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Abstract 11 

Diesel vehicles are a major source of air pollutant emissions.  Fuel additives 12 

containing nanoparticulate cerium (nCe) are currently being used in some diesel vehicles 13 

to improve fuel efficiency.  These fuel additives also reduce fine particulate matter 14 

(PM2.5) emissions and alter the emissions of carbon monoxide (CO), nitrogen oxides 15 

(NOx), and hydrocarbon (HC) species, including several hazardous air pollutants (HAPs).  16 

To predict their net effect on regional air quality, we review the emissions literature and 17 

develop a multipollutant inventory for a hypothetical scenario in which nCe additives are 18 

used in all on-road and non-road diesel vehicles.  We apply the Community Multiscale 19 

Air Quality (CMAQ) model to a domain covering the eastern U.S. for a summer and a 20 

winter period.  Model calculations suggest modest decreases of average PM2.5 21 

concentrations and relatively larger decreases in particulate elemental carbon.  The nCe 22 

additives also have an effect on 8-hour maximum ozone in summer.  Variable effects on 23 

HAPs are predicted.  The total U.S. emissions of fine-particulate cerium are estimated to 24 
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increase 25-fold and result in elevated levels of airborne cerium (up to 22 ng/m
3
), which 25 

might adversely impact human health and the environment. 26 

Introduction 27 

 Every year, diesel vehicles in the United States consume approximately 50 billion 28 

gallons of fuel and emit 300,000 tons of fine particulate matter (PM2.5) to the 29 

atmosphere.
1-2

  The elemental and organic carbon (EC and OC) that comprise a large 30 

fraction of diesel particulate matter (DPM) have environmental and health implications.  31 

EC, or black carbon, is the dominant light-absorbing constituent of the atmosphere,
3
 32 

playing a key role in climate change.  Organic material in diesel soot, such as polycyclic 33 

aromatic hydrocarbons (PAHs), is potentially mutagenic and carcinogenic.
4-6

  Redox-34 

active metals in DPM are also of significant health concern.
7  

Efforts to reduce DPM 35 

emissions include the use of oxidation catalysts, diesel particulate filters (DPFs), low-36 

sulfur diesel fuels, and fuel additives.  Some additives also improve fuel economy. 37 

 One class of diesel fuel additives gaining usage in recent years consists of 38 

engineered nanomaterials composed of cerium compounds (nCe).  Three nCe-based 39 

additives are marketed worldwide, although individual product sales and use data are not 40 

publicly available.  Eolys™, manufactured by Rhodia Electronics & Catalysis, is used in 41 

combination with a DPF in over four million vehicles outside the U.S.  The nCe-based 42 

Envirox™ additive is manufactured by Energenics Ltd. and distributed in Europe, Asia 43 

Pacific, Canada, and India.  Platinum Plus®, manufactured by Clean Diesel 44 

Technologies, Inc., contains at least seven times as much nCe as platinum by mass, and 45 

had been registered for use in on-road vehicles in the U.S. until October 2011.  Envirox™ 46 
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and Platinum Plus® can be used in off-road diesel vehicles in the U.S., but neither is 47 

currently registered with the EPA for use in on-road vehicles.   48 

 Whereas the reduction of DPM emissions is a clear benefit of nCe-based 49 

additives, the simultaneous increase in cerium emissions might offset that benefit.  The 50 

human-health effects of inhaling cerium-laden soot are a subject of active investigation,
8-

51 

10
 while the risk to aquatic ecosystems and soil organisms is less of a concern.

11
  Beyond 52 

these first-order effects of adding cerium to the environment, numerous studies have 53 

demonstrated that nCe additives alter the magnitude of other pollutants emitted from 54 

diesel engines.  Widespread use of these additives may thus have a significant impact on 55 

air quality.  For example, changes in nitrogen oxides (NOx) and volatile organic 56 

compound (VOC) emissions resulting from nCe additive usage could affect ambient 57 

levels of ozone, PM, and hazardous air pollutants (HAPs).   58 

 The objective of this study is to predict the potential impacts of widespread nCe-59 

additive usage on regional-scale air quality.  The Community Multiscale Air Quality 60 

(CMAQ) model with multipollutant capability
12

 is employed to predict atmospheric 61 

concentrations of criteria air pollutants (CAPs) and HAPs for a hypothetical scenario in 62 

which all on-road and non-road diesel vehicles in the eastern U.S. use nCe additives.  63 

Simulations of a month-long period during winter and summer with addition of nCe to all 64 

diesel fuels are compared with base case simulations that use standard emission inputs.  65 

The indicators of air quality we investigate in this work include ground-level 66 

concentrations of PM2.5, O3, and several HAPs.  Also, atmospheric cerium concentrations 67 

across the eastern U.S. under such a scenario are predicted for the first time.  Prediction 68 
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of local-scale air quality impacts very near major roadways, including effects on particle 69 

size distribution, is the subject of a separate study.
13

 70 

Methods 71 

Available Emissions Data 72 

 Our search of the literature uncovered 30 journal articles, trade publications, and 73 

fuel-additive-registration documents reporting measurements of emissions from diesel 74 

engines operating with and without nCe additives (see Table S1-1 of the Supporting 75 

Information).  Taken together, these studies cover all the marketed nCe additives:  76 

Eolys™, Envirox™, and Platinum Plus®; a wide range of dosing levels: 5 to 100 ppm 77 

Ce; light-duty, medium-duty, and heavy-duty diesel engines; various base fuels; several 78 

different engine test cycles; and tests performed with and without DPFs.   79 

Most of the studies applied the Eolys™ additive, likely due to its widespread use 80 

with DPFs in passenger vehicles in Europe.  Although some manufacturers are using 81 

