit is heated by microwave, and the other filter unit captures smoke and dust to realize
continuous recycling [93]. Experiments show that the catalyst can also be used in a rotating
DPF. Using Pd and Pt catalysts on a rotating DPF can reduce the soot reaction temperature
and activity [94].
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4. Comparison of Different Regeneration Methods

In the wall-flow DPF, when the exhaust gas flows in from one filter channel and then
flows out from the adjacent channel through the porous wall, the particles are effectively
trapped on the carrier. The DPF can effectively filter PM from diesel engine exhaust.
However, when the particles accumulate in the carrier, the exhaust resistance and exhaust
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back pressure of the diesel engine increase, which seriously affects the performance power
and economy of the diesel engine [52]. Therefore, it is necessary to choose the right time
and effective method to remove the accumulated particles in the DPF carrier. This process
is soot regeneration [96]. At present, the biggest challenge for the particulate trap is the
regeneration technology.

In the regeneration process, the solid particles collected by the filter body are oxidized
by O2 and NO2 to form gaseous products dominated by CO2 [97]. The most important
parameter affecting the regeneration performance of the particulate filter is the exhaust gas
temperature [98]. However, the active regeneration will be completed when the exhaust
temperature reaches more than 550 °C [99], but the actual exhaust temperature can only
reach 200 ◦C–350 ◦C [100], and the soot is deposited in the DPF cannot be removed only by
the exhaust temperature. There are two solutions proposed: one is active regeneration. The
temperature of exhaust gas is increased by other means. When the temperature reaches the
point required for carbon smoke oxidation, regeneration will occur. Another one is passive
regeneration. The catalytic action of the catalyst is used to reduce the activation energy of
particles and reduce the oxidation temperature of soot.

Both regeneration processes are related to the following factors: total accumulated
particles [51], particle storage density and distribution [101], exhaust flow rate [102], exter-
nal heat transfer of the trap [103], and activation reaction capacity of particle matters [104].
The regeneration of particulate filters can be divided into active regeneration and passive
regeneration. The two methods can turn the particles collected by the DPF into gas and
discharge them so as to achieve the purpose of DPF regeneration.

4.1. Active Regeneration

Under the condition of normal driving or parking, the scheduling conditions cannot
meet the requirements of soot oxidation. Therefore, the regeneration must be completed
by using the regeneration method with an additional energy supply [105]. Unlike passive
regeneration, active regeneration does not need to rely on the duty cycle and exhaust
temperature of the engine, and regeneration can be started at any time [106]. In the
process of regeneration, the reaction between O2 and PM mainly depends on increasing the
temperature. Tighe et al. characterized the reactions involved in O2 [107]:

C(−) + O2 → C(O) + CO (1)

C(O)→ C(− ) + CO, CO2 (2)

C(O) + O2 → C(O) + CO, CO2 (3)

where C (−) is the active site and C (O) is the oxygen-containing functional group. After O2
participates in the reaction, PM is converted into CO and CO2 and discharged together with
the exhaust gas. For active regeneration, there are many methods. The common ones are
post-injection, oil combustion, or electric heater. However, no matter which regeneration
method is used, it will affect the filtration efficiency of the current DPF. Research showed
that the PM discharged from the outlet of DPF in the active regeneration process increased
by 2–3 orders of magnitude compared with that without regeneration [108]. The main
reasons are as follows: Firstly, the deposited particles in DPF decrease with the oxidation
and combustion of the deposited particles in DPF, resulting in low filtration efficiency and
high particle penetration at the inlet; Secondly, the structure of the deposited soot layer
changes, resulting in new or secondary particles escaping from DPF; and Thirdly, when
the gaseous sulfuric acid leaves DPF system, the nucleating semi-volatile particles will
be produced [51]. A series of research results showed that new or secondary particles
were produced in the oxidation process of the soot layer, which was another reason for
the increase in particles at the outlet of DPF, besides the leakage from the inlet flow [109].
Carlo et al. [110] conducted in-depth research on this phenomenon and found that a rapid
temperature rise would aggravate the fragmentation of the sedimentary particle layer, while
a stable temperature rise could make debris discharge more smoothly. PI et al. [10] modeled
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the soot crushing phenomenon on the soot filtration model. A quasi two-dimensional
extended DPF model including soot fragmentation was established. The phenomenon
of dust fragmentation and its PN-FE filtration behavior are described. This section will
introduce several common DPF active regeneration methods: Heating regeneration, Fuel
combustion, Oxidative regeneration, and electrical devices (heaters or microwaves).

