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BABSTRACTIl Engine exhaust-gas recirculation (EGR) reforming was experimentally investigated
with a 2.4 L spark ignition internal combustion engine to improve the fuel efficiency of ethanol-blended
gasoline-based engines. Using pure ethanol improved the fuel efficiency and allowed engine EGR
reforming to be carried out at lower temperatures compared with gasoline. Using E85 (a mixture of 85%
ethanol and 15% gasoline), the hydrogen concentration in the reforming gas increased with the use of
an optimized catalyst. Performance degradation and recovery by steam reforming activation were also
examined using test pieces of Rh catalysts. Hydrogen generation was maintained despite the presence of
sulfur when oxygen, which was found to remove the carbon from the catalyst, was supplied during the
recovery procedure. Therefore, the cause of the performance degradation was found to be not sulfur but
carbon. The oxygen concentration and temperature were confirmed to decrease during recovery with the
use of an improved catalyst carrier (CZA: ceria-zirconia-alumina). When a Rh/CZA catalyst was employed,
even if the hydrogen concentration fell due to the use of gasoline, the hydrogen producing performance
could be recovered through the use of E85. We were able to confirm 70 hours of use without degradation of
the hydrogen producing performance.

BKEYWORDSI| Heat Engine, Fuel/alternative, Fuel Reforming, Steam Reforming, Ethanol, E85, EGR,

Reforming Catalyst, Energy Recovery

1. Introduction

Ethanol, the paradigmatic example of a biofuel,
is used both as a replacement for and as an additive
to gasoline, and a variety of initiatives have sought
to produce ethanol in Japan.'? As is widely known,
ethanol is used as a replacement fuel in Brazil, while the
high-ethanol-content blended gasoline known as E85
(a mixture of 85% ethanol and 15% gasoline; in what
follows, we will use the notation EX to denote blends
consisting of X% ethanol and the remainder gasoline)
is used in North America, Thailand, and Sweden. In
addition, an increasing number of overseas nations
recommend E20. In Japan, the low-ethanol-content
blended gasoline E3 is used, and E10-compatible
vehicles are becoming increasingly more common.

In this report, we discuss two items: (a) experiments
and practical tests involving prototype gasoline engines
designed to improve fuel economy by ethanol-blended
gasoline steam reforming, and (b) an analysis of the
factors responsible for the degradation and recovery
of reforming catalysts — which play an important role

in steam-reforming performance — and a new recovery
method that we propose based on this analysis.

Although the blend ratio of fuels available in the
marketplace is typically determined by the volume
ratio, in this report, we instead used the mass ratio. The
reasons for this are: (1) the specific masses of gasoline
and ethanol are similar and exhibit little variation as
the blend of the two ingredients varies, and (2) using
the mass ratio allows for accurate measurements even
for small quantities.

Gasoline steam reforming engines have been a focus
of research and development efforts as candidate
technologies offering improved thermal efficiency via
two mechanisms: (1) enhanced fuel economy from
the hydrogen produced by hydrocarbon fuels, and (2)
recycling of waste heat due to the fuel-steam-reforming
reaction, which is a endothermic reaction that takes
place at the time of hydrogen production.® However,
practical applications of this technology to internal
combustion engines are said to be out of reach due to
a host of technical difficulties, including (a) the fact
that the temperature of the exhaust gas must exceed
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600°C when using gasoline, and (b) the catalytic
corrosion due to sulfur present in gasoline, which
causes the activity to decline in a short period of time;
recovery requires both lengthy time intervals and
exposure to a high-temperature environment, leading
to thermal degradation.® Research and development
efforts to use ethanol reforming as a hydrogen source
for fuel cells employ partial-oxidation reforming
methods based on internal heat generation, i.e., the
autothermal reforming process;®” these emphasize
start-up performance instead of waste-heat recovery
and would be difficult to apply to fuel-economy
improvements in internal combustion engines.

In a previous study,” we conducted test-piece
experiments based on exhaust-gas recirculation (EGR)
in internal combustion engines fueled by ethanol.
We demonstrated that fuel-steam reforming using
the steam in EGR allows the reforming reactions
to proceed out of equilibrium at relatively low
temperatures, increasing the quantity of hydrogen
produced and yielding significant gain in the reforming
process. In this paper, we refer to this as the rate of
increase of lower heating value. This result indicates
that hydrogen offers improved combustion compared
to conventional approaches, allowing the quantity of
EGR introduced to be increased, and is highly likely to
yield improved fuel economy due to reduced pumping
loss under partial loading.

In addition, we have previously studied the activity
of Rh catalysts for hydrocarbon steam reforming and
how it is affected by the use of (a) iso-octane and (b)
gasoline containing a sulfur concentration on the order
of 6 ppm.” The results indicated that when sulfur is
present in the fuel, the activity began to decrease within
10 hours, even at a high temperature of 750°C. In
contrast, for iso-octane, which does not contain sulfur,
there was essentially no observable decline in activity
even at 600°C.® At that time, we concluded that sulfur
contributes significantly to degradation. In this study,
we create a honeycomb structure for the reforming
catalytic medium used for test pieces. We divide the
catalytic medium into three sectors, from upstream
to downstream, and for each sector, we analyze the
factors contributing to decreased activity, focusing in
particular on the quantities of sulfur and carbon, which
would be expected to increase as activity decreases. We
also study methods for recovering catalytic activity.
Finally, we address the question of degradation and
recovery when gasoline is used.

