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Abstract

The effects of the additives of ethanol (EA) and methyl zerz-butyl ether (MTBE) in various blend ratios into the gasoline
fuel on the exhaust emissions and the catalytic conversion efficiencies were investigated in an EFI gasoline engine. The
regulated exhaust emissions (CO, THC and NOy) and the unregulated exhaust emissions (benzene, formaldehyde,
acetaldehyde, unburned EA and MTBE) before and after the three-way catalytic converter were measured.

The experimental results showed that EA brought about generally lower regulated engine-out emissions than MTBE
did. But, the comparison of the unregulated engine-out emissions between both additives was different. Concretely, the
effect of EA on benzene emission was worse than that of MTBE on the whole, which was a contrast with formaldehyde
emission. The difference in the acetaldehyde comparison depended much on the engine operating conditions, especially the
engine speed. Both EA and MTBE were identified in the engine exhaust gases only when they were added to the fuel, and
their volume fraction increased with blend ratios. The catalytic conversion efficiencies of the regulated emissions for the
EA blends were in general lower than those for MTBE blends, especially at the low and high engine speeds. There was little
difference in the catalytic conversion efficiencies for both benzene and formaldehyde, while distinct difference for
acetaldehyde.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Methyl tert-butyl ether (MTBE) was authorized by
USA for use as a gasoline additive in late 1979 (Braids,
2001). From then on, MTBE has been used worldwide
for its compatibility with gasoline and functional
benefit to the fuel’s chemical and physical character-
istics. MTBE, as an oxygenate additive in gasoline, not
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only can enhance the octane number but also reduce
exhaust emissions (Kivi et al., 1992; Noorman, 1993;
Li et al, 1995). Additionally, from the refinery
perspective, MTBE has highly favorable properties,
such as acceptable blending vapor pressure, high
miscibility in gasoline, moderate boiling point and
stability in storage (Zhang and Ajay, 2001). Statisti-
cally, over 85% of reformulated gasoline (RFG)
contained MTBE to meet the Clean Air Act Amend-
ments of 1990 and similar regulations. By 1998,
MTBE was ranked fourth in bulk chemical production
in United States (An et al., 2002; He et al., 2003).
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MTBE has been forbidden adding into gasoline
since 31 December 2002 and 1 January 2004 in
California and New York, respectively, since its
presence in the exhaust gas when MTBE-containing
gasoline is used (Warner-Selph and Harvey, 1990;
Hamai et al., 1992; Poulopoulos and Philippopou-
las, 2000). Furthermore, MTBE not only has high
mobility in aquatic environment and drinking water
system due to its solubility and lack of polarity, but
also has resistance to decomposition for it is not
significantly affected by microorganisms. This adds
cost and longevity to gasoline cleanups (Braids,
2001), and moreover, inhalation of MTBE at high
concentrations may have adverse health effects
(Hartley et al., 1999). Therefore, it is necessary to
find a substitute for MTBE.

Presently, ethanol (EA) as an oxygenous biomass
fuel is considered as a predominant alternative to
MTBE for its biodegradable, low toxicity, persis-
tence and regenerative characteristic (Cassada et al.,
2000). Researches indicated that addition of ethanol
to gasoline not only increases reid vapor pressure
(RVP) of the blended fuel (Pumphrey et al., 2000),
but also alters fuel distillation curve and composi-
tion (Hsieh et al., 2002). Since oxygen mass content
in an ethanol molecule is approximately twice that
of MTBE, less ethanol is required to meet specified
oxygen content in fuel.

It is considered that ethanol, as a substitute for
MTBE in RFG, has some benefits in reducing water
contamination and poses no significant adverse
impacts on public health and environment (Nadim
et al., 2001). However, the addition of ethanol into
gasoline will decrease the heat value of the blended
fuel (Hsieh et al., 2002).The main concern about
contamination by ethanol-amended gasoline is
focused on the complex physical, chemical and
biological interactions between ethanol and gasoline
constitutes, which may limit the selection of proper
environmental restoration technologies (Henry and
Fabio, 2001).

Numerous studies have been performed on the
correlations between oxygenate additives into gaso-
line and pollutant concentrations in the engine
exhaust gas. Many authors presented a decrease of
exhaust emissions by the addition of oxygenates.
Kisenyi et al. (1994) have studied the effect of
MTBE addition (15% v/v) into unleaded gasoline
on the regulated exhaust emissions, and the result
showed that MTBE can reduce CO by 10-15%,
NOy by 1.0-1.7%, THC by 10-20%. Furey and
King (1981) investigated the exhaust emissions from

cars running on the unleaded gasoline and the
blended fuel (10% v/v ethanol added into the
gasoline), and they concluded that THC, CO and
NOy emissions were significantly lower with oxyge-
nated fuels than with gasoline. But others presented
no change, for example, the addition of MTBE did
not change the emissions of CO (Lange and Muller,
1994), HC (Petris et al., 1993), or NOy (Chou and
Long, 1996), and an increase was even noticed in the
case of NOy after the addition of ethanol or MTBE
(Neimark et al., 1994). These differences may be
explained by the different methods used for the
precise determination of A, especially in the early
works.

