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Abstract

An experiment to study flocculation phenomena in the constrained microgravity environment of a space shuttle or
space station is described. The small size and light weight experiment easily fits in a Spacelab Glovebox. Using an
integrated fiber optic dynamic light scattering (DLS) system we obtain high precision particle size measurements from
dispersions of colloidal particles within seconds, needs no onboard optical alignment, no index matching fluid, and
offers sample mixing and shear melting capabilities to study aggregation (flocculation and coagulation) phenomena
under both quiescent and controlled agitation conditions. The experimental system can easily be adapted for other
microgravity experiments requiring the use of DLS. Preliminary results of ground-based study are reported.

Introduction

A functional engineering model of an integrated fiber optic system for conducting in-situ dynamic light scattering
(DLS) measurements has been built for microgravity science & applications, in particular, to study flocculation and
coagulation of spherical polystyrene particles in aqueous solutions in the presence of long chain polyacrylamide poly-
mer (commonly known as flocculant). The development of the engineering model and its optical, mechanical, and
electrical design have been recently presented by Ansari et al!. A Glovebox (GBX) experiment “Flocculation and
Aggregation in a Microgravity Environment (FAME)” was selected by NASA for USML-2 (2nd United States
Microgravity Laboratory) space shuttle flight mission scheduled to be flown in Fall 1995. However, due to the extraor-
dinary demand on the GBX resources and a priority for mainstream experiments where GBX was required to support
that activity, FAME was dropped out of USML-2 flight program. We plan to propose it for another flight at the next
round of Fluids NRA. In addition to flocculation monitoring, we anticipate the use of FAME hardware, after some
modification, for monitoring growth of porous materials in another future experiment by Dutta et al2.

The Art of Polymer Induced Flocculation

Flocculation is widely used in the recovery of suspended material in coal and ore mining, pulp and paper making,
enhanced oil recovery, pharmaceuticals, water and waste-water treatment, and pollution control of lakes and reser-
voirs. Flocculation is the polymer-induced aggregation of dispersed particles in a'fluid based system. Details on this
mechanism has been given by Attia3, Finch?, and Gregory>®. Industrial polymeric flocculants are generally long chain
polymers. Filtration, floatation, and sedimentation operations become very effective with an increase in the particle
size. The particles which are to be flocculated may have a wide size range covering colloidal (nm) to microscopic (jum)
to visible (mm) particles. Perikinetic flocculation process (due to Brownian diffusion) can be very slow for dilute
colloidal dispersions. It may take several hours to grow large flocs under these conditions. Orthokinetic flocculation
(due to some agitation) enhances collision efficiencies and thus promotes flocculation. However, all theoretical calcu-
lations for flocculation rate constants generally apply to spherical shapes assuming a laminar flow and hence strictly to
the early stages of a flocculation process.

Colloid stability is very complex because several forces can be operational. Most frequently occuring forces are
van der Waals forces, electrostatic forces, and forces due to adsorbed polymers. Dispersion stability can be described
by DLVO?-8 theory as a balance between electrostatic repulsion (ESR) and van der Waals attraction (VWA). In dilute
electrolytic solutions ESR exceeds VWA. The ionic strength of the dispersion is modified to enhance particle-particle
collision efficiency as high as possible for normal aggregation (coagulation) to occur. However, DLVO theory breaks
down for polymer-induced flocculation because the mechanism of bridging or charge neutralization (patchwork model®)
due to adsorbed polymer depends upon the long-chain nature of the polymer molecule. Furthermore, the polymer
molecular weight should be very high (=1-20 X 10) to promote effective polymer-particle attachments. Only a small
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polymer chain segment is required to be adsorbed on the particle surface, while a significant amount of chain segment
is extended into the fluid phase to capture other particles of the dispersion. More adsorbed polymer on the particle
surface may have adverse effect on the ability to flocculate by giving rise to $teric repulsion.

Scientific Objectives

The scientific objectives of the FAME investigation is to obtain data sets for a proof-of-concept study on a model
system which can be used to guide the development of quantitative models of the flocculation process. This study
involves aggregation (both flocculation and coagulation) of primary particles from colloidal (nm) to large (1-100 um)
aqueous particulate dispersions, thus covering a wide range of size and interaction regimes.