4.1.1. Heating Regeneration

When the exhaust temperature reaches 600 °C, 85% of the particle matters in the
particulate filter are quickly oxidated to CO2, and the other particles are oxidated to CO
due to inadequate combustion caused by the lack of oxygen. In order to improve the
exhaust temperature, the intake throttle can be used, the intake volume is reduced, and the
exhaust flow is reduced, so as to meet the needs of regeneration. However, excessive intake
throttling will greatly reduce oxygen concentration, increase PM, and reduce power and
fuel economy performance. In addition, exhaust throttling, delaying injection time, and
heating intake air can also be used to improve the exhaust temperature, but these methods
will cause other new problems, such as excessive fuel consumption. Deng et al. [111]
studied the distribution of DPF exhaust temperature based on the field synergy theory. It
was concluded that when the exhaust flow of the DPF was 20–30 g/s and the soot load
was less than 5 g/L, it was conducive to DPF regeneration. Deng et al. [112] put forward a
new idea with the reciprocating flow on the reasonable temperature distribution in DPF
regeneration: the ash could be blown away in the direction of the discharged pollutants
and a small amount of additional heat energy could realize regeneration.

4.1.2. Fuel Combustion

The exhaust temperature of the diesel engine is very low at low speed and low load.
The exhaust temperature is less than 150 °C at idle speed. At this time, the PM in the
exhaust gas cannot reach the combustion temperature and it is impossible to burn and
regenerate. In order to improve the exhaust temperature greatly, the fuel combustion
regeneration method can be used. The working principle of this method is to set a burner
at the entrance of the particle catcher, supply a small amount of fuel oil to the burner,
use oxygen or other air supplied in the exhaust gas, and ignite the gas with a spark plug
or glow plug, and then ignite the particles with high-temperature gas. Generally, the
regeneration process can be completed after 1–2 min when the burner stops working.
There were also studies supporting the use of post-injection technology to increase the
amount of unburned fuel in exhaust gases. Excess fuel reacts in the diesel oxidation catalyst
(DOC) to increase the temperature of the exhaust gas entering the DPF [113]. In this
way, the exhaust gas temperature at the DOC outlet can reach above 600 °C, which meets
the requirement of DPF active regeneration [114]. Pu has also proved that non-thermal
plasma injection can be used to burn carbon deposits to complete regeneration during
engine shutdown [115]. Dae combined hydrogen to propose a plasma burner, which could
generate a stable flame through the continuous discharge and partial oxidation of fuel to
realize regeneration. While removing PM, it also had a certain purification effect on CO,
NO, and other emissions [116].

4.1.3. Electric Heating Regeneration

Electric heating regeneration is a relatively simple way to increase the temperature
of exhaust gas and achieve regeneration and can be applied to most filter materials. After
working for a period of time, electric heating regeneration uses an electric heating wire or
other electric heating methods to periodically heat the particle filter to make the particles
burn. The power of an electric heating regeneration system is generally between 3–6 kW,
which is simple structure, convenient, safe, and reliable. Some studies have found that
the use of 21 pairs of non-uniform dielectric barrier discharge (DBD) reactors can improve
the energy efficiency of PM removal. When 90 W of energy is injected, 90% of PM can be
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removed by plasma discharge [117]. The basic structure of an inhomogeneous DBD reactor
is shown in Figure 9.
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However, the heat utilization rate and regeneration rate are low, and the energy
consumption is high. Therefore, electric heating is generally used together with a catalyst
to solve the emission problem during the vehicle cold start process [118]. Gao studied
different electric heating catalyst strategies and found that the electric heating method
could reduce CO and HC emissions by 50% in the cold start process [119].

4.1.4. Microwave Regeneration

Microwave regeneration is the regeneration of particulates trapped by using the
unique selective heating and volume heating characteristics of the microwave. Particles can
absorb microwaves with a frequency of 2–10 GHz with an energy efficiency of 60%–70%.
As the loss coefficient of ceramic is very low, the microwave does not heat the ceramic filter.

