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‘and a 10 min. foaming time. The cell enrichment ratio was a power function

/ . | Ty
- ~iiie - _ : -

ABSTRAGT ' . -

—

The foam separation of E. C%'itiain B from distilled water ) yd

suspension using a cationic surfactant, ethylhexade cyldimethylammonium
. -
brormde (EHDA=- Br), was investigated. The expenmental results were

eva.luat.ed in terms of total cell count, using a membrane filtration #
technique. Thrbughou‘.t the series of experirnents, the initial ceﬁ con-

centra.tml\ was held consta.ht at 2.6 x107 cells/ml., and the air“superii-\

cial velocity was 164 em/min. At these condxtmns, the effecta of EHDA- Br
’ ~
-

R i e R akaiad

concentratmn and foaming time were studied. .EHDA-Br concentrat1ons

H

in the initial cell suspensions were vagﬁéd from 0. 020 to 0. 040 mg lml. ’
: 3

and the foaming times were varied from 2 to 10 min, The best performance

corresponded to 99, 9%'removal a.F EHDA-Br concentration of 0.030 mg /ml

of the foaming tirme. At an initial cell concentration of 2. 6x107- cells/ml,

air- superf1c1a1 vsiloc1ty of 164 cm/ min., EHDA-Br concentratmn of 0,030 mg/

) ml., and foaming time of 4 min., the effect of presence of Na Cl, Na NOj3

-

Na 003, and Na SO was inve'ﬂtiga.ted: The addition of from 0.17to -

8.56 .p eq. /ml of aalt decreased\the total cell removal.
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‘the passage of gas bubbles through the bulk medium, then the term

INTRODUCTION »
v PR .

The adsorptive bubble sgpiar’ation processes is the generic

. name  given to all separation methods involving the use of selective

adsorption at gas-liq\}id interfaces, the interfaces being, generated by

+ ‘gas bubbles in liquid media. Figurelis the schematice representatiorf

of subdivisions of adsorptive bubble separation p!-ocessesu!. The
- ' .

initial division is made by sonsidering the method in which the enriched

gas-liquid interfaces are removed from the bulk.media. Ifa foam is

involved in the 'pro.cess, then the term foam separation is used, if the

gseparation is carried out without the ude of a foam, i.e., with only

v

- . ‘
nonfoaming adsorptive\?ubble gepatation is applied.
.y ] - ' ) ) r . v -
ﬂ Foam separationis further subdivided in terms of’the nature o\b’

- .

" the species beling separated. 1f the speciés being separated are part of

a hemogeneous solution, then the term foam fractionation is applied.

-

For example, in the removal of surface-active agents, foam fractiona-

tion would be the proper term to use. -

»

If the speéies being separated are insol‘(\‘ble' particulates, then
\ ) -~ ‘
the term froth flotation or simply flotation is applied. This in tura
f
18 subdivided inta seven parts: ‘ore flotation, macroflotation,

-
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oo . ' '
Mive'bubble geparation processes.

- .‘ | | . - '." l/ .!

microflotation, p:recipita.te flotation, ion flotation, molerular fiotation,

and adsorptive colloid flotation. .
r

L] .
-

In the area ‘of nonfoaming aaso(;phve bubble- separation there

‘are only two categc:ries ‘golvent sub{tmn and bubble fractmnatmn.

- +

Karger and dveo(l), and Lemlich( ) have provided a good deal

1 ! - »

of de on each of the above- -named processes. The interested reader
. ‘

may refer to them. The object in reviewing this classification has

been to place microflotation in proper p'e'r spe ctive with regard to other

As the name implies, microflotation involves the separation of

mi‘proscppicficles by foaming. This process deals with the flotation
of microorg#hisms and colloids. (i.e. cc_:llbid flotation). Amongst the

miéroorganﬁsms used in flptation studies, bacteria have been the most

p'opular)@ fact that bacterial cultures in aqueous medium at neutral

1

Iy (3)

pH, beha.ve as c01101ds, carrying a neéatwe charge ', has permitted

the workers to separate or remove bacteria by the foam. separation

process, using a cationic surfactant as collector.

Scientists and engiﬂeers have been interest-ed in the flotation of
microorganisms for the following reasons: First, using high gas flow
rates, removal rates are much higher than the conventional separation

procesges. Se cond, foaming can provide a means of concentrating cells

‘.. ' . ‘- ’ 1
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for more accurate cell count analysis. Third, the foaming process

~

can be valuable in-the water -treatment p'lants, since the removal of

.
.

bacteria from dilute suspensmns will allow a cutback in disinfectant

Y

o - . )
dosages. Fourth, foaming can be used as a selective method of remov-
mg a.nd/}p-’fc?ﬁ”centratmg ba.ctenal spores and vegetative cells from

the culturegrowth medm.r# Finally,an understanding of the removal

mechanism should prov1de gome ‘fundamental information o\fhe surface

'
[

phenomena of the microorganisms. With these views in mind, it becomes

)

evident that the flotation of microorganisms is well worth studying.

It is the potential use of microflotation in sewage and water-

treatment plé.nts which has prompted this work. The-Grganism chosen

-

for the study is Escherichia Coli; There are three reasons for choosing
this bac;:teria. First, because of the universal presence of E. Coli in
_the human intestinal tracf, and because of the ease with which it can be
identified and counted in a \:ater sample, the presence of this organism
in a water sample is usua.lly us-ed as an iﬁdéx of fecal pollution of the.
water. Second, .mpared to other pat@ogemc bacteria of interest to

the sanitary engéer, E. Coli is relatwely safe to handle in foaming
e:;:perimentﬂ. Finaily, l:m.ving been investigated by several workers

>

(4,567, 8), the related literature available could serve as a guideline

for the novice.

This work is based on the experiments conducted by R.B. Grieves

o

T e di al ol s co Rl

-
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a

-

4,
eta ( ). The equ:pment used is similar but not identica.l to theirs.

The obJect of the work is to st%thc foam separation of E. Coli W1th 4
ethylhexa.decyldunqthylammomum ‘bromide (EHDA -Br) and determine

the effects of foaming time, surfactant concentration, and the presence

of four inorganic sodium salts on the separation process. Two of the

' a
. salts usedr'this study have not been investigated by Grieves and his

team.

ppee ey 0




LITERATURE SURVEY

-

Microflotation is an application of adsorptive bubble separation
procésses which is relatively old. In 194}, Dognor’x(g’ 10) bubbled air
N
through a suspension of staphylococci containing 2 sma 11 number of

BCG strain of tubercle bacilli and found that the BCG cells collected

at the top of the froth. Knowing that most of the organism’s remained

in the liquid' when a clinical specirnen was centrifuged for laboratory
]

analysis, he suggested that flotation be used in the diagnostic labora-

tories to concentrate tubercle bacilli.

Shortly after, Ha.nser; and Gota.a.s(n)- used laurylamine hydro-
chloride to remove b}ctéria from sewage. They reported hig"h removal
rates for un'identifie;i bactéria in 15-20 min., over 99% being removed
by 80-100 mg. /1. of the surfactant, The pﬁ ra;nge of 6-8 was found to

give the best flotation‘results.

in 1958, Boyles and Lincoln collected Bacillus anthracis spores
essentially free of vegetative remains. In studying B. subtilis variety |
niger spores, they found thf:t the spores were not attached to the Iogm
bubbles until a component of the culture medium which prevented adsorp-
tion was removed in a primary frothing. They sugge sted that flotation
could be of value in studies on spore physiology and antigenicity, pha.éo—

cytosis, and stmilar problems in which cell preparations free of cellular



remains are desired,

13 : ‘
Levin et aI{ ) reported the: development of a flotation procedure

I

for harvesting algae from dilute suspensions, Several species of
. L

Chlamydomonas and one specie of Stichococcus and of Chlorella were
FARN

floated using a surfactant 'naturally produced by the organisms. Har- .
e
vesting was carried out in a long cylindrical culture vessel which was

. ' ¢
aerated from below. Ina typical operation, 88% of the cells in 1, 200

ml. of feed culture were harvested in 18 minutes.

In 1962, Gaudin et al(b) tried to float v%rious strains of E. Coli
from the c:u’lt.u‘re medium and from water suspension without adding af}
surfactant. Efforts to recover the cells were unsuccessful @til sodium
chloride was added to the initial suspension, Na Cl acted as a ﬂotati?n
reagent; and although strains re sponded differently to a given Na Cl ‘
conc;ntration, about 85% of the cells were _concentrate:d into one-sixth
the original volume when the ipitial suspension contained 2% Na Cl.
In a second study(7), they used other salts as flotation reagents. Al-
though good results were obtained with carbonates and phosphates, the

use of bicarbonate, sulfate, nitrate, bromide, and iodide did not help

the flotation of E. Coli.

