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Our laboratory is presently involved in extensive studies of fine
particles and as such, the process of flocculation and/or the behaviour of

/ .
flocculated particles is of major interest.

We have operated a Coulter Counter (Model TA II) in our laboratory
for about two years but have not yet applied it to the analysis of aggregates.
Consequently, the above paper (Appendix) is particularly welcome as it provides

useful insight into the problems associated with such analyses.

I would however, like to present the following observations on this
paper.

1. The primary concept of the paper is that a conservation of
volume condition must exist between the unflocculated and flocculated state.
The system response to aggregétes is shown to be reduced by the nature (porosity)
of the aggregates and as such, a correction factor ( > 1) must be applied,
the maximum value of which was determined experimentally from an asymptotic
porosity value which preserves the above mentioned conservation of volume .

condition.

*Mineral Processing Scientist, Western Research Laboratory, Energy Research
Laboratories, Canada Centre for Mineral and Energy Technology, Dept. of
Energy, Mines & Resources; Edmonton, Alberta, Canada




In this case the correction factor (K) to be applied is given by:

. 1 |

K =7 1.9 ETon
4’1 - [1.5 log (d/do)] . and has a maximum value of 2 at

maximum d/d0 of 2.9, where d = equivalent spherical diameter of aggregate,

do = singlet diameter.

It is not clear however, from tiue article, how this limiting
porosity value (f = 0.69) was obtained. The Figures 3B - 6B show only
“differential volume distribution. Do the areas under these curves represent
total particulate volume? No units of volume are indicated on the ordinate

axis of these graphs; from the magnitude, I assume particle volume is in/umB.

The shift in both particle count and particle volume to larger
sizes is clearly indicated from the graphs presented. However the total
particulate (cell) volume per:unit volume of suspension and its conservation
by applying equations 13, 15 and 16 to raw Coulter data is not indicated.

It is apparent that analyses have been carried out on known volumes of
sﬁspension aﬁd therefore IAfeel that graphical presentation of particulates/
unit volume (1) before flocculation and (2) after flocculation, a) before
applying porosity correction and b) after applying correction, would have

been informative.

It is stated (p. 711 column 1) that E. coli cell concentration
was diluted to 2.5 x 10° cells/ml, at which the lljpm aperture would not
require coincidence correction, yet in graphs 3A to 6B it is stated that

initial particle count was in the range of 2.5 x 107/m1.

A useful approximation for coincidence loss is:

C = ND3 where
B’

C = coincidence loss in %
= observed count per ml
D = aperture diameter in mm

Thus a cell concentration of 2.5 x 10//ml would result in a
coincidence loss of 4.2%, an apparently acceptable loss and dilution to

2.5 x 105 cells/ml does not appear to have been necessary.




3. The authors stated that particles below~1.13/um e.s.d. could
not be detected by the 11 jm aperture because of background electronic noise.
This detection limit appears to be very high in view of our experience,
wherein we are able to routinely amalyze particles down to < Onﬁiml(with—
out background correction) using a 15 um aperture tube. Is this high level
of background noise inherently associated with the PHA-MCA system or is it

a result of external interferences?

4. The presence of larger aggregates resulting from flocculation
with high molecular weight polymers_is attributed to their increased shear
resistance. I do not believe this to be the case. If shearing forces are
responsible for the absence of large aggregates with low molecular weight
polymers, the shear must result from either stirring or from passing through
the aperture. Presumably, the highest shearing forces (velocity gradients)
are encountered when the aggregates pass through the aperture, where flow
velocities are of the order of 5m/sec. The: authors state that "the aggre-
gates did not appear to fragmen£ as they paséed through the aperture in spite

of the high shear forces encountered there'.

We have found that low molecularweight polymers form smaller
aggregates, even in the absence of significant shearing forces. It has
been found that high molecular weight polymeré, on the other hand, produce
larger aggregates presumably because of their increased molecular size
which promotes a higher degree of bridging between particles and consequently

larger aggregates.

5. The followiﬁg apparent errors were observed:
A. Should equation (9) p. 710 not read:
AR =4p, a3 {1 - [1.5 log (d/do):[ 1-9} / 1.597 D%
B. Figure 3A, p. 712. Should the caption not read:
. Differential number distribution of E. coli aggregates with no
added flocculant.
C. p. 712, last sentence. Should this not read:
Aggregates in the 10-20 um range are equivalent to 455-3640
singlets/aggregate.




