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Abstract

Polymers are used increasingly in solid—liquid separation processes. Bridging flocculation is the most common particle aggregatic
mechanism in these processes. However, little is known about the structure of the aggregates formed. This paper presents a criti
comparison of two of the techniques that can be very useful tools for the characterisation of aggregate structures, i.e. static light scatteri
and settling. Of particular interest was their applicability for bridging flocculated aggregates. Both techniques were tested on two mode
systems: salt-induced fast coagulation and polymer-induced bridging flocculation of colloidal alumina particles. For diffusion-limited
cluster—cluster aggregation at a high salt concentration, aggregate mass fractal dimensions of 1.75 and 1.65 were obtained from
light scattering and settling experiments, respectively. For bridging flocculation whereby flocs were formed using dual polymers, light
scattering and settling gave mass fractal dimensions of 2.12 and 1.85, respectively. It was concluded that each of these techniques
certain advantages and disadvantages, therefore, it is best to view them as complementary. The settling method may be better suited
studying aggregates in bridging flocculation where floc sizes can be quite large which may cause the light scattering technique to becor
inapplicable. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction mathematics to express the complexity of structures by Man-
delbrot [19] has opened up a new and exciting pathway for
The process of bridging flocculation is applied in many the structural characterisation of particle aggregates. Fractal
industries to achieve efficient solid—liquid separations [1]. structures are self-similar, which means that their structure
Applications exist in the mining, water and wastewater, is invariant to a change of scale.
pharmaceutical, and pulp and paper industries. The goal of Light scattering has been used by an extensive number
bridging flocculation is the production of particle aggregates of researchers to probe the fractal properties of aggregates
that have characteristics suitable for a specific application. formed from a range of colloidal systems, using an array
Despite its wide application, bridging flocculation has not of system conditions. The majority of the studies have in-
been understood as well as salt-induced coagulation. Thisvolved the aggregation of colloidal particles using a simple
is undoubtedly due to the fact that bridging flocculation is inert electrolyte. The two limiting regimes of diffusion-
a highly complex process. Nevertheless, numerous studiedimited cluster—cluster aggregation (DLCA) and reaction-
have appeared in the literature [2-18]. These include studiedimited cluster—cluster aggregation (RLCA) have been well
of the flocculation kinetics [2,7,10,15], the conformation researched [20-27]. It is now generally recognised that
of the polymer at the surface [4,8,9], the electrostatic patch DLCA and RLCA yield aggregate mass fractal dimensions
model [12,15-17], the mixing conditions [18], floccula- of 1.75 and 2.1, respectively.
tion with very large polymers [3,6], the determination of However, there exist certain criteria for the light scatter-
aggregate density [14], and the aggregate structures usingng technique to be applicable to aggregate structure studies.
small-angle neutron scattering [11]. That is, the aggregate has to obey the so-called Rayleigh-
For many years, the structures of particle aggregates wereGans-Debye criteria. In essence, there should be no multi-
non-classifiable in a mathematical sense. Yet, it is invalu- ple scattering or shadowing between the primary particles
able to gain this information in order to better understand inside the aggregate. Several authors have investigated the
and control the flocculation process. The advent of fractal effects that multiple scattering (light which is scattered more
than once by the primary particles before reaching the de-
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determination of aggregate structure [28—-34]. The work of  Therefore, the mass fractal dimension gives a good indi-
Lindsay and co-workers [28,31] suggests that multiple scat- cation of the structural compactness of the aggregate, with
tering has no effect on the measured scattering exponent inl<dg<3 in three-dimensional Euclidean space.
the fractal scattering regime. The consequences of shadow- Static light scattering experiments have been extensively
ing are still unknown. Therefore, the use of light scattering used to probe the fractal nature of aggregates. The exper-
for structural compactness determination is, in theory, only iments are performed by directing a beam of light onto a
suited to small, open aggregates. sample and measuring the scattered intensity as a function
Settling is another technique that has been used in theof the magnitude of the scattering wave veciQr, For a
literature for aggregate characterisation [14,35-49]. How- mass fractal aggregate which consists of monodisperse pri-
ever, there has been considerable controversy for manymary particles and which satisfies the Rayleigh-Gans-Debye
years regarding the flow of fluid through aggregates and its (RGD) criteria, the scattered intensit{Q) from such an
implications on the analysis of settling data [36—38,42,43, aggregate is given by [50]:
45,47-49]. Veerapaneni and Wiesner [38] have extensively
modelled the permeability of an aggregate as a function 1(Q) = kP(Q)S(Q) @)

