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Abstract: The abatement of the pollutants deriving from diesel engines in the vehicle sector still
represents an interesting scientific and technological challenge due to increasingly limiting regu-
lations. Meeting the stringent limits of NOx and soot emissions requires a catalytic system with
great complexity, size of units, and number of units, as well as increased fuel consumption. Thus, an
after-treatment device for a diesel vehicle requires the use of an integrated catalyst technology for a
reduction in the individual emissions of exhaust gas. The representative technologies devoted to
the reduction of NOx under lean-burn operation conditions are selective catalytic reduction (SCR)
and the lean NOx trap (LNT), while soot removal is mainly performed by filters (DPF). These de-
vices are normally used in sequence, or a combination of them has been proposed to overcome the
drawbacks of the individual devices. This review summarizes the current state of NOx and soot
abatement strategies. The main focus of this review is on combined technologies for NOx removal
(i.e., LNT–SCR) and for the simultaneous removal of NOx and soot, like SCR-on-Filter (SCRoF), in
series LNT/DPF and SCR/DPF, and LNT/DPF and SCR/DPF hybrid systems.

Keywords: soot abatement; NOx abatement; SCR; SCRoF; LNT; LNT/SCR; combined technique

1. Introduction

Air pollution is the result of a combustion process of hydrocarbon fuels that besides
CO2 and H2O produces a large variety of other pollutants. For this reason, we have ob-
served the excessive emission of certain substances into the atmosphere, causing changes
to the air’s natural properties that could have harmful effects on living beings and ecosys-
tems. Atmospheric pollution is one of the most important environmental risks to human
health [1,2], and it is therefore an issue that should be urgently addressed. The main causes
of air pollution are linked to anthropogenic activities, like energy production, household
heating, transport, industrial activities, agriculture, and waste treatment, and for these
reasons, the most affected regions are the large urban areas.

In the transport sector, the main pollutants to be considered are NOx, CO, HC, smoke
(particulate matter: PM). NOx is formed when air is heated to very high temperatures;
the most prevalent NOx species from engines is NO, which subsequently oxidizes in the
atmosphere to form NO2 and also reacts with most hydrocarbons to form ozone; both
ozone and NO2 are strong, toxic oxidants. Thus, NOx is a criteria pollutant that is regulated.
Additionally, PM is mainly composed of soot, which is produced during the incomplete
combustion of fuel at high temperatures; those fine particles are suspected to be involved
in the development of cancer, as well as cardiovascular and respiratory health effects.

For these reasons, worldwide restrictive emission limits have been imposed by the
Environmental Protection Agency (EPA), working mainly in USA, and the European Par-
liament (EURO), operating in Europe. Moreover, new emission evaluation test procedures,
like WLTP (Worldwide harmonized Light Vehicles Test Procedure), RDE (Real Driving
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Emissions) and PEMS (portable emissions measurement system), have been implemented
to more realistically reflect driving emissions [3–6].

Other countries have adopted their own emission regulations, often synchronized with
other regulations for market compatibility. The recent China 6 emission limits are, in some
aspects, even more stringent than the EURO and EPA limits as a consequence of recent
efforts to improve urban air quality. Future limits that are expected to be implemented are
setting the not-to-exceed limit of particulate number to 3 × 1011 and limiting the emissions
of NH3 and N2O that are currently not regulated. NH3 is generally dosed in excess for the
better performance of the NOx SCR reaction, but this leads to NH-slip. The outlet NH3
concentration is difficult to measure due to the cross sensitivity of detectors for NOx and
H2O vapor. A common method to reduce NH3 emissions is to install an ammonia slip
catalyst that has the issue of non-selective oxidation to yield NOx and N2O. The control of
these pollutants requires the multiscale and integrated design of novel catalyst formulations
and engineering solutions for the monolith and aftertreatment configuration [7–11].

In order to meet so stringent emission regulations, suitable technologies—both directly
manipulating engine operating characteristics (so-called primary methods) and adding
catalytic after-treatment systems (namely secondary techniques)—must be developed.
Current commercial solutions combine a diesel oxidation catalyst (DOC) for the removal
of CO and hydrocarbons, a catalyzed diesel particulate filter (CDPF) for soot filtration,
and a Lean NOx Trap (LNT) or a selective catalytic reduction (SCR) step to remove NOx.
These operations are carried out in different compartments, thereby increasing the size
and cost of this technology. Consequently, there is significant incentive to develop novel
approaches that rely on more abundant elements and combine one or more pollutant
conversion steps [12].

LNT and SCR are two contenders for the abatement of NOx from mobile sources under
lean conditions [13–17]. LNT technology is generally applied to light vehicles, whereas SCR
is preferred in heavy-duty vehicles where the presence of the complex urea dosing system
is not a concern [18,19]. The basic principle of LNT technology is a cycle composed of two
phases: a first, longer lean phase (30–90 s), in which gaseous NOx is trapped and stored on a
suitable catalyst, and a second, shorter rich phase (3–5 s) that activates the release of stored
NOx and its reduction to, theoretically, N2. Specifically, a typical LNT catalyst is composed
of a noble metal (usually Pt, but also Pd and Rh) to activate the oxidation/reduction of
NOx and an alkali earth metal (usually Ba and/or K) to store NOx as nitrites or nitrates. In
contrast to the cyclic nature of LNTs, SCR continuously functions and utilizes ammonia
(NH3) as the reductant to selectively reduce NOx on a zeolite-based catalyst doped with Fe
and/or Cu. However, for safety reasons, instead of ammonia, an aqueous solution of urea
(AdBlue®) that is thermally decomposed at the operative temperature of the catalyst to
yield ammonia is used.

A diesel particulate filter (DPF) is an exhaust gas after-treatment device that is present
on all Euro 4 and later diesel cars. It is a filter that captures and stores exhaust soot (some
refer to them as soot traps) in order to reduce emissions from diesel cars. DPF operations
and drawbacks are addressed in the next section.

To overcome NOx and soot reduction imposed by upcoming emission regulations,
any NOx aftertreatment system has to be considered in combination with a DPF that can
be placed up- or down-stream an NOx aftertreatment unit. Indeed, advanced combined
systems could offer the best performances due to the benefit of synergistic effects. For this
purpose, technologies like combined LNT/SCR, SCR-on-Filter (SCRoF), and combined
DPF–LNT/SCR systems have been proposed in different layouts with the aim to overcome
the drawbacks of individual devices. This review provides an overview of the main results
reported on these combined systems and current research directions.
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2. Diesel Particulate Filter (DPF), Catalytic Particulate Filter (CDPF), and
SCR-on-DPF (SCRoF)
2.1. DPF and CDPF

The function of a DPF is to trap particulate matter and soot before they are released
into the atmosphere; its removal efficiency is normally near 85%. Cordierite 2MgO–2Al2O3–
5SiO2) or silicon carbide (SiC) are used to obtain the wall-flow monolith; the honeycomb
structure is characterized by channels alternatively that are closed at the end (Figure 1).

Figure 1. Scheme of a wall-flow particulate filter. Reprinted with permission from ref. [20]. Copyright
2017 Elsevier.

The exhausts gases pass through the porous wall of the DPF, while PM remains
trapped into the channels; the particles create a barrier to the flow gas, causing an increase
in the pressure drop (and as consequence a decrease in the engine efficiency). For this
reason, the DPF need to be periodically regenerated. The regeneration could be passive
or active. In the first case, PM is oxidized to CO2 at temperatures above 250 ◦C, with
NO2 as the oxidant (Reactions (1) and (2)), while in the latter the oxidation occurs at high
temperature, above 500 ◦C with O2 as the oxidant (Reactions (3)–(4)) [21]. It is worth noting
that the active regeneration implies a fuel penalty to reach those exhaust temperatures.

C + 2NO2 → 2NO + CO2 (1)

C + NO2 → NO + CO (2)

C + O2 → CO2 (3)

C + 1/2 O2 → CO (4)

As previously reported, Reactions (1) and (2) occur at low temperatures, near 250 ◦C,
using NO2 and forming NO, which is in turn reoxidized to NO2 in the upstream DOC
or over a CDPF coated with a Pt-based oxidation catalyst. In this last case, thanks to the
formation of NO2, a continuous regeneration of the CDPF is achieved, thus reducing the
necessity to increase the temperature for active regeneration Moreover, the presence of an
oxidation catalyst permits the conversion of CO (Reactions (2) and (4)) into CO2.