In the regeneration process, the temperature gradient inside the filter body is small,
and the regeneration process is easy to control. Microwave regeneration has high efficiency
and no secondary pollution. E et al. [120] modeled the microwave regeneration process
of the microwave regeneration function DPF. It was found that the exhaust gas velocity
had a significant effect on the regeneration performance, and the DPF structure was most
conducive to microwave regeneration. At the same time, they also used the field synergy
theory to optimize the parameters of the microwave-assisted regeneration system. It was
concluded that when the inlet pressure was 0.08 MPa, it could have a good synergy with
the maximum average temperature, which was conducive to the regeneration process [121].
Sameer et al. [122] studied the reliability of microwave active regeneration. Although
there is no obvious physical damage to DPF after 150 filtration/regeneration cycles, the
efficiency of active regeneration is not as high as that of passive regeneration. In Palma’s
experiment, the microwave absorption capacity increased with the increase in catalyst load.
The experimental results are shown in Figure 10.



Processes 2022, 10, 993 13 of 27

Processes 2022, 10, x FOR PEER REVIEW 13 of 27 
 

 

velocity had a significant effect on the regeneration performance, and the DPF structure 
was most conducive to microwave regeneration. At the same time, they also used the field 
synergy theory to optimize the parameters of the microwave-assisted regeneration sys-
tem. It was concluded that when the inlet pressure was 0.08 MPa, it could have a good 
synergy with the maximum average temperature, which was conducive to the regenera-
tion process [121]. Sameer et al. [122] studied the reliability of microwave active regener-
ation. Although there is no obvious physical damage to DPF after 150 filtration/regenera-
tion cycles, the efficiency of active regeneration is not as high as that of passive regenera-
tion. In Palma’s experiment, the microwave absorption capacity increased with the in-
crease in catalyst load. The experimental results are shown in Figure 10. 

 
Figure 10. The behavior of the pressure drop through the filter (DP) and temperature profiles dur-
ing the regeneration phase performed by the microwave generator set at 50% of nominal power 
and with an exhaust gas flow rate of 30 L/min−1 [123]. 

4.2. Passive Regeneration 
Passive regeneration is a process that uses the temperature of exhaust gas to make 

the PM in exhaust gas reach the ignition point and burn up themselves to generate harm-
less H2O and CO2. In general, it is difficult for the exhaust gas to reach the combustion 
temperature of particles. Thus, a chemical catalyst is often used to reduce the chemical 
activity of particles to achieve regeneration [124]. 

Adding additives to fuel oil is a research hotspot of passive regeneration. Additives 
are generally soluble metals. The metal oxides generated after combustion with fuel will 
catalyze the particles, thus reducing the combustion temperature of the particles. In this 
way, even at a lower exhaust temperature, particles can spontaneously ignite without the 
aid of other external combustion equipment or energy [125]. 

However, some of the combustion products of the additive metal oxides will deposit 
like particles when they pass through the filter, blocking the gap of the filter body. Over 
time, this will affect the filter life, reduce the capture efficiency, and affect the power and 
economy of the diesel engine. At the same time, metal dust entering the atmosphere will 
cause secondary pollution to the environment which is also a problem to be considered in 
passive regeneration. 

4.2.1. Oxidation Catalytic Regeneration 
Oxidation catalytic regeneration uses catalysts to reduce the chemical activation en-

ergy of hydrocarbons, carbon monoxide, and SOF in diesel engine exhaust so that these 
substances can also react with O2 to form CO2 and H2O at low exhaust temperatures. 

Figure 10. The behavior of the pressure drop through the filter (DP) and temperature profiles during
the regeneration phase performed by the microwave generator set at 50% of nominal power and with
an exhaust gas flow rate of 30 L/min−1 [123].

4.2. Passive Regeneration

Passive regeneration is a process that uses the temperature of exhaust gas to make the
PM in exhaust gas reach the ignition point and burn up themselves to generate harmless
H2O and CO2. In general, it is difficult for the exhaust gas to reach the combustion
temperature of particles. Thus, a chemical catalyst is often used to reduce the chemical
activity of particles to achieve regeneration [124].