Some work has also been done related to the
comparison of oxygenates’ effect on regulated
emissions. The study of Neimark et al. (1994)
calculated that CO reduction activity was in the
order: alcohols > ethers, the THC reduction activity
was in the order: ethers>alcohols, and the NOy
increasing reactivity was in the order: ethers > alco-
hols. Zervas et al. (2003) have investigated the
influence of fuel composition and air/fuel equiva-
lence ratio on the exhaust emissions of regulated
pollutants. They concluded that at stoichiometry,
the addition of oxygenated compounds methanol,
ethanol, 2-propanol, and MTBE into the pure
gasoline (5% and 20% v/v) could decrease exhaust
CO, HC and NOy up to 30%, 50% and 60%,
respectively. The addition of 5% of 2-propanol was
the most effective for the reduction of CO, 20% of
ethanol for the reduction of HC, 5% of MTBE for
the NOX

The addition of oxygenated compounds affects
the exhaust emission of some unregulated pollu-
tants. For example, the addition of MTBE increased
exhaust formaldehyde and ethanol addition in-
creased exhaust acetaldehyde emissions (Reuter et
al., 1992; Zervas et al.,, 2002). The oxygenated
compounds also increased the exhaust emission of
organic acids (Zervas et al., 2001). In contrast,
benzene emission from engine was decreased with
oxygenates into gasoline (Poulopoulos and Sa-
maras, 2001; Zervas et al., 2004).

In this paper, specific emphasis is given to the
comparison of the effects of these two gasoline
additives, MTBE and EA, on the engine exhaust
emissions from an EFI engine with a typical
commercial three-way catalytic converter. Besides
the regulated emissions, some important unregu-
lated compounds as benzene, formaldehyde, acet-
aldehyde, unburned EA and MTBE were measured
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before and after the catalytic treatment in order to
determine the comparisons of the engine-out emis-
sions and the conversion efficiencies.

2. Experimental section
2.1. Test fuels

Eight blended test fuels were used in this study.
An unleaded gasoline (RON: 92.5) without any
additive was used as a base fuel (BF) for the
preparation of gasoline/EA blends and gasoline/
MTBE blends. Gasoline/MTBE blends contained
MTBE 5%, 10%, 15% and 20% (v/v), marked: M1,
M2, M3 and M4, respectively. Then gasoline/EA
blends were concocted according to the oxygen
content of gasoline/MTBE blends named El, E2,
E3 and E4 which contained EA 2.45%, 4.90%,
7.34% and 9.79% (v/v), respectively. The properties
of the fuels used are presented in Table 1.

2.2. Experimental equipment and procedure

The experiments were performed on a multi-point
port injection four-cylinder electronic fuel injection
(EFT) gasoline engine with a bore of 95 mm, a stroke
of 100 mm and a compression ratio of 7.6. A typical
commercial three-way catalytic converter (Pt/Pd:
8/1) with ceramic monolithic support was used in
the test. The EFI system chose a close-loop control
mode at part engine loads to keep the engine
operating near stoichoimetric air/fuel ratio and then
changed to an open-loop control mode at full engine
loads to produce maximum power.

The engine was started and allowed to warm up
for a period of 20-30min. Engine tests were
operated at the speed of 1600, 2600 and 3400 rpm
on various loads. Before running the engine with a
new blended fuel, it was allowed to use the new fuel

Table 1
Properties of different gasoline/oxygenant blended fuels

to cleanout the remaining fuel from the pipeline of
the engine to avoid the leftover interfering each
other.

The measured variables included engine rota-
tional speed, torque, air-fuel ratio, exhaust emis-
sions concentrations of CO, NOy, THC, benzene,
formaldehyde, acetaldehyde, unburned EA and
MTBE. For each experiment, all tests were repeated
at least twice on the same operation to ensure the
veracity and reliability of the results, and average
values were used to reduce the experimental error.

Exhaust gases were sampled from the inlet and
outlet of the catalytic converter at each operation
condition and then the regulated emissions were
measured on line by an HORIBA exhaust analyzer
(MEXA-7100 DEGR) with a resolution of 0.001%
for CO emission and 1ppm for THC and NOy
emissions. Specifically, CO was analyzed by a non-
dispersive infrared (NDIR) analyzer, NOy by a
chemiluminescent detector (CLD) and THC by a
flame ionization detector (FID).