2.2. Integrated NOx-SCR on Diesel Particulate Filter (SCRoF)

One effective way to reduce all four major pollutants from a diesel engine is to
combine DPF and SCR systems; indeed, with this configuration, all gaseous and particulate
emissions are reduced (by 70% or more), and the most stringent (future) emission legislation
can usually be met. Technical options include coating a DPF with an SCR-catalyst to obtain
a single device called an SCR-on-Filter (SCRoF or DPF/SCR), thereby performing both
NOx reduction and filtration. This is achieved by plugging a monolith on alternating
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ends (chessboard pattern), thus forcing gas through the pores and performing filtration
(Figure 1). Simultaneously, NOx is reduced by the SCR catalyst deposited inside the pores,
with loading typically between 60 and 180 gcat/L. NOx is reduced both while passing
through the pores of the monolith and while flowing downstream towards the exit. The
main advantage is the reduction of size and cost; moreover, the correct position close to
the engine permits the achievement of a higher operating temperature and, consequently,
better performances [22].

The SCRoF configuration can be applied to both light-duty diesel (LDD) and heavy-
duty diesel (HDD) vehicles, but it is more suited for LDD [23–26]. The HDD configuration
operates at higher temperatures, usually between 250 and 400 ◦C, and can rely on the
NO2-mediated passive soot oxidation taking place over the CDPF. Passive soot oxidation is
not common in LDD due to lower operation temperatures, between 200 and 300 ◦C, and the
DPF is normally regenerated by raising the temperature to above 600 ◦C and maintaining
it for 10–30 min via fuel injected over the DOC. Since only a small fraction of NO2 over
the SCRoF can be utilized for soot oxidation (see the discussion below), the main available
oxidant is O2 and active regeneration, like that for LDD, is required. By placing the SCRoF
closer to the engine outlet, the aftertreatment device heats up faster and therefore reduces
the cold start emissions more than a decoupled CDPF–SCR system [23–26]. This is of
special importance in LDD applications, since most pollutants are emitted in the first
minutes after the engine starts, when the temperature is too low (<180 ◦C) for the proper
operation of the aftertreatment device.

The soot filtration in SCRoF involves complex and multistage phenomena. Soot
accumulation is accompanied by an increase in the resistance to flow, resulting in an
increased pressure drop. The porosity of the filter and the distribution of the SCR catalyst
are of paramount importance and, as is shown below, zoned and engineered SCR catalyst
coatings can have a high impact on filtration and regeneration performance. A filter
characterized by a high porosity decreases the inherent pressure drop and can mitigate
soot buildup by enhancing flow and accommodating higher amounts of soot. The porosity
of a common SCRoF comprised of SiC is typically 55–60%, with a median pore width of
approximately 20 µm [20,24,27]. The deposition of the SCR catalyst decreases the porosity
but does not change the median pore size (Figure 2) [20,24,27]. The pressure drop is not
linearly related to the filtered soot, and two different filtration mechanisms can be clearly
distinguished by the presence of a knee in the filtration curve (vide infra). In the first stage,
the soot is retained in the pores of the monolith, which blocks the gas flow and throat
pores. Accordingly, the rate of the increase of the pressure drop per amount of filtered
soot is the highest in the initial stage. Following this relatively short stage, the filtration
changes to cake filtration, with a slower increase in the pressure drop per accumulated
soot [24]. The soot in the filtration cake can detach from the monolith wall under certain
conditions and form solid plugs that have detrimental effects on the pressure drop. Since
these phenomena are largely unpredictable and the exact conditions under which they arise
are unknown, the proper control and identification of indicator parameters for triggering
an active regeneration system are challenging [28].



Catalysts 2021, 11, 653 5 of 30

Figure 2. Pore size distribution over a bare SiC substrate and catalyst loaded SCRoF—comparison of
MSI/XRT and Hg porosimetry. Reprinted with permission from ref. [20]. Copyright 2017 Elsevier.

SCR Catalysts for SCRoF

The state-of-the-art catalyst used for SCRoF application is Cu-exchanged small pore
zeolite, mainly with a chabazite (CHA) structure. Compared to the larger-pore BEA- or
MFI-structured ZSM-5 zeolites, the CHA-based zeolites were revolutionary in terms of
activity, hydrothermal stability, and resistance to poisoning. The CHA zeolite structure
and ion-exchanged Cu are stable up to 750 ◦C and start deteriorating at 800 ◦C. With
BEA- and ZSM-5-based Cu zeolites, SCR activity is severely reduced after ageing at 650 ◦C
due to the collapse of the zeolite structure accompanied by the formation of CuAl2O4
spinels and extra framework CuO. Cu–SAPO-34 and Cu–SSZ-13 can achieve higher NOx
conversion rates, generally in the order SSZ-13 = SAPO-34 > ZSM-5 > BEA [29–32]. Ex-
tensive spectroscopic and reactivity characterizations of the Cu–CHA SCR catalysts have
demonstrated the importance of small zeolite pores, especially for SCRoF applications
where high hydrothermal stability is of paramount importance. The eight-member ring
pores of SSZ-13 could prevent dealumination and then stabilize Cu and NH4NO3 that
reduce N2O emissions. These considerations led to the development of different zeolite
synthesis techniques like synthesis in F− media and through various structure-directing
agents or seeding methods. Other small-pore zeolite topologies have been developed,
with the two most promising synthesized being Cu–SSZ-39 (with AIE structure) and the
high silica Cu–LTA. For these materials, data relative to reactivity, hydrothermal stabil-
ity, and characterization are available, but no data are available regarding their practical
implementation [33–37].

The mechanism of the SCR reaction over Cu zeolites is disputed in the literature,
and different reaction pathways have been proposed. No single unified mechanism ex-
ists, and it appears that the SCR mechanism changes with zeolite structure, Cu loading,
and temperature region [32,38–40]. For Cu–SSZ-13, spectroscopic evidence suggests the
formation of a Cu(NH4)2 complex at a low temperature (<300 ◦C) that is active for NOx
reduction. Ammonia and NOx complexes are coordinated on the same Cu site and form an
intermediate that is commonly identified as HONO and that decomposes to N2 and H2O.
Cu2+ behaves as an atomic single site during the NOx reduction phase (Cu2+ → Cu+), as
evidenced by the linear correlation between the number of sites and TOF. The reoxidation
of Cu+ to Cu2+ by O2 does not show such linear correlation, and Cu+–O2–Cu+ dimers and
other oligomers have been suggested. This implies the migration to Cu atoms between the
zeolite cage and the continuous dispersion/aggregation of the active sites [32,38–40].

Other than Cu and Fe–CHA, V2O5–WO3/TiO2 (VWT systems) has been suggested for
SCRoF applications, noting the slight activity of V towards soot oxidation. The low thermal
stability and irreversible deactivation of VWT catalysts above 450 ◦C due to sintering and
phase transition can be cited as their main drawbacks, making their practical application
questionable [41–43].
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2.3. Main Challenges of the SCRoF Concept and Solutions
2.3.1. Impact of SCR Reaction on Soot Oxidation

The main disadvantage of the SCRoF configuration is the limited availability of NO2,
a key reactant that is essential for both the low-temperature soot oxidation and Fast-SCR
pathways, that can be represented by the overall reactions:

NO + NO2 + 2NH3 → 2N2 +3H2O (5)

C + NO2 + O2 → NO + CO2 + CO (6)

4NO + 4NH3 + O2 → 4N2 + 6H2O (7)

4NO2 + 4NH3 → 6H2O + 4N2 + O2 (8)

where Reaction (5) is known as Fast-SCR, Reaction (7) is known as Standard SCR, Reac-
tion (8) is known as NO2-SCR, and Reaction (6) represents the soot oxidation mediated by
NO2. Among the three principal types of SCR reactions, the Fast-SCR is kinetically fastest
and takes place prior the transition to Standard SCR when NO2/NOx < 0.5 (when NO2 is
depleted) or NO2-SCR when NO2/NOx > 0.5 (when NO is depleted).

