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Because of the organic nature and the natural foarning charac-

teristics of kraft rnill effluents, it was decided to investigate the

feasibility of using foarn separation as a rnethod of treatrnent. The

treatrnent efficiency was evaluated by BOD and COD reductions as

well as the decrease in toxicity to rnarine life.

Grab sarnples of the whole rnill effluent obtained frorn a kraft

pulp and paper rnil1 were foarned in a colurnn by sparging air through

the sarnple. The effect of adding nonionic, anionic, and cationic

surfactants was evaluated. Sarnples were foarned at Z5o C and 4Oo C

to assess the effect of ternperature.

It was observed that a stable foarn would not always be forrned,

and that the addition of a surface active agent rnay sorrretirnes be

necessary for foarn stability. BOD reductions frorn L5.8 to 35.2

percent and COD reductions frorn 7.9 to Z0.Z percent were obtained.

The addition of surface active agents did not rnaterially increase BOD



and COD reduction.

The bay rnussel try!4gg edulis linnaeus) was used as the test

organisrn for the toxicity tests. TI.rnrs of I.8 to 3. 7 percent con-

centration were observed on the untreated waste. TLrnrs up to 8.4

percent were obtained after foarning. The toxicity reduction factor

(ratio of TLrn of waste after foarning to TLrn of waste before foarn-

ing) was used as the rneasure of toxicity reduction. Reduction fac-

tors up to 2. 3 were obtained when foamed without the addition of a

surfactant and when foarned with Krystallarnide LA, a nonionic sur-

factant. Lower reduction factors were observed when using ionic

su rfactants .

Increasing the ternperature did not affect BOD, COD, or toxicity

reduction. However, a larger volurne of foarn was usually generated

at the higher ternperature.
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I'OAM SEPARATION OF ORGANIC AND TOXIC MATERIALS
IN KRAFT MILL EFT'LUENTS

INTRODUCTION

The kraft paper rnanufacturing process generates large quantities

of liquid wastes of varying strengths. Disposal rnethods for these

wastes have received a Iarge arnount of attention in recent years, but

to date no generally accepted econornical rnethod of treatrnent has

been devised.

The rnanufacturing of kraft paper can be divided into two phases:

pulping of the wood and rnanufacturing of the finished product. The

pulping process produces the largest volufire and rnost concentrated

waste. Evaporator condensates rnake up the bulk of the waste frorn

this process, but excess rinse waters and leakage can also contri-

bute significantly to the waste flow. An average kraft pulping rni1l

using water conservation rneasures will us e 20,000 gallons of water

per ton of pulp produced with over 90 percent eventually being dis-

charged in the rnill effluent. Biochernical Oxygen Dernand (BOD)

averages 30 pounds, total solids averages 250 pounds, and suspended

solids averages 20 pounds per ton of pulp produced (4). The waste

contains calciurn, sodiurn, sulfide and sulfate which are used in the

process, as weII as the byproducts of the digestion and chernical re-

covery phases. Frorn 30 to 50 different cornpounds have been found

in the evaporator condensates in large and in trace quantities (18).
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Sorne of the identified products include lignin, sugars, resin and

f.atty acid soaps, and rnethyl rnercaptans.

The paper rnanufacturing process produces a srnaller volurne

and less concentrated waste than the pulping process. The BOD

averages five pounds per ton of pulp processed, and the suspended

solids averages five pounds per ton of pulp. The rnajority of the

suspended solids are fiber losses frorn the paper rnachine.

Frorn the above figures, an average pulp and paper rnill pro-

ducing 500 tons of paper per day has a waste flow of 15 rnillion gal-

Ions per day, with a BOD of ItZ rng/L, and a suspended solids con-

centration of 80 mg/L. The pH varies frorn 7.5 to 9.0 (4).

'\4rork done by'W'arren and Marvell (18) indicates that the toxic

cornponents of the waste originate in the pulping phase of the process.

The paper rnachine water was considered to be relatively nontoxic

to fish.

Because of the organic nature and the natural foarning character-

istics of kraft rnill effluents, it was decided to investigate the feasi-

bility of using foarn separation as a rnethod of treatrnent.

Purpose and Scopg

The purpose

foarn separation

will be evaluated

of this thesis is to deterrnine the effectiveness of

of kraft rnill effluents. The treatrnent efficiency

by Biochernical Oxygen Dernand (BOD) and Chernical



Oxygen Dernand (COD) reductions. The treatrnent efficiency will

also be assessed by the decrease in toxicity to rnarine life.



FOAM SEPARATION

Introduction

When a surface active agent (surfactant) is present in a solution,

the concentration of the surfactant is greater at a gas-liquid inter-

face than in the bulk of the solution. Foarning of such a solution gives

a large gas-liquid interface at which the surfactants concentrate and

provides a convenient rneans for collecting the surfactants. If the

foarn is collected and collapsed, the resulting liquid (foarnate) will

have a higher concentration of surfactants than the rernaining bulk

liquid. This is the essence of foarn separation.

Surface Activitv

Surface active rnolecules have a separated polar and non-polar

group. The polar group has a high affinity for other polar rnolecules

and the non-polar group has a low affinity for other polar rnolecules.

In a solution of a surfactant and water, the polar end of the surfac-

tant is attracted to the polar water rnolecule, and the non-polar end

of the surfactant is rejected by the water rnolecule. The polar end

of the surfactant has sufficient affinity for the solvent to bring the

entire surfactant rnolecule into solution. If the forces rejecting the

non-polar end of the surfactant rnolecule are sufficiently strong, the

surfactant will concentrate at the gas-Iiquid interface so that part of



the surfactant rnolecule is not in contact with the water rnolecules.

The surfactant rnolecules at the gas-Iiquid interface are posi-

tioned with the polar groups directed toward the solvent and the non-

polar groups directed outwardly. With this orientation, the surface

of the liquid wi]l exhibit a rninirnurn free energy. Therefore, the

addition of a surfactant to water will decrease the free energy which

is reflected by a decrease of the surface tension of the solution.

Highly surface active rnaterials will cause the greatest reduction of

surface tension.