DPFs to meet the 2007 PM standards, the U.S. diesel fleet is presently comprised 82 

primarily of heavy-duty vehicles not yet equipped with DPFs.  Furthermore, engine size 83 

and aftertreatment technology have a major impact on the effectiveness of nCe 84 

additives.
14-15

  Therefore, we focus our attention on ten reports that provide emissions 85 

data from heavy-duty engines without DPFs (see Table S2-1).  In those studies, emissions 86 

from engines were first measured using a standard fuel.  Next, the engines were run on 87 

the fuel dosed with nCe additive and emission measurements were repeated.   88 
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We compile the data from these studies and compute relative changes in PM, 89 

carbon monoxide (CO), NOx, and total hydrocarbon (THC) emissions for each pair of 90 

measurements (with and without nCe additive).  The relative changes are plotted in 91 

Figure 1.  Much of the variability seen in Figure 1 can be attributed to the range of test 92 

parameters noted above, because it is well-known that different engines, base fuels, and 93 

test protocols can result in substantially different emissions.
16

  For completeness and 94 

comparison, we also compile the data for engines using a DPF, and present the relative 95 

changes in those emissions in Figure S4-1.   96 

An accurate assessment of the air quality impact of nCe additives depends not 97 

only on the THC emissions level, but also on the ozone-forming potential (i.e., reactivity) 98 

of individual HCs whose emissions are affected by the additives.  In three studies, gas-99 

phase emissions were analyzed for more than 200 individual VOCs.
17-19

  The nCe 100 

additives caused substantial changes in emissions of some VOCs.  A total of 92 HC 101 

compounds that were measured in these studies are represented in the CMAQ modeling 102 

system.  Emissions data for all of these compounds are provided in Table S2-3.  In 103 

regional-scale photochemical models such as CMAQ, individual hydrocarbons are 104 

grouped into a smaller number of model compounds for treatment within an atmospheric 105 

chemistry mechanism.  For the present CMAQ modeling exercise, we use the Carbon 106 

Bond 2005 (CB05) mechanism.
20

  The right-most column of Table S2-3 indicates the 107 

CB05 mechanism species to which each measured compound is mapped. 108 

In the case of PM, a comprehensive assessment of nCe additives should consider 109 

their effects on the size distribution and chemical composition as well as the total PM 110 

mass.  Several studies, including some listed in Table S2-1, have shown that nCe 111 
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additives shift the emissions distribution toward smaller particle sizes in the nuclei 112 

mode
15,21-25

.  However, only one study listed in Table S2-1 reported the effect of an nCe 113 

additive on bulk chemical composition.
23

  Measurements of cerium in DPM emissions 114 

were made in four of the studies listed in Table S2-1
17-19,26

, from which we compute a 115 

median emissions ratio (Ce/DPM = 0.005) when an nCe additive is used. 116 

Development of Model-Ready Emissions Inventory   117 

Base case emissions were generated with the Sparse Matrix Operator Kernel 118 

Emissions (SMOKE) modeling system
27

 using the 2005 National Emissions Inventory 119 

(NEI), with which the Comprehensive Air Quality Model with Extensions (CAMx) and 120 

the CMAQ model have been evaluated.
28-29

  These emissions are summarized for relevant 121 

species in Table 1 as averages of the winter and summer days considered in our modeling 122 

study.  From this summary, we discern that onroad and nonroad diesel engines emit 33% 123 

of the total EC emissions across the eastern U.S., 18% of NOx, 9% of formaldehyde, and 124 

over 30% of the large aldehydes (ALD2 and ALDX).  For all other species listed in Table 125 

1, except for the NVOL model compound (representing other non-volatile species), diesel 126 

vehicles contribute less than 5% of the domainwide emission total from all sources.   127 

Diesel emissions are consistently higher in summer than in winter (base-case 128 

summer emissions of diesel PM, VOC and NOx are 63%, 47% and 26% higher, 129 

respectively), primarily because of construction and agricultural activities during 130 

summer.  Due to warmer temperatures, total PM emissions from all sources are ~30% 131 

lower in summer, while total VOC emissions are four times greater.  Biogenic emissions  132 

133 
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 134 

Table 1.  Domainwide emissions for 2005 (average of winter and summer days) and median percent 
change (%Δ) in diesel emissions due to nCe additives 

Species 
All sources 
(ton/day) 

On-road diesel 
(ton/day) 

Non-road diesel 
(ton/day)  % 

Confidence 
Level

a 

PM   10483   178   286   -17 Very High 
CO 238986 1912 1550  +15 High 
NOx   35095 4066 2091     -5 Medium 
   NO   30580 3515 1808     -5 Medium 
   NO2     4515   551   283     -5 Medium 
VOC 142084   309   297  +12 High 

PM species      
   EC     1074   132   221   -11 High 
   OC     2809     32.5     50.3   -53 High 
   SO4       505       0.624       0.831  +11 Low 
   NO3         43.0       0.205       0.315  +11 Low 
   Other     6052     12.1     14.1  +11 Low 
   Cerium           0.2

b 
      0       0      b

 
High 

VOC species
c 

     
   TERP   22687       4.17       3.35   +14 Very Low 
   XYL     4557     19.6     16.7    -22 Medium 

   TOL     5265     28.9     22.4   +22 Medium 

   IOLE     5922       2.05       1.66    -94 Medium 

   ALD2         75.6     11.7     17.3      -7.5 Low 

   ALDX       224     46.2     31.2     +9.3 High 

   OLE     6993     16.7     16.1      -1.6 High 

   ETHA     1714       0       0.688    -50 Very Low 

   ETH     4312     14.1     25.7   +20 Low 

   FORM     2479     25.2     30.4      -9.7 Medium 

   PAR   38060   157   136   +26 High 

   UNR     3732     27.4     25.5   +11 High 

   NVOL         23.4       2.02       1.19   +14 Very Low 

   Naphthalene         28.7       0.246       0.136 +600 Very Low 

   m-Xylene       819       1.30       2.57    -38 Low 

   o-Xylene       292       0.453       0.899    -50 Low 

   Toluene     1895       1.16       4.90    -48 Low 

   Benzene     2456       4.15       6.66    -11 Low 

   Acrolein         49.1       1.34       0.995    -55 Low 

   1,3-Butadiene       702       2.37       0.610    -40 Very Low 

   Acetaldehyde     2576     10.7     17.4      -1.4 Low 

   Formaldehyde       744     29.1     38.7      -2.8 Low 

a
 A qualitative confidence level is assigned to each percent change value based on the computed errors listed in 

Table S2-2 and the number of measurements for each corresponding species. 
b
 Total emissions of cerium are computed as the product of those reported by Reff et al.