The CDPF performs passive soot oxidation by reoxidizing the NO produced during
the R2 several times, which is obviously not an option in the SCRoF, where high NOx
conversion is the main purpose. The inhibiting effect of the SCR reaction on soot oxidation
has been studied in detail in several reports [22,24,44–48]. A representative example, which
utilized a Cu-based zeolite as the SCR catalyst, can be found in Figure 3. In a case without
NOx in the reaction stream (meaning no SCR reaction), soot oxidation was similar to the
case of soot oxidation with O2, meaning that NH3 had no significant effect on the soot
oxidation activity. When NOx with different NO2/NOx ratios was included in the SCR
reaction, soot oxidation differed based on the ratio, with the best results obtained with the
highest proportion of NO2 in the reaction mixture [44]. However even in the case when
NO2/NOx was 1, which is impossible in practical circumstances, the contribution of NO2
to soot oxidation was limited and the peak soot oxidation temperature did not change.

Figure 3. PrintexU combustion runs under SCR reacting conditions. Flow rate = 172 cm3/min (STP);
feed: H2O = 5%(v/v); O2 = 8%(v/v); and NH3 = 500 ppm. (A) NOx = 0 ppm. (B) NOx = 500 ppm;
NO2/NOx = 0. (C) NOx = 500 ppm; NO2/NOx = 0.5. (D) NOx = 500 ppm; NO2/NOx = 1. Reprinted
with permission from ref. [44]. Copyright 2016 Elsevier.
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In a study by Rappe [24], this was demonstrated through the temperature required to
regenerate the pressure drop over the filter (Figure 4). The filter could be regenerated at the
lowest temperature when NH3 was excluded from the reaction steam, while in the cases
where NH3 was included and an SCR reaction took place, the regeneration temperature
was shifted by more than 70 ◦C to higher temperatures. In the presence of NH3, the
regeneration performance was mostly dependent on the NO2/NOx ratio, with higher
ratios resulting in better soot oxidation. This inhibition was also demonstrated in several
papers over powdered SCR catalyst–soot mixtures. In all cases, the same conclusion was
reached: in the presence of the SCR reaction, the passive soot oxidation was hindered
because the oxidant available for the soot oxidation was O2 and not NO2 [22,24,44–48].

Figure 4. TPO of SCR/DPF (SCRoF) with 4 g/L of initial soot loading displayed as the relative
pressure drop versus temperature with the SCR reaction with 500 ppm of NOx at NO2/NOx = 0.35,
0.5, and 0.65 and NH3/NOx = 1, compared with NO2/NOx = 0.5 without SCR (NH3/NOx = 0).
Reprinted with permission from ref. [24]. Copyright 2014 American Chemical Society.

2.3.2. Proposed Solutions

One of the earliest solutions proposed for solving the issue of rapid soot accumulation
was the zoning of the SCR catalyst by targeted coating, with the aim to increase the distance
between the SCR catalyst and the soot, thereby decoupling the competing reactions to an
extent. The SCR catalyst can be preferentially coated on the downstream section of the
monolith on the outlet side of the wall. The improvement of soot oxidation over the SCRoF
in such a zoned configuration has been investigated by several authors, and representative
results are shown in Figures 5–8. Compared to uniform coating, in the case when the SCR
catalyst was coated predominantly downstream, both the pore plugging and cake filtration
stages of the soot accumulation were delayed and a higher soot filtration capacity was
achieved. Since the total SCR catalyst loading was the same—120 g/L for the uniform
coating and 90–150 g/L for the two-zone configuration—the outlet NOx conversion was
the same. Indeed, when a real SCRoF system was analyzed by element mapping, three
distinct SCR coating zones were identified (Figure 6): an inlet zone that was lightly coated,
a second zone with dense coating, and a medium coated downstream part [49]. In all
the cases, the purpose of the zoning was to delay the SCR reaction, thereby allowing the
remaining fraction of NOx to react with the soot.
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Figure 5. Soot-loading characteristics of 90 (left) and 150 g/L (right) SCR/DPF samples configured
such that the catalyst was predominantly present on the upstream and inlet channel wall (top) or the
downstream and outlet channel wall (bottom) portion of the filter. Reprinted with permission from
ref. [24]. Copyright 2014 American Chemical Society.

Figure 6. Zoned catalyst coating of SCRoF. Reprinted with permission from ref. [49]. Copyright 2018
Springer Nature.

Figure 7. Concentration distribution of NOx through the wall and soot cake layers for an NO2/NOx

ratio of 0.75 measured at the front end. The center line represents the center of the inlet channel.
Reprinted with permission from ref. [47]. Copyright 2012 American Chemical Society.
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Figure 8. Comparison of (left) inlet and (right) outlet channel NOx concentration profiles, at 250 ◦C,
between uniformly- and zone-coated SCR/DPF without soot (top) and with 4 g/L of soot loaded
(bottom) SCRoF. Reprinted with permission from ref. [48]. Copyright 2017 Elsevier.

Only the outlet conditions can be monitored experimentally, and several simulation
studies have been published to better understand the phenomena taking place inside the
SCRoF [46–48,50,51]. These simulations have confirmed the basic conclusions of the experi-
mental results regarding the competitive nature of the SCR reaction and soot oxidation,
as well as the depletion of NO2. Models of higher dimensions can give more complete
information and capture both the phenomena occurring during the gas flow through the
filter wall and during the downstream flow. Park et al. [47] investigated NOx concentration
through the wall of a filter at different locations (Figure 7). They demonstrated that the soot
consumed excess NO2 for the production of NO when NO2/NOx > 0.5 and, interestingly,
that the rapid diffusion of NO2 towards the filter occurred, which was the result of the
depletion of NO2 by the soot and the larger concentration gradient. This demonstrated
that in the filter, both convection and diffusion play significant roles in the transport of
gaseous species.

One of the most comprehensive simulations was that of Karamitros et al. [48], which
studied the effect of the catalyst zoning, discussed in the previous section. The NOx
concentration along the gas flow in the SCRoF was greatly impacted by the location of
the SCR catalyst, although the overall NOx conversion at the outlet was not impacted.
As shown in Figure 8, with the downstream deposition of the SCR catalyst, much more
NOx was available for the soot oxidation than in the case of uniform distribution or
upstream deposition. It was furthermore revealed that there are significantly different NOx
concentrations in the inlet and outlet channels of the filter, and the driving force is the
diffusion of NO2 towards the SCR catalyst.

The catalyst coating distribution also influences the distribution of soot in the filter
pores and along the monolith, which in turn influences the thermal distribution during
regeneration. If the soot loading is too high, the rapid heat release during regeneration can
result in filter failure and pore fusion. Of special importance is the soot confined in the
monolith pores the can generate local hot-spots with detrimental effects on the nearby cata-
lyst and filter failure. Since the thermal front travels downstream, the largest temperature
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excursion is typically observed at the outlet section of the filter. Methods for avoiding the
thermal effect include precisely controlling of the regeneration conditions, like the temper-
ature at which regeneration is triggered, avoiding drop-to-idle during the regeneration,
and avoiding the accumulation of too much soot (<5 g/L of soot) [24,46,52–54].

The presence of soot has no significant effect on NOx conversion; in some papers,
no difference was observed, while others noted a slight decrease (approximately 5%) in
conversion when NO2/NOx < 0.5; indeed, in the presence of soot, the NO2/NOx ratio
decreases, and, in this way, NO2 cannot participate in the Fast SCR reaction. In the case of
NO2/NOx > 0.5, a positive effect of the soot on NOx conversion was observed since the
soot consumed the excess NO2 and returned the ratio to the ideal of 0.5.

The two above-mentioned solutions for improving the soot oxidation, i.e., raising
the NO2/NOx ratio as high as possible and zoning the SCR catalyst, have synergistic
effects. This implies that the DOC preceding the SCRoF needs high PGM loading (and
price) to reach an NO2/NOx ratio of > 0.5. This is difficult to achieve, since NO2 formation
is suppressed in the presence of H2O and unburnt hydrocarbons. Additionally, these
solutions do not directly solve the lack of passive regeneration and the issue of accelerated
soot deposition over the SCRoF—they merely reduce these effects.