2. EGR Reforming in an Inline Engine

In this section, we report experiments and practical
tests of ethanol-blended gasoline steam reforming to
improve the fuel economy of a 2.4 L inline engine.
Because the process of fuel steam reforming is
an endothermic reaction for both the fuel and the steam,
it requires a source of heat. In this study, we used the
steam in EGR as a steam source and realized the heat
source via thermal exchange with the exhaust gas.

Figure 1 shows a schematic diagram of the system.
Fuel for reforming is injected into EGR extracted from
the front of the ternary catalyst to yield the base gas for
reforming. The exhaust gas is mixed with a crossflow
of this base gas in a heat-exchange reformer to induce
heat exchange. The exhaust gas cools due to the heat
exchange and is emitted as exhaust. The base gas,
which is reformed by the reforming catalyst, becomes
a hydrogen-containing reformed gas and passes
through the EGR valve to blend with the absorbed
air. For the reforming catalyst in this step, we initially
used an Rh catalyst with a CaZrO, carrier, as discussed
below.

2.1 Comparing the EGR Steam-reforming
Properties of Ethanol and Gasoline

Figure 2 compares the temperature characteristics
for the cases in which ethanol and gasoline are used as
the reforming fuel. To ensure that only the temperature
characteristics of the reforming process for different
fuels were being compared, we used ethanol as the
primary fuel in both cases, varying only the fuel used
for reforming. In this figure, the horizontal axis is the

Engine : 2.4 L SI engine
Fuel : E100
Reformer: 0.4 L, Rh/CaZrO,

EGR cooler EGR valve

~ .
Reformer Fuel injector

Exhaust

Fig. 1 EGR fuel steam reforming system on spark ignition
internal combustion engine with reformer.
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engine exhaust temperature, and the quantity of fuel
used for reforming is fixed. The exhaust temperature
was adjusted by varying the engine speed (rpm) and
the brake mean effective pressure (measured in MPa;
denoted by Pme in Fig. 2 and subsequent figures) as
parameters.

We see that changing the reforming fuel from gasoline
to ethanol allows a reduction of more than 150°C in
the exhaust-gas temperature required to achieve the
same hydrogen concentration. Considering the regime
of temperatures below 600°C, we see that the quantity
of hydrogen produced with ethanol is roughly 3 times
greater than that produced with hydrogen at 400°C,
and more than 2 times greater at 500°C.

2.2 The Effect of EGR Reforming on Improved
Fuel Economy

Figure 3 shows the dependence of EGR reforming
properties on the amount of fuel injected. Here,
ethanol was used as both the primary injection fuel
and the reforming fuel. Tests were conducted at EGR
ratios (denoted EGR in the figure) of 20% and 28%.
The horizontal axis shows the ratio of reforming
fuel to total supply fuel (the sum of the quantities of
primary injection and reforming fuel), allowing the
determination of the optimal allocation of fuel to the
reforming process.

The temperature distribution of the catalytic bed
— both near the inlet and near the center — does not
change as the EGR ratio is varied. This indicates
that variations in the EGR ratio do not change the
temperature at which the endothermic reaction
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Fig.2 Hydrogen generation properties of EGR fuel
steam reforming system on spark ignition internal
combustion engine.

due to the reforming process is in balance with the
supply heat supplied by the exhaust gas. When the
ratio of reforming fuel increases, the volume of the
endothermic reaction increases, reducing the internal
temperature of the reformer and increasing the
production of hydrogen. As the quantity of reforming
fuel increases, the temperature decreases despite the
heat supplied by the exhaust gas. This causes a drop in
catalytic activity, retarding the reforming reaction and
reducing the quantity of hydrogen production. Thus,
there exists an optimal ratio of fuel to be allocated to
the reforming process to yield maximal improvement
in fuel economy. In this case, the optimal allocation
ratio is approximately 25%.

Figure 4 shows the effect of the EGR ratio on
fuel economy. To minimize losses associated with
pumping, it is desirable to choose high EGR ratios;
however, under ordinary conditions, increasing the
EGR ratio reduces the flame propagation speed and
creates combustion instabilities. Therefore, there exists
an optimal EGR ratio that maximizes fuel economy.
However, if EGR reforming yields large quantities of
hydrogen in EGR gas, then increasing the EGR ratio
may allow this threshold to be exceeded, yielding
stable combustion and improving fuel economy.
From Fig. 4, we see that in the absence of reforming,
fuel economy is optimized at an EGR ratio of 21%,
whereas the use of reforming increases this ratio to as

EGR (%)
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O 28
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Temperature (°C)

H, generation (L/min)
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Relative fuel consumption (=)

Injection amount of reforming fuel / All fuel injection (%)

Fig. 3  Effect of injection amount of reforming fuel on fuel
consumption and hydrogen generation properties.
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high as 28%. We attribute this to the effect of hydrogen
in improving the flame propagation speed. The use of
reforming allows a dramatic increase in the EGR ratio,
resulting in a 4.6% improvement in fuel economy.
The increased rate of heat production due to the
recycling of waste heat presumably also contributes
to the improved fuel economy, but we were not able
to establish a clear separation between the effects of
these two mechanisms.

