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by 

N.E. Andersen* 

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 aggregates 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 

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

1  
K = 3.ett Igl - L1.5 log (d/dà] and has a maximum value of 1V2 at 

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

do  = singlet diameter. 

It is not clear however, from  the 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 inpm3 . 

The shift in both particle count and particle volume to larger 

sizes is clearly indicated from the graphs presented. However the total 

particulate (cell) volumeper: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 - 
suspension and therefore I feel 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.  cou  i cell concentration 

was diluted to 2.5 x 105  cells/ml, at which the 117im 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 /ml. 

A useful approximation for coincidence loss is: 

C ND3 	where 
8 	, 

C = coincidence loss in % 

N . observed count per ml 

D . aperture diameter in mm 

Thus a cell concentration of 2.5 x 10 7 /m1 would result in a 

coincidence loss of 4.2%, an apparently acceptable loss and dilution to 

2.5 x 105  cells/m1 does not appear to have been necessary. 
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3. The authors stated that particles below 1.13 jum e.s.d. could 

not be detected by the 11 /um 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 analyze particles down to < 0.4 pm (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 fragment as they passed 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 polymers, 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 following apparent errors were observed: 

A. Should equation (9) p. 710 not read: 

AR = 4 po  d3  i  - [1.5 log (d/d0)] 1.9j if 1.511, D4 

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 dum 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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*Size Distributions of Flocculated Particles: Application of Electronic 
Particle Counters 

Gordon P. Treweeki* and James J. Morgan 

Division of Engineering and Applied Science, California Institute of Technology, Pasadena, Calif. 91103 

c A review of currently used particle sise analyzers foi liquid 
suspensions reveals that only the electronic resistance devices 
measure the particle volume directly. Although the electronic 
analyzer's ability to tneasure sing,let particles is well docu-
mented, two major difficulties occur in measuring aggregate 
size distributions in flocculating systems. Since electronic 
counters measure only the particulate matter within a floc, 
the ece.iiealetit spherizal diameter.; so recorded do not coincide 
with the microscopically obeerved diameters. Also, evidence 
exists that electronic counters only partially measure the total 
partieulate matter within an aggregate because of the physical 
separation which exists between the component singlets. In 
this research the recorded electronic response is correlated 
with the aggregate pornsity, and equations are derived to 
enable the investigator to correct for porosity effects. The new 
relationships between aggreerate size and counter response are 
based on a modification to the existing equations for the 
passage  of a singlet particle through the measuring aperture. 
The validity of the new equations is established in a fleccu-
lating Z. coli-palyethyleneirniae suspension in which the 
complete particle size distribution is recorded. Since a con-
servation of volume condition must exist between the un-
flocculated and floceulated state, this condition is used to 
determine the limiting porosity value in %%ell-flocculated 
suspensions. 

Within the past 10 years, several new experitnental methods 
have been developed to measure the extent of aggregation 
produced in coagulation/flocculation treat  ment  processes. 
These méthode enable the researcher to quantitatively record 
the effectiveness of varying the flocculent type and dose, the 
velocity gradient and time of mixing, the number of mixing 
chambers and type of stators, and other factors known to in-
fluence the coagulation/flocculation treatment proces.s. In the 
pas. many experimental methods were either qualitative in 
degree or measured only the phase separation  aspect of the 
flucculation process, which often led to errors when laboratory 
bench tests were scaled tip to full-size facilities. To some ex-
tent, the emphasis on measurement of phase separation alone 
biaeed the investigator toward improvement of the physical 
parameters of the system, at the expense of possible chemical 
alterations which would enhance the destabilization phase of 
coagulation. The new aggregate measurement techniques 
enable the researcher to investigate thoroughly and accurately 
the destabilization of suspended colloidal matter as it occurs, 
in lieu of measuring just the end result: phase separation. 

Table( summarizes the experimental techniques which are 
currently available to record the extent of aggregation of 
particulate matter in liquid suspensions. Each technique is 
characterized by  s- one  disadvantages, which are often  more 

 pronounced in the measurement of aggregate size distribu-
tion', than in the measurement of singlet size distributions. 
Sonie techniques offer significant advantage3 in particular 
applications, such as the ability of the light interruption 
technique to operate in the continuoue flow, real-time mode 
(I) or of the membrane refiltration technique to rapidly 

IPre,ent rooldresm..larnes M. 111mitgomtery, Consulting Engineers. 
5.35 E. Walnut Street, Pasadena, Calif. 91101. 

. 	• 	. 
evaluate changes in the specific surface area  of  aggregates 
utilizingsimple, inexpensive equipmetet (2-4). With the ex-
ception of the electrical resistance method which measures 
aggregate volume, n11 the techniques measure either the ag-
gregate cross-sectional area, or a pararneter such as sedi-
mentation velocity, which depends cl irectly on the aggregate 
cross-sectional area  Recause of its unique ability to measure 
aggregate volume, the electronic counting and sizing technique 
was selected for further study. . 

