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Estimation of fractal dimension of colloidal gels in the presence of multiple scattering
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Colloidal dispersions of fluorinated polymer particles with a refractive index very close to that of water, have
been used to investigate the effect of multiple scattering on the estimated fractal dimension of colloidal gels, at
high-particle volume fractions. The extent of multiple scattering was varied by using cuvettes of different
internal diameters, from 3 to 18 mm. Three gelation systems with different sizes and volume fractions of
primary particles have been characterized by static light scattering SLS. The obtained results indicate that
multiple scattering affects only the magnitude of the scattered radiation, but not the estimated fractal dimension
of the gels. This result confirms the conclusion of the theoretical study reported bye€hefPhys. Rev. B
37, 5232(1988]. As a further confirmation, the same gels have been formed in a specially designed cell, with
only 0.1 mm thicknesswhere multiple scattering is negligibl@nd characterized using small-angle neutron
scattering SANS). It is found that the fractal dimension estimated from SANS measurements, without multiple
scattering, is the same as that estimated from SLS measurements, in the presence of substantial multiple

scattering.
DOI: 10.1103/PhysReVE.64.061404 PACS nunier61.43.Hv, 83.80.Kn
I. INTRODUCTION AN ®
q= Tsm( E) (2)

Under appropriate conditions, small particles of colloidal

systems may come together to form large aggregates, whiGhhere) is the wavelength of incident electromagnetic radia-
may exhibit complex structures. When the concentration Ofion, n the refracting index of the medium surrounding the
the small particles is sufficiently large, the aggregating SYSparticles, and® the scattering angle. The rangegpfalues in

tem may form a gel, that is a state of a colloidal system withyhich Eq. (1) applies corresponds to the range of sizes in
a semir_igid three-dimensiongl network. These systems argnich an aggregate may be represented as a fractal. The
the subject of great interest in the area of soft condenseqyngamental requirement of the RDG theory is that the phase
matter physics, also with respect to their industrial applicapift of the wave traversing each primary particle is negli-

tions[1-12. o , dgible, which implies that
The structure of aggregates and gels is highly disordered,
but there is experimental evidence that at certain length 2roq(m—1)<1, ©)

