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1.0 INTRODUCTION

1.1 Statement of Prohiem

A concerted effort is currently being expended by various government
agencies and laboratories to develop efficient oil removal systems for treating
discharged bilgewaters. The oil-removing efficiency of any oil-water separator
is grossly affected by the condition of the incoming bilge-water-oil mixture.
Under most circumstances the oil in the bilge usually has sufficient residence
time to naturally separate from the water (ship in nort) or else is only
loosely emulsified (ship at sea) thereby presenting Tittle difficulty in
removal from the bilge water during or prior to discharge.

However, all bilges are usually collection points for other variocus a: -
sundry liquids which find their way into the bilge spaces. Of great interest
would be any rinse or vwash waters generated during clean-up operations and it
is likely that various detergents and cleaners would be used to “cut" grease
and oily matter from machinery, decks, bulkheads, etc. and this highly
emulsified Tiquid would find its way into the bilge spaces. These detergents
and cleaners would then react with or emuisify to some extent any of the
hydrocarbon products already present. especiclly when this mixture has to be
pumped. These more stable detergent-oil-water emulsions would then have an
adverse effect on the efficiency of the biigewater o1l removal system and/or
would increase the maintenance schedule of the system. For example, it has
been shown th?t some coalescing filter cartridge type separators are disarmed
by detergent '. That is, upon exposure to detergents, the filter fibers lose
their ability to coalesce 0il. The exact phenomenon is not known but it is
suspected that the surfactants change the oleophilic {0i1-1rving) character-
istics of the fiber surface to a more elesphobic (oil-hating) condition.

Therefore, since elimination of the use of detergents and cleaning
compounds on board ship is not practical. 1t would be desirable to specify
those formulations having minimum effect ¢i separators and monitoring
equipment. For that reason, this study focused on pure synthetic detergents
and high-moiecular weight polymers, as well as several commercial formulations
of interest.

1.2 Purpose of Study

This study had a four-fold purpeose. First, this study was conducted to
imeasure the effect which a group of selected detergents and cleansers have on
various oils under controlied conditions by making particle size distribution
and population measurements. These data then aliowed caiculation of oil
volume emulsified (dispersed) as a function of detergent type and con-
centration.

Second, a study was also made into the effects of various high molecular
polymers,used to reduce fluid friction in nipes, oan 01l particle size
distribution.

Third, the scope of this program included testino the effects of deter-
gents on the peformance of the breadboard o0il-in-water menitor, Leing developed
at General Electric under contract DOT-CG-32370-A.

i
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Fourth, during the proposed program, a siudy of selected existing data on
0il particle size distribution and analysis was conducted. In order to better
correlate these data, it was proposed to convert the data to some common base.
It would then be possible to more directly compare the results of these
previous investigations. In this way a more complete understanding of small
oil particle generation and behavior under various conditions of agitation
rate and intensity would be possible and would be of great value to later
investigations. Applicable data from the first phase of this study was also
included in this correlation.

1.3 Intended Applications

The test results were expected to show which detergent-cleanser formula-
tions could be predicted to produce highly stable emulsions in bilge-waters.
From this data, it was hoped that it would be possible to specify those form-
ulations which would have minimal effect on bilgewater separator perfor-
mance. Finally, the data might make it possible to specify new "