2
 and the estimated fraction 

(84%) from eastern U.S. sources based on state-by-state CO2 emission data from the U.S. Energy Information 
Administration; the median mass fraction of cerium in DPM computed from the available diesel emission test data is 
0.005. 
c
 VOC species are listed in order of decreasing molecular weight; lumped model compounds and the compounds 

treated individually in CMAQ are listed above and below the dotted line, respectively.
 

135 
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account for a large part of increased VOC emissions in summer.  Total emissions of NOx 136 

vary little between the two seasons, since increased emissions due to construction and 137 

agricultural activities in summer are offset by increased emissions due to residential 138 

heating in winter.   139 

 140 

 141 

Figure 1.  Relative changes in emissions of (a) PM, (b) CO, (c) NOx, and (d) THC measured in the ten 142 
studies listed in Table S2-1.  Individual changes from each pair of data (emissions without additive and with 143 
additive) are plotted as open circles.  Red symbols correspond to Platinum Plus®, green to Envirox™, and 144 
black to Eolys™.  Median percent changes across all test pairs that used ≤ 25 ppm Ce are used for the 145 
present modeling investigation (see Table S2-2 for raw data, mean values, and standard errors). 146 

 147 

To predict the air quality impacts of nCe additives at typical dosing levels (~10 148 

ppm), we restrict our attention to data for nCe levels ≤ 25 ppm in fuel.  This subset of 149 

data is provided in Table S2-2 and bracketed in Figure 1.  (An analogous subset of data 150 

for measurements on engines using a DPF is summarized in Table S4-1 and Figure S4-1.)  151 

These data consistently demonstrate a reduction in PM mass emissions with additive 152 
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usage (Figure 1a).  Significant increases in both CO and THC emissions are also 153 

observed (Figures 1b and 1d).  In contrast, the additives have minimal effect on NOx 154 

emissions (Figure 1c).  The directions of these changes are consistent with the expected 155 

effects of nCe additives, which promote the oxidation of diesel soot particles to HC, CO2, 156 

and CO, and slightly reduce the activation energy of the oxidation reaction.
26

  The 157 

median changes in PM, CO, NOx, and THC emissions utilized in our modeling exercise 158 

are -17%, +15%, -5%, and +12%, respectively (see %Δ column in Table 1).  To quantify 159 

the spread of the data we compute the standard error associated with each of the median 160 

change values (see Table S2-2).  For the four bulk pollutants discussed here, median 161 

emission changes differ from zero by at least one standard error. 162 

While base case CO and NOx emission inputs can be modified directly using the 163 

median percent change values shown in Table 1, modification of HC and PM emissions 164 

is not straight-forward.  The HCs modeled in CMAQ include individual VOCs such as 165 

benzene and formaldehyde, as well as lumped model compounds such as PAR (i.e., 166 

paraffins) and OLE (i.e., olefins).  Model-ready emission inputs for those lumped 167 

compounds are calculated with the Speciation Tool version 2.0,
30

 which maps individual 168 

HCs to model compounds in a given chemical mechanism.  We use a spreadsheet version 169 

of that tool to compute mass fractions of lumped model compounds from the emission 170 

data in Table S2-3.  Percent changes for each lumped compound and each pair of 171 

emission tests are then computed, from which the median percent change is derived for 172 

each compound (see Table S2-4).  Finally, the percent change for each lumped compound 173 

is normalized to ensure that the THC emissions increase by an amount (+12%) that is 174 

consistent with the data from the larger body of literature, as summarized in Table S2-2. 175 
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The final percent change values for thirteen lumped VOCs affected by nCe 176 

additives are listed in Table 1.  Although the nCe additives dramatically affect diesel 177 

emissions of certain lumped species (e.g., IOLE, ETHA, PAR), diesel vehicles contribute 178 

less than 1% of their total emissions.  For the lumped VOCs that diesel vehicles 179 

contribute substantially (i.e., ALD2 and ALDX), nCe additives have a modest impact on 180 

emissions (%Δ = -7.5% and +9.3%, respectively).  Therefore, we do not anticipate 181 

significant changes in ambient ozone to result from changes in the reactivity of the VOC 182 

mixture. 183 

Nine speciated HC compounds in the emission studies are modeled explicitly in 184 

CMAQ.  These compounds are classified as HAPs and their percent change values are 185 

listed in Table 1.  Large increases in emissions of individual HAP species may be a 186 

concern in near-road environments.  For example, naphthalene emissions are found to 187 

increase substantially (an order of magnitude) in one study using the Envirox™ additive 188 