D. Figures 3A - 6B.

Is the correct term not flocculant; flocculent being a descriptive
term (1).

REFERENCE

(1) A Dictionary of Mining, Mineral and Related Terms; U.S.B.M.,
Washington, 1968, p.442.
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persed emulsion, with droplets of about 1 gm diameter, by an

-electrical dispersion teebnique and then measured the

apgrepation/deagerevation of this emulsion with varying
concentrations ol diocty] sodium  sulfosuecinate (AQT).
Fortunately, their emulsion particles eoalesced upon contact;
therefore, detection of aguregated particles was no different
from detection of singlets.

Further improvements in measuring the particle size dis-
tribution of azgregating systems included the introduetion
of the multiaperture analysis procedure (72, 13) and the ap-
plication of a pulse height analyzer (PHA) with multichannel
storage (MCA) (11, 15).

Fhe accuracy of the electronic counter in enumerating and
sizing singlets within the size range 10-400%, of aperture di-
ameler has heen verified with both the opticid and electron
microscope. In the case of particle agyregates, only qualitative

(311

checks have heen made on aggregate sizes recorded by the

cavinter. The first indication that the electronic counter inay

not accurately record the aggregate size was noted hy Camp
(16) in his analysis of a series of experiments by Hannah et al.

R (17) who evaluated the floe strength of a kaolin-alum flocin

a modified Couette mixing apparatus which contained a
70-pm aperture capable of recording six size ranges from 1.3
to grealer than 9.0 pm. Using their data, Camjr estimated the
volume fractions for mixing times of 1, 5, and 10 min to he 4.7,
3.0, and 2.2 ppm, respectively. The initial volume of elay and
ALO, was estimated at 4.3 ppm, and the velocity gradient was

- set at 50 571 to promote rapid floc farmation witheat seltling.

Camp altributed the recorded loss of volume during floceu-
Intion to the dissobution of kaolin within the system,

Camp (18) atlempled a similar volumetric analysis of the
data of Ham and Christinan (74), in which the forination of
silica floc with aluin was studied with a 240-pm aperture.
Camp determined that the volume concentration increased
from 1.6 Lo 3.6 ppm as Lhe flocculation proceeded from 10 to
36 min. This resull is expecled since the 240-pm orifice re-

B N =

'

Table L. Experimental Techniques o Determine Extent of Aggregalion

Properly Size range,
Technique measured n Description of process
QOptical
Microscope teagth/wicth  0.2-400 Visva! observation end comparison
) of aggregales with calibrated slide
K . - arlens
Microscope Length/width 0.5 andup Microscope shde or pholograph
automated electronically scanned ta record
. agaregate Images
Light scattering Light intensity  2-500 Intensity of lighl energy scattered

(also laser scattering)

_ Lightinterruption

Spectraphotomelric

Visual

- Sedimentation/filtration

Light vlockage 2-9000

from particla in direction of sensor

Reduction of light intensily on sensor
as aggregate passes by detecior

Observation of reduction in light
intensity upon passing through .
suspension of aggregales
{turbidity)

Light intensity  0.002 and up

Ouservation of zppearance and size

Length/width 20 and up
. ol aggregates

Gravity : Velocity 0.1-100 Observation of steady-state
sedirmentation aggregale velocily through
suspending media
Centrifugal Velocity 0.02-10 Observation of steady-stale
. sedimentation aggregale velocity as centrifugal
force drives aggregate through
suspending media :
* Membrane Filterability 0.45 and up Farmation of filter cake on 0.45-um
refiltratian ’ . filter by fiitering suspension,
followed by rafiltration of filiraie
through filter cake )
Eleclronic
Electrophioretic Velocily 0.1-100 Obsarvation of steady-staie
mobility aggregote velocity as potential
difference draws aggregate
. through suspending media
Electrical Resistivity 0.5-900 Aggregate passes through aperiure
resistance - causing resistance change In

electrolyte belween lwo

eleclrodes. Resulting voltage pulse

Is proportional to aggregate
valume

Disadvaniages

Time consuming and laborious;
judgment exiors in estimalting
size

Time consuming; expensive
peripheral equipment

Varying refraclive indices of
heterogeneous particles;
multiple scattering effects in
aggregates; criticality of sensing

