
Dynamics of Nanoscale Soot in Diesel Exhaust 
via Small-Angle X-ray Scattering

Greg Beaucagea, Pat Kirchenb,  Konstantinos Boulouchosb, T. Naryananc

aDept. of Chemical and Materials Engineering, University of Cincinna<, Cincinna<, Ohio, USA
gbeaucage@gmail.com; beaucag@uc.edu 

bAerothermochemistry and Combus<on Systems Laboratory ETH Zurich, Zurich, Switzerland
cEuropean Synchrotron Radia<on Facility (ESRF), Grenoble, France

1

12ʼth ETH Conference on Combustion Generated Nanoparticles
Background: Diffusion Flame Measured at ESRF Grenoble, France



Why you might be interested in SAXS:

-In situ observation of soot & inorganic nanostructure with no dilution 
     (calibrate/verify DMA)
-Measure from ~ 1 Å to 1 µm (direct observation of all possible nucleation modes)
-Wide sample concentration range solid powder to exhaust aerosol
-Volatile, semi-volatile, and solid particles (no dilution, charging or denuding)
-Unique details of aggregate structure including mass fractal dimension, branch content
-Volume and number density as well as primary particle size distribution
-20 ms measurement (possibility of observation within engine cycle)

Why you might not be interested in SAXS

-Requires a synchrotron for in situ aerosol measurements 
     (powders can be measured in the lab)
-Non-portable measurement
-More or less requires a specialist (involved data anaylsis)
-Composition is more difficult than structure (electron density or use anomalous SAXS)
-New method (This is the pioneering study and is still in preparation for publication)
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SAXS (Small-Angle X-ray Scattering)
for Diesel Exhaust



Outline

1) SAXS Tutorial - 6 min

2) In situ Flame Work - 2 min

3) In Situ Diesel Exhaust Study - 5 min

4) Summary - 1 min

3 Background: ESRF Synchrotron Grenoble France



What is SAXS 
(Small Angle X-ray Scattering)?

λ ~ 0.5 to 15 Å 2θ

d = λ/(2 sin θ) = 2π/q

Branched Aggregates

N = Number Density at Size “d”
ne = Number of Electrons in “d” Particles

θ ~ 0.0001 to 6°
d ~1 µm to 1 Å 
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Sztucki M, Narayanan T, Beaucage G, In situ study of aggregation of soot particles in an acetylene flame by 
small-angle x-ray scattering J. Appl. Phys. 101, 114303 (2007).

Two SAXS Camera Geometries



Complex Scattering Pattern
(Unified Function, Beaucage 1995 J. Appl. Cryst.)

N = Number Density at Size “d”
ne = Number of Electrons in “d” Particles
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Particle with No Interface

Guinier’s Law
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Spherical, Monodisperse 
Particle

With Interface (Porod)

Guinier and Porod Scattering

Structure of Flame Made Silica Nanoparticles
By Ultra-Small-Angle X-ray Scattering
Kammler/Beaucage Langmuir 2004 20 1915-1921
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Polydisperse Particles

Polydispersity Index, PDI

Particle size distributions from small-angle scattering using 
global scattering functions, Beaucage, Kammler, Pratsinis J. 
Appl. Cryst. 37 523-535 (2004).



Particle size distributions from small-
angle scattering using global scattering 
functions, Beaucage, Kammler, Pratsinis 
J. Appl. Cryst. 37 523-535 (2004).

Particle Size Distribution Curves
 from SAXS

PDI/Maximum Entropy/TEM Counting



Structure of flame made silica nanoparticles by ultra-snall-angle 
x-ray scattering. Kammmler HK, Beaucage G, Mueller R, 
Pratsinis SE Langmuir 20 1915-1921 (2004).

Particle Size, dp



Polydisperse Particles

Particle size distributions from small-angle scattering using 
global scattering functions, Beaucage, Kammler, Pratsinis J. 
Appl. Cryst. 37 523-535 (2004).



Linear Aggregates

Beaucage G, Small-angle Scattering from Polymeric Mass 
Fractals of Arbitrary Mass-Fractal Dimension, J. Appl. 
Cryst. 29 134-146 (1996).
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Branched Aggregates

Beaucage G, Determination of branch fraction and 
minimum dimension of fractal aggregates Phys. Rev. E 70 
031401 (2004).
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Large Scale (low-q) Agglomerates
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Small-scale Crystallographic Structure
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5mm LAT 16mm HAB
Typical Branched Aggregate
dp = 5.7 nm
z = 350
c = 1.5, dmin = 1.4, df = 2.1
φbr = 0.8

Branched Aggregates

Beaucage G, Determination of branch fraction and minimum dimension 
of fractal aggregates Phys. Rev. E 70 031401 (2004).