A relatively simple concept involves the addition of a soot oxidation catalyst to the
SCRoF, but several challenges must be considered. Some proposals of similar configuration
have previously been evaluated, like that of Tang et al., who considered coating the
downstream section of the SCRoF with PGM, though without a positive effect since the
NOx concentration at the SCRoF outlet was too low to have a meaningful impact on the soot
oxidation [23]. A combination of SCR and soot oxidation catalysts was also hypothesized
and dismissed by Rappé [24] because of the adverse impact of the oxidation functionality
on the reductant usage (i.e., NH3 oxidation).

This highlights one of the main challenges of such a combination, i.e., avoiding the
oxidation of NH3 over the soot oxidation catalyst, as well as the associated decrease in NOx
conversion and N2O selectivity. Indeed, it has been shown that NH3 oxidation and N2O
production are directly correlated with an improvement of soot oxidation activity of the
catalyst, meaning that the same active sites are involved for both reactions [55]. Another
issue is that the addition of a soot oxidation catalyst could cause an increase of the total
catalyst loading, negatively affecting the backpressure.

Martinovic et al. [22,45] recently investigated a potential solution that included a
mechanical mixture between a catalyst for soot combustion and an SCR catalyst. It was
found that the addition of potassium in small amounts (1 wt%) over CeO2–PrO2 (called
KCP) could selectively poison the acid sites of the soot oxidation catalyst, thereby avoiding
NH3 oxidation. The potassium also promoted the soot oxidation activity, further lowering
the combustion temperature. Despite the fact that the soot oxidation catalyst was active for
NO oxidation and it enhanced the NO2–O2–soot reaction with an adjusted NO2/NOx ratio
of 0.5 in the gas at the inlet, the contribution of the NOx to soot oxidation was negligible
and soot was oxidized through O2 (Figure 9). In all mechanical mixture cases, the soot
combustion temperature was remarkably lower (approximately 150 ◦C) than when only an
SCR catalyst was used [22,45].
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Figure 9. Combined soot oxidation and NOx SCR in the physical mixture of KCP and Fe–ZSM-5.
Reaction conditions: 500 ppm of NOx, 500 ppm of NH3, and 4% O2 in N2; NO2/NOx = 0 for standard
SCR and 0.5 for fast SCR; w/f 27 gcat·s/L; catalyst:soot mass ratio of 9:1 in loose contact; 2 ◦C/min
heating rate. Reprinted with permission from ref. [22]. Copyright 2020 Elsevier.

If the soot combustion catalyst also acts as an NO oxidant, it has a great advantage
because NOx conversion is improved by raising the NO2/NOx ratio and increasing the
participation of the Fast SCR regime in the mechanical mixture [22,56–58]. For the Fe–
ZSM5:KCP mixture with a mass ratio of 180:90 mg, the NOx conversion improved by 20%
when compared to the case when 270 mg of Fe–ZSM5 were used despite the lack of SCR
activity for the KCP and the lower amount of SCR catalyst used. When Cu–ZSM5 was
used as an SCR catalyst in the case when the inlet NO2/NOx ratio was equal to 0.5, no
improvement in the NOx conversion was achieved because, in these cases, the NO to NO2
oxidation over KCP did not contribute to the Fast SCR reaction (Figure 9) [22].

Another potential solution is to use the same catalyst to perform the soot oxidation
and SCR reaction. Surprisingly, little research has been done in this area, but Ce-based
catalysts seem promising; indeed, it is well known that they are successfully used in both
soot combustion and the SCR reaction, notably Ce–Sn oxides, Ce–Mn oxides, and templated
oxides [59–63]. A potential issue with this concept is that none of these catalysts can match
the high NOx conversion in as wide a temperature range as Cu–SSZ-13. Furthermore,
mixed metal oxides typically undergo deactivation by sintering and phase transition above
600 ◦C, and they are not resistant to the high temperature hydrothermal conditions of
the SCRoF.

2.3.3. Future Challenges and Developments

There are several other issues besides accelerated soot accumulation for the SCRoF
exacerbated by a close-coupled configuration. The high density of Brønsted acidity and
isolated redox metal sites makes the zeolites-based SCR catalysts used with the SCRoF
susceptible to hydrocarbon poisoning [64–67]. The influence of hydrocarbons is of special
consideration in the SCRoF since, due to close coupling, the SCR catalyst is more exposed to
the hydrocarbons present in the exhaust gases than in the separate CDPF and SCR system.
Another source of hydrocarbons is diesel soot, which is a mixture of graphitic carbon,
PAH, and a wide variety of soluble organic materials. PAH is a liquid and can migrate
or evaporate when heated (at approximately 300 ◦C), and it can poison the SCR catalyst
deposited in the filter [65,68,69]. Larger-pore BEA and ZSM-5 zeolites strongly deactivate,
and NH3–SCR is transformed into hydrocarbon–SCR, which is less efficient. The CHA
(and MOR) structure offers an enhanced resistance towards hydrocarbon poisoning due
to its small pores of 3.8 Å that can provide a barrier to the diffusion of hydrocarbons that
have larger kinetic diameters, e.g., 4.3 Å for straight chain alkanes and alkenes. Significant
deactivation, an approximately 25–30% decrease in conversion, in the temperature range
of 250–400 ◦C can still be observed [64–66]. Despite numerous publications related to the
investigation of the poisoning mechanism, only a few solutions have been suggested. One
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of the most promising solutions is the combination of the zeolite SCR catalyst with a mixed
oxide that is highly active for hydrocarbon and NO oxidation, e.g., doped MnOx or CeO2
(Figure 10) [56,70,71]. Recently, it was suggested that in such composite catalytic systems,
an intermediate, presumably nitrate, migrates from the mixed oxide component towards
the zeolite [70,72].

Figure 10. Comparison of the NOx SCR activity of the investigated catalysts: Standard SCR (A),
Standard SCR with HC (B), Standard SCR with H2O and C3H6 added (C), and after ageing and SO2

poisoning (D). Reprinted with permission from ref. [70]. Copyright 2021 Elsevier.

The increased application of diesel engines in low-load conditions, such as urban
driving, means that exhaust gas temperatures remain low for greater periods of time.
Significant issues are encountered when the temperature is under 200 ◦C, most notably:

1. The urea thermal decomposition and NH3 generation is kinetically limited under
200 ◦C. The urea and resulting isocyanide decomposition can be enhanced by using
catalysts such as TiO2 and ZrO2. The decomposition towards NH3 can be obtained
with ZrO2 already at 150 ◦C (Figure 11) [73–75]. Another suggested solution is the
use of alternative NH3 carrier substances such as solid salts with low melting and
decomposition temperatures [76].

2. The N2O production over Cu zeolites is relatively high and significantly influenced
by the zeolite type with the lowest N2O production over CHA-type zeolites. This has
been explained by the higher stability of NH4NO3 over the SSZ-13 zeolite relative to
ZSM-5 and BEA zeolites due to size-exclusion effects. Another proposal is the use of
Fe-zeolites or V2O5–WO3/TiO2 that produce lower amounts of N2O per converted
NO. These catalysts have poor low temperature performance, but they can be used
combined with Cu zeolites in zoned designs, whereby the Cu zeolites are located
downstream [42,77–80].
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Figure 11. Screening of catalysts for urea decomposition. (a,b) Dry experiments: solid lines—ethanol;
dashed lines—methanol. (c,d) Hydrolysis with 5% water. (a) Includes the NH3 yield according to
the thermodynamic equilibrium of the urea thermolysis reaction. Reprinted with permission from
ref. [73]. Copyright 2012 Royal Society of Chemistry.

The formation of N2O at low temperatures (<300 ◦C) is hypothesized to occur through
the reaction of the adsorbed nitrates with NH3 to form NH4NO3, which, in turn, decom-
poses to N2O upon heating. Indeed, the frequently reported N2O values in literature
usually refer to steady-state N2O production and do not report the high N2O release dur-
ing the heating phase. NH4NO3 can form either on the catalyst or spontaneously in the
gas phase under 200 ◦C, and it is typically discussed in a negative context in the scientific
literature [29,77,78,81–85]. A recent innovative report, however, discussed NH4NO3 as a
promoter of the SCR reaction, with NH4NO3 acting as a buffer by supplying nitrates for
the Fast SCR reaction when NO2/NOx < 0.5 and by capturing NO2 when NO2/NOx is
higher (Figure 12) [86].