.angle | :

Opacity of tluid medium; identical
refraciive indices of particle and
fluid

§ Gomplicated refationship belween

turbidity and size, i.e., T=
Xinx 2K, where ny = number
of parlicles of radius r, Ky'=
- extinction coefficient which is

function of relative refractive -
index, wavelengih, and radius

Time consuming and laborious;
judgment errors in estimating
size .. . S

Density and shape factors of
aggregate unknown; lime-
consuming and Jaborious

Densily and shape factors of
aggregale unknown; shaaring
arsl distortion of aggregates

Filtration time a function of both
ilter cake porosity and specific
surface area of aggregates

Density and shape factor o!
aggregate unknown; velocity a
function of both unbatanced
charge density and aggregate
diameter

Blocking of aperiure; expensiva
peripheral equipment




solves only the upper end of the total particle size distribution,

‘e, due to background noise, smalt arplomerates and indi-

vidual silica particles are not detected in the initial size dis-
tribution mensurement. With the 240-um aperture, larye ay-
grepates are detected, but the loss of small particles within the

total size distribution goes unnuticed. Using the data of Ham

and Christman, Camp coleulated the water content of the
silica-alum floc to range from 7.1 to 99.9%.

Ham (19) recognized that the aguregate sizes recorded by
the electronic counter for a coagulated silica suspension did
not correspond to the sizes measured optically. The discrep
ancy between the two methods was atlributed to either ag-

gregate distortion upon passing through the orifice of the |

counter or to the large porosity of the aguregate, which re-
sulted in a larger visual size than justified by the particulate
canttent, Ham alleviated the finst prablem by using a large (240
pm) aperture, and recognived that the nggregale porosity
pravents a direct comparison belween sizes determinzd by the
couater (which measures only the particulate content) and
microscopic observation (which mieasuces tolal floc size in-
cluding entrapped electrolyte).

Recently, Neis et al. (20) recorded a decrease in the specific
resistance of pulystyrene latex agglomerates during electronic
counting experiments, This dacrease was attributed to the
higher electrolyte content of the aygregales and resulted in
counter responses to the aggregate size which were smaller
than the actuel agrregate size. Neis et al, (20) presented

- similar results for the particle size distribution of a suspension

of Bacillies Cereus in 0.25 M NaClL

Meusuring aggregate size distrihution with an electronic
particle counter appears to have Lwo distinet liabilities, both
of which are related to the agrregate pornsity. First, the
electronic counter measures only the parliculate matter
(treated as a coalesced solid sphere) within a Hoe, whereas
microscopic observation measures flog size including the en-
closed electrolyte. The size of the coalesced particulale matter
is obvivusly not comparahle with the tota! visual floc size.
Second, the calibration of the counter with monodisperse,
impermeahle sinzlets does not permit the direct measurement
of agzregate volume distributions, since the aggregute porosity
causes a counter response to the aggregate particulate matter
which is sizaller than justified by the actual particulate con-
tent. Thus, while the traditional view has been that the par-
ticulate matter can he treated as equal in size to 2 coaleaced

- singlet of the same volume, the distribution of particulate

matter throuzhaut the agyregate canses a reduced counter
response.

In spite of these ditficulties, the elertronic counter—-multi-
channel analyzer technique ofters the potential for precise

quantitative mensurement of the tlocautation of colloidal

particles, provided that compensations for aggregate porosily
are made. The following paragraphs present suggested im-
provements to the normal operation of the electronie coun-
ter-I'HA-MCA in the measurement of 1gg(e"ate size distei-
butions.

Thenary of Eleétronic Particle Counting

The operation of the Conlter counter-PHA-NICA in
counting and sizing singlets has been thoroughly developed
(6, 5, 12~15). The resistance chanve caused by the passaye of
a cyhindrical particle through the measuring aperture is ex-
pressed: :

o3
— -+
AR = (4 p,/uD") (50 = oo = @as

where p,, = resistivity of electrolyte, p = resistivity ()fpnfﬁdf:.
1) = aperture diameter. d = diameter of equivalent spherical

"particle, and a = shape coefficient.

