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ABSTRACT

In order to reduce emissions immediately after engine cold-start, which is a challenge for conventional three-way catalyst 
systems, an HC trap catalyst was developed that combines new HC trap materials and an HC purification catalyst for efficiently 
purifying the trapped HC. Ag-CHA and Cu-FAU were developed as zeolite HC trap materials that have pore sizes close to the 
HC molecular sizes and can adsorb HC up to higher temperatures by increasing the stability of the exchanged ions that promote 
chemisorption. It was also clarified that arranging the HC purification catalyst layer in the upper layer of the HC trap materials 
is key to effectively purifying the desorbed HC, and that adding an oxygen absorbing and releasing material consisting of 
CeO2 and ZrO2 in a 1:1 ratio to the HC purification catalyst enables purification of the desorbed HC even under stoichiometric 
conditions. A V6 engine with this HC trap catalyst in an underfloor arrangement was able to reduce HC emissions during 
engine cold-start by approximately 50% in the LA#4 mode emission test.

1. Introduction

Automotive exhaust gas regulations, which began in the 
United States in the 1960s, have been gradually tightened 
to the present, and this trend is expected to continue going 
forward. This has been addressed in gasoline engines by the 
invention and evolution of the three-way catalyst (TWC). 
However, as TWC does not manifest purification functions 
until reaching the light-off temperature (the temperature at 
which the purification rate reaches 90%), the exhaust gas is 
emitted without purification from immediately after engine 
cold-start until the TWC light-off temperature is reached. 
As it generally takes several tens of seconds for TWC to 
reach the light-off temperature, technology for purifying 
these emissions during cold-start is key for coping with ever 
tighter emission regulations.

Although lowering the TWC light-off temperature has 
been studied for many years(1)-(4), it is not easy and there 
is a limit to what TWC can do looking ahead to further 
tightening of regulations, so innovative technologies with 
different approaches will be needed. Numerous examples of 

such research have been reported, including an electrically 
heated catalyst (EHC) that promotes early light-off by using 
electric power to heat the catalyst before engine cold-start(5), 
and HC trap catalysts that adsorb (trap) the hydrocarbon 
(HC) components in exhaust gas in materials with pore 
sizes close to the HC molecular sizes such as zeolite at 
the low temperatures during engine cold-start, and then 
desorb and purify the HC after reaching the catalyst light-
off temperature(6)-(11). This HC trap catalyst (HCTC) consists 
of trap materials and an HC purification catalyst as shown 
in Fig. 1, and has a simple structure with the trap layers 
additionally coated on a TWC. This has the advantage of 
not requiring changes to the existing exhaust layout or 
installation of additional systems.

While there have been numerous reports on trap 
materials, the performance is insufficient, and further 
enhancement is needed in anticipation of tighter regulations 
going forward. The authors therefore developed an HCTC 
that can reduce HC emissions from an inline 4-cylinder 
1.5 L turbocharged direct-injection (DI) engine by 
approximately 50% in the LA#4 mode. This was achieved 
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by optimization of zeolites for the exchanged ions to 
maintain adsorption of the various sizes of HC contained 
in exhaust gas up to high temperatures(12). However, large-
displacement V6 engines have a higher exhaust flow rate 
than L4 engines, which increases the treatment amount 
per unit of time. This lowers the purification rate, and the 
slower rise in the exhaust gas temperature also lengthens 
the time until the light-off temperature is reached. As a 
result, emissions during cold-start increase and can account 
for 90% of total emissions(13)-(15). Thus, while HCTC are 
expected to provide a high reduction effect immediately 
after cold-start, performance demands on HCTC are also 
increasing, such as an increased adsorption amount and a 
higher adsorption rate per unit time due to the greater flow 
rate, making it necessary to demonstrate the reduction effect 
of HC traps under such harsh environments. Therefore, 
this study verified the influence and effect of the HCTC 
arrangement in the exhaust layout of a V6 engine.

Fig. 1   HC trap catalyst configuration

(2)	If the trapped HC are not retained until the purification 
start temperature of the co-used HC purification catalyst 
is reached, they may desorb and be emitted without 
purification, necessitating the ability to retain adsorbed 
HC until the purification start temperature or higher.