scales they exhibit sufficient self similarity to be described in
terms of fractal objectf13-19. In this case, we can experi- wherem is the relative refractive index of the system, i.e.,
mentally quantify the structure of aggregates and gels usinghe ratio of the refractive index of the particles to that of the
various fractal analysis techniques, which may be based osurrounding medium. It follows that, in order to satisfy Eq.
rheology, microscopy, image analysis, and most commonly3), the primary particle must have a refractive index very
light, neutron, and x-ray scattering6—21. close to that of its surrounding medium, and its size should
The rigorous scattering theory requires solving the Maxnot be too large compared to the wavelength of radiation.
well equations. Analytical solutions may be obtained only forMoreover, this theory neglects multiple-scattering effects,
very few simple systems. For fractal aggregates, approxihecause it assumes that the radiation illuminating each par-
mated solutions may be obtained using properly simplifiedicle in the aggregate is the incident radiation, totally unper-
scattering theories, such as the Rayleigh-Debye-@&D€5)  turbed by the presence of other particles of the aggregate.
approximation, which has been successfully applied to pre- |t is evident that for most systems, the above requirements
dict the scattering behavior of diluted fractal aggregates syscannot be satisfied. In particular, for concentrated systems,
tems of small particlef22—-24. multiple scattering arising both from the particle-to-particle
Based on the RDG scattering theory of randomly orientechs well as from the aggregate-to-aggregate interactions is
fractal aggregates, the average structure fasfa) has the  substantial, thus questioning the applicability of the above
following simple form: Eq. (1).
Several theoretical studies on the optical properties of ag-
gregates in the literature investigate the limits of applicabil-
S(q)~q~Pr for qre<l<qgg, (1) ity of the RDG scattering theofi25—33. Various techniques
have been proposed to numerically solve the Maxwell equa-
tions, such as those reducing the integral form of the Max-
wherer g is the radius of primary particleg,is the maximum well equations into a set of linear algebraic equations
size of aggregate®); is the fractal dimension, anglis the  through proper simplificationg31,32. The obtained results,
wave vector defined as however, are not conclusive. For example, Chen and co-
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workers[28] came to the conclusion that multiple scatteringtex, i.e., 0.054 volume fraction for the 75 nm particles and
affects only the magnitude of the scattering intensity, while0.064 volume fraction for the 42 nm particles. The latex was
Eqg. (1) remains valid, which implies that the fractal dimen- diluted to reach the desired final concentration with an aque-
sion may be measured also in the presence of multiple scabus solution of C&NO,),, where the salt concentration was
tering. On the other hand, Frey and coworkg®8] showed such as to reach the desired concentration in the final gelling
that it is not possible to say clearly if EQL) is valid or not  system. Dilution occurred by pouring the latex in the salt
when multiple-scattering effects are present. Neverthelessplution, without mechanical mixing of the system, since the
Eqg. (1) is widely used in the literature to obtain experimen-shear stress produced by stirrer would effect the aggregation
tally the fractal dimensionD; without accounting for process and the structure of the final gel. The concentration
multiple-scattering effectsl—6,9,16—21 of salt in the water solution was low enough to avoid that, so,
In the present paper, we address this problem experimemuring latex addition, aggregates could form. Each gelling
tally, by investigating aggregating systems of rather high-system was prepared in large amou(®680 cg in order to
particle volume fraction, which eventually lead to gel forma- minimize experimental errors and each analyzed sample was
tion. In particular, we show that multiple scattering affectstaken from the same gelling system, and put in the cuvettes
only the magnitude of the scattered intensity, but it does noimmediately after preparation.
affect the fractal dimension of gel aggregates, estimated from During static light scatteringSLS) measurements of gels,
the slope of the log-log plot of the scattered intensity as ahe sample cuvette was rotated by a motor at a constant
function of g. speed of 3 rpm, so that an average intensity over the whole
section of the sample was measured, in order to smooth local
Il. EXPERIMENTAL SECTION inhomogeneities of the gel. The effect of the rotation speed
has been checked by repeating the same SLS measurements
The colloidal systems used in our experiments are latexeg; rotation speeds of 1, 2, and 4 rpm. No significant differ-
of MFA® (Ausimont SpA, Italy, produced by emulsion co- ence has been found. SLS measurements have been repeated
polymerization of tetrafluoroethylene and perfluoromethylvi-geyeral times for each sample, and the obtained data have
nylether. This fluorinated polymer has a refractive indexpeen averaged before further treatment. Some of them have
(1.39 that is very close to that of watét.33), leading to & peen repeated several times at the same conditions, and ex-
low turbidity of its suspensions in water. Thus, it allows us tocg|lent reproducibility has been found in all cases.
use scattering techniques to characterize the structure of ag- The SANS instrument was used only to independently
gregates in suspensions with high-particle volume fractiongonfirm the results of SLS analysis. In particular, a specially
Partlclgs of'two different sizes have 'been'used: 75 NMyesigned cell, with the possibility of varying the sample
(polydispersity-0.08) and 42 nm (polydispersity0.1), de-  thickness from 0.1 to 4 mm, has been constructed. The varia-
termined by dynamic light scattering. Original latexes areion of the sample thickness is obtained through a screw
(Millipore) deionized water. . and backward with no rotating action, i.e., with no rotational
Aggregation of the colloidal systems has been induced byhear stress acting on the sample. This is particularly impor-
adding a certain amount of sglCaNOy),]. Three aggregat- tant due to the very small sample thickness. To reduce the
ing systems have been prepared: radial shear stress generated by the liquid flow during the
reduction of the sample thickness, we have moved the quartz
window very slowly(with a speed of 0.1 mmy)sin addition,
the cell includes a sample injection hole, an exit for excess
material, and an internal reservoir for reducing the effect of
evaporation.
The gel samples for the SANS experiments were taken
from the gelling solution immediately after the addition of