In 1966, the foam separation of E. Coli from distilled water

suspension using ethylhexadecyldimethy mmonium bromide (EHDA-BT)

(4, 5)

as collector was reported by Grieves apd Wang The effect of the



»

. -

-

varipbles: foaming time, initial cell concentration, initial surfactant

concentration, gas flow rate, foam port heig,ht. added inorganic salts,

and multiple additions of gurfactant on the removal of E. Coli was

14 - '
gtudied. Grieves and Wang( ) have further investigated the relative

4
effectifeness withavhich several species of bacteria can be foam

~

separatdd from pure sugpension. Using similar feed suspensions, the

same surfactant (EHDA-Br)

operating conditions, E. Co

at the same concentration, and identical

1i, Serratia marcescens, Proteus vulgaris,

Pseudomdnas fluorescens, Bacillus cereus, and Bacillus subtilis var

!

niger were studied Yndividually. The '"hest' separation was obtained

with Bacillus subtilis var ni

achieved with E. Coli.

Rubin et al(s) report

the foam separation of micr

ger, while theé nworst' separation was

ed the developement of a new te chnique for

oorganisms at low gas.-flow rates. A stable

surface phase was produced by adding an insoluble surfactant such as

a long-chain fatty acid or amine. Due to the formation of this insol-

uble su.rfa.cé' p'ha.se, low rates of gas fiow could be ﬁsed. The use of

flotation aids such as frothe

rs and flocculénts improved the efficiency

of the technique. The applications discussed were the removal of

E. Coli, usinglauric acida

stearylamine without alum.

nd alum, and two species of algae, using

The frother used was ethanol.

. :
A review published by Dobias and '\hni:er(l ) provides many more

examples of applwat:.ons of

foam Bepara.twn to microorganisms.
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The Role of the Cationic Surfactant in the Microflotation Process

It is a well known fact that bacterial cultures in aqueous media
N

behave in many respects as hydrophilic colloids, with the\pacteria

3, 16)

carrying a net negative charge at neutral PH
of this charge on the surface of bacteria has perénitted many workers
to separate or remove bacteria by the foam deparation process, using

a catianic surfaéta.nt as colleétor. . \

The surfactant added as colle ctor-frother in the Ilof_:at;;\ﬁ process

serves three funitions. ' First, the adsorption of the surfa;_ta.nt on the

surfaces of the particles may cause dcstabilization of the _qplloid and
makes the partmles smtable for bubble attachment. Second, -the inter -
action between ‘the particles plus their adsorbed surfactant‘and ”free"
surfactant adsorbed at the gas-liquid interfaces may produce bubble
atta chment of the particles. Finally, the free surfactant molecules
act as a frother producmg a stable foam. This 1s essentially ‘wha.t takes

place in most flotation processes. However, in the case o.f microflo-

tation, the picture is more complicated.

The complication arises from.the facttha.t m microflotation one
is dealing with living organisms which are capablg of unciergoin_g in-
tricate 1nteract10ns with surface-active agents. The surfactani; jons
may be adsorbed at oppositely cha.rged surface groups or within the -

cytoplasm, may partly dissolve in the surface, or may react chemically

rd
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with surface molecules. An extensive amount of research has been

(17-20)

done on the adsorption of surfactants on bacteria , buat no singlé

mechanism has been established,

The work of Saltonug' 20) on the adsor ption of cetyltrimethyl-

ammonium bromide (CTAB) by bacteria islwo.rthy of gc;nsidera;t.ion.

In this important wFrk, Salton concluded that the form of the u@ '
curve of CTAB by Sta.phyloc0ccu:; aureus and Escherichia Coli is that®
of an adsorption fsotherm. Also, tests on six différent bacteria showed
that the maximum amount of CTAR adsorbed varied from one organism
to another. Furthermore, electron microscopy of bac.:t'eria treated for
5 to 30 min. at 20°C with concentrat‘ions of CTAB ranging from 0,045
“to 0.900 mg. /ml. showed evidence of cytologic;al damage. The damage
caused by CTAB to the osmotic barrier (‘a’lso called permeab'ility bar-
rier) resulting in the leakage of cell solutes, was accompanied by 2
noticeable contraction of the cytoplasm, which became detached from
the c;ll wall. AFor. E. Coli there was a correlation between the number
of cells killed and the proportion of cells in which the cytoplasm had
contracted from the wall.-‘ Another observation made was that, when
treated with large amounts of CTAB (i.e., 0.090 - 0.900 mg. CTAB/
ml.; for 30 min., at 20°C}, the cell was either partly or completelly

stripped off.

In studying the foam gseparation of E. Coli from distilled water
* S

w,



-

Va

_suspension using EI—]I)A-ﬁr. Grie'ves.m) found direct evidence for the
"bind‘mg‘ effect of the cells. Analysis made on.'the initial suspensi-ons
produced EHDA-Br concentrations lower than those which s'\hould have
existed, based on the quantities of EHDA-Br which had been added.

This effect was quite noticeable in the initial suspensions containing

8 - L4
1.0 x10 cells/ml. Grieves reports that microscopic examination of

E, Coli - EHDA-Br suspensions showed no evidence of gross cell

(21)

damage. However, this has little significance stmce as Mitchel

pointed out the initial breakage of the osmotic barrier is not accompanied

By any obvious morphological changes which can be detected in the light.

microscope. -
A

When one considers that EHDA-Br like CTAB is a cationic
A
surfactant, and more particularly a quaternary ammonium compound,"

and that the surfactant concentration, contact time, temperature, and

most importantly, the organism ased in Salton's experiments are _,
similar to those in Grieves' experiments, the work of Salton becomes
relevant. The author feels that there is a good chance that there was

a certain amount of damage to the osmotic barrier of E. C.:.oli cells in

) ‘ ‘ -
Grives' experiments. This would most definitely cause a leakage of
o ) (20,21) o .
certain cell constitutents , resulting in the lightening of the cells.

" This would raise an interesting question, How many cells floated due

to buoyancy effects alone?
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. .

‘Baged on the foam separation studies carried out on E. Coli and
other bacteria, all that can be said is that microflotation is an efficient
sep‘aration process. However, any effort toward the explanation of

the results on the basis of an adsorption or reaction mechanism would
be speculative, especially due to the many modes of action that have .
been suggested for the bactericidal propertiea’of quaternary ammonium

salts. ) \\

-
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EXPERIMENTAL APPARATUS

/

Figure 2 shows the foaming apparatus used. The pressure of

N
the oil free compressed air coming from a cylinder was maintained at

6 psig. The air was then filtered on passmg through a glass tube 54
cm. long and filled with glass wool. The f11tered air wasthen saturated
by a humidifier consisting of a fritted sparger in a ﬂask of d1st111ed
water., A calibrated rotameter was used to meter the air. The bubbler

in the column was made from 2 Labpor filter funnel obtained from

'
gty e nea e on veesemanes

Canus Equipment Ltd. The funnel sides were cut to leave a lingar poly-
ethylene filter disk 8.0 cm. in diameter with 30-40 p pores. The
porous disk was then imbedded in a stainless steel chamber. The

cylindrical column had an inside diameter of 8.5 cm., a height of K

86.5 cm., and waé made of Pyrex. The foam was removed from a
port of 1.2 cm. i.d. located 77 cm. above the base of the column and |
57 cm. above the initial suspension level. The column had a sidearm

* 11 em. above the base‘,‘ through which the surfactant could be ihtrpduced

with a syringe.

The bacteria were grown in 50 ml. Corex brand centrifuée
tubes with plastic screw caps (Cat. No. 8422-A) containing especially
prepared nutrient broth. A constant te.mpera.ture bath at 37°C was

ased to incubate the culture tubes. To prepare the initial cell suspen_sion?
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A ‘ .
' g;e culture tubes were centrifuged by means of an IEC Model HNS
centrifuge. 3

Initial suspension analysis was made with a Bauch & Lomb
Precision Spectrophotometer (Cat. No. 33-26-50). ;Visible light with vy
y = 620 mp, a slit width of 0. 5 mp, and cyl.i‘ndrical Spectrosil cells

. Lo
of 50 mm. path length were used. \ '

Samples of céll suspension 'wert;. filtered with a Gelman Borosi-
licate Filter Funnel (Fisher Gat. No. 9-730-208), a 1l. vacuum flask,
and gridded, presterilized Gelman membrane of 0. 45 p pore size.‘ For
total cell count analysis, Series 50 American Optical Binocular mi-

1.

croscope (Cat. No. L50BUA-QW) was used.