Adsorption

The concentration of a constituent of a solution at a surface is

calIed adsorption. Positive adsorption is an increase in the concen-

tration of the constituent at the surface; whereas, negative adsorp-

tion is the decrease in the concentration of the constituent at the sur-

face. Positive adsorption is characterized by a decrease in the sur-

face tension of a solution, while negative adsorption is characterized

by an increase in the surface tension of the solution. If the addition

of a solute causes an increase in the surface tension of the solution,

the solute is considered to be surface inactive.

The fundarnental equation for adsorption was developed by Gibbs

(5). At equilibriurn with constant ternperature, pressure, surface

area, and cornposition, the Gibbs adsorption equation is:



dy+td;'r*Lq'z+. I+i=0

where: y = surface tension of solution, dlmes/crn.

rr = chernical potention of the cornponents in the bulk phase,
dyne crn. /grn. -rnole

')
p = excess surface concentration of cornponents, grn. -rnol"s/.trr"

In a systern containing one solvent and one solute, equating the sur-

face excess of the solvent, Fr, equal to zero, the equation becornes:

dY+rrd1r.z=o or ta=#
'Z

Csince F, i = ir.i + RT ln a.

where,p I = chernical potential of cornponent in a stand.ard state,
1' dyre crn. f grn. -rnole

,3a. = activity of the cornponent, grn. -rnoles/crnI

R - universal gas constant, d.yne .rn. /grn. -rnole oK

T - absolute ternperature, oK

then -E-=- t dv
. RT dIn a,

For a dilute solution, 'a' approaches rc'

where: g = eorrc€ntration of soJute i.n the bulk phase, grn. -rnol "r/.rn3

then L=- t dY --: dY
4 RT dlnc RT dc

While the Gibbs adsorption equation has lirnited application in

foarn separation, useful inforrnation can be obtained about the char-

acteristics of surface active agents. The Gibbs adsorption equation



indicates that the surface excess of a solute depends on dy/d1n c.

Therefore solutes that have large negative values of dy/dln c will

have high concentrations at the gas-liquid interface.

Foarn Forrnation

Foarns are considered to be a dispersion of a gas phase in a

liquid phase. The gas phase is separated by a thin liquid filrn or

larnella. FouLk (8) rnaintains that a liquid filrn results when two

previously forrned surfaces approach each other in the liquid phase.

A rnechanical force acting to bring these surfaces together is opposed

by a resistance arising frorn the difference in concentration in the

surface layers and the bulk of the solution. A filrn is forrned when

these two opposing forces becorne equal.

Foarn Stabilitv

The rnost irnportant factor affecting foarn stability is the ability

of the filrn to resist excessive localized thinning of the larnella while

a controlled general thinning proceeds. Foarns possess a special

forrn of elasticity such that any applied stresses which tend towards

1ocal thinning of the larnella are rapidly opposed and counterbalanced

by restoring forces generated during the initial displacernent of the

rnate rial.

Gibbs defined this ability of the filrn to resist excessive thinning



as elasticity and is characterized by the equation

E=ZA dV
dA

where: E =elasticity, dynes/crn.

2A = area of the liquid filrn, crrr

If a filrn contains an adsorbed surfactant, stretching of the filrn

by an external force will cause a decrease in concentration of the

surfactant and the surface tension will increase. This increased sur-

face tension counteracts the forces extending the filrn, tending to

restore the filrn to its original condition. Conversely, if the filrn is

contracted, the surfactant concentration increases, which decreases

the surface tension of the filrn, which tends to extend the filrn. A

stable foarn will be one whose liquid filrns have surface tensions cap-

able of fairly rapid local variations.

A second condition for good foarn stability is an abnorrnal super-

ficial (non-Newtonian) viscosity at the gas-liquid interface. New-

tonian fluids do not forrn stable foarns. Non-Newtonian fluids forrn

stable foarns as long as the applied stress rernains below sorrre rnini-

rnurn yield stress. Kraft black liquor foarn exernplifies this behavior

(r r).

Foarn Dra.inage

Foarn drainage is the thinning of the larnellae as the inner layers

of the liquid drains frorn the larnellae. The process of drainage of



9

the

the

layers of the larnellae leaves the foarn rnore concentrated with

solute since the fikn layer(s) next to the gas liquid interface are

rnore concentrated with the surfactant. In stable foarns, the process

of drainage of liquid frorn between the bubbles eventually stops and

the foarn would persist indefinitely if protected frorn disturbing in-

fluences. After certain drainage tirne, the larnellae rernain un-

changed in thickness. Unstable foarns rupture before the process of

drainage is cornplete.

Factgrs Affqcting Foarn Separation

The purpose of foam separation is to reduce the concentration of

the solute in the bulk liquid to a rninirnurn. For econornical proces-

sing of the undesirable foamate, it is necessary to rnaintain its vol-

urne to a rninirnurn. Therefore, the ratio of the concentration of the

solute in the foarna.teto the concentration of the solute in the bulk

liquid (enrichrnent ratio) rnust be large. Gas flow rate, column di-

rnensions, and the addition of chernicals are other factors to be con-

s idered.

Rubin and Gad.en (15) and Bikernlan (3) have rnade extensive

studies of the factors affecting foarn separation and their effect.

These factors are surrlrnarized below:

I. Typ. of rnaterial: Surface active rnaterials wiLl concentrate at

the gas-liquid interface and can be easily separated frorn the solution
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providing a stable or rnoderately stable foarn is produced. Surfac-

tants producing unstable foarns can be concentrated in the upper

layers of a stripping colurnn where they could conceivably be re-

rnoved (7). Non-surface active rnaterials require the addition of a

rnaterial to forrn a surface active cornplex, chelate or other com-

pound. Surfactants are rnost cornrnonly used for this purpose. Non-

surface active rnaterials rnay also be electrostatically attracted to

the surface (foarn) by an oppositely charged surfactant.

Z. Concentration: For a single solute, there is an ideal concentra-

tion where the rrrost stable foarn will be forrned. At lower and higher

concentrations, the stability will be decreased. For rnulticornponent

solutions, stability rnay increase and decrease with varying concen-

trations, or it rnay vary inversely with concentration.

