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Scaling description of the structure factor of fractal soot composites
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This paper studies the static structure factor of a system of fractal aggregates at various degrees of densifi-
cation. The system we use for this study is carbonaceous soot, which is composed of diffusion limited cluster
aggregates with a fractal dimension of 1.8. The range of density is great, from the aerosol to a system of lightly
touching clusters and then to ground and compressed samples. The data involve a combination of light
scattering and small-angle x-ray scattering overrange of 3 10 3<q=<6 nm 1. We are able to explain all
the features of the data with scaling arguments based on comparisons of the scattering lengtitseaiere
g is the magnitude of the scattering wave vector, and the various length scales of the system that are density
dependent{S1063-651X98)00410-3

PACS numbeps): 61.10.Eq, 64.60.Ak, 61.43.Gt, 82.70

[. INTRODUCTION nate the effects of the macroscopic boundaries f&(m);
henceS(q)—0 asq—0. Forcing S(q) to zero, however,

Many disordered solids are close assemblies of aggregatégeates a peak regardless of intercluster correlations and
(cluster$ of primary particles. Examples include wet gels, hence may mask or modify the effects of these correlations.
dried silica gels, and carbon blacks, all of which have impor-/AIS0, macroscopic boundaries exist in real systems and, as
tant technological and scientific applications. The structurdV® shall see, play a significant role in the layregime of
of these assemblies is an important factor in their physicail® Structure factor. . .
properties. In the past, structural information has been ob- 1he purpose of this paper is to provide a fundamental
tained using small-angle x-ray scatteririg-3]. This method understanding of the structure factor of aggregate assemblies

yields the structure factd®(q), whereq is the magnitude of With multiple length scales. To gain this complete under-
the scattering wave vector, which is the spatial Fourier tranSStand'ng we study the structure f.aCtor of a carbonaceous soot
ystem as it evolves from the rarified aerosol to a compressed

form of the real space structure. Fourier inversion of the’

complete structure factor for these disordered solids is n Qlid' Soot cluste_rs hav_e a fractal m_orphology With a ff_aCta'
possible due to their complexity, but a successful analysi imension of 1.8 indicative of formation by diffusion limited

has been achieved for various length scales and fractal d luster-cluster aggregation. Our d@ta will show how various
mensions characteristic of portions of the structure. A ength scales and slopes present in the structure factor evolve

present, however, there is not a complete description covefS the system evolves from the cluster-dilute aerosol phase,

ing all length scales of the structure factor for these Systemghﬁraqterlze% by two Ier;gth slczl_&fiuste_zr and prlrlnary dpar-_
Previous work on these assembled solids has built upoHCc!® Siz® and a mass fractal dimension, to a low-density

the knowledge of the structure factor for a single cluster b olid wherein agglomerates of clusters form and intercluster

either piecing together structure factors with different |engthseparat|on F’ecomes_ comparable to t_he cluster size, to acom-
scales in anad hoc fashion [4,5] or applying the single- pressed solid wherein the mass fractility of the clusters is lost

cluster structure factor to the solid while ignoring intercluster2Nd_the agglomerated assembly become a porous solid.
effects[6—8]. However, the importance of intercluster corre- | 'roughout this evolution, the primary particle size and mor-
lations has been well demonstrated by experiments on aggrQ—hoIogy are invariant. Simple scaling arguments that we de-

ating colloids that display a peak when the clusters velop explain the evolution of the co_mplete structure factor.
ga’ing payap Bla) Wwe also show that the macroscopic boundaries cannot be

neglected since they affect the experimental structure factor

they begin t 9-12. Thi k is due to interclust L .
ey begin to gel d 'S peax 1s gue 1o Imercuister t low g through a Porod law rising from macroscopic sur-

correlations that develop some spatial coherency for nearl
touching clusters not too polydisperse in s[48]. Hasmy
et al. [14] recognized the importance of intercluster correla-