The pH measurements'were made with a Tonalyzer model go1/
digital pH meter. Sterilization was done with a AMSCO generai pur -
pose autoclave. Throughout the series of runs distilled water was

used.
The following is the list of chemicals used:

1. BACTO-AGAR (DIFCO)
Cat. No. 0140-01-0, Canlab

2. BAGTO-Nutrient Borth ¢pIFCO)
Cat. No. 0003-(_)106. Canlab

3. Basic Fuchsin
‘Matheson Coleman & Bell
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>

4., 7 Acid Fuchsin : :
Cat. No. F-97, Fisher Scientific Co.

5. Methylene Blue
Cat. No. M-225, Fisher Scientific Co.

6. _Concentrated nitric acid
7. Na OH, H Cl research or a.nalytical'grade'

8. Ethylhexa.decyldimethylammonium bromide
Eastman Organic Chemicals

g. Sodium Chloride (crystal) .
Cat. No. 5-271, Fisher Scientific Co.

10. Sodium Nitrate (analyfical reagent)
_~Analar

11. Sodium Carbonate (‘a.nhydrous) .

Cat. No, 5-263, Fisher Scientific Co.
12.  Sodium Sulfate (anhydrous)

Cat. No. S-421, Fisher Scientific Co.

13. Prepared Gram stain qolutions—obtained from the
Department of Biology, University of Ottawa

14. Sodium hypochlorite Solution (12 %)
G.H. Wood & Co, Ltd. '
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EXPERIMENTAL PRO,GIEDURE

Two épecially prepared nutrient broth tubes were inoculated

.

with a loop from a 20-hr E. Coh culture and incubated at.37° C for

20-hr. under statm cond1t1ons ‘The tubes were then centnfuged at

© 3000 g for 20 minutes. The liquid was discarded into a pail containing

10% chlorine solution. The cells were then resuspended in a very

small amount of distilled Yater. A few ml. of this dense suspensioil

were added to,ﬂfgtilled water and the volume was madg up to 500 ml.

‘to give an 85% transmittance reading at 620 mp. This suspension was

diluted 1:1 to give 1000 ml. of initial cell suspension containing 2. 6 x

. 107 cells/ml.

A 2.0 mg. /ml. solution of EHDA-Br in distilled water was
freshly prepared. The dir flow w.as stérted and maintained at 9.3 1.
/min, 1000 ml. of the ipitial cell suspension were placed in the colu.mn
Then the degired amount of EHDA-Br was mtroduced to the colu.mn with

a syringe. As soonas the foam appeared in the receiver, the timer

swas started. Temperature wasgsheld at 20 +1°C. At the end of each

¥

run, the residual suspension wasftal&en for total cell count analysis.
The volume of the residual suspensmn was carefully measured After
each experiment, the colu.mn was washed with EHDA-Br solution a.nd

rinsed several times with distlled water.

s



\ - 18 - - -

The membrane-filter technique for total cell count was used. /

The sample of residual suspensio'n containing 30-300 cells per micros-

copic field was 'Iilteréd through a Gelman filter membrane (pore size
0.45 mp). The filter was then stained and prepared for micro scopic

Eéxamination. For each experiment, sixteen counts (i.e., sixteen mi-

.

- _croscopic fields) were made.

Details of the experimental pro cedure will be found in the,

.
v
~

following sections.




Y |
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1. - Preparation of Culture Media

. The test tubes with the screw caps, the borosilicate funnel,

- . . N "‘
and the receiving flask were washed with detergent, rinsed thoroughly

with distilled wai.:er and then autoclaved. In the meantime, 1l of
nutirent broth solution was prepared by dissolving 8.0g. of nut;rienf:
;taroth in 1l. ‘B{distilled wat.:er, The broth was then filtered with the
sterile Gelman fii.tration eqluipment. If solid medium was re ui_red,

1. 5% a'.ga'.r was added'to putrient broth, The media were then distributed
in the sterile test tubes \;ith the screw caps loosely placed on. The
tubes were atitoclaved at 15 psi. pressure for 15 min. and were not
removed from the autoclave unti} the temperature ha.d-t—i-‘ropped to

approximately 50°C. Once taken out, the screw caps were tightened

immediately to avoid contarnination.
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/

2. Inoculation ‘Procedure and Injtial Suspension Preparation

E. Coli strain B was supplie:d by the Department of Biology, .

Unijversity of Ottawa. The bacteria were éabcultured monthly from
- ‘

refrigerated agar slants. Using an inoculating loop, two nutrient
broth tubes were inoculated and incubate:i at 37°C for 20'hr. under
.. stati;: conditions. At the enﬁ of the growth period, Gram stains of both
culture tubgs were made to detect possii:le co-ntamina'cion. From these‘
tubes, two more nutrient broth tubes were inoculated with a loop and
the newly inoculated tubes were reirigerated until such time as to be
incubated for the next day's experiment. 'Ther 20 hr. c1.11ture tubes
were then ééntri.fuged a.i 3000 g for 20 min. The cells werg|re'sus-
. pended in a very small amount of distilled water. This dense -suspension
would soon be diluted to produce the initial cell suspension.

aF7T

K

- Throughout the series of runs, 1000 ml.y of initial cell sus{:ensioh
containing 2.6 x 10‘7‘ cells/m} were required. To facilitate the ta sk“
of preparing this suspension, figure 3 was produced. This figure
shows the relationship between the % transmittance reading and the cell
concentration of the sample. (The method used for this calibration is
described in Appendix A). Since the desired cell concentration of 2. 6

X 107 cells/ml. was off the graph, a 500 ml.- suspension containing

7 -
5.2 x 10 cells/ml. was first prepared. This was done by adding a
=
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few ml. of the dense cell suspension to distilled water and making up
the volume to 500 ml. The suspension was then stirred with a magnetic
stirrer and a sample was placed in the spectrophoto'meter cell. If

the reading of 85% transmittance was not obtained, the 500 ml. cell
suspension was diluted or com:e'ntrzuted'a.ccordiﬁglyr until the desired
reading was read out. This suspension was then diluted 1:1 to give

1000 m). of suspension having 2 cell concentration of 2.6 x 107 cells/

-

ml.

Throughout the series of runs, the initial cell concentration was
7 :
held constant at 2.6 x 10 cells/ml. However, with the use of figure 3,
it would have been a simple matter to prepare initial cell suspensions

of various concentrations.

;

J 1t would be worthwhile to point out.a problem that was encountered
in this part of the experiment. The 1% inoculation from a 24hr. culture,

(4)

advocated by Grieves and Wang ~, was found unsatisfactory. Afte.r

the 20 hr. incubation period, this method produced aggregates of ,
E. Coli resembling strings under the microscoi:e. Any attempt to (\.—\\"/
break up the aggregates by stirring and/qr a pH change of the cell sus-

pension to acid met with failure. The method was abandoned. Instead, '

the loop inoculation was tried and found very satisfactory.
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3, The Foaming Procedure

A 2.0 mg. /ml. solution of EHDA-Br in distil.lé' water was |
freshly prepared. The air flow was started and maintained at 9.3 L.
/min, 1000 ml. of initial cell suspension were poured in the foaming
unit through the opening at the top of the column. Tl;e qpening wa s
then t.:i‘ghtened securely. Yarying quantities of EHDA-Br solution were
injected into-the column with a'syringe, pro:tiding initial concentrations
of EHDA-Br ranging from 0. OZE; to 0.040 mg. /ml., As soonas the foam
appeared_ in the receiver, the tirn;:r was started. The length of the
foam runs was 'varied from 2 to 10 minutes. Temperature was held
at 20 +1°C. At t5£ end of ;a.ch run, t e resi.dual.l suspension was
taken for total ceil- count agalysis and for -thre meaaurer_rient of residugl

cell volume, After each ex'periment, the column was washed with

EHDA -Br solution and rinsed with distilled water. . Then, the glass
tube containing glass wool was placed in 250°F oven a d left there

overnight‘. It would be attached to the foaming unit the following day.
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4, ‘ Total Cell Count Analysis

-

To find out the residual cell concentration, time membrane-
filter technique f.or total cell count was used. A ste"rile Gelman :Eilter
of'_O. 45 mp pore size was placed asceptically {grid side up) in the
autoclaved filter holder. The sample of residual suspens'ibn containing
30-300 cells per microscopic field was poured into the funnel and
vacuum was applied to start Iiltra.tion.. The funnel walls were rinsed

with 20 ml. of fresh distilled water. The funnel was then removed and

the filter was transferred to a clean Petric dish. Prior to staining,

.the filter had to be dried in a preheated 100°F oven. By pla.cing"the lid

4
of the Petri dishina slanted position, the drying period could be reduced

to approximately 30 min. The filter was then cut into two sections. One

section was kept intact for possible future reference but the other

section was stained in the following r,nanner; The filter section was i
placed on a pad saturated with distilled w:’;\ter.for a few seconds so that

the water diffused to the entire area'.‘ The bottom of the membrane filter

: ' )
was then blotted to remove excess water. The filter was then placed

.E.or 2 min. on a pad saturated with 10%, W/V, nitric acid in diaj:illed
water, 4 min. on a pad saturated with 0. 1%, V:I/V, acid fuchsin of

pH 6.5, and 90 seconds on a pad satur;ted with 0.02%, %N/V, methylene
blue of pH 6. 4, in this order. After each .trea.tment, the bottom of the

filter section was blotted to remove excess solution. The filter was
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-

then placed in a Petri dish and ovendried at 100° F for 30 minutes.

