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(ABSTRACT)

The activated sludge wastewater treatment process depends upon the

formation of biological floc for effective liquid-solids separation,

nutrient stabilization and sludge dewatering. Continued research into

floc formation, intrafloc interactions and floc hydrodynamics is

necessary for improved understanding of the activated sludge process.

The overall goal of this research program was to investigate laser-

based methods for characterizing biological flocs. The research

objectives included the selection of laser-based methods which are

applicable to the wastewater treatment plant environment, design and

development of laser-based instrument configurations, measurement of

particles with known characteristics, measurement of activated sludge

samples and determination of the factors affecting laser—based

instrument operation.
“



The thesis research resulted in the design and test of instrument

configurations based upon laser microphotography, laser diffraction and

small angle light scattering. Laser microphotography was applied to

the characterization of concentrated polydisperse solutions having

particle size in excess of 20 microns. Laser speckle was observed as

the limiting factor in these measurements. Laser diffraction methods

were used to measure particles in the 2 to 20 micron range. Repeatable

results in determining the size of 8.7 and 21.1 micron diameter latex

spheres were obtained in concentrated dispersions. The results were

independent of particle location.

Small angle light scattering measurements were made using

photographic and photoelectric detectors. These measurements were

sensitive to submicron particles at concentrations in excess of 109

particles per ml.

- From the results of the research program, it may be concluded that

laser based methods can be applied to the measurement of particle size

in concentrated polydisperse solutions, such as those found in the

activated sludge wastewater treatment process.
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CHAPTER 1

INTRODUCTION

The successful operation of biological wastewater treatment

facilities depends upon the effective separation of microbial cell

solids from the process liquid phase. This separation process

(clarification) is enhanced through the formation of biological flocs

through surface interactions among diverse materials including

individual cells, organic and inorganic solids and polymers. The study

of the origin of biological floc and the contribution of biological

flocculation to the wastewater treatment process has been motivated by

the need for timely phase separation in clarification unit operations

(Pavoni et al, 1972), as well as by the need for effective dewatering

of wastewater sludges prior to ultimate disposal (Yusa, 1987; Wu et

al., 1982). Recently, additional impetus to study the bioflocculation

process has been derived from the understanding that floc mediated

"hydrolysis" of slowly biodegradable substrate materials is important

in the stabilization of a large fraction of the total biodegradable

solids in the wastewater treatment plant stream (Henze et al., 1987).

The biological floc functions as the natural community in

biological treatment, providing sites where slowly degradable materials

may be adsorbed. Flocs may also serve as substrate and organic storage

sites for interactlon among the heterogeneous populations found in ‘

wastewater treatment operations (Gaudy and Gaudy, 1980). Continued

research into the factors affecting floc formation, intrafloc
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interactions, and floc hydrodynamics is also necessary for the

understanding of biological nutrient removal processes where aerobic,

anoxic and anaerobic microbial communities must interact to convert

wastes to readily assimilated energy sources for phosphorous removing

organisms. Most of the physical methods available for the measurement

of floc size, shape, density, and internal flow characteristics require

dilution of the floc samples or adsorption of the floc material prior

to analysis (Li and Ganczarczyk, 1986). The overall goal of this

research program is to investigate laser—based methods for

characterizing biological flocs. Specific objectives include:

1. Selection of laser—based methods which are suitable for operation

in the wastewater plant environment or as supplemental

instrumentation for reactor liquor characterization.

2. Design and development of laser-based instrument configurations for

studying the overall process of particle size and shape analysis.

3. Establishment of a baseline for comparing the instrument

configurations by measuring particles with known characteristics.

4. Measurement of activated sludge flocs using the laser—based I

instruments.
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5. Determination of the factors which affeet the operation of the

laser—based instruments and development of a protocol for particle

size evaluation.

At present, optical methods have been used for the evaluation of

particle size and density of diluted wastewater flocs. The present

research would extend the number of methods applicable to biological

floc characterization and provide a basis for eombining optical methods

for an increased understanding of biological flocculation.

The approach to the problem involves the development of several

forward light scattering instruments employing laser illumination and

either photographie or photoelectric detection. Forward light

scattering configurations have been selected for this study because of

the availability of engineering approximations for the scattering

distribution of both very small and very large partieles at forward

scattering angles. Forward light scattering signals can be readily

imaged due to the intensity of forward light scattering in comparison

to right angle scattering or baekscattering configurations.

The scope of the research included an investigation of laser

mierophotography, laser diffraction and small angle light scattering

methods of particle size and shape charaeterization.

These forward light scattering instruments were calibrated using
l

polystyrene microspheres for comparison to results available in the

literature. Then the forward light scattering instruments were used
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with activated sludge mixed liquor samples to examine the range of

information available from these techniques.

The presentation of the findings of this thesis research starts

with a review of the literature on the physical properties and

importance of biological flocs as well as optical methods for floc

evaluation. Next, the materials and methods used in the experimental

research are described. This is followed by a presentation of the

major results of the experimental program. Conclusions based on the

results of the experimental program are then given, followed by

suggestions for future work.



CHAPTER II

LITERATURE REVIEW

This review of the literature associated with optical methods for

the evaluation of biological flocs in wastewater systems will consider

the nature of biological flocculation and the physical characteristics

of biological flocs, the use of optical methods in particle sizing and

the application of optical instrumentation in the wastewater treatment

plant environment.

1. Biological Flocculation

A floc can be described as "an agglomeration of cells resulting

from specific adsorption of polymer segments and from bridging of

polymers between cells" (Dugan, 1987 quoting from Tenney and Stumm,

1965). Unz (1987) defined bioflocculation as the "activity of those

microorganisms having a natural propensity for aggregation, either by

random collision of freely dispersed cells or by cell division and

outgrowth. Flocs examined by electron microscopy display networks of

extracellular polymer strands which form a matrix in which cells of

microorganisms are entrapped. This matrix contains water, solutes and

biological products. Floc formation in the activated sludge process

may involve the aggregation of morphologically distinct bacteria to

form a heterogeneousmass.A

schematic diagram of the activated sludge process is presented in

Figure 1. The activated sludge process consists of an aerobic reactor

in which microbial biomass is increased and biological floc 1s formed,

5
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a clarifier in which the flocculated solids are separated from liquid

phase constituents, a means for wasting the biomass from the process

and a recycle stream which returns biological cells to the aerobic

reactor. The wasted biological material is frequently treated by

anaerobic or aerobic digestion and the stabilized sludge is dewatered

prior to disposal. The contact stabilization process shown in Figure 1

is useful when the incoming wastewater contains a significant fraction

of slowly soluble or insoluble organic materials. In the aerobic

reactor, the slowly soluble and insoluble materials contact the

recycled biological floc. The slowly soluble substrate is adsorbed to

the floc surface and removed from the main wastewater process stream by

sedimentation. In the stabilization tank, the slowly soluble and

insoluble biological material is hydrolyzed and utilized by the

microorganisms comprising the floc. The contact — stabilization

process is favored in situations where the rate of substrate hydrolysis

is not comparable to the rate of soluble substrate utilization

(Benefield and Randall, 1980).