In all these cases, since the particle volume fraction is rathdfe latex, and carefully injected in the cedet at the largest
large, gels are eventually formed. The time for complete gesample thicknegsthrough the sample injection hole. Then
lation is approximately 6—7 hours. the thickness was reduced down to 0.1 mm, the inlet and
Two types of instruments, light and small-angle neutronoutlet holes were plosed, and the sample was left alone to
scattering (SANS) were used in this study. The light- undergo the gelation process. SANS measurements were
scattering instrument is a BI-200S(Brookhavep, using an  taken only after complete gelation occurred, which was de-
argon laser(Lexel 95-2 as the light sourcéwavelength\ term_med by observing gelation in the remaining solution
=514.5nm, with an angular range of the goniometer from outside the sample.
15 to 150 °C, while the SANS instrument is located at the
Paul Scherrer Institut, Villigen, Switzerland. Ill. RESULTS AND DISCUSSION
The light-scattering instrument has been used to investi-
gate the effect of multiple scattering by considering five
quartz cuvettes of different sizgnternal diametexwall Based on the RDG theory for a system containing par-
thickness, in mm 31, 8x 1, 10X 1, 13x 1, 18<1. The gel ticles of equal size, the intensity of the scattered radiation is
samples were prepared starting from a high-concentration lagiven by the following expressiof25]:

(1) particle size 75 nm; volume fraction 0.02; C#D,),
concentration 1.58 102 mol/l;

(2) particle size 75 nm; volume fraction 0.04; ©#D5),
concentration 1.58 10~ mol/l;

(3) particle size 42 nm; volume fraction 0.04; ©ED;),
concentration 3.18 102 mol/l.

A. Form factor of particles
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FIG. 1. Form factor of the 75 mm particles measured from a 0.01 ‘ ' i
latex of 0.0002 volume fraction. Circles: light scattering data; 0.001 0.01 0.1 1
squares: neutron scattering data; line: calculated using(Bgand q [1/nm]

(6) with ry=37.5nm. .
FIG. 2. Form factor of the 42 nm particles measured from a

latex of 0.0002 volume fraction. Circles: light scattering data;
I(q)=KCP(q)S(a), (4) squares: neutron scattering data; line: calculated using(Bgand
. . . (6) with ry=21 nm.
whereK is a constant, which depends on the equipment setup
T o netey e i e, 11 P2 e tat e parci 72 measured by DLS s cortct an
T that the size distribution is indeed very narrow.
S(q) the structure factor of the system. Thus, in order to
estimate the structure fact&®(q), one first needs to deter-
mine the particle form factor. This may be done by perform- B. Multiple scattering in concentrated latexes

ing scattering experiments with very dilute systems, where Before investigating the effect of multiple scattering in

the structure factor contribution vanishes, i%(q) —1, and  5g4regated systems, let us observe the behavior of multiple

then intensity is proportional only to the form factor. scattering in concentrated MFA latexes. For this purpose, we
Accordingly, samples at 0.0002 volume fraction of both o ti-med SLS experiments for the latex with 75 nm par-

the 75 and the 42 nm particles have been prepared, and boffjes at 0,04 volume fraction, using different cuvettes with

SLS and SANS measurements have been taken. Figure gherent internal diameter. The measured intensity profiles of
shows the values d1(q)/KC as a function ofj in the case of  he gcattered light are shown in Fig. 3 as a functiorgof

75 nm particles, where the circles and squares indicate r§qote that in order to compare the intensities of the scattered
sults from SLS and SANS, respectively. It is seen that thgignt 4t the same reference level, the intensity of the incident

data given by the two types of measurements are Very COljight hefore each experiment has been calibrated, using a 27
sistent. In the same figure, a curve is also shown, obtained By, cuvette containing Decaline.

computing the form factor through the following equation e results in Fig. 3 indicate that for a givervalue, the

[25]: intensity decreases as the cuvette diameter increases. This
: 5 phenomenon, which is not observed with volume fractions
P(q)= sin(qro) qroscos(qro) (5)  smaller than 0.005, as shown in Fig. 4, is to be attributed to
(qro) ’ multiple scattering.