3. Ternperature: Frorn the Gibbs adsorption equation it can be seen

that increasing the ternperature will decrease the surface excess,

thereby decreasing enrichrnent. Increased ternperatures will de-

crease viscosity and will increase the drainage rate; however, the

stability of the foarn rnay be decreased. Higher ternperatures rrray

cause preferential evaporation within the filrn. If the solvent is eva-

porated, the concentration of the solute rnay be increased until the

bubble collapses. There is a critical ternperature for a particular

solute above which it is unable to foarn.
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4. Bubble size: Since interfacial area increases with decreasing

bubble diarneter, rnore surface active rnaterial can be collected per

unit volurne of gas with smaller bubbles. Decreasing bubble size

will increase stability, but rnay also cause excessive entrainrnent

of the bulk liquid.

5. Surface tension: In a solution with a single solute, the surface

excess will be the greatest when the change in surface tension with

the change in concentration is the largest (dt/dc rnaximurn). This

usually occurs at lower concentrations.

6. pH: This affects the solubility of the surfactant and surface ten-

sion of the solution. It has been shown that protein foarns are gen-

eral1y rnost stable when foarned at the isoelectric pH, which is also

the point of rninirnurn solubility.

7. Viscosity: High viscosities reduce the drainage rate and rnay

reduce enrichrnent if foarn is rernoved quickly. However, slow drain-

age will increase the stability of unstable foarns. High viscosities

will a1low the gas bubble to rernain in contact with the bulk liquid

longer, and will allow rnore tirne for the surfactant to rnigrate to

the gas-liquid interface.

8. Gas flow rate: Increasing the gas flow rate perrnits rnore entrain-

rnent and reduces enrichrnent. Unstable foarns rnay collapse in the

colurnn at low gas flow rates.
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9. Foarn stability: Unstable foarns rnust be rernoved as they are

forrned, thereby decreasing drainage and enrichrnent. Moderately

stable foarns rnay break and provide internal reflux which increases

enrichment. Stable foarns require external reflux to increase en-

richrnent.

I0. Colurnn dirnensions: Holding all other factors equal, increasing

colurnn dirnensions will allow rnore residence tirne and should in-

crease enrichrnent.
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APPLICATION TO KRAFT MILL WASTE

Foarn separation of kraft rnilt effluents has not been investigated

to any great extent. A study by Green and Leaf (10) was conducted

to deterrnine the cause of the excessive foarning encountered in the

grinding of green Jack-Pine wood. Hot water extraction was used

to isolate the substance responsible for the foarning. After extrac-

tion, the solution was concentrated by foarn fractionation. The three

rnain constituents of the extract were carbohydrates, lignin and pitch.

Lignin and pitch were colloidally dispersed in the foarn. The carbo-

hydrates did not contribute to the foarning phenornenon. By foarn

fractionation of the extract, approximately 50 percent of the lignin

and pitch were rernoved frorn the bulk liquid. An increase in con-

centration of the carbohi lrates in the bulk liquid was observed due

to the volurne reduction.

McCorrnick (13) did sorrre prelirninary work on BOD reduction

at a Southern kraft rnill. Sarnples were taken frorn three sources

within the plant and foarned in a crude colurnn by sparging nitrogen

through the sarnple. The BOD varied frorn an increase of I3.7 per-

cent to a reduction of 29.4 percent. Enrichrnent ratios of I.33 to

4.06 were observed. Forrnation of a volurninous foarn was observed

in the whole plant effluent. Tests of the foarn and effluent indicated

BOD reductions of 3. 66 to 4.90 percent and enrichrnent ratios of

L. 79 to L. 92.
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McCorrnick rnade further studies in an effort to rernove color

frorn the rnill effluent. Because lignins are the prirnary constituent

of the color of kraft effluents, tests were conducted using a solution

of Indulin A, a pine lignin derivative. Tests at low gas flow rates

gave a srnall volurne of broken foarn. The lignin and COD concen-

tration was greater in the foarn than in the bulk liquid, but there was

no si.gnificant rernoval of lignin. Lncreasing gas flow rates caused

excessive entrainrnent and gave no appreciable enrichrnent. Non-

ionic surfactants added to increase foarn stability increased COD en-

richment but did not affect color enrichrnent. The increased COD

enrichrnent was attributed to the concentration of the surfactant in

the foarn. Low pH favored enrichrnent. This was attributed to flo-

tation rather than foarn separation because the solubility of lignins

decreases with decreasing pH.

An atternpt was rnade to use cationic surfactants to cornplex or

electrostatically attract the anionic lignin. Approxirnately 30

surfactants were tried and all but Arnrnonyx LDA precipitated the

lignin. Arnrnonyx LDA is a 30 percent solution of active lauryl di-

rnethyJ. arnine oxide. Maxirnurn color reduction of 35 percent was

obtained using a bulk solution of 800 mg/L. However, the quantity

of Arnrnonyx LDA required and the volurne of foarn produced rnade

thi s rnethod irnpractical.
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Harding and Hendrickson (11) studied the rernoval of tal1 oil

soaps frorn kraft black liquor by foarn separation. TalI oil soaps

form stable foarns and are the rnajor cause of foarning in black li-

quors. Over 90 percent of the tall oil soap could be rernoved on one-

fourth of the tests and over 80 percent could be rernoved on one-half

of the tests. No correlation couLd be obtained between the quantity

of taII oil rernoved per liter of air and the concentration of the taIl

oil in the feed liquor. The two rnost irnportant variables were colurnn

diarneter and ternperature. Decreasing either variable will tend to

increase yield. The average and maxirnurn enrichment ratios were

lZ and 40, respectively. Enrichrnent was rnost affected by variation

in colurnn diarneter.



16

METHOD OF STUDY

The whole rnill effluent was selected as the waste strearn to be

studied. The study was conducted in three phases: (1) without the

addition of a surfactant, (2) with the addition of a nonionic surfactant,

and (3) with the addition of ionic surfactants. The degree of treat-

rnent obtained was analyzed by the reduction in BOD, COD and toxi-

c ity.

The tests conducted and their purpose are as follows:

1. A whole waste sarnple was foarned without the use of a surface

active additive to evaluate the natural foarn separation potential.

2. A nonionic surfactant, Krystallamide LA, was used to increase

the foarn stability. Krystallarnide LA is a 63-57 percent solution of

lauric acid diethanolarnide. The effect of gas flow rate was also

evaluated using this surfactant.

