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RESEARCH SUMMARY 

 
Standardized combustion tests were performed by Battelle in a production diesel engine to determine 
with certainty the effect of various levels of the additive called CleanBoost Gold, which is 
manufactured by Combustion Technologies USA LLC. This fuel additive contained organoiron 
compounds diluted in an aromatic hydrocarbon solvent carrier. The influence of two levels of 
CleanBoost Gold (150 and 250 ppm by volume) was evaluated in a 4-stroke, 6-cylinder, 4300 cubic-
inch diesel engine, rated at 1400 brake-horsepower and 1200 revolutions per minute at full load. The 
diesel engine was operated at about 85 percent of full load to artificially create a particulate emissions 
problem and simulate how a working engine might perform in the field. 
 
The measurable and reproducible results provided the following information: 
 

 The addition to conventional diesel fuel of 150 to 250 ppm of CleanBoost Gold: 
o Reduced CO emissions 7-10 percent, 
o Reduced HC emissions 3-9 percent, 
o Reduced particulate carbon 13-26 percent, 
o Reduced particulate emissions 29-43 percent, 
o Increased combustion efficiency 0.2-0.4 percent, and 
o Had no adverse effect on NOx emissions. 

 

 Use of CleanBoost Gold is superior to other diesel particulate control technologies in that it 
does not result in increased NOx emissions or diminished fuel economy. 
 

 CleanBoost Gold is competitive with other chemical additives for diesel particulate reduction 
because less of the active metal (iron) is required to accomplish the reduction. 

 
In summary, CleanBoost Gold appears to be a viable fuel additive for stationary and mobile diesel 
engines for both environmental and economic reasons.  By reducing particulate emissions ahead of 
in-line particulate traps or filters, CleanBoost Gold will also improve the operating efficiency and 
regeneration performance of these devices. 
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FINAL REPORT 
On 

EVALUATION OF CLEANBOOST GOLD 
AS A DIESEL ENGINE COMBUSTION ADDITIVE 

To 
COMBUSTION TECHNOLOGIES USA LLC 

February 23, 2015 
 
 

1.0. INTRODUCTION 
 

Combustion Technologies USA LLC (CT) has developed an iron-based fuel additive, called 
CleanBoost Gold, anticipated to have a potential for improving the combustion performance of diesel 
engines. Controlled testing of the CT additive in a production diesel engine was required to quantify 
any influence the CT additive might have on the normal combustion performance of diesel engines. 
The client contracted Battelle to independently perform this controlled diesel engine testing and 
CleanBoost Gold evaluation. 
 
This Final Report presents the results of the program to evaluate the effect of CleanBoost Gold as a 
diesel engine combustion additive. 
 

2.0. PROJECT OBJECTIVE 
 
The technical objective of the program was as follows: 
 

 To experimentally determine, with certainty, the effect of different levels of CleanBoost Gold 
additive concentration on the combustion performance of a production diesel engine. 

 
By diesel engine performance was primarily meant the following: 
 

 Combustion efficiency and 

 Pollutant emissions. 
 

3.0. PROJECT APPROACH 
 
The phased approach used in the conduct of this project consisted of the four following activities: 
 

 Preliminary preparation; 

 Baseline fuel diesel engine combustion tests; 

 Fuel/additive diesel engine combustion tests; and 

 Analysis and reporting. 
 
The remainder of this report describes the accomplishments made on each of these activities, and 
constitutes a summary of the last. Section 8 provides a listing of references that contain supportive 
technical data (1-16). 
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4.0. EXPERIMENTAL PROCEDURES 
 

Presented are the experimental procedures used in the conduct of the program. All procedures were 
discussed with and approved by CT representatives prior to the start of any activities. 
 

4.1. Preliminary Preparation 
 
The objective of this initial task was to make decisions and preparations regarding the following: 
 

 Combustion hardware; 

 Combustion diagnostics; and  

 Test fuels. 
 
These variables determined the amount of test fuel and CT additive required for the evaluation. 
 
4.1.1. Combustion Hardware 
The evaluation of combustion additives requires that the combustion environment in which the 
additive is tested be the following: 
 

 Well-defined; 

 Well-controlled; 

 Standardized; and 

 Realistic. 
 
The subsections that follow discuss how these prerequisites were satisfied. 
 