Adding additives to fuel oil is a research hotspot of passive regeneration. Additives
are generally soluble metals. The metal oxides generated after combustion with fuel will
catalyze the particles, thus reducing the combustion temperature of the particles. In this
way, even at a lower exhaust temperature, particles can spontaneously ignite without the
aid of other external combustion equipment or energy [125].

However, some of the combustion products of the additive metal oxides will deposit
like particles when they pass through the filter, blocking the gap of the filter body. Over
time, this will affect the filter life, reduce the capture efficiency, and affect the power and
economy of the diesel engine. At the same time, metal dust entering the atmosphere will
cause secondary pollution to the environment which is also a problem to be considered in
passive regeneration.

4.2.1. Oxidation Catalytic Regeneration

Oxidation catalytic regeneration uses catalysts to reduce the chemical activation en-
ergy of hydrocarbons, carbon monoxide, and SOF in diesel engine exhaust so that these
substances can also react with O2 to form CO2 and H2O at low exhaust temperatures.

Catalysts commonly used in diesel engines include perovskite-type oxides, crystalloid-
type oxides, alkaline or heavy metal oxides, halide mixtures containing vanadate or molyb-
date, and precious metals [126]. In recent years, gold has been considered a better catalyst.
It has better activation efficiency in the process of CO oxidation at low temperatures. How-
ever, the activation efficiency of gold depends to a great extent on its size. The smaller the
size of gold particles, the better the activity. Caroca et al. [127] compared several DPFs
and found that a nanostructured perovskite catalyst (LA—K—Cu—FeO) could complete
the regeneration with lower energy consumption. Yi et al. [128] observed regeneration by
attaching potassium titanate whiskers to cordierite and found that it successfully reduced
the combustion activation energy of carbon particles.
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However, the catalyst can play a better effect only when the diesel engine is fueled
with low sulfur fuel. In general, its sulfur content should be less than 0.005%, even less
than 0.001%. The sulfur in fuel oil will form sulfate after combustion. It will cover the inner
surface of the oxidation catalyst and make the oxidation catalyst lose activity and reduce
conversion efficiency.

4.2.2. Catalytic Regeneration

CDPFs have been proven as a more effective method than normal DPFs, coating
catalysts on the surface of the filter body. The most commonly used commercial catalyst
particles are Platinum, Palladium, and Rhodium (Pt, Pd, and Rh) which can attain lower
soot oxidation temperatures [129,130]. When the exhaust temperature reaches about 400 °C,
the particles will be oxidized. The reaction equations of the catalytic regeneration principle
are as follows [131]:

NO2 + C→ NO + CO (4)

2NO2 + C→ 2NO + CO2 (5)

The main disadvantages of catalytic regeneration are: (1) The contact reaction between
solid particles and catalyst is so uneven that it is difficult to regenerate completely. (2)
With the passage of time, the role of the catalyst will gradually weaken or even completely
disappear, that is, catalyst poisoning will occur.

Kong et al. [132] simulated numerically the soot deposition and pressure in CDPF and
DPF by a lattice Boltzmann method (LBM), and the following conclusions were reached: (1)
There was more pressure at the area where the filter was catalyzed. (2) The in-wall CDPF
had a larger pressure drop than that of the bare CDPF. (3) Compared to the in-wall CDPF,
the on-wall CDPF had a larger soot deposition amount and showed a smaller pressure drop.
The variation of soot content and pressure drop over time is shown in Figure 11. This means
that more deposited soot can contact the catalyst layer in the on-wall CDPF and improve
the efficiency of filter regeneration. There is also great interest in mixed catalysts. Some
studies showed that a Pt/H-ZSM5 mixture could improve the soot oxidation efficiency [133].
Duck et al. [134] found that the mixed catalysts of platinum, tungsten, and TiO2 also had
strong catalytic activity for NO.

4.3. Composite Regeneration

The third type of DPF regeneration system utilizes the combination of passive regen-
eration and active regeneration, that is to say, the catalyst is also equipped with an active
regeneration system. According to the current experimental research, passive regeneration
alone cannot deal with all working conditions flexibly. For example, in the process of high-
way driving, vehicles equipped with CDPF can regenerate passively. However, when they
need to drive slowly in the city, they rely on active regeneration. In a word, the research
and application of passive-active combinations regeneration are also very important.