The electronic particle counting and sizin,g technique ap-
pears ideally suited  tu evaluatin,g changes in the number 
distribution of suepencled particulate matter brouyjit about 
by  thé  addition of coagulants in a water or wastewater system. 
Since the aggregate volume is measured directly, a differential 
volume distribution can be readily determined, thereby pro-
viding an indication of the equilibrium aggregate volume at-
tainable under selected flocculation conditions. The detect-
able size range for the method (0.5-900 inn) enables the in-
V Es: t igator to evaluate the extent of orthokinetic floccelation, 
whichirimarily affects particles greater t hate 1  pin in diameter 
(.5). liecause of the difficult experimental procedures involved . 
in re; ordiag a co:aplete size diateibution by this t aethod, and 
because of the Coet of the data acquisition and data reduction 
equipment, elect t unit patticle sizing is limited to laboratory 
experiments. However, particle size distributions evaluated 
by this technique have been correlated with turbiclity-and 
refiltration rate measuretnenta, both of which are currently , 
used in treatment practice (4). • • , 

The elect ronit• particle counting and sizing technique hns 
been successfully employed with suspensions of singlet par-
ticles for 20 years. 12esul ts have been verified with respect to 
count via hemacyttoreters and with respect to size via can-
larlited oculars, grids, or known particles (6-9). However, no 
effort has been made to verify whether the electronic sizing . 
technique can be successfully used to count and size unco-
aleeced flocs cep-it-nary particles. Conee(eatently, reeearch was 
'undertaken to determine  il  the principles t 4-  operation of the 
electronic particle counter could be extceided to flocculated 
particles similar to those found in water and wastewater 
treatment Open( iollS. 

Prior Applications of Electronic l'article Counting 	. 

In 1956 W. H. Coulter announced the development of a 
precise counter for discrete microscopic particleS (10). This 
counter found immediate application in many medical -and 
iiidustrial situations- Mattern et al. (6) used a 100-pm aperture 
to measure the number and size of red bhxid Cells; th"ey fou-nd 
the instrument counts to be more accurate than those oh-
tained via the hernacytometer and deduced a linear rela-
tionship between pulse height  and  particle volume. Kub-
itschek (7. 8)  extended the instrumental technique to bacteria 
with the use of a 10 -prn aperture, and also found a strictly 
linear performance of the counter in response to particle , 
volume, as long as the  pal  ticle cliasneter was greater than IQ% 

and lees than 40% of the aperture diameter. Further experi-
mental imprevements, coincidence counts, background re 
ducti.u,  and size  distributions for discrete particles, are dis-. 
cuesed in the wurk of Wachtel and LaMer (9). 

Ifignulii et al.  (II)  were among the first to study the 
aggregatien of particles (in thi3 case, an oil-in-water emulsion) 
with a Coulter counter. They prepared a relatively monodis- . 
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• persed emulsis in, with droplets of about 1 pm diameter, by an 
* • electrical dispersion teehnique and then measured the 

aggregationidetegregatiùit (e this emulsion with varying 
concentrations of d ioctyl sodium sulfosuccinate (AUT). 
Fortunately, heir emulsion particles ccedesced upon contact; 
I let refore, detect ion of aggregated particles  vas  no differen t . 
in 'iii (1 et  eel ion of singlets. 

Further improvements in measuring the particle size dis-
1 ribution of aggregating i.i.,-stems included the introduction 
athe mul t 'aperture analysis procedure (12, 13) and the ap-
plication of a pulse height analyzer (PFIA) with multichannel 
storage (M ('A) (1.1,  15). 

The accuracy of the electronic counter in enumerating-  and 
sizing singlets within the size range 10-40% of apert ure di-
mneter has been verified wit h both the (tie ic;d ;111(1 elect n m 

. microscope. In the case of particle aggregates, only qualitative 
* checks have been made on aggregate sizes recorded by the 
ccninter. The first indication that the electronic counter may 

not  accurately record the aggregate  size was noted by Camp 
(16) in his analysis of a series of experiments by Hannah et al. 
(17) who evaluated  1  he floc strength of a kaolin-alum floc in 
a modified Couette mixing apparatus which contained a 
70-pm aperture capable of recording six size ranges from 1.3 
to greater than 9.0 pm. Using their data, Camp estimated the 
volume fractions for mixing tirnes till, 5, and 10 min to be 4.7, 
3.0, and '2.2 ppm, respectively. The initial vs dome of clay and 
Ales  was estimated at 4.3 ppm, and the velocity gradient was 
set at :A s --1  to promote rapid  fine formation withont settling. 
Camp al tribute(' the recorded loss of volurne (halite; floccu-
lation to the dissolution of kaolin wit hin the system, 