(3)	The adsorbed HC are purified by the HC purification 
catalyst, but the trap performance or purification 
performance is greatly influenced by how the HC trap 
materials and the HC purification catalyst coexist. This 
makes it necessary to maximize the adsorption and 
purification performance by optimizing the balance 
between the arrangement and amounts of both.

(4)	At the stoichiometric air-fuel ratio (A/F: stoichiometry), 
only the amount of oxygen needed for the three-way 
reaction is supplied, so there is zero oxygen after the 
TWC. This means that when the trapped HC desorbs, 
the condition with insufficient oxygen for purification 
results (A/F: rich), so some method is needed to 
supplement oxygen in order to maintain desorbed HC 
purification performance.
To address these issues, this study approached 

challenge (1) with the concept that the use of zeolites with 
pore sizes close to the HC molecular sizes is expected to 
increase the trapping probability at low temperatures and 
enhance the adsorption rate, making it important to select 
appropriate zeolite materials. An effective approach for 
challenge (2) was thought to be to enhance the adsorption 
force between the HC and the zeolite. Specifically, it was 
thought that desorption could be effectively suppressed by 
chemisorption, whereby ion species are introduced to the 
zeolite to enhance the electrostatic interactions with HC 
that have high electron densities such as those with double 
and triple C-C bonds (= aromatics and olefins). Effective 
approaches for challenges (3) and (4) were thought to be 
optimization of the HC trap material and HC purification 
catalyst layer arrangement and the catalyst coating amount 
to enhance HC purification performance, and the use of 
oxygen storage capacity (OSC) material with oxygen 
absorption and release functionality.

Fig. 2   Direction of enhancement of HC trap material
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2. HC Trap Goals

Consider the goals for increasing the emission reduction 
effect. First is to increase the adsorption amount in order 
to reduce the large emissions amount immediately after 
cold-start. Second is to purify the adsorbed HC without 
desorbing it as much as possible so as not to lessen the 
reduction effect. Third is to maintain the TWC purification 
performance other than immediately after cold-start at the 
same level as the TWC alone. Figure 2 shows the target 
purification characteristics of an HCTC that achieves 
these goals, and the following four points can be given as 
challenges.
(1)	The HC contained in exhaust gas include three types 

with different chemical bonds and structures: paraffins, 
olefins, and aromatics. In addition, each type has 
carbon numbers ranging from 1 to 9, in other words 
a distribution of sizes, which calls for the efficient 
adsorption of these diverse HC.
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Fig. 3   HC Composition in rear part of TWC
Fig. 4   Structure and pore size of each zeolite (cited 

from Database of Zeolite Structures)

3. Trap Materials

3.1. Analysis of HC Composition
First, in any approach to the trap materials, it is 

important to understand what kinds of HC are contained 
in the exhaust gas, so the exhaust gas during engine cold-
start was sampled and gas chromatography was used to 
analyze the HC composition. The detailed method is as 
follows. A sampling pipe was branched at a position 30 
mm from the rear end of the TWC of an inline 4-cylinder 
1.5 L turbocharged DI engine, a Tedlar bag was connected 
a sampling box under depressurization by a pump, and 
exhaust gas was sampled in each interval of 0-20 seconds, 
20-50 seconds, and 50-150 seconds. HC qualitative and 
quantitative analysis was performed by gas chromatography.

Figure 3(a) shows the transition in the composition 
of the HC in the exhaust gas after passing through a TWC 
relative to the time from cold-start, classified into the three 
types of paraffins, olefins, and aromatics. HC here refers to 
non-methane organic gases (NMOG), which is the current 
regulatory criterion in the U.S. state of California. Each 
value is the relative value of the concentration in each 
interval with the total NMOG concentration (ppmC) from 
0-20 seconds set to 100%. This shows that the emissions 
for the 0-20 seconds interval are three times the total for 
the 20-150 seconds interval, which is to say the first 20 
seconds accounts for over 70% of the total. Furthermore, 
Fig. 3(b) shows the emission ratios of each carbon number 
and HC species relative to the total concentration (ppmC) 
in the 0-20 seconds interval. Characteristics of a wide size 
distribution with carbon numbers ranging from 2 to 9, 

and high ratios of C2-C4 small molecule olefins, C7-C8 
aromatics, and C8 paraffins were confirmed.