Figure 12. Three-minute step changes between NO2/NOx = 25 and 75%. Feed = 500 ppm of
NH3, 500 ppm of NOx, 5% H2O, 6% O2, and N2 as balance gas. GHSV at STP = 50,000 h−1.
Temperature = 200 ◦C. Many step changes were completed beforehand, until the catalyst reached
the constant, fluctuating behavior shown here. Reprinted with permission from ref. [86]. Copyright
2020 Elsevier.
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It would be reasonable to assume significant interaction of NH4NO3 and soot over
SCRoF when considering the highly oxidative nature of ammonium nitrate and NO2
that forms upon NH4NO3 decomposition. The NH4NO3–soot interaction over SCRoF
was investigated by Mihai et al. in [87,88], who found a significant enhancement of soot
oxidation and hypothesized that extra-framework Cu was involved in the soot oxidation
(Figure 13). No other report dealing with the NH4NO3–soot interaction over the SCRoF
was found, and numerous uncertainties that open avenues for future research remain.

Figure 13. NOx adsorption and desorption during (NH3 and NO2) TPD ‘with/without’ soot at
(a) 150 and (b) 200 ◦C conducted over a DPF coated with SCR zeolite catalyst. Adsorption feed:
400 ppm NH3 and 400 ppm of NO2, 8% O2, and 5% H2O for 1 h, followed by exposing the catalyst
to 5% H2O in Ar for 30 min; thereafter, the temperature was increased to 400 ◦C. Reprinted with
permission from ref. [87]. Copyright 2016 Royal Society of Chemistry.

The CHA structure of the Cu–SSZ-13 can stabilize the ion-exchanged copper and
offers a higher hydrothermal resistance than ZSM-5 or BEA. Nevertheless, after repeated
active soot regeneration, hydrothermal ageing, and ash deposition, the overall NOx activity
decreases, and there is interest to increase the lifetime of the SCRoF above 200,000 km.
The ageing decreases NOx conversion, especially at low temperatures, and induces the
agglomeration of Cu to form CuAl2O4 spinels and CuO over the zeolite surface. The
latter has the effect that the parasitic NH3 oxidation becomes more pronounced, thus
giving rise to an increase of N2O production and a waste of the reductant; meanwhile, the
NOx conversion at high temperatures decreases. The agglomeration can be reduced to
some extent by optimizing the Cu loading (2–2.5 wt%), and a novel solution was recently
suggested by Peng et al. [89], whereby Cu–SSZ-13 was impregnated with ZrO2. Upon
hydrothermal ageing, the exsolved CuO was captured and stabilized in the ZrO2 matrix,
thereby avoiding NH3 over-oxidation. Other works have shown that co-doping with low
amounts of other ions, notably La, Ce [90,91], and K [92], can extend the catalyst lifetime
by reducing the structural damage of the zeolite.

The Cu–SSZ-13 commonly used in SCRoF applications is sensitive to the SO2 present in
the gas phase due to the high dispersion of Cu. The SO2 adsorption depends on the location
of the Cu in the zeolite cage and can result in SSZ–13-Cu-SO4; if NH3 is also present in the
gas phase, (NH4)2SO4 deposits that physically blocks the zeolite pores are also formed. The
active sites are blocked by the strongly adsorbed SO2 that is thermodynamically stable and
requires temperatures well above 500 ◦C to decompose. Detailed descriptions of the SO2
deactivation mechanism and its reversibility can be found in numerous manuscripts. The



Catalysts 2021, 11, 653 15 of 30

management of SO2 poisoning has been limited to two main solutions: thermal desulfation
and mixing the Cu–SSZ-13 with a mixed oxide with a high SO2 adsorption capacity that
can delay the deactivation. Despite detailed deactivation studies, innovation in the area of
improving the SO2 regeneration is lacking. Over the SCRoF, desulfation can partially take
place concurrently with active soot regeneration, and the presence of hydrocarbons can
enhance the release of SO2 [93–97].

3. Combined Technologies Based on LNT Catalysts

The major challenge in diesel exhaust cleanup is the simultaneous removal of NOx
under lean (oxygen-rich) conditions to soot. A potential strategy is to combine the CDPF
and SCR functions in a selective catalytic reduction and particulate filter, as presented in
the previous section. As mentioned before, in addition to SCR, NOx reduction from lean
burn exhaust gas can be achieved using the cycled LNT system (also called NOx-Storage
Reduction or NSR system). Yoshida et al. [98] were the first to propose the use of LNT
catalysts for the simultaneous removal of PM and NOx. This technology, called the DPNR
(Diesel Particulate NOx Reduction) system, was successfully introduced in 2003 for diesel
engines in the Japanese and European markets, and it was further developed under the
Toyota D-CAT (Diesel Clean Advanced Technology) concept [99]. In particular, in Europe,
the DPNR system was applied to passenger vehicles (Toyota Avensis) that achieved an
exhaust emission level much lower than that specified in the Euro 4 regulation. However,
the application of DPNR as a “stand-alone” PM-NOx reduction technology has been mostly
limited to light-duty applications, i.e., to smaller-sized engines, below about 2 L, due to the
fuel economy penalty induced by its regeneration and the large amount of noble metal in
its formulations. Moreover, its use as a “stand-alone” technology prevents it from reaching
the actual stringent regulations on vehicle emissions

Along these lines, LNT and SCR combined systems have been proposed to enhance
NOx removal efficiency, LNT and DPF combined systems have been proposed to reduce
NOx and soot, and other more complex combination and integration have been proposed
as after-treatment devices.

3.1. Combined LNT–SCR Systems for NOx Removal

The LNT catalyst operates in fast lean/rich transients. During the lean steps of
approximately one minute, the gas phase is constituted by the standard exhaust gas
from the lean burn engine. Under these conditions, NOx are trapped as nitrite/nitrate
(depending on the temperature) on the basic components of the catalyst. Before the catalyst
becomes completely saturated (i.e., all the adsorption sites are occupied by adsorbed NOx),
it should be regenerated. This is carried out during short periods in rich media for few
seconds in order to reduce the stored NOx into N2. Indeed, the rich phases are generated
by injecting pulses of fuel, which is immediately transformed into HC, CO, and H2 on
a pre-catalyst (usually a diesel oxidation catalyst implemented before the LNT system).
These rich pulses induce exothermic reactions that favor nitrite/nitrate desorption and
reduction into nitrogen [100–104]. Unfortunately, this theoretical pathway is complicated
by some NOx slip during the storage and/or reduction phases and by the formation of
by-products like N2O and NH3 during the regeneration phase. Thus, for these reasons,
an LNT system alone cannot achieve the lowest NOx tailpipe emissions over the desired
emission certification test cycles.

Thus, logically, the addition of an NH3–SCR catalyst to the LNT catalyst has been
proposed in order to increase global NOx abatement and N2 selectivity [105–112]. Indeed,
NH3 produced by the LNT system is firstly stored on the downstream SCR catalytic bed.
During the next lean period, this stored NH3 can react with NOx passing through the NOx-
trap via the NH3–SCR reaction [100]. In this way, the NH3 emissions due to the LNT system
is avoided and the necessity of an on-board urea tank for the NH3 supply is eliminated [105].
The key point is to generate enough NH3 on the LNT catalyst for the SCR system. Such a
combined system is commonly named LNT–SCR or better LNT–passive SCR.
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Recently, many studies on different possible LNT–SCR configurations have been pub-
lished [6]. The first combined LNT–SCR system, with an upstream LNT and a downstream
SCR, was patented by Ford Motor Co. in 2002 [113]; in 2007, the system became com-
mercially implemented in the Mercedes E320 Blue-Tech vehicle [114]. In addition to the
LNT–passive SCR system, other combination systems, like passive NOx adsorber (PNA)
and active SCR or LNT and active SCR, have been proposed; in both cases, SCR operates
with urea dosing.