The response tu a singlet is directly prnpnrtimxﬁl to the
pirticle volume, exceptl as muodified by the second Lerm in Lthe
denominator, Both Kubitschek (7, 8) and Wachte! aind LaMer

(9) found that d/D should not exceed 0.4 Lo minimize aperture -

blockage and preserve linearity of response.
For singlets, the relationship hetween the particle dlameLerf;

(d; and d;) and the corrcspondm" storage channels in the
MCA (C; and Cylis

et e

d; = diy'Ci-Con L (@)

where ¥ = loghase used in Lhe storage of voltage pulses pro-
duced h_‘, particle passage,

If d;. C;, Cj are known from zeroing prenmenls thend;is
readily mmputed pr0v1(md that the partlcle is not an aggre-
gate.

In the case of ngaregates, however, these equations cannot
be utilized because of the porosity of the aggregate itself.
When alarge aggregate of tighily bound singlets (t pm in di-
ameter) passes through a small (11 pm) or medium (30 zm)
aperture, the aggregate tends to fealher itself along the
streamlines ol the rapidly flowing sample volume. This elon-
gation of the aggregate as it passes through the aperture re-
sults in a pulse having both height and width. Although the
pulse heizht can he calibrated with monodisperse polystyrene
latex particles, the pulse width goes uncalibrated. A similar
result was noted by Mattern et al. {6) in their analysis of co-
incidence pussage by singlet particles. Pigure 1A depicts the
critical volume in which the particle size is measured. Figures
11} and C show that the separation distance of two particles
during coincident {ransit of the eritical volume determines the
relative pulse height and wistth, For snral} tightly hound ag-
gregates, the pulse height should be directly proportional to
the number of singlets in the aggregate. However, as the po-
rosity increases and the aggr exales clungate within the critical
volume, the pulse width mcreases aL *.he e‘q,enao of pulse
height., x

A second problem oceurs when a large a"grerfate passes
through a medium (30 gm) or large (70 ;nu) aperture, If the
porosity of the aggregate is large, then the aggregate sizing.
system (aperture, current, and amplification) is required to
size and sum the many smaller pulses crealed by the primary
particles which comprise the total aggregate. However, only
the small 11-pim aperture is able Lo precisely detect and size
singlets (1 pw o diataeter); the larger 39- and 70- o apertares,
only detect tightly aggregatad singlet cells, and thus the sys-
tem response is only a partial response to the total pacticulate
volume within the aggregate. Neis et al. {20) recorded these
effects as increases in the calibration faclor during the course
of coagulation, the calibration factor being the ratio of actua!
particulate volume to Caulter counter measured volume.

-...--L-:, Do e Yo

R

_Proposed Modification to Theory for Aggregate Passage

T'o cormpensate for the effect of aggregate porosity upon the

“measured volume qunwmm llm_culahon determumhons of

Figure 1. A- schemalic representation of aperture, current density lines,
and criticat volume. B: particle separation distances within critical

volume. C: resulting voltage pulses, Adapted fram Mattern ot al. (6) -

Volume 11, Number 7, July 1977 709‘.
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agprepate pnr(mty. as 2 function of the number of prmmry

- particles within an aggregate, were made either from caleu-

lations or from literature survey. These porosity values are
summarized in Table I

Some authors have attributed high porosity values to
electrostatic repulsion between primary particles, a condition
ameliorated by the adsorption of cationic coagulant to the
negative collvidal surface and by the continuous agitation of
the suspension during flocculation. Nevertheless, colloid-
congulant systems do produce open porous flocs, as observed
via electron 1 nicroscopy.

Figure 2 depicls a smooth curve of porosity vs. number of
singlets per aggregate, drawn from the data of Table H so that
two conditions are satisfied: For aggregates with less than
eight singlets, the curve passes through the calculated porosity
values; for larger aggregates, the curve is asymptotic to the

. porosity value between 0.50 and 0.95 which endbles a con-

servation of volume condition to be met between unflocculated
and fioceulated state.