Based on these results, the direction for enhancing the 
adsorption amount can be classified in terms of molecular 
size into C2-C4 small molecule HC and C7-C8 large 
molecule HC. It was decided to efficiently enhance physical 
adsorption by selecting two zeolites with pore sizes that 
match the respective molecular sizes. Next, regarding the 
direction for suppressing HC desorption, there is a high 
ratio of HC species with double bonds, namely aromatics 
and olefins, so chemisorption using the aforementioned 
exchanged ions is considered effective(6), (10). However, 
exchanged ions have a general tendency to thermally 
degrade, so it is important to consider heat resistance in the 
selection.

3.2. Selection of Trap Materials (Zeolite)
Zeolites that effectively trap the analyzed HC were 

investigated. H-type FAU, BEA, MFI, and CHA zeolites 
made by Tosoh Corporation, as well as these materials 
ion-exchanged with Ag, Cu, Cr, Co, Ni, and Mo, were 
used as HC trap materials. Figure 4 shows the structure 
and pore size of each zeolite used(16). Various zeolites are 
classified by their framework structure, and each is named 
with three uppercase letters. Adsorption performance and 
purification performance were evaluated using a model gas 
prepared by mixing the gases from various cylinders, etc. 
at the specified ratio. The model gas for evaluation was 
mixed by controlling the flow rates of the various cylinders 
and vaporized liquid HC (toluene, isooctane) to achieve 
the composition shown in Table 1, and then flowed into 
the samples as simulated exhaust gas. The gas flow rate 
was set to 25 L/min (equivalent to SV 50,000 h-1), and the 
temperature rise rate was set to 40°C/min. The purification 
rate was calculated using Eq. (1), and the inflow HC 
concentration was set to 1200 ppmC.

(b) Relative ratio of carbon number and group for 0-20 seconds
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Table 1   Gas composition of model gas for evaluation

Fig. 5   Influence paraffin carbon number on adsorption 
rate of various zeolites evaluated with 300 ppmC 
various paraffin and N2 gases

Table 2   Propylene adsorption rate on various 
ion-exchanged FAU

Fig. 6   Propylene adsorption and desorption profile of 
Ag-CHA and Ag-MFI

( )1 − × 100

Adsorption rate [%] = 

Catalyst exhaust HC concentration
Catalyst inflow HC concentration

	(1)

Figure 5 shows the adsorption rate of H-type zeolites 
with various pore sizes for paraffins of each carbon number. 
In order to confirm the relationship between the zeolite pore 
size and the adsorption rate by HC molecular size, zeolites 
with pore sizes close to the molecular sizes of small and 
large HC in the exhaust gas are used, and the pore size in 
order from the smallest is CHA < MFI < BEA < FAU. The 
samples used for measurement were prepared by making 
a slurry of each zeolite powder and coating it onto Φ25.4 
mm × 60 mm (30 cc) cordierite honeycombs which were 
then calcinated for 2 hours at 500°C. Instead of the model 
gas composition in Table 1, this evaluation used the simple 
composition of only a paraffin (one type with a carbon 
number from 3 to 8) at 300 ppmC and nitrogen and was 
conducted sequentially for carbon numbers from 3 to 8. The 
results confirmed that HC with a molecular size close to the 
pore size tend to be more easily adsorbed. Based on this, 

CHA and MFI were selected as candidate zeolites for small-
molecule HC, and BEA and FAU for large-molecule HC.

Next, exchanged ions for promoting chemisorption were 
individually selected for small- and large-molecule HC.

3.3. Selection of Exchanged Ion for Adsorption of 
Small-Molecule HC

First, in order to select the exchanged ion for small-
molecule HC, various exchanged ions were introduced to 
FAU zeolite and the measured HC adsorption amounts 
were compared using propylene, which is a small-molecule 
HC. There have been reports on adsorption with small 
HC molecules using transition metal ions(17), (18), but there 
are few studies on HC trap materials that include heat 
resistance, so this was actually confirmed. Table 2 shows 
the results, with only Cu and Ag confirmed to exhibit 
adsorption performance, with Ag in particular providing the 
highest adsorption performance, so Ag was selected as the 
exchanged ion for small-molecule HC.