Camp (18) attempted a similar volumetric analysis of the 
data of Ham and Christ man (14), in which 1 he furinal ion of 
silica floc ‘vith alum  vas st tidied  'vit h a 2.40-r In aperture. 
Camp determined that, the voltnne concentration increased 
from 1.6 to 3.6 ppm as the flocculation proceeded from 10 to 
36 min. This result is expected since the 2.10-pm orifice re- 

Table I. Experimental Techniques to Determine Extent of Aggregation 

Technique  
Property 

measured 
Size range, 

Description of process Disadvantages 

• Sedime.ntation/filtration 
Gravity 

sedimentation 

Optical 
Microscope 

• Visual 

• Membrane 
refiltration 

Microscope 
automatel.:1 

Li tit intensity 2-500 Light scattering 	 Li tit intensity 2-500 
(also laser scattering) 

Light interruption 

Spectrephotometric 

Centrifugal 
sedimentation 

Lengt11/wid-tit 	0.2-400 

Length/width 	0.5 and up 

Light nlockage 2-9000 

Light intensity 0.002 and up 

Length/width 	20 and up 

Velocity 	0.1-100 
- 

Velocity 	0.02-10 

.Filterability 	0.45 and up 

Vistiat observation and comparison 

of aggregates with calibrated slide 

- or lens 

Microscope slide or photograph 
electronically scanned to record 
aggregate images 

Intensity of light energy scattered 
from particle  in direction of sensor 

Reduction of light intensity on sensor 
as aggregate passes by detector 

Observation of redUction in light 
intensity upon passing through . 
suspension of aggregates 
(turbidity) 

Observation of appearance and size 

of aggregates 

Observation of steady-state 
aggregate velocity through 
suspending media 

Observation of steady-state 
aggregate velocity as centrifugal 
force drives aggregate through 

- suspending media • 

Formation of filter cake on 0.45-Lm 
filter by fiitering suspension, 
rollowecl by refiltration of filtrate 
through filter cake 	" 

Time consuming and laborious; 
judgment errors in estimating 
si'zo 

Time consuming; expensive 
peripheral equipment 

Varying refractive  indices of 
hete.rogeneous particles; 
multiple scatteeing ef fects tn 

aggregates; criticality of sensing 
angle 

Opacity of fluid medium; identical 
refractive indices of particle and 
fluid 

• Complicated relationship between 
turbidity and size, i.e., T 
>.:in,:rri2 Ki . where ni  t•---  number 
of particles-of radius r , IC1`-= 

_ _ extinction coefficient which is 
function of relative. refractive 
index, waveleneth, and radius 

Time consuming and laborious; 
judgment errors in estimating 
size • • 

Density ana shape factors of 
aggregate unknown; time-
consuming and laborious 

Density and shape factors of 
aggregate unknown; shearing 
and distortion of aggregates  • 

- 

Filtration  lime a function of both 
flier cake porosity and specific 
surface area of aggregates 

Velocit.y 	0.1-100 

Resistivity 	0.5-900 

EIE.ctronic 
Electroplioretic 

mobility 

Efectricat 
resistance 

Observation of steady-stale 
aggregate velocity as potential 
dif ference draws aggregate 
through suspending media 

Aggregate passes through aperture 
causing resistance change in 
electrolyte between two 
electrodes. Resulting vottage pulse 
is proportional to aggregate 
volume 

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

Blocking or aperture; expensive 
peripheral equipment 
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s'olves only  the upper end of the total particle size distribution, 
due to background noise, sine agglomerates and hub-

Victual silica particles are not detected in the initial size dis-
tribution measurement. With the 240-yin aperture, large ag-
gregates are detected, but the loss of small part ides within the 
total size distribution goes unnoticed. Using the data of Ham 
and Christman.  Camp calculated the water content of the 
silica-alum floc to range from 7-1 to 99.9%. 

Ham (19) recogetized that the aggregate 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 attributed to either ag-
gregate distortion upon passing through the  •orifice of the 
counter or.  to the large porosity of the aggregate, which re-
sulted in a larger visual size than justified by the particulate 
content. Ham alleviated the first problem by using a large (210 
ym) aperture, and recognized that the aggregate porosity 
prevents a direct comparison bettveen sizes deterinine.d by the 
counter (which measares only the particulate content) and 
microscopic observation (which nteasures total floc size in-
cluding entrapped electrolyte). 