Currently two competing models describe flocculation in terms of either a bridging mechanism and/or an mter-
locking polymeric network. In the bridging model a polymer chain is considered to be adsorbed simultaneously on two
or more particles. In the network model, polymer chains form an entangled network which acts as a particle trap.
Because of strong gravitational settling and a lack of non-invasive techniques these theories have not been tested
thoroughly. Furthermore which theory plays a dominant role is not clearly understood. Laser light scattering (LLS)
experiments in the absence of gravitational effects will be able to answer questions of fundamental importance to the
flocculation phenomena and thus provide new quantitative insights into various interactions and microscopic struc-
tures present in pre-flocculation, during flocculation and after the flocculation stage. The microgravity environment
on-board the space shuttle orbiter or space station will eliminate the problems of sedimentation and convective diffu-
sion. The effects of agitation on the growth of large flocs under controlled shear conditions in the absence of sedimen-
tation in a microgravity environment has been identified as an important area of research to the materials processing in
space by Naumann and Herring10, It has been suggested by Sikora and Stratton!! that the reversibility or otherwise of
floc breakage under shear may be an indication of whether polymer bridging or charge neutralization is the predomi-
nant flocculation mechanism. Charge neutralization generally gives weaker flocs than bridging, but the flocs readily
re-form. One important practical aspect of colloid interaction is its effect on the strength of aggregates. Unfortunately
this is not well understood. Varooqui and Pefferkorn12 describe the time evolution of the size distribution of flocculat-
ing particles at large time by scaling formulas. The objective of this investigation is to clearly delineate these predic-
tions.

Our approach is to monitor, in real time, the growth of flocs due to polymer-induced aggregation and the growth of
coagulase due to salt-induced aggregation. For primary colloids, we employ the technique of DLS and for large
particles, we plan to use microscopy and videography to monitor the changing size and shape of thie flocculating/
coagulating particles. Strength of aggregates will be measured by applying controlled shear. Flocs are expected to be
much stronger than coagulase. The diffusion data from DLS measurements from primary colloids will be compared
with a quantitative model for flocculation.developed earlier by Ansari and Hallett!3 to yield important information on
the particle-particle, particle-polymer, and polymer-polymer interactions in a flocculating system,

In case of microscopic particles (>1 um), Earth's gravity plays a dominant role in promoting differential settling
and hence flocculation. The separation of liquid-solid components in a microgravity environment by destabilizing a
suspension would offer great technical challenges because of the absence of differential settling, Particles of different
size or density settle at different rates and the resulting relative motion can cause particle collisions and hence aggrega-
tion. A better understanding of the flocculation process in a microgravity environment will be useful in obtaining
successful separation process technology for space-based processing operations.

FAME Hardware Development
The design criteria of FAME hardware is to acquire a miniaturized DLS system having both launch and collectxon
optics in one entity (probe) , modular (satisfy the requirements of several experiments), user friendly, rugged yet
flexible, power efficient, eliminate the use of an index matching fluid for flare control, eliminate the need for on-orbit
optical alignment, and offer in-situ sample mixing capabilities. In order to gain detailed knowledge in the theory and
practice of DLS, the interested reader is referred to general reading in this areal4-!6 and the references contained
therein.
" The experimental setup shown in Figure 1 comprises four major parts; the laser/detector module, a fiber optic
backscatter probe, the flocculation module (sample chambers with mixing motor), and a correlator hardware/software.
This experiment module with a dimension of 21.2 cm wide x 12.8 cm deep x 19.0 cm high can be easily seated on its
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magnetic legs inside the GBX. The GBX working area is 39.4 cm wide x 27.9 cm deep x 23.5 cm high with one main
door opening of 21.4 cm x 18.9 cm and two side door openings 21.4 cm x 13.1 cm.

The laser light out of the laser/detector module is transmitted by a compact backscatter fiber optic probe to the
flocculation module, where the flocculation process of a particulate dispersion is observed. A lens-less fiber optic
probe comprising two optical fibers, as illustrated in Figure 2, provides a compact and remote means of studying the
dynamical characteristics of colloidal/polymer systems, through the use of photon correlation spectroscopy or dynamic
light scattering. Detailed descriptions of the backscatter fiber optic probe and its application to study concentrated
particulate dispersions!?, microemulsion characterization!®, the early detection of cataracts in bovine and human eye
lenses!9-2! | and BSA and Iysozyme protein solution characterization have been reported elsewhere?2