4.1.1.1. Diesel Engine. All experimental tasks were performed off-site using a subcontracted diesel 
engine test facility, provided by the Superior Operations/Ajax Division of Cooper Energy Services 
(CES), Springfield, Ohio. Mr. Gerald Boner, Manager of Research and Development, acted as the 
liaison between CES and Battelle. Battelle selected CES as a research partner based on the quality 
and cost of its facilities and its staff, and its proximity to Columbus, Ohio.  
 
A high-performance (turbocharged), heavy-duty stationary diesel engine was selected for use in this 
evaluation of the CleanBoost Gold fuel additive (Superior Model 2406D/Mitsubishi Model S6U-PTA). 
No endorsement is implied.  
 
This 4-stroke, 6-cylinder, 4300 cubic-inch production diesel engine is rated at 1400 brake-horsepower 
(bhp) and 1200 revolutions per minute (rpm) at full load, at which it consumes approximately 9.4 
million Btus per hour of conventional diesel fuel. A schematic of the diesel engine used in this 
CleanBoost Gold evaluation is shown in Figure 1.  
 
Because of the generic nature of engine design, test results using this stationary engine would also be 
applicable to mobile engines. 
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Figure 1. SCHEMATIC OF PRODUCTION DIESEL ENGINE USED IN CLEANBOOST GOLD EVALUATION. 

 
 

4.1.1.2. Fuel-Handling System. A self-contained diesel fuel delivery system was specially 
constructed at CES for this project to do either of the following: 
 

• Mix additive with diesel fuel or 
• Forward fuel to the diesel engine. 

 
This separate diesel fuel delivery system was built to be self-contained and, therefore, minimize 
alterations and disruptions to the normal setup and operation of the CES diesel test engine facility. 
The diesel fuel delivery system consisted of a conventional pump and valves and was closed loop. 
Diesel fuel flow was monitored on a weight loss per unit time basis using a digital load cell and by 
conventional liquid fuel flowmeters. 
 
4.1.2. Combustion Diagnostics 
The engine exhaust tailpipe was equipped with a port for the insertion of sampling probes. It is at this 
location that combustion emissions are sampled for the environmental certification of the diesel 
engine as a production model. The same sampling location was used here. The following combustion 
emissions were monitored in this project: 
 

 Carbon dioxide (CO2); 

 Carbon monoxide (CO); 

 Oxygen (O2); 

 Nitrogen oxides (NOx); 

 Hydrocarbons (HC); and 

 Particulates (ROx) 
 
Combustion products were isokinetically sampled at the outlet of the diesel engine exhaust duct. The 
aforementioned combustion products were measured in the exhaust by the following associated 
analytical techniques (1, 2): 
 

 CO2: nondispersive infrared; 

 CO: nondispersive infrared; 

 O2: paramagnetism; 

 NOx: chemiluminescence; 

 HC: flame ionization; and 

 ROx: Method 5. 
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Particulate material removed from a known amount of flue gas via the Method 5 procedure was 
analyzed to determine the following characteristics (3): 
 

 Loading; 

 Carbon content; 

 Ash content; and 

 Size distribution. 
 
Particulate loading, or mass of particulates per unit volume, is a direct result of the Method 5 analysis. 
The carbon and ash contents of collected particulates were determined through the services of 
outside analytical laboratories. The particulate size distribution was determined at Battelle using a 
centrifugal analyzer. Data on average particle size were sought. In terms of nomenclature, it should 
be noted that diesel particulates, soot, smoke, and opacity are synonymous (5, 15). Engine exhaust 
temperatures were monitored continuously using an aspirated, sheathed, chromel-alumel 
thermocouple. 
 
4.1.3. Test Fuels 
The objective of this component of preliminary activity was to prepare the supply of additive-treated 
diesel fuels required for subsequent combustion testing. Prior to all fuel selection and preparation 
activities at Battelle, the following issues were discussed with and approved by CT representatives: 
 

 Identity of test fuel; 

 Method for pretreating fuel with additive; and 

 Concentration level(s) of additive. 
 
4.1.3.1. Combustion Additive: CleanBoost Gold. CT supplied Battelle with a sufficient quantity of 
the combustion additive to be evaluated. The additive was identified as "CleanBoost Gold", and was 
specified by CT to have the following composition: 
 

 Proprietary blend of organoiron compounds and aromatic hydrocarbon solvent carriers. 
 
With the permission of CT, Battelle had the additive analyzed by an outside laboratory to confirm that 
it, in fact, contained the reported amounts of these components. 
 