- . . - Il. EXPERIMENTAL METHODS
tions for assembled solids through studies of computer simu-

lated gels by studying both the correlation functg(m) and In this paper we study the structure factor of carbon-
structure facto5(q). To determineS(q), g(r)—1 was Fou- aceous soot in five phasds) the aerosol phase in the flame,
rier transformed. They subtracted unity fray(r) to elimi- (i) the “fluffy” solid phase accumulated on a metal plate
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FIG. 1. Optical structure factor for soot aerosol in a premixed methane/oxygen flame with a carbon/oxygen ratio of 0.75 at various
heightsh above burner.

inserted into the flamgjii) the “ground” phase, which is [ll. RESULTS AND ANALYSIS

the fluffy phase ground in a mortar and pestle with moderate Figure 1 shows the optical structure factors of the soot

hand pressure for approximately 30(s;) the “fluffy com- aerosol phase measured with situ light scattering. As

pressed” phase, which is the fluffy phase compressed under . . )
a pressure of 170 MPa, arfd) the “ground compressed” eight above burner increases, the aerosol has more time to

h hich is th d oh d und aﬁgregate and the clusters grow. This is evident in the fact
Euzasi'f V1V7(')CM'S'a € ground phase compressed under a Pregat the bend in the structure factor curves goes to lapter

. ) indicate larger clusters with increasing height. The lagge-
The soot was produced in a premixed methane:oxygefagime is approaching a slope ef1.8, which is consistent
flame with a C:O ratio of 0.75. The burner consisted of &ith the expected fractal dimension of soot clus{dig—20,
cooled porous frit 6.0 cm in diameter, through which the\yhich can be described by the diffusion limited cluster ag-
combustible mixture passed at a flow rate of 20G/eniThis gregation procesg21,22.
frit was surrounded by an annular frit 0.5 cm wide, through  Figure 2 shows the SAXS intensities as a function &dr
which N, passed at a flow rate of 70 ém. The flame was the fluffy, ground, fluffy compressed, and ground com-
stabilized by a 15-cm-diam stagnation plate 3.0 cm above thpressed samples plotted double logarithmically. These are
burner surface. This arrangement created an isolated, quaslirectly proportional to the structure fact&(q). Both pin-
one-dimensional flame where the chief variable was théiole and Bonse-Hart data were combined to span a large-
height above the burner. wave-vector range of 810 3<q=<6nm % There are a
The optical structure factdf5] measurement for the soot number of important qualitative features visible in the figure.
aerosol used an argon ion laser wki=488 nm as a light Forg=1 nm ! there is aq~? regime due to scattering from
source. This involved measuring the relative scattered lighgraphitic sheets within the soot primary particles. Ferdl
intensity as a function ofj=4x\ ! sin 6/2, the magnitude =10"! nm™%, the four samples show essentially the same
of the scattering wave vector at a scattering angjléfhe  behavior withS(q)~q~%. We shall see that this regime is
scattered light intensity was measured at a variety of anglethe Porod regime of the approximately spherical monomers
ranging from 10° to 110°, as described previoul$,16.  that are the same in each sample. Interesting changes occur
This yielded a structure factor in the range 220 3<q for q=10 ! nm % The fluffy sample displays a relatively
<2.1x10 2 nmL featureless curve in this regime that has an approximate
Soot was collected on the stagnation plate. A layer of sooslope of —1.8, the value expected for fractal aggregates of
built up on this plate at a rate of about 0.2 mm/min. This isdimensionD =1.8. The denser ground sample is similar until
the fluffy sample. The density of this soot was determined taj=<7x 103 nm™1, where it shows an upswing to a slope of
be 0.04 g/cth The ground sample had a density of 0.17 approximately—4. In the denser, compressed samples this
g/cnt. We were unable to measure the densities of the comlow-g, slope—4 regime becomes more pronounced while the
pressed samples. Small-angle x-ray scatte(B®XS) mea- intermediate, ¥ 10 3<q<10!nm™%, regime loses its
surements were performed at the University of New Mexicofractal-like slope.
Sandia National Laboratories Small-Angle X-Ray Scattering The behavior of the observed structure factors can be ex-
Laboratory on the 5 Meter Pinholeshort geometry and  plained by scaling arguments involving the various length
Bonse-Hart instrumen{sl 7]. scales and quantities of the system. These arguments are
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FIG. 3. Schematic diagram of the complete structure factor of a
system ofN, clusters of primary particles of radiies N primary
particles per cluster, with a cluster radius of gyrati®g, and a
cluster mass fractal dimensi@,. R,, is the mean cluster-cluster
nearest-neighbor separation in the system laiglthe macroscopic
C . system(scattering volumgesize. There ar®,,= N.N monomers in
1000 E b 3 the system. The arrows show how the structure factor would be