The performance of Ag zeolite was then evaluated. 
The heat resistance of exchanged ions is known to 
vary depending on the combined zeolite type(7), and it 
is important to evaluate performance after aging. The 
conditions were set to a temperature (850°C) equivalent 
t o unde r f loo r a r r angemen t , w i th an a tmosphere 
alternating between flows of propylene-oxygen mixed 
gas for 80 seconds and air simulating fuel cut for 20 
seconds, while simultaneously adding water to maintain 
a constant 10 vol%. Figure 6 shows the results of 
evaluating the propylene adsorption performance before 
aging (Fresh) and after aging of Ag-CHA and Ag-MFI, 
which are actual candidate zeolites for small molecules 
with Ag introduced. As shown in Fig. 6(a), fresh Ag-
MFI exhibited higher adsorption performance than fresh 
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Ag-CHA, whereas after aging, the Ag-MFI adsorption 
funct ion disappeared but Ag-CHA maintained i ts 
adsorption function as seen in Fig. 6(b). To analyze 
these factors, changes in the Ag ion and the zeolite 
states were analyzed. Figure 7 shows the Ag ion and 
cluster ratios obtained by ultraviolet-visible absorption 
spectroscopy (UV-Vis) as a physical property after aging. 
Figure 7(a) shows that CHA has smaller variation in the 
ratios before and after aging, whereas Fig. 7(b) shows 
that Ag aggregation progressed on MFI. Previous reports 
confirmed that X-ray diffraction (XRD) also showed 
that CHA exhibited smaller variation in crystallinity 
fluctuation before and after aging(19). This suggests that 
Ag on CHA is more stable, which in turn helps stabilize 
the zeolite structure, enabling retention of adsorption 
functions.

3.4. Selection of Exchanged Ion for Adsorption of 
Large-Molecule HC

Next, focusing on materials for C5 or higher large-
molecule HC, particularly aromatics, exchanged ions 
similar to those in Section 3.3. were introduced to FAU 
zeolite and the HC adsorption amounts were compared. 
Figure 8 shows the adsorption rate measurement results, 

which reveal that Cu alone has unique adsorption 
characterist ics in the temperature range from 150 
to 300°C. Reports thus far of adsorption as HC trap 
materials only concerned adsorption observed with ions 
other than Cu in the temperature range from 50 to 150°C, 
and this specificity of Cu is noteworthy. This adsorption 
characteristic on the high-temperature side is thought 
to be effective for delaying HC desorption, so Cu was 
selected as the exchanged ion for large molecules. This 
adsorption is observed only in the presence of water 
and disappears in its absence; that is, there is known 
to be an action of Cu and water(20). Also, like Ag, Cu is 
compatible with zeolite regarding to heat resistance, so 
the HC adsorption performance before and after aging 
was compared for materials where Cu was ion-exchanged 
with the candidate zeolites for large molecules. Figure 
9 shows the results, and while both materials exhibit a 
second adsorption peak in the fresh state, only Cu-FAU 
retains it after aging. Therefore, to clarify the differences 
in the changes in the ionic state in each zeolite, the focus 
was placed on Cu degradation after aging, and the total 
amount of Cu+ and Cu2+ ions in Cu-FAU and their ratio 
to CuOx were analyzed by electron spin resonance (ESR). 
Identification of each ion was performed by making 
use of the property that the measurable ions differ in 
the presence and absence of water, and it was assumed 
that all the Cu ions in the fresh state and the entire ion 
reduction amount after aging are CuOx. As shown in 
Fig. 10(a), it was confirmed that after aging, 1/3 of 
the Cu was oxidized and 2/3 retained the ionic state. 
Furthermore, the relationship between the Cu ion ratio 
and the second adsorption rate was investigated using 
FAU with various silica-alumina ratios (SiO2/Al2O3 of 
zeolite) and Cu content, and the adsorption rate tended to 
decrease as the Cu ions decreased (and CuOx increased) 
as shown in Fig. 10(b). This is also thought to indicate 
that the ability to maintain adsorption performance after 
aging is related to the Cu ion retention state.Fig. 7   Variation of Ag ion and cluster ratio calculated 

from UV-Vis spectra before and after aging
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Fig. 11   D6R units in CHA and FAU

3.5. Factors Enhancing the Heat Resistance of 
Exchanged Ions

It was found that the aforementioned Ag-CHA and 
Cu-FAU can maintain adsorption functions even after 
aging, and the main factor for this is thought to be that 
the zeolite enhanced the stability of the exchanged ion. 
There are multiple reports on the specific stability of Cu2+ 
ions under hydrothermal aging in CHA(21), (22), and it has 
been concluded from simulation analysis that this is due 
to the more stable interaction between the D6R unit and 
Cu2+ ions in the zeolite framework. In addition, Ag has an 
electron arrangement similar to that of Cu (one electron in 
the outermost s orbital and all 10 electrons in the inner d 
orbitals filled), so the interaction with the D6R unit is also 
estimated to be similar. Figure 11 shows model drawings of 

the CHA and FAU frameworks(16), and it can be considered 
that CHA and FAU both exhibited heat resistance because 
they both have this D6R that stabilized the exchanged ion.