4.1.3.2. Diesel Test Fuels. A conventional diesel fuel was used in the engine evaluation of the 
CleanBoost Gold additive (4). It was supplied by CES, and is the fuel typically used by CES for most 
of its diesel engine research and development. A representative sample of the diesel fuel used was 
sent out for analysis by an independent testing laboratory. General results are listed in Table 1. 
 

TABLE 1. DIESEL FUEL CHARACTERISTICS 

Characteristic Units Specification 
Heating Value Btu/pound, dry 19,400 

 

Carbon Percent-weight, dry 87.20 

Hydrogen Percent-weight, dry 12.50 

Nitrogen Percent-weight, dry 0.02 

Sulfur Percent-weight, dry 0.26 

Oxygen Percent-weight, dry 0.01 

Ash Percent-weight, dry 0.01 

 

Conradson Carbon Percent-weight, dry 0.05 

Vanadium Parts per million-weight 5 

Viscosity Centistokes 3.2 
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It should be noted that diesel fuel characteristics are quite universal (4). Typical American diesel fuels 
are comparable to those from other countries.  Because critical characteristics of the diesel fuel used 
here closely match those found elsewhere, Battelle is confident that combustion additive evaluations 
using the American diesel fuel would be representative of those using diesel fuels from other nations. 
 
The experimental test plan called for the preparation of the following diesel-based fuels: 
 

 Diesel fuel doped with 2-ethyl hexanol and 

 Diesel fuel doped with CleanBoost Gold additive. 
 
The 2-ethyl hexanol-doped diesel fuel provided baseline data for combustion tests in which the raw 
diesel fuel was pretreated with CleanBoost Gold. 
 
4.1.3.2.1. 2-Ethyl Hexanol-Doped Diesel Fuel. A standardized procedure, consisting of the following 
general steps, was established for doping the as-received diesel fuel with 2-ethyl hexanol: 
 

 Add prescribed 2-ethyl hexanol carrier to aliquot (~500 gallons) of as-received diesel fuel. 

 Circulate doped diesel fuel for 12 hours in the closed-loop liquid fuel delivery system. 
 
The amount of reagent-grade carrier added to the neat diesel fuel was equivalent to that amount of 
CleanBoost Gold added to produce the same amount of diesel fuel doped with a prescribed 
concentration of additive. 
 
4.1.3.2.2. CleanBoost Gold-Doped Diesel Fuel. The procedure used to pretreat neat diesel fuel with 
CleanBoost Gold was identical to that used to prepare the 2-ethyl hexanol-doped diesel fuel. Neat 
diesel fuel was diluted with CleanBoost Gold in the following ratios (CleanBoost Gold: diesel fuel): 
 

 1:6000 and 

 1:4000. 
 
4.1.4. Combustion Test Procedures 
Subsequent subsections describe standardized procedures followed for the various combustion tests. 
 
4.1.4.1. General Diesel Engine Operation. Prior to the start of a trial with any doped diesel test fuel, 
the diesel engine was preconditioned to a steady-state condition using neat diesel fuel. This 
procedure conserved precious additive.  
 
Once the engine was at steady state, the fuel being fired was switched from neat diesel fuel to doped 
diesel fuel. The engine was then allowed to reequilibrate for about 1 hour before beginning the 
continuous measurement of combustion performance. 
 
All test fuels were fired under the following standardized conditions: 
 

 Engine output: 1180 horsepower; 

 Engine load: 85 percent; 

 Engine speed: 1200 rpm; 

 Firing rate: 8 million Btu/hour; 

 Excess air: 250 percent; 

 Engine exhaust temperature: 840°F; and 

 No combustion air preheat. 
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The duration of a diesel combustion trial was determined primarily by the needs of the Method 5 
analysis for particulates. The following was the approximate standard duration over which continuous 
Method 5 measurements were made: 
 

 Combustion test duration: 4 hours. 
 
4.1.5. Quality Assurance/Quality Control 
The last effort conducted as part of the preliminary preparation task was to develop measures for 
quality assurance and quality control (QA/QC). A criticism of many other diesel engine combustion 
additive evaluations is that they lacked proper QA/QC (6). The following subsections describe the 
measures adopted in terms of experimental, analytical, and data interpretation issues. 
 
4.1.5.1. Experimental Issues. The following experimental procedures were carried out for QA/QC: 
 

 Diesel test fuels were each prepared from a single batch of the original fuel supplied. 

 Sequence in which diesel combustion tests were performed with various was random. 

 Data from a trial were only acceptable if horsepower, excess air level, and engine exhaust 
temperature were maintained within prescribed tolerances during entire duration of test. 