Experimental
A simplified cross sectional view of the flocculation module is shown in Figure 3. The flocculation module consists

of 3 major units; the base, the sample cell, and the swing arm. The sample cell is divided into 2 sections by a piston to
contain the particle solution on the
top section and the polymer
solution on the bottom. The cell
holds about 100 ml of sample
volume. The sample cell has a thin
sapphire window where the
backscatter fiber optic probe is
positioned so that the scattering
volume is effectively located well
inside the sample cell. The base
module contains a stepper motor
and its driver. The chopper driver’s
heat dissipation fins are connected
to the base module which acts as a
heat sink for the motor. The stepper
motor is connected to the piston in
the sample cell by a gear set. The
piston has a hole that is covered by
a thin aluminum bursting seal, and , 2> TO CORRELATOR
3 stirring wings attached on top.
The base of the piston divides the
~sample cell into two chambers. The
- upper and lower chambers are filled

with the aqueous particle dispersion Figure 3. FAME Experiment Module.
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and the long chain polymer solution respectively, throngh the fill holes located on the side of these chambers. The
sample loading is done very carefully to ensure dust free and bubble free samples. During the experiment the piston
retracts (pulls downward) in the sample cell by the stepper motor gear assembly. The bursting seal punctures upon
contact with a knife edge mechanism and the polymer solution comes into contact with the particle solution. After the
piston is completely pulled down and locked to the

motor, it starts spinning, and the stirring action begins
with three wing tips, each measuring 12 mm x 21
mm X 1 mm, on the top of the piston assembly. The
spinning or mixing speeds can be varied from 5 rpm -_ et eoncet tosennet nnneet tetenenToticane 0,0t
to 700 rpm. This spinning action is desired for two

purposes. First it enables complete mixing of the
two dispersions and secondly to study the effects of
agitation and controlled shear on flocculation. The
swing arm holds the fiber optic backscatter probe
against the sapphire window of the sample cell. It
can swing back and forth around a pivot point on the 40 Lo4e44400a0a000000000000,000000000000n0000008000s
base module so that the sample modules can easily LaMadata,shatananssaahadsnsad, nnnassidtyantansisg
be exchanged without pulling out the probe every - L i . .

time a new measurement is performed. Another (i 10 20 30 40 50
purpose of the swing arm is that when in position,
the arm locks the sample cell with the base so that
the sapphire window stays well aligned with the Figure 4. Particle Size Test Results.
backscatter probe. This arrangement provides an

easy access, safety, and flexibility to the crew member 100
during experimental procedures. The test chambers
are made of polycarbonate material with an optically
polished flat surface on the top for studying in-situ -1 11
the dynamics of the suspension (particles >> 30 pm)
under investigation using the GBX video camera or
the microscope.
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Results

The FAME engineering model was tested on
aqueous samples of polystyrene latex spherical
colloidal particles ranging in size from 18 nmto 551
nm (Bangs Laboratory, Carmel, IN) at a concentration
of 0.01%. The upper chamber of the test cell was ; AL :
filled with this dispersion and the lower chamber was 10 Dl (m) 20
filled with doubly distilled deionized water. The ‘
fiber optic probe provided measurements of particle Figure 5. Particle Size Distribution with and without
size prior to mixing with water in the upper chamber Polymer Aided Flocculation.
and then after mixing with pure water in the lower
chamber. These measurements are reported in Figure 4. The mean average diffusion coefficient, mean average size,
and corresponding dimensionless polydispersity factor (PDF) computed from fifty autocorrelation functions for each
particle dispersion are tabulated in Table 1. The average translational diffusion coefficient (D.;) and PDF are determined
by analyzing the intensity-intensity autocorrelation data using the method of cumulants?3, The Dy values are converted
to average size (diameter) using the Stokes-Einstein equation!4-16, PDF is a sensitive measure of the sample’s
polydispersity i.e. smaller the PDF, narrower the size distribution. Table 1 consistently shows very small values of
PDF as expected from monodisperse samples. The fiber optic probe provides high precision particle size measurements
within 5-15 seconds. 15, 60, and 300 seconds duration measurements give consistent values of particle sizes within
1-3%.
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TABLE 1. FAME ENGINEERING MODEL PRELIMINARY TEST RESULTS

Sample, " Diffusion Mean Polydispersity Factor

Aqueous Dispersions of ’ Coefficient. Diameter PDF
Polystyrene Standards (nm) m2sec! (1013) nm

18 169.12+4.21 25.3640.64(5 sec. runs) 0.0016

39 104.36+1.73 42.5510.70 (15 sec. runs) 0.0047
8514 ' 53.2310.64 85.87£1.66 (15 sec. runs) 0.00026
85 nm particles mixed with 92.3843.90 119.7044.70 (15 sec. runs) 0.02180

polymer (Flocculated)