3. A cationic surfactant, Arnmonyx LO, was used to evaluate the

feasibility of using a surfactant to cornplex or electrostatically attract

the anionic weakly surface active and non-surface active rnaterials

in the waste. The cationic surfactant was evaluated at two concen-

trations. Arnrnonyx LO is a 30 percent solution of J.auryl dirnethyl

arnine oxide.

4. An anionic surfactant, sodiurn laury1 sulfate, was used to evalu-

ate the feasibility of using a surfactant to cornplex or electrostatically
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attract the cationic weakly surface active and non-surface active

rnaterials in the waste. The anionic surfactant was evaluated at two

conc entrations.

5. The anionic and cationic surfactants were foarned in tandern to

deterrnine if different rnaterials were being rernoved by the surfac-

tants. This test was conducted at an elevated ternperature to appraise

its effect.

6. The anionic and cationic surfactants were each foarned in tandern

with the nonionic surfactant. The nonionic surfactant was used to

give foarn stability in order to rernove the bulk of the rernaining ionic

surfactants which were drougfrt to be significantly contributing to the

toxicity of the treated waste. The effect of elevated temperature was

also evaluated.
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APPARATUS

Batch foarning tests were conducted using a one liter sarnple in

a foarning colurnn pictured in Figure 1. A schernatic diagrarn is

shown in Figure 2. Cornpressed air was drawn frorn the laboratory

supply lines and the pressure was reduced to 15 psi by a pressure

regulator. The air wae filtered and the flow was rnanually controlled

through a needle valve. The air flow rate was measured by a Roger

Gilrnont instrurnent flowrneter. The air entered the colurnn through

a rnediurn porosity, fritted glass filtering tube fitted in a movable

rubber stopper which was used to plug the bottorn of the colurnn.

A rnercurial therrnorneter was positioned in the rubber stopper.

The foarning colurnn was constructed frorn a five foot length of

1.5 inch diarneter glass pipe. The foarn exited frorn the top of the

colurnn through a rernovable 90 degree elbow. A variac controlled

heating tape was wrapped around the colurnn to rnaintain the desired

liquid ternperature during the tests. The height of the liquid was

varied by the rnovable rubber stopper in the bottorn of the colurnn in

order to allow the residence tirne of the foarn to be approxirnately

equal at varying flow rates. After leaving the top of the colurnn, the

foarn was broken in a centrifugal foarn breaker and collected in a

beaker.
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EXPERIMENTAL PR OCEDURE

Grab samples of the whole rnill effluent were obtained frorn the

'Western Kraft paper rnill located at Albany, Oregon. Samples were

stored at 40 C in a stoppered glass container until the tests were

conducted.

The foaming operation consisted of bringing a prerneasured one

liter sarnple of the waste to the test ternperature in a water bath.

The colurnn wa6 charged frorn the top with the sarnple and the proper

air flow was adjusted by rneans of a needle valve. The sarnple was

foamed at a constant flow rate (t 10 percent) and a constant ternpera-

ture (* Zo C) until the foarn broke and no m.ore foarn would exit frorn

the top of the colurnn. The rernaining foarn in the colurnn was allowed

to drain rnornentarily. Then the bulk liquid was drained frorn the

colurnn through a tygon tube fitted in a rubber stopper at the bottorn

of the colurnn. The foarn rernaining in the colurnn was allowed to

collapse and was then drained frorn the colurnn and cornbined with the

foarnate, This rnethod approxirnates the conditions that would be found

if a continuous flow rnodel had been used.

BOD and COD tests were conducted within 24 hours of foarning,

and pH was measured irnrnediately after foarning. Toxicity tests

were conducted at the oregon State University Marine Science Lab-

oratory located at Newport, Oregon. The difficulties in
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transportation of sarnples and scheduling, resulted in sorne delays

in perforrning the toxicity tests. Ail sarnples were stored. at 40 C

in stoppered glass bottles until the tests were conducted.

Initial tests using the nonionic surfactant in untreated waste en*

countered several difficulties. Fibers present in the waste settled

to the bottorn of the colurnn, adhered to the colurnn walls, and sorne

were carried over in the foarn. Results obtained frorn the COD tests

were erratic due to the uneven distribution of the fibers. Several

pretreatrnent rnethods were tried in order to elirninate the fiber

problern. Arnong these were, hornogenrzation, centrifuging, filtra-

tion through glass wool, and sedirnentation. Sedirnentation gave the

rnost consistent results. On all subsequent work, sarnples were

settled for approxirnately l2 hours, the supernatant was drawn off

and filtered through glass wool prior to foarning.
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METHODS OT' ANALYSIS

To evaluate the treatrnent efficiency of foarn separation, after

foarning in the colurnn, BOD, COD, and toxicity tests were conducted

on the whole waste, whole waste with surfactant, bulk liquid, and

foarnate. BOD and COD were rrteasured in accordance with the prac-

tices set forth in Standard Methods for the Exarnination of Water and

Wastewater (1). In the BOD deterrnination, the Alsterberg Modifi-

cation of the W'inkler Method was used to rneasure dissolved oxygen'

Sarnples were incubated atZOo C (tZo C) for five days. In the CoD

test, the samples were refluxed for two hours using silver sulfate as

a catalyst and no chloride corrections were applied Hydrogen ion

concentration was rrreasured by a Leads and Northrup pH rneter.

Toxicity tests were conducted. using the bay rnussel (A4ylil""

edul.is linnaeus) as the test organisrn. The procedure norrnally fol-

lowed was to rnake several 100 rnl dilutions of the sarnples in unfil-

tered sea water adjusted to a salinity of 2. 5 percent. A rnale and

fernale rnussel were spawned in separate containers of sea water

using potassiurn chloride as a stirnulus. One rnl each of the sea

watgr containing the ova and sperrr was injected into each dilution

and incubated at Zlo C (tZo C) for 48 hours. The dilutions were then

examined under a rnicroscope and the number of rnussels having nor-

mal shell developrnent were counted. Usually a randorn sarnple of

150 rnussels was counted to deterrnine the percentage of norrnal
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rrrussels. The rnedian tolerance lirnit (TLrn) was used as ,n. rn""-

sure of relative toxicity. Results are expressed in percent concen-

tration by volurne.
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RESUL TS

Test conditions, volurnes of bulk liquid and foarnat€r and foarning

tirne are tabulated in Table I. Results of pH, BOD, and COD analy-

sis are tabulated in Tab1es II, III, and IV, respectively. Figures 3

through I5 show the results of the toxicity tests.