(see Table S2-3).  Furthermore, at an air quality monitoring station in close proximity to a 189 

bus route in the U.K., the annual-average ambient concentrations of 24 out of 30 190 

measured PAH compounds increased after introduction of the Envirox™ additive to the 191 

bus fleet.
31

    192 

The PM emissions input to version 4.7 of the CMAQ system must be speciated 193 

into OC, EC, SO4 and NO3 ions, and other mass (PMOther).  OC and EC emissions with 194 

and without the use of nCe additive were measured by Skillas et al.,
23

 and their median 195 

percent changes were computed from those data.  The percent change of each model PM 196 

compound was then normalized to ensure a 17% decrease in total PM, as described above 197 
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for HCs.  (Analogous percent changes in speciated emissions from heavy-duty engines 198 

with DPFs are presented in Table S4-2.) 199 

Model-ready emission inputs for the nCe-impacted scenario are generated by 200 

applying the relative emissions changes listed in Table 1 (%Δ) to all on-road and non-201 

road diesel vehicle emissions included in the base case inventory.  We estimate air 202 

quality impacts of these changes by comparing the air pollutant concentrations predicted 203 

by the CMAQ model in the base case and modified emissions scenarios.  Considering the 204 

standard errors listed in Table S2-2 and the number of available data points for each of 205 

the individual species listed in Table 1, we assign a qualitative confidence level for each 206 

computed emissions change.  These confidence levels (see Table 1) apply not only to the 207 

percent changes in emissions due to nCe additive usage, but also to the estimated air 208 

quality impacts discussed below. 209 

Modeling Approach  210 

 The CMAQ model is one of the most extensively evaluated models for simulating 211 

regional-scale air quality.
32

  CMAQ v4.7 with multipollutant capability
12,33

  is used in this 212 

study to calculate CAP and HAP concentrations for two 25-day periods in 2005 (January 213 

6 – January 30 and July 6 – July 30).  Two simulations are performed for each period:  1) 214 

a base case simulation using the standard emission inputs, and 2) an nCe-impacted case 215 

using the modified emission inputs described above.  A common set of meteorology 216 

inputs generated using the Meteorology-Chemistry Interface Processor (MCIP) with 217 

MM5 data
34

 is used in both simulations.   218 
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For this work, the model domain covers the eastern U.S. with a grid of 279 × 240 219 

12 km cells and 24 vertical layers.  The impact of nCe additives may be underestimated 220 

near the boundaries, since boundary concentrations were obtained from a coarse-grid 221 

continental U.S. domain simulation that did not consider the effect of nCe additives on 222 

emissions.  Allowing for an 11-day spin-up period, in which initial pollutant 223 

concentrations are stabilized, we present ground-level results from the last two weeks in 224 

each simulation.   225 

Results 226 

Effect on Emissions 227 

 Maps of current cerium emissions and those estimated for our hypothetical 228 

scenario are shown in Figure S2-1a.  Assuming widespread usage of nCe additives, we 229 

project the total U.S. emissions of fine-particulate cerium to increase by a factor of 25, 230 

from present-day levels of 69 tons/yr to 1750 tons/yr in the future.  Base case and 231 

modified emissions of HAP species for which diesel vehicles contribute ≥ 5% of the total 232 

emissions are also shown in Figure S2-1.  As shown in these maps, emissions are 233 

projected to increase most in urban areas and highway corridors. 234 

Impact on Ambient Ce Concentrations 235 

   Concentrations of fine-particulate cerium averaged over our 14-day winter 236 

period (1/17-1/30/2005) are mapped in Figure 2.  We predict a domainwide-average 237 

cerium concentration of 0.5 ng/m
3
 and a maximum value of 22 ng/m

3
.  As expected, the 238 

highest concentrations are predicted in major cities and along interstate highways where 239 
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diesel traffic is greatest.  The upper limit of the scale shown in Figure 2 (5 ng/m
3
) is 240 

roughly an order of magnitude larger than the level of cerium measured at a monitoring 241 

site impacted by the use of Envirox™ in the Stagecoach bus fleet in Newcastle, U.K.
35

  242 

Only buses using the additive likely impacted the cerium concentrations at that site, 243 

compared to on-road and non-road fleet-wide usage, which we model in this work.  On 244 

the other hand, predictions of Ce concentrations are within the range of values (5-25 245 

ng/m
3
) simulated for a street canyon using the U.S. EPA HIWAY2 model.

35
  Closer 246 

agreement with the street canyon simulation is likely a result of their assumption that all 247 

vehicles use nCe fuel additives.  Predicted cerium concentrations are generally much 248 

larger than existing ambient levels measured in previous studies.
36

 249 

 250 

Figure 2.  Predicted surface-level concentrations of cerium due to use of nCe diesel fuel additives.  251 
Concentrations are calculated as the product of the mean DPM concentrations (1/17-1/30/2005) and median 252 
fraction of cerium in DPM computed from diesel engine emissions data in four studies

17-19,26
 listed in Table 253 

S2-1.   254 

Impact on Ambient PM2.5 Concentrations 255 

 For the base case emissions, 14-day average PM2.5 concentrations predicted in the 256 

winter and summer months were 6.3 and 4.5 g/m
3
, respectively, across the entire 257 

domain (see Table S3-1).  Domainwide-average changes in PM2.5 concentration were less 258 

Page 13 of 25

ACS Paragon Plus Environment

Environmental Science & Technology

priggsbe
Rectangle

priggsbe
Rectangle



14 

 

than 0.05 g/m
3
 during both seasons.  Absolute changes on one summer day (7/20/2005) 259 

are shown in Figure 3a and the corresponding change in EC is mapped in Figure 3b.  A 260 

similar set of maps for one winter day, as well as relative changes for both species and 261 

seasons, are included in Figure S3-1.  The greatest predicted changes as seen in Figure 3 262 

are decreased PM2.5 and EC concentrations in urban areas.  For example, in one grid cell 263 

near Atlanta, a -2.5% change in PM2.5 is predicted.  The corresponding relative change in 264 

EC (-9.3%) is nearly four times greater because diesel sources make such a large 265 

contribution to total EC emissions.  In comparison with these changes, the maps for the 266 

selected winter day in Figure S3-1 show a greater extent of decreased PM2.5 and EC 267 

concentrations in the Southeast.  268 

         269 

Figure 3.  Predicted changes in summer (7/20/2005) (a) PM2.5 (PM) and (b) EC 24-hour average 270 
concentrations due to nCe diesel fuel additives.  Note the different scales across panels. 271 

Impact on Ambient O3 Mixing Ratios 272 

 The decrease in NOx and increase in VOC emissions from diesel vehicles using 273 

nCe additives, as illustrated in Figure 1, have potential to affect ozone mixing ratios.  The 274 

nominal predicted relative changes are shown for one summer day (7/28/2005) in Figure 275 