Samples collected from the exhaust gases before
and after the catalytic converter at each operation
condition were analyzed in a gas chromatograph
(HP6890) equipped with a 25m long, 0.25 mm inner
diameter capillary column (CP-WAXSS8) for for-
maldehyde and acetaldehyde. The cold on-column
injection method was applied in order to improve
their detection limits to 0.01 ppm. Whereas other
unregulated emissions such as benzene, unburned
EA and MTBE were measured in a Varian GC-3800
gas chromatograph equipped with HP-5 type
capillary column (30m x 0.32mm), and the detec-
tion limits for them were 0.01 ppm. All the
unregulated emissions were analyzed by a FID.
The signals from the chromatograph were processed
by a personal computer.

The relative experimental error is less than 3% for
the CO emission, 5% for the THC and NOy

Property items El E2 E3 E4 M1 M2 M3 M4 BF
RON 93.0 93.5 94.2 94.8 93.8 94.7 96.0 96.8 92.5
RVP (pkPa™") 54.5 55.0 58.5 56.5 51.5 52.5 51.0 54.5 55.0
Distillation temperature (°C)

10vol% 52 52 53 54 58 54 57 54 58
50 vol% 97 93 90 83 93 91 86 80 97
90 vol% 162 163 158 158 160 162 161 156 161
End point 189 187 187 186 188 185 187 185 189
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emissions, from 8% to 15% for the benzene
emission, from 10% to 20% for the formaldehyde
emission, and from 5% to 15% for the unburned
EA and from 10% to 15% for the acetaldehyde and
unburned MTBE emissions.

3. Experimental results and discussions

To investigate the effects of different blended
fuels on regulated pollutant emissions, six torque
points were selected at each engine speed while five
torque points were selected for the unregulated
ones. Attentively, at each operating condition, the
engine should not be adjusted.

Parameters 7, and 4, are chosen to compare the
effect of the MTBE/BF blended fuels and the EA/
BF blended fuels on the regulated exhaust emis-
sions. Particularly, 7, stands for the relative increase
of the engine-out emissions of the EA/BF blended
fuels compared with those of the MTBE/BF
blended fuels with equivalent oxygen content; while
A, represents the difference of the emission conver-
sion efficiency between EA/BF and MTBE/BF
blended fuels, and the subscript “x” designates the
species of the exhaust emission. The formulas for 7,
and 4, can be written as
n, = O = 0m 100%,

> o
where, dg and dy; denote the engine-out regulated
emission volume fractions for the EA/BF blends
and MTBE/BF blends; ¢ and ¢y represent the
catalytic conversion efficiency for the EA/BF blends
and MTBE/BF blends.

Comparative effects of the blended fuels on
exhaust emissions at different operating conditions
are shown in the figures, in which the correlation
between parameter 7, or A, and brake mean
effective pressure (BMEP) is presented.

A = Qg — Ons

3.1. Regulated emissions and conversion efficiencies

The ingredient of the exhaust emissions depended
not only on the fuels composition but also on engine
operating conditions. In this experiment, CO, THC
and NOy were chosen for regulated emissions
analysis.

3.1.1. CO emission

Comparative effects of the blended fuels on CO
emission at different operating conditions are shown
in Figs. 1-3. At the engine speed of 1600 rpm, 1co <0
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Fig. 1. Effects of the blended fuels on CO emission at 1600 rpm.
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Fig. 2. Effects of the blended fuels on CO emission at 2600 rpm.

was tenable except for E2-M2 involved at the high
engine loadings. Videlicet, compared with MTBE,
equivalent EA blends resulted in less engine-out CO
emission. The maximum absolute value of #co
reached up to 22.6% (Fig. 1).
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Fig. 3. Effects of the blended fuels on CO emission at 3400 rpm.

The comparison of CO catalyst conversion effi-
ciencies can also be observed from Fig. 1. At the low
loading, merely E1-M1 and E4-M4 engendered
Aco>0, which indicated that the conversion effi-
ciencies of Eland E4 were higher than those of M1
and M4; others resulted in 4co<0. At middle or
high loading, Aco was negative in general; that
meant the conversion efficiencies of the EA/BF
blends were lower than those of MTBE. Totally,
the difference in the conversion efficiency between
EA and MTBE was not very distinct for the range of
Aco was only —7% to 5%.

From Fig. 2, it can be observed that at middle
speed of 2600 rpm, different adding proportion or
operating conditions induced to different compar-
ison results. EI-M1 and E4-M4 engendered
nco<0, and the comparison of E3-M3 was a
contrast to it. But there was no obvious trend of
the result when E2 and M2 were compared.