A recent development in biological wastewater treatment is the

biological nutrient removal (BNR) process shown schematically in Figure

2. The BNR process was designed for the removal of nitrogen and

phosphorous along with carbonaceous oxygen demand. The biological

nutrient removal process has aerobic, anoxic and anaerobic reactors g
prior to sedimentation. In the modified University of Cape Town (UCT)

process, the wastewater influent passes through an anaerobic reactor

characterized by a lack of both dissolved oxygen and oxidized nitrogen.
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A significant fraction of the oxygen demand in the incoming wastewater

is stabilized in the anaerobic reactor. The absence of oxygen and

nitrate terminal electron acceptors in the anaerobic reactor favors

fermentation reactions leading to hydrolysis of complex carbohydrate

and cellular materials to simple acid and alcohols. In the model of

the BNR process presented by Comeau et al (1986), certain bacteria

_ maximize carbon storage in the anaerobic reactor through use of the

simple acids and alcohol fermentation products. In aerobic and anoxlc

reactors, these same bacteria use the stored carbonaceous materials

along with externally available substrates to accumulate phosphate

materials as polyphosphate. The phosphate rich biomass and adsorbed

nutrients are separated from the process stream by clarification which

depends upon flocculation of the bacterial cells. Each of the

biological processes associated with the BNR process is dependent upon

flocculation and nutrient assimilation within the biological floc.

A review of the measurable physical parameters associated with

biological flocs has been presented by L1 and Ganczarczyk (1986).

These parameters include particle size, shape, volume and surface area,

number and length of filaments, settling velocity, density, water

content, strength, pore radius and tortuosity. Many of the floc

physical parameters are related to settling characteristics of the floc

and are of significant importance in that the ultimate settling I

velocity of the floc will determine directly the efficiency of

clarifier operation and indirectly the dewatering characteristics of

activated sludges (Wu et al., 1982). The aggregation of microbial
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cells would be expected to affect the settling velocity of the floc

through increasing the floc diameter. Li and Ganczarczyk (1987)

reviewed photographie methods for studying floc settling velocity and

developed a stroboscopic lighting technique to accurately determine the

position of the floc particle as a function of time during free

settling. Experimental data on floc settling velocity were not

consistent with Stokes Law predictions for the settling of spherical

particles. Li and Ganczarczyk (1987) explained the lack of agreement

between experimental data and theoretical predictions by citing the

increased fluid drag force experienced by irregular shaped particles,

the effect of floc orientation on the projected hydrodynamic area in

the settling direction and the observed dependence of floc porosity on

floc dimensions.

Smith and Coackley (1984) reported that with an average density of

1.02 g cm'3 and a dry solids density of 1.4 g cm'3, the porosity of

activated sludge floc is in excess of 93%. The calculated mean pore

radius of the activated sludge floc examined by Smith and Coakley

ranged from 108 to 130 A. The actual porosity of flocculated materials

will also depend on the quantity of liquid adsorbed at the floc surface

or contained within the microbiological cells constituting the floc

active mass.

The transfer of nutrients and gases to flocculated cells depends i

upon the porosity, permeability, and size of the floc (Logan and Hunt,

1988). The relative effects of advective fluid parameters and

interfloc diffusion upon the nutrient and gaseous uptake rate of cells
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enmeshed in a biological floc are reviewed by Logan and Hunt (1988),

who concluded that "transport to cells within porous aggregates can be

dominated by fluid flow through the aggregate rather than by molecular

d1ffus1on." This suggestion was supported in part by evidence

presented by Li and Ganczarczyk (1988). Benefield and Molz (1983)

addressed the question of diffusion of nutrients and gases through

biological flocs and suggested that both the specific substrate uptake

rate and the specific oxygen uptake rate of biological flocs can be

modeled through a modified Monod equation which takes into account

limitations imposed by a lack of sufficient substrate or oxygen for

optimal uptake. Although the model derived by Benefield and Molz

(1983) assumes that diffusive mass transfer dominates in activated

sludge flocs, modifications of the model to account for advective flow

can be implemented.

A third area of importance in floc evaluation is the propensity of

the floc to adsorb colloidal and dissolved nutrients during wastewater

treatment operations. The importance of bioflocculation in the rapid

separation of colloidal organic materials from wastewater process

streams has been reviewed by Bunch and Griffin (1987), and Gulas (1981)

among others. Bunch and Griffin (1987) suggest that colloidal removal

occurs through adsorption and entrapment by biological flocs. Gulas

(1981) reviewed theories associated with hydrolysis by exocellular

enzyme materials associated with free and flocculated organisms in

biological treatment processes. The importance of hydrolysis in the

effective operation of activated sludge and advanced biological
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nutrient removal wastewater treatment facilities is evidenced by the

position of hydrolysis in models of single and multiple sludge

wastewater treatment systems as reviewed by Henze et al (1987) and Dold

and Marais (1986).

2. Optical Methods for Floc Evaluation

Li and Ganczarczyk (1986) reviewed the instrumental methods which

have been used to characterize activated sludge flocs. The optical

methods reported include optical microscopy, photography, image

analysis, angular dependent light scattering, laser doppler anemometry,

diffraction analysis and turbidimetry. Each method must be evaluated

with respect to particle size range and concentration. Experimentally

reported floc sizes range from 0.5 micron to 2 millimeters. Flocs also

vary widely in shape. Floc particle size analysis is complicated

through the wide range of particle sizes present in a single sample,

the high solids concentration prevalent in activated sludge mixed

liquor systems, and the fluid flow velocity associated with wastewater

treatment plant operations. The wide range of particle sizes present

reduces the applicability of sensitive light scattering methods of

particle analysis because diffraction, reflection, and refraction of

light by large particles interferes with the scattering signal from

smaller particles insolution.The

solids concentration in many wastewater treatment process may

exceed 5000 mg/l MLVSS. This solids loading is approximately 0.6% by

weight, but may represent a significant portion of the volume.
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Neglecting porosity, a biologieal floc with average particle size of 25

microns would contain approximately 4.6 x 105 partieles per milliliter.