of its radial disftance using Fhe Happel model and fractal | the above equatiork is a scattering constar®(Q) is
geometry. Resistance to fluid flow through the aggregate ihe single particle form factor and is related to the shape of

was seen to increase with increasing fractal dimension, o primary particle, an&(Q) is the interparticle structure

while for a given fractal dimension, the resistance 10 fluid  ¢5cor which describes the interference posed by the primary
flow was found to increase with increasing aggregate size. particles within the aggregat€ is defined by:
For aggregate to primary particle radius ratios of greater

than 500 and fractal dimensions above 2, the aggregate wa) = 4mngsin(6/2)/1g 4)

found to experience a force95% of that experienced by . o . , ,
whereng is the refractive index of the dispersion medium,

an impermeable sphere of the same size. Therefore, for'™ " el : > -
large and/or dense aggregates, there is expected to be ver}0 IS the wavelength of the incident light in vacuo, anés
he scattering angle.

little flow through the aggregates. ) _ )
WhenQro{(1, whererg is the radius of the primary par-

In this study, a comparison will be made between the ) ; X
techniques of static light scattering and settling for aggre- ficles, the single particle form factdP(Q), becomes unity.
Therefore, Eq. (3) can be written as:

gate structure characterisation. Aggregates were formed us
ing DLCA and bridging flocculation experiments, and the 1(Q)x S(0) (5)
respective aggregate mass fractal dimensions obtained from

both techniques were compared. A discussion of the benefits In the region where/R{Q{1/ro, the interparticle structure
and disadvantages of each technique is given. The applicafactor takes the form [50]:

bility of each technique for the structure characterisation of —d

bridging flocculated flocs was of particular interest. Some §(Q) o 07F (6)
interesting observations on dual polymer induced bridging

i > X Hence, Eqg. (3) can be further simplified to give the
flocculation will also be discussed.

following expression:

1(Q)x Q% @)

The fractal dimension can then be obtained from the slope

of the logl(Q) versus lo raph.
2.1. Characterisation of aggregate structures using static 9(Q R grap

light scattering

2. Background

2.2. Characterisation of aggregate structures using settling

Particle aggregates formed from random aggregation
processes are generally mass fractals. The nm$g), of
a mass fractal aggregate is proportional to its radi®jgp
the powerdr:

R\%
m (R) « R (1) N (R) <—) (8)

ro

The number of primary particle$\(R), within a mass
fractal aggregate can be related to its mass fractal dimension,
dr, as follows:

wheredg is the mass fractal dimension and corresponds to  Assuming sphericity of the aggregate and no flow of sol-
the degree of irregularity or the space-filling capacity of an vent through it, in the creeping flow regime the following

object. The fractal dimension can be further related to the settling relationship can be established for the aggregate:

mass density of the aggregat€R), as follows: el

p (R) ox RF—3 ) Voo o ro8(pp — pL) ( ) 9)

ro
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whereV,, is the terminal settling velocity of the aggregate, Eq. (15), the effective aggregate density can be calculated
wuL is the viscosity of the solvenp, is the density of the  from Eq. (11) and the aggregate dry mass calculated using
solvent, pp is the density of the primary particles, is the Eq. (12). Based on Eq. (1), a plot of the dry mass against
radius of the primary particles arglis acceleration due to  the equivalent sphere diameter on a double logarithmic scale
gravity. By plotting the log of the terminal settling velocity  will yield the aggregate mass fractal dimension.
versus the log of the aggregate size, the mass fractal dimen-
sion can be obtained.

Aggregates commonly have an ellipsoidal shape. It is 3. Experimental
therefore, necessary to convert the dimensions of the ellip-
soidal aggregate into an ‘equivalent sphere’ diameter, thatis,3 1. Materials
a sphere that would have the same settling velocity as that