3.1.1. Fundamental Studies on LNT–Passive SCR Combined System

A fundamental investigation of the sequential LNT/SCR system and the LNT and
SCR physical mixture was reported by Castoldi et al. [109,113]. A traditional homemade
LNT catalyst (i.e., Pt-Ba/Al2O3) was considered, while an Fe-doped zeolite (i.e., Fe/ZSM-5)
represented the SCR system; both dual bed and mechanical mixture configurations were
considered. Through FT-IR spectrospic analysis, the authors demonstrated that the NH3
formed over the LNT catalyst was an intermediate in the NO stored reduction and that it
was subsequently adsorbed over the downstream SCR catalyst. Moreover, the reported
results demonstrated that the stand-alone Pt–Ba/Al2O3 catalyst was able to store NOx and
to oxidize NO to NO2 under lean conditions (Figure 14A), initially forming nitrites (band
at 1220 cm-1) that were progressively transformed into nitrates (bands at 1545, 1416, 1328,
and 1035 cm−1), so that only nitrates were present at the end of the storage (bands 1416,
1328, and 1035 cm−1) (Figure 14C). During the rich phase, most of the formed nitrates were
readily consumed to give N2 at first and NH3 later on (Figure 14B,D).

Figure 14. Lean–rich cycle carried out at 250 ◦C over LNT Pt–Ba/Al2O3 catalyst. (A) ISC experiment,
lean phase: 1000 ppm of NO in He and O2 (3% v/v). (B) ISC experiment, rich phase: 2000 ppm of H2

in He, catalyst loading of 60 mg, and total flow rate of 100 cm3/min (at 1 atm and 0 ◦C). (C) FTIR
spectra recorded upon the admission of NO/O2 (1:4) mixture at 250 ◦C for 30 s (curve a), 1 min
(curve b), 2 min (curve c), 5 min (curve d), 10 min (curve e), 15 min (curve f), 20 min (curve g),
30 min (curve h), and 40 min (curve i). (D) FTIR spectra recorded during NOx reduction at 250 ◦C at
increasing contact times—curve a is the spectrum of the NOx stored by NO/O2 at 250 ◦C, evacuated
at 250 ◦C; curves b–h are spectra recorded upon H2 (5 mbar) interaction for 15 s (curve b), 30 s
(curve c), 1 min (curve d), 2 min (curve e), 5 min (curve f), 15 min (curve g), and 30 min (curve
h)—catalyst loading of 60 mg and total flow rate of 100 cm3/min (at 1 atm and 0 ◦C). Reprinted with
permission from ref. [109]. Copyright 2011 Elsevier.

On the other hand, when using the dual zoned configuration, remarkable amounts of
N2 and of H2O are formed in the lean phase (Figure 15A). Comparing the results with those
obtained in the case of a stand-alone LNT catalyst (Figure 14A), the authors demonstrated
that NH3 stored on the SCR layer during the previous rich phase was consumed by the
SCR reaction upon the admission of NO/O2. Notably, N2 evolution was observed with a
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delay but before the NOx breakthrough, as expected from the reaction of NH3 stored over
the SCR catalyst with NOx slipped from the upstream LNT catalyst. Then, upon the rich
phase, when H2 was fed to the reactor, remarkable amounts of N2 were formed but no NH3
evolution was detected because it was trapped over the SCR catalyst placed downstream.
Accordingly, the NOx removal efficiency was increased and the NH3 slip reduced [109].

Figure 15. ISC experiments with lean–rich cycles carried out at 250 ◦C over an LNT/SCR dual bed.
(A) Lean phase: 1000 ppm of NO in He and O2 (3% v/v). (B) Rich phase: 2000 ppm of H2 in He,
catalyst loading of 60 mg LNT and 60 mg of SCR, and total flow rate of 100 cm3/min (at 1 atm and
0 ◦C). Reprinted with permission from ref. [109]. Copyright 2011 Elsevier.

Those results have been confirmed by other authors using different catalysts for LNT
(i.e., Pt–Rh–Ba/Al2O3, [115,116]) or SCR (i.e., Cu–ZSM-5 was partially substituted with
Co/Al2O3, [117]). The results reported by De La Torre et al. [118] showed that Cu-based
catalysts are preferable to Fe-zeolites. This is due to the higher reactivity of Cu-based
zeolites, in particular Cu-chabazite, at low temperatures where NH3 is preferably formed
over upstream NSR catalysts [119,120].

Gonzalez-Velasco and coworkers pointed out that the performances of coupled LNT–
SCR systems could be optimized by operating under conditions favoring NH3 formation
to be adsorbed over the SCR catalyst [107]. Other authors from the same research group
investigated convenient operating conditions for increasing NOx removal and decreasing
NH3 production at the reactor outlet; by developing a complete 3D map, they found that
the combined LNT–SCR system achieved the best operation conditions at 200 ◦C in excess
of H2 (higher than 3%), with N2 selectivity near 93% [121].

It has been demonstrated that NH3 is the connection between LNT and SCR, how-
ever a non-NH3 pathway for NOx reduction cannot be excluded, such as other hydro-
carbons. For this reason, it is important to investigate how different reducing agents
influence the production of NH3 and the by-product formation at the outlet of the LNT
catalytic bed. Recently, this aspect was investigated by Urrutxua et al. [122] by combining
Pt−Ba(-Ce)/Al2O3 as the LNT catalyst with the Cu/BETA and Cu/SAPO-34 monoliths as
the SCR catalyst. The results showed that H2 and CO are equally efficient in NOx reduction
starting from 300 ◦C (at lower temperatures, only H2 is active), while propylene becomes
effective at temperatures near 400 ◦C. However, since NH3 is mainly produced when H2
is used as a reductant (also at low temperatures), the beneficial effects of the LNT–SCR
combined configuration are very evident in these conditions but less appreciated at higher
temperatures with CO and/or propylene.

In order to improve NO to NO2 oxidation (a key step in the storage phase of LNT
catalysts) and to reduce the cost of PGM-based catalysts, La-based perovskites have been
studied as alternatives to Pt-based LNT catalysts. In this context, González-Velasco and
co-worker [105] studied the DeNOx activity of a novel 0.5% Pd–30% La0.5Ba0.5CoO3/Al2O3
perovskite formulation in its application to the combined LNT−SCR systems, where a
4% Cu/SAPO-34 SCR catalyst was placed downstream of the perovskite-based catalyst.
The obtained results are reported in Figure 16as response surface and corresponding 2D
isocurves of NOx removal and NH3 and N2 production, respectively, for the sequential
LNT–SCR configuration in the LNT and SCR temperature domains. On the basis of
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the reported results in Figure 16, the authors demonstrated that the optimal operating
temperature for the novel LNT–SCR system was 300 ◦C in both catalytic beds, and the best
hydrogen concentration was 3%. In these conditions, the maximum N2 production was
near 92%, while NH3 slip and N2O production were nearly zero.

Figure 16. (A) (a) Response surface for NOx conversion in the NSR and SCR catalyst temperature
domains for the NSR–SCR configuration. (b) Isocurves corresponding to different levels of NOx

conversion projected to the TNSR–TSCR space. (B) (a) Response surface for N2 production in the NSR
and SCR catalyst temperature domains for the NSR–SCR configuration. (b) Isocurves corresponding
to different levels of N2 production projected to the TNSR–TSCR space. (C) (a) Response surface for
NH3 production in the NSR and SCR catalyst temperature domains for the NSR–SCR configuration.
(b) Isocurves corresponding to different levels of NH3 production projected to the TNSR–TSCR space.
Adapted with permission from ref. [105] Copyright 2021 American Chemical Society.

3.1.2. Performances of Combined LNT–Passive SCR Systems

Ford Motor Company [67,106] performed an in-depth investigation of the behavior
of the so-called second-generation LNT and SCR systems developed by Ford’s catalyst
suppliers in 2007–2008. The combined system was tested with vehicle tests, and its benefit
in the NOx reduction efficiency compared to the LNT alone was immediately evident,
with an increase of the NOx conversion from a range of 78–93% for the LNT alone to
93–97% when including the SCR layer. The observed enhancement in the NOx conversion
was explained by considering the presence of hydrocarbons (like propylene) that slipped
through the LNT catalyst and reacted with NOx over the SCR catalyst [67].

The combined LNT–SCR system seems to also overcome drawbacks due to hydrother-
mal aging and sulfur poisoning. Indeed, C. Seo et al. [123] demonstrated that, although
the NOx storage can be decreased due to hydrothermal aging (750–900 ◦C) and sulfur
poisoning, overall NOx conversion over the LNT and SCR catalyst is still 10–30% higher
than that over the single LNT system because more NH3 slips due to aging and sulfuring
poisoning can be stored onto the downstream SCR and followed by the NH3–SCR reactions
to give nitrogen. Additionally, N2O emissions are lower because most of the stored NOx is
fully reduced.