Recently, Neis et al. (20) recorded a decrease in the specific 
resistance of polystyrene latex agglomerates during electronic 
counting experiments. This decrease was attributed to the 
higher electrolyte content of the aggregates kind resulted in 
counter responses to the aggregate size which were smaller 
than the actuel ageregate size. Nais et al. (20) presented 
similar results for the particle size distribution of a suspension 
of Bacillus Cereus in 0.25 M NaCI. 

Iteleasuring aggregate size distrilnition with an electronic 
particle counter appears to have two distinct liabilitie.s, both 
of which are related to the aggregate porosity. First, the 
electronic counter measures only the particulate matter 
(treated as a coalesced solid sphere) within a floc, whereas 
microscopie observation measures  floc  size including the en-
closed electrolyte. The size of the coalesced particulate matter 
is obviously not comparable with the total visual floc size. 
Second, the calibration of the counter with monoclisperse, 
impermeable singlets  dues  not permit the direct measurement 
of aggregate volume distributions, since the aggregate porosity 
causes a counter response to the aggregate particulate matter 
which is siaaller thaii justified by the actual particulate con-
tent. Thus, while the traditional view has been that the pa r-
ticulete matter can be treaied as equal in size to a coaleeced 
singlet of the same volume, the (Retribution of particulate 
matter throughout the aggreg,ate causes a reduced counter 
response. 

In spite of these difficulties, the electronic counter-multi-
channel analyzer technique offers the potential Inc precise 
•quantitative measurement of the flocculation of colloidal 
particles, provided that compensations for aggregate porosity 
are made. The following paragraphs present suggested im-
provements to the normal operation of the electronic colt n-
ter-PHA -.1CA in the measurement of aggeegate size distri-
butions. 

l'he response to a singlet is direetly proportional to the 
particle volume, except as modified by the second term in the 
denominator. Both Kubitschek (7,8) and Wachtel and LeMer 
(9) found that c///) should not exceed 0.4 to minimize aperture 
blockage arid preserve linearity of response. 

For singlets, the relationship between the particle diameters 
(di  and di) and the corresponding storage channels in the 
MCA (Ci and Ci) is 

di  = doej-00/3 

where _v = logbase used in the storage of voltage pulses pro-
duced by particle passage. 

If di, Gi, Ci are known frorn zeroing experiments, then di is 
readily computed, provided that the particle is not an aggre -- 
gate. 

In the case of aggregates, however, these equations cannot 
he utilized because of the porosity of the aggregate itself. 
When a large aggregate of tightly bound singlets (1 prn in di-
ameter) passes through a small (11 yrn) or medium (30 iim) 
aperture, the aggregate tends to feather itself along the 
streamlines of the rapidly floveing sample valuate. 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 height can be calibrated with monoclisperse polystyrene 
latex particles, the pulse width goes uncalibrated. A similar 
result was noted by IVIattern et. al. (6) in their analysis of co-
incidence pa 3siige by singlet. particles.  Figure-IA  depicts the 
critical volume in which the particle size is measured. Figures 
1 n and C show that the separation distance of two pa iticles 
dUring coincident transit of the critical yolurne determines the 
relative pulse  height and width. ror small tightly hound ag-
gregates, die pulse height. shouli be directly proportional to 
the number of singlets in the aggregate. However, as the po-
roeity increases and Il '.aggregates eloneette within the critieal 
volume, the pulse width increases at the expense of pulse 
height. . . 

A second problem occurs when a large aggregate passes 
through a medium (30 pm) or large (70 pin) aperture. If the 
porosity of the aggregate is large, then the aggreg,ate sizing,. 
system (aperture, current, and amplification) is required to 
size and sum the many smaller pulses created by the primary 
particles tvhich comprise the total aggregate. However, only 
the s malt  II-pin aperture is able to precisely detect and size 
singlets (1 Itn1 in cliaineter); the larger na- and 70-jan  apertures 
only detect tightly aggregated singlet cells, and thus the sys-
tem response is only a partial response to the tota l  pa diet date 
volume within theaggregate. Neis et al. (20) recorded these 
effects as increases in the calibration factor during the course 
of coagulation, the calibration factor being the ratio of actual 
particulate volume to  Cool ter  counter measured volume. . . 

Proposed Modification 1O s l'heOry for Aggregate Passage - 

Tu ciimpensate for the effect of aggreg,ate porosity upon the 
' measured volume following flocculation,  de-termina tions'a 

- 

.(2. ) 

_ • 

Ti:i.ory of Eleetronic Particle Counting 

11:e operation of the Coulter counter-PHA-MCA in 
counting and sizing singlets has been thoroughly developed 
(6. 12-15). The resistance change caused by the passage of 
a cylindrical particle through the -measuring aperture is ex-
pressed: 

d3  
àlt = (4 plen . e) 	 (1) 

11.5/(1 	p/p)] 	(d 2/01) 2) 

where p,. = resistivity of electrolyte, p resistivity of )article, 
I) aperture tliameter. d = diameter of equivalent spherical 

« particle, and a shape coefficient. 