APS UNICAT
Silica Premixed Flames
J. Appl. Phys 97 054309 Feb 
2005



!"#$%&'()*(+,-,.,/,/(0*(12,$%,32(4*(!"#$%&'#$&'()#*+#,--./-,0*"#*+#$**&#1,.023/$#%"#,"#

,2/&)3/"/#4,5/#6)#$5,337,"-3/#87.,)#$2,9/.%"-(56(78896(:;.<6(!"!*(==>?@?(AB@@CD6(

!"##$%&'(!)'*%"+,"-%'.)'!/0$1'23)'4-"10%'56'7$"819:'3'!"#$$%&"'()*&'!";<==>?';4&@,$%'=>AB=C?6''

*%"+,"-%)'.6)'(6'!6'!"##$%&)'D6'E6'F&"G1HIH1)'J6'5"&":"I"I666''+,-./0"1(2"3)/45.6*",7"/4/,$4+86%2"

0+,91("./"4":452";*./0"*)/6(+,1+,/"+43.48,/&"<41;+2"=412+&)'#)'BK=LBKB';<==A?6''

Examples of Application to In Situ Studies 
of Flame Made Nanoparticles
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Engines and Nanoparticles a Review, Kittelson DA,  J. Aerosol Sci. 29 575-588 
(1998) as modified in a talk online.

Lapuerta M, Ballesteros R, Martos FJ, J. Col. 
And Interf. Sci. 303, 149-158 (2006).

SAXS and DMA Comparison
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The Influence of additives on the size distribution and composition of particles produced by diesel engines.  Skillas G, Qian Z, Baltensperger U, Matter U & Burtscher H, 
Combust. Sci. and Tech. 154 159-273 (2000). & Skillas G Dissertation ETHZ (1999) Carbon Nanostructures from Combustion: Morphology, Density and Applications.

Similar to generator set used by:
Rethinking Organic Aerosols: Semivolatile Emissions and Photochemical Aging, Robinson AL, Pandis SN et al. Science 315 1259-1262 (2007).

Experimental Setup for in situ Exhaust SAXS Measurement
Camino Generator Set

4- Stroke Direct Injection
Water Cooled
Single Cylinder

Bore: 65 mm, Stroke: 62 mm
210 cc displacement

2.95 kW
 2,600 RPM (Constant)

No Turbocharger
Fixed Fuel Feed Rate

Exhaust Temperature 271-194 °C
Vary Load Using Water Heater

Measure 1.5 m in Steel Exhaust Pipe

We consider here two fuels
1) “Regular” Diesel (UN 1202)
     Centane Number 43
     Sulfur <10.0 mg/kg
     ρ = 829 kg/m3; η /ρ = 2.33 mm2/s at 40°C
     Boiling Point 336 °C
2) Kerosene
    Centane Number 51
    Sulfur 9.5 mg/kg
    ρ = 776 kg/m3; η/ρ = 1.07 mm2/s at 40°C
    Boiling Point 226 °C
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In Situ Exhaust Measurement
20 ms Exposure on Exhaust Stream

dp = 19.2 nm
σg = 1.48 (PDI = 6.40)
df = 2.10, c= 1.03
z = 43.6
φBr = 0.104



Startup Regular Diesel
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Startup Kerosene



Full Load Removed Regular Diesel at 12 s
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Why you might be interested in SAXS:

-In situ observation of soot & inorganic nanostructure with no dilution 
     (calibrate/verify DMA)
-Measure from ~ 1 Å to 1 µm (direct observation of all possible nucleation modes)
-Wide sample concentration range solid powder to exhaust aerosol
-Volatile, semi-volatile, and solid particles (no dilution, charging or denuding)
-Unique details of aggregate structure including mass fractal dimension, branch content
-Volume and number density as well as primary particle size distribution
-20 ms measurement (possibility of observation within engine cycle)

Why you might not be interested in SAXS

-Requires a synchrotron for in situ aerosol measurements 
     (powders can be measured in the lab)
-Non-portable measurement
-More or less requires a specialist (involved data anaylsis)
-Composition is more difficult than structure (electron density or use anomalous SAXS)
-New method (This is the pioneering study and is still in preparation for publication)
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