2.3 Hydrogen-production Performance in EGR
Reforming Using E85 Fuel

Figure 5 compares the hydrogen concentration of
reforming gas in engine EGR reforming with E85,
a high-ethanol-concentration blended gasoline, used
as both the primary injection fuel and the reforming
fuel.

The figure shows the hydrogen concentration for
two reforming catalysts: the catalyst we have used
thus far in this paper (with CaZrO, carriers) and
a reforming catalyst to be discussed below (with

0
‘C’ ! Ethanol + EGR steam reforming @
S 2800 rpm — Pme 0.6 MPa, /
a [ 8 4
g- ~ < _Base ’
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S Injection amount of
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Fig. 4 Effect of EGR ratio on fuel consumption.

Fuel: E85, 3000 rpm — 120 Nm
GCZA carrier

20

CaZrO, carrier
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H, in reforming gas (Vol.%)
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Fig. 5 Effect of catalyst carriers on EGR steam
reforming system for E85 fuel mixed with
gasoline (S = 34 ppm).

CZA carriers). Although we have focused thus far
on ethanol, in this case we attempted EGR reforming
using the high-ethanol-concentration gasoline blend
ES85 to investigate whether or not our findings could
be extended to a broader range of applications.
Because the temperature of the exhaust gas was
approximately 500°C, we feared that the catalytic
activity would decline after 1-2 hours of use in the
reforming process due to sulfur contamination,
as discussed above. However, in neither case did
we observe a significant decrease in activity. We
observed adequate hydrogen-producing performance
both for Rh catalysts with CaZrO, as carriers and
Rh catalysts with CZA as carriers, indicating that, as
discussed below, the reforming catalysts that yield
high performance in test pieces also exhibit high
performance in engine EGR reforming. However, the
absolute magnitudes of the hydrogen concentrations
differ for test pieces and for engine experiments.
We suspect that the factors responsible for this
phenomenon include (a) the removal of carbon
deposits near the catalyst inlet due to trace quantities
of oxygen in engine exhaust (the same phenomenon
as the recovery process discussed below) and (b) the
temperature distribution in the regions experiencing
the reform reaction; however, we have not investigated
this point in detail and leave it as a topic for future
study.

Using CZA as a carrier for catalysts yielded
an increase of 15% in the hydrogen concentration
relative to the use of CaZrO, as a carrier. This finding
suggests that the use of CZA as a carrier may promise
further improvements in fuel economy. We will discuss
in detail the factors responsible for our finding that the
use of E85 did not result in a significant decrease in
catalytic activity in the subsequent sections.

3. Selection of Steam-reforming Catalysts and
Their Degradation/recovery

3.1 Selection of Reforming Catalysts

We began by conducting a survey of types of catalyst
by using various types of pellet catalyst in fixed-bed
flow reaction tube experiments with ethanol as a fuel.
Table 1 shows the results of this survey. The leftmost
column in this table is the reforming catalyst, while
the column to its right indicates the base substance or
its features and preparer. The experimental conditions
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were configured as follows: reactor temperature of
400°C, S/C (steam/carbon mole ratio) = 1, N, dilution,
and space velocity of 60000-80000/h for the gas as
a whole.

To organize our results, we introduce a number of

quantities defined by the following equations.

Decomposition = (}_ [Concentration of all C-containing
output gas, excluding ethanol, normalized to C = 1]
x molar flow volume of output gas) / (molar flow

volume of added ethanol x 2) x 100 (%)

(M

Rate of increased heating value (R/Et) = (3 [heating
value for each component of the output gas]
— heating value for added ethanol) / (heating value

for added ethanol) x 100 (%)

)

Heating value rate for each gas (H,/Et, CO/Et, CH,/Et)
= heating value for each component of the output gas /

heating value for added ethanol x 100 (%)

)

Here, “output gas” refers to dry gas, while “heating
value” means the lower heating value.

Gas compositions were measured via gas
chromatography (using a thermal-conductivity detector).
Each measurement required approximately 30 minutes,
during which time we also estimated the decrease in
activity due to factors such as carbon deposits from
observed variations in the flow volume of reforming gas.

With Rh used as the metal catalyst, high values
for both the decomposition and the rate of increased
heating value were observed for ceria-based and
zirconia-based catalysts. In particular, the ceria
(CA; Ce0O,-ALO,)® catalyst yielded large values
for both the rate of increased heating value and the
decomposition. For the ceria-carried catalyst, the
quantity of Rh supported changed to 1 wt% and
3 wt% (mass fraction relative to carriers). Using
a larger quantity of Rh yields higher values for the
decomposition but does not improve the rate of
increased heating value. The reason for this is that, as

Table 1 Results of activation for various catalysts at furnace temperature = 400°C:
[R] means R/Et and [D] means decomposition.

