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INTRODUCTION 

Environmental and human health concerns over emissions from internal combustion engines 
continue to bring about increasingly stringent emissions standards and drive research into the use 
of non-conventional, cleaner-buming fuels. For compression-ignition (diesel) engines, 
oxygenated fuels have been shown to dramatically reduce particulate matter (PM) while also 
improving or maintaining acceptable levels of other regulated emissions (NOx, HC and CO) 
11-81. The mechanisms through which oxygenates reduce PM, however, are not fully 
understood. In addition to changes in combustion chemistry, the influence of thermophysical 
properties on fuel injection and fuel-air mixing can play a significant role. 

To gain further insight into the effect of oxygenates on diesel engine PM emissions, Accelerator 
Mass Spectrometry (AMS) was used to investigate the relative contribution to soot (the 
carbonaceous component of PM) from the ethanol and diesel firactions of blended fuels. AMs 
counts electrostatically accelerated nuclei (32.5 MeV for I4C43 in a simple particle detector [9]. 
Molecular isobars are completely disassociated in the charge changing process and any atomic 
isobars are discriminated in the detector. AMS is particularly efficient in detecting long-lived 
isotopes (10 y < tln 2 100 My). The rarity of long-lived radioisotopes yields a much lower 
background than that achievable with stable isotopes. For example, the naturally occurring 
carbon isotopic abundances are: I2C (98.9%), "C (l.l%), and I4C (1.2~10-'~%). The natural 
background of I4C is 10 orders of magnitude lower than the rare stable isotope "C and AMS 
achieves limits of qGtitation for I4C below 1 x mol in individual samples (LOQ < 1 amol 
I4C / mg C). The decrease in background yields much greater sensitivity for I4C AMs over I3C 
MS. Decay counting long lived isotopes is not efficient; counting 0.1% of the decays of a I4C 
sample takes 8.3 years. 

MATERIALS AND METHODS 

In this study, contemporary grain ethanol (109 amol I4C/mg C) served as an isotopic tracer in old 
carbon diesel fuel (0.26 amol 14C/mg C). The ethanol was manufactured by Midwest Grain 
Products, Pekin, E. The diesel was a CARB-certified No. 2 diesel fuel obtained from Golden 
Gate Petroleum, Hayward, CA. Properties of ethanol and the diesel test fuel are shown in Table 
1. Because ethanol is soluble in diesel fuel in only small quantities, either an emulsifier (Span 
85, also known as sorbitan trioleate) or a cosolvent (n-butanol) was used to prepare the ethanol- 
in-diesel blends. An ignition improver, di-tert-butyl peroxide @TBP), was also used to 
compensate for the low cetane number of ethanol. The Span 85 and n-butanol were obtained . 
from Spectrum Quality Products, Inc.; the DTBP was obtained fiom Pfaltz & Bauer. All fuel 
blend components were converted to AMS samples [lo] and I4C content was measured. The 
four different ethanol-in-diesel blends investigated are shown in Table 2. A high-speed, high- 
shear mixer (Greerco Model 1 -LV Homomixer) was used to prepare the emulsified blends. 

The experimental test engine is a 1993 Cummins B5.9 rated at 175 hp (131 kW). Engine 
specifications are listed in Table 3. The engine employs a mechanically-governed in-line fuel 
injection pump capable of injection pressures up to 115 MPa. No modifications were made to 
the test engine to optimize for operation on the test fuels. 
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Table 1. Ethanol and diesel fuel properties. 

Fuel 
Density (kg/L) 
Cetane number 
Sulfur (ppm) 
SFC total aromatics (wt. %) 
SFC PNA's (wt %) 
Nitrogen 
Boiling point ('C) 
Distillation by D86 ('C) 
IBP 
10% 
50% 
90% 
95% 

Ethanol' Dieselb 
0.7923 0.8473 

e5 49.1 
98 

- 16.32 
4.09 

< S P P ~  
78 

173 
237 
299 
336 
347 

EP 

'from literature sources 
'as determined by fuel analysls 

358 

Table 2. Test fuel blends (components listed in percent by volume). 

Model year 
Displacement 
Configuration 

Bore 
Stroke 

Compression ratio 
Horsepower rating 

Torque rating 
Aspiration 

Injection timing (fixed) 

Fuel Blend Diesel Ethanol SPAN 85 n-butanol DTBP 
A 72.0 23.0 4.0 1 .o 

1993 
5.88 liters (359 in? 