of the ellipse. The following equation, which is based onthe ¢ high purity alumina (AKP-30) was supplied by Sum-
w_ork of.HappeI and Brenner [51], can be used to co_nvert the itomo Chemical Company and is reported to have{%0]
dimensions of an ellipse to an equivalent sphere diameter: \,5,e of approximately 0.4m. The alumina stock was pre-
y o /\2 pared at a concentration of 5.0% w/w and was maintained at
dst=x <0~8248+ 0168(;) +1.033x 10 (;) pH 5 to prevent aggregation. The particles were wetted for 4
weeks and sheared prior to use. Potassium nitrate (Ajax) was
—3(7\3 -5 (Y\* i i )
—1.264x 10 (_> +3.728x 10 (_) ) (10) of an analytic grade and pH adjustment was conducted us
X X ing potassium hydroxide (BDH) and nitric acid (BDH), both
wheredst is the diameter of the equivalent sphere, gadid ~ Of analytical grade. The polymers trialed included a high
x are the maximum vertical and horizontal dimensions of molecular weight, 10% charge density anionic polyacryl-
the ellipse, respectively. Eq. (10) is valid for & ¥:x < 20. amide (SNF Floerger), a very high molecular weight 100%
In many industrial situations, the primary particles are charge density cationic polyacrylamide, and a polyacrylic
polydispersed in size and therefore, the settling equation ofacid of 30000 molecular weight (Aldrich).
the aggregate is best written in terms of an effective aggre-

gate mass densitye: 3.2. Alumina characterisation
4dstg
V2 = 30 Co (pe — pL) (11) The morphology of the particles was determined by scan-

ning electron microscopy. The dried alumina powder was
whereCy is the drag coefficient for the equivalent sphere.  sprinkled onto a double sided sticky carbon tab which was
Using the above equation, the effective aggregate massattached to an aluminium pin stub. The sample was then
density can be calculated from the measured settling velocitysputter coated with about 20 nm of gold to prevent charging
of the aggregate and the diameter of the equivalent spherepefore viewing with a tungsten gun in a Philips XL30 SEM.
From the calculated effective mass density, the dry mass of g, 1 shows the photomicrograph of the alumina particles.
the aggregatem(dst), can be calculated using the following  The particles were also suspended at low pH and examined

equation: using the Mastersizer S light scattering device (Malvern In-
7d3-pp (e — pL) struments, UK). The particle size distribution was found to
m(dst) = —S (12) be unimodal and the volume-derived diameter was Q.40

6(op— L) The electrophoretic mobility values of the alumina particles
For objects settling within the creeping flow regime, that as a function of pH were obtained using a Brookhaven Zeta-
is, Reynolds numbet0.1, the Stokes’ law drag coefficient plus instrument. A particle concentration ok 50~3% wi/w

can be applied [51]: and a fixed salt concentration of 1M KNO3 at 25C
Cq = 24Re’? (13) were utilised in the mobility study.

where 3.3. DLCA and bridging flocculation experiments
Re= VudstoL/mL (14)

DLCA was achieved by adding 50 ml of diluted alumina
For objects settling outside this regime, Jiang and stock solution to 50 ml of 3 M KN@, both at pH 5, to
Logan [52] have proposed the following drag coefficient give a particle concentration of 0.01% w/w. Trials were
for 0.1<Re<10: performed to achieve the most efficient bridging floccula-
. ~0.871 tion of the alumina particles at a solids concentration of
Ca =2903Re (15) 0.45% wi/w. Cationic and high molecular weight anionic
Therefore, calculation of the Reynolds number determines polymers were trialed separately and trials were also con-
which regime the aggregates are settling in. Once the ap-ducted using dual polymers. The most efficient flocculation
propriate drag coefficient is calculated using Eqg. (13) or was obtained with a dual polymer system. This involved
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Fig. 1. Scanning electron micrograph of AKP-30 alumina.

dosing polyacrylic acid (PAA) first at a concentration of 0.2 3.5. Settling

ppm into the alumina suspension, which was maintained at

pH 7.5. One minute was allowed to elapse before addition Fig. 2 depicts the custom-built experimental settling ap-
of the cationic polymer. The optimum dose of the cationic paratus. The column is surrounded by a water jacket and was

polymer was found to be 1.2 ppm. maintained at 2ZC. The column has internal dimensions of
20x20 mm. As such, the measured settling velocity will be
3.4. Small-angle static light scattering in error by less than 5% due to wall effects for a 500

diameter aggregate. The aggregates can be viewed through
Small-angle static light scattering was employed to probe a window at a distance of 200 mm from the entrance to
the fractal nature of the aggregates formed both from DLCA the column. The aggregates were illuminated using a mi-
and bridging flocculation experiments. A Malvern Master- croscope light source (Zeiss). A trinocular head zoom lens
sizer S with a 633 nm He—Ne laser light source was used for (Edmund Scientific) mounted in the horizontal position was
the scattering studies. The instrument measures the scatteredtilised to achieve the desired magnification. The lens gives

intensity at a range of scattering angles (0546 addition, 2.5 through to 10 times magnification at a constant working
the Mastersizer is able to give approximate size information distance of 36 mm. The field of view available is 6.5-1.8
of the aggregates. mm. The lens is mounted on two rack and pinion move-