E et al. [135] used a microwave heating composite regeneration system that includes a
DPF and a microwave generator. In this test, microwave-assisted composite regeneration
can save about 24% and 48% energy compared with microwave regeneration and fuel
post-injection regeneration.

At present, many researchers are investigating the continuous regeneration technol-
ogy [136–139] of DPFs. For example, Palma et al. [119] investigated the performance of a
SiC foam filter during microwave regeneration with and without a catalyst coating.

Some researchers [140–144] have investigated other factors to reveal the thermody-
namic and kinetic mechanisms of low-temperature combustion of the soot by NO2. In
conclusion, CR-DPF based on NO2-assisted regeneration has become an advanced regener-
ation technology.
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4.4. Pressure Drop

The engine back pressure produced by DPF installation is an important parameter of
DPF, which directly affects the fuel economy of the engine. If the engine’s back pressure is
high, the engine must provide additional p-V work to overcome the increase in back pres-
sure which will lead to poor combustion and higher fuel consumption by the engines [145].
Therefore, the different back pressure levels caused by the different DPFs can directly lead
to different fuel consumption levels. The main task of optimization is to reduce the soot
and pressure drop of the ash filter as much as possible without reducing the performance
of a clean filter.

The design of the channel in DPF has always been the top priority in optimization.
Studies showed that hexagonal channels had a lower pressure drop than commercially
available square channels under controlled regeneration [125]. The hexagon channel
also shows better thermal durability under uncontrolled regeneration [146]. At the same
time, under the high-temperature condition of active regeneration, the pressure drop of
asymmetric cell technology is lower than that of symmetric cell technology [147]. The
optimization of design has an obvious improvement effect on the pressure drop of DPF. In
recent years, the trend of a diesel mixture as an alternative energy to diesel is becoming
more and more obvious. In addition to high environmental benefits, the mixture also has
good performance in the regeneration process of DPFs. Some studies have shown that
the regeneration pressure drop of a diesel/polyoxymethylene dimethyl ether mixture was
significantly lower than that of pure diesel [125]. At the same time, the diesel additives
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have also been proved to be effective in reducing pressure drop. When observing the
regeneration process of diesel with Fuel Borne Catalyst (FBC), compared with the diesel
without FBC, the pressure drop had an obvious downward trend [148]. The test results
obtained by Xiao et al. [149] in Figure 12 show that the pressure drops decrease with the
decrease in wall thickness, so it is an effective way to control the exhaust back pressure
of the engine. In addition, E et al. [96] analyzed the pressure drop of the continuous
regeneration-diesel particulate filter (CR-DPF) based on NO2 assisted regeneration and
found that the larger exhaust flow rate and high exhaust temperature can increase the
initial pressure drop of the CR-DPF.
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4.5. Soot Deposition

Take the most popular wall-flow DPF in the market as an example. The diameter
of the PM is generally smaller than the filter aperture, so the soot deposition cannot be
simplified to ordinary interception [150]. The soot deposition process on the DPF can be
divided into four stages including the deep bed deposition stage, particle tree growth stage,
particle tree connection stage, and soot cake layer stage [129]. Most of the non-uniform
porous particle cake layers can be deposited from 130 µm to 500 µm [151].

In the past, the two main sedimentary stages (deep bed filtration and soot cake layer)
were accurately modeled [47,152]. PM in the deep bed filtration stage is not affected by
a single filtration mechanism, but by a mixture of multiple mechanisms [51]. The drag
force, particle inertia, and Brownian motion are considered to be the main deposition
mechanisms [153]. It is worth noting that ashes smaller than PM have been highlighted
in recent studies. Ash first forms solid nanoparticles and then attaches to soot primary
particles via agglomeration. Then, the aggregate is captured when it is transferred to the
filter under the action of lift FL, gravity G [154], resistance FD, increasing mass force FV,
and adhesion force FA (FA includes van der Waals force [155], capillary force, chemical
bonding force, and possible electrostatic force). The particle handling process is shown in
Figure 13 [156]. Individually unabsorbed particles receive multiple forces in the pipe and
eventually lead to the capture of most of the free ashes on the filter wall.
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After a few minutes of deep filtration, enough particulate matter accumulates in the
channels to block the gaps and deposit an “impermeable” layer of soot on the filter wall.
This stage is called the “cake filtration” stage. The pressure drop at this stage depends on
its geometry, including soot bulk density, pipe thickness, and permeability [152]. Due to
fuel economy issues, DPF needs to be regenerated periodically at this stage [10].