With 90% porosity the same sample may contain 5 x 106 partieles/ml.

Samples in excess of 0.5% solids will be charaeterized by significant

amounts of light scattered from multiple particles. (Trotter and

Pinder, 1981). Existing instrumentation may be limited to particle

eoneentration of less than 2.5 x 104 particles per ml to restrict

errors causes by multiple scattering to less than 2.5% (Heidenreich,

1985).

With these limitations in mind, the optical methods for particle

size analysis will be discussed as related to partieles in three size

classes; greater than 20 microns, 2 mierons to 20 microns, and less

than 2 mierons. A review of the techniques for particle sizing in these

classes is presented by Ross and Morrison (1988).

For partieles larger than 20 microns, optical microseopy provides

primary information on shape, structure, particle aggregation and size.

Optical mieroseopy typieally has a short depth of field and requires

dilute samples. Restrictions related to the time required for particle

eounting in mieroscopy are being alleviated by the development of image

analysis systems capable of automated partiele analysis (Inoue, 1986).

Photographic methods for particle analysis have been reviewed by L1 and

Ganczarczyk (1986). Most photographie methods require image
·

magnification for applicability in the 20 mieron to 2 millimeter size

range. As such, the photographie techniques are subject to the same

limitations as optical micrographic techniques. Hotham (1977)
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described a laser illuminated photographic method for sizing particles

in the 0.3 micron to 20 millimeter range. Hotham (1977) demonstrated

the feasibility of the laser instrument in monitoring the agglomeration

of drops in a particle stream.

Light scattering techniques have proven effective for particles

smaller than 20 microns in diameter. The scattering of light by small

particles results from the interaction of the incident light with the

electrons and protons of the scatterer. The oscillating field of the

incident light induces an oscillating dipole moment in the charge

carrying components of the particle. The oscillating dipole moment

radiates light in all directions. The radiated light is termed

scattering. The total scattered field viewed at a distant point, is

the vector sum of the scattered waves arriving at that point. If the

particles are small compared with the wavelength, the waves are nearly

in phase and there is no significant variation of the intensity of the

scattered field with direction. For particles larger than the

wavelength of the incident light, the waves interfere with one another

and the scattering pattern is characterized by significant intensity

variations. Information in the shape of the scattering particle is

carried in the scattering pattern through the phase relations of the

scattered waves.

The intensity of the scattered light as a function of position may

be calculated for spherical particles by Mie scattering theory as

discussed by Kerker (1983). The intensity of the scattered light whose

electric vector is perpendicular to the scattering plane is calculated
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as the sum of terms depending upon the particle radius, a, refractive

index, n, and the wavelength, Ä, of the incoming light. The solution

to the Mie scattering equation 1s less complicated when the particle

size is less than one—twentieth of the wavelength, as is the case for

Rayleigh scattering, or when the particle size is much larger than the

wavelength and the scattering intensity is dominated by diffraction.

In the case of Rayleigh scattering, the intensity of scattered light in

the plane perpendicular to the plane of polarization of the incoming

light, I1, is calculated

I = 16vrl‘a6 ({12—1)2 I2 {2 1** {12+2 °
where r is the radial distance from the laser beam axis.

The geometry of the Rayleigh scattering experiment 1s shown in

Figure 3. The total energy scattered by the particle in all directions

is called the scattering cross section and is calculated by integrating

the scattering intensity over all angles (Kerker, 1969). The

scattering cross section, C, is given by

C = 128115 {.16 <{12—1)2
3x'* {12+2
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The efficiency factor, Q, is given as the scattering cross section

divided by the actual particle cross section

uu 2 2Q_ C _128vra n-1
2 Ls 2lvna 3Ä n+2

The transmission of light through a sample of small spherical particles

can be calculated as

_ T2 —NC£ =€
Io

where IO is the incident intensity

Il is the intensity of the beam emerging after a distance, l.

N is the particle number concentration particles per volume.

and
’f

is the turbidity of the sample.

Measurements of the scattering intensity, angular dependence of

scattering intensity and turbidity can be used directly to characterize

particle size for monodispersed particles. For particles which are

large by comparison to the wavelength of the illuminating light, with

refractive index not significantly different from that of the medium,

the efficiency factor, Q, can be calculated

4 Z6
‘

sinP+ -2 1—cosp
P
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where p
-

g%ä (H-;)

If the refractive index of the particle and the medium are known,

the total scattering and the turbidity of a sample of large spheres can

be calculated by these techniques.

Another closed form solution for the scattering intensity of large

particles 1s based on the shape of the forward scattering lobe which is

a function of the dimensionless particle size parameter, q , given by

G = = 21ma (6)

and a is the radius of the sphere

Ä is the wavelength of the excitation light in the fluid medium

Tl 1s refractive index of the fluid medium and

Ao is the wavelength of the excitation light in freespace.

For particles much larger than the wavelength of the illuminating

light, the intensity of the scattered light is approximately equal to

the intensity of the diffracted light given by the Airy equation.

The intensity of the diffracted light I(Q) is given by Bachalo (1987).

I (Q) =

E<1“A2
EJ] (osinQ)|

2
(7)

16wz asin9

where
l

E is the flux per unit area of the incident beam

J1, is the Bessel Function of the first order and the first kind,

and Q is the scattering angle.
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The particle size distribution is calculated by measuring the

light energy distribution over a finite area of the detector as

described by Weiner (1984). Fraunhofer diffraction methods for

particle sizing are applicable in the size range 0.7 to 2000

micrometers (Heidenreich, 1987) and have been reviewed by Weiner

(1984). Fraunhofer diffraction methods rely for their operation upon

the interaction between incident light and several scattering

particles causing a deviation from straight line propagation. "The

intensity of light scattered is proportional to the scattering volume

and the scattering angle is inversely proportional to the particle

diameter" (Ross and Morrison, 1988). The light distribution at the

detector is predicted by the Airy equation which is graphed in

Figure 4. The fraction of light energy incident upon annular detectors

can be used to measure the particle size distribution in
r

polydisperse samples. (Swithenbank 1977).