The characteristics of the kraft rnill effluents varied consider-

ably during the course of the tests. pH varied frorn 9. 0 to 10. 5.

BOD varied frorn 2I0 to 3a?, rngfl and COD varied. frorn 577 to 967

rng/L. The range of toxicity was frorn I.8 to 3. 7 percent concentra-

tion. For this reason, an accurate cornparison between the different

test conditions and surfactants cannot be made.

Prelirninary investigations on three grab samples taken on dif-

ferent days indicated that erratic results could be expected. One

sarnple forrned a rnoderately stable foarn, the second sarnple forrned

an unstable foarn, and the third sarnple did not foarn. Accordingly,

the foarning of the whole waste without the addition of a surfactant

was abandoned and the ernphasis placed on evaluating the various

surface active additives. One successful atternpt was rnade to foarn

the waste without the addition of a surfactant.

Ternpe{atr+re

Increasing ternperature generally increased the volurne of foarn

produced. There was no significant difference in the BOD, COD, and



TABLE I
Test Conditions, Volurnes and Foarning Tirne

Surfactant
Conc.

Test Typ. rns,/t

Air flow
rate,

crn. /rnin

Yolurne m1
Ternp.,"i Bulk

liq uid
Foarning

Foarnate tirne, rnin.
I nonionic
2 nonionic
3 cationic
4 cationic
5 anionic
6 anionic

(l) 7a anionic
(i ) 7b cationic
( 1) 8a anionic
(1) 8b nonionic
(I) 9a cati<-rnic
(I ) gt nonionic

t0

50
50

200
100

60
30
30

100
30
50

100
50

10
2,O

IO
10
IO
10
10
t0
10
IO
IO
10
20

z5
?5
Z5
Z5
z5
Z5
40
40
40
40
40
40
40

730
775
49s
8sz
8?3
796
758
770
6rz
804
670
827
740

253
zz2
500
140
175
200
240
7ZZ
385
l9s
322
r65
258

z5
t7
33
40
85
45
4B
Z4
z9
I5
26
L6
L7

(1) Tests 7a, 7b; Ba, 8b; 9a, 9b were conducted in tandern.

N
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TABLE II
Results of pH Analysis

Test

I
?

3

4
5

6

7a
7b
8a
8b
9a
9b
IO

Whole
waste

I0. 3

10. 3

10. 5

10. 5

r0.0
10. 0
10. 4
t0. z
9.0
8.4
9.0
8.4
9.0

10. 3

10.3
I0.4
10. 4
10. 0
10. 0
10. 4
10. z
9.0
8.5
9.0

r_i

r0. z
10.2
10.2
r0.5
9.7
9.8

10. z
10. I
8.4
8.0
8.4
8.2
8,4

Foarnate

9.6
9.9

10.0
9.5
8.8
9.2
9. 8
9.5
8.7
8.2
8.4
8.?
8.6

W'hole
waste

w,/surf . Bulk I:".lrid



Whole waste Bulk
w/surf.

TABLE III
Results of BOD Analysis

uid Foarnate ReductionTest

I
z
3

4
5

6

7a
7b

Ba
8b

9a
9b

i0

Whole
waste

274
274
2,64
264
239
z3g
342
ZBB

ZLO
156

zt0
r46

ZLO

296
296
295
280
3r3
29z
392
303

283
190

zz5
r64

za7
200
I7l
i9s
r84
176
288
250

156
r5z

r46
t43

t52

42O
472
350
500
735
548
683
405

375
248

?39
240

254

67
74
93
69
55
63
54
38
92 (I)
54

4
58 (1)
64

3

67 (r)
58

Percent
reduction

24.4
27. 0
35. 2

26. L

23. O

26. +

15. 8
r3. z
26.9 (L)
25. (

2.6
27. 6 (L)
30. 4
z.L

3r.8 (r)
27. 6

Enrichrnent
ratio
2.03
z. 36
2. 0s
z. s6
4. 00
3. tz
z. 37
t. 62

2.40
1. 63

1. 64
1. 68

L. 67

(i) Overall reduction

N
@



TABLE IV
Results of COD Analysis

1

z
3

4
5

6

7a
7b

8a
8b

9a
9b

10

668
568
749
749
577
577
967
BZ5

578
480

578
483

578

757
757
8?0
839
699
637

r005
886

687
580

551
574

594
6t5
598
62t
474
476
825
tbt)

480
478

483
483

472

I 095
r 196
lo2z
L49o
I4I8
I 099
+5,10

I I4O

846
7t9

807
768

bb5

74
53

t51
L28
r03
t0t
L4?

59
20r (r)

98
2

100 (r)
95

0

95 (1)
106

1r.1
7.9

20.2
17. I
17. 9
17. 5

14. 7

7.2
20. 8 (1)
r7.0
0.4

r7.3 (r)
r6.4

0

r6.4 (r)
IB.3

r. 84
t. 94
I. 7I
2.40
3.00
2. 3L
1. 83
r. 49

r. 76
1. 50

1. 67
L. 59

r. 4l

W'hole W'hole waste Bulk
waste w/surf . liquid Foarnate Reduction

Percent
r eduction

Enrichrnent
ratio

( 1 ) Ove rall reduction

N
\o
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Ternperature - Z5o C

Flow rate - I0 crn. /rntn.
O - whole waste
o - whole waste with 50 rng/L
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Figure 3. Toxicity results - test l.
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Ternperature - Z5o C
Flow rate - 20 crn. frn\n.
O - whole waste
O - whole waste with 50 rng/L
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O - bulk liquid
g - foarnate
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Ternperature - Z5o C
Flow rate - I0 crn. f rnin.
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Figure 7. Toxicity results - test 5.
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Figure 9. Toxicity results - test 7a.
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Ternperature - 4Oo C
Flow rate - 10 crn. /rnin.
O - whole waste
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toxicity reductions.

pll-

In rnost cases the addition of a surfactant to the whole waste

tended to decrease the pH slightly. This would be expected since the

pH of the surfactants was lower than the whole waste. In aII but one

case, the pH of the bulk liquid was lower than the pH of the whole

waste with or without the surfactant added. The reduction in pH

could be due either to the rernoval of some alkaline rnaterial frorn

the sample by foarn separation and/or evaporation, or it could have

been caused by chernical reactions within the sarnple during aeration.