4. HC Trap Catalyst

The Ag-CHA and Cu-FAU selected as the HC trap 
materials were combined with an HC purification catalyst to 
make an HCTC that completes the process from adsorption 
to purification. This attempt aimed to achieve an HCTC that 
makes the most of the adsorption and purification functions.

The catalyst production method was as follows. γ-Al2O3 

made by Sasol Ltd  was used as the Pd support material, 
and ZrO2 and CeO2-ZrO2 made by DAIICHI KIGENSO 
KAGAKU KOGYO CO., LTD. were respectively used as 
the Rh support material and OSC material. Pd and Rh were 
supported on the support materials by an impregnation 
method using salt solutions of each, dried for 12 hours at 
200°C, and then calcinated for 2 hours at 500°C to obtain 
Pd/Al2O3 and Rh/ZrO2 powders. These powders were then 
made into slurries and coated in the specified amounts onto 
cordierite honeycomb similarly to the HC trap layer.

The methods of addressing the HC purification 
catalyst challenges described in Chapter 2 (3) and (4) were 
examined in detail. First, regarding the balance between 
adsorption and purification, the adsorption and purification 
performance vary widely depending on the HC trap layer 
and HC purification catalyst arrangement and amounts. 
For example, coating the HC purification catalyst on the 
upper layer side of the trap may result in either lower or 
higher trap performance. In addition, the coating amount 
increases by the amount of the trap layer compared to the 
currently used TWC, so the gas path narrows, leading to 
a higher gas flow rate (linear velocity) per unit of cross-
sectional area of the gas path. This is expected to increase 
the treatment amount, which in turn may lead to lower 
adsorption and purification performance. The key is how 
much these declines in performance can be suppressed and 
how efficiently the trap effect can be linked to enhancement 
of the reduction rate.

Next is purification during HC desorption. Here, a 
lower HC purification rate due to insufficient oxygen leads 
to an increase in emissions. Use of an OSC material with 
oxygen absorption and release functionality in the TWC to 
compensate for this oxygen deficiency was examined.

4.1. Balance between Adsorption and Purification
4.1.1. Layer arrangement of HC trap materials

First, a layer arrangement that can make advantageous 
use of the HC trap material properties was considered. 
Based on the material properties, Cu-FAU exhibits 
interaction with water, so it should be arranged in the 
upper layer where there is higher probability of contact 
with water, whereas Ag-CHA adsorption is hindered by 
water, so arrangement in the lower layer is considered 
advantageous. Also, considering the ease of diffusion of 
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Fig. 10   Change in Cu ion after aging 
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Fig. 12   Relationship between layer composition and 
adsorption of Cu-FAU and Ag-CHA and TWC

Fig. 13   Effect of zeolite-TWC arrangement on 
adsorption rate and purification rate

large HC molecules within zeolites, if Ag-CHA, which has 
a pore size smaller than the molecule size, is arranged in the 
upper layer, large HC molecules will be unable to enter the 
zeolite pores, thereby lowering the probability of contact 
with the Cu-FAU arranged in the lower layer. Therefore, 
a layout with Ag-CHA in the lower layer is expected 
to be preferable. Figure 12 shows the HC adsorption 
characteristics as an HC trap layer that combines the 
materials. Here, (a) shows the case with Cu-FAU arranged 
in the upper layer and Ag-CHA in the lower layer, and (b) 
shows the case with the opposite arrangement. As expected, 
case (a) was confirmed to have a better adsorption rate.

4.1.2. HC trap layer and HC purification catalyst layer 
arrangement

Next, the effect of the relative arrangement of the HC 
trap materials and the HC purification catalyst on adsorption 
and purification was compared. Figure 13 shows the 
adsorption and purification profiles when equal amounts of 
HC trap and HC purification catalyst are arranged vertically 
on the honeycomb. The profiles for the TWC alone and the 
HC trap layer alone are also shown for comparison.