Angular dependent light scattering has been used for the

measurement of monodispersed and polydispersed particles in the less

than 2.0 micron size range as reviewed by Ross and Morrison (1986),

Kerker (1969), Bayvel and Jones (1981) and Van De Hulst (1981). The

use of data on the angular dependence of scattering intensity may be

used for the evaluation of monodisperse systems of relatively thin or

dilute samples. The data shown in Figure 5 indicate that for the
‘

forward scattering experiment with detector sensitive to an annular
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cone between 30 and 50 from the undiffracted beam, the scatter

intensity is a monotonically increasing function of the particle

diameter up to about 6 microns. Beyond 6 microns, there is a ripple in

the scatter intensity versus particle diameter curve. This ripple is

dependent on the refractive index of the scatterers. When multiple

scattering is present, the angular distribution of scattering intensity

does not provide a unique solution for a given particle size range.

Particle sizing by laser Doppler anemometry has been reviewed by

Cielo (1988). The intersection of two laser beams, preferably from the

same source, interact to form interference fringes. As a particle

flows across the interference fringe pattern, the received signal from

the detector varies with particles position relative to the fringe. If

the particle is large and overlaps several fringes, the variation of

fringe visibility as the particle passes is less than if the particle

is smaller than a fringe. The technique is limited to dilute

suspensions of particles having a narrow size distribution.

Small angle light scattering methods for monitoring the coagulation

process have been reviewed by Horn et al (1986) who reported on the

application of optical fiber sensors in the characterization of

concentrated dispersions found in the chemical and waste processing

industries. Horn et al (1986) discussed a through—transm1ssion optical

fiber sensor which had been used to monitor the biomass in wastewater‘

treatment plants. The light was generated by a laser diode and carried

to a flow cell by optical fibers. Flocculation was measured by

comparing the cumulative root mean square of the optical pulse
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amplitude at two locations along the flow cell. The flow cell was

operated in a sheath flow mode providing an adjustable optical path for

use with slurries having variable solids concentrations. Another small

angle light scattering instrument for monitoring flocculation was

described by Bowen et al. (1985) who used a pulse height analyzer to

characterize the number of particles passing an illuminated section of

a flow cell. As the scattering angle is reduced, measurements of small

angle light scattering are subject to interference from the

undiffracted beam. The change in the intensity of the undiffracted

beam after transmission through the sample is termed the turbidity of

the sample. Although the turbidity is itself a measure of particle

size as indicated in Figure 6, it is difficult to use this measure in

samples with broad particle size range or in samples with refractive

index variation.





CHAPTER III

MATERIALS AND METHODS

The overall approach to the research involved the measurement of

the spatial distribution and temporal fluctuation of the seattering

signal produced when a laser beam is ineident upon a concentrated

dispersion of nonuniform sized partieles. The laser was selected to

exeite the scattering signal because of the high energy density

aehievable with a focused laser beam and because of the availability of

lasers with plane polarized light output. The high energy density

permits the evaluation of turbid sample materials at coneentrations in

excess of those limiting the use of other light sources. The plane

polarization of the laser beam provides a means of reducing variables

in the equation for caleulating the scattering signal from well-

eharacterized samples. The laser emits coherent radiation which

produces interferenee effects such as fringes and speckle which are of

use in partiele size evaluation.

In all of the experiments, the scattered signal was detected at a

small angle from the undiffracted laser beam. This experimental

arrangement is generally termed small angle light scattering but will

be subdivided for the purpose of this thesis into laser

mierophotography, laser diffraction and small angle light scattering

measurements. The small angle light seattering measurements were

further subdivided to those with photographie detection and analysis

and those with photoelectronic detection and pulse height analysis.

22
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Characterization of the small angle light scattering signal for

particle size analysis is advantageous because the scattered light

intensity is relatively insensitive to particle refractive index or

particle concentration over a wide range. The forward scattering

signal can be made relatively insensitive to particle shape. Rayleigh—

Ganz and Fraunhofer diffraction theory may be used for calculating the

particle size distribution (Allen, 1981) in forward light scattering

experiments.

The experiments were performed at the American Research Corporation

of Virginia. These experiments were part of a research plan designed

to investigate the feasibility of using laser based instrumentation for

characterizlng micron sized particles in concentrated wastewater

solutions. Three laser instruments were configured during the course

of the study. The first instrument for laser microphotography was used

to measure particles larger than 20 micron range. The second based on

diffraction analysis was used for particles in the 2 to 20 micron

range. The third, based on small angle light scattering has

application for characterizing particles less than 2 microns in

diameter.

1. The Laser Instruments

A Uniphase 1105 P, 5 milliwatt continuous wave Helium Neon laser

was used for sample illumination. The laser is plane polarized and
·

reported to provide a 0.79 mm spot at the output mirror with a 1.1

milliradian beam divergence. The laser and optical system were mounted

on an optical rail system with standard Zeiss type profile. Several
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optical arrangements were used to provide measurements of the

scattering profile of the polymeric particles and activated sludge

flocs used in the program.

The scattered light was detected using either a camera or an EMI

9658B photomultiplier tube with a rise of time of 20 ns and a Fluke

412B High Voltage Source.

The signal from the photomultiplier tube was fed to a D.S. Davidson

Model 1056B Multichannel Analyzer having multichannel scaling

capability. The multichannel scaling operation permitted digitation of

1024 channels of data taken sequentially in evenly divided intervals

with amplitude scaled to represent the number of photomultiplier pulses

received during each of the 1024 intervals. The multichannel analyzer

was capable of operating at intervals of 10 microseconds to 1 second.

The multichannel analyzer was also capable of operating in a pulse

height analysis mode. The machine was fitted with a type S

communications package which included an RS 232 printer port. Through

this port, data were transferred to an Apple Macintosh 512 personal

computer through Mac Terminal software. These data were analyzed with

a Statview Statistical package.

Laser Microphotography

Laser microphotography was chosen as a method of characterizing
·

particles during flocculation because it is a simple technique

permitting immediate calibration. Several factors suggest that laser

microphotography may be effective for particle characterization in a
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concentrated solution. First, the optical system may be adjusted to

achieve a range of depth of focus. The depth of focus in a coherent

imaging system depends upon the square of minimum resolvable distance.