) o Increase of heating value [R]
Catalyst /Mh;tirlal or Characteristics | an4 decomp. [D/10] (%) Remark
aker
(I) 5 10
CaZzrO,: Basic carrier R_ i )
Rh (3 wth) /Daiichi Kigenso Kagaku Co. 1 i tht_le
/CaZrO, Cat. /Toyota CRDL., Inc. ' ' coking
CeO,: Basic carrier _ ‘ .
9 2
Rh (1 wt’) /Daiichi Kigenso Kagaku Co. R i i t:&::g
/Ce0, Cat. /Toyota CRDL., Inc.  |Dl—_]
1 1
CeO,: Basic carrier _ ' )
Rh (3 wt’) /Daiichi Kigenso Kagaku Co. R ' L|tt!e
/Ce0, Cat. /Toyota CRDL., Inc. D ! ' coking
a —Al,Oy4: Basic carrier R i i
Rh (3 wtk) /Showa Electric Co. - i . No coking
/2 =AI,04 Cat. /Toyota CRDL., Inc. D :l H '
1
Rh (3 wt%) Modified ceria R— i No cokin
/Ce0,~-Al,0, | /Toyota CRDL,, Inc. D ! | ‘ €
+ 1
Ni (10 wt%) | Methane steam reforming  [R E Carbon deposition E Coking .
/A1, 0, /Toyota CRDL., Inc. D|! over 350°C ! over 350°C
" i
Cu (15 wt%) |Methanol steam reforming R— E Sintering
/Zn0O /Stid-chemie Catalysts D i ' over 350°C
1 1
Pd (0.5 wt%) | Olefin hydrogenation T Sobmmmen 7=="1| Coking
/Al,0,4 /Suid-chemie Catalysts Df- [\l?_?(zt_l\ﬁtlcin_ at flE)(_)_Cr --_| at 650°C
1 1
Ru (2 wt%) | Steam reforming Rjp------ Sobe-moooo- -y )
/Al,O4 /Siid-chemie Catalysts D|_ [\l_o_a_cztl\ﬁtlcin_ ?E f‘?(_)_cl_ o No coking
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the activation point increases, the decomposition of
the raw materials proceeds, but the fraction of methane
produced is greater than the fractions of hydrogen or
CO produced. Thus, for Rh catalysts, it is important to
optimize the quantity of Rh supported.

Nickel catalysts, which are suitable for methane
steam reforming, have the property that upon entering
the temperature regime in which they begin to
exhibit activity, the sedimentation of carbon deposits
simultaneously becomes severe under the condition of
S/C = 1, clogging the reaction tube within minutes.
Copper catalysts, which are suitable for methanol
steam reforming, exhibit high hydrogen-producing
performance and high decomposition, but above
350°C they exhibit a decrease in activity within a few
hours, which is believed to be caused by sintering.
For commercially available Pd and Ru catalysts, we
observed no activity at 400°C. For Pd catalysts, in the
range 600-650°C ethanol decomposed into ethylene
and steam, at which point the sedimentation of carbon
deposits again became severe.

Next, we fixed the catalyst at Rh and investigated the
effect of varying the carrier. Figure 6 shows the heat
evolved by gas produced with a fixed volume of Rh
with alumina-based, ceria-based, and zirconia-based
carriers. The primary component of others is
non-reactive ethanol; when this substance is scarce,
values of the decomposition are high.

Substances with little acid-point volume are said to
be well-suited for use as steam-reforming catalysts.

H,/Et

O CO/Et
CH,/Et
M Others/Et

[MgALLO,
Al,0,4 @-Al,0,

| 7 -ALO,
[Ce0,-AlLO,
Ce0, Ce0,-Zr0,
| CeO,
[CazrO,

ZrOy4

Zr0,

0 50 100

Heating value of reforming gas
against input ethanol (%)

Carrier Carrier
group material

Fig. 6 Comparison of heating values of reforming gas
for various catalyst carriers at 400°C, S/C =1, N,
dilution and Rh = 3 wt% against carrier weight.

Alumina is generally a carrier with much acid-point
volume, whereupon it yielded little increase in the
quantity of heat produced. Ceria-based -carriers
overall exhibited large increases in the heating value.
CA carriers give rise to large volumes of hydrogen
production, large volumes of methane production,
and high values of the decomposition. We attribute
this to the low acid-point volume of CeO,, promoting
conversion to methane via interactions between
ceria and alumina. The production of methane from
hydrogen and CO is a heat-producing reaction, which
serves to mitigate the temperature decrease compared
to cases involving only endothermic reactions and
allows the ethanol decomposition reaction to proceed.
Zirconia-based systems also have low acid-point
volume, and for these carriers also we observed large
increases in heating value, essentially equivalent to
that of the ceria carriers.

Based on these results of our evaluation of activity
rates, we conclude that ceria-based carriers are
optimal for the goal of increasing heating value, with
zirconia-based carriers a close second, while catalysts
with CA carriers are optimal from the goal of increasing
decomposition values.

For CZA (CeO,-ZrO,-Al,0;) carriers,'“'Y which
we found could offer even larger improvement in
the rate of increased heating value than ceria carriers
(CA: Ce0,-Al,0,), Figure 7 shows the temperature
dependence of the heat generated by the gas produced
using a reforming catalyst in which the volume of Rh

H,/Et

Ll CO/Et
CH,/Et

W Others/Et

120

100

Heating value of reforming gas
against input ethanol (%)
(&)
o

300 350 400 450 500 550 600 650

Furnace temperature (°C)

Fig.7 Change of heating values of reforming gas with
CZA catalyst carriers at 400°C, S/C = 1, N, dilution
and Rh = 2 wt% against carrier weight.
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supported was optimized. Note that CZA is a carrier
consisting of CA with some of the ceria replaced by
zirconia. The space velocity is approximately 70000/h
for the entire gas. There is an increased rate of heating
value for exhaust gas temperatures in the range of
300-650°C, corresponding to the temperature of the
exhaust gas from the gasoline engine of an automobile
during ordinary motion. This suggests that benefits
may be readily obtained by applications to automotive
engines.