For xznicroscopic examination, the prepared filter section was pléced

*

on top of a'drop of immersion oil on a microscopic slide;  another ) *
> ' . -

o/ : -
drop of oil was put on the surface of the filter, the whole was coveged

with a cover slide, and a final drop of oil was put on the slide. The

glide was ready for examination when the filter became transparent.

.Examination was made with an immersion objective x 100 and

ocular x 15 using a micromete.r disk in one of the oculars ruled with
. L

100 sections. The bacteria appeared dark red against a faint blue

background. For each experiment sixteen ‘counts (sexteen microscopic '
fields) were made. However, if there were less than 30 bacteria per

gridded surface, more fields were counted for higher accuracy.

LY

The staining procedure-described above is the author's modifi-
cation of an improved technique for staining bacteria on membrane

S aral22) | (4)
#iters . Grieves and Wang followed a different staining procedure

which involved the use of 0. 06% basic fuchsin, solution and filtering of ‘

solution downwafd through the filter. With their method, the bacteria

g the task of enume-

o

appeared dark red against a red background, malki

rating tedious and unr eliable.
]

One of the problems that wer encountered in total cell count

analysis involved the use of distilled water that had been stored in .

polyethylene containers for two days or longer\When this water was
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used to dilute the cell suspensions or to rinse the filtration funnel,

>

. 7’
the bacteria could not be enumerated properly. Extraneous material

interferred with observation of bacteria. Upon investigation, it was
. concluded that this material had leached from the polyethylene containers. .

Thereafter, fresh distilled water and glass containers wexre used.

g

® 7
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5. Sterilization and Disinfection I
The use of an autoclave ih sterilizing the{rmyknedia. old

culture tubes, filtration equipment, etc.):lwa's indispensable. How-
'evei-, many .of the contarhinated beakers, graduated cylinders, a:xd
flasks were easily disinfected by beidg left overnight ina 1:10 dilution
of 12% sodiim hypochlorite solution. The following day, they were

washed with detergent and rinsed with distilled water.

S
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RESULTS AND DISCUSSION

A

The following material balances can be written for the colurn#) :

:

V., = V_ 4+ V' (1)

72 V. = Z V_ + 2.V, (2)

-

where the subscripts i, T, and £ refer to the initial, residual, and

collapsed foam suspensions, respectively. The volume in ml. is desig-

nated by V, andthe cell goncentration, in number- of cells per ml.,

is designated by Z. Equations (1) and {2) can be used to calculate the -

~t

concentration of\cells in the collapsed foam, provided V and Zr have

L

been measured. AS phasized by Grieves and Wa.ng(4), the quantity

Z represents the totdl cells carried from the cofymn in the foam

f Ve
phase as well a8 the cells that adhere to the glass walls of the column

above the liquid level. \Thus, Zf Vf represents the quantity of cells

removed from the initia suspension by foam separation.

. 5y
v

In describing the efficiency of a foam separation process, the

enrichment ratio, ZI/Zr' i.e. the concentration of cells in the total



.
.
o et R

e

collapsed foamn suspensic;h divided by that in the residual suspension

becomes a useful parameter.
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1., ‘Effect of Foa.rhing Time and Surfactant Conce’ntration

Three sets of experiments were conducted ﬁsing initial cell
suspension of 2.6 x 10.7' cells/ml. , air rate of 9. 31 /rﬁin. , and sur-
factant concentrations of 0.020, 0.030, and 0. 040 mg. /ML Foé.r-ning
times Qere varied from 2 to 10 1;ninutes.

-~

T

Figure 4 shows the -relationship between residual cell concen-

tration and foaming time with pa.ra.meté;"s of initial surfactant concentration.

3

Each point on the graph is the result of a separate experiment.

-

As might have been expec ed, the residual cel_i concentration
decreased\as\thj foaming time was prolbnged. The greatest decrease
in the residual cell c'.c;ricentratid‘n appeared to take place within'the'fir ot
2 to 3 minutes of foaming. Also, ata constant value of f;amir;g time,
lower rés;dual cell concentrations were obtained with lower initial sur-
fa.)c;i:ant concentrations and this effect becarr;e more prOnounéed as g in-
cr;aased. For e:&ample, at 9 eq\ial to 10 min, , the residuai cf:ll concen-
tration had dropped to 2. 6 x 104 célls/ml. (99.9% rernoval) for the run

: : . \
with the initial s\rfactant ‘concentration of 0. 030 mg. /ml. and 1. 45 xllo5

cells /mo . 4% removal) for that with initial surfactant concéntration

of 0.040 mg. /ml, The experiments with the initial surfactant concen-

»

~tration of 0. 020 mg. /ml. could not be cont’inueli. for more than 4 minutes.

Even though this surfactant concentration gave the best results for short

periods of foaming, afté; 4 minutes the foam became unstable.
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There was a minimum ‘limit of bulk entrainment in the apparatus
used. This was governed by air rate, surféctant concentration, height
of foam column, bubble size,‘a:nd viscosi:ty of the liquid‘phase. It
looks as if the lower limit was approached at sur(factanf concentration
of 0,030 mg, /ml, Below this value, one cannot obtain 2 stable foam

.

for a reasonable amount of time.

A

Table 1 presents the values of collapsed foam volumes that were
: N

calculated for the three sets of experiments discussed here. At any
given foaming time, the amount of entrained bulk susp.ension in the
foam was highest for the experiment with the greatest initial surfactant
concentration, Of course the process should be conducted in such a
way that a product of least possible volume and the highest possible
cell concentration would be finally obtainéd. This would be equivalent

to a very dry foam. The experiments conducted with surfactant concen-

tration of 0.030 mg. /ml. came closest to yielding such 2 product,

The table shows that as g increased, the foan?‘inecame drier.
An obvious reason lwas that the su:"factant concentration in the column
had decreased. Another co'ntributi;lg factor was that after the inifial
bu;-.st of foam, the liquid level in the column had dropped ‘c'om‘siderably
and the\distance that the foam had ’to rise before le?.ving the foam port
had increasgd, thus allov.vin.g the entrained liquid to drain back into the

-y

column,

| 5.8

|
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TABLE 1

-

r the three sets of runs investigating

_the effects of foaming time and initial surfa

ctant concentration

1

EHDA-Br conc, = 0,020 ——2-| EHDA-Br conc, = 0.030 28| EHDA -Brsconc, =0, 040> ©
: ml , . ml m.
g » (min} Vf , (ml) R*, (ml/min) Vf , {ml) R, (ml/min) : Vf, (rnl)J R, {ml/min)
+ +
2 125 62.5 275 137 337 189
4 "85 . 21.2 281 70,2 491 123
6 - - ) 338" 56.3" 394 65. 6
8 - ; 248 - 31.0 427 53. 4
10 - - 362 36,2 449 44,9
_Rate of entrained bulk liquid removal in ml, /min,
+ - .
Average ﬁwo experiments
-

LY g

RO A
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.

The relationship between cell enrichment ratio and foaming

'
time with parameters of initial surfactant concentration is presented

in.figure 5. Upon examination of this figure, once again it becomes
evident that the best performance is obtained with the smallest initial

concentration of surfactant with as long a foaming as is possiblef.&})

Using a log-log curve fit program, the equations of lines pass-

ing through the points were found to be

z/2_" =" 1.06 250 for initial EHDA-Br conc. of 0.030 mg. /ml.