The better the resolution, the smaller the depth of focus. When the

image goes out of focus, the particle is no longer visible to the

camera. By using a single focal length optical system, the number of

particles observable at the detector can be reduced or increased by

altering the focal length of the system. Laser microphotography can be

performed using either bright field or dark field illumination. In the

experiments performed for the present research program, a bright field

apparatus was configured as shown in Figure 7. The microphotographs

were recorded with a lensless Pentax K—1000 camera to permit focusing

the beam using external optics. The laser beam was collimated by

altering the position of the microscope objective and field lens so

that the laser spot diameter remained relatively constant with distance

from the field lens. The field lens was chosen to provide the maximum

spot size at the cuvet without reflections from the sides of the cuvet.

The maximum spot was found to be on the order of 3 to 5 mm. Several

configurations of receiving lenses were used. A beam compressor made

from a 65 mm focal length lens and a 25.4 mm focal length microscope

objective separated by 290 mm was used to image the particles onto the

camera. In another configuration the objective lens was removed and
·

the image focussed using the 65 mm focal length lens. In a third

configuration a 3.2 mm aperture was located between the receiving lens

and the objective lens to increase the image contrast. Black and white
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film was used to record the laser microphotographs because of the range

of luminous flux density accepted by black and white film. With bright

field illumination it was found that a film with reduced ASA rating was

required. Both 125 and 36 ASA films were used for this study.

The resolution of laser microphotography is limited by diffraction

and speckle phenomena. The effect of diffraction on the resolving

power of the laser instrument results from the distinct maxima and

minima in the intensity distribution of light passing by the particle.

The diffraction pattern produced by a spherical particle is made up of

near field and far field components.

The diffraction pattern from a spherical particle is approximately

the same as that produced by a circular aperture where the majority of

the diffracted light is found in a bright region in the center of the

pattern. This Airy disc is surrounded by concentric minima and maxima

of the intensity distribution following the amplitude distribution of

the Bessel function. Rayleigh’s criterion for image resolution

requires that the distance between two resolvable particles be larger

than the angular radius of the Airy disc. For a lens with focal

length, f, and aperture D, the minimum resolvable distance, xmiu, is

given by

xmin = 1.22 \(f) (8)
D

A second factor limiting the resolution of laser microphotography

is the presence of laser speckle. Laser speckle is a term used to

describe the granular appearance of diffusely reflecting and
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transmitting surfaces when illuminated by coherent light. The granular

appearance is caused by constructive and destructive interference of

the coherent light scattered from the surface of the particle. The

size of the speckle is related to the size of the illuminating beam,

the aperture of the receiving lens and the roughness of the particle

surfaces. The average speckle size is nearly equal to the minimum

resolvable particle size from the Rayleigh criterion. The resulting

useful resolution of the laser microphotography system is, therefore,

three or four times less than that predicted by the Rayleigh criterion

(Trolinger, 1988).

Laser Diffraction

Laser diffraction measurements were made using the optical

configuration shown schematically in Figure 8. Observations made

during the early phase of this research program indicated that Airy

patterns were produced when the laser beam was incident upon 8.72 and

21.1 micron particles. Review of the literature showed that laser

diffraction measurements based upon the shape of the forward scattering

lobe could be used in particle sizing. (Kerker, 1969). Laser

diffraction measurements are particularly useful when the refractive

index of the particles under study is not known. The laser diffraction

technique is advantageous in situations where the particles need to be

monitored continuously since the technique is not sensitive to the

relative positions of the particles.
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Laser diffraction measurements may also be used to estimate the

distribution of particle sizes within a sample by evaluation of the

angular distribution of the diffracted light. Laser diffraction

measurements were made by directing the laser beam through the sample

and collecting the diffracted light using a 100 mm focal length lens.

The images were recorded using a lensless camera with 400 ASA film.

Laser diffraction measurements were also made by focusing a laser beam

onto a surface 3 meters past the sample. The long focus was achieved

using a 5X microscope objective with a 25.4 mm focal length and a 63 mm

focal length field lens. The distance between the objective and the

field lens was adjusted to provide a minimum spot at the far surface.

Small Angle Light Scattering

Small angle light scattering measurements were made using either a

camera or a photomultiplier tube as detector. The measurements were

made to determine whether the shape of the small angle scattering

signal could provide information on the size of particles within a

sample. It was expected that the spatial distribution of the light

scattered at small angles from the undiffracted beam contains

information on the size of the particles because the time dependence of

the small angle scattering signal has been used for this purpose.
·

The spatial distribution of the scattering signal and the time

dependence of the scattering signal are related through the Wiener-

Khintchine theorem (Ware, 1984). In order to determine the use of the
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small angle spatial distribution of light scattering for particle

sizing, an experimental arrangement similar to that shown schematically

in Figure 9 was employed. The optical configuration of Figure 9 used a

63 mm focal length lens next to a 5X microscope objective with a 25.4

mm focal length to produce separated concentric fringes at the

detector. ·
It was found that with the 5X microscope objective alone the

fringes were not well separated at the detector. The data were

gathered using a lensless camera located such that the undiffracted

laser beam did not enter the camera aperture. It was expected that the

undiffracted beam would overexpose the film, reducing the quality of

the resulting image. After blocking the undiffracted beam, a 3200 ASA

black and white film was used to record the scattering pattern.

The motion of the fringe patterns appeared to be related to the

size of particles in the scattering sample. The experimental set up

shown schematically in Figure 10 was used to test this hypothesis. The

field of view of the photomultiplier tube was reduced by fixing a 25

micron pinhole in front of the tube aperture. Stray light was kept

from the photomultiplier by blocking the region around the 25 micron

pinhole with black optical putty.

The origin of the concentric fringes in the small angle light

scattering experiment is of considerable interest. It may be noted
·

that the distribution of light at the vicinity of a focused laser beam

exhibits a phase variation as described by Born and Wolf (1975). The

spacing of phase maxima and minima is a function of laser wavelength
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and not particle size. The scattered light at a small angle with

respect to the undiffracted laser beam will undergo a small phase

change providing an interference pattern with the undiffracted beam and

with the phase variation near the laser focus. The intensity of the

light scattered in the forward direction depends upon the size of the

particles through which the light is scattered and this information may

prove useful in devising a light scattering instrument. The pattern of

small angle light scattering is also dependent upon the shape of the

scattering particles and this dependence has been used for particle

shape analysis.