It was observed that the pH of the whole waste would gradually de-

crease if it was stored unstoppered at roorn ternperature. The pH

of the fcarnate was always lower than the pH of the whole waste with

or without the surfactant added. This would be expected when a sur-

factant was used since it would be concentrated in the foamate. Pos-

sibly sorrre acidic rnaterials were concentrated in the foamate.

In test I0, the whole waste was successfully foarned without the

addition of a surfactant. This sarnple also had the lowest pH of the

sarnples tested. Possibly the lower pH increased the foarn stability.

Gas Flow Rate

Increpsing

(tests I and 2),

the gas flow rate when

decreased the stability

using the nonionic surfactant

of the foarn. A srnalJer
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volume of femate was collected at the increased flow rate, but there

was no significant difference in the BOD, COD, and toxicity reduc-

tions. A greater enrichrnent ratio was observed at the higher flow

rate.

An unstable foarn was produced at a flow rate of 10 cm. frnin.

when the whole wa6te without a surfactant was foarned (test I0). By

increasing the flow rate to 20 crn./rnin., a mod.erately stable foarn

was produced.

BOD Reduction

BOD reduction ranged frorn 15.8 to 35.2 percent. More signifi-

cant than the percent reduction is the quantity reduction. Tests 5,

6, 7a, and 8a with the anionic surfactant indicated BOD reductions

of 55 rng/l at 60 rng/L surfactant concentration; and 63, 54, and

54 rngfl at 30 rng/l surfactant concentration. Apparently the anionic

surfactant cornbined with rnaterials in the waste only in srnall quan-

tities or not at aIl.

With the cationic surfactant, BOD red.uctions of 93 rng/t at ZOO

rng/l surfactant concentration; and 69 and. 64 rng/Lat 100 .rrg/1 sur-

factant concentration were obtained (tests 3, 4, and 9a). On the

basis of prior work by McCorrnick (13), this surfactant was expected

to aid in the rernoval of lignin frorn the sarnple. Lignin is not con-

sidered to be readily degradable by biological action and should not
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contribute significantly to the oxygen dernand in the five day BOD

test. It appears that there was sorne cornbination of the surfactant

with organic material in the waste to give the greater BOD reduction

at the higher surfactant concentration. ltrithout sorne external reflux

to reduce the volurne of foarnate, the use of high concentrations of

the cationic surfaetant to obtain greater reduction in BOD would not

be practical due to the large arnount of foamate produced (test 3).

In test 7, the whole waste was first foarned with the anionic sur-

factant and the bulk liquid was then foarned with the cationic surfac-

tant. An additional BOD rernoval of 38 rng/L was obtained. This

indicates that the cationic and anionic surfactants are probably corn-

bining with different materials in the waste.

In tests I and 2, with the nonionic surfactant, BOD reductions

of.67 and 74 rytgh were obtained. This is slightly higher than the 58

rng/l red.uction obtained without the use of a surfactant (test I0).

However, the latter waste was less concentrated which could account

for the difference in rernoval.

Tests 8a, 9a, and l0 were conducted on the sarrre waste sarnple

using the ionic surfactants and without a surfactant. There was no

appreciable differencq in BOD reduction between the three rnethods.

COD Reduction

COD reductions ranged frorn 7.9 to 20.2 percent. As in the BOD
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test, there was no significant difference between the arnount rernoved

by the two concentrations of the a.nionic surfactant (tests 5 and 6).

The cationic surfactant rernoved a larger percentage of COD when

tested at the higher surfactant concentration as would be expected

if the surfactant cornbined with the lignin (tests 3 and 4).

Using the nonionic surfactant (tests 1 and 2), less COD was re-

rnoved than without the use of a surfactant (test 10). The opposite

result was obtained in the BOD analysis. Because of the lower pH,

rrrore lignin was probably rernoved in test I0. During the latter test,

brown colored rnaterial was observed in the foarn. No appreciable

difference was noted in COD reduction when tests were conducted on

the sarne waste using the ionic surfactants and without a surfactant.

Toxicitv Reduction

The toxicity reduction factor (ratio of TLrn of bulk liquid to TLrn

of waste before foarning) varied frorn l. L to 2.3. lMith the cationic

surfactant, red.uction factors of 1. 1 at 2OO rng/l surfactant concen-

tration; and L 7 and I.5 at I00 rng/1 surfactant concentration were

observed (tests 3, 4, and 9a). With the anionic surfactant, reduc-

tion factors of L.6 at 60 rng/L surfactant concentration; and 1. !, 1.7,

and I . 5 at 30 rngfL surfactant concentration were observed (tests 5,

6, 7a, and 8a).

Using the nonionic surfactant, reduction factors of.2.3 at the low
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flow r:ate and 2. 0 at the high flow rate were observed (tests I and 2).

'W'hen foarned without a surfac:tant, the ::edrrction factor was 2. 3

(test l0). It appears that there is no significant difference between

foarning without a surfactant and wj.th a nonionic surfactant.

It was observed that the nonionic surfactant did not contribute

significantly to the toxicity of the whole waste in the concentrations

used. The anionic surfactant had a signif icant contribution to the

toxicity. Toxicity tests with the cationic surfactant were not conclu-

sive in this rnatter. In tests 8 and 9, the ionic surfactants were

foarned in tandern with the nonionic surfactant to rernove the bulk of

residual ionic surfactants. No additional decrease in toxicity was

observed over what was obtained with the cationic surfactant (test 9b).

The anionic surfactantrs bulk liquid toxicity was reduced to approxi-

rnately the sarne level as the bulk liquid of the foarning test without

a surfactant (test 8b).
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CONCLUSIONS

The following conclusions have been derived frorn the above

results:

I. The addition of a surfactant will be necessary in order to forrn

a stable foarn during periods of low foarning potential.