 All combustion tests were performed in duplicate. 
 
The single-fuel-batch criterion for QA/QC was necessary to guarantee identical fuel characteristics 
from test-to-test.  
 
The random-sequence criterion for QA/QC was invoked so as to be certain that the diesel engine 
combustion test results were not biased in any way by the order in which the tests were conducted. 
 
The tolerance criterion for QA/QC was adopted to guarantee that the diesel engine combustion test 
conditions were indeed standardized. The tolerances for the parameters that determined 
standardization were as follows: 
 

 Horsepower: ±0.5 percent; 

 Excess oxygen: ±0.10 percent (volume); and 

 Engine exhaust temperature: ±10°F. 

 
The duplicate-test criterion for QA/QC was carried out to provide a measure of reproducibility, and 
therefore, increased reliability in the data. 
 
4.1.5.2. Analytical Issues. Although the objective was to evaluate the effect of CleanBoost Gold on 
overall diesel engine combustion performance, CT believed that CleanBoost Gold would have the 
highest probability of altering the following characteristics: 
 

 Combustion efficiency and particulate loading. 
 
Because these combustion parameters were identified as critical indicators of additive performance, 
the following QA/QC criterion was adopted: 
 

 Where possible, procedures and analytical methods for determining critical-effect parameters 
would be rigorously standardized and redundant. 
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4.1.5.2.1. Method 5 Analysis. The rigorous standardization and redundancy aspects of this QA/QC 
criterion were satisfied by having certified technicians from both Battelle and CES alternately perform 
a Method 5 analysis of the particulate combustion products. The Method 5 procedure has been 
approved by the U.S. Environmental Protection Agency for use in determining particulate emissions 
from stationary and mobile combustion sources (3, 5, 13-16).  
 
The Method 5 analysis provides the following: 
 

 Complete information on particulate loading and 

 Representative sample with which to determine carbon and ash contents and particulate sizes. 
 
4.1.5.2.2. ASTM Analyses. Particulate samples collected via the Method 5 procedure were sent to 
two different outside service laboratories to be analyzed for their carbon and ash contents according 
to American Society for Testing and Materials (ASTM) procedures, 0-3178-84 and 0-3174-82 (6, 7). 
 
4.1.5.2.3. Routine Analyses. The determination of CO2, CO, O2, NOx, HC, and particulate size was 
considered routine. All instruments used in these determinations were periodically calibrated with 
known standards before and after each analysis. 
 
4.1.5.3. Data Interpretation Issues. The standardization of combustion and analytical procedures 
permitted the resulting data to be interpreted in a relatively straightforward manner. That is, whether 
the CT additive did or did not have any effect could be determined by a direct comparison of the 
results of tests in which additive was or was not used. However, this yes/no method was not without 
uncertainty or bias. 
 
4.1.5.3.1. Uncertainty. For experiments such as those conducted here, uncertainty in the 
experimental data becomes critically important in the interpretation of results. The experimental 
uncertainty of the raw data was determined by performing duplicate combustion tests and analyses. 
Based on the results of redundant and random testing, the relative uncertainty in the absolute values 
of the specific combustion performance characteristics measured here was determined as follows: 
 

 CO2: ±2 percent 

 CO: ±3 percent 

 O2: ±2 percent 

 NOx: ±2 percent 

 HC: ±2 percent 

 Particulate loading: ±5 percent 

 Carbon content: ±0.5 percent. 
 
Uncertainty can also arise from which data are chosen for analysis and interpretation and how they 
are calculated. Of the combustion performance parameters, combustion efficiency was thought most 
critical in the evaluation of CleanBoost Gold additive performance. The following special subsection 
discusses the QA/QC actions taken with respect to this critical measure of additive performance. 
 
4.1.5.3.2. Combustion Efficiency. Combustion efficiency, carbon conversion efficiency, or extent of 
burnout are synonymous, and are defined as the extent to which elemental carbon in the fuel is 
oxidized to CO2 upon burning. 
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Several complementary methods are available with which to determine the efficiency of fossil fuel 
combustion, including the following (8-10): 
 

 CO2 tracer method; 

 Ash tracer method; and 

 Carbon tracer method. 
 
Each method has its own degree of difficulty and uncertainty. As a QA/QC measure, all of the 
aforementioned and redundant methods were employed.  
 