2',£/Zr = 4,86 ¢ 1.93 for initial EHDA-Br conc. of 0, 040 mg. /ml

o

_ which indicate that the cell enrichment ratio is a power function of the

foaming time,



*
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CI0, . Effect of the Presence of—_Inorganic Sodiurn Salts

To investigate the effect of the presence of inorganic salts K
on the foam separation o‘f E. Coli, a second series of experiments
was conducted with an initial cell concentration of 2, 6 x 107 ceils/
rr;1. . air rgte 0f 9.3 1./n;xin. , initial surfactant concent;a.tion of
0.030 mg. /ml., and a foaming time of 4 minutes. In each exper;lment,
0.17, 0.856, 1,71, 3.42, or 8,561 equiv‘aleﬁt}ml. of NaG1, NaNO,,

Naz' COB’ or Na2 SO4 were added to the initial suspensions before
| 4

the addition of the surfactant. The results were evaluated in terms
of the “r:atio of the residual cell concentration with salt (er) to the
control without salt (Zr) and related to the salt concentfation in the

initial suspension.

By using salts of the same cation, i,e., sodium, one might

investigateqthe relative effects of the radicals ¢l ., NO Co; , and

3 1

50; - on the foam separation of E. Coli. Competition between the cells

and C1”, NO; , CO_ , and SO,

3 ! radicals for EHDA+ ions was expected.

Also it seemed reasqﬁz‘lﬁble to assume that the coﬁ?etiﬁon shown by
Y : .
CO; and SO, would be roughly twice that shown by C1" and NO;

'& e\?lua.te the effect of the radicals on ti-xe same basis (i.e., valency),
er/Zr ratios were plotted against salt‘no-:n-maiities instead of salt
molarities, Consequently, it was expected that at each nc;rmality

&
reading, Z_/Z, ratios would be similar for all the salts.

e :.L:rlm
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Figure 6. shows the re_s'ults. With the e?xception oi'.N.a.2 CO3 3
the addition of 0,17 p eq. /ml. of any salt decreased the residual cell
concentration, However, as the salt concentra'Ltion in the initial
suspension increased, the residual cell concentra.tion'_increased gigni-
ficantly and with the exception of NaCl, the er/zr ratio began to
level off at salt concgntrations greater than 3,5 . eq. /ml, In general,

it may be stated that all the salts used in this study had an adverse

effect on the foam separation of-E. Coli.

Grieves and Wan.ng5 have studied the effect of presence of Na Cl
Na, S0, MgCl, , MgSO, Ca C"le , and Ca SO, on the foam se-
paratién of E. Coli, using EHDA-Br as gsurfactant, It was found that
‘ =
with the exception of very low concentrations of CaClZ, or CaSO4 '
the addition of any of the above named salts increased significantly

-
the residual cell concentration. This effect was much more pronounced

i ‘
when MgSO4 was used, T\he fact that low concentrations of CaSO, did
not increase er/Zr in a manner similar to Mg504t indicated that

simple valency was not the only salt effect on the foam gseparation of

bacteria, and that the nature of the cation also played a role.

Similarly, from figure 6, one can see that NaCl does not increase
A s/zr in a manner similar to NaNO,. This indicates that the intrin-
r .

_sic nature of thd radical also plays a role,
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Actually, these results should not be surprising. Besides an

obvious element of competition that exi-sts };etween the cells afid the .
radical ions for EHD}’L+ adsorption} the’presence of electrolytes
affects the fnagnitude of the negative charge at the cell surface, It
has been report:ed3l that the bacterial surface acts 28 a biokgical
interface interposed between solid and liquid phases and that at fhe
‘site of tﬁis interface, ions are positioned in such a way that the solid
phase (i.e. : the cell) maintains a net negative charge balanced by
the net positive charge of the liquid phase, At neutral pH, the mag-

) nitude of ?{s charge depends (i) on gtructural features of the cell™ *~
surfé.ce, such as_the dissociation of carboxyl and amino groups, and

‘ (ii) the nature and number of i.ons or ionic groups available for
adsorption, i, e., ionic strength, It is possible that the salts that
were added to the ini::ial suspensions reduced (each to a certain extent)

the bacterial surface charge, thereby rendering the cells unsuitable

for flotation,

The collapsed foam volumes were higher for the experiments
with salts than for the control without salt. The combination of high
collapsed foam volumes and high residual cell concentrations makes

the presence of salts undesirable,

.

+ sty e
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CONCLUSIONS
’ h
Based on the studies carried out, the following conclusions can

be drawn regarding. the foam separation of E. Coli'with EHDA-Br:

1, In the case of this study, the best performance (99. 9%, removal)
is obtained with an initial cell concentration of 2.6 x 107 cells/ml.,
air supérﬁcial velocity of 164 cm./min., pHof 7, temperature of 20 C,

EHDA-Br concentration of 0.030 mg./ml., and 2 10 min. foaming time.

”

2. The presence of NaCl, NaNO3 , Na2CO03 ,and Na2S04 in the
initial suspension had an adverse ect on the foam separation of E.Coli

with EHDA-Br.

3,  The high efficiency of the separation process and the simple
equipment set-up, make microflotation a valid means of separating cell%
from aqueous medium.

-
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. 4 —
. RECOMMENDATIONS FOR FUTURE WORK

. ' ?
The experience gained from the foam separation of E. Coli
with EHDA -Br, and 2 study: “of the available literature on microflota-

tion, has convinced the author that there is a great need for understand-

- .

ing the removal mechanism. For as long as this remains a mystery,

no scientific explanation can be furnished for the results.

Taking the case of E. Coli as a model, a plan of rpsearch

would include the following elements:

1. An attempt-would be made to see if the uptake curve of

EHDA-Br by E, Coli is that of an adsorption isotherm. '
2. § Electron microscopy of E, Coli - EHDA-Br suspensions

would be made in order to determine if, at the same conditions
as for microflotation (i. e.‘gﬁmﬁmﬁm surfactant concentration
giving a stable foam, ' specific ;H, contact or foaming time,
temperature, etc.), _the osmotic barrier or any other part of

the cells have been damaged, "

3.. The effect of various cations and anions on the foam se-
paration of E, Coli would be investigated., An attempt would
be made to see if the results can be explained on the basis

of the double layer theory.

Considering the practical aspect of E. Coli flotation:

-
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1. Foam separation experiments would be conducted with

initial suspensiona containing salts in concentrations comparable
to those found in the water of a sewage treatment plant;® The
presence of salts at such concentrations might reduce the re-

'moval rate of the cells'to such a level that the use of micro-

flotation in a sewage treatment plant may be que stioned.
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APPENDIX A

: >
How to relate the % transmittance reading

to cell concentration of the sample
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METHOD .

A 20 hr. culture tube o'£ E. Coli was centrifuged -and the cells
._were resuspended in approximately 125 ndl. of £res:t1 distiiled water ,J
(see s’ecti'on 2 of experimental procedhre!. 'A clean Spectrosil cell |

of 50 mm,. path length was filled with tlxis initial cell sample; and

at ) = 620 my, sht width of 0.5 mp , the % transmittance {(%T) reading
was taken A 1 0 mlvsample of this suspension was p:.petted into a |
100 ml, gra.duated flask and the glass was filled up to the mark w1th
distilled water. From this gecond dilution, a sample g1v1ng between

30 and 300 cells per m:.croecopm f:l.eld was ﬁltered and the cells

on the filter were enumerated (see section 4 of expenmental procedure)

'For each filter, sixteen counts were made. However, if
there were counts where the number of bacteria per gridded surface
was léss than 30, more fields were counted Ifor higher accuracy. The
following equation was used to calcula.fe C, the number of cells per ml,
.in the initial cell sample,
D

C. = E—‘-E'—\:'—o—- cells/ml ' . (3)

' 2
where S is equal to the "working'" surface of the filter (mm ), s is

the area of the entire gridded surface on the micrometer disk (mea-

gured in p.z with a stage micif?meter at the same magnification), q

owadiag
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is the average number of bacteria per gridded surface, and V is the vo-

lume {ml.) of the initial cell sample which was filtered. .

4
’
’

To calculate S, the inside diameter of the borosilicate funnel

+
L]

' resting on the filter was méasuréd;

h Y

2
3.14 .
g . mDl . 2085 gg9.8 mm’

' . .
_ | > -
and . was found to be 5625 1 . With these constants evaluated, one

only had to determine q and V each time that G)éuld be reﬁ'ﬂ'ﬁ

s

i

a specific %T reading.