5. Gasoline Particulate Filter
5.1. Research Background of Gasoline Particulate Filter

Although the PM emission quality of gasoline engines is not as much as that of diesel
engines, their emission quantity is roughly the same [157]. In addition, in terms of particle
size, gasoline combustion produces smaller particles. These submicron particles with a
diameter of less than 100 nm are more harmful to humans and animals [158]. Therefore,
the particulate matter emission of gasoline vehicles has gradually attracted attention.

The mixture mode of the gasoline direct injection (GDI) engine is similar to that of the
diesel engine. Unlike the traditional gasoline engine, it produces particles more easily. The
number of particles emitted by GDI reaches 1013#/km, which is higher than the Euro VI
standard in 2014 × 1011#/km [159]. In terms of emissions, China, Europe, and the United
States all require a PM quality lower than 0.0045 g/km, which is a great challenge for GDI
engines [160]. In addition to the unburned organic carbon particles, there may be volatile
particles such as nitrate and sulfate in the steam or liquid phase in the exhaust gas of a
GDI engine [161]. The main factors for the formation of soot particles are the mixture
concentration and high temperature [162]. It is very difficult to form the same mixture with
a homogeneous premixed gasoline engine in the way of direct injection in the cylinder, and
the fuel adhesion in the cylinder will also create the partially rich mixture. For the GDI
engine, PM emission is a problem that must be solved.

In order to meet stringent regulations, the technology of PM emission control of
gasoline engines is constantly improving. The common technologies are fuel mixture and
alternative fuel [159,163], exhaust gas after-treatment [164], and fuel injection strategy [165].
GPF is one of the most significant, which can help gasoline engine emissions meet Euro VI
standards [166].
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5.2. Causes of Particles in Gasoline Engine

The main fuel injection is completed in the intake and compression stroke before
ignition [167]. Compared with the air inlet injection, the evaporation and atomization time
of fuel are reduced. The fuel may still exist in the form of droplets during the ignition and
combustion processes. Compared with gaseous fuel, liquid fuel produces more particles.
Secondly, when the fuel is injected into the cylinder, it is possible that the fuel may be
injected into the cylinder wall or on top of the piston. Because the temperatures of the
cylinder wall and piston top are lower than that of the combustion chamber, the fuel-injected
into these positions does not easily to burn completely, thus producing particles. In order
to make the atomization effect of injected fuel better, the fuel injection pressure reaches
200 atmospheres. However, the generation of particles cannot be completely avoided [168].
The particulate matter emission of the gasoline engine is very low compared with diesel
engine, but the national limit of particulate matter emission of the gasoline engine is also
very low, only 4.5 mg/km. For the traditional direct injection gasoline engine, the gasoline
particulate filter (GPF) is an essential after-treatment device [7]. Vehicles with GPF can
reduce particulate matter emissions by about 90% in one test cycle compared with vehicles
without GPF [169].

With the increasing awareness of environmental protection, more and more strict
regulations on vehicle emission limits were proposed by national organizations. For
environmental safety, it is an inevitable trend for the new cars produced by major car
factories to use GPF. This paper mainly introduces the scheme of “after treatment”, that is,
the particle catcher of the gasoline engine called GPF. The GPF collects the particles emitted
by the engine and prevents them from entering the atmosphere.

5.3. Gasoline Particulate Filter Structure

The shape of GPF is a cylinder, which is no different from our traditional DOC shape.
Therefore, there are no new requirements for the vehicle chassis. Moreover, the internal
filter channel is also similar to the honeycomb structure of DPF [170].