To achieve a global optimization of the LNT and SCR system, LNT and SCR structures
such as zoning versus layering should also be considered [124,125]. Indeed, two configura-
tions have been proposed, i.e., dual-layer and dual-brick. In the dual-layer system, the NH3
formed at the underlying NSR layer is stored onto the top layer of the SCR catalyst. During
the sequent lean phase, NO in the gas phase firstly reached the top SCR layer and reacted
with stored NH3, before reaching the underlying layer of NSR by mass diffusion (Figure 17).
As expected, an optimization of the catalyst loadings was necessary in this configuration;
as reported by Shakya et al. [124], for higher SCR washcoat loading, the amount of NH3
generated in the NSR catalyst was not sufficient to fully utilize the adsorption sites in the
SCR. As a result, only a fraction of the SCR closer to the NSR layer was utilized, while the
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rest acted as an inert layer that created an undesired diffusional barrier that lowered the
NOx conversion.

Figure 17. (a) Schematic of a monolithic channel coated with two layers of washcoat (SCR layer on
top of LNT; SCR layer exposed to the fluid phase), (b) expanded portion of the washcoated channel
showing the key reactions occurring within the washcoat during the lean phase, and (c) the rich
phase after the first cycle. (Note: in the first cycle, no NH3–S1 is present in the SCR layer). Reprinted
with permission from ref. [124]. Copyright 2013 Elsevier.

The dual layer configuration was also investigated by Honda R&D Co., Ltd, Japan [126–128],
confirming the already explained chemistry. As clearly shown in Figure 18, which shows
the reduction phase over the single LNT1 catalyst (i.e., Pt–Rh–BaO/Al2O3), the production
of N2 and NH3 was observed as result of stored NOx reduction; their concentration
decreased in the subsequent lean phase, where NOx adsorption occurred. On the other
hand, in the dual layer configuration where the Cu–ZSM-5 SCR monolith represents the
top layer and LNT1 represents the bottom layer (CuZ and LNT1 in Figure 18), only N2 was
observed while NH3 was stored on SCR layer during the rich phase; a new N2 evolution
was observed in the lean phase when NH3 previously adsorbed on CuZ was used to
reduce NOx.

Figure 18. Comparison of N2 and NH3 outlet concentrations from LNT1 and dual layer CuZ–LNT1
catalysts. The inlet composition of the rich phase is as follows: (R): 2.5% H2 and Ar in balance; the
inlet composition of the lean phase is as follows: (L): 500 ppm of NO, 5% O2, and Ar in balance.
Reprinted with permission from ref. [129]. Copyright 2012 Elsevier.
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Other combined configurations have also been studied; e.g., two LNT–SCR monoliths
in series [107,110,130], where Pt/Ba/Al2O3 represents the LNT catalyst and Fe-beta zeolite
is the SCR catalyst; this system provides an extremely high NOx removal efficiency, near
99.5% at 300 ◦C. Additionally, Shakya et al. [124] investigated the dual brick configuration
in the same experimental conditions of the dual layer system, and they found that the
former was much less performing than the latter, mostly because the NH3 generated in
the LNT layer was better utilized in the SCR layer. However, at higher temperatures,
the functionality of the SCR component was greatly reduced because of the higher rate
of NH3 consumption in the NSR layer that lowered the amount of NH3 reaching the
SCR catalyst: under these conditions, comparable performances were obtained for both
catalyst configurations.

Additionally, Zheng et al. [131] compared the DeNOx performances obtained over
different system configurations (dual-layer vs. dual bed) under fast-cycling conditions.
Figure 19 illustrates that the best low-temperature DeNOx performances were achieved
with the dual-layer catalyst configuration, suggesting that the close proximity of the LNT
and SCR catalysts is needed to fully exploit the SCR NOx reduction mechanism. However,
the high-temperature DeNOx performance was negatively impacted by the addition of the
SCR top-layer, probably due to diffusional limitations caused by the top-layer that limited
the reductant supply to the underlying LNT layer.

Figure 19. Cycle-averaged NOx conversions as a function of feed temperature for LNT, dual-layer
plus either (a) dual-brick or (b) zoned dual-layer catalysts under fast cycling. Reprinted with
permission from ref. [131]. Copyright 2016 Elsevier.

To overcome these problems, a more complex architecture was proposed by Liu and
co-worker [132]. The authors proposed a configuration described as “separate zoned and
dual layer catalysts”, where the Pt–Rh–BaO/Al2O3 LNT was located at the front, the
Pt–Rh–BaO–CeO2/Al2O3 LNT was located at the back of the monolith, and the SCR layer
was deposited over the length. Then, in a follow-up study, an increased complexity where
the SCR catalyst was also zoned was considered. The mechanism of NOx decomposition
by zoned-dual layer LNT–SCR catalysts above 200 ◦C is well-explained in Figure 20 [125].
The results demonstrate that when using this configuration in the 200–400 ◦C temperature
range, the NOx conversion was near 80% using 2.5% H2 as the reductant and slightly lower
when using a 1% CO and 1.5% H2 mixture.
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Figure 20. Mechanism of NOx decomposition by zoned-dual layer LNT–SCR catalysts above 200 ◦C.
Reprinted with permission from ref. [125]. Copyright 2014 Elsevier.

A promising approach to address cold-start NOx emissions is to employ a passive
NOx adsorber (PNA) material upstream of the main catalytic converter (SCR); an efficient
PNA is designed to adsorb NOx, preferably NO, during the cold-start period and then
readily release them once the SCR system becomes operational. The most promising and
investigated PNA formulation with the highest low-temperature NO storage capacity
is Pd-exchanged zeolite, most commonly Pd–SSZ-13 and Pd/CeO2. PNA should ther-
mally release NOx under continuous lean conditions at higher temperatures (200–350 ◦C),
where the catalytic converter efficiently functions. The elimination of the need for rich
purging significantly enhances fuel economy and engine durability, as well as simplifying
electronic control. In this case, the SCR is conventionally operated by active urea dosing
control [133–135].

The highest potential NOx conversion is given by combinations of two active systems,
e.g., LNT including rich regeneration and urea-based SCR. However, the LNT and active
SC-based system has shown the maximum packaging, cost, and system complexity issues.

3.2. Combined LNT–CDPF Systems for Simultaneous NOx and Soot Removal

The coupling between NOx reduction systems and PM removal devices has also been
proposed; the most common are CRT® (continuous regeneration trap) DPF systems and
diesel particulate NOx reduction (DPNR) systems. Unfortunately, the luck of the latter is
limited by sulfur poisoning. Indeed, since the formulation is identical to that of the LNT
catalyst, DPNR is deactivated by sulfur adsorption and needs regeneration, thus implying
a high fuel penalty (fuel consumption and long duration for rich injection).

A CRT system was proposed by Johnson Matthey [136,137]. This system exploits the
oxidant capacity of an upstream DOC to produce NO2 that, being a stronger oxidant than
O2, decreases the soot combustion temperature in the downstream DPF. The main steps
are: (i) the oxidation of NO to NO2 in the DOC, (ii) the oxidation of PM to CO2 by NO2
with the formation of NO, and (iii) the reoxidation of NO to NO2. However, such an NO2
slip is the main drawback of this technology [138]. Johnson Matthey further refined the
CRT system by directly coating the filter with a catalyst, thus improving the temperature
range for the filter regeneration; this new technology is called the catalyzed continuously
regenerating trap (CCRT) system.

There are other combined solutions, e.g., where LNT systems are positioned upstream
to the CDPF and where LNT is downstream to the CDPF. Schejbal et al. [139,140] studied
the arrangement that is presented in Figure 21 and formed by the DOC, CDPF, and NSRC
in series.
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Figure 21. Scheme of the train of monolithic aftertreatment devices. Reprinted with permission from
ref. [140]. Copyright 2010 Elsevier.

When the driving cycle starts, the temperatures are so low that they negatively influ-
ence the kinetics of the catalytic reactions so that the conversion of CO and HC on the DOC
is low. As soon as an increase of temperature occurs, the catalytic processes take place and
the oxidation of these species becomes effective, at least under the lean conditions. Indeed,
when the gas composition becomes rich (i.e., during the regeneration phase of the NSRC
catalyst), a large amount of carbon monoxide and/or hydrocarbon cannot be oxidized on
the DOC and are directly used as NOx reductants in the NSRC monolith.