90 47.721+0.78 92.15%1.69 (15 sec. runs) 0.00125

47.68+1.63 92.33:2.80 (5 sec. runs) 0.00109

165+3 26.95+0.32 171.5241.99 (5 sec. runs) 0.0005

55110 9.24+0.39 ‘ 517.96+21.34 (15 sec. runs) 0.00013

Preliminary. flocculation tests were conducted using a long-chain, high molecular weight (=6 million daltons),
polyacrylamide polymer and polystyrene spherical particles. The freely diffusing polymer chains in the polymer solution
contributes only negligibly (<5%) to the total light scattering intensity at a concentration of about 50 ppm (parts per
million). At this low polymer concentration the viscosity of the solution remains very closely to that of pure water. All
measurements were conducted at room temperature. As an example, flocculation test results on 85 nm particles of
polystyrene are reported here. In these experiments the two chambers were cleaned, and burst seals were replaced.
The upper chamber was filled with the 85 nm particle dispersion while the lower chamber was filled with a polymer
solution. DLS measurements were repeated. The size distribution of the polystyrene particles in the upper chamber is
presented in a histogram (see Figure 5). The burst seals were broken to let particle and polymer molecules combine.
After few minutes of mixing the particles grew in size and appeared to form flocs. NNLS24 (non negative least
squares) program from the commercially available software (Brookhaven Instrument Corporation, NY) is used to
recover particle size distribution. Clearly the narrow size distribution of the 85 nm monodisperse particles is broadened
(shaded area in Figure 5) due to polymer aided flocculation. This can also be seen from the changes in PDF values (see
Table 1). This factor increases by two orders of magnitude. This indicates clustering of 85 nm monodisperse particles
into bigger aggregates (flocs). More data is being gathered at this time using the FAME engineering model involving
different particle sizes as a function of polymer molecular weight (chain size), the particle and polymer concentrations
and the electric charge on their surfaces. This will be reported at a later date. The detailed studies of flocculation,
however, will ultimately require pig conditions in which bigger floc behavior will be monitored without the detrimental
effects of sedimentation and convection.

Figure 6 shows flocs or aggregates of 260
nm polystyrene spherical particles at a concen-
tration of 1 X 10”3 gcm™ using PAM solution
of molecular weight 5 X 10 at a concentration
of 100 ppm. These very dilute dispersions were
mixed in a cuvette by hand shaking and elec-
tron micrographs were taken after few hours.
Various shapes of aggregates are evident. The
pioneering work by Weitz and Oliveria®> on ag-
gregates of colloidal gold and Auburt and
Cannell26 on colloidal silica has established that
aggregates can be treated as fractal objects. We
plan to extend the fractal analogy to long-chain
polymer induced flocculation. For this purpose
a simultaneous multiangle light scattering ap- Figure 6. Floc Shapes.
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paratus built by one of us (HSD) will soon be used to obtain dynamic and static light scattering data on a flocculating
system. We hope to gain detailed information on the floc shape, its structure (open or compact), and the dynamics of
floc formation. We are also looking into the polymeric networks, diffusion of particles through them at three regimes
(C<C*, C=C*, and C>C*; C* is the critical concentration at which polymeric entangled networks become appre-
ciable), and their effect on flocculation of these particles. The experiments reported here involve model polystyrene

colloids. We plan to extend this work to clays, which are involved in majority of industrial flocculation operation in
real world.

Conclusion

A compact functional engineering model built for a Glovebox experiment to study flocculation and aggregation
phenomena in a microgravity environment, using the technique of dynamic light scattering, has been tested on the
ground employing several colloidal dispersions of polystyrene latex particles ranging in size from 18 nm to 551 nm.
One unique feature of the optical design is that both launch and collection optics are integrated into a miniaturized
probe. With only 2.6 mW input laser power, this optical design matches or exceeds the efficiency of typical conventional
DLS setups20. Conventional DLS systems use at least one to two orders of magnitude more power and physically
occupy a large volume (1 m3). The FAME system provides rapid measurements of diffusion coefficient and particle
size in the backscatter regime (within 5-15 seconds), needs no optical alignment, and offers insitu sample mixing,
controlled shear, and video monitoring capabilities (particles size >>30 microns). The preliminary data is very
encouraging and has opened up new possibilities for gaining new insights into the process of flocculation. The system
will be tested shortly on NASA’s Lear Jet flights to check and s1mu1ate its functionality and ease of operation to actual
flight conditions in a microgravity environment.
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