E 3 modified if the clusters were touching such that— R, .

are related bN,,= NN, . Our scaling argument relies on the
inverse wave vectog !, which is the length scale of the
experiment. When scattering occurs from points separated by
distances greater than !, the phases of the scattered waves
differ greatly and randomly if the points are positioned ran-
domly. Then the waves add incoherently so that the scattered
intensity is proportional to the number of scattering points.
If, on the other hand, the points all lie close relativegto',

0001 001 04 1 10 the scattered waves are in phase regardless of the position of
the points. Then the waves add coherently, so that the scat-
tering amplitude is proportional to the number of points and

q (nm™) hence the scattered intensity is proportional to the square of
the number of points. With these concepts in mind, we begin
FIG. 2. SAXS structure factotpinhole and Bonse-Hart data Our description at large.
combined for the four solid phases of sooE, fluffy phase;G, Whenqg>a!, where 2 is the nearest-neighbor mono-
ground phasefC, fluffy compressed phaseGC, ground com- mer spacing in a cluster, the monomer-monomer scattering is
pressed phase. Each data set has been shifted upward by a factoiim¢oherent. Thus the scattering is proportionaNtq, inde-
15 relative to the set below it for clarity. pendent of the state of aggregation. One may write

based on the numerical studies of Oh and Sorerhg8h S(a)=NmP(q), @

Figure 3 gives a schematic representation of the general forfynerep(q) is the form factor for the monomer particles. For
for the entire structure factor for the low-density, fluffy sys- example, for spherical particles with refractive index near
tem, which we now explain. It also forms the basis to underumty, the Rayleigh-Debye-Gans formula would apfd].
stand the high-density systems. The relevant length scalgs, g<al, P(q)=1, but forg>a ! the envelope of the
areL, a macroscopic length scale related to boundaries of thgy.m factor for a three-dimensional particle with a two-
illuminated system, essentially the scattering volume siz€gimensional surface hasg * functionality called Porod’s
Ryn. the mean, cluster nearest-neighbor, center to centggy, For modest monomer polydispersity the sharp minima

separation;R,, the cluster radius of gyration; argl the i, the form factor wash out to leave thg # functionality.
primary particle or monomer radius. The lengths are all repth,s we expect

resented by their inverse on theaxis of the structure factor

plot in Fig. 3. There are also three relevant quantities for S(g>a 1H=Nnq~ 4 2
describing the structure factor. They a¥g,, the total num-

ber of monomers in the scattering volumi;, the total  which is plotted in Fig. 3 in the regiog>a >

number of clusters in the scattering volume; ahdthe av- It is well known that for mass fractal aggregates the
erage number of monomers in the cluster. These quantitiedependence in the reginﬁ§1<q<a_1 is g~ Pm [3]. Here

01
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we present a simple scaling argument for this result. Condimensional space. Because of the general nature of Porod’s
sider the points(S(q),q)z(Nch,Rg’l) and (N,,a 1) in law demonstrated here and becauss the scattering vol-
Fig. 3. The first of these points results because when ume size, we call the particular regime where 1< q
=R, %, all theN monomers within a single cluster are close <Ry the macroscopic scattering volume Porod regime and
relative tog ™! and hence they scatter coherently to yield theit is included in Fig. 3.