• 

Figure 1. A- schematic representation of aperture, current density lines. 
and criticat volume. 8: particle separation distances within critical 
volume. C: resutting voltage pulses. Adapted  (rom Maltera  et at. (6) • 
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aggregate porosity, as a function of the number of primary 
particles within an aggregate, 1.vere made either from calcu-
lations or from literature stn•vey. These porosity values are 
summarized in Table II. 

Some authors have attributed high porosity values to 
electrostatic repulsion between primary particles, a condition 
ameliorated by the adsorption of cationic coagulant tu the 
negative colloidal surface and by the continuous agitation of 
the suspension during flocculation. Ne ■..ertheless, colloid-
coagulant systems do produce open porous  focs, as observed 
via electron microscopy. 

Figure 2 depicts a snmoth curve of porosity vs. number of 
singlets per aggregate, drawn from the data of Table 11 so that 
twO conditions are satisfied: For aggregates with les s .  than 
eight singlets, the curve passes throug,h the calculated porosity 
values; for larger aggregates, the curve is asymptotic to the 
porosity value between 0.50 and 0.95 which emibles a con-
servation of volume condition to be met between unflocculated 
and flocculated state. 

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

n = al)! 	 (3) 

Silica powder 

Silica powder 

Siiica powder 

Silica powder 

Silica pcnvder 

Silica powder 

Silica powder 

Clay and alum 

Configuration 

Linear 

Linear-triangular 

Linear-tetraficdral 

Cubic-rhombohedral 

Coarse sand 

Medium saw.' 

Fine sand 

Fine sandy loam 

d 5 20 pm 

d5. 2 pm 

d_5 21 pm 

4 LS 16pm 

d5_ 6 pm 

c1:5. 16 pm 

d .5. 6 am 
d 5 2.3 pm 

d.5. 5 pra 

d_5 15 pm • 

Porosity 	flot  

0.20 

0.25-0.26 

0.27-0.29 . 

0.26-0.48 	(21) 
0.39-0.41 	(22) 

0.41-0.48 	(22) 

0.44-0.49 	(22) 

0.50-0.54 	(22) 
0.50 	(23) 

0.95 	(23) 

0.38 	(24) 

0.43 	(24) 

0.38 	(24) 

0.43 	(24) 

0.75 	(24) 

0.89 	(24) 

0.71 	(25) 

0.74-0.99 	(18) 

Table II. Typical Value of Aggregate Porosity as 
Function of Number of Singleis per Aggregate and 
Singlet Diameter 

Slrutisits/ag9rep,ste 

2 

3 

• 8 

ir  r1 
1.14.e 2 

>00 1  

tot 

4 	 • 	•0 	12 	14 	It 	I. 	t0 

tILOYnER  OF  siNGLE rs 	PER AcceEcare 

Figure 2. Aggregate porosity as function of nurilber of singlets per 
aogregate • 
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Since n =  I  at f =, 0, a L Further calculation provides a hest 
fit when b = 100, yielding . 	- 	. • 

n  100'  

f = 0.5 log n 	' • - 	• (4) 
• . 

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

The formation factor F is defined  as the ratio of the resis-
tivity of the porous material, ph saturated with an electrolyte. 
to the bulk resistivity of the same electrolyte, po: 

F Nth, . 	
. . 

Archie (26) has determined an empirical relationship bet‘.veen 
porosity and formation factor which applies to most. porous 
materials: 

(5) 

where n2 = 2.0 for clean sands, and slightly less than 2.0 for all 
other rnaterials, i.e., m 1.9. 

Letting, In = 1.9 for the aggregates and substituting Equa- 
- 	- tion 4 into Equation 5 yields 

• 
p„(0.5 log n)-1 .° • 	. 	(6) 

As the aggregate size increases, larger apertures must. be  used 
to maintain d/D less than 0.4, and d 2/c202  insignificant.. 
Substituting F.quation 6 into Equation I yields: 

	

= 4 p,,c1:11 - (0.5 log n) 1 :91/I.5 7rD 4 	(7) 

In Equation '7 the response A1? of the Coulic:r cou oteito the 
aggregate passage is a function 'of two tinknuwns: d, Ow 
equivalent spherical diameter or the ak4gregate, and n, the 
number of singlets per aggregate. However, 

	

n = (c1"16)1(7cc!0"16) 	 - 	(8) 

where cl„ singlet diameter. . 
• Therefore ' • 	 • 	. 