The DLCA experiment was performed by rapidly mixing ments giving a possible 40 mm of travel in the horizontal
the alumina and salt solutions and then gravity feeding a direction and 105 mm in the vertical direction.
portion of the sample directly into the small volume cell of A monochrome CCD camera (Sony) was used to view
the Mastersizer. The coagulation kinetics were monitored the aggregates and their images were recorded on a VCR
over a period 4 h under perikinetic conditions. (Sony). The images were collected at 25 frames/s. A to-

The bridging flocculation experiment was performed by tal magnification of 220-910 times was achieved on a large
adding the PAA to the alumina suspension, followed by screen monitor (Sony). The equipment was calibrated using
the addition of the cationic polymer after 1 min under stir- a 1-mm stage micrometer with 30m divisions. The aggre-
ring conditions. The solution was then diluted by a factor gates obtained from both the DLCA and bridging floccula-
of 100 and transferred into the magnetically stirred cell of tion experiments were gravity fed into the settling column
the light scattering device. This cell allowed the sample to which was pre-loaded with 1.5 M KN§and distilled wa-
be slowly stirred and hence, the aggregates remained suster, respectively. The aggregates were added to the column
pended while the size and intensity data were collected. Dueintermittently over a period of several hours and the run
to stirring, no change in aggregate size was observed overrecorded on video tape. The vertical and horizontal dimen-
time. sions as well as the settling velocities of the aggregates were



S.M. Glover et al./Chemical Engineering Journal 80 (2000) 3-12 7

_!. \
-s}— Removable Plate
—'U__ and Feed Tube
(s}
[}
[}
(a3
=)
Thermostated
o O Water Bath
(s}
Pump
VCR  Computer a I
o
CcCD =
Camera i1
] =] i
[»] ,,/::/FA
[} AT
=]
a
-
&
[=]
&
-~ e
Rack and Pinion
Movements o
[ ]
1 | L1
Levelling Legs Tap
Light Source
Waste —-f—

Fig. 2. Experimental settling device.

then measured. The computations involved the calculation The mass fractal dimension of the aggregates was

of the equivalent sphere diameter, the effective aggregateobtained by applying Eqg. (7) to the data in Fig. 5. The results

mass density and the dry mass of the aggregate. are shown in Fig. 6 as a function of time. Before 40 min
had elapsed, the aggregates had not grown to one order of

4. Results and discussion 3

*® s 00

The electrophoretic mobility of the alumina particles as a 29 * .
function of solution pH is shown in Fig. 3. The isoelectric E, ] .
point was found to occur at pH 9.5 with the surface main- 3
taining a net positive charge below and a net negative charge E 0 fromreer e
above this pH value. z .

The growth behaviour of the aggregates with time when 3]
coagulating under the DLCA conditions is shown in Fig. 4. = 2
The light scattering intensity data produced from the DLCA ® .
aggregates with time are displayed in Fig. 5. A very linear 3

0 2 4 6 8 10 12 14
pH

region of the scattering curve was observed over one order
of magnitude inQ. At the 1.5-h mark, the aggregates began
to settle in the cell, as witnessed by the drop in the scatteredrig. 3. The electrophoretic mobility of alumina particles dispersed irf'10
light intensity. M KNOj3 as a function of pH.
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Fig. 4. Aggregate size distribution with time for the DLCA aggregates as

obtained from light scattering.
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Fig. 7. Experimental settling velocity versus equivalent sphere diameter
for the DLCA aggregates.

constant at approximately 1.75 with time, even after the

XM ;gomms 1.5-h mark when the aggregates were clearly settling. This
4 40 mins result correlates well with the commonly recognised values
2 st e of 1.75-1.80 for DLCA conditions [21,23].
g R K * 4 hrs Fig. 7 shows the experimental settling velocity values ob-
T I ' tained for the DLCA aggregates. The effective aggregate
§' %_ density is plotted in Fig. 8 as a function of the equivalent
*}'I.x sphere diameter. Fig. 9 shows the aggregate dry solid mass as
%] ‘%g;;‘ a function of the aggregate diameter. Application of Eq. (1)
% gives a fractal dimension of 1.65. Several difficulties exist
- . . when using the settling technique to obtain fractal data from
5 4 -3 2 = small, low density aggregates such as those generated from
Log 10 @ (nm™) the DLCA conditions. Such aggregates are extremely sen-
_ sitive to disturbances and therefore, there exists a degree of
Fig. 5. Logl(Q) versus lodQ for the DLCA aggregates.