NOx goes through the DOC and CDPF to be stored on the NSRC, resulting in an NOx
delay at the outlet and a significant apparent NOx conversion. Additionally, in this case,
the temperature plays an important role since the NOx storage capacity is relatively low at
low temperatures (lower than 250 ◦C) and gradually increases with temperature (being
maximum at 350 ◦C); the same occurs with the regeneration, the efficiency of which is poor
at low temperatures.

Above a certain temperature (>200 ◦C) the DOC efficiently converts part of NO to
NO2, which is created by the soot combustion in the CDPF. Moreover, the presence of NO2
enhances NSRC performance because these species is more efficiently stored.

The main conclusion of these studies is that it is impossible to treat each catalytic
converter one-by-one in combined systems. Indeed, the operating conditions may affect
the performance of each converter that could co-operate or work competitively with each
other. For example, the increased concentration of NO2 in the gas favoring soot oxidation
is an example of co-operation between the DOC and DPF. On the other hand, since NO2
is used by both the CDPF and NSRC, a competitive action is observed because both
converters consume NO2. Furthermore, studies have generally demonstrated that to obtain
satisfactory performance during the cold-start period, the DOC should have a relatively
small size, while downsizing of the CDPF is limited by pressure drop and regeneration
difficulties. To reach acceptable NOx adsorption and conversion, the NSRC must have a
relatively larger size.

Choi and co-workers [141] proposed a new system for the abatement of NOx and soot,
where a homemade Pt–Ba/Al2O3 LNT catalyst, eventually doped with cobalt as an additive
to improve NOx conversion, was coated onto DPF (300 cpsi and 50% porosity). This resulted
in the LNT catalyst permeating into the fine pores in the DPF, thus causing partial clogging;
this phenomenon is strictly related to the amount of the LNT catalyst (i.e., lower amounts
of catalysts lead to lower back-pressure). Considering both the NOx conversion and the
pressure drops, 80 g/L of LNT is a reasonable amount. In conclusion, the authors revealed
that the LNT (2Pt2Ba5Co)/CDPF system improved the NOx conversion performance, and
it could improve the PM oxidation rate compared to a bare DPF.

However, this configuration also shows issues to be faced in order to smoothly use the
LNT/DPF system. For example, sulfur in the engine exhaust plays a major role in gradually
eliminating NOx storage sites, thus leading to the deactivation of the LNT catalyst. LNT
poisoning is caused due to some unwanted reactivity in the form of sulfur compounds
that are present in exhaust gases [142]. Indeed, SOx reacts with storage material to form
sulphates that are more stable than nitrates. Sulfur compounds get gradually saturated
on the storage material, which leads to a loss of efficiency for NOx storage. To maintain
the DeNOx efficiency, periodic desulfation by heating at higher temperatures is required,
which is detrimental to the life of the catalyst. The temperature of the system is controlled
by gas composition, temperature, and the length of the rich pulse. Due to the desulfation
period, the fuel penalty for the catalyst operation increases; moreover, due to insufficient
catalyst operating temperature, there is a decrease in LNT efficiency [141–144]. In order
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to better understand the role of the LNT component in the sulfur poisoning process,
different LNT catalyst formulations were studied by De Abreu Goes et al. [145]. The
authors demonstrated that the addition of Pd and Mg into an LNT formulation had a
beneficial effect on the desulfation process by decreasing the temperature at which the
sulfur trapped was released (T90 < 700 ◦C) and performing efficient sulfur removal with a
low H2 consumption.

The more complex system of the LNT/DPF and SCR/DPF was proposed by
Kang et al. [146] (Figure 22). This hybrid technology exhibits an NOx conversion near
40%, as compared to the 25% of the simplest LNT–DPF system; the soot oxidation was
also higher (i.e., hybrid system > LNT/DPF > bare DPF > SCR/DPF). The reasons of such
high activity were the use of NO2 and NH3, formed in the LNT–DPF, as reductants for
SCR–DPF; moreover, the NOx conversion on SCR–DPF was increased by the occurrence of
the HC–SCR process [146].

Figure 22. Fundamental principles of emission reduction in after-treatment systems: (a) LNT/DPF
system, (b) SCR/DPF system, and (c) LNT/DPF and SCR/DPF hybrid system. Adapted with
permission from ref. [146]. Copyright 2018 Elsevier.
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Finally, to get consistently low NOx and particulate emissions across a wide range
of operating conditions, an LNT system was combined with a dual SCR one. Low-load
NOx control was achieved by the LNT in combination with a close-coupled SCRoF, while
high load conditions were covered by an underfloor SCR system fed by a second AdBlue®

injector. An advanced control strategy was implemented to ensure optimal interactions
between all emission control functionalities. This integrated LNT and active SCR approach
to optimize the contribution of each emission control component allowed the system to
maintain a high NOx conversion efficiency of above 84% during the dedicated urban
and motorway driving conditions. Each aftertreatment component (LNT, close-coupled
SCR/SCRoF, and underfloor SCR) contributed to achieving the consistently low NOx
emissions [147].

4. Conclusions

In this review, a literature analysis demonstrated that combining the functions of SCR
and/or of LNT with the DPF provides the opportunity in light-to-heavy-duty applications
for design and packaging flexibility, improved thermal management, and the reduction
of the aftertreatment system volume, mass, and cost. This integration can be achieved by
using those devices in series or by washcoating the SCR (or LNT) catalyst on and/or in the
diesel particulate filter substrate wall.

An SCR/DPF (SCRoF) system integrated over the same device enables significant
cost- and size-saving and simultaneously enhances NOx conversion due to shorter cold
start emissions. The SCR reaction and soot oxidation are competitive for NO2, and the soot
oxidation is consequently inhibited and accumulates faster in comparison to the separate
CDPF and SCR configuration. This makes the SCRoF implementation more suitable in
LDD applications where active soot regeneration is implemented. The current solutions
include the engineered coating of the SCR catalyst on the downstream region of the SCRoF
to partially decouple the SCR and soot oxidation reaction via spatial distancing and to
increase the NO2/NOx ratio above 0.5 before to the SCRoF. These are partial solutions that
only mitigate the issue of soot accumulation, and comprehensive solutions are needed. The
participation of NOx in soot oxidation is limited, and novel solutions include the addition
of a catalyst for O2-mediated soot oxidation over the SCRoF. In this case, it is important to
avoid NH3 oxidation over the added soot oxidation catalyst, which could decrease NOx
conversion and selectivity. The use of doped Ce-based catalysts for simultaneous soot
oxidation and SCR reactions appears promising. It is unlikely that a single solution for
the issue of soot accumulation can be found. Rather, a holistic approach that considers the
overall aftertreatment system is necessary. Improving the DOC and thereby the NO2/NOx
ratio, controlling the urea dosing, and controlling engine mapping for operating in low-soot
combustion regimes can lead to better SCRoF functionality. Other common challenges for
the SCR reaction include:

• The improvement of NOx conversion under 200 ◦C, with particular concern for the
management of NH4NO3 deposition and the enhancement of the urea decomposition.

• The reduction of N2O emissions, which are expected to be regulated in the future for
the automotive sector.

• The enhancement of hydrothermal stability and resistance towards poisoning by
hydrocarbons and SO2.

Recent publications have demonstrated that despite the complexity of the system, the
use of combined technologies, like LNT and SCR, has many advantages, such as greater
NOx conversion, optimized ammonia management, and improved fuel-saving due to
the lower amount of reductants required in the reaction with NOx. Furthermore, costs
can potentially be reduced by reducing the size of the precious metal-containing LNT
catalyst and eliminating the need for onboard urea storage and delivery systems for the
SCR catalyst. However, in this hybrid system, NOx conversion performance is mainly
controlled by the LNT behavior in terms of NOx adsorption capacity and NH3 formation.
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ASC Ammonia slip catalyst
C CRT Catalyzed continuous regenerating trap
CDPF Catalyzed diesel particulate filter
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DOC Diesel oxidation catalyst
DPF Diesel particulate filter
DPNR Diesel Particulate NOx Reduction
EPA Environmental Protection Agency
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HC Hydrocarbon
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