• AR = 4 p„d"11.- 1.5 log (clId 0)1 1 -9)11.5 7rD 4 	(9) 

Theoretically, fbr c/ 	dt, 	- 	. - • 	. • 
• f = 1.5 log (c//d„) = 0 	• 

and 

. and 

In this case the electronic counter response is clirz....ctly pro-. 
portional to the particle diameter d. . 

For d„ < d < 2.9 c/,, (1 < n < 21) 

- 1 - 5  log (dM,.) 	0.69" 

1 1 - [1.5 log (d1c1„)J 1 -9 1' P.50 

• - 	- 

2 p..c1/1.51-rD 4  

Finally, fin-  cl > 2.9  cl,, (n  > 24) 

	

f 	1.5 log (c//c/„) 	0.69 

	

t 	[1.5  log (c//c/„)1 1 •91 = 0.50 

and 

JR ••=-- 2 p.,d3/1.5 ri).1 	- 	(12) • 

Conseq t tent ly, in the intermediate size range the response 
of tile (lean mic counter to aggregate particulate matter does: 
not increase linearly-  with the increase in ageregate particulate 



. matter. After thr' IiIII itint, purusity value (I= 0.69) is reached,
the re.sponse n.-ain increases linearly with the agl;rerate
size.

When an aggregate of diameter Elj passes thruu^^h the ap-
erture, the normal counter response, given by l;qttatiorl 10,
must be modified to compensate for the aggrel;ate porosity
so that:

JRj = It p„djtil - 11.5 log (dj/dp)["J/l.5 7rDt (13)

ARj = JR,t, vcc•,•-c'd,. ► = 4 pn(drr)ayt(', CJ°)/1.5 r,W (14)

Therefure:

djaÿl - [1.5 lot: (dj/dn)]t.a} _ (Cl^a)y(C;-Cd^) (15)

fit l:quation 15, d,,, y, Cj, and C,;o are known; therefore, dj can
be calculated via all it.erative technique usinZan initial esti-
mate that:

dj ? dr,v(C, Crr.v:s (16)

The puroity factor ( t-[1.51oë (cfj/c!°)) t•91 decreases until it
reaches 0.7, which corresponds to the asymptotic value of the
porosity for large atçg-reguates, %= 0.69. The overall effect at a
porosity of 0.69 is to increase the aggregate diameter 25%
above that recorded by the Coulter counter.

Esperim.entRl 1Llaterials and blethods

A series of pnlyethyleneimine (Plâl) polymers was selected
as coa,ulauts In:cause of the range of molecular weights
ave:il,tble from 600 to 60 000, correspundinl; to 14-1400 rno-
nomer (C_I`'H;3) units. PEI in solution functiuc„ a s a cationic
polyelectrolyte strongly attracted to neratively charged col-
toids (27). The colloid was E. cnli strain CR 63, grown in hatch
culture to a cell cuncei,tration of 2.5 (+0.5) X 1U' c•ell>/mL in
the followint, medium:

Ingredient

Casamino acid (acid hydrolyzed casein) 1.20
Clucu,e 1.00
1\'H tCl 1.00
KFf,l'O.r 0.10
Cullidine-•HCt buffer, pH 7.0 50 ml/L
Ni'"'SO-4, 1 M . 2 ml/L
FeCl:t,10-1 M 1 ml/L

At he end of log phase growth, the relatively rrtonodisperse
coliform has a cylindrical shape: 0.8 µm in diameter, 2-3 pm
in len3th, with a mean eyuivalent tipherical diameter of 1.3
Am.

Two serial dilutions of 10:1 of the initial cell concentration
rc-sulted in 2.5 X 10`1 celh/mL or 1?:i X 10' cells/50 yi.. At this
concentration the 1 I-µm aperture will give a true count of cell
concentration without requiring coincidence corrections (6).
The ionic strength of the growth medium and thedihr+,tnt was
0.06 M hiaCl, the temperature 25 °C, and the h1-1 7.0

Frdiuwing removal from the chemostat, the E. coli sus-
l,t•n.iir.n 000 rnL (if 2.5) X 10r c^lls/mC.) wai; rapidly mixed in
•t htirrer-reactor assembly (4) at a ntean temporal velocity
gradient C= 190 s-t for 2 min while simultaneously arldirtg
100 mL of PFs'l.5tilution. Following rapid mix the flucc•ulatinl,r
mi-pNnsinn %v,;- st irred at a velocity gradient of 20s- t for -I h.
i'article si2e distributions were recorded every 60 min during
the 4•h flucculatiur. period, primarily to determine if the ar-
Rrr•••.tte would reach an equilihrium size determined by the
irnlw=ecl velocity gradient and the I'El molecular wf:i;.,rht, but
.,1-, - to verify the proposed modifications to normal electronic
counter operation over a wirle range of :r,;;regate sizes.