The comparison of the catalyst conversion
efficiencies demonstrated 4co >0 except at the low
loading. In other words, the conversion efficiencies
of CO for the EA/BF blends were higher than those
for the MTBE/BF blends in most of the cases. The
Aco ranged from —13.9% to 28.2%.

At the high speed of 3400 rpm, comparison of the
emission for E1-M1 showed #nco<0, while for
E3-M3 it was in the very opposition to that. And

there was no obvious trend of 5co for other blends,
which related to the operating conditions very
much.

The conversion efficiency comparison showed
Aco <0, except the comparison for MI-E1l at the
middle and high loading. The Aco ranged from
—57.3% to 12.9% (Fig. 3).

3.1.2. THC emission

Figs. 4-6 presents the results of the comparative
effects of the blended fuels on THC emission under
different operating conditions. At the speed of
1600 rpm, it was obvious that ntyc<0 was tenable
when M4 and E4 used; namely, less engine-out THC
was emitted by adding EA into the pure gasoline
than that of MTBE. And the absolute value of #1yc
was up to 60%. For other blends, it is difficult to
obtain a conclusion to determine which additive was
better for THC engine-out emission since the result
depended on the operating conditions very much. It
is clear that nryc for E2-M2 and E3-M3 was
degressive monotonously, which was a contrast with
the result induced by E1-M1.

At 1600 rpm, the comparison of THC conversion
efficiencies showed that Atyc was negative in the
most cases, except when E1 and M1 were compared.
But the difference was not very distinct as the range
of Atpyc was merely —8.6% to 4.7%.
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Fig. 4. Effects of the blended fuels on THC emission at 1600 rpm.



1962

C.-L. Song et al. | Atmospheric Environment 40 (2006) 1957-1970

ANANANNNANNNNY

2600rpm

EZE-M1 555 E2-M2 == E3-M3 B35 E4-M 4

0.18

0.44 0.58 071
BMEP (MPa)

0.31

0.84

EZZ2ES RXJE10 E=TE15 BRI E20

@m@@@%%@

%

XXXRY

X

XXX

XXX

XXX

X

2600rpm

Fig. 5. Effects of the blended fuels on THC emission at 2600 rpm.

T

0.31 0.44 0.58 071

BMEP (MPa)

T

0.84

10 A

-10-
2201
230 1
-40 1
-50 1
-60

Nruc (%)

P

L2 E1-MI

R E2-M2

EE3-M3 EKXXXJE4-M4

ANANNNANNANNNNNNYY

0.18

031 044 058 071
BMEP (MPa)

CLZZAE1-M1
EE3-M3 XX E4-M4

S
<
jan}
E
< 30
40 4
-50

%%

r777777777)

X E2-M2

Fig. 6. Effects of the blended fuels on THC emission at 3400 rpm.

At the speed of 2600 rpm, it was obvious that less
engine-out THC was emitted from EA blends than
MTBE blends since ntyc was negative at all the

0.18

031 044 058 071
BMEP (MPa)

operating conditions, and the absolute value of
ntuc reached up to 50%.

The conversion efficiency difference, Atyc, in-
creased with the engine loading at 2600 rpm.
Because the conversion efficiency of EA was below
that of MTBE at the lowest loading while the result
is on the very reverse at the highest loading. And the
range of Atgc was —7.2% to 16.3%.

At the speed of 3400 rpm, #tyc had the same trend
as that at 2600 rpm, i.c. adding EA led to less THC
engine-out emission than the MTBE blends with the
same oxygen content; especially, the emission de-
crease was more obvious at the higher loading, and
the difference ntyc could be up to 60%.

It was impressive that at all the operating
conditions Atyc was negative at 3400 rpm. More-
over, the absolute value of Atyc increased as the
oxygen content and the engine loading increased,
and it could be up to 41.1%.

3.1.3. NOy emission

The comparative effects of the blended fuels on
NOy emission at different conditions were shown in
Figs. 7-9. At the engine speed of 1600 rpm, nyo, <0
was tenable in most of the cases. Namely, additive
of EA resulted in less engine-out NOj emission
compared with MTBE. The absolute value of
NNoy, <0 was up to 27.7%.
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Fig. 7. Effects of the blended fuels on NOy emission at 1600 rpm.
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Fig. 9. Effects of the blended fuels on NOy emission at 3400 rpm.
There is no clear correlation between Ano, and

the blended fuels, because the conversion efficiency
had much to do with the ingredients of the exhaust

emissions, the temperature of the catalyzer, and so
on. But the difference in the NOy conversion
efficiencies of the two additions was not very distinct
since the range of 4Ano, was —12.3% to 9.5%.