5.4. Gasoline Particulate Filter Working and Regeneration Principle
5.4.1. Working Principle of Gasoline Particulate Filter

At present, most GPFs adopt a wall-flow structure, and its working principle is shown
in Figure 14a,b [171]. The thermal shock resistance of cordierite is very important for the
particulate filter of a gasoline engine. Cordierite has better thermal shock resistance and a
smaller coefficient of thermal expansion. Thus, the cordierite is very suitable as a material
for the particle catcher of gasoline engines [172]. In addition, some studies reported that
Silicon carbon (SiC) [173] and foam metals were also well qualified for GPF. However, the
cordierite is still used in most of the existing GPFs. There are several parallel channels in
cordierite carriers [174]. The exhaust gas of the engine flows in through the inlet channel
and out of the adjacent channel. The soot particles inside the exhaust gas form a trap on the
wall. When the amount of carbon smoke accumulates to a certain extent, a control strategy
needs to be designed for oxidation regeneration.

5.4.2. Regeneration Principle of the Gasoline Particulate Filter

Particles will be trapped and collected when passing through the side wall, which
is equivalent to filtration. In general, the GPF can capture 99% of particles. At the same
time, regeneration occurs in the GPF. Particles trapped in the GPF will remain in it, which
is equivalent to blocking the exhaust channel of the GPF. If too many particles are trapped,
the exhaust resistance will increase and then the fuel consumption will increase, which is
unfavorable [175].

When the vehicle runs at high speed, due to the high exhaust temperature, the particles
will burn with the oxygen in the exhaust, which is the regeneration of GPF. GPF regeneration
can be divided into two categories: active regeneration and passive regeneration. Active
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regeneration needs to increase external conditions to promote regeneration and passive
regeneration is the natural regeneration of the engine under normal conditions [176].
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Active regeneration can be divided into enrichment oil cut-off regeneration, electric
heating regeneration, microwave regeneration, infrared regeneration, blowback regenera-
tion, and vibration regeneration. Passive regeneration is divided into adding catalyst into
the fuel oil [177] and coating catalyst on the support [171,178].

6. Conclusions

With the continuous deterioration of energy crisis [179–185] and environmental prob-
lems [186–190], how to effectively reduce engine emissions is the main area of interest
for researchers today. DPFs are considered to be one of the most effective means to solve
the high PM emission of diesel engines. However, today’s DPF development has not
reached the desired level. For example, ashes from fuel, engine wear, and lubricants
cannot be removed by ordinary regeneration, which will “permanently” block the fil-
ter channels. Although it can be eliminated by uncontrolled regeneration, such a cost
will irreversibly damage the DPF substrate and reduce its lifetime [29]. In addition, the
high pressure drop during operation has an impact on fuel economy and driving safety.
These problems are being overcome by filter structure, catalyst, and more perfect regen-
eration control. The optimization of the DPF has a very positive impact on the number
of discharged particles, particle size, exhaust pressure drops, energy consumption, and
filtration/regeneration efficiency.

At present, the difficulty of DPFs is mainly to infer a DPF operation and regeneration
strategy according to the DPF soot load. Considering active regeneration, how to balance
the optimal efficiency of regeneration and soot deposition will become the key problem to
be solved. The introduction of GPFs may be the best way to solve the problem. Although
the current performance of GPFs can meet regulation requirements, in the long run, how to
further reduce the pressure drop and improve the filtration efficiency is the primary task of
optimizing GPFs. These results will directly affect the market share of vehicles equipped
with GDI engines.

The above research shows a good foundation for the study of DPF regeneration,
however, there are still some problems that remain unclear:

(1) The formation mechanism of new or secondary particles in soot oxidation is not clear.
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(2) The interaction of the mechanism of soot oxidation is not clear concerning the emission
characteristics of PM and between particulate sources.

(3) The factors influencing the emission characteristics of PM need to be further explored.

Future studies must research the mechanism of soot layer thickness changing during
the regeneration process, the specific thickness of irregular soot layer scallops in the middle
of the II-regeneration stage, and the thin soot layer at the III-regeneration stage. The effects
of oxygen concentration and additional NO2 on the soot layer substrate structure should
be investigated by measuring its downstream concentrations when the soot layer begins to
oxidize [44].
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