4.  Mixing ratios decrease over much of the domain, likely due to the slight decrease in 276 
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NOx emissions when nCe additives are used.  In urban areas across the Northeast and 277 

Midwest, however, we predict O3 increases resulting from the NOx emission reduction 278 

and slight VOC increase.  We predict the greatest decreases in O3 over the Southeast, 279 

likely due to NOx-limitation and the abundance of biogenic VOCs in that part of the 280 

domain.  These patterns of change in O3 are consistent with modeling studies that 281 

consider the impacts of NOx emissions changes on ozone.
38

  It is important to emphasize 282 

that our confidence in the predicted O3 changes here is constrained by the Medium 283 

confidence level assigned to the NOx emission changes (see Table 1), due to considerable 284 

variability in those underlying data. 285 

 286 

Figure 4.  Relative changes in predicted 8-hour maximum ozone concentrations due to use of nCe diesel 287 
fuel additives on 7/28/2005. 288 

Impact on Ambient HAP Concentrations 289 

 As noted above, diesel vehicles contribute a significant fraction to the emissions 290 

of only a few of the VOC species included in our model simulations.  Nevertheless, 291 

widespread use of nCe additives would substantially alter diesel engine emissions of 292 

several HAPs: acrolein, naphthalene, acetaldehyde, and formaldehyde (see Table 1).  293 

Average relative changes in model-predicted ambient concentrations of acrolein and 294 
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naphthalene for the 14-day summer period are illustrated in Figure 5.  (Analogous plots 295 

for the winter period, as well as acetaldehyde and formaldehyde in both winter and 296 

summer are shown in Figure S3-2.)  Averaged over the 14-day summer period and all 297 

urban areas in the domain, predicted changes in concentrations of acrolein and 298 

naphthalene are -5% and +8%, respectively.  In some locations, we predict acrolein to 299 

decrease by 85% and naphthalene to increase by 39%.  The plots in Figure S3-2 show 300 

that, compared to the summer period, predicted increases in naphthalene concentration 301 

are ubiquitous across much of the modeling domain, while predicted decreases in 302 

acrolein are generally smaller in magnitude and occur over less area of the modeling 303 

domain.  The relative changes in ambient levels of acetaldehyde and formaldehyde 304 

during summer are comparatively small (see Table S3-1) because their production is 305 

driven more by photochemical reactions than primary emissions.
37

     306 

        307 

Figure 5.  Relative changes in predicted 14-day summer (7/17-7/30/2005) average concentrations of two 308 
HAPs: (a) acrolein and (b) naphthalene, due to use of nCe diesel fuel additives.  Note the different scales 309 
across panels.  These species are considered based on a combination of their roles as key atmospheric 310 
pollutants, the size of diesel source contributions to their emissions, and the extent to which nCe additives 311 
modify their emissions.  Extremely low base case concentrations occur in many areas of the model domain, 312 
particularly the central states, and result in extraordinarily large relative changes.  Therefore, only relative 313 
changes computed for base concentrations > 0.001 ppbV are shown in these figures. 314 
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Discussion 315 

Our combined analyses of the emissions data from nCe additive tests, the total 316 

diesel emissions of each pollutant relative to other sources in the inventory, and the 317 

atmospheric chemistry and transport of those pollutants, enable identification of the most 318 

critical data needs.  First, additional measurements showing that nCe additives reduce 319 

total DPM emissions are not a priority because evidence of this is abundant and 320 

reasonably consistent across studies (see Figure 1a).  However, additional measurements 321 

describing how the nCe additives affect PM composition, especially the organic 322 

speciation and metals, are greatly needed.  Most notably, there is a dearth of information 323 

on the cerium concentrations within the DPM when nCe additives are used. 324 

Second, there is little need for additional measurements of CO and total HC 325 

emissions from diesel vehicles using nCe fuel additives.  Although we found some lack 326 

of agreement across emission studies (see Figures 1b and 1d), the value of conducting 327 

additional tests and refining our central estimates is diminished by the fact that diesel 328 

vehicles contribute very little to the total emissions of CO and HC.  On the other hand, 329 

additional measurements of speciated HC emissions are critically needed, especially 330 

naphthalene and acrolein, for which relatively few existing measurements are available 331 

and considerable air quality impacts are predicted to result from the emissions changes 332 

caused by nCe additives.  Aside from two pairs of data points for naphthalene, 333 

measurements of PAH emissions are lacking. 334 

Third, numerous studies have demonstrated that nCe additives shift the 335 

distribution of DPM to small particle sizes.  However, no study has addressed the more 336 
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critical question for risk assessments:  What particle size is the cerium emitted in?  For 337 

this, measurements of the size-resolved chemical composition are needed (e.g., using 338 

impactors).  Armed with such information, it would be possible to estimate the region of 339 

the respiratory tract where most of the cerium will deposit and to conduct subsequent 340 

health studies.  341 

Finally, our investigation shows that the majority of available data are from 342 

studies that tested the Eolys™ nCe additive, which is not currently registered with the 343 

EPA; and it supports the need for additional emissions testing focused on the Envirox™ 344 

and Platinum Plus® additives, which can be used in off-road diesel vehicles in the U.S.  345 

These data limitations apply to heavy-duty diesel engines equipped with DPFs, as well as 346 

to those without DPFs.  Moreover, as shown in Tables S4-1 and S4-2, there are less 347 

emissions data available for diesel engines with DPFs than without DPFs.  This greater 348 

data limitation is important to consider for future emissions measurements, as new 349 

vehicles with DPFs continue to be introduced into the U.S. diesel fleet.  It would be 350 

useful to design future emissions characterization studies with engine types, standard 351 

fuels, and testing protocols that are consistent across studies, thereby reducing 352 

uncertainty due to the inherent variability of diesel emissions data. 353 

 We predict that widespread use of nCe diesel fuel additives across the U.S. would 354 

have a measurable effect on regional air quality.  Both PM2.5 and EC will decrease over 355 

most of the eastern U.S., with the percent change in EC exceeding that of PM2.5 by an 356 

order of magnitude.  Reduction in EC concentrations has potential policy implications, as 357 