At the middle speed (2600 rpm), it was obvious
that at all the operating conditions #nyo, <0 was
negative (Fig. 8). Namely, lower engine-out NOy
emission could be reached by adding EA into the
gasoline rather than MTBE, and the maximal
absolute value of 1o, <0 was 26.5%.

Generally speaking, 4no, increased with the
engine loading, and it was negative at the lowest
loading while it was positive at the highest loading.
The range of Ano, was —19.7% to 20.5%.

At the engine speed of 3400rpm, nyo, <0 was
tenable except for the fuels E4-M4 at the highest
engine loading (Fig. 9). Videlicet, compared with
MTBE the equivalent EA resulted in less engine-out
NOy emission. And the absolute value of nyp, <0
was up to 26.4%.

The conversion efficiency for EA blends was
lower than that for MTBE since Ano, was negative
except for the case of E1-M1. And the decrement
can reach to 53.8%.

3.2. Unregulated emissions and conversion efficiency

Among the various compounds in exhaust emis-
sions, the following unregulated emissions were
measured: benzene, formaldehyde, acetaldehyde,
unburned EA and MTBE.

Benzene was selected because it belonged to
aromatics which were accused of cancerogenic
substances. Formaldehyde and acetaldehyde were
involved in the photochemical smog generation
cycle while acetaldehyde was also a toxic com-
pound. Furthermore, a possible increased acetalde-
hyde emission was the main complaint against the
use of the ethanol fuels; while the increase of
formaldehyde concentrations in exhaust gases was a
large problem for MTBE addition into fuel.
Consequently, the measurements of acetaldehyde
and formaldehyde emissions were essential. Finally,
unburned EA and MTBE emissions related to the
presence of EA and MTBE in fuel were also
examined.

In this part, the emissions of benzene, formalde-
hyde and acetaldehyde for the base fuel were also
detected, because just the comparison between the
emissions of the BF/EA blended fuels and those of
BF/MTBE blended fuels is inadequate to estimate
the effects of oxygenates on those emissions.
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Additionally, the parameters v, and . are chosen
for the comparison of benzene and acetaldehyde
engine-out emissions. Concretely, v, and pu, repre-
sent the relative increasing percent of the engine-out
emissions of the EA/BF blends and MTBE/BF
blends compared with those of the BF. The
comparative effects of EA and MTBE into gasoline
on benzene and acetaldehyde emissions can be
obtained on the basis of the correlation between v,
and p, indirectly. The formulas for v, and u, are as
follows:

OF — OBF oM — 0

vy = £ OB 100%, u, = 2F % 100%,

5]31: 5BF

where Jg, oy and Jdgp are the engine-out emission
volume fractions for the EA/BF blends, MTBE/BF
blends and the base fuel, respectively. And the
subscript “x” designates benzene or acetaldehyde
emission. The definition of 4, for benzene and
acetaldehyde was in accordance with that for the
regulated ones.

3.2.1. Benzene emission

The effect of the blended fuels on benzene
emission under different conditions were shown in
Figs. 10-12. It was clear that the parameters vge,
and ug., were negative in all operating conditions,
which meant that both EA/BF blends and MTBE/
BF blends induced lower benzene emission concen-
tration than the base fuel, which was mainly because
adding oxygenates into the fuels made the engine
tend to operate under leaner conditions.

From the comparison of vg., and pgen, it can be
obtained that at the engine speed of 1600 rpm, EI,
E2 and E3 had less activity in the reduction of
benzene than M1, M2 and M3 in the most cases,
respectively. On the contrary, benzene reduction
activity of E4 was higher than that of M4 (Fig. 10).

Generally, the conversion efficiency for EA
blends was lower than that for MTBE blends,
because Ap., Was negative in the most cases. And
the range of Ap., was about —19.4% to 11.6%.

At the speed of 2600 rpm, the reduction activity
of engine-out benzene emission is in the order:
MTBE > EA, since the absolute value of vy, was
smaller than that of ug., except at the lowest
loading (Fig. 11). The trend of the results at
3400rpm was almost identical with that at
2600 rpm (Fig. 12).

At 2600rpm, Ap., was naught because the
conversion efficiencies of benzene from oxygenated
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Fig. 10. Effects of the blended fuels on Benzene emission at
1600 rpm.

fuels were almost 100%; therefore, the catalyst had
perfect oxidation effect on benzene. That was also
true at the middle loading of 3400 rpm.

At, Age, was naught, while it gave priority to be
positive at other operating conditions, and the
maximum of Ag., was up to 26.5%.