3.2 Degradation and Recovery of Reforming
Catalysts

Practical uses of catalytic bodies frequently involve
honeycomb structures instead of palettes. In this
section, we discuss test pieces prepared by coating
cylindrical cordierite honeycomb structures with
reforming catalyst.

3.2.1 Experimental Apparatus for Degradation
and Recovery Tests

Figure 8 shows a schematic diagram of our
experimental apparatus. Its specifications are listed
below.

* Carrier gas: N,-balanced CO, (13%) blended gas

* Vaporizer/ mixer: An stainless tube of outer radius
12 mm and inner radius 10 mm is filled with brass
beads of radius 3 mm with a static mixer internally
installed.

* Electrical heater: Used to heat various units

* Gas flow meter: Wet gas meter (Shinagawa W-NK-1)
* Gas chromatograph: Shimadzu GC-8A with thermal
conductivity detector (TCD)

Quartz tube
(O.D. 12 x $10 x L460)

[ e,

* Apparatus for analyzing carbon and sulfur: Horiba
EMIA920V

» High-temperature analyzer: Okura Riken TP5000
temperature programmed desorption (TPD)

* Locations of measurements: (A) center of catalytic
bed, (B) outer walls of catalyst, (C) catalyst entry gas.
Thermocouples are installed at each position.

3. 2.2 Evaluation Procedure

Our experimental conditions are listed in Table 2.
Our fuel is E85; we used two types of gasoline (with
original sulfur concentrations of 34 ppm and
3 ppm) to yield two types of E85 blends (with sulfur
concentrations of 5.0 ppm and 0.5 ppm, respectively).
We now discuss our evaluation procedure.

With carrier gas flowing, we heated the furnace
to 300°C, after which we began to add water. After
the temperatures of the various units had stabilized,
we began to supply fuel to initiate the reforming
process. To analyze the reformed gas, we performed
gas chromatography a total of 3 times, at intervals of
2 minutes, 9 minutes, and 16 minutes after the start of
fuel supply. In view of limitations on the time available
to analyze the reformed gas, we set the duration of
the reforming process to 20 minutes 40 seconds.
Then, we terminated the supply of fuel, waited for
the temperature of the heated units to stabilize at the
recovery temperature, initiated the recovery process,
and terminated it after 15 minutes.

Counting the full process from the initial supply
of fuel for reforming to the end of recovery as one
reforming-recovery cycle, we repeated the process
with similar analytical timing. To analyze the state of
the catalysts, we ground the test pieces into powders

Catalyst test piece
(0.D. $9.8 x L15)
(B)
(A)

Fuel ©)
Carrier gas .+—>Vaporizer.» Mixer Electrical heater
(N, +CO,) (300°C) (300°C) (max 850°C)
Water +
l Gas
GC/TCD flow meter
Exhaust

Liquid condenser

Fig. 8 Schematic diagram of experimental apparatus.
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and performed carbon and sulfur analyses, as well as
temperature programed desorption analysis, for each
unit. Repeating the cycle described above yielded the
temporal variation in hydrogen concentration shown
in Fig. 9.

3. 2.3 Experimental Results

Defining the fuel addition time (measured in units of
minutes) as the fraction of the full reforming-recovery
cycle occupied by the reforming process, we focused
on variations in hydrogen concentration, i.e.,
hydrogen-production performance, to characterize the
influence of the various parameters.

3.2.3.1 The Effect of Sulfur Concentration

Figure 10 shows results for fuel sulfur concentrations
of 5.0 and 0.5 ppm. The table in the figure shows the
quantity of sulfur that flowed in to the catalyst. Taking
the volume of sulfur that flowed in 420 minutes after
the start of fuel addition at a sulfur concentration of
5.0 ppm to be 1 (this quantity is denoted by (a) in the
figure and below), the volume after 930 minutes at
a sulfur concentration of 5.0 ppm was 2.2 (denoted (b)
below), while at a sulfur concentration of 0.5 ppm the
volumes after 420 and 1820 minutes were respectively
0.1 (denoted (c) below) and 0.4 (denoted (d) below).
Comparing (a) and (c), we see that, despite the ten-fold

Table 2  Experimental conditions for CaZrO, carrier.

Catalyst Rh (4.8 g/L) / ZrO,-CaO (240 g/L)
Support 3 mil / 600 cpsi cordierite honeycomb
Volume 0.716 mL

ES85 (Sulfur 5.0 or 0.5 ppm)
Fuel (Ethanol 85 wt% + Gasoline 15 wt%)
(The amount of sulfur in gasoline is

mixed 3 or 34 ppm)

S/C
(Steam/Carbon mol ratio) 0.5,1.0
GHSV 80000 h!
Reforming temperature 600°C

Recovery temperature

550, 650, 750°C

O, concentration
(Recovery)

0,1.0%

Cycle 1 = Repetition evaluation

'S
Reforming (20 min 4(.)4560) | _|Recovery (15 min)

P V‘

2 min later

9 min later f

16 min later

H, concentration

Time

Fig. 9 Timing of gas sampling.