The procedure described al;ove is.fc‘n- obtainipg one 'poin-t on
the cell concentration versus %T graph. However, the same batch of.:
" bacteria cotld 'I:S)e used-to obtain another or indeed more points on the
graph, The ;nly-consideration would be not to keep the cell suspen-
sion overnight (to avoid settling, clustering, etc.). To take more .
re_adiz-lgs, one h';xd to further dilute the original suspension, tal%;
another %T reading, rin,se the filtration funnel thorougly with distilled

water, and filter a sample of the suspension. The procedure can be

shown graphically,

N s a SRR
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' . — » Take % T reading
U —
Gentrifuged ~125ml. {10 ml - Filter 10 ml. '
Culture ) _ » »
for |second
point on the
graph
# — Tale % T reading . o,
{ : ;
‘ ———
~ 175 ml- ) -
' 1.0 ml._ Filter 10 ml
100 ml, =

etc.

It is itnpossible to give exact dilution instructions as this will depend

on the number of cells present in the 20 hr, culture tube,

L4

"However,

if the tube has been inoculated with a loop, the above diagram can

serve as a guide.

Y
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Experimental and calculated data for plotting C vs. %T

Example and sémple calculation: The centrifuged cells were re-

suspended in approxin;ately 125 ml. of distilled water and the%T

readiag of the suspens.ion was found to be 61, 3, 10 ml. of this suspension
was pipetted into a 100 ml, flask ar;d the flask wa.; ﬁlled up to the’

mark with fresh distilled water. . From this second dilution, 10,0 ml.
were filtered; this represented 0, lml of the Jpitial suspension, i.e.,

Vv = 0.1ml. The filter was then prepared for micrdspic examina.tién

and sixteen counts were made,

+o.
. B S 9%
a = 16 - \

-

(53+63+64+55+52+50‘+44+53+49+51

H

+ 59 + 48 + 47 + 56 + 59) / 16

53.6 . " ‘

Using'equation (3), the cell concentration of the initial suspension

was calculated,

¢ .

- 6
. 989,.8 x 53.6 x 10 7
C = 5625 x 0.1 = 9.44 x 10 cells/ml,

<

Actually, 9.44 x 107 cells/ml, is the mean (x) of a sample of

sixteen counts, To determine the " confidence limits" within which
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the population mean (;p) might fall, ‘one must consider that since the

aumber of itemns (i.e., counts) in the sample is small, the sampling

2
distribution follows the t distribution 3. In other words,

= (4)

~

is distributed according to the ¢ distribution. In equation (4), g7 is
the standard error of means drawn from samples (the value which
woﬁld be obtained if one computed the standard deviation of means
of all f:ossible samples of N items). o cam in turn, be evaluated

. from the following expression,

4
’ — L4
e e A
< N -
DE
=2 (5)
N

where ; is the standard deviation of the population as estimated

Irofr_l the sample;

zxz is the sum of the squared deviations of each item in the
sample from the sample mean;
\ N is the number of items in the sample.

’
F
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The expression N-1 reeregrees of freedom (n) present,

In the case of the cell suspension having %T reading of 61.3 ,

PR AP PIR = +

-

o« ' 4
% = 9.44x 10" cells/ml.
s 989‘sx106 I 475. 75 | 6

o = ?B_Z?X_ﬁ_ x ——15—‘ = 9,910 x 10 cells/ml.
and - 9,910 x 106 6 '
o = 22 —=%X " - 2,48x10 cells/ml |
16 s
: , 4

By considering equation (4) and referring to the t tab1e23, opposite ¢
n = 15, one would observe that the sample means would vary + 2. 1310';
or more from the population mean in about 5 samples out of 100.

Assuming that the 0,05 level of significance is satisfactory as a criterion,

one finds that, if the observed mean is'below the Population mean, the
population mean might be 9. 44 <10 + (2.131) (2.48x 106) =9.96 x 107
éelle/ml. ;  while if the observed mean iq above the populdation mean,
the population mean might be 9. 44 x 107 ~{2.131) (2. 48 x 106) = 8.91x
107 cells/ml. It can be concluded, then, that it is likely that the popu-
létion mean falls between 9. 96 x 10’ cells/ml. and 8,91 x 107.cells/m1. ,
since the fiducial probability is 95 out of 100 that the population mean

falls between these limits,
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A program was written to perform the above calculations for each
'79'1‘ reading, The mean cell concentration values {and their '9 5% confi-
dence limits) were plotted against the corresponding %T readings.

Using'a second program, the line of best fit was drawn through the

points (fig. 3, page 21).

~{

:
a




& EKEM PROGRAM TO CALCULATE MEAN CELL CONC.& 95% CONFIDENCE LIMITS
7 PRINT . - . '

10 DIM X[2r1,YL[28]

15 READ T»VI1,N,TI :

28 LET S51= @ L

25 LET S2= @

‘27 FOR I=1 TO N

28 READ XLI1
3e LET S1=51+XL11]
32 NEXT I

35 LET X1=51/N ' _

40 LET N1=989.B&X1k1E+6/(5625%V1)

44 PRINT “8T">T

‘45 PRINT ‘

5@ PRINT “"CELL CONC.'»N1

51 PRINT "(CELLS/ML)"

52 PRINT -

53 PRINT "MEAN'",NI1

S5 FOR I=1 TO N

60 . LET A=X[1)-XI

65  LET S52=S2+AxA , :

61 NEXT I . .

70 LET S=S2/N :

71 LET S3=52/(N-1) |

g0 LET N2:989.8% SOR (S)*1E+6/(5625%V1) .

81 LET N3=989.8% SOR (S3)*1E+6/(5625%V1)

‘82 LET N4=N3/ SQR (ND .
g5 PRINT “STD DEV",N2 , ‘
g7 PRINT "STD DEV POP',N3

g9 PRINT “STD ERR MEAN",N4

‘9@ PRINT |

92 LET N5=NI1+(N4I*(T1) _ . .
93 LET N6=N1-(N4YK(T1) . . T
94 PRINT "95%CONF.LIMITS ARE",NS5:N6

95 PRINT .

166 DATA 61.35 <1, 165 2.131
—4+g DATA 53, 63, 64, 55, 55 52, 50, 44 N

120 DATA .53: 49, S1, 595 A8, 477, 56, 59 '

999 END

RUN

2T 61.3

CELL CONC. 9.436B9E+7

(CELLS/ML) ' )

MEAN 9. 436Q9E+7 '

STD DEV 9.5952E+ €

STD DEV POP 9.909R9IE+ &

STD ERR MEAN  2.477 +6

9SZCONF.LIMITS ARE 9.96404E+T B.9A814E+7T"

*READY



100 DATA

118 DATA

128 DATA

RUN

2T

CELL CONC.
(CELLS/ML)
MEAN

STD DEV °

STD DEV POP

STD ERR MEAN

69e tse 1:1692-131
45, 48, 41, 60, 50, 435, 56,51
475 475 335 38,50, 32, 57, 43

69.1

B. 14935E+7

B. 1 4935E+7
1. 35692E+7
1. 401 42E+7
3.50356E+6

95%CONF.LIMITS ARE

*READY

180@ DATA TPeTss1519,2. 181
455 27> 35,2140, 53,35, 51, 18,58
46:4@:45;“1:35:37;32;55;45

110 DATA
120 DATA
RUN

2T

CELL CONG.
(CELL.S/ML)
MEAN

STD DEV

STD DEV FOP

STD ERR MEAN

72.7

7. 02932E+7

7.02932E+7
3.99179E+7
1.9@648E+7
4,3737TE+6

95%ZCONF.LIMITS ARE

*READY

196 DATA 76.25+1518,2.110
42,32, 32,275 48> 34, 23,36
51:31;33,36:37’37,37:44,49,31

11@ DATA
120 DATA
RUN

%T

CELL CONC.
(CELLS/ML)
MEAN

STL  DEV

5TD DEV POP

STH ERR MEAN

T6.2

6. 43248E+7

6o A3248E+7T

1.19377E+7

2.H9531E+6

95%CONF.LIMITS AKE

- §5 -

8.8959€E+7

7.94B24E+7

7. @A332E+7

7. 4B2TAE+T

6-11B39E+7

5. 6215TE+7

v e 2 R,




*READY \_ﬁ\'

100 DATA ._81-4;-1:'29320093 '
40 375395 43,25, 40,
32:28:53;35:39:33:44139)40:3@

112 DATA
120 DATA
RUN '
2T

CELL CONC.:
(CELLS/ML)
MEAN

STD DEV

STD bEV POP

STD ERR MEAN

Bl.4

6. 29952E+7

6 29952E+7
1. 21479E+7
1.24635E+7
2.78692E+6

95ZCONF.LIMITS ARE

*READY

100 DATA 84.05,.2,165,2.131
41,795515 665 45555556587
120 DATA 54553, 625 665, 55,84, 64547

116 DATA
RUN

2T

CELL CONC.
(CELLS/ML)
MEAN

STD DEV

STD DEV PQP
STD ERR MEAN

A

-

B4

5-396?3E+7

S+ 3B 6UIE+T
1.15208E+3
1.189B6E+7
2.9 PH6BE+6

9SZCONF.LIMITS ARE

*READY

34,25,34,26 °

6. BB2BIE+T

-

P

Se 94033E+7
!