EC is a short-lived climate forcer.  Our results show that ambient concentrations of PM2.5 358 

and O3 are impacted to a limited extent.  We predict O3 levels to increase in urban areas 359 
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of the Midwest and Northeast, in contrast to a region-wide O3 decrease in the Southeast.  360 

While the slight decrease in PM2.5 concentrations is desirable, the simultaneous increase 361 

in O3 could offset that benefit in some non-attainment areas.  We also predict increased 362 

naphthalene and decreased ambient levels of acrolein.  Naphthalene is classified by the 363 

EPA as a possible human carcinogen, and changes in ambient levels of naphthalene could 364 

have implications on the formation of secondary organic aerosol (SOA),
39

 thereby 365 

enhancing PM2.5 concentrations.  However, the version of CMAQ used in this study does 366 

not include an SOA formation pathway for naphthalene.   367 

Although PM2.5 and EC concentrations decrease, the use of nCe diesel fuel 368 

additives results in emission of cerium, likely as single and aggregated nanoparticles.  369 

While the predicted concentrations of cerium are orders of magnitude lower than the 370 

reference concentration (RfC) (200 ng/m
3
) for micro-scale cerium, no RfC has been 371 

established for nCe.  The increase in ultrafine DPM emissions, along with the observed 372 

increase in some HAP emissions, indicates a potential degradation of near-road air 373 

quality.  This is the subject of a companion study by Gantt et al.,
13

 which considers 374 

changes in particle mass concentration and number distribution due to nCe additives.  375 

Other relevant efforts could be undertaken to further investigate the effects of nCe diesel 376 

fuel additives on air quality, including construction of additional emissions scenarios 377 

based on available data that consider new control strategies (e.g., use of DPFs and ultra-378 

low sulfur fuels) to predict the impact of nCe additives on regional and near-road air 379 

quality in future years.   380 

Page 19 of 25

ACS Paragon Plus Environment

Environmental Science & Technology

priggsbe
Rectangle

priggsbe
Rectangle



20 

 

Acknowledgments 381 

The authors thank, from the EPA, Michele Conlon, Susan Forbes, Bill Linak, Madeleine 382 

Strum, David Wong, Deborah Luecken, Bill Hutzell, and Rich Cook.  The authors also 383 

thank Maria Costantini from the Health Effects Institute and Jan Czerwinski from AFHB, 384 

University for Applied Sciences, Biel-Bienne for providing many of the reports on diesel 385 

engine emission studies considered in this work. 386 

Supporting Information 387 

References for the full set of emissions studies compiled for this work; impacts on 388 

emissions from engines not equipped with DPFs; model-predicted impacts on air quality; 389 

and impacts on emissions from engines equipped with DPFs. 390 

Disclaimer 391 

Although this manuscript has been reviewed and approved for publication, it does not 392 

necessarily reflect the policy or views of the U.S. Environmental Protection Agency. 393 

References 394 

(1) Prime supplier petroleum sales volumes. U.S. Energy Information Administration: 395 

Independent Statistics and Analysis: Washington, D.C., 2012;  396 

http://www.eia.gov/dnav/pet/pet_cons_prim_dcu_nus_a.htm. 397 

 398 

(2) Reff, A.; Bhave, P.V.; Simon, H.; Pace, T.G.; Pouliot, G.A.; Mobley, J.D.; Houyoux, 399 

M. Emissions inventory of PM2.5 trace elements across the United States. Environ. 400 

Sci. Technol. 2009, 43, 5790-5796. 401 

 402 

(3) Ramanathan, V.; Carmichael, G. Global and regional climate changes due to black 403 

carbon. Nature Geosci. 2008, 1, 221-227. 404 

 405 

Page 20 of 25

ACS Paragon Plus Environment

Environmental Science & Technology

priggsbe
Rectangle

priggsbe
Rectangle



21 

 

(4) Pitts, J.N., Jr. Formation and fate of gaseous and particulate mutagens and 406 

carcinogens in real and simulated atmospheres. Environ. Health Persp. 1983, 47, 115-407 

140. 408 

 409 

(5) Tsien, A., Diaz-Sanchez, D., Ma, J. and Saxon, A. The organic component of diesel 410 

exhaust particles and phenanthrene, a major polyaromatic hydrocarbon constituent, 411 

enhances IgE production by IgE-secreting EBV-transformed human B Cells in vitro. 412 

Toxicol. Appl. Pharmacol. 1997, 147, 256-263. 413 

 414 

(6) Health assessment document for diesel engine exhaust. U.S. Environmental 415 

Protection Agency (EPA). Prepared by the National Center for Environmental 416 

Assessment for the Office of Transportation and Air Quality: Washington, D.C. 2002; 417 

EPA/600/8-90/057F. 418 

 419 

(7) Rohr, A.C.; Wyzga, R.E. Attributing health effects to individual particulate matter 420 

constituents. Atmos. Environ. 2012, 62, 130-152.  421 

 422 

(8) Cassee, F.R.; van Balen, E.C.; Singh, C.; Green, D.; Muijser, H.; Weinstein, J.; 423 

Dreher, K. Exposure, Health and Ecological Effects Review of Engineered Nanoscale 424 

Cerium and Cerium Oxide Associated with its Use as a Fuel Additive. Crit. Rev. 425 

Toxicol. 2011, 41, 213-229. 426 

 427 

(9) Geraets, L.; Oomen, A.G.; Schroeter, J.D.; Coleman, V.A.; Cassee, F.R. Tissue 428 

distribution of inhaled micro- and nano-sized cerium oxide particles in rats:  Results 429 

from a 28-day exposure study. Toxicol. Sci. 2012, 2, 463-473. 430 

 431 

(10) Minarchick, V.C.; Stapleton, P.A.; Porter, D.W.; Wolfarth, M.G.; Çiftyürek, E.; 432 