N2 term; yet the inversey is less than the cluster-cluster  Finally, wheng<L ™!, a region currently inaccessible to
nearest-neighbor separation and hence the intercluster scéoth SAXS and light scattering sinde=0.1 mm, all the
tering is incoherent and thus proportional to the number ofnonomers in the entire system scatter coherently. Then
clustersN.. The second point occurs from the logic of Eq. 5

(2), i.e., that wherg=a ! all the monomers scatter incoher- S(g<L™hH=Nj, 6)

ently. Recall thalN,,=N.N and use the fractal cluster scal- _ )
ing relationN~ (R, /a)Pm. Then it follows that to link these independent of the state of aggregation. This completes our

two points one must hav@n average description of the features in Fig. 3, which we now use to
explain our scattering results.
S(Ry'<q<a h~q Pm. 3 Light scattering probes the region neg=R;* for our

clusters. The results for the aerosols in Fig. 1 show the gen-
At yet smallerq, consider the regiorRﬁ,\l,<q<Rg_l- In  eral features depicted in Fig. 3 in this region. With increasing
this region the scattering remains constanNgi? because, height above burner, the soot aerosol matures via aggrega-
if the clusters are distributed uniformly, no new length scalesion to yield an increasin@y and hence the structure factor
are encounteredNote that this uniform density of clusters is passes from the flat Rayleigh regime with scattered intensity
significantly different from the fractal distribution of mono- equal toN:N? to the slopedq~Pm cluster fractal regime at
mers that led to a changing scattered inteng8y in the largerq. This behavior has been well documented and mea-

previous regimg.Then sured by us and others in the p§$6,16,26,27. The wave
4 4 ) vector magnitudes available with light are not large enough
S(R\N<A<Rj")=NcN-. (4 to achieve the end of this regime negra 1. Moreover, we

. . .. could not achieve scattering angles and hanealues small
If cluster-cluster correlations exist, the constant behavior 'r%nough o thaq—R‘l Previous work on a similar flame
— TNN-

Ec.]..(4) is brokenirlleaRN,\ll [13]. Strong cprrelations yi?lld a indicatesRyy~20 um [28], which would required~0.2°
minimum at wRyy followed by a maximum at ZRyy. for A =488 nm.
Similar correlations between monomers in a cluster have |, the nonaerosol, solid soot samples the individual clus-
been predicted and seen by Hasmiyal. [25]. A s_lrlnple ters are touching; thus we expeR{y=2R, whereR is the
physical picture of the maximum follows fromaRyw=0d  perimeter radius approximately equal to RySsee Eq.(7)
:477.7\_1 sin 6/2=2m\" 6, which yields 6=NRyn, @&  pelow. If this occurs, the structure factor in Fig. 3 would be
condition well known from Fraunhofer diffraction theory. yodified as shown by the arrows. To understand the modi-
Weaker correlations show a dip beginning nearrRRy. fication imagine the large volume aerosol wity> Ry and
Very weak or no cluster-cluster correlations le&(g) fea-  then shrink the whole system until the clusters touch at
tureless and hence constant, as described by(&g.near Run~ 3Ry . The system sizé must shrink by the same fac-
Rﬁl\lj- tor asRyy . Hence the macroscopic Porod regime must uni-
Proceeding to yet smallag, considerL ~1<q<Ryy. In formly slide over as indicated by the arrows in Fig. 3. Figure
this regimeq~1>Ry, implies that the system of clusters is 3 shows that for a system of barely touching clusters the
unresolved by the scattering process, i.e., the individual clusmacroscopic, scattering volume Porod regime begins where
ters are not seen by the scattering process. Scattering frothe mass fractal regime of the individual clusters leaves off
the system may arise from both fluctuations in the density ofvith decliningg. This can be clearly seen in our data detailed
the clusters and from the edge, i.e., surface, of the entirsn Fig. 4, where we plot the light scattering data for the
illuminated system. For randomly distributed clusters theaerosol and the SAXS data for both the fluffy and ground
bulk, density fluctuation contribution will be small compared samples together.
to the surface term. Thus the scattering can “see” only the This conclusion, that the fluffy sample is the aerosol
macroscopic surface. This surface scattering is Porod scattesample shrunk until the clusters lightly touch, can be quan-
ing. We now present a scaling approach for Porod scatteringitatively supported by calculating the density of the fluffy
Imagine a volume of dimensioh, the surface of which is sample. To obtain the size of the aggregates in the fluffy
tiled with cubes of sideg™! and hence volumg 3. The sample a Guinier analysis of the aerosol data at various
number of scatterers or monomers within each surface cubigeights above the burner was performed to deternige
is proportional to this volume and since they are withit ~ using[15,16]
of each other, they scatter coherently. Thus the scattering per
cube is proportional to the square of the cube volugné. S(q)zS(O)(l—%qué) (6)
The total scattering from all the cubes on the surface is pro-
portional to the number of cubes. In three dimensions thend restricting the fit tagRy<1. Ry as a function height
surface area scales a<. The number of cubes on this above the burner was extrapolatednte 30 mm, the height
surface isL?/q 2. The total scattering is the product of the stagnation plate that collected the fluffy soot sample,
of the number of cubes times the scattering per cubéo find Ry=240 nm. The perimeter radil of the assumed
(L?/972)(q % =L2q % This is the Porod law in three- spherical cluster is related to the radius of gyration 2]
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FIG. 4. Comparison of soot aerosol at a height above burner o