magnitude in size greater than the primary particles (cf.
Fig. 4). Therefore, at these times it would be more appro-
priate to speak in terms of a scattering exponent rather than;
a fractal dimension. After 40 min, all aggregates were at
least one order of magnitude in size larger than the primary
particles and an average mass fractal dimension of 1.75
was obtained. The fractal dimension was seen to remain

scatter in the data. The disturbances may originate exterior
to the settling column, such as vibrations, or within the col-
umn itself due to possible movement of the supernatant.
Fluid flow through the DLCA aggregates could be ex-
pected to occur due to the low mass fractal dimension, that
is, the high porosity of the aggregates. Based on the results
of Veerapaneni and Wiesner [38], a simple analysis sug-
gests that the DLCA aggregates would experience a force
of between 0.875 (for small aggregates) and 0.925 (for
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Fig. 6. Mass fractal dimension as a function of time for the DLCA Fig. 8. Effective aggregate density versus equivalent sphere diameter for
aggregates as obtained from light scattering. the DLCA aggregates.
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extended to obtain aggregate structural information for
bridging flocculated aggregates, and the results from
-6 - y = 1.6452x - 9.9334 both the light scattering and settling methods were also
R? = 0.7406 compared.

It proved difficult to achieve efficient bridging floccula-
tion of alumina using a single polymer, as signified by fast
settling aggregates and the acquirement of a clear super-
natant. The results of flocculation with a range of polymers
and polymer combinations are shown in Fig. 10. A brief
discussion only of these results will be given below as
the actual mechanisms of bridging flocculation are not the
subject of this paper.

Addition of PAA was seen to cause some but inefficient
Fig. 9. Aggregate dry solid mass versus equivalent sphere diameter for flocculation. This is most probably due to an electrostatic
the DLCA aggregates. interaction of the negatively charged polymer with the pos-

itively charged surface. The polymer will tend to adsorb
large aggregates) of that experienced by an impermeableat the particle surface in a flat conformation due to this
sphere of the same size. Therefore, for the data shown hereattraction and hence, small patches of negative charge may
the aggregate mass may well be overestimated. This will reside on the particles. Flocculation can then result due to
be more important for smaller aggregates. The net result isan electrostatic patch type model whereby the positive and
that fluid flow through aggregates may result in an under- negative patches of the particles come into contact, resulting
estimated mass fractal dimension. In the light of this, the in strong attachment [53].
fractal dimension obtained for the DLCA aggregates from  Addition of the cationic polymer alone to the alumina
the settling data is expected to be lower than that obtainedat pH 7.5 resulted in some flocculation, which could be
from the light scattering method. A full analysis of each accounted for with a hydrogen bonding mechanism, since in
data point given here which allows for the flow through this case, both surface and polymer were positively charged.
effect is beyond the scope of this paper. A full discussion The flocculation was poor, and the remaining supernatant
of this point will be given elsewhere. was always turbid. The anionic polyacrylamide was also

The settling experiments performed with the DLCA ag- trialed at the same pH but also resulted in poor flocculation.
gregates, for which the aggregate structure is well known Dual polymer flocculation proved very successful when
from light scattering [21,23], proved that the technique used 0.2 ppm of PAA was followed by 1.2 ppm of the cationic
to obtain the mass fractal dimension of aggregates from polymer. The flocculation resulted in an improved super-
settling data is valid. The settling technique was, therefore, natant clarity when compared to the use of a cationic or

7

Log 1, Aggregate mass (g)

1 1.25 1.5 1.75 2 2.25
Log 4, Aggregate diameter (um)