The CO2 tracer method uses the amount of CO2 in the gas-phase products of combustion to 
determine combustion efficiency (8, 10). This method essentially compares the measured 
concentration of CO2 in the exhaust to the maximum theoretical carbon dioxide concentration possible 
for a particular fossil fuel at a particular level of excess air. CO2 and excess air (or oxygen) 
concentrations are measured instrumentally (see Section 4.1.2). 
 
The ash tracer method uses the amount of ash in the solid-phase products of combustion to 
determine combustion efficiency (9). This method essentially compares the amount of ash in the 
particulates to the amount of ash in the fuel (see Table 1). No information is required on excess air. 
 
The representative sample of particulates is obtained by Method 5 procedures (3). The ash is 
determined by ASTM procedures (7). 
 
The carbon tracer method uses the amount of carbon in the solid phase products of combustion to 
determine combustion efficiency (10). This method relies on Method 5 and ASTM procedures to 
obtain the representative sample of particulates and the carbon content of the ash, respectively (3, 6). 
The weight of carbon retained in the particulate catch is first divided by the sampling time interval and 
then multiplied by the ratio of the total flue gas flow to the total sampling flow, thus yielding a 
determination of carbon loss up the stack. The mass flow rate of carbon lost up the stack is then 
divided by the mass flow rate of carbon in the fuel fired during the sampling period to determine the 
fraction of the total carbon lost to the total carbon input. This fraction is then subtracted from unity to 
obtain that fraction of carbon combusted. 
 
Because these methods for determining combustion efficiency rely on mutually exclusive analyses, 
use of all three provides a redundant check of this critical performance parameter. The absolute 
values for combustion efficiency resulting from these three methods are known to not always agree 
(8-10). Because data were sought on the relative difference between combustion efficiency before or 
after CleanBoost Gold additive was used, the lack of perfect agreement between combustion 
efficiencies on an absolute basis was not a concern. The uncertainty in measured combustion 
efficiencies reported here was ±0.005 percentage point. 
 
4.1.5.3.3. Biases. The selection of diesel test fuel and the methods by which the diesel fuels were 
pretreated with CleanBoost Gold additive and test-fired were known at the outset to have an influence 
on the extent to which the CleanBoost Gold might affect diesel combustion performance, especially 
burnout and particulate emissions. 
 
First, the diesel test fuel selected was biased somewhat against the additive having a positive effect. 
Carbon burnout is usually not a problem for petroleum oils if they have the following quality (11, 12): 
 

 Conradson carbon content: <6 percent. 
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As Table 1 reveals, the diesel fuel used had a typical Conradson carbon content much less than this 
limit for the onset of carbon burnout problems, so no severe problems with burnout would be 
anticipated.  
 
Second, the method used to pretreat the diesel fuel with CleanBoost Gold was biased somewhat in 
favor of this diesel additive being effective. The effect of combustion additives is usually a function of 
how uniformly dispersed the additive is prior to combustion (5, 11-16). Because the standardized 
pretreatment procedure practiced here uniformly dispersed the combustion additive within the diesel 
fuel, any action by the additive would not be limited by mixing. 
 
Finally, the diesel engine in which the CleanBoost Gold additive was tested was biased somewhat 
against the CT diesel additive being effective. This is because the advanced diesel engine used had 
been designed (turbocharged) to minimize particulate emissions and carbon burnout problems (13, 
15). To offset this situation, the diesel test engine was operated at an off-peak load (85 percent), 
which maximized the amount of particulates it emitted. Hence, this artificially created particulate 
emission problem offered an opportunity for the CleanBoost Gold additive to be effective. 
 

5.0. RESULTS AND DISCUSSION 
 
Standardized tests were conducted to determine, with certainty, the effect of premixing various levels 
of CleanBoost Gold additive into diesel fuel prior to its standardized combustion in a diesel engine. 
 

5.1. Combustion Test Results 
 

Table 2 presents the averaged data obtained from duplicate tests in which conventional diesel fuel 
was premixed with either 2-ethyl hexanol carrier (0 ppm additive) or CleanBoost Gold (150 or 250 
ppm additive). NOx, CO, HC, and ROx emissions are reported in the traditional (to diesel engine 
research) units of grams per brake horsepower-hour on an air-free basis (zero-percent oxygen). Of 
most importance obviously, are the relative values of these data. 
 