5. 71 622E+7

4. 6TRS3E+T




c e N

s7-
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LIST :
S REM PROGRAM FOR LINE OF BESTFITS
& REM Y=A+BX . :

8 DIM X[6),YL61

9 . READ N '
1» LET A=
11 LET B=
12 LET C=
14 LET D=
15 FOR I=1 TO N

29 . READ X[131,Y[1)

25 LET A=A+X{I)

26 LET B=B+X[IJI%XLI)
27 LET C=C+Y[I2

eg LET D=D+X[I1xY[I)

B e

30 NEXT 1
31 PRINT
32 PRINT

40 LET 2Z=N#B-A*A

4 LET I=(CxB-D*A)Y/Z

22 LET S=(N*D-A%*C)/Z

a4 PRINT "Y-INT">1

45 PRINT "SLOPE">S

46 PRINT B

41 PRINT "XEXPT","YEXPT""YCALC","%Z ERROR"
53 FOR H=1 TO N -

55 LET @=I+S%XL[H1 |

60 LET E=(Q-Y[H1)*10@/Y[H) \\\ -
65 PRINT XCH1sYIH1,Q:E

7¢ NEXT H

g8 GOTO 10

190 DATA 6 _

110 DATA 61.3, 9.43E+7 s

120 DATA 69.15 Be15E+7 . : .

130 DATA T2.7» 7.03E+7 - S
149 DATA 762, 6+ 43E+7T : :

150 DATA 8l.4, 6.3E+7 - -

160 DATA B84, S5.31E+7

999 END . ,
RUN _ ; L
. Y-INT 1.993E+8 ”
SLOPE -1.72993E+6
YXEXPT ' YEXPT Yé;:E\ % ERBOR
61.3 Q. 43E+7 9.32556E+7 - -1, 10753
69.1 " B ISE+T 7.97622E+7  -2.1323
T2.7 T R3E+T 7.3%344E+7 - 4. 6009
T6e? 6 43E+T 6. TATOTE+T 4.9 4567
Rl. 4 6. 3E+T _ S.B4B41E+T  -T.16815

‘K4 Se JVE+T . 5.39B62F+7 1. 669
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APPENDIX B

Tables of .Eicperifnental Data

M
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In conducting the experiments to determine the effects of

foaming time and initial surfactant concentration, th&{ollowing

parameters were held constant:

initial

initial

temperature
air rate
cell conc,’

volume

20 4 1°C -

9,31, /min.

2.6 x 10.7,-ce113/m1.

1,01

Table 2 - Experimental data for the runs with initial EHDA-Br
concentration of 0, 020 mg, /ml,

foaming time residual vol, vol. of residual microscopic counts
1 Run . . . .
.0 .(rmn.) Vr (ml.) suspension fil- qi
: tered
) V (ml,)
1 2.0 875 10,0 64, 90, 66, 40, 85,
70, 71, 58, 59, 83,
N - 77, 51, 36, 57, 60,
73
2 4,0 915 25.0 59, 88, 91, 44, 46,
‘ ' 43, 52, 45, 46, 48,
30, 63, 65, 45, 53,
91 ' '
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\gable 3 - Experimental data for the runs with initial EHDA-Br concen-

‘tration of 0. 030 mg. /ml,

foaming time. | residual vol.
g (ml.) Vr (ml.)

vol. of residual
suspension fil-
tered

V (ml.)

microscopic counts

3 2.0 . 740

5.0

53, 38,.97, 68, 38,
63, 72, 103,70, 81,
82, 58, 69, 56, .56, °
40

4 2.0 ) 711

5.0

53, 47, 65, 58, 49,
18, 41, 54, 56, 76,
38, 66, 56, 65, 63,
88 :

-

5 40 ("ﬁ‘\ 719

- .25.0

-~ 61, 60, 43, 60, 55,

82, 55,°57, 58, 70,
53, 82, 74, 61, 41,

50

6 . 6.0 " 570

70.0

50, 52, 52, 53, 62,
56, 50, 56, 70, 45,
35, 76, 53, 65, 56,
40

7 6.0, ) 754

73.0

66, 54, 66, 44, 12,
17, 50, 135,74, 175,
62, 55, 64, 61, 57,

120

; 8 8.0 752

202

107,94, 97, 92, 79,
54, 88, 83, 65, 93,
79, 78, 53, 104, 60,
83 S

9 | 1.0 638

306

52, 57, 31, 47, 48,
37, 37, 38, 50, 48,
51, 52, 38, 44, 38,

<
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Table 4 - Experimental data for the runs with initial EHDA-Br concen-
tration of 0.040 mg. /ml,

foaming time | residual vol, 'vol. of residual microscopic counts
g (min,) | Vvr {ml.) suspension fil- qi
: tered
V (ml.)

Run

10 2,0 523 5.0 107, 62, 83, 117,97,
: , | 143,82, 85, 115, 106,
84, 79, 103,137,99,
109 '

- -

11 4,0 509 24,8 - 85, 132,17, 98, 104,

‘ 102,95, 87, 85, 116,

. 79, 97, 115, 109, 86,
101

12 6.0 606 _ 50. 0 114, 177,107,93, 11, Jd
: _ : 121, 98, 109,91, 98,
y & 114, 100,122, 70, 98,
117 _ d
13 8.0 573 - 82,0 ° 112, 147, 110, 116, 131, =
' 104, 88, 118, 93, 11, .-
80, 101, 97, 114, 68,. %
120

14 10.0 ‘ 551 72.0 ‘ 36, 43, 59, 62, 57, =

. 66, 12, 67, 54, 37, 4

58, 66, 69, 59, 61,
- 84 '
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In conductmg the experiments to determine the effect of

presence of inorganic sodium salts, the following parameters were

held constant:

temperature 20 +1°.C
. air rate Y.3 1. /min. -
' ' initial cell conc, ! 72.6x10" cells/ml,
initial volume 1,01,
initial EHDA-Br. conc. 0.030 mg./ml, k2
N
foaming time , 4, 0 min,
Table 5 - Experimental data for the runs with Na Cl X
b 2
.o, -r-j = . . = . x ’
R Na C1l added residual vol, vol, of residual microscopic coun
un {g./1.) Vr (ml.) suspension fil- ‘ qi ' -
tered :€
1 V (ml.) £
15 0. 0100 596 50. 5 45, 44, 31, 57, 52, -
‘ 30, 51, 37, 43, 38, g
- 46, 56, 53, 44, 41, )
45
16 |  0.0502 574" S (X 88, 111, 98, 113, B0, ¢
o : 109, 68, 131, 127,93, ¢
g : 130, 110, 109,123, 89,
— | 105 o=
17 0.0999 542 210 - 99, .6, 88, 97, 75,
: : 76, 78, 105,83, 75,
97, 86, 66, 72, 73,
71
.18 0. 1997 645 19.6 .+ 169,293,260,281,188.
- ‘ 195, 306,231, 244,276
207,296,246,264,234
289
19 0.5002 - 2,0 45, 43, 74, &\80,
. . 44, 60, §1, 85, 62,
70, 42, 50, 52 25,
35, 37
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A

Table 6.- Experimental data for the runs s{ith Na NO3

’

T

Na NO atided residual vol, vol, of residual microacopic counts
Run 3 . . i
(g. /1.) Vr (ml.) suspensgion fil- qi
8- /% rtered
V (ml.)

20 0.0146 626 58.0 77, 66, Y5, 47, 36, 4z
b 69, 56, 65, 59, 47, 5

65, 55, 51, 64
21 0.0736 596 47.5 119, 79, 79, 109,120,97
69, 79, 104,77, 70, 12

. 86, 114, 91, 107
22 0. 1450 582 23.8 ) 52, 79, 74, 51, 63, 4€
: . 41,591, 63, 34, 37, 5¢

- 49, 71, 62, 45
23 0,2906 567 9.1 69, 90, 74, 58, 80, 69
71, 68, 44, 52, 69, 61

71, 46, 82, 62
24 0.7279 693 5.8 58, 55, 34, 60, 59,750
50, 39, 54, 48, 45, 30
44, 44, 36, 31 :
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Table 7 - Experimental data for the runs with Na.‘2 GO3

Na.2 CO3 added | residual vol, vol, of residual microscopic counts
(g/1.) Vr (ml.) suspension fil- qi

e - tered .