Here, the HC purification catalyst layer is 150 g/
L. When the HC trap layer is in the upper layer, a slight 
advantage in adsorption can be confirmed, but the 
purification performance is noticeably lower than the TWC. 
On the other hand, when the HC purification catalyst is in 
the upper layer, there is a slight drop in both adsorption and 
purification, but the impact on purification is less than when 
the HC trap materials are in the upper layer. This drop in 
purification performance when the HC purification catalyst 
is in the lower layer is thought to be largely due to lower 
gas diffusivity and the delayed temperature rise because of 
an inability to receive heat directly from the gas. Therefore, 
in consideration of the total reduction rate, it is important to 
position the HC purification catalyst in the upper layer.

4.1.3. HC purification catalyst coating amount
The HC trap layer described in section 4.1.1. was set to 

200 g/L, which provides the greatest adsorption effect and 

is equivalent to the coating amount of the currently used 
TWC. Therefore, if the HC purification catalyst coating 
amount is equal to that of the TWC, the total will be twice 
the current amount. Together with the height of the zeolite, 
the gas flow path will become quite narrow, leading to an 
increase in the aforementioned linear velocity and adversely 
affecting adsorption and purification. Therefore, guidelines 
for the HC purification catalyst are needed.

Figure 14 shows the relat ionship between the 
HC purification catalyst layer coating amount and the 
adsorption rate, purification rate, and reduction rate with 
the HC trap layer coating amount constant at 200 g/L. Here, 
the adsorption rate, purification rate, and reduction rate 
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Fig. 16   Effect of oxygen concentration on desorbed 
HC purification temperature
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are expressed as relative values with the values at 150 g/
L set to 100. In addition, the total amount of PGM for each 
sample was constant at 185 g/ft3. This figure shows that the 
adsorption rate exhibits a monotonically increasing trend 
as the coating amount decreases, indicating that the coating 
amount of the HC purification catalyst layer in the upper 
layer has a large influence. Meanwhile, the purification 
rate shows an initially rising trend as the coating amount 
decreases, but then turns downward at 100 g/L or less, 
indicating a tendency to have a maximal value. Figure 
15 shows the linear velocity (calculated from the cross-
sectional area of the gas path) and the Pd particle size (by 
the CO adsorption method) relative to the coating amount. 
Here, the linear velocity is observed to decrease together 
with the coating amount, indicating that the reaction 
proceeds more readily. In contrast, the particle size of the 
Pd, which serves as the active site of the reaction, was 
confirmed to aggregate with the increase in the Pd density 
as the coating amount decreases, resulting in lower catalytic 
activation. This suggests that this characteristic has a 
maximal value due to the trade-off relationship between 
these two factors. The above results indicate that it is 
effective to arrange the HC purification catalyst in the upper 
layer and the HC trap materials in the lower layer, and to set 
the HC purification catalyst coating amount to an optimal 
value to achieve the maximum purification rate value.

4.2. Material Selection Based on OSC
Purification of the desorbed HC is described using 

the results in Fig. 16. The vertical axis represents the 
TWC light-off temperature in the model gas performance 
evaluation test, and the horizontal axis represents the 
concentration of oxygen in the model gas. Normally, at 
the stoichiometric A/F, just the precise amount of oxygen 
needed for the purification reaction of the TWC is supplied, 
providing conditions for achieving the greatest purification 
performance. The reference temperature in this figure 
is set to 285°C, which is the light-off temperature of the 
reference TWC under stoichiometric conditions. In contrast, 

the light-off temperature of the HCTC was confirmed to 
be 322°C, which is more than 30°C higher. The factor for 
this is that in the HCTC, although HC that desorbs in the 
light-off temperature range needs to be oxidized together 
with the HC contained in the exhaust gas, it is thought that 
the reaction does not readily proceed due to insufficient 
oxygen supply in actual operation. It was therefore thought 
that by adding oxygen in the model gas by the amount 
needed to purify the desorbed HC, the light-off temperature 
would return to the original level. An equivalent oxygen 
concentration was added and tested in the same manner, 
and the light-off temperature was confirmed to return to the 
same level as the reference TWC. This clearly indicates that 
the issue is insufficient oxygen, which placed the focus on 
how to supplement the oxygen needed for the desorbed HC.