The shape of the curve relating Lhe calculated porosity f to
the number of cells per aggregate n suggests an exponential
relationship of the form

n = abf . A 3)

" Table Il. Typical Value of Aggregate Poroslty as

Function of Numher 0f Singleis per Aggregate and
Singlet Diamater

Sirgleis/aggragale Contiguration Poraslly Ret
2 Linear 0.20
3 Linear-triangular 0.25-0.26
.4 Linear-tetrahadral 0.27-0.29 .
8 Cubic-rhombohgdral 0.26--0.48 (21
Coarse sand 0.39-0.41 {22
Medium sand 0.41-0.48 {22
) Fine sand 0.44-0.49 (22
Fina sandy loam 0.50-0.54 (22)
d < 20 pm 0.50 (23)
d=<2pm 0.95 (23)
Silica powder d=<2tpm 0.38 (29)
Silica powder £ <16 pm 0.43 (24)
Siiica powdar d=<6pum 0.38 (24
Silica powdar d= 16 pm 0.43 (24)
Silica powder d=<6pum 0.75 (24)
Silica powger d=<23pm 0.89 (24)
Silica powder d<5um 0.71 (25)
Clay and alum d=<15um- 0.74-0.99 (18)
e I T ] T I T T !
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Figure 2. Aggregale poroauy as tunction of number of singlets per
saggregate
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cand ' _ N

Sincen = latf=0,a = 1. Further calculation provides a best

fit when b = 100, yiclding

n = 100/ o
[=051logn T .'l_" (4)

During subscquent experiments an asymptotic porosity value
of 0.69 was found to provide conservation of volume of the
total suspended particulate matter between the unflocculated
and flocculated state.

The formation factor F is defined as the ratio of the resis-
tivity of the porous material, gy, saturated with an electrolyte.

“to the bulk resistivity of the same electrolyte, p,:

F = pi/ps

Archie (26) has determined an emnpirical relationship hetween
porosity and formation factor which applies to nmsl porous
materials: :

~

F= I’///;n = fom - " (5)

where m = 2.0 for clean sands, and slightly less than 2.0 for al)
other materials, i.e,, m = 1.9. .

Lettingm = 1.9 for l}‘e agpregates and substituling I‘qua-
tion 4 into Equation 5 yields R

pr ¥ po(0.5log n) to o )

As the aggregate size increases, Jarger apertures must be used

to maintain d/D less than 0.4, and d?/alD? insiguificant.
Substituting Equation 6 into Equation 1 yields:

AR =4 /).._CI“{I — (0.5

In Equation 7 the response AR of the Coulier counter to the

aggregate passage is a function of twao unknowns: d, the

equivalent spherical diameter of the aggregate, and n, the
numbher of singlets per agaregate. However,

n = (=d36)M(xd F6) - - ®

where d,, = singlct diuneter.
Therefore . .
AR = 4 pod¥[1 — 1.5 Yog (d/d)]M/LE =D | (9)
T'heoretically, for d < d, . R
/=15y (cl/d;,) =0
and
wDH

A =4 p d3 1.5 ©{10)

In this case the electronic counter response is dirzelly pro-
portional to the particle diameter d. :
Ford,<d <2.9d,( <n <21)

[ =1bhlog ((I/d;.) A=o.0.69'
=151y (d/d,,)]'-gi'.a 0.50

AR =2 p 1.5 2 DY

(1)
Fil.m"y, ford >29d, (n > 24)
[ = L5 log (dfd,) = 0.69
= [1.5 oy (d/d,)]*) = 0.50
and
AR = 2 pud15 =D* a2

Consequently, in the intermediate size range the response

of the electronic counter to aggregate particulate matter does.
not increase linearly with the increase in aygregate particulate |

log n)‘:91/1.5 w3 )] |




” . .
»matter. After the limiting porosity value (f = 0.69) is reached,
‘the response again increases linearly with the agpregate
size. :

When an aggregate of diameter ) passes through the ap-
erture, the normal counter response, given by Equation 10,
must be modified to compensate for the aggregate porosity
so thats

AR,’ =4 p‘.(]j““ - [1.5 Iog (d)/du)]”)‘/lli xD?t (13)
ARj = ARy Ym0 = 4 5 (d Py CiCad/1 5 DY (14)
Therefore:

dPiL ~ [L5 log (di/d)]19) = (d My CCad  (15)

In Equation 15, d,, y, C;, and Cy_ are known; therefore, d; can

- - J - o . - - . -. J -
be calculated via an iterative technique using an initial esti-
mate that: oo .

d’ > du'y((-'j—(.'du)/:l (16)

The porosity factor |1 — [1.5 log (d;/d,)]"9) decreases until it
reaches 0.5, which corresponds to the asymptotic value of the
purosity for large aggregates, f = 0.69. The overall effect at a
porusity of 0.69 is to increase the aggreqate diameter 25%
above that recorded by the Coulter counter.