TABLE 2. RESULTS OF EVALUATION 

Test Parameter 
& Engine Performance 

Agent Admixed into Diesel Fuel 
2-Ethyl Hexanol 

Carrier 
CleanBoost 

Gold 
2-Ethyl Hexanol 

Carrier 
CleanBoost 

Gold 

Agent: Diesel Fuel by volume 1:6000 1:6000 1:4000 1:4000 

Exhaust Temperature °F 843 832 843 839 

O2 %-volume, a-m 12.25 12.25 12.25 12.25 

CO2 %-volume, a-m 6.5 6.5 6.5 6.5 

NOx g/bhp-hr, a-f 7.96 8.01 7.90 8.02 

CO g/bhp-hr, a-f 0.82 0.76 0.80 0.72 

HC g/bhp-hr, a-f 0.42 0.41 0.44 0.40 

ROx g/bhp-hr, a-f 0.07 0.05 0.07 0.04 

Carbon in Particulates %, by weight 23 20 23 16 

Combustion Efficiency % 99.5 99.7 99.5 99.9 

a-m = as-measured; g/bhp-hr = grams per brake horsepower-hour; a-f = air-free 

Within the uncertainty of the data (Section 4.1.5.3.1), the apparent effect of CleanBoost Gold usage 
on the normal performance characteristics of diesel engine combustion could be summarized as 
follows: 
 

 The 1:6000 or 150 ppm volumetric addition to diesel fuel of CleanBoost Gold: 
o Reduced CO emissions 7 percent, 
o Reduced HC emissions 3 percent, 
o Reduced particulate carbon 13 percent, 
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o Reduced particulate emissions 29 percent, 
o Increased combustion efficiency 0.2 percent, and  
o Had no adverse effect on NOx emissions. 

 The 1:4000 or 250 ppm volumetric addition to diesel fuel of CleanBoost Gold: 
o Reduced CO emissions by 7 percent, 
o Reduced HC emissions by 9 percent, 
o Reduced particulate carbon 26 percent, 
o Reduced particulate emissions 43 percent, 
o Increased combustion efficiency 0.4 percent, and 
o Had no adverse effect on NOx emissions. 

 
Some additional findings are also worth noting. First, in all tests, particulate sizes remained below the 
lower limit of detection (5 microns) so no information was acquired on how CleanBoost Gold additive 
affected particulate size. Second, inspection of internal diesel engine parts before and after the short-
duration firing of CleanBoost Gold-doped diesel fuel revealed no adverse change in deposition or 
wear. 
 

5.2. Analysis 
 
Efforts were made to scientifically rationalize somewhat the major findings just reported. Reductions in 
diesel smoke, soot, particulates, or opacity (which are synonymous) have been documented upon 
doping a diesel fuel with a metal-containing (such as iron) chemical additive (5, 13-15). Such additives 
are believed to reduce diesel particulate emissions by either of the following mechanisms (5): 
 

 By homogeneously retarding soot formation in the gas phase at the early stages of combustion, or 

 By heterogeneously accelerating soot burnout in the solid phase at the later stages of combustion. 

 
In the first mechanism, the metal additive acts chemically or electrically to increase the concentration 
of those gas-phase flame species that rapidly remove the precursors to soot or carbon particulates. 
Because the transient combustion species involved in the early-flame retardation of soot formation are 
also involved in NOx formation chemistry, desired reductions in diesel particulate emissions are 
usually accompanied by undesired increases in NOx emissions. 
 
In the second mechanism, the oxidation rate of the diesel particulate is heterogeneously catalyzed in 
the solid phase. Because diesel fuel contains little bound nitrogen, diesel particulates also contain 
little or no nitrogen. Because diesel soot is almost nitrogen free, little or no more NOx is emitted when 
these particulates are catalytically oxidized by a metal additive. Hence, diesel particulates can be 
reduced by this mechanism with no accompanying increase in NOx emissions. 
 
The reduction in diesel particulate carbon emissions with no accompanying increase in NOx 
emissions observed in this study clearly suggests the following: 
 

 The normal burnout of particulate carbon was catalyzed during the later stages of the diesel 
combustion cycle by the presence of the organoiron in the CleanBoost Gold additive. 

 
This hypothesis was indirectly confirmed by conducting some additional analyses on the diesel fuels 
and not the diesel exhausts. The following is known about diesel engine combustion (12-16): 
 

 Cetane number and pour point are accepted measures for diesel fuel quality and engine performance. 

 Cetane number is a measure of the relative ignitibility of a diesel fuel. 

 Pour point is a measure of the relative viscosity of a diesel fuel. 

 Viscosity, in turn, is a measure of how finely a diesel fuel can be atomized in the preflame zone. 
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 Effect of variable cetane number and pour point is realized during early stages of diesel fuel 
combustion. 