G-qlinder inline 
102 mm (4.02 in) 
120 mm (4.72 in) 

1761  
175 hp Q 2500 rpm 

420 R-lb Q 1600 rpm 
turbocharged and a f tem led  

11.5' BTDC 

B 70.0 25.0 4.0 1 .o 
C 83.5 11.5 4.0 1 .o 
D 82.5 12.5 4.0 1 .o 

\ 
Table 3. Cummins B5.9 engine specifications. 

\, 

Prior to beginning any experiments, lab facilities were checked for fixed and aerosol I4C 
contamination with AMS analyzed swipes and fullerene aerosol monitors. During the 
experiments, a steady-state engine speed-load condition of 1600 rpm and 210 ft-lbs (285 N-m) 
was used and measurements were made for PM, NO,, HC and CO emissions, as well as for fuel 
consumption. Gaseous emissions (NO,, HC and CO) were monitored using Horiba Instruments 
emissions analyzers and fuel consumption was measured via a load cell mounted under the fuel 
tank. PM was determined using a minidilution tunnel and gravimetric filter paper 
measurements. The filters (Pallflex Tissuquarz 2500QAT-UP) were conditioned overnight in 
petri dishes and weighed before and after PM loading on a Mettler uM3 microbalance. Filters 
were then sealed in plastic bags prior to preparation as AMs samples. Because of the limited 
quantity of contemporary grain ethanol obtained and time needed to collect sufficient PM mass 
for AMS analysis (- 30 min. of engine operation), only one sample was collected for each test 
fuel. 
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In preparation for AMS analysis, the filters with collected PM were baked at 900 "C for 2 h prior 
to use to remove carbon residue and stored in sealed plastic bags after cooling. Filters were cut 
into 2 or 3 pieces and converted to graphite for AMS measurement of isotope ratios [lo]. Isotope 
ratios were measured to within I-8%. Relative uncertainties were governed primarily by 
counting statistics. The samples with very low I4C content had larger uncertainties. AMs 
measures the isotope concentration of unknown samples relative to those of known standards. In 
these experiments we normalized to four identically prepared standards of Australian National 
University Sucrose [I  I]. 

RESULTS AND DISCUSSION 

Brake-specific emissions and fuel consumption results from the baseline diesel fuel and the four 
test fuel blends are shown in Table 4. A graphical representation of PM and NOx emissions is 
shown in Figure 1. As anticipated, the general trend was towards lower PM emissions with 
higher levels of oxygenate (note that the cosolvent n-butanol is itself also an oxygenate), 
although an anomaly exists in that fuel blend C produced a 10% increase in PM. The data also 
indicates that the homogeneous cosolvent blends are more. effective at reducing PM emissions 
compared to the emulsified blends. NOx emissions from the ethanol-in-diesel blends were. 22% 
to 27% lower than that of the baseline diesel and did not show large variation across the different 
blends. Emissions of both HC and CO increased, but remained very low as is typical with diesel 
engine combustion. Fuel consumption was higher with the test fuel blends due to the lower 
energy density of ethanol. 

Table 4. Brake-specific emissions and fuel consumption results (gkW-hr). 

r FUEL Diesel BlendA Blend B Blend C ' Blend D I 

0.084 0.160 0.172 0.203 0.224 
0.312 0.517 0.625 0.358 0.371 

bsfc 230 249 270 256 

0.040 

0.035 

0.030 

6 0.0Z5 

z 0020 3 '  
0.015 

0.010 

0.005 

0.000 

1 '.O 

~- 
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5 0  

- 
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2 0  

1 0  

0 0  
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Figure 1. Brake-specific emissions of PM and NO,. 

Isotope ratios of the fuel components are reported in Table 5. The I4C content of the petroleum 
derived components are low as expected. The emulsifier, Span 85, has a contemporary I4C 
content, indicating it is derived from biological products. 
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Table 5. Carbon-I4 content of fuel components. 

COMPONENT 

Diesel 
Ethanol 

n-butanol 
Span 05 

am01 ' ' ~  / mg c 

DTBP 0.17 

Measured isotope ratios (IR) contain contributions from all the components (and possibly more) 
shown in Eq. 1. 