In Fig. 5, the intensity profiles of the different cuvettes
wherer is the radius of a particle, and then correcting it for relative to the smallest one, i.e., the 3 mm cuvette, are
the background noise in SANS as follo\&4]:

4000000 o
1(q) = o)
R = P(C]) + KB ) (6) E 3600000 Ooix;?
2 ooxzéé '
i - £ 3200000 - © X 5P
where Ky is the background constant. It is seen that the 2 L ooxam
agreement between calculated and experimental results is g, 0 O x K5°
i — -1 = 2800000 o o %XfhH
satisfactory up tay=0.06 nm -. Z Cogxif
_ Similarly, Fig. 2 shows the values 6{q)/KC as a func- é 2000001 .3 % % Xa®
tion of g for the 42 nm particles, measured both by SLS and i x 588 f
SANS, as ngl as the curve computed through_li’ﬁ)sand 2000000 : : —
(6). Also in this case, a good agreement is obtalneld between 0.005 001 0015 002 0025 0.03
calculated and experimental results upgte 0.1 nm =. The o [1/nm]

results obtained above confirm the reliability of the SLS

measurements in the range 0.803<0.03 n_m_l. and indi- FIG. 3. SLS intensities for the 0.04 volume fraction latex with
cate that in the following, we may use directly E&§) to 75 nm particles, using cuvettes with various internal diameters.
compute the form factoP(q). In addition, it is also con- Circles: 3 mm; crosses: 8 mm; triangles: 13 mm; squares: 18 mm.
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FIG. 4. SLS intensities for the 0.005 volume fraction latex with
75 nm particles, using cuvettes with various internal diameters. FIG. 6. Scattered intensities for gel originated from 75 nm par-
Circles: 3 mm; crosses: 8 mm; triangles: 13 mm; squares: 18 mmticles at 0.04 volume fraction, measured in cuvettes with various
internal diameters. Circles: 3 mm; crosses: 8 mm; triangle: 13 mm:

shown. It is seen that the corresponding intensity ratios de3duares: 18 mm.

crease as a function of the wave-veafoiThis indicates that ] ]

the effect of multiple scattering is stronger at larger scatter- Nevertheless, in the log-log plane, all the profiles of
ing angles. Since typically, intensity profiles of highly con- | (d)/KC vs q are straight lines, and almost parallel. Let us
centrated latexes exhibit a peak, which is out of the range ofvaluate the fractal dimension of the gel for each sample
q values measurable by SLS, multiple scattering tends t&'Sing the RDG theory. . _
broaden and smooth such a peak. This observation is in According to Eq.(4), the quantityl(q)/P(q) shown in

agreement with the results reported in previous investigaFig- 6 represents the product between the structure factor and
tions[34,35. the factorkKC, which is constant for a given particle concen-

tration. For a single fractal aggregate, the structure factor is

C. Multiple scattering in gels related to the fractal dimension through the following equa-

tion [25,36):
The same experimental procedure described above in re-
lation to concentrated latexes has been used to investigate =[g(r)—1]sin(qr) 5
multiple scattering in gels. Figure 6 shows the measured in- S(q)=1+pf0 qr 4arredr, @

tensity profiles for the gel formed from 75 nm particles at

0.04 volume fraction in cuvettes of various internal diam'wherep is the number density of the particles in the system

eters, divided by the form factor of the primary particles, ynqq(r) is the particle-particle correlation function given by
computed through Ed5). Each curve represents the averagerog

over at least 12 sets of measurements. It can be seen that,
similar to the case of concentrated latexes as discussed in the
contest of Fig. 3, the intensity of the scatterd light for a given

g value decreases as the diameter of the cuvette increases,
indicating an increasing effect of multiple scattering.

r

ol

m”_lzzﬁiéﬁ7 ) with r>rq, (8)

whereD; is the fractal dimensiomy(r/&) is a cutoff func-
tion, taking into account the finite size of the aggregate