The work on particle sizing by pulse height analysis has been

discussed by Cummins et al (1984) who used a peak detection measurement

instrument to monitor the aggregation of fluorescently labeled latex

spheres. The presence of multiple peaks in the amplitude distribution

spectrum of voltage pulses from a photomultiplier tube was used to

indicate aggregates of two, three or more particles. The pulse height

determines the particle size and the pulse width determines the

particle velocity (Ross and Morrison, 1988). The operation of the

pulse height analyzer is described by Scharf and Lisieski (1980).

Photons entering the photomultiplier tube cause photoelectrons to be

emitted from the photocathode of the tube. These electrons impinge on

the first dynode of the tube which in turn releases 3 to 8 secondary ‘

electrons for each incoming electron. Electron multiplication results

from multiple electron emissions at each of the dynodes within the

tube.
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Current pulses are thereby formed in the anode circuit of the

photomultiplier tube. The pulses are proportional in intensity to the

amplitude of the photon pulse impinging upon the active area of the

tube. The duration of the current pulses is determined by the duration

of the light pulse incident on the photocathode. The pulse height

distribution is obtained by amplifying the current or voltage pulse,

converting the amplitude of the pulse from analog to digital form and

increasing by one the pulse count in the channel containing pulses in

the appropriate amplitude range. After data acquisition the number of

counts in each of the amplitude channels can be used to evaluate

characteristics of the incoming optical signal. If the incoming

optical signal originated from identical light pulses, a Gaussian

distribution of electrical pulses will be recorded by the pulse height

analyzer.

The light pulses in the laser scattering experiment may originate

from the random interference of light waves scattered from many

particle sites, from local changes in the refractive index of the

medium or from the interference of light scattered from a single

particle. As the particles move, the pattern of light emanating from

each of the particle sites is observed to move.

When a coherent laser beam illuminates an assembly of micron or

submicron—s1zed particles, a speckle pattern of bright and dark regions

is generated. Brownian motion and advective fluid flow alter the

positions of the particles resulting in motion of the speckle patterns.

If, for example, a photodetector is positioned so as to receive a
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single speckle signal, as the speekle passes the aperture of the

photodeteetor a photon pulse is received. The time evolution of the

speekle pattern is used as the basis for photon correlation

speetroscopy (Jakeman et al 1976).

The spatial distribution of the speckle produced by an array of

scattering centers results from the contribution of the scattered

signals from each of the particles added to form a scattering vector.

The size of the speekles is related to the projeeted area of the

illuminated region on a plane normal to the direction of observation

(Jakeman et al, 1976). This phenomenon is described by Schiffner

(1965) who diseussed earlier experiments by M. Von Laue which provided

a photographie record of Fraunhofer diffraetion patterns produced by

powders on a plane glass plate.

2. Polymer Specimens

Uniform polymerie latex particles were obtained from Seragen

(Indianapolis, IN) and Polyseiences, Inc. (Warrington, PA).

Polystyrene microsphere dispersions with mean particle diameters of

0.261, 1.091, 8.72 and 21.1 mierons were used in this study as

standards for particle size evaluation. Additional microsphere

dispersions with mean particle sizes of 0.48, 45 and 90 mierons were

used for comparison purposes. Samples were prepared from concentrated

solutions with 10% by weight solid polymerie partieles by dilution

using distilled water. No additional surfaetant was added to the
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polymer latexes to reduce aggregation. Commercially available

dispersions of latex spheres having 10% by weight solids were diluted

by adding 0.02 to 1.0 ml of the concentrated dispersion to a 4.5 ml

cuvet. The cuvet was then filled with distilled water with resulting

solid particle concentrations in the 0.04% to 2% solids by weight

range. The resulting dispersions were relatively stable as judged by

light scattering characteristics. After two to three months

significant aggregation of the particles was observed. Particle number

concentrations were calculated using literature supplied by Seragen.

As an example of the particle concentration of the diluted specimens,

0.05 ml of 10% by weight 0.261 micron particles in a 4.5 ml cuvet

contains 1.13x10l1 particles per ml. A diluted dispersion formed using

0.02 ml of 10% by weight 1.091 micron spheres contains 6.2x1O9

particles per ml. Latex samples were placed in standard 1 cm x 1 cm x

4.5 cm clear polystyrene cuvets for laser evaluation. Mixed liquor

samples were obtained from a biological nutrient removal system

operated at Virginia Polytechnic Institute and State University. The

system was operated at a mean cell retention time of 15 days. Samples

were collected from aerobic, anoxic, and anaerobic reactors within the

system. The solids concentration of the aerobic reactor was estimated

at 5000 mg/l and the sample was diluted 10 times in a standard cuvet

prior to laser evaluation.



CHAPTER IV

RESULTS AND DISCUSSION

1. Results

Laser Microphotography Experiments

Results of laser microphotography of latex particles and wastewater

materials are given in Figures 11 through 20. Figure 11 is a

photograph of the laser beam used for the microphotography, diffraction

and small angle light scattering experiments. The beam contains

significant diffraction noise and transverse mode structure. The

interaction of the laser beam with the camera produced both planar and

spherical interference patterns. Figure 12 is an image generated by

passing an expanded laser beam through 95.4 micron polystyrene spheres

having a refractive index close to 1.59. The magnification associated

with the image in Figure 12 varies from particle to particle but is

approximately 100 times. The variation in magnification results from

distortion arising from the position of the particles with respect to

the laser beam focus and the focus of the receiving lens. Figure 13

shows a laser microphotograph of 47.0 micron particles. The average

apparent particle size 1s on the order of one-half that of the

particles shown in Figure 12.

Figure 14 is a laser microphotograph of Sephadex particles in the

50 to 150 micron range. Sephadex particles are formed from cross
-

linked polymers of sucrose which swell in aqueous solutions to form

homogeneous colorless spheres having a continuous range of particle

diameters. It may be noted that the appearance of the particles

36
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depended upon the position of the camera with respect to the focal

point of the image lens. Figures 15 and 16 show microphotographs of

Biological Nutrient Removal (BNR) Aerobic and anoxic reactor liquors

respectively. Figure 18 is a microphotograph of activated sludge floc

at approximately the same magnification. A comparison of Figures 15,

16, and 18 indicates the relatively homogeneous structure of the

Biological Nutrient removal floc. Several of the features on the right

hand side of Figure 17 are artifacts of the surface of the cuvet.