The current and amplification settings of the Model B
Cutiltt•r countpr were determined for three difforent aperture

diameters (11, 30, and 70 µtn) by passinti suspensions of
monodisperse polystyrene latex in 0.06 M NnCI through the
aperture. The settings, summarized in Table III, provide
strong signal-to-noise ratios and maintain the ratio of particle "
diameter d to aperture diarneter D greater than 0.07 and less
than 0.20.

A vulb,.-e pulsegenerator was used with the Nuclear Data
Model 55.5 pulse height analyzer (1111A) and inulLichannel
analyzer (MCA) to determine the coarse and line gain settinps
so that the logbase of input signals remainedI constant over the
full range of channels, i.e., from channel I to 128. Varying the
frequency of the voltage pulse within the recovery time of the
electronic circuitry did not shift the channel of record.

A detailed particle size distribution could be obtained by
using 80 chanuels of data from the 1 1-itrn aperture, 80 chan-
nels of Elsta from thc:?0•ltrn aperture, and 100 channels of data
from the 70-;Lrn aperture. All 1`l.8 channels could not. be uti-
lized bemuse of overlap hclwecn the 11- and 30-jcm apertures,
and between the 30- and 70-Hm apertures. Bacteria of eyuiv-
alent spherical diameter less than 1.13 pin could not be de-
tected by the 11-Erm aperture because of background elec-
tronic noise nt. this low signal level.'

Yrior to seedino the culture, the tirowi.h medium was filtered
through 0.45-µm Millipore filters to remove any barge par-
ticttlate matter. After culture growth, plate coutils and he-
macytometer counts were made to verify the accuracy of the
Coulter cuunt. r measurements. As was previousl,y noted by
Mattern et at. (U), the counts from the Coulter counter had
better reproducibility than either of the other techniques. '

Samples of the flocculating, E. r.nli suspension were with-
drawi; frum the stirrer-reactor with a?-mm f>ure hipvt to
prevent i:rigrenate breakup, and t.het.kEli.lttted with 0.0G M fil-
tered NaC1.''he dilution ratio depended typon the number of
argre; atEà per unit vohhc, i.e., the reactor suspension was
diluted only to the dcgrée necessary to ensure tiil;uificar.t:c of
count and adequate relaxation time of the electronic circuitry.
Since little difference exists in densities bet.ween the E. colè
cells and the suspE•nding elect.rolyte, seclitnentation of the
particle agaregates during the time required to make a count
and size distribution was negligible. `.Me aggre; ates did not
appear to fra, ment as they passed through the aperture, in
spite of the high shear forces encountered there (17).

The smaller apertures (11 and 30 pin) were prone to
blocking by the ao0regateEl bacterial cells. Gencrnlly_ bloc-
kages could be cleared with a small paint brush; the mure
difficult c•ase,!^ were cleared by bt•i(fly in.mersing (1 s) tho-
et;tire aperture tube into the bath of an ultrasonic vit>ralor..
Occasionally, single r.als wotild adhere to the sides of t he ap-

erture, resuttirr; in an effective reduction in the aperture size,
and therefore increased pulse ht•i^;hts.l3y usint; it .^;topwatch
to record the sampling time, such minor blockages were im--;
mediately detected, and the aperture could he clearcyl with
the ultra_onic vi1tt•alor. .

Using the calibration techniques discus.,ed earlier, an;reâattr ,..;
size distributions were prepared from the Coulter cônnterdat•t-°-^'•

• • ' : -

Table Ill. Summary of Calibratio» Data for Coulter
Counter

Apertwe P. rtlclv Peak
dhm. y.n• d., m. {"ri Amp Current chlnnal Lopbr+• _

11 1.3 0.5 8 38 1.024
2.0 0.5 3 94

30 2.0 2.0 4 24 1.045
5.7 - 2.0 4 .95

70 5.7 8.0- 4 20
9.5 8.0 4 70
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taken each hour after addition of the PEI. The aggregate count 
In each channel Ci was converted to aggregate count at di- 
mneter di via a computer program utilizing Equations 15 and 
16. This aggregate count, divided by the diameter  change
corresponding to the size range stored in each channel, 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 

Figure 3A reflects the change in the differential number 
distribution over a 4-h period of stirring at G ---- 20 when 
no polymer has been added. The peak in the particle nwnber 
distribution occurs at the mean cell diameter 1.3 pm. Cell 
aggreg,ates are present, though in small concentrations. These 
aggregates. are caused by bioflocculation, which increase.s with 
time ecause of the continuous release of e:_tracellular tiro-
polymers, and to coagulation by the 0.06 M blaCI dilutant. 
Figure 3B is  th a corresponding differential volume distribu-
tion when no polymer has been added. 