 As cetane number increases and pour point decreases, NOx emissions increase. 

 
The CleanBoost Gold-containing diesel fuels test burned here (see Table 2) were sent to an 
independent outside laboratory to determine if their cetane numbers or pour points were altered upon 
doping with CleanBoost Gold, with the following results: 
 

 At the concentration levels studied, the presence of CleanBoost Gold in the diesel fuel had no 
effect on cetane number or pour point.  

 
These results reinforce the aforementioned hypothesis on the mechanism for CleanBoost Gold action, 
as follows: 
 

 Because cetane numbers, pour points, and NOx emissions remained unchanged upon 
CleanBoost Gold usage, the alteration in diesel engine performance upon CleanBoost Gold 
usage must have taken place at the later- and not early-stages of combustion. 

 
6.0. SIGNIFICANCE OF RESULTS 

 
This section discusses the practical significance of the results just objectively reported and 
rationalized. Environmental as well as economic considerations will be addressed. 
 
Modern studies on diesel engine combustion have concluded the following (12-16): 
 

 Formation of carbon-containing particulates is inherent to the normal operation of a diesel engine. 
 

 Diesel engine-generated particulates can be controlled somewhat by altering either physicochemical 
diesel fuel properties or diesel engine conditions. 

 

 Alteration of those physicochemical diesel fuel properties or diesel engine conditions that can be 

adjusted to reduce particulate emissions invariably results in increased NOx emissions. 
 
Fuel properties most often altered include cetane number, volatility, pour point, and specific gravity. 
The engine condition altered most is peak temperature, which can be lowered by such technologies 
as exhaust gas recirculation or water injection. In summary: 
 

 There is an apparent tradeoff between NOx and particulate control in diesel engines when using 
technologies based on fuel or engine modifications. 

 
The U.S. National Research Council (NRC) has estimated the magnitude of this tradeoff when using 
these modifications, as follows (16): 
 

 A 50 percent reduction in NOx emissions would probably be accompanied by a 30 to 100 percent 
increase in particulates. 

 
Moreover, the NRC also estimated the following tradeoff: 
 

 The 50 percent reduction in NOx would be accompanied not only by a 30 percent or more increase in 
particulates but also by a 50+ percent increase in HC emissions and a 7 percent or more penalty in fuel 
consumption. 
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In view of these findings, the practical significance of CleanBoost Gold becomes clear: 
 

 The use of CleanBoost Gold additive offers a means by which to reduce diesel engine particulate 
emissions without aggravating NOx emissions or diminishing fuel economy. 

As mentioned, other metal-containing chemical additives (barium, in addition to iron) have been 
identified that reduce diesel particulate emissions without increasing NOx emissions (5). The following 
has been the general finding: 
 

 Approximately 500 ppm or more active metal has been required to reduce diesel engine particulate 
emissions by 35 to 50 percent. 

 
The practical significance of this information is obvious when compared to data in Table 2, as follows: 
 

 CleanBoost Gold appears to significantly reduce diesel particulate emissions at metal concentrations 
much less than those required by other additives. This 29-43% reduction in particulate loading ahead of 
an in-line diesel particulate trap or filter will also improve the operating efficiency and regeneration 
performance of these devices. 

 
Finally, one point must be reinforced about economy in addition to that already mentioned: 
 

 A recent study determined that a 35 percent reduction in diesel particulate emissions was accompanied 
by a 1 to 4 percent increase in fuel economy.  This is consistent with data collected by the flow meters 
during testing of CleanBoost Gold. 

 
Thus, reducing diesel particulate emissions is beneficial for both environmental and economic 
reasons. 
 

7.0. RESEARCH SUMMARY 
 
Standardized combustion tests were performed by Battelle Columbus Division in a production diesel 
engine to determine with certainty the effect of various levels of the additive called CleanBoost Gold. 
This diesel engine additive consisted of organoiron compounds diluted in an aromatic hydrocarbon 
solvent carrier. The influence of two levels of CleanBoost Gold (150 and 250 ppm) was evaluated in a 
4-stroke, 6-cylinder, 4300 cubic-inch diesel engine, rated at 1400 brake-horsepower and 1200 
revolutions per minute at full load. The diesel engine was operated at 85 percent of full load to 
artificially create a particulate emissions problem and simulate how a working engine might perform in 
the field. 
 