.V {ml.)

25 . 0091 500 15,3 * 44, 34, 44, 52, 56,
45, 52, 36, 66, 51,
48, 61, 53, 45, 34,

26 . 0455 - 509 16. 1 39, 49, 61, 55, 69,

- ' 49, 44, 48, 57, 34,
34, 61, 44, 44, 35,
38

27 0.0910 614 15,0 43, 44, 66, 71, 59,
52, 71, 62, 48, 53,
78, 47, 36, 38, 45,
B3

28 0.1810 642 *15. 1 54, 80, 65, 67, 45,
93, 77, 65, 63, 75,
g9, 87, 77, 50, 109,
60

.29 0, 4533 663 12.8 47, 54, 57, 60, 69,

: . 40, 70, 50, 79, 41,
43, 50, 57, 57, 54,
62 :
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Table 8 - Experimental data for the runs with Na, SO,

Na_ SO, added | residual vol, vol, of residual microscopic counts
R 2774 o ;
un (g /1) Vr (ml.) suspension fil- qgi
E. /% tered .
- V {ml.)
30 0.0122 578 30,0 47, 38, 41, 32, 52,
- 73, 33, 32, 45, 43,
43, 32, 35, 57, 34,
32 '
31 0. 0610 555 17. 6 99, 83, 107,95, 79,
85, 47, 82, 90, 85, .
68, 87, 70, 79, 94,
) 68
32 0. 12 14 570 10. 0 59, 54, 51, 51, 33,
37, 26, 52, 817, 56,
47, 56, 49, 58, 26,
49, 34, 56
33 0,2428 601 5.0 56, 45, 53, 40, 50,
38, 66, 35, 74, 43,
40, 47, 53, 38, 2T,
& 48, 31
34 0. 6086 545 5.0 (ig, 30, 43, 38, 50,
N £1, 47, 25, 59, 18,
e 36, 42, 47, 41, 38,
-~ 35, 52, 33
ke o
a
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Sample Calculation and Tables of Calculated Data
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Calculations for run 1l

The residual cell concentration, Z_, was calcula ed from
T

equation (3) in Appendix A, ' S
s.q. 10°
7 =—_S_\T—_
- T 8, :
\—-
For runl, q = (64 + 90 + 66 + 40 + 85+ 70 + 71+ 58 + 49 + 83 + 77

+ 51+ 36+ 57+ 60+ 73) /16

-

= 65
and vV = 10,0 ml - - \
The e: e, Z_-= 9898 x 65 x 107 _ 114 x 10° cens/m1

retore, r -~ 5625 x10.0 = ¢ '

To calculate the enrichment ratio, Zf/zr :

V.=V ¥V (1
i r f
2.1 Vi=erVr+Z£V£¢Z)
ZI zivi-zr Vr
From (1) and (2} --Z—- = Z (V.- V)
r r i T

Substituting the values for run 1

f .. 2.6x 107 (1000) - 1.14 x 10° (875)

T , 1.14 x 106 (1000 - 875)
= 175

- bl LT
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Calculations for ryn 15"

First, the residual cell concentration for the experiment with

salt is calculated,

Ll

For run 15 q=(45+44+31+57+52+30+51+37+43+38+46

+ 56 + 53 + 44 + 41 + 45)/16 '

= 44, 6
and VvV = 50,5 ml
Theref ‘ e Z = ;389'8.:{ 44. 6 x 106 = 1.5 x 105 cells/ml
relore, rs - 5625x 50,5 = :

. : 5
The control experiment without salt is run 5, for which Zr = 4,2 x10

cells/ml.

experime

Then, the ratio of the reaidual cell concentration for the

nt with salt to the residual cell concentration of the control

without salt is,

N 5
. 55 -
/Z - 1,55 x 10 - 0.37
T

T8 4.2 x 10
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Table 9 - Calculated data for runs 1to 14

Z
Run T Zf/Z .
, (cells/mb.) i
. . k] 6
1 1. 14 x 10 175
5.
2 4.0 x 10 754 .
5 A
3 2.2 x10 42,6
" 6
. 4 2.0 x10 43.5
5 .
5 4.2 x10 218
5 .
6 .4 x10 438
7 L8 x10° 584
8 7.1 x 107 1470
9 2.6 x10 2760
e 10 3.5 x 10° 17. 8
11 7.1 x10° 73.2
5
12 3.8 x 10 172
13 2.3 x10° 263
5 \
14 1.4 x10 398 ‘
. k.

For the log-log plot of enrichment ratio versu
with parameters of initial EHDA-Br con

_program was used t

/

s foaming time,
centration, the following

o find the lines of best fit through the sets of points:

™
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6 REM LOG-LOG CURVE FIT~ -

7 REM . .

g DIM XI201,Y[201,4W 201, 3L20]

9 READ N ; .

1@ LET A= O : ' g
11 LET B= 0 i
i2 LET C= @

14 LET D=0 —~
15 FOR I=1 TO N

20 READ W[I13,Z(113

21 LET XCI3= LOG (WLID)

22 LET Y{IJ= LOG (2LID)
25  LET A=A+X[I]

26  LET B=B+X{I}XL1]

27  LET C=C+Y[I] °

28 LET D=D+XCIJ)xY[I]
3@ NEXT I

31 PRINT

32 ° PRINT d

48 LET Z=N%xB-A%A
41 LET I=C¢CxB-D*A)/EZ
42 LET S5=(Nx*xD-A%C) /¥
44 LET 1= EXP (1)
45 PRINT “Y-INT"»I," SLOPE", S
46 PRINT
‘Lﬁ PRINT “XEXPT"."YEXPT",“YCALC","Z ERROR"
49 LET A=1 :
58 FOR I=1 TO N
55 LET ©=A%WLI1tS
60 LET E=(O-ZL1))*100/2[11]

&5 PRINT WCLI1),7[11,0-E
70 NEXT I
1@ DATA 7

120 DATA 2, 43.5 ' :
130 DATA 4, 218
142 DATA 6, 584 1 _ a
159 DATA 6, 436 . - = : -
160 DATA 8, 1479

178 DATA 10, 2762

999 END ' | .

RUN ‘ﬁr
Y-INT 7.061€68 SLOPE 2.5¢415

-
XEXPT YEXPT ycaLG . % ERROR

2 ’ 4206 ’ -‘lﬂ.@élq -5.9518ﬁ

4 218 _ 227.277 ‘ 4.25541

6 5R 4 627.354 . 7.42357

é 436 607,354 43 BREA

R 1478 12R9. 37 -12.2R77

10 27 602 0054452 - —18.3145 _

-~

*READY
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«READY
' U ] .
1@ LATA S ¢ \ L.
110 DA1A 2, 17.8 Ny T .
126 DATA 4, 73.2 . e : '
136 DATA 6, 1782 . .
140 DATA 8, 263 : | . .
1S¢. DATA 10, 398 '
RUN | , . - |
Y-INT . 4.85923 SLOPE 1.93549
XEXPT YEXPT YCALC ' %2 ERROR
2 17.8 18.587 4. 42134
4 73.2 71.0968 *+ -2.8732 .
6 . 172 155. 838 -9.39664 - '
8 263 271.951 3. 40349 : .
12 398 418.851 S.238F4 - .
” ] r"
*READY o

4
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Table 10 - Calculated data for runs 15 t8 34

I

Run Salt conc. er s/Z
(n eq./ml,) (cells/ml.) r r
CJ . LZ -
: . .5

15 0. 171 1,55 % 10 0.37
16 | .  0.856 2.40 x_‘105 0.57
17 L1 7. 11x 10° 1.7
18 3,42 2,23 x 10° 5.3

19 8.56 4,65 x 10° 1,1
20 .« 0,171 LBlx10° 0. 43
21 0.856 ° 3.51x10° 0.84
22 L71 4.22 x 10° 1.0
23 . 3,42 129 x_106 3.1
24 1 8.56 1 40 x 10° 3.3
25 0. 171 5.53 % 10° 1.3
.26 0. 856 5.20 x 10° 12
27 171 6.35 x 10° L5
28 3,42 8.42 x 10° 2.0

1 5 ‘ )

.29 8.56" 7.65x 10 1.8
" 30 0. 171  2.45x10° 0. 58
' 31 0. 856 8.23%10° 2.0
32 1.71 8.61x10° 2.0
"33 3, 42 ‘L 62 x 10° 3.9

- 34 8, 56 1. 45 x 10 3.4

¥