Attention was thus turned to the OSC material, which 
is one of the main components used in TWC. In order to 
maintain the state in the TWC near A/F stoichiometry 
that provides the highest purification rate even in A/F 
fluctuations, the oxygen excess or deficiency at that time is 
compensated by the oxygen absorption and release function 
of the OSC material, thereby suppressing purification rate 
fluctuations(23). This function was also considered to be 
an effective means in this study, and helped to enhance 
the desorbed HC purification performance in terms of 
increasing oxygen supply with the OSC material. The 
approach was the CeO2 ratio in the OSC material. The 
OSC material mainly comprises a composite oxide of CeO2 
and ZrO2, which has two aspects: an oxygen adsorption 
and release function by the valence change of CeO2, and a 
function to enhance heat resistance by crystal stabilization 
of ZrO2. Therefore, the CeO2/ZrO2 ratio was examined 
that enables retention of heat resistance while helping to 
increase the oxygen supply during HC desorption. The 
OSC retention time was used as an indicator of the oxygen 
supply amount. The OSC retention time was evaluated by 
maintaining a flow of 0.5% oxygen (nitrogen balance) for 
5 minutes in the 600°C steady state to fill the OSC material 
with oxygen, and then switching to 1% CO (nitrogen 
balance) to establish and maintain the zero-oxygen state 
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Fig. 17   Relationship between CeO2 ratio, OSC 
retention time, and HC reduction rate

Fig. 18   Effect of HCTC study on temperature 
characteristics 

for 5 minutes. That is, the OSC retention time indicates 
how many seconds the oxygen in the OSC material can 
continue to be supplied to oxidize CO and is defined here 
as the duration until the CO purification rate drops to 50%. 
The blue plots in Fig. 17 show the results of confirming the 
relationship between the CeO2 ratio and the OSC retention 
time and reveal that the OSC retention time was longest at 
a CeO2 ratio of 50%. The reason is thought to be that when 
the CeO2 ratio is above this level, the ZrO2 ratio drops, 
promoting thermal degradation of the CeO2. Conversely, 
when below this level, the lower CeO2 ratio means that less 
oxygen can be supplied. Furthermore, a similar tendency 
was confirmed in the relationship between the CeO2 ratio 
and the HC purification rate (Fig. 17, 2nd vertical axis, 
brown plots, purification rate in the interval from 200 to 
400°C). In other words, it was indicated that increasing the 
amount of oxygen supply extends the OSC retention time 
and is effective for purification of desorbed HC.

Figure 18 compares the performance before and after 
optimizing the HC purification catalyst coating amount and 
the CeO2/ZrO2 ratio of the OSC material based on the above 
results. It was confirmed that the decline in adsorption and 
purification performance can be suppressed by setting the 
HC purification catalyst coating amount within the range 
that has both the smallest impact on adsorption and the 
lowest catalyst degradation, and by setting the CeO2 ratio in 
the OSC material to maximize the desorbed HC purification 
rate.

5. Emission Reduction Effects in a V6 Engine

Figure 19 shows the HC trap system of a V6 engine 
based on the results of the above HC trap material and 
HCTC examinations. One TWC is placed close-coupled to 
the exhaust outlets of the three cylinders on each side, so 
there are no changes in the close-coupled layout, and the 
TWC installed underfloor in a conventional V6 engine is 
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replaced with the HCTC. The following purification scheme 
was devised based on this arrangement. In the 0-20 second 
interval, the exhaust gas passes through the unlit close-
coupled TWCs but is adsorbed by the underfloor HCTC. In 
the 20-50 second interval, the close-coupled TWCs light-
off, but the HC trap layer in the HCTC continues to retain 
the initially adsorbed HC. Then, in the 50-150 second 
interval, the gas flowing in from the engine is purified 
by the mostly activated TWC. Meanwhile, the adsorbed 
HC begins to desorb from the HC trap layer, but the HC 
purification catalyst layer of the HCTC is also activated, 
enabling purification of the desorbed HC.