Barger, M.; Sabolsky, E.M.; Nurkiewicz, T.R. Pulmonary cerium dioxide 433 

nanoparticle exposure differentially impairs coronary and mesenteric arteriolar 434 

reactivity. Cardiovasc. Toxicol. 2013, 13, 323-337. 435 

 436 

(11) Batley, G.E.; Halliburton, B.; Kirby, J.K.; Doolette, C.L.; Navarro, D.; McLaughlin, 437 

M.J.; Veitch, C. Characterization and ecological risk assessment of nanoparticulate 438 

CeO2 as a diesel fuel catalyst. Environ. Toxicol. and Chem. 2013, 32, 1896-1905. 439 

 440 

(12) Roselle, S. J., Luecken, D. J., Hutzell, W. T., Bullock, O. R., Sarwar, G., and 441 

Schere, K. L. Development of a Multipollutant Version of the Community 442 

Multiscale Air Quality (CMAQ) Modeling System, Extended abstract for the 6th 443 

CMAS Conference, Chapel Hill, NC, 1–3 October, 2007. 444 

 445 

(13) Gantt, B.; Hoque, S.; Willis, R.D.; Fahey, K.; Delgado-Saborit, J.M.; Erdakos, G.; 446 

Bhave, P.; Zhang, K.M.; Kovalcik, K.; Pye, H.O.T. Near-road modeling and 447 

Page 21 of 25

ACS Paragon Plus Environment

Environmental Science & Technology

priggsbe
Rectangle

priggsbe
Rectangle



22 

 

measurement of cerium aerosol generated by diesel fuel additive use in Newcastle, 448 

UK. 2014, Accepted for Publication in Environ. Sci. Technol.. 449 

 450 

(14) Farfaletti, A.; Astorga, C.; Martini, G.; Manfredi, U.; Mueller, A.; Rey, M.; De 451 

Santi, G.; Krasenbrink, A.; Larsen, B. R. Effect of Water/Fuel Emulsions and a 452 

Cerium-Based Combustion Improver Additive on HD and LD Diesel Exhaust 453 

Emissions. Environ. Sci. Technol. 2005, 39, 6792-6799. 454 

 455 

(15) Czerwinski, J.; Napoli, S.; Compte, P.; Matter, U.; Mosimann, T. Investigations 456 

with the Corning-Diesel Particulate Filter and Cerium-Additive Eolys DPX 9 on the 457 

Liebherr D914T Engine,   VERT Report, Technik Thermische Maschinen, 458 

Niederrohrdorf, Switzerland, 2000. 459 

 460 

(16) Clark, N. N.; Gautam, M.; Wayne, W. S.; Lyons, D. W.; Thompson, G.; Zielinska, 461 

B. Heavy-Duty Vehicle Chassis Dynamometer Testing for Emissions Inventory, Air 462 

Quality Modeling, Source Apportionment and Air Toxics Emissions Inventory, CRC 463 

Report No. E55/59, 2007. 464 

 465 

(17) Platinum Plus® DFX Tier 1, 211b Submittal; EPA/OTAQ Fuel and Fuel Additives 466 

Registration Documents; Clean Diesel Technologies, Inc., 1999.   467 

 468 

(18) Envirox™ Tier 1, 211b Submission; EPA/OTAQ Fuel and Fuel Additives 469 

Registration Documents; Cerulean International Ltd., 2005.   470 

 471 

(19) Envirox™ Tier 1, 211b Supplemental Submission; EPA/OTAQ Fuel and Fuel 472 

Additives Registration Documents; Oxonica Ltd., 2006. 473 

 474 

(20) Yarwood, G.; Rao, S.; Yocke, M.; Whitten, G.Z. Updates to the Carbon Bond 475 

chemical mechanism: CB05. Final Report prepared for US EPA, 2005; 476 

http://www.camx.com/publ/pdfs/CB05_Final_Report_120805.pdf. 477 

 478 

(21) Czerwinski, J.; Mosimann, T.; Matter, U. Comparison of the Engines Liebherr I 479 

(86) and Liebherr II (96) with Particulate Trap, with Fuel Additives and with 480 

Detailed Analysis of the Particulate Emissions, VERT Report, Technik Thermische 481 

Maschinen, Niederrohrdorf, Switzerland, 1997. 482 

 483 

(22) Czerwinski, J.; Napoli, S.; Matter, U.; Kasper, M.; Mosimann, T. Investigations 484 

with the IBIDEN SiC-Diesel Particulate Filter on the Liebherr D914T Engine with 485 

Detailed Analysis of the Particulate Emissions, VERT Report, Technik Thermische 486 

Maschinen, Niederrohrdorf, Switzerland, 1999. 487 

 488 

Page 22 of 25

ACS Paragon Plus Environment

Environmental Science & Technology

priggsbe
Rectangle

priggsbe
Rectangle



23 

 

(23) Skillas, G.; Qian, Z.; Baltensperger, U.; Matter, U.; Burtscher, H. The Influence of 489 

Additives on the Size Distribution and Composition of Particles Produced by Diesel 490 

Engines, Combust. Sci. Technol. 2000, 154, 259-273. 491 

 492 

(24) Jung, H.; Kittelson, D. B.; Zachariah, M. R. The influence of a cerium additive on 493 

ultrafine diesel particle emissions and kinetics of oxidation, Combust. Flame 2005, 494 

142, 276-288. 495 

 496 

(25) Zhang, J.; Nazarenko, Y.; Zhang, L.; Calderon, L.; Lee, K-B.; Garfunkel, E.; 497 

Schwander, S.; Tetley, T.D.; Chung, K.F.; Porter, A.E.; Ryan, M.; Kipen, H.; Lioy, 498 