I\ 

In practice we try to reduce the number of terms of this equation by limiting the number of 
components or rendering some terms negligible through judicious choice of compounds or 
experimental conditions. Through the use of appropriate controls we determined the 
contributions of the various components in Eq. 1. Traditional tracer experiments depend on 
radioactive decay for detection and are usually dominated by a highly labeled tracer with very 
small mass. In our case, the labeled tracer was not radioactive in the traditional sense and 
contributed a significant amount of carbon in the measured isotope ratio. We sought to 
determine the mass of tracer ethanol in the soot and need to consider the products of carbon mass 
and the isotope ratios. The tot$ carbon mass is expressed in Ep. 2. 

The product of the isotope ratio and carbon mass of each sample is the sum of the product of 
each component as described in Eq. 3. 

Epuations 2 and 3 can be solved to determine the mass contributions of each component with 
knowledge of the isotope ratios of the components and a series of controls adding each 
component to the fuel mixture. 

The isotope ratios of the filter samples loaded with PM from the fuel blends and the associated 
controls were elevated due to the absorption of atmospheric C02 and other carbon compounds on 
the soot during equilibration. Atmospheric COz has approximately the same I4C content as 
ethanol, 109 am01 14C / mg C. The quantity of absorbed carbon depends on the surface area of 
the soot and length of time spent equilibrating in the atmosphere. It should scale with the mass 
of soot deposited on the filters when equilibration times are constant. Separate control blanks 
were collected for soot samples from fuel blends A and B and from blends C and D. Assuming 
that all the sorbed carbon was contemporary, the mass of carbon absorbed with the separate sets 
of filters were 2.4% and 4.2% for blends A and B and blends C and D, respectively. These 
values for mass fraction of absorbed atmospheric carbon were propagated in the soot samples 
obtained form the fuel blends and the controls that included emulsifier or cosolvent without the 
ethanol. 

Equations 2 and 3 were used to solve for the hctional mass of carbon in the soot fiom the 
emulsifier and ethanol. The mass fraction of carbon in the soot was not measured so all isotope 
measurements are expressed as fractions of soot carbon rather than absolute numbers. Since the 
I4C content of the cosolvent and ignition improver were essentially the Same as the diesel fuel, 
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their contributions to the carbon soot mass could not be determined in our limited experiment. 
Either n-butanol or DTBP could be traced if desired, but we were not interested in obtaining 
isotope labeled material for this purpose. Our interest was primarily in tracing the ethanol. The 
contributions of the ethanol to the carbon mass in the soot is displayed in Table 6. Since the 
emulsifier is only 4% by volume in blends A and C, its contribution to the carbon mass is not 
large. 

As the data in Table 6 shows, ethanol contributed less to soot than did the diesel in the all of the 
test fuel blends. Results also indicate that the percent of fuel ethanol contributing to soot is 
higher for the emulsified blends A and C compared to the cosolvent blends B and D. Along with 
the brake-specific emissions data, this suggests that the chemical mechanisms that inhibit soot 
formation and/or promote soot oxidation are different depending on the nature in which ethanol 
is blended with the diesel fuel. 

Table 6. Contributions of ethanol to carbon soot mass. Fuel blends A and C used the 
emulsifier Span 85 while Blends B and D used n-butanol as a cosolvent. 

Fuel , Ethanol Ethanol Ethanol 
blend volume % carbon mass % carbon mass X 

(fuel) (fuel) (Soot) 

A 23.0 15 8.6 
8 25.0 16 6.3 
C 11.5 7 4.7 
D 12.5 8 3.8 

0 

CONCLUSIONS 
' I  

Gravimetric filter paper measurements and isotopic tracing of PM reveal that ethanol-indiesel 
blends reduce PM emissions from compression-ignition engines in a m e r  which results in a 
lower ethanol contribution to soot relative to its fraction in the fuel blend. Experimental results 
also indicate that homogeneous blends of ethanol and diesel behave differently than emulsified 
blends and yield lower PM emissions. 

This study also demonstrated the power of using AMS to perform isotope tracing without using 
any specially labeled material. No radioactive material was used in any part of these 
experiments. Therefore, no mixed wastes (radioactive and hazardous) were generated, greatly 
simplifying disposal [ 121. In practice, one could label any fuel additive or component and follow 
its fate in particulate emissions or exhaust gases. The sub-attomole sensitivity of I4C-AMS can 
be used to separate components of exhaust gases (e.g., hydrocarbons, CO, COz) and quantify fuel 
stock contributions. Particulate separators can also be used to look at the fate of fuel components 
in different sized soot emissions. 
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