Experimental Materials and Methods

A series of polyethyleneimine (PEI) polymers was selected
as coagulants bucause of the range of molecular weights
avziluble from 600 to 60 000, corresponding to 14-1400 rmo-
nomer (ColNH;) units. PEI in solution functions as a cationic
polyelectrolyte strongly attracted to negatively charged col-
loids (27). The colloid was K. colf strain CR 63, grown in batch
culture toa cell concentration of 2.5 (+0.5) X 107 eells/mL in
the following medium:

Imgredient g/L

Casamino acid (acid hydrolyzed casein) 1.20
Glucose 1.00
NHClI 1.00
KH.PO, 0.10
_Collidine-HCl buffer, pH 7.0 50 ml/L
MgS0,, 1 M . 2mi/L
FeCl;, 103 M 1 ml/L

At the end of log phase growth, the relatively monodisperse
coliform has a eylindrical shape: 0.8 pai in diameter, 2-3 um
in length, with a mean equivalent spherical diameter of 1.3
pm.
Two serial dilutions of 10:1 of the initial cell concentration
resulted in 2.5 X 107 cells/mL or 1.2 X 104 cells/30 pL. At this
concentration the 11-pm apertare will give a true count of cell
concentration without requiring coincidence corrections (6).
The fonic strength of the growth medium and the dilutant was
0.06 M NaCl, the temperature 25 °C, and the pH 7.0
(£0.1). -

Following removal from the chemostat, the E. coli sus-
pension 1900 mL of 2.5 X 107 colls/in1L) was rapidly mixed in
-+ stirrer-reactor assembly () at a mean temporal velocity
gradient G = 190 5™ for 2 min while simultaneously adding
100 mL of PELsalution. Following rapid inix the flocculating
su~pension was stirred at a velocity geadient of 205~! for 4 h.
Particle size distributions were recorded every 60 min during
the 4-h lloceulation period, primarily to determine if the ag-
greate would reach an equilibrium size determined by the
imposed velocity gradient and the PEI molecular weisht, but
alo to verify the proposed modifications to noemal electronic
counter operation over a wide range of aygregate sizes.

The current and amplification settings of the Model B
Coulter counter were determined for theee ditferent aperture

diameters (11, 30, and 70 um) by passing suspensions of
monodisperse polystyrenc latex in 0.06 M NaCl throush the
aperture. The settings, summarized in Table 11, provide

strony signal-te-noise ratios and maintain the ratio of particle °

diameter d to aperture diaraeter D greater than 0.07 and less
than 0.20,

A voltage pulse generator was used with the Nuclear Data
Model 555 pulse height analyzer (PHA) and multichannel

analyzer (MCA) to determine the coarse and fine gain settings .

so that the logbase of input signals remained constant over the
full range of channels, i.e., from channel | to 125, Varying the
frequeacy of the voltage pulse within the recovery time of the
electronic circuitry did not shift the chanael of record.

A detailed particle size distribution could be obtained by
using 80 channels of data from the 11-jun aperture, 850 chan-
nels of duta frow the 30y aperture, and 100 channels of data
from the TU-2m aperture, All 128 channels could rot be uti-
lized because of overlap hetween the 11- and 30-y0m apertures,
aud between the 30- and 70-pm apertures. Bacteria ol equiv-
alent spherical diameter less than 1.13 zm could not be de-
tected by the 11-zm aperture because of background clec-
tronic noise ot this low siznal level.”

Prior to seeding the cullure, the growth medium was filtered

through 0.45-pm Millipore filters to remove any large par-
ticulate matter. After culture growth, plate counts and he-
macytometer counts were made Lo verily the accuracy of the
Coulter counter measucements. As was previsusly noted by

-Mattern et al. (6), the counts from the Coulter counter had

better reproducibility than either of the other techniques.