Figure 4A is the differential number distribution for E. coli 
cells flocculated with the optimum dose (5.0 mg/L) of the 
low-molecular-weight PEI 6 (MW = 600). The extent of 
flocculation increases continually with agitation at G = 20 s-1 . 
At this mnlecular weight and velocity gradient, most aggre-
gates are concentrated in the range 1-4 pm, with the number  

of the latter increasing with time as the number of the former 
decreases. Figure 413 ind icates the shift. in the vol U in e distri-
bution caused by the addition of cationic polyrner PEI 6. 

Figure SA is the differential number distribution for E. coli 
cells flocculated with the *optimum dose (5.0 mg/L) of PEI 18 
(MW = 1800). Contintious grOwth of larger aggregates in the • 
8-12-prn range occuis at the expense of the smaller 1-4-nm 
aggregates. The presence of these larger aggregates indicates 
an increasing shear resistance with the higher-m olecular- . 

 weight polymer species, since no aggregates in this size range 
occurred with PEI 6 or PEI 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 nm) to the distribution after 60 min 
of flocculation (aggregates with diameters in the range 8-12 
pm, or 230-790 singlets/aggrewtte). 

Finally, the effect of the cationic polymer  PET 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 cells (from 10 8  to 106  cells cm-3/nrn)* 
and a dramatic increase in the size of the )argest. aggregate 
(greater than 12 gm) are observed. The growth of very large 
aggregates occurs at the expense of small (1-4 pm) and me-
dium  (4-8 410m)  sized aggregates, both of which are an order of 
magnitude less in number than when flocculated with PEI 12 
or PEI 18. The shift in the differential  volume distribution to 
aggregates in the 10-20-nin range (1540-3640 singlets/ag-
gregate) is given in Figure 6B. . . • 
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- When the E. cull suspension was continuously stirred 
without polymer addition, the total particulate volume as •  
measured by the Coulter counter-PI-IA-IVICA remained 
constant within the experimental Ihnitations (15%) of the 
sampling and measuring technique. I-toe:ever, as aggregates 
wer formed because of the addition of cationic polymer, the 
me sured total particulate volume decreased in spite of the 
gitation (G = 20 8-' 1 ) which prevented aggregate sedimen-

tation. i.osses to the sides of the stirrer-reactor did not occur 
because of the very stnooth polyethylene arki Teflon surfaces 
and the continuous stirring. The recorded decrease in the 
volume of suspended Inatter  is attributed to the inability of 
the electronic circuitry to record the width of the pulse pro-
duced as the aggregate passes through the aperture, and to the 
inability of the larger aperture combinations to precisely size 
and surrt the 'natty singlet particles which comprise the total 
aggregate volume. Both of these phenomena can be related 
to the atnount of electrolyte contained within the floc particle, 
and thus  tu  the porosity of the aggregate. The application of 
the t'neoretically de.rived . porosity correction to the basic 
Coul ter  counter-PHA-MCA data resulted in conservation of 
volume between the unflocculated and flocculated state of the 
suspended matter. This porosity correction does not measure 
the actual port tsity of large aggregates, but rather enables the 
researcher to evaluate the effect of this aggregate porosity 
open the response of the electronic counter. The porosity 
correction, as expressed in n i vat ions 13,15, and 16, was ex-
perimentally verified in flocculation conditions extending 

EQUIvALENT SPHERICAL OIRmErER (mICTIoNs)  

from monoclisperse size distributions (n tee 1) to large aggre-
gates (n re" 4000). 

Sunzmary 

To measure a constant volume of suspended particulate 
tnatter in a coagulating suspension, modification of the normal 
operating procedure for electronic particle sizing is required. 
This modification resulte in considering the effects of aggre-
gate porosity upon the electronic response to ag,gregate pas-
sage threugh the aperture. The equation for the electronic 
response to singlet passage was  modified to account for ag-
gregate porosity %vitli the porosity increasing with aggregate 
size up to an aseenptotic value. This theoretical correction was 
then verified experimentally usin,g E. con cells as the sus-
pended colloid aed  the  cationic polymer, polyethyleneimine, 
as the coagulant. 

The electronic counter responds only to the particulate 
matter within a floc; consequently, the equivale.nt spherical 
diameter so determined represents that of a coalesced sphere. 
For this reason the floc size'recorcled via electronic particle 
counting cannot be directly correlated with  the  floc size re-
corded microscopically. 

By recording the complete size distribution from singlet 
particle to the largest aggre.  gate, the conservation of volume 
condition can be utilized to determine the effect of agg-regate 
porosity on counter rce,pcmse. Once this correction is made, 
the Coulter counter-Pi IA-MCA can be effectively utilized 
to evaluate the flocculation process as it oecurs in the reactor 
basin. 
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