Z. Lowering of the pH rnay increase foarn stability.

3. Increasing the temperature w-ill increase the volurne of foarnate.

4. No significant BOD or COD reductions can be obtained.

5. Toxicity reduction factors up to ?.3 car, be obtained.

6. The addition of the ionic surfactants did not irnprove treatrnent

efficiency.
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Results of Toxicity Tests

Sarnple
concen- Nurnber Nurnber

Nurnber
norrnal, %

Test Sarnple tration, To counted norrnal Counted Adjusted

L, Z Control (ave. )

1, Z 'W'hole waste

I 'Whole waste
with 50 rng/I
Krystallarnide
LA

I Bulk liquid

1 Foarnate

2 BuIk liquid

2 Foarrrate

r00.00

0. 50
1. 00
3.00
5. 00

0.10
Q. 25
0.50
1. 00
2.00
5.00

0. 50
1. 00
3. 00
5. 00
7. 00

I0.00

0. I0
0. 25
0.50
r. 00
2.00

0.50
1. 00
3.00
5. 00
7.00

0. 10
0.50
0. 75
r. 00

I00.00

150

150
150
r50
150

150
r50
150
150
r50
150

150
150
r50
150
150
150

150
150
r50
r50
r50

I50
I50
r50
150
150

150
r50
r50
r50

I00-150

rlg
99
7L

).4
0

r05
98
92
74
65

0

105
88
69
s6
I0

0

8Z
BO

74
o)

0

r07
93
6B

33
0

LIZ
89
70

0

98 - 146

79. 4

66. o
47. 3
9.3
0

70. I
65. 3
5r. 3

4j. z
43. 3

0

70. I
58.7
46.0
37. 3
6.7
0

54. 7
53. 3
48.3
43. 3

0

71.3
62.0
45. 3

zz.0
0

74.7
593
46.7

0

96.6

I00.0

83.2
59. 6

1r.8
0

88.3
82.4
77. 3

62. L

54. 6

0

88.3
74. 0

58.0
47. L

8.4
0

68. 9
67. 2
62. I
54.6

0

89.8
78. Z

57. r
27. 7

0

94. z
74.8
58.8

0

i00.03,4 Control (ave. )
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Sarnple
concen- Nurnber Nurnber

Nurnber
norrnal, To

Test Samp1e . trqti.on, % . counted norrnal Counted AgJg:j_.3
3,4 Whole waste 0. 50 94 85 90. 5 93. 6

3 Whole waste
with 200 rng/L
Arnrnonyx LO

3 BuIk liquid

3 Foarnate

4 'W'ho1e waste
with I00 rng/I
Amrnonyx LO

4 BuIk liquid

4 Foarnate

5, 6 Control (ave. )

5, 6 Whole waste

5 Whole waste
with 60 rr.g/L
sodiurn 1auryI
sulfate

r. 00
3.00

0. l0
0. 50
1. 00
3. 00

0.50
t, 00
3.00

0. I0
0.50
L00
3.00

o. I0
0. 50
1. 00
3. 00

0.50
I. 00
3. 00
5. 00
7.00

0. I0
0. 50
r. 00

r 00. 00

0. 50
I. 00
3. 00
5.00

0. 50
I. 00
3. 00

108
r07

96
I10
113

93

r10
9r

109

r50
150
I50
I50

r50
150
150
150

r50
I50
150
150
150

150
150

3B

150

r50
150
r50
r50

r50
150
150

86
0

91
r00
100

0

r02
85

0

t45
t42
47

0

141
140
r36

0

r45
t43

tb
B

0

143
58

0

r39

r34
I33

99
0

136
rt7

0

79. 6
0

94.8
90.9
88.5

0

97. 3
93. 4

0

96.7
94. 7
3t. 3

0

94.0
93. 3
90. 7

0

96. 7
95. 3
51. 7

5.3
0

82.5
0

99.0
oa)
91. 7

0

r00.0
96. 6

0

100.0
98.0
32.4

0

97. 3

96.6
93. 8

0

r00.0
98.5
52.4

5.5
0

98. 7
46.9

0

i00.0

96.4
95. 7

7r. z
0

97. 8

84. Z
0

95.
45.

0

92,.

3

3

89. 4
88.7
66. 0

0

90. 7
78. 0

0
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Test $arnple

Sarnple
concen-
tr atton, To

Nurnber
Nurnber Nurnber norrnal, %
counted norrnal Counted Adjusted

Bulk tiquid 0. 50
I. 00
3.00
5. 00
7. 00

0. 50
r. o0
z. 00
4. 00

i50
150
I50
r50
i50

r50
150
r50
r50

150
I50
r50

i50
r50
r50
r50
I50

150
r50
I50
r50

150
150
150
I50

r50
150
150
150

r50
I50
r50
150
150

t4L
IZB
IZB
9r
ZB

8l
BZ
z6

0

138
II9

0

139
I35
134
rtz

b5

r3l
5

0

I3B

TZ6
tz5

64
0

r 35
135
rL4

0

r30
1r5
IIl
40

0

94.0
85. 4
85. 4
60. 7
r8.7

54.0
54. 6
17. 3

0

92.0
79. 4

0

92. 7

90. 0

89. 4
74.7
42.0

87. 3

3.3
0

92.0

84. 0

83.3
42. 6

0

90.0
90. 0
76.0

0

86.7
to. (

74. O

26. 7
0

100.0
92. L

92. 1

b5. 5

20. z

77. B

78.8
25.0

0

99. 3

85. 7
0

100.0
97. I
96. 5

80.6
45.3

94. Z

3.6
0

100.0

9r.3
90. 6

46.4
0

97. 8
97. B

BZ. 6
0

94.2
83. 3

80. 4
29. o

0

Foamate 0. I0
(Test conducted 0. 20
separately, con- 0. 50
trol was 69. 7To) 1. 00