3.2.2. Formaldehyde emission

Engine-out formaldehyde emission was shown in
Table 2. It is clear that lower formaldehyde emission
can be obtained by adding EA into gasoline in the
most cases, even under many operating conditions
formaldehyde emission was not detected in the
exhaust gases. However, MTBE increased the
formaldehyde emission evidently. Therefore, the
addition of EA had much better effect on for-
maldehyde engine-out emission than MTBE.

No tailpipe emission was found except few engine
operating conditions, such as at the highest engine
loading of each speed. In other words, the catalytic
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1965

conversion of formaldehyde was almost complete
for both EA and MTBE.

3.2.3. Acetaldehyde emission

The effects of the blended fuels on acetaldehyde
emission at different conditions were shown in Figs.
13-15. At 1600rpm, the parameters Vudehyde and
Maldehyde Were positive in all the operating condi-
tions, which meant that compared with the emission
of the base fuel, both the emissions of EA/BF
blends and that of MTBE/BF blends increased (Fig.
13). It was obvious that v4genyde increased with the
EA content increasing, while for the group of
MTBE blends, the maximum p,jgenyde Was gained
when M3 was used. On the basis of the comparison
between Viidenyde and Haidenyde, it also can be
observed that each additive had its strong point,
and EA’s effect on acetaldehyde emission was equal
to MTBE’s in total.

The conversion efficiency difference —A,idenyde
ranged from —45.4% to 40.7%, but there was no
distinct correlation between the A,gchyqe and the
composition of the fuels.

The result of 2600 rpm showed that the relation-
ship, Valdehyde > Haldehyde > 0, Was true in any operat-
ing condition, from which it can be observed that
both EA and MTBE led to more acetaldehyde in the
exhaust gas than the base fuel, and the increasing
activity was in the order EA>MTBE. The result at
high speed (3400 rpm) was in accordance with that
at 2600 rpm (Fig. 15).

The conversion efficiency for acetaldehyde from
the fuel containing EA was lower than that from the
fuel containing MTBE as the 4,14chyqe Was negative
in the most cases. Especially, 4,qchyde could reach
to —77.5% when E1-M1 was compared (Fig. 14).

At 3400rpm, the difference in the conversion
efficiency Aaigehyde ranged from —80.6% to 37.2%.
The conversion efficiency for the fuels contained EA
was lower than that for the fuels contained MTBE
because A,1denyde <0 Was tenable except for indivi-
dual operating modes.

Some previous literatures reported that fuel
ethanol increases acetaldehyde and MTBE has no
effect, which are not in accordance with current
results. There is no clear interpretation for the
difference; the probable one is that for different test
engines, the differences in controlling strategy, air/
fuel equivalence ratio, combustion chamber’s geo-
metry, intake swirl ratio and chemical composition
of the base fuel may affect the combustion reaction
process and cause the different experimental results.
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Table 2

The volume fraction of formaldehyde emission

Engine-out formaldehyde emission (ppm)

T (Nm)

Speed (rpm)

E4

M4

E3

M3

E2

M2

El

BF

0
0

12.59 9.10 17.31
0

9

12.69

11.15

12.18

10.54
1.81
1.30
2.53
7.56

7.76
2

0

200

1600

12.69

9.10
11.87
16.90

0

1

1.50
2.01
4.58
12.28

3.76
5.71
3.97

10.13

2.01
1.19
2.63
10.74

25

160

1.09
3.45
9.10

7.05
8.07
13.21

91

120

2.76
5.63

19
3.92

80
30

1.19

0.89

9.00
6.94
7.87
7.97
11.67
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5.61
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5.09
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3.35
4.38
2.12
3.97
4.58
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3.35
6.16
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Fig. 14. Effects of the blended fuels on acetaldehyde emission at

2600 rpm.

Fig. 13. Effects of the blended fuels on acetaldehyde emission at

1600 rpm.
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3.2.4. EA and MTBE emissions

Both EA and MTBE were identified in the engine
exhaust gases only when they were present in the
fuel, respectively. As shown in Fig. 16, at the engine
speed of 1600 rpm, it was noteworthy that engine-
out EA emission at low or high loading was much
more than the emission at the middle loading. At
2600 rpm, the EA emission was almost in accor-
dance with the results at 1600 rpm, except for the
emission from E4 (Fig. 17). At 3400 rpm, the most
EA was emitted from the engine at the highest
loading, and the lowest emission still obtained at the
middle loadings (Fig. 18). Generally speaking, the
unburned EA emission was increasing with the EA
proportion in the blended fuels, which was induced
by the incomplete combustion. The range of the
engine-out EA emission was 1.92-29.52 ppm.