5.1. Emission Test
The arrangement characteristics and the reduction 

effects in the final form were verified with an actual 
engine. The engine was a V6 3.5 L DI engine with LEV III 
certification gasoline used as the fuel. An identical TWC 
(PGM 140 g/ft3, aging equivalent to close-coupled (with 
only the temperature changed to 950°C in the previously 
described aging conditions), honeycomb cell density 600 
cell/inch2, cell wall thickness 3.5 mil, and capacity 0.85 L 
was installed close-coupled to each bank. A TWC (PGM 
185 g/ft3, aging equivalent to underfloor arrangement, 
honeycomb cell density 400 cell/inch2, cell wall thickness 
3.5 mil, and capacity 1.0 L) was arranged underfloor as a 
reference, and evaluation was performed by replacement 
with the HCTC. The exhaust gas test was conducted in the 
LA#4 (cold-start) mode, and the HC used NMOG.

5.2. Characteristics of HC Trap Material and HC 
Purification Catalyst Arrangement

First, the effects of the optimal arrangement and 
volumes of the HC purification catalyst and the HC 
trap materials, which are the HCTC components, were 
compared in an actual engine. Figure 20 shows the 
comparison results (the HC purification catalyst is noted as 
CAT). Here, the vertical axis represents the reduction rate 
based on the emission values from 0 to 300 seconds with 
a TWC as the underfloor unit. Note that all arrangements 

used the same HC purification catalyst layer and HC trap 
layer coating amounts. First, at a volume of 1.0 L and an 
arrangement with the HC trap layer in the lower layer and 
the HC purification catalyst layer in the upper layer, a 36% 
reduction in emissions was observed compared to the TWC 
alone. Furthermore, arrangements with the HC purification 
catalyst on the front side and the HC trap materials on 
the rear side (1.0 L volume each) and vice versa were 
examined with the objective of lowering the impact of each 
coat on gas diffusion, and showed reductions of 39% and 
44%, respectively. In particular, the latter showed an 8% 
reduction compared to the vertical arrangement, suggesting 
that a front and rear arrangement can effectively lessen 
the impact on diffusion. Furthermore, the arrangement 
with the HC purification catalyst and HC trap materials 
arranged vertically on a 2.0 L honeycomb provided the 
highest reduction effect of 48%. This is considered to be 
the contribution of the effect to lower the linear velocity 
because the larger volume resulted in thinner coats, and the 
effect that the greater length in the gas flow direction had 
on easing the adsorption and purification conditions.

5.3. Demonstration of HC Trap System Effects
An actual engine was used to verify the purification 

scheme of an exhaust system with an underfloor 2.0 L 
HCTC, which provided the best purification performance 
based on the above examinations of trap materials, trap 
catalysts, and arrangement. As a result, Fig. 21 shows that 
total NMOG emissions were reduced by 48% compared to 
the emissions using only TWC, and the profile over time in 
Fig. 22 exhibits a large early reduction effect as intended. 
As it was previously reported(12) that adding an underfloor 
HCTC to a close-coupled 2-bed TWC arrangement in a 1.5 
L turbocharged engine achieved reduction effects of 51%, 
the reduction effects of an underfloor HCTC arrangement 
have now been demonstrated in multiple engines.

These results showed that an emission reduction rate 
of around 50% could be achieved during the period from 
0 to 300 seconds in either engine, and demonstrated the 
effectiveness of the HC trap concept in this study from 
materials to system.

Fig. 20   Relative reduction rate of various arrangement 
and volume HCTC with V6 engine
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6. Conclusion

Research on an HC trap system with high reduction 
effects revealed the following.
(1)	Increased stability of the exchanged ions that promote 

chemisorption is key to adsorbing HC up to high 
temperatures. Use of CHA zeolite with Ag ions 
introduced for the small-molecule HC trap and FAU 
zeolite with Cu ions introduced for the large-molecule 
HC trap enables increasing the adsorption and retention 
temperature to around 200°C.

(2)	Use of OSC material consisting of CeO2 and ZrO2 in a 1:1 
ratio enables purification of the desorbed HC even under 
TWC stoichiometric conditions.

(3)	The greatest HC purification performance can be 
achieved by positioning a TWC catalyst containing 
OSC material in the uppermost layer as a catalyst for 
purification of trapped HC, Cu-FAU in the middle layer, 
and Ag-CHA in the lowermost layer.

(4)	An underfloor HCTC arrangement is highly effective 
not only in an L4 engine but also in a V6 engine, and 
reduced NMOG by 48% in the LA#4 mode test.
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