25

Amount of sulfur
Initial degradation (a) 1.0

20 TE—p ® | 22 |
() 0.1
(d) 0.4 ]

154

10

o Syitur
. m
R B | A 0-5.Bgm.
0 400 800 1200 1600 2000

H, concentration (Vol.%)

Reforming time (min)

Fig. 10 Effect of sulfur concentration in fuel (reforming
temp. 600°C, recovery temp. 650°C, S/C = 1.0).
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difference in sulfur concentration, the two cases
exhibit similar hydrogen-producing performance up to
400 minutes after the start of fuel addition. We consider
this interval to constitute an inferior initialization stage
that is independent of the quantity of sulfur flowed in.
Thereafter, under the sulfur-rich conditions of (b), we
find a sharp drop in hydrogen concentration, while
under the sulfur-poor conditions of (d), we see a gentle
decrease in hydrogen performance but a preservation
of hydrogen-production performance.

Figure 11 shows the results of carbon and sulfur
analyses after reforming at points (a), (b), (c), and
(d) in Fig. 10. Both the carbon content and the sulfur
content decrease from the front (A\) to the center (O)
to the rear ([J) of the catalytic site, i.e., from upstream
to downstream. The amount of sedimentation of
both carbon and sulfur increases over time and at the
catalytic site, a large amount of sedimentation occurs

NORVAN

Avg. = (Front + Center + Rear)/3

Gas flow —eqp pieces

Sulfur 5.0 ppm Sulfur 0.5 ppm
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Fig. 11 Analysis result of carbon and sulfur of test pieces
(reforming temp. 600°C, recovery temp. 650°C,
S/C=1.0).

upstream (/) at the beginning, and sedimentation
occurs downstream (O, []) thereafter. At point (b),
where the hydrogen concentration approaches 0, the
average carbon and sulfur content are respectively
2 wt% and 0.025 wt%, while at point (a) we have
indications of a trend toward saturation for both carbon
and sulfur. At point (c), both carbon and sulfur are
scarce. Although the carbon content is 2.5 wt% prior
to point (d), at intermediate and later stages, carbon is
present in smaller quantities. Thus, because catalytic
activity is present at both intermediate and later stages,
the hydrogen-production performance was maintained
for as long as 1820 minutes.

3. 2. 3.2 Investigating the Conditions of the
Recovery Procedure

Figure 12 shows the hydrogen concentration and
the results of carbon and sulfur analyses, following
reforming under identical conditions with the recovery
procedure conducted 420 minutes after the start of
fuel addition. Here, the recovery procedure was to
vary the temperature to induce flow of carrier gas and
steam. At high recovery temperatures, the hydrogen
concentration is high, while carbon and sulfur are
scarce. Maintaining catalysts at high temperatures
typically causes fear of catalytic degradation due to
sintering.

Figure 13 shows results quantifying the effect
of supplying trace amounts of oxygen at a recovery
temperature of 650°C as a means of lowering the
recovery temperature. Air (1% oxygen equivalent) was
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Fig. 12 Effect of recovery temperature (reforming temp.
600°C, sulfur 5.0 ppm, S/C =0.5).
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added during the recovery process. Under conditions
in which oxygen is present during the recovery
procedure, the extent of the recovery in the hydrogen
concentration is significant, even for more than
500 minutes past the start of fuel addition, indicating
the preservation of hydrogen-production performance.

Figure 14 shows the results of carbon and sulfur
analyses after the recovery process. Here, we are
comparing — for points A and B in Fig. 12 at a point
930 minutes after the start of fuel addition — results
obtained with oxygen present and absent during
recovery. With oxygen present, the carbon content falls

® 0,-0%
/A 0,=1%

Initial degradation

25

H, concentration (Vol.%)

9 LS n‘A

> v

. ["Small
0 i i i i _"

0 200 400 600 800 1000 1200

Reforming time (min)

Fig. 13 Effect of oxgen supply during recovery (reforming
temp. 600°C, recovery temp. 650°C, S/C = 1.0,
sulfur 5.0 ppm).
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Fig. 14 Analysis result of carbon and sulfur of test pieces
(reforming temp. 600°C, 930 min, recovery temp.
650°C, S/C = 1.0, sulfur 5.0 ppm).

by 93%, while the sulfur content does not decrease.
This constitutes important evidence demonstrating that
the recovery of catalytic activity despite the presence
of sulfur.

3.2.3.3 The Effect of Catalytic Carriers on the
Conditions of the Recovery Process

We compared two catalyst carriers — the CZA
(Ce0,-Zr0,-Al,0,) carrier!™'V described above, and
a CaZrO, carrier — from the perspective of degradation
and recovery. Figure 15 shows the results of repeatedly
performing the reforming-recovery procedure, under
the conditions listed in Table 3, and comparing
hydrogen concentration recovery rates to assess the
effect of different catalyst carriers on degradation
and recovery. At a recovery temperature of 650°C
and a recovery time of 15 minutes, the hydrogen
concentration recovery rate was 5 points higher for
CZA carriers than for CaZrO, carriers even for zero
oxygen concentration during recovery. Next, we
compared the temperatures at which the recovery rate
hit 100% for an oxygen concentration of 0.5% during
recovery. For CaZrO, carriers, this temperature is
600°C, while for CZA carriers it is 550°C. Moreover,
even at a recovery temperature of 500°C the recovery
rate is over 95%. Figure 16 shows the results of
carbon and sulfur analyses following a recovery
procedure conducted 2130 minutes after the start of
fuel addition. The average values of the carbon and
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Fig. 15 Recovery ratio of hydrogen concentration.
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Table 3 Experimental condition for CZA carrier.