L4 Among the various expressions for the cutoff function
.1 I 4 XX 0000000 000000000000 h(r/&) proposed in the Iiteratu@5,37—_39, the most com-
= o A% monly used is the stretched exponential
‘B A X
£ 0.9 - éD”AZAX R 00 ;
= Ta 0 taa e s In| h r) (r ©)
AA AADB AN n — — | — ,
3 092 - 7000g0,0, A5 b £ £
= 0oop X
= B _
0.88 - . where the exponerng determines the sharpness of the cutoff
o function. Sorensen and Wahg9] recently examined differ-
0.84 ‘ ; . . . ent expressions for the structure factor and found that the
0.005 0.01 0.015 0.2 0.025 0.03 0.035 gaussian cutoff, i.e.8=2 in Eq. (9), is the best choice.
q [1/nm] Using EQgs.(8) and (9) with 8=2, the structure facto(7)

becomes
FIG. 5. Ratios between the SLS intensities for the samples in
cuvettes of different size shown in Fig. 3 and the intensity corre- D¢ (= > (qr)
sponding to the cuvette of 3 mm. Circles: 3 mm; crosses: 8 mm; S(gq)=1+ Tff rPi~le= (18" gin——dr. (10
triangles: 13 mm; squares: 18 mm. ro 70 ar
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FIG. 7. Fractal dimensions of gels as a function of the cuvette . . -
diameter. Triangles: 0.02 volume fraction, 75 nm particles; circles.:h F7|(53 8. SLS _a?d Spl‘NS(')néinS'tlles dlvf'ded. by t?:t_a fcl)rm g(_:tsordfor
0.04 volume fraction, 75 nm particles; squares: 0.04 volume fraciN® f> nm .partlce gel at 0.04 vo ume raction. Circles: .ata
tion, 42 nm particles: obtained with the 18 mm cuvette; triangles: SANS data obtained

with the 0.1 mm cuvette; line: Eq1).

This integral has to be evaluated numerically, but it can be ) )

shown that Eq(10) reduces to Eq(1) in the limit of q¢  1-€- _thg volume of _the gel is practically the same as that of

>1, which is where Eq(1) applies. the initial latex. This Ieads_ to a I_ess compact structure, and
By allowing for an unknown proportionality factor, the thus, to a smaller fractal dlmenspn, with respect to that es-

data in Fig. 6 may be fitted with EGL0) in order to estimate t|ma§ed in the cuvettes of Iarger.S|ze. A possmlg explan_auqn

the fractal dimensionB; and the average size of aggregatesOf this observation may be the hindrance of sedimentation in

¢ for each set of data at different cuvette internal diametertn® Smallest cuvette due to capillary and hydrodynamic

The obtained values of the fractal dimension, which are plotiOr¢€S. This phenomenon has not been observed in the case
ted in Fig. 7(circles as a function of the cuvette internal of 0.04 particle volume fraction, since at these larger volume

diameter. are almost identical. with differences a|WaySfractions, the volume of the gel is equal to that of the original

smaller than 2%. In the same figure are also shown the vajatex in all cuvettes.

ues of the fractal dimension estimated from analogous scat- N ©rder to further confirm the conclusion that multiple
tering measurements taken on gels originated from 75 nracattering does not change the estimated value of the fractal

particles at 0.02 volume fractidftriangles and from 42 nm  dimension, gels have been prepared from both 75 and 42 nm

particles of 0.04 volume fractiofsquares Again, it is found p_articles at 0.04 particle _volume fraction, i_n a s_pecially de—
that the obtained fractal dimensions are independent of theigned cell of 0.1 mm thickness, as described in Sec. I, in
cuvette size, and therefore not affected by the presence Qfder to minimize the effects of multiple scattering. The cor-
multiple scattering. rgspondlng scatt_ered intensities, measured by SANS and di-

The above findings indicate that, in aggregated colloidal!ded by the particle form factor computed form E¢s.and
systems, although multiple scattering does change the mad®) !(9)/P(a), are shown as a function gfin Figs. 8 and 9,
nitude of the scattering intensity, it does not change thd€SPectively. In the same figure, the corresponding SLS re-
evaluated fractal dimension of the aggregates, thus confirm-
ing the conclusion of the theoretical work by Chen and co-
workers[28]