As shown in Figs. 19-21, at each speed, engine-out
MTBE emission at low or high loading was much
higher than that at the middle loading. The range of
engine-out MTBE emission was 3.84-18.67 ppm.
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Fig. 16. EA emission at 1600 rpm.
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Fig. 17. EA emission at 2600 rpm.

The engine-out MTBE emission was lower than
EA, since the average volume fractions of EA and
MTBE were about 12.47 and 9.05 ppm, respectively.

It’s observed that the catalytic conversion effi-
ciencies of EA and MTBE were not very great by
comparing the engine-out emissions with the
tailpipe emissions. EA was more resistant to
oxidation over the catalytic converter than MTBE
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as their average efficiencies were 34.79% and
49.53%, respectively.

4. Conclusions

From the discussions above, the main conclusions
obtained are:

(a) EA has a better performance than MTBE on the
regulated engine-out emissions as #x, for the

BMEP (MPa)

Fig. 21. MTBE emission at 3400 rpm.

regulated emissions is negative in the most cases,
and it can be up to —59.3%.

(b) Comparison of the unregulated engine-out
emissions shows that the effect of EA on
benzene emission reduction is worse than that
of MTBE because the absolute value of vg., was
smaller than that of uge, in the most cases. The
engine-out formaldehyde emission concen-
tration is in the order MTBE>BF>EA on
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the whole. But the trend of the comparison of
engine-out acetaldehyde emission depends much
on the operating conditions especially the engine
speed. Concretely, at low speed, EA has the
same effect on engine-out acetaldehyde emission
as MTBE, while at other speeds, EA blends give
higher acetaldehyde emission concentrations
than MTBE blends. However, both of the
additives increase the engine-out acetaldehyde
emission distinctly compared with that of the
BF.

(c) Both EA and MTBE are identified in the engine
exhaust gases only when they are present in the
fuel respectively, and the content increases with
added proportion.

(d) The additives of EA and MTBE have different
effects on the catalytic conversion efficiency of
the emissions.

The catalytic conversion efficiencies of the
regulated emissions for the EA blends are lower
than those for MTBE blends in general, and it is
more obvious at the low and high engine speeds.
The range of the difference in the regulated
emissions is —57.3% to 45.7%.

There is little difference in formaldehyde’s
conversion efficiency due to the catalyst’s full
conversion activity, which is also true for
benzene under several operating modes. How-
ever, the difference in acetaldehyde conversion
efficiency is very distinct since A,idenyde ranges
from —80.6% to 40.7%, and Audehyde <0 18
tenable in general.

(e) The catalytic conversion efficiencies of EA and
MTBE are not very great, and EA is more
resistant to oxidation over the catalytic con-
verter than MTBE.

On all aforementioned accounts, although EA
and MTBE have both advantages and disadvan-
tages in the unregulated emissions, the additive of
EA has better effect than MTBE on the regulated
emissions. Furthermore, considering the pollution
of MTBE to aquatic environment and drinking
water, EA is better than MTBE for using as a
gasoline oxygenate additive.

Acknowledgement

This study was supported by the National Key
Basic Research and Development Program
(2002CB211603) and the National Natural Science
Foundation of China (50076032).

References

An, Y.-J., Kampbell, D.H., Sewell, G.W., 2002. Water quality at
five marinas in lake texoma as related to methyl tert-butyl
ether (MTBE). Environmental Pollution 118, 331-336.

Braids, O.C., 2001. Commentaries and perspectives MTBE-
panacea problem. Environmental Forensics 2, 189-196.

Cassada, D.A., Zhang, Y., et al., 2000. Trace analysis of ethanol,
MTBE, and related oxygenate compounds in water using
solid-phase microextraction and gas chromatography/mass
spectrometry. Analytical Chemistry 72, 4654-4658.

Chou, D.C., Long, J., 1996. Comparison of the exhaust emission
from California Phasel (without oxygenates) and Phase2
(with oxygenates) fuel: A case study of 11 passenger vehicles.
SAE Technical Paper Series, 961221.

Furey, R.L., King, J.B., 1981. Evaporative and exhaust emissions
from cars fuelled with gasoline containing ethanol or methyl
tert-butyl ether. SAE Technical Paper 810261, 1200-1216.

Hamai, K., Mitsumoto, H., Iwakiri, Y., Ishihara, K., Ishii, M.,
1992. Effects of clean fuels (Reformulated gasoline, M85, and
CNG) on automotive emissions. SAE Technical Paper
922380, 1-10.

Hartley, W.R., Englande Jr, A.J., et al., 1999. Health risk
assessment of groundwater contaminated with methyl tertiary
butyl ether (MTBE). Water Science and Technology 39
(10-11), 305-310.