Catalyst Rh (4.8 g/L) / CZA (240 g/L)
Support 3 mil / 600 cpsi cordierite honeycomb
Volume 2 X 0.716 mL (two pieces)
Fuel E85 (S =5.0 ppm)
(Ethanol 85 wt% + Gasoline 15 wt%)
S/C 1.0
GHSV 60000 h™!
Reforming temperature 600°C
Reforming time 20 min 40 sec

Recovery temperature

500, 550, 600, 650°C

Recovery time

5,10, 15 min

O, concentration
(Recovery)

0,0.5,1.0,1.5%

sulfur concentrations are respectively 70% and 45%
lower for CZA carriers than for CaZrO, carriers.

Based on these findings, we expect that CZA
carriers, for which one finds lower concentrations of
carbon and sulfur to coat sites of catalytic activity, will
allow hydrogen production performance to persist for
longer times. Moreover, we have demonstrated that
CZA carriers are useful for allowing relaxed recovery
conditions (including lower temperatures and lower
oxygen concentrations).

Avg. = (Front + Center + Rear)/3

Gas flow

Test pieces

0.16

70% Reduction

Carbon (mass%)

Sulfur (mass%)
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.16 Residual amount of carbon and sulfur after
recovery (reforming temp. 600°C, recovery temp.
650°C, reforming: 2130 min).

-
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3.3 Assessing the Impact of Gasoline Concentration

In this section, we discuss the effect of gasoline
concentration on hydrogen-production performance
under repetition of the reforming-recovery procedure.
The factor expected to be most important in governing
the effect of varying gasoline concentration on
the degradation and recovery process is the sulfur
concentration.

To investigate sedimentation and exhaust of sulfur,
we studied degradation and recovery at reforming times
of 2100-4200 minutes for the test pieces shown in Fig. 17
under the conditions of Table 4. During recovery, we
used an SO, meter (of ultraviolet-absorption type) to
detect SO,, and we used an exhaust gas analyzer (of
infrared-absorption type) to measure CO,, THC, and
CO. During the reforming process we used a detector
tube (GasTec) to attempt measurements of H,S and
CS,, but none was detected.

Figure 18 shows the results of measurements of the
hydrogen concentration for fuels of varying gasoline
concentrations, centered around E85 as indicated
in the figure. Compared to E85, E20 exhibits lower
hydrogen concentration and more rapid degradation
of hydrogen-production performance; these problems

Rh9.6g/L Rh4.8g/L

O P | | 1

Catalyst test pieces
Fig. 17 Sketch of quarts tube set-up.
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are mitigated by using E85. Next, gasoline has even
lower hydrogen content than E20, and the degradation
of its hydrogen-production performance proceeds
immediately, but gradually recovers through the use
of ESS.

For gasoline, which exhibited low reforming
activity, we performed a re-evaluation at a reforming
temperature of 700°C after 3760 minutes. The
hydrogen concentration was equivalent to that of
E85, but degradation continued until the hydrogen
concentration fell to 7.5%. At this point, using E85
again resulted in a gradual increase in hydrogen
concentration, returning to the hydrogen concentration
observed when E85 was used from the start. Based on

these findings, we conclude that the use of gasoline
(containing a sulfur concentration of 34 ppm) with
Rh/CZA reforming catalysts yields an observed
reduction in hydrogen concentration, but with the use
of E85, the hydrogen concentration begins to rise; we
were able to confirm 70 hours of use. We believe this
phenomenon to be intimately related to the fact that
ethanol is an oxygen-containing substance.

Next, Fig. 19 shows the results of measurements of
the temperature of the catalytic bed and the SO, and
CO, concentrations during the recovery procedure for
E85 and for gasoline (at a reforming temperature of
700°C).

For E85, we see vigorous temperature variations

Table 4 Experimental condition for gasoline concentration.

Catalyst Rh (4.8 g/L, 9.6 g/L) / CZA (240 g/L)
Support 3 mil / 600 cpsi cordierite honeycomb
Capacity 2 X 0.716 mL (two pieces)
Fuel E85 (S=5.0 ppm), E20 (S =27.2 ppm),
Gasoline (S = 34 ppm)
S/C 1.0
GHSV 40000 h!
Reforming temperature 600, 700°C
Reforming time 20 min 40 sec
Recovery temperature 550, 650, 700°C
Recovery time 15-35 min
O, concentration o
(Recovery) 1.0%
Reforming temp. 700°C (Gasoline) —p o5 720 ro6) 1000 = 716 :
16 ,00\/700/\w-r-\—\|—</ 2 800 o, 3=
anERS & 8 8o & Temperature = o]
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Fig. 18 Effect of gasoline concentration (reforming temp.
600°C, recovery temp. 650°C, S/C = 1.0).

Fig. 19 Behavior of carbon and sulfur in recovery
(E85: reforming temp. 600°C, recovery temp.
650°C) (gasoline: reforming temp. 700°C,
recovery temp. 650°C).
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and emission of CO, and SO, together with the start
of the recovery procedure, and this profile matches the
observed variation in the temperature of the catalytic
bed. We interpret this finding as an indication that
the carbon content of the catalyst dissociates in the
form of CO,, while the sulfur content dissociates
in the form of SO,. For gasoline, although there is
some rise in the catalytic bed temperature and in the
concentrations of CO, and SO, around the start of the
recovery process, the variations are small compared
with those for E85 during the first 4 minutes after the
start of recovery. For the case of gasoline we found
insufficient carbon removal at a recovery temperature
of 650°C, suggesting continued degradation of
hydrogen-producing performance.