Samples of the flocculating E. enli suspension were with-
drawn from the stirrer-reaclor with a Zmm buore pipet to
prevent isgxregate breakap, and then diluted with 0.06 M fil-
tered NuCl The dilution ratio depended upon the number of
aggregates per unit volume, i.c., Lthe reactor suspension was
diluted only to the degree necessary to ensure significan e of
count and adeguate relazation time of the electronic circuitry.
Sinee little difference exists in densities between the F. coli
cells and the suspending electrolyte, sedimentation of the

particle aggregates during the time required Lo make a count -

and size distribution was negligible. The aggregates did not
appear to fragment as they passed through the aperture, in
spite of the high shear forces encountered there (17). )
The smaller apertures (11 and 30 jm) were prone to
blocking by the aggregated bacterial cells. Generally. bloc-
kages could be cleared with a small paint brush; the more
difficult vusex were eleared by briefly immersing (1 5) the

-entire aperture Lube into the bath of an ullvasonic vibrator..

Oceasionally, sinzle cells would adhere to the sides of the ap-
erture, resultimg in aw effective reduction in the apecture size,

and therefore increased pulse heights. By using a stopwatch -

to record the sampling time, such minor blockages were im-- s

mediately detected, and the aperture could be cleared with

the ultrasonic vibrator. .

Using the calibration techniques discussed earlier, aggreyate |
size distributions were prepared from the Coulter counters data

Table 1. Summary of Calibration Data for Coulter
Counter

Countar setlings

) Aperture Particly Poak )
diom, s ham, e Amp Current channat Logbase
11 1.3 0.5 8 38 - 1.024
2.0 a5 3 94
30 2.0 2.0 4 24 1.045
5.7 - 20 4 - 95 R
70 5.7 8.0 4 20 1032 -
9.5 ‘8.0 4 70 LEE
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- -
« taken each hour after uddxtlon of the PEL The aggregate count
in each channel C; was converted to aggregate count at di-
ameter d; via a computer program utilizing Equations 15 and
16. This aggregate count, divided by the diameter change
correspandinyg to the size range stored tn each chaunel, yielded
the differential number distribution. Similarly, a differential
volume distribution was prepared by dividing the aggregate
volume by the log of the diameter change corresponding to the
size range stored in each channel.

Experimental Results

Fizure 3A reflects the change in the differential number
distribution over a 4-h period of stirring at G = 20 s7! when
no polymer has been added. The peak in the particle nu:nber
distribution oceurs at the mean cell diameter 1.3 pm. Cell
ayycegates are present, though in small concentrations. These
aggregates are caused by bloﬂ()cculatlon which increases with

.. time Lzcause of the continuous release of ex.tracellular bio-
- polymers, and to coagulation by the 0.06 M NaCl dilutant.

Figure 3B is th= corresponding differential volume distribu-
tion when no polymer has been added.

Figure 44 is the differential number distribution for E. colt
cells flocculated with the optimum dose (5.0 mg/L) of the
low-molecular-weight PEI 6 (MW = 600). The extent of

. flocculation increases cuntinually with agitation at G = 20s™1,

At this molecular weight and velocity gradient, most agzre-
gates are concentrated in the range 1-4 pm, with the number
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Figure 3A. Dilferential number drslnbuhon of E. coli aggregates with
added flocculent
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Flgure 3B, Dilferential volume distribution of E. Coli aggregates with
no added flocculent
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of the latter increasing with time as the number of the former
decreases. Figure 4B indicates the shift in the volume distri-
bution caused by the addition of calionic polyrmer PEI 6.
Figure 5A is the differential nurnber distribution for K, coli
cells flocculated with the bptimum dose (5.0 mg/L) of PE[ 18
(MW == 1800). Continuous growth of larger aggregates in the
8-12-pm range occurs at the expense of the smaller 1-4-pm
aggregates. The presence of these larger aggregates indicates
an increasing shear resistance with the higher-molecular-_
weight polymer species, since no aggregates in this size range
occurred with P21 6 or PIST 12, Figure 5B, the corresponding

. differential volume distribution, illustrates the shift in volume

distribution from the initial distribution (singlet particles with
diameters in the range 1-2 um) to the distribution after 60 min
of flocculation (aggregates with sliameters in the range 8-12
pm, or 230-700 smrr!us/,wgremlc)