He, B.Q., Wang, J.X., Hao, J.M., et al, 2003. A study on
emission characteristics of an EFI engine with ethanol
blended gasoline fuels. Atmospheric Environment 37,
949-957.

Henry, X.C., Fabio, N.M., 2001. Phytoremediation potential of
willow trees for aquifers contaminated with ethanol-blended
gasoline. Water Research 35-12, 3013-3017.

Hsieh, W.D., Chen, R.H., Wu, T.L., Lin, T.H., 2002. Engine
performance and pollutant emission of an SI engine using
ethanol-gasoline blended fuels. Atmospheric Environment 36,
403-410.

Kisenyi, J.M., Savage, C.A., Simmonds, A.C., 1994. The impact
of oxygenates on exhaust emissions of six European cars. SAE
Technical Paper Series 940929.

Kivi, J., Niemi, A., Nylund, N.O, et al., 1992. Use of MTBE and
ETBE as gasoline reformulation components. SAE Technical
paper 922379.

Lange, W.W., Muller, A., et al., 1994. The effect of gasoline
composition on exhaust emissions from modern bmw
vehicles. SAE Technical Paper Series, 941867.

Li, H.L., Prabhu, S.K., et al., 1995. The effect of Methanol and
Ethanol on the Oxidation of a Primary Reference Fuel
Blend in a Motored Engine. SAE Technical Paper Series,
950682.

Nadim, F., Zack, P., Hoag, G.E., et al., 2001. United
States experience with gasoline additives. Energy Policy 29,
1-5.

Neimark, A., Kholmer, V., Sher, E., 1994. The effect of
oxygenates in motor fuel blends on the reduction of exhaust
gas toxicity. SAE Technical Paper Series, 940311.

Noorman, M.T., 1993. The effect of MTBE, DLPE and TAME
on vehicle emissions. SAE Technical Paper Series 932668.
Petris, C.D., Giglio, V., et al., 1993. The influence of gasoline
formulation on combustion and emissions in spark-ignition

engines. SAE Technical Paper Series 932679.



1970 C.-L. Song et al. | Atmospheric Environment 40 (2006) 1957-1970

Poulopoulos, S., Philippopoulos, C., 2000. Influence of MTBE
addition into gasoline on automotive exhaust emissions.
Atmospheric Environment 34, 4781-4786.

Poulopoulos, S.G., Samaras, D.P., 2001. Regulated and un-
regulated emissions from an internal combustion engine
operating on ethanol-containing fuels. Atmospheric Environ-
ment 35, 4399-4406.

Pumphrey, J.A., Brand, J.I., Scheller, W.A., 2000. Vapour
pressure measurements and predictions for alcohol-gasoline
blends. Fuel 79, 1405-1411.

Reuter, R.M., Benson J.D., et al., 1992. Effects of oxygenated
fuels and RVP on automotive emissions — auto/oil air quality
improvement program. SAE Technical Paper Series 920326.

Warner-Selph, M.A., Harvey, C.A., 1990. SAE Technical Paper
902131.

Zervas, E., Montagne, X., et al., 2001. Emission of specific
pollutants from a ¢ ompression ignition engine. Influence of

fuel hydrotreatment and fuel/air equivalence ratio. Atmo-
spheric Environment 35, 1301-1306.

Zervas, E., Montagne, X., et al., 2002. Emission of alcohols and
carbonyl compounds from a spark ignition engine. Influence
of fuel and air/fuel equivalence ratio. Environmental Science
& Technology 36, 2414-2421.

Zervas, E., Montagne, X., Lahaye, J., 2003. Emissions of
regulated pollutants from a spark ignition engine. Influence
of fuel and air/fuel equivalence ratio. Environment Science &
Technology 37, 3232-3238.

Zervas, E., Montagne, X., et al., 2004. Influence of fuel and air/fuel
equivalence ratio on the emission of hydrocarbons from a SI
engine. 1. Experimental findings. Fuel 83 17-18, 2301-2311.

Zhang, Z.Y., K.H., Ajay, K.R., 2001. Determination of
adsorption and kinetic parameters for methyl tert-butyl ether
sythesis from tert-bytyl alcohol and methanol. Journal of
Catalysis 200, 209-221.



	Comparative effects of MTBE and ethanol additions into gasoline on exhaust emissions
	Introduction
	Experimental section
	Test fuels
	Experimental equipment and procedure

	Experimental results and discussions
	Regulated emissions and conversion efficiencies
	CO emission
	THC emission
	NOX emission

	Unregulated emissions and conversion efficiency
	Benzene emission
	Formaldehyde emission
	Acetaldehyde emission
	EA and MTBE emissions


	Conclusions
	Acknowledgement
	References