Figure 18 shows a laser microphotograph recorded through a 3.175 mm

aperture. The shape and relative size of the activated sludge floc

shown in the picture should be comparable to that shown in Figure 18.

The dominant feature of the photograph is the laser speckle caused by

the reduced aperture of the collection optics. This is emphasized in

Figure 19 which shows 47.0 micron particles imaged through a reduced

aperture. Laser speckle is apparent in the image of these spherical

particles._ Figure 20 shows a series of photomicrographs taken during

the settling of Sephadex particles. During the sequence, the largest

particles pass the field of view of the camera leaving a less

concentrated dispersion of smaller particles at the end of the

sequence.

Laser DiffractionExperimentsFigures
21, 22, and 23 are laser diffraction patterns from 1.091,

8.72 and 21.1 micron spheres, respectively. The pattern of Figure 22
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can be evaluated in terms of the forward scattering pattern produced by

the particles within the sample. For 8.72 micron latex spheres

dispersed in water, the dimensionless particle radius is approximately

57.5. A calculation of the actual scattering angle may be made using

the data available in Figure 22 and information about the scattering

apparatus.

The image on the 35 mm film has been magnified during film

processing to a 101.6 x 152.4 mm print. This is a magnification of

approximately 4.35 x. The actual undiffracted beam at the camera was

measured to be 7.6 mm in diameter. The diffracted beam was found to

have a diameter of 19 mm after accounting for magnification during

processing. The optical arrangement used to gather the diffraction

data involved a short focal length lens followed by a longer focal

length lens resulting in a nearly collimated beam from lens 2 to the

camera (see Figure 8). The scattering angle varies approximately as

the inverse sine of expansion of the diffracted beam beyond the

undiffracted beam in the distance from the focal point of lens 1 to

lens 2. This value is calculated to be 2.26 which is less than the 3.8

predicted. Comparison of Figures 22 and 23 indicates that the ratio of

the dimensions of the central portions of the diffraction patterns is

approximately 0.43. This is in agreement with the actual ratio of the

average particle sizes which are 8.72 and 21.1 microns, respectively.

The scattering pattern in Figure 21 results from particles with a mean

diameter of 1.09 microns and dlmensionless radius of 7.2.
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A calculation of the angular dimension of the forward scattering

cone indicates that most of the diffracted light should be within a

cone of 32.2. In Figure 21, no minimum is found in the forward

scattering signal partially because of the collection optics and

partially because of multiple scattering effects. In concentrated

solutions, multiple scattering events act to increase the forward

scattering cone (Weiner, 1984).

One interesting effect of the reduction of the angular dimensions

of the forward scattering cone with increasing particle size is the

preferred extinction of scattering signals from small particles. This

effect can be seen by comparison of Figure 21, where the intensity of

the scattering from the 1.09 micron particles does not approach the

intensity of the undiffracted beam. In contrast, the forward

scattering cone of Figures 22 and 23 has an amplitude similar to that

of the undiffracted beam. The comparison of scattered intensity

distribution at several distances from the scattering source may

provide a rapid method for evaluating the size distribution of the

particles interacting with the laser beam.

Figure 24 is a diffraction pattern obtained by illuminating a cuvet

containing the activated sludge shown in Figure 17. The central

scattering lobe appears to be confined in a more restricted cone than

either the 8.72 or 21.1 micron particles. This indicates a larger n

particle size than 21.1 microns. The coincidence of the forward small

angle light scattering and the diffraction pattern from dispersions

containing large particles results in an upper limit of particle size
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which can be measured for a given receiving optics. By suitable

selection of the receiving optics a wider range of particle diameters

can be measured.

Small Angle Light Scattering Experiments

Small angle light scattering patterns are presented in Figures 25

through 30 which are magnified views of the laser scattering patterns

shown in Figures 31 through 35. The patterns are distinguished by a

series of concentric fringes. Scattering from particles in the

submicron range shown in Figures 25, 26, 31 and 32, is characterized by

increased scattering intensity with increasing particle size. The

distribution of the light intensity cannot be calculated from the

Rayleigh formula because at a particle diameter of 0.261 microns, the

dimensionless particle radius is 1.73. The angular dependence of the

intensity of scattering from spheres with dimensionless radius in the

1.5 to 6 range is given by Bohren and Huffman (1983) as calculated

from Mie scattering theory. As the particle size increases in this

range the intensity of forward small angle light scattering increases

rapidly.

Figure 36 shows the pulse height distribution obtained from the

scattering from 0.261 micron spheres at a concentration of 0.1 % by

weight or 1.13 x 1011 particles per ml. The pulse height distribution

exhibits exponential decay. This may be an artifact resulting from the

gain characteristics of the amplifier in the multichannel scaler

instrument. The peak value of 700 photomultiplier counts occurs at
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channel 250. Figure 37 is the pulse height distribution of the

scattering signal from a dispersion of 1.09 micron spheres with a

concentration of 0.09% by weight. The distribution has a maximum of

2100 occurring at channel 260. The magnitude of the scattering signal

is significantly increased as evident by the area under the

photomultiplier counts versus channel number curve. There is also a

broadening of the curve toward scattering events with larger pulse

energies. When the concentration of the 1.091 micron spheres is

increased to 0.44% by weight, the peak of the pulse height distribution

and the area under the curve more closely approximates that from the

0.1% concentration of 0.261 spheres. Figure 38 presents the pulse

height distribution of the scattering signal from 8.72 micron spheres.

The peak is substantially higher than peaks associated with either

0.261 or 1.091 micron particles. The pulse height distribution is

broadened, displaying pulses with energy greater than the range

associated with channel 650. Figure 39 shows the pulse height

distribution from 21.1 micron spheres. The method of pulse height

analysis as configured in the present experiment does not discriminate

among particles larger than 8.72 microns. As the particle size

increases the angular extent of the central cone of the forward

scattering pattern is decreased. A photodector placed within the

central bright region of the diffraction pattern for 8.72 micron ‘

spheres may be outside the central maximum for 21.1 micron spheres.