Whole waste 0. 50
with 30 pe/t. r. 00
s ooluITI laurvI
sulfate ' 3' 00

Bulk liquid 0. 50
1, 00
3. 00
5.00
7. 00

0.50
r. 00
3. 00

Control (ave. ) 100.00

Whole waste

7a Whole waste 0. 25

with 30 ng/l 0. 50
sodium lauryl l. 00
sulfate 2.00

7 a Bulk liquid 0.50
1. 00
Z. OQ

4. 00
B,00
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Sarnple
concen-

0. I0
0.25
0.50
r. 00
2.00

0. 25
0.50
1. 00
?.00
4. 00

0.50
l. 00
2.00
4. 00
6. 00

0.10
0. 25
0.50
r. 0o
2.00

I00.00

0. 25
0.50
1. 00
2.00
4. 00
8. 00

0. I0
0.25
0. 50
1. 00
2.00
4. 00

0. ?s
0. 50
I. 00

Nurnber
Nurnber Nurnber norlTral, lo

Test Sarnple tration, % counted norrnal Counted Adjusted
7a Foamate

7b Bulk }iquid test
7a with I00 rng/l
Amrnonyx LO

7b BuIk liquid

7b Foamate

8,9, Control (ave. )
l0

8,9, W'hole waste
t0

Ba Whole waste
with 30 rng/L
sodiurn lauryl
sulfate

i50
150
r50
150
I50

150
r50
150
r50
150

r50
150
150
150
150

150
r50
150
150
150

150

150
r50
r50
150
i50
150

I50
150
150
I50
I50
150

r50
150
r50

L23
tz3
IZ0

6

0

135
t34
125

8

0

131
LZt
120

53
0

r3l
128
tz0

86
0

82.0
82.0
80.0
4.0
0

90. 0

89. 4
83- 4
5.4
0

87. 4
80.7
80. 0

35.4
0

87.4
85. 4
80. 0

57. 4
0

r4t 94.0

rz5 83.4
r29 85.0
L?4 82.7
rz4 82.7
50 33.3
00

r39
t2,6
I33
L?,2

4?
0

L28
rz6
129

92.7
84. 0
88. 7

81. 3
28.0

0

85.3
84.0
85.0

89. r
89.1
87.0
4.3
0

97. 8
97. I
90. 5

5.8
0

94.9
87. 7
87.0
38.4

0

94.9
gz.8
87.0
62.3

0

r00.0

88.7
9r.5
BB. O

88.0
35. 4

0

98. 6

89.1
94.3
85.5
29. 8

90.8
89.4
9I. 5

8a Bulk liquid
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Sarnple
concen-

Test Sarnple .tration, ofo

Nurnber Nurnber
counted norrnal

Nurnber
norrnal, %

Counted Adjusted
8a

Ba

8tr

8b

Bb Foarnate

BuIk liquid
Continued

Foamate

Bulk liquid
test 8a with
50 rng/L
Kryetallarnide
LA

Bulk liquid

Who1e waste
with I OO rng/l
Arnrnonyx LO

2.00
4.00
8. 00

0.10
o. 25
0. 50
1.00
z. 00

0.25
0. 50
I.00
2.00
4. 00

0. 25
0. 50
l. 00
?.00
4. 00
8. 00

0. t0
0" ?5
0, 50
1. 00
2. 00
6. 00

0.10
0. 25
0. 50
l. 00
2. 00
6. 00

0. ?,5

0.50
I. 00
2.00
4. 00
8. 00

150
150
r50

r50
150
150
150
r50

150
I50
r50
150
150

I50
150
150
150
r40
150

150
150
150
r50
150
150

r50
150
150
I50
150
r50

150
150
r50
r50
r50
r50

t25
t?5

0

t47
t28
125
r09

0

>141
>141
>l4I
>I4I

0

124
123
LzZ
l2?
116

59

141
t40
136
rz6
tLz

0

>I 41

>l4L
>l4L
>141
III

0

146
r35
LZz
132
116

0

83.4
83.4

0

98. 0
85. 3
83.4
72.7

0

--:

:::
0

8?.7
82.0
8r.3
81. 3
77. 3

39. 4

94.0
93.4
90. 7
84. 0

74.7
0

ii. o

0

97.4
90. 0

8r.3
88.0
77.4

0

88. 7

88.7
0

100.0
90.8
88. 7

77. 3

0

100.0
100.0
r00.0
100.0

0

88.0
87. ?

86.5
85. 5
82.3
4I. 8

100.0
99.3
96.5
89. 4
79.5

0

100. 0

100.0
I00.0
i00.0

78. 7

0

100. 0

95.7
86,5
93. 6
BZ.3

0

9a

9a BuIk liquid



56

APPENDIX Continued

Sarnple
concen- Nurnber Nurnber

Nurnber
norrnal, %

Tes,t Sarnplq. tl3tign, % counted_ norrnal Counted Adjuste_d
9a Foamate

9b Bulk liquid
Test 9a with
50 rngfl
Kr1'stallarnide
LA

9b Bulk liquid

9b Foamate

10 Bulk liquid

10 Foamate

150
r50
150
r50
r50

r50
150
150
150
150
r50

r50
I50
r50
r50
r50
r50

Not tested

0. I0
0. 25
0. 50
r. 00
2. 00

o. ?5
0. s0
r. 00
?.00
4. 00
8. 00

0. ?,5

0. 50
l. 00
?.00
4. 00
8.00

0. 25
0.50
1. 00
?.00
4, 00
8. 00

0. 10

0. 25
0. 50
1. 00
z. 00
5. 00

150
r50
r50
150
150
i50

r50
150
r50
r50
r50
r50

r42
135
137
r32

0

>r4l
>I4I
>t4L
>I41
rz5

0

>141
>141
>L4L
>14I
r18

0

>I4I
>I4I
>L4L
133
r33

tt

r45
140
t34
143

50
0

94.7
9Q. 7

91. 3

88. 0

0

ir. n
0

_:_
78.7

0

tt. t
88. 7
51.3

96. 7
93.4
89. 4
95. 3
33. 3

0

I00.0
96.5
97. Z

93.6
0

100.0
I00.0
100. 0

100. 0

88.7
0

100.0
100. 0

100.0
100.0
83 7

0

100.0
I00.0
100. 0

94.3
94. 3
54. 6

100.0
99. 3

95. 0
I00. 0

35.4
0