The measurable and reproducible results provided the following information: 
 

 The addition to conventional diesel fuel of 150 to 250 ppm CleanBoost Gold: 
o Reduced CO emissions 7-10 percent, 
o Reduced HC emissions 3-9 percent, 
o Reduced particulate carbon 13-26 percent, 
o Reduced particulate emissions 29-43 percent, 
o Increased combustion efficiency 0.2-0.4 percent, and 
o Had no adverse effect on NOx emissions. 

 
 Use of CleanBoost Gold is superior to other diesel particulate control technologies in that it does not 

result in increased NOx emissions or diminished fuel economy. 
 

 CleanBoost Gold is competitive with other chemical additives for diesel particulate reduction because 
less of the active metal (iron) is required to accomplish the reduction. 
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In summary, CleanBoost Gold appears to be a viable fuel additive for stationary and mobile diesel 
engines for both environmental and economic reasons.  By reducing particulate emissions ahead of 
in-line particulate traps or filters, CleanBoost Gold will also improve the operating efficiency and 
regeneration performance of these devices. 
 
 

8.0. REFERENCES 
 
1. Maier, G. A., Barrett, R. E., Rising, B. W., and Giammar, R. D., "Coal Slurry Fuels: Moving Toward 
Commercial Utilization", Fifth International Symposium on Coal Water Slurry Combustion and Technology, pp. 
873-896 1983. 
 
2. Weller, A. E., Rising, B. W., Boiarski, A. A., Nordstrom, R. J., Barrett, R. E., and Luce, R. G., “Experimental 
Evaluation of Firing Pulverized Coal in a C02/02 Atmosphere", Final Report from Battelle Columbus Division to 
Argonne National Laboratory, ANL/CNSV-TM-168 (1985). 
 
3. “Standards of Performance for New Stationary Sources”, Federal Register, 36, No. 247, 24876, December 23 
(1971). 
 
4. Schmidt, P. F., Fuel Oil Manual, 4th Edition, Chapter 26, pp. 217-225, Industrial Press (1985). 
 
5. Howard, J. B. and Kausch, W. J., "Soot Control by Fuel Additives", Progress in Energy and Combustion 
Science 6, 263-276 (1980). 
 
6. “Standard Test Methods for Carbon and Hydrogen in the Analysis Sample of Coal and Coke”, D-3178-84, 
Annual Book of ASTM Standards, 5.05, American Society for Testing and Materials (l984). 
 
7. “Standard Test Method for Ash in the Analysis Sample of Coal and Coke from Coal”, D-3174-82, Annual Book 
of ASTM Standards, 5.05, American Society for Testing and Materials (1982). 
 
8. Reuther, J. J., “Injection, Burnout, and Pollution, Characteristics of Various Ranks of Pulverized Coal and 
Their Slurries”, Transactions: Society of Mining Engineers, American Institute of Mining, 276, 1930- 1934 
(1985). 
 
9. McHale, E. T., Scheffee, R. S., and Rossmeissl, N. P., “Combustion of Coal/Water Slurry”, Combustion and 
Flame, 45, 121-135 (1982). 
 
10. Smith, D. A., Rini, M. J., LaFlesh, R. C., and Marion, J. L., “Coal-Water Slurry Technology Development”, 
Volume 1: Burner Technology, Final Report CS-3374, Combustion Engineering, Inc. to the Electric Power 
Research Institute, February (1984). 
 
11. Radway, J. E. and Hoffman, M. S., “Operations Guide for the Use of Combustion Additives in Utility Boilers”, 
Final Report CS-5527, Enerchem, Inc. to the Electric Power Research Institute, December (1987), and 
references therein. 
 
12. American Society for Testing and Materials, Diesel Fuel Oils, ASTM Technical Publication 413 (1967). 
 
13. Henein, N. A., "Analysis of Pollutant Formation and Control and Fuel Economy in Diesel Engines”, Progress 
in Energy and Combustion Science 1, 165-207 (1976). 
 
14. Sarofim, A. F. and Flagan, R. C., “NOx Control for Stationary Combustion Sources”, Progress in Energy and 
Combustion Science 2, 1-25 (1976). 
 



15 
 

15. Smith, O. l., “Fundamentals of Soot Formation in Flames with Application to Diesel Engine Particulate 
Emissions”, Progress in Energy and Combustion Science 2, 275-291 (1981). 
 
16. National Research Council, NOx Emission Controls for Heavy-Duty Vehicles: Toward Meeting a 1986 
Standard, National Academy Press (1981). 