For this reason, an instrument having multiple annular ring apertures

or multiple photodectors is necessary to discriminate among particles
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with diameter greater than 10 microns (Weiner, (1984). Figure 40 shows

the pulse height distribution from BNR aerobic reactor liquor. Figures

41 through 49 are pulse height distributions obtained by substituting a

3.2 millimeter aperture for the 25 micron aperture at the

photomultiplier tube. The distinction in the distribution of the

scattering signal from 0.261 and 1.091 micron particles is no longer

noticeable. There is, however, a difference in the shape of the pulse

height distribution from 1.091 and 8.72 micron spheres (Figures 43 and

44). Although the pulse values for the 0.261 and 1.091 micron spheres

is nearly 50% larger than that for the 8.72 micron spheres, the pulse

height distribution is significantly shifted toward higher pulse

energy. Figure 45 shows that the configuration used in this experiment

is also unable to discriminate particles larger than 8.72 microns.

Figures 46 and 47 are pulse height distributions of light pulses

scattered from 22-59 micron diameter boron carbide and 35 micron

diameter alumina particles. Both these particles have significantly

larger densities than the biological and polymeric materials used in

this study. A reduced proportion of high energy pulses is observed.

Figure 48 shows the pulse height distribution of scattering signals

from anoxic reactor BNR liquor. The pulse height distribution is

almost identical to that of the 8.72 micron particles shown in Figure

44. One distinction in the scattering signal is the peak occurring —

around channel 120 in the signal from the anaerobic sludge. A similar

signal is observed from aerobic reactor biological nutrient removal

liquor (Figure 49).
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Beyond a certain particle concentration, optical scattering

continues to occur but the increased turbidity of the sample reduces

the intensity of the scattered light incident upon the photodetector.

For a given particle concentration there is also a critical optical

path length above which the optical signal from the scattering volume

decreases due to extinction of the scattered light in the particle

suspension (Gregory, 1985). An estimate of the upper limit of particle

concentration at which a one micron particle should be differentiated

from a submicron particle in presented by Gregory (1985) who suggested

that a particle number concentration of 2.7x109 particles/cm3 was the

maximum attainable using a root mean square voltage technique of

particle sizing. A dispersion of 0.02 ml of 10% by weight 1.091

micron spheres in a 4.5 ml cuvet would have a particle number

concentration of 6.2 x 109 particles per ml.

2. Discussion

The results obtained from the laser microphotography experiments

indicate that this technique can be valuable in assessing the size and

shape of floc particles and that continued effort should be expended to

achieve a uniform light distribution across the sample and collimation

in the imaging optics. The results show the trade off between image

magnification and depth of focus. The optimal image magnification is

dependent upon the particle size of interest.
·

During this research program, it was not possible to investigate

the relative benefits of dark field versus light field illumination.

Further work in this area is suggested. The effect of reduced imaging
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lens aperture in increasing speckle size while increasing contrast

renders this method unusable without image processing. The regularity

of the speckle pattern suggests that digital or optical signal

processing can be used to reduce the effect of speckle while

maintalning image contrast. It is unlikely that any optical method

can be used to monitor either the flocculation of particles less than

1.0 microns diameter or the adsorption of colloidal particles onto a

large floc. With suitable speckle reduction and image contrast it may

be possible to monitor the aggregation of bacteria and solid particles

larger than 2 microns in diameter.

The results obtained by laser diffraction pattern generation and

analysis support the thesis that this technique has a number of

attributes which are favorable for the investigation of particle size

during flocculation. Continued work is suggested in the design of an

optical instrument with focal length matched to the particle sizes of

interest.

The effect of lens focal length upon the ability of the instrument

to discriminate a range of particle sizes was shown by Weiner (1984).

The full value of the laser diffraction method is best achieved through

either a photodetector array or masking of a single photodetector to

cycle the detector field of view during the measurement process. The‘

application of laser diffraction techniques for floc particle sizing

could be advanced through the use of a charge coupled device (CCD)

camera and digital frame grabber. The CCD camera has a wide dynamic
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range for light detection and can be used to advantage with recently

developed digitization techniques. Details on the design and

constraints of the available imaging instrumentation are presented by

Inoue’ (1986).

It is in principle possible to obtain information about submicron

size particles through the spatial distribution of small angle light

scattering. Interferences associated with stray light, light reflected

from the sample container and scattering from large particles in the

sample reduce the effectiveness of this technique. Further work is

recommended on the development of submicron particle sizing

instrumentation through modified pulse height analysis of the

scattering signal detected by a photomultiplier with restricted field

of view. Future work should include modifying to the receiving optics

of the present work to further reduce the field of view, and use of an

amplifier with less skewed gain characteristics in pulse height

analysis.
)



CHAPTER V

CONCLUSIONS AND RECOMENDATIONS

From the results of this study and many results available from the

technical literature, it is possible to draw several conclusions on the

use of laser techniques for particle sizing and characterization with

application to biological flocculation in wastewater treatment

operations.

The laser based methods investigated in this research program

include laser microphotography, laser diffraction and small angle light

scattering, by imaging and by pulse height analysis. Of the methods

evaluated, laser microphotography was found to be applicable to the

measurement of the size, shape and position of particles larger than 20

microns in diameter. The major limitations to laser microphotography

were laser speckle and inconsistent particle magnification. Both of

these limitations can be surmounted by attention to the optical

configuration of the instrument.

Laser diffraction based methods were found to be able to provide a

rapid measure of particle diameter in the range 2 to 20 microns.

Application of laser diffraction methods to concentrated polydisperse

solutions with particles much larger than 20 microns resulted in a

qualitative measure of the particle size but was limited by multiple

scattering effects. Submicron particle sizing is best approached ‘

through small angle light scattering methods including small angle

imaging of the scattered light and pulse height analysis. Pulse height

57
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analysis is effective in the measurement of monodispersed spherical

particles in the 0.3 to 1 micron size range.

Several recommendations can be made based on the results of this

work for selecting a multiple sensor approach to floc characterization.

The work on laser microphotography should be extended through the use

of available image analysis techniques to measure the size and shape of

dispersed floc particles. The update rate of commercial image analysis

equipment permits near continuous particle size monitoring. Speckle

reduction methods should be evaluated to improve the image quality

available with laser microphotography. Laser diffraction methods can

provide information on the size and shape of particles in fairly

concentrated solutions. The insensitivity of laser diffraction methods

to the position of the particles within the field of view provides

additional information to that available from laser microphotography.

Laser diffraction methods also provide a method for discriminating the

largest particle sizes in particle distributions containing both large

and small particles. Discrimination of the presence of large particles

in a submicron particle dispersion can reduce errors in particle size

estimation brought about by the change in pulse height distribution

caused by the large particles.
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