Next, Fig. 20 shows the results of varying the
recovery conditions at a fixed reforming temperature
of 700°C using gasoline.

(a) At a recovery temperature of 700°C and an oxygen
presence of 1%, the performance persists.

(b) At a recovery temperature of 650°C and zero
oxygen presence, the performance is degraded.

(c) At a recovery temperature of 700°C and
an oxygen presence of 1%, recovery from the degraded
performance is possible.

(d) At a recovery temperature of 550°C and zero
oxygen presence, we find significant degradation in
performance.

Although not shown in the figure, upon comparing
the volumes of carbon and sulfur in the degraded
state A in the figure to the volumes after the oxidation
recovery process, we found that the sulfur content
remained unchanged, while the volume of carbon was
overwhelmingly greater in the degraded state.

Based on this finding, we conclude that the factor

(a) Recovery 700°C, O, = 1%, (b) Recovery 650°C, 0, =0%
(c) Recovery 700°C, O, = 1%, (d) Recovery 550°C, 0, = 0%

(a) b (© (@

H, concentration
(Vol.%)

4 Recovery A
0 Degradation
2440 2640

Reforming time (min)

=
a0

.20 Degradation and recovery for gasoline use
(reforming temp. 700°C).

responsible for the performance degradation is not
sulfur, but rather carbon. In addition, when using
gasoline, the performance can be recovered at
a recovery temperature of 700°C and an oxygen
presence of 1%.

Next, with regard to the degradation at A, we
performed TPD analysis (room temperature —750°C)
under both oxidizing conditions (O, = 10%, residual
He) and reducing conditions (H, = 5%, residual He).
Figures 21 and 22 respectively show the rise
temperature under the former and latter conditions. In
Fig. 21, we see two peaks at 350°C and 650°C. The
quantity of CO,, which is an oxide of carbon, is greatest
at the early stages of the catalyst, intermediate at the
intermediate stages, and lowest at the later stages. In
all regions, the volume of carbon roughly agrees with
that observed by carbon and sulfur analyses. In Fig. 22,
the H,O peaks arising from the oxidation of hydrogen
arise in the range of 100-350°C and above 650°C. We
interpret both of these as arising from the emission
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Fig. 21 Behavior of CO, in oxidizing atmosphere in TPD.
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Fig. 22 Behavior of H,O in reducing atmosphere in TPD.
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of oxygen atoms in the ceria lattice. In particular,
we take this as evidence linking the use of oxygen in
ceria lattices above 650°C to the removal of carbon by
oxygen — that is, to the robustness of oxygen activation
— observed at a recovery temperature of 700°C in our
evaluations of gasoline.

4. Conclusions

In this report, we reported the results of experiments
and practical tests involving prototype gasoline engines
designed to improve fuel economy by reforming steam
from ethanol-blended gasoline. We also analyzed the
factors responsible for the degradation and recovery
of reforming catalyst, which play an important role
in steam-reforming performance, and proposed a new
recovery method based on this analysis. Our most
important conclusions may be summarized as follows:
(1) Through steam-reforming experiments using
EGR in an engine with Rh catalysts (with CaZrO,
carriers) chosen as reforming catalysts, we succeeded
in increasing the volume of EGR introduced through
the addition of hydrogen-containing reforming gas,
and we confirmed that the fuel economy improved.
At intermediate engine speeds and moderate loading,
the EGR ratio grew as high as 28%, offering a 4.6%
improvement in fuel economy. We attribute this result
to the increased heating value due to the recycling of
waste heat and to improvements in flame propagation
speed due to hydrogen.

(2) We confirmed that the use of CZA as a catalyst
carrier yielded a 15% increase in hydrogen production
during engine EGR reforming as compared to the use of
CaZrO, carriers. We expect that further improvements
in fuel economy are possible. Considering the
simplicity of the procedure needed to recover from
degradation, we conclude that the use of this new
catalyst carrier is effective for steam reforming using
engine EGR.

(3) We believe the factor responsible for degrading
the hydrogen-producing performance of the reforming
catalyst is not sulfur, but rather carbon sedimentation.
When oxygen was supplied at temperatures of 650°C
or below during the recovery procedure, the sulfur
component of the catalyst remains unchanged, but
the carbon component was eliminated, allowing
the recovery of hydrogen-producing performance.
When CZA was used as a catalyst carrier, the oxygen
concentration was 0.5% during the recovery procedure,

and the hydrogen recovery ratio rose to 100% at
a temperature of 550°C.

(4) For the Rh/CZA reforming catalyst, the use of
gasoline (with sulfur content 34 ppm) degraded the
oxygen-producing performance, but the use of E85
(with sulfur content 5.0 ppm) yielded a recovery
of hydrogen-producing performance. Moreover,
recovery from the degradation caused by the use of
gasoline is possible at a temperature of 700°C and
an oxygen concentration of 1%. We demonstrated that
the hydrogen-producing performance can persist for
usage intervals up to 70 hours.
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