22 mm, fluffy samplg(F) and ground samplé&G) structure factors
with arbitrary intensity scales.
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FIG. 5. Schematic diagram of a porous solid created by com-
pressing agglomerates of clusters composed of spherical monomers
of radiusa. There areN,, monomers in the system defined by the
scattering volume sizé&. Arrows indicate how the mass fractal
regime of theN, clusters withN monomers per cluster is altered by
the compression.

for the fluffy soot. It does show increasing positive deviation
of the fluffy soot scattered intensity relative to the aerosol
and this is most likely a combination of the precursor to the
upswing expected and the fact tiR§ for the fluffy soot is
larger than in the aerosol at=22 mm.

We can reverse the argument above to calcuijg for
the ground sample from its measured density of 0.17 §/cm
This yieldsRyy=200 nm. Hence the macroscopic Porod re-
gime should begin neay=Ry1=5x10"3 nm %, which is
consistent with the ground soot structure factor in Fig. 4. An
alternate way of describing the low-q~* regime is to make
use of the fact thatj >Ry in this regime. Thus the scat-
tering is seeing more than one cluster in a coherence region,
i.e., it is seeing an agglomeration of clusters. This is true
fegardless of whether the clusters are in fact touching in the
agglomerate, as in the fluffy sample, or not, as in the aerosol
sample. In this latter case we generalize the concept of ag-
glomerate to mean any ensemble of entities, touching or not,
spread uniformly through space. For any agglomerate of uni-
formly distributed mass, scattering occurs from the surface

To calculate the density of the fluffy sample we assume tha®f the agglomerate and hence, in analogy to scattering from a
these clusters are touching and the density of the carbon Khiform sphere and consistent with our scaling argument

1.85 g/cni and use
N=Kko(Ry/a)", 8

whereky= 1.3 as found in simulatiof29,30 and experiment
[31]. Then, for a monomer size af=18 nm(see belowthe
density is calculated to be 0.035 gférihis semiquantitative

above, Porod scattering, #, follows.

In summary, the large upswing or increase in intensity at
low g as the system densifies from aerosol to fluffy to ground
sample is due to the decreasing valueRpf, whose inverse
marks the beginning of the scattering volume Porod regime.
This macroscopic scattering volume may be viewed as an
agglomerate of clusters with agglomerate diz¢he scatter-

calculation yields good agreement with the measured densiting volume size. The only structural implication of this

of 0.04 g/cn.

low-q regime is that the scatterers are distributed uniformly

This calculation implies that the mean cluster separatiorover length scales greater thRgy, .

in the fluffy sample isRyy=2R=700 nm, which we deter-

mined by using Eq(7), Ry=240 nm, andD =1.8. Thus the

To explain the compressed soot samples consider that
with compression we expect that certainly the outer regions

macroscopic Porod regime for the fluffy soot should beginand, with sufficient compression, the inner regions of the

nearq '=Ryy~1.4X 102 nm™, which is just below oun

individual clusters will be destroyed. This means the length

range. Indeed, Fig. 4 shows no macroscopic Porod regimscalesR; andRyy will be obliterated, but the monomer size
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FIG. 7. TEM photograph of(a) fluffy soot sample andb)
ground compressed soot sample.
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make the monomer scattering in the regigr 10 ! nm*