Fig. 10. Comparison of bridging flocculation regimes at pH 7.5. From left to right: control, 0.2 ppm PAA, 1.2 ppm cationic polymer, 0.2 ppm PAA
followed by 1.2 ppm cationic polymer, 1.2 ppm cationic polymer followed by 0.2 ppm PAA, 1.0 ppm anionic polyacrylamide.
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anionic polyacrylamide alone. Dual polymer flocculation
whereby the cationic polymer was dosed prior to the PAA
also resulted in improved flocculation in comparison to the
use of the cationic polymer alone. However, as can be seen
from Fig. 10, the flocculation was not as efficient when com-
pared to the addition of PAA first. Interestingly, Yu and So-
masundaran [54] obtained similar flocculation results when
the order of polymer addition was reversed in their dual
polymer studies. This can be explained by the higher solids
concentration (2.6% w/w) employed in their experiments.
It is likely that when the solids concentration is sufficiently
high, the PAA when added second has a higher probability
of encountering a particle first than encountering a cationic
polymer molecule. In our experiments a solids concentra-
tion of 0.45% w/w was employed and therefore, some of the
PAA polymer molecules may complex with the previously
dosed cationic molecules prior to reaching any surface sites.
This will tend to reduce the flocculation efficiency.

Due to the fact that the dual polymer system where the
PAA was dosed prior to the cationic polymer consistently
resulted in superior flocculation, these aggregates were cho-
sen as the model for the bridging flocculation studies. Fig. 11
shows the aggregate size distribution, as measured from light
scattering, resulting from this dual polymer experiment. The
average floc size was 40m and the aggregate size distri-
bution was unimodal. The scattered light intensity resulting
from the aggregates is shown in Fig. 12. The slope shows
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Fig. 12. Logl(Q) versus lod for the bridging flocculated aggregates.
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a highly linear region over almost one order of magnitude Fig. 13. Experimental settling velocity versus equivalent sphere diameter
in Q. However, the curve is seen to turn slightly upwards at for the bridging flocculated aggregates.

largeQ values. A clear explanation has yet to be found, but
this could be due to correlations between the primary par-
ticles within the aggregate [11]. Light scattering yielded a
scattering exponent 0f2.12. Due to the limitations of the
RGD theory when applied to large aggregates, one needs to
be careful when equating the absolute value of this scatter-
ing exponent with the floc mass fractal dimension.

The experimental settling velocity values obtained for the
bridging flocculated aggregates are presented in Fig. 13. The
aggregate dry solid mass is given in Fig. 14(a) as a function
of the equivalent sphere diameter, assuming creeping flow

10
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Fig. 14. Aggregate dry solid mass versus equivalent sphere diameter for
Fig. 11. Aggregate size distribution for the bridging flocculated aggregates the bridging flocculated aggregates: @)=24Re !; and (b)Cy=24Re !

as obtained from light scattering.

for Re<0.1 andCy=29.03Re %871 for Re>0.1.
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Table 1
Advantages of static light scattering and settling for the determination of aggregate structural compactness
Light scattering Settling
Measurements are quick and data analysis straightforward Aggregates are able to be directly visualised
Excellent technique for small, open aggregates Excellent technique for large and/or dense aggheeg@ites (
The aggregation kinetics can be followed with time Suitable for industrial samples which may contain dust particles
Analysis allows for the monitoring of aggregate restructuring with time Suitable for aggregates formed from polydisperse primary particles
Table 2
Disadvantages of static light scattering and settling for the determination of aggregate structural compactness
Light scattering Settling
Uncertainty in terms of possible shadowing effect Measurements are time consuming

for dense aggregatesg>2)
Not suitable for aggregates which settle quickly Not suitable for very small or open aggregates as

they are very susceptible to vibrations while settling

Difficult for industrial samples due to the presence Flow through the aggregate can cause errors to be introduced

of dust particles into small, tenuous aggregates
The effect of polydispersity of the primary particles on Cannot be used for aggregates which restructure

the measured fractal dimension is not well understood
Broad distribution in aggregate size or mass Not suitable for systems where the size distribution of aggregates is narrow