Finally, the effect of the catisnic polymer PEI 600 (MW =
60 000) upon the dispersed E. coli cells is shown in Figure 6A
at the optimum polymer dose (0.5 mg/L). A dramatic decrease
in the number of singlet cclls (from 108 to 108 cells em™3/pm)
and a dramatic increase in thé size of the Jargest aggregale
(greater than 12 pm) are observed. The growth of very large
aggregates occurs at the expense of small {1~4 xm) and me-
dium (4-8 um) sized aggregates, both of which are an order of
magnitude less in nurber than when flocculated with PEI 12
or PEI 18. The shift in the differential volume disteibution to

aggregates in the 10-20-pm range (1540 3640 singlets/ag-
gregate) i5 given in Figure 6B. :
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Figure 4A, D:Hnrenuul nurnber distribution of E coi aggregates at
optimum dose ol Pcl 6 flocculent .
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Flgure 4B. Diflerential volume distribution of E coli aggregates at op—
timum dose ol PE! 6 flocculent o :




““when the E. coli suspension was continuously stirred

without polymer addition, the total particulate volume as’

measured by the Coulter counter—-PHA-MCA remained
constant within the experimental limitations (:£5%) of the
sampling and measuring technique. However, as aggrepates
were furmed because of the addition of cationic polymer, the
measured total particulate volume decreased in spite of the
agitation (G = 20 ™) which prevented aggregate sedimen-
tation. Losses to the sides of the stirrer-reactor did not oceur
because of the very smooth polyethylene and Teflon surfaces
and the continuous stirring. The recorded decrease in the
volume of suspended matter is attributed to the inability of
the electronic ctreuitry to record the width of the pulse pro-
duced a3 the azaregate passes through the aperture, and to the
inability of the larger aperiure combinations to precisely size
and sum the many singlet particles which comprise the total
aguregate volume. Both of these phenomena can be related
to the amount of electrolyte contained within the floc particle,
and thus to the porosity of the agyregate. The application of
the theoretically derived. porosity cocrection to the basic
Coulter counter-PHA-MCA data resulted in conservation of
volume hetween the unflocculated and flocculated state of the
suspended matter. This porosity correction does not measure
the actual porosity of large aguregates, but rather enables the
researcher to evaluate the effect of this ayuregate porosity
upon the response of the electronic counter. The porosity
correction, as expressed in Equations 13, 15, and 16, waz ex-
perimentally verified in flocculation conditions extending
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Figure 5A. Differential number distribution of E. coli aggragates at
optimum dose of PE! 18 flocculent
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Flgure 58, Ditferential volume distribution of E. coli aggregates at op-
timum dose of PEI 18 fiocculent

PRATICLE VALUME PER L3G SI2E :NTZAVAL

from monodisperse size distributions (n =

1) to Jarge aggre-
gates (n = 4000). -

Summary ‘

To measure a constant volume of suspended pnrtxculate
natter in a conzulating suspension, modification of the normal
operating procedure for electronic particle sizing is required.
I'his modification results in considering the effects of aggre-
gate porosity upon the electronic response to aggcegate pas- |
sage through the aperture. The equation for the electronic
response to singlet passage was modified to account for ag-
gregate porosity with the porosity increasing with agdregate
size up to an asymptotic value. This theoretical correclion was
then verified experimentally using B. coli cclls as the sus-
pended colloid and the cationic polymer, polyetby]enexmme, '
as the congulant.

The elearomc counter resp(mds only to the particulate
matter within a floc; consequently, the equivalent spherical
diaeter se determined represents that of a coalesced sphera.
For this reason the floc size recorded via electronic particle
counting cannot be dircctly correlated with the {loc size re-
corded microscopically.

By recording the complete size distribution from singlet
particle to the largest aguregate, the conservation of volume
conditiun can be utilized Lo determine the effect of aggregate
porosity on counter response. Once this correction is made,
the Coulter counter-PifA-MCA ‘can be effectively utilized
to evaluate the flocculation process as it occurs in the reactor
basin.
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Figure 6A. Ditferential number distribution of £, coli aggregates at

optimum dose of PE! 600 llocculent.
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