more apparent, we replot the data of Fig. 2 in Fig. 6 as
g*1(q) vs g. Qualitative inspection of Fig. 6 shows that all
samples display essentially the same monomer scattering
with apparently the same monomer size. This graph also
shows vague interference ripples foefj=10"1 nm™. A
monodisperse system of spherical particles would yield
highly visible interference ripples. Thus the fact that these
ripples are not completely washed out implies that the soot
monomers do not deviate very far from sphericity and are
not very polydisperse. Also note that the graph does a good
] job of highlighting the length scales negr=10"2 nm %,
NPT RN B which we discussed above as due to overall cluster size and
001 - separation and the impending, at lovegrscattering volume
Porod regime.

Quantitative fits to this regime were obtained by using the
Rayleigh-Gans-Debye form factor for spheféd],

10

1d

01F

g arnel

0.001 0.01 0.1 1 10

-1
q (nm”) P(q)=[3(sin ga—qa cosqa)/(qa)®]>. ©

FIG. 6. SAXS structure factor data multiplied b vs g, where ) i i o
g is the scattering wave vector for the fluf); ground(G); fluffy This form factor was convolved with a Gaussian distribution,

compressedFC); and ground compressé@C) phases. to account for polydispersity of the monomer rad{$],
given by (unnormalized [32,33

will remain the same in all except the most extreme com- . (w i o
pression. Thus the cluster mass fractal regime in the structure P(q,ao)=f P(g,a)exd —(a—ap)/20°]da. (10
factor should not be present and the structure factor should 0

show no structure at the length scaleg and Ryy. BOth  geattering curves were calculated for various values of the
these predictions are consistent with the data in Fig. 2. Wh%eanao and standard deviatiom and compared to the data.
replaces the agglomeration of fractal clusters is a porougne pest match to the data was fag=17.5nm ando
solid with an upper length scale bfand a lower length scale _3 (01ag=17% polydispersity.
related to the.pt_)re size, with uniform d.ens'lty on .scales'be- These results can be compared to TEM inspection of the
tween these limits. Thus Porod scattering is again obtained,,; samples. Figure 7 shows both the fluffy and ground
. — 74 . - 71 . - . .
with S(_CP g " beginning atL "~ and dropping uniformly - ¢ompressed samples. The mean monomer radius was deter-
until g~ becomes commensurate with the pore size. Therégineq to be 18 4 nm, in excellent agreement with the scat-
after, the structure factor shows wpdependence until the  tering results. The overall visual appearance is consistent
monomer length scale is achievéd3]. This behavior is it the scattering interpretation that the fluffy sample has

shown schematically in Fig. 5 and it reproduces the experiy,qre open space than the ground compressed sample.
mental results in Fig. 2 well. Note that the length sc&gg

andR, have begn obliterated by the compression. The mono- IV. CONCLUSIONS
mer, however, is unaffected; thus the structure factors over-
lap forgq=a 1. The scaling arguments that we have presented are suc-

The knee in the SAXS data negr=10"! nm tis due to  cessful in accounting for the general features of the structure
the monomer size. To facilitate analysis in this regime and tdactor of a system of fractal clusters as their mean separation
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evolves from large to small and when, in the small separatiotaw dependences, but cannot yield the form of the crossovers
limit, their fractal nature is destroyed by compression. Theat the various length scales.

scaling argument was based on comparing the length scale of
the scattering experimeny ! to the length scales in the
system and the notion that when scattering emanates from
regions closer thag !, the scattering is coherent and thus We thank Paul Hubbard for technical assistance. The
proportional to the number of scattering entities squared, andiork at Kansas State University was supported by the NSF
when scattering emanates from regions farther apart thamnder Grants Nos. CTS-9408153 and CTS-9709764. T.P.R.
q~ 1, the scattering is incoherent and hence linearly proporacknowledges support from Sandia National Laboratories,
tional to the number of scattering entities. The scaling argueperated for the U.S. Department of Energy under Contract
ment successfully predicts scattering magnitudes and powédo. DE-AC04-98A185000.
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