It is worth mentioning that, in Fig. 7, for the gel formed
from 75 nm particles at 0.02 volume fraction, the value of
the fractal dimension obtained in the 3 mm cuvette is signifi-
cantly smaller(5%) than the mean value obtained using the
other cuvettes. This experiment has in fact been repeated
several times but the same result was obtained. A possible
explanation is the effect of sedimentation. It is kno®—

42] that if the density of particles is substantially larger than
that of the dispersing medium, sedimentation of the formed \
aggregates plays an important role in determining the struc- 10000

ture of the gel. In particular, sedimentation may lead to a 0.001 0.01 o1 1
volume of the gel smaller than that of the original latex. In

the case of MFA latexes, in fact, since the particle density is q [1/om]
more than twice that of watei.e., 2.15 g/cr), the volume FIG. 9. SLS and SANS intensities divided by the form factor for
of the gel formed from a latex with 0.02 volume fraction is the 42 nm particle gel at 0.04 volume fraction. Circles: SLS data
20% smaller than that of the original latex. However, such abtained with the 18 mm cuvette; triangles: SANS data obtained
difference in the volume does not occur in the 3 mm cuvettewith the 0.1 mm cuvette; line: Eq1).

10000000

1600000 -

100000 | &Y

I(q)/P(q) [arbitrary units]
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sults with the 18 mm cuvette are also shown. It is worth IV. CONCLUSIONS
noting that in order to overlap the_results from SLS an.d The use of colloidal systems constituted of fluorinated
SANS, the latter have been multiplied by a constant. It isyo1ymer (MFA®) particles, which have a refractive index
seen that in the ranggr<1 (i.e.,q>0.03 and 0.05 nnt" in very close to that of water, allows us to investigate the effect
Figs. 8 and 9, respectivelgthe agreement between the re- of multiple scattering on the estimated fractal dimension of
sults from SANS without multiple scattering and from SLS colloidal gels at high-particle volume fractions. Since in SLS
with multiple scattering is excellent, thus confirming that measurements, the extent of multiple scattering increases
multiple scattering has a negligible effect on the evaluatedvith the thickness of the sample, various cuvettes with dif-
fractal dimension of gels. ferent internal diameter, from 3 to 18 mm, have been used.
A final comment about the values of the fractal dimen- Three polymer gels, prepared from latexes with different
sions obtained in Fig. 7 is in order. It is found that gelsparticle diameter and volume fraction, have been character-
originated from 0.02 particle volume fraction latexes exhibitized using SLS. The obtained results indicate that multiple
larger fractal dimension than gels originated from 0.04 parscattering affects only the magnitude of the scattering inten-
ticle volume fraction latexes, which implies that the first Sitiés, but not the estimated fractal dimension of the gels.
ones exhibit a more compact structure. This result is difficult’ NiS result confirms the conclusion of the theoretical study
to justify, even though the same behavior has been found bigPorted by Chemt al. [28].

Carpineti and coworker§43] in the case of polystyrene ag- In order to further confirm this conclusion, two of the gels
gregates, but with substantially lower-particle volume frac_con5|dered above have been prepared in a specially designed

4 . . cell with 0.1 mm thickness, where multiple scattering is neg-
tion. On the other hand recent Monte Carlo simulations con gible, and characterized using SANS. It is found that the

tradict these findings. In particular, Gonzalez, Lach-hab, an%actal dimension estimated from these SANS measurements
Barojas[44] have found that the fractal dimension of gels is the same as that estimated from the SLS measurements
simulated using dDLCA) algorithm, increases as the par- although the latter are strongly affected by multiple '
ticle volume fraction increases. Hasmy and Julljés], us- scattering.

ing a slightly different version of the DLCA algorithm, con-

cluded that the fractal dimension that may be obtained from ACKNOWLEDGMENTS
the structure factor of the gel is not the correct one and ) ) )
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