P.J.; Mainelis, G. Impacts of a nanosized ceria additive on diesel engine emissions 499 

of particulate and gaseous pollutants. Environ. Sci. Technol. 2013, 47, 13077-500 

13085. 501 

 502 

(26) Summers, J. C.; Van Houtte, S.; Psaras, D. Simultaneous control of particulate and 503 

NOx emissions from diesel engines, Appl. Catal. B: Environ. 1996, 10, 139-156. 504 

 505 

(27) Emissions Modeling Clearinghouse, 2005-Based Modeling Platform; U.S. 506 

Environmental Protection Agency; 507 

http://www.epa.gov/ttn/chief/emch/index.html#2005 508 

 509 

(28) Technical Support Document (TSD) for the Transport Rule, Docket ID No. EPA-510 

HQ-OAR-2009-0491; U.S. Environmental Protection Agency: Research Triangle 511 

Park, NC, 2009; 512 

http://www.epa.gov/airquality/transport/pdfs/TR_AQModeling_TSD.pdf 513 

 514 

(29) Air Quality Modeling Technical Support Document:  Heavy-Duty Vehicle 515 

Greenhouse Gas Emission Standards Final Rule; Docket ID No. EPA-HQ-OAR-516 

2010-0162; U.S. Environmental Protection Agency. Office of Air Quality Planning 517 

and Standards: Research Triangle Park, North Carolina; 2011; 518 

http://www.epa.gov/otaq/climate/documents/454r11004.pdf 519 

 520 

(30) Eyth, A. M.; Ran, L.; Partheepan, P.; Yarwood, G.; Jimenez, M.; Rao, S. New Tools 521 

to Generate Spatial Surrogate and Speciation Profile Inputs to SMOKE. 15th 522 

International Emission Inventory Conference, 2006; 523 

http://www.epa.gov/ttn/chief/conference/ei15/session9/eyth.pdf 524 

 525 

(31) UK Air Quality Archive: Air quality data and statistics; 526 

http://www.airquality.co.uk/data_and_statistics_home.php 527 

 528 

(32) Simon, H.; Baker, K.R., Phillips, S.B. Compilation and interpretation of 529 

photochemical model performance statistics published between 2006 and 2012. 530 

Atmos. Environ. 2012, 61, 124-139. 531 

Page 23 of 25

ACS Paragon Plus Environment

Environmental Science & Technology

priggsbe
Rectangle

priggsbe
Rectangle



24 

 

 532 

(33) Foley, K. M., Roselle, S. J., Appel, K. W., Bhave, P. V., Pleim, J. E., Otte, T. L., 533 

Mathur, R., Sarwar, G., Young, J. O., Gilliam, R. C., Nolte, C. G., Kelly, J. T., 534 

Gilliland, A. B., and Bash, J. O. Incremental testing of the Community Multiscale 535 

Air Quality (CMAQ) modeling system version 4.7, Geosci. Model Dev. 2010, 3, 536 

205-226, doi:10.5194/gmd-3-205-2010. 537 

 538 

(34) Otte, T.L., Pleim, J.E. The Meteorology-Chemistry Interface Processor (MCIP) for 539 

the CMAQ modeling system: updates through MCIPv3.4.1. Geosci. Model Dev. 540 

2010, 3, 243-256. 541 

 542 

(35) Park, B.; Donaldson, K.; Duffin, R.; Tran, L.; Kelly, F.; Mudway, I.; Morin, J-P.; 543 

Guest, R.; Jenkinson, P.; Samaras, Z.; Giannouli, M.; Kouridis, H.; Martin, P. 544 

Hazard and risk assessment of a nanoparticulate cerium oxide-based diesel fuel 545 

additive – a case study. Inhal. Toxicol. 2008, 20, 547-566. 546 

 547 

(36) Majestic, B.J.; Erdakos, G.B.; Lewandowski, M.; Oliver, K.D.; Willis, R.D.; 548 

Kleindienst, T.E.; Bhave, P.V. A review of selected engineered nanoparticles in the 549 

atmosphere: sources, transformations, and techniques for sampling and analysis. Int. 550 

J Occ. Environ. Health, 2010, 16 (4), 488–507. 551 

 552 

(37) Luecken, D.J.; Hutzell, W.T.; Strum, M.L.; Pouliot, G.A. Regional sources of 553 

atmospheric formaldehyde and acetaldehyde, and implications for atmospheric 554 

modeling. Atmos. Environ. 2012, 47, 477-490. 555 

 556 

(38) Health Risk and Exposure Assessment for Ozone, Second External Draft; EPA-557 

452/P-14-004a; U.S. Environmental Protection Agency: Office of Air Quality 558 

Planning and Standards; Research Triangle Park, North Carolina; 2014; 559 

http://www.epa.gov/ttn/naaqs/standards/ozone/data/20140131healthrea.pdf 560 

 561 

(39) Chan, A.W.H.; Kautzman, K.E.; Chhabra, P.S.; Surratt, J.D.; Chan, M.N.; Crounse, 562 

J.D.; Kürten, A.; Wennberg, P.O.; Flagan, R.C. ; Seinfeld, J.H. Secondary organic 563 

aerosol formation from photooxidation of naphthalene and alkylnaphthalenes: 564 

implications for oxidation of intermediate volatility organic compounds (IVOCs). 565 

Atmos. Chem. Phys. 2009, 9, 3049-3060. 566 

Page 24 of 25

ACS Paragon Plus Environment

Environmental Science & Technology

priggsbe
Rectangle

priggsbe
Rectangle



 

TOC Graphic for “Predicting the effects of nano-scale cerium additives in diesel fuel on 
regional-scale air quality,” by Garnet B. Erdakos, Prakash V. Bhave, George A. Pouliot, Heather 
Simon, and Rohit Mathur, a manuscript submitted for publication in Environmental Science & 
Technology on August 18, 2014. 
 

 

Page 25 of 25

ACS Paragon Plus Environment

Environmental Science & Technology

priggsbe
Rectangle

priggsbe
Rectangle