can introduce error into the measured slope

conditions for all sizes of aggregates. When compared to The two techniques are concluded to be complementary,
those obtained using the DLCA aggregates, it can be seenwith each being valid for a certain range of aggregate sizes
that the data contained much less scatter. This is partly dueand fractal dimensions. The settling technique is particularly
to the fact that the bridging flocculated aggregates were verywell suited for bridging flocculated aggregates, whose sizes
large with a higher mass fractal dimension compared to the can be very large. As a result of these large sizes, static light
DLCA aggregates and therefore, the former were less sus-scattering may become inapplicable.
ceptible to vibrations or fluid motion. The slope in Fig. 14(a)
indicates a fractal dimension of 1.81. However, some of
the bridging flocculated aggregates violated the creeping5. Conclusions
flow criteria. Fig. 14(b) presents the corrected data by using
the drag coefficient given by Eq. (15) for aggregates with  This work has shown that static light scattering and set-
Re>0.1, in conjunction with the creeping flow drag coef- tling are excellent techniques for investigating the struc-
ficient for aggregates with Re).1. A fractal dimension of  tural compactness of particle aggregates. The use of light
1.85 was then obtained. Therefore, it is clear that an under-scattering for the determination of the fractal dimension
estimated fractal dimension value results if creeping flow is of diffusion-limited cluster—cluster aggregates resulted in a
wrongly assumed to apply to all aggregates. value of 1.75. This result correlated very well with the lit-
Once again, as for the salt-induced aggregates, solventerature values of 1.75-1.80 obtained by other authors us-
flow through an aggregate may lead to errors in the settling ing light scattering. Settling data from the DLCA aggre-
velocities. As before, the aggregates may experience a forcegates were used to calculate the aggregate dry solid mass
of 0.925 (for small aggregates) through to 0.985 (for large which could then be correlated with the aggregate equivalent
aggregates) times that of an impermeable sphere of the samephere diameter. A fractal dimension of 1.65 was obtained
size [38]. Therefore, due to the large size of the aggregatesfrom this method. However, due to the flow through these
the correction required for our bridging flocculated aggre- tenuous aggregates, the fractal dimension obtained from the
gates will not be as great as that required for our DLCA settling data for such small, open aggregates may, if un-
aggregates. Therefore, there would be very little increase incorrected, be underestimated. In the light of this, the re-
the fractal dimension of the bridging induced aggregates duesulting value of 1.65 obtained from the settling data can
to flow through the aggregates. be concluded to compare well to that obtained from light
Tables 1 and 2 provide summaries of the advantages andscattering.
disadvantages, respectively, of both the light scattering and The comparison between the two techniques was extended
settling techniques when used to determine the structuralto the case of bridging flocculated aggregates. An apparent
compactness of aggregates. The results obtained in this studyalue of 2.12 was obtained for the fractal dimension from
indicate that light scattering and settling are very useful tech- light scattering. However, the aggregates were large in size
niques for investigating the structures of particle aggregates.and may thus violate the Rayleigh-Gans-Debye criteria. The
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experiment was repeated and the fractal dimension calcu-

lated from the settling technique. When all of the aggregates
were wrongly assumed to settle in the creeping flow regime,
a fractal dimension of 1.81 was obtained. Re-calculation of
the data using suitable drag coefficients resulted in a frac-
tal dimension of 1.85. Therefore, application of the correct
drag coefficient was proven to be essential.

The use of light scattering for the determination of aggre-
gate compactness was concluded to be most applicable t

small, open aggregates formed using model particles. The

S.M. Glover et al./Chemical Engineering Journal 80 (2000) 3-12

Foundation Conference, The Cloister, Sea Island, GA, American
Institute of Chemical Engineers, New York, 1986.

[15] F. Mabire, R. Audebert, C. Quivoron, J. Colloid Interface Sci. 97
(1984) 120.

[16] A. Bleier, E.D. Goddard, Colloids Surf. 1 (1980) 407.

[17] K.W. Britt, Pulp Paper Can. 80 (1979) 67.

[18] G.J. Fleer, J. Lyklema, J. Colloid Interface Sci. 46 (1974) 1.

[19] B.B. Mandelbrot, The Fractal Geometry of Nature, W.A. Freeman,
San Francisco, CA, 1982.

20] R. Amal, G. Bushell, J. Colloid Interface Sci. 2 (1997) 37.

21] J.L. Burns, Y.-D. Yan, G.J. Jameson, S. Biggs, Langmuir 13 (1997)
6413.

technique is fast and features such as aggregation kineticg22] M.Y. Lin, H.M. Lindsay, D.A. Weitz, R.C. Ball, R. Klein, P. Meakin,

and aggregate restructuring with time can be monitored. The

use of settling for ascertaining aggregate structural compact-
foa

ness was deduced to be most suitable for large and/or dens
aggregates which could either be formed using model parti-
cles or industrial samples. The technique is time-consuming

but the aggregates are able to be directly visualised. It is es-

pecially useful for bridging flocculation studies where very
large aggregates are normally formed so that the light scat-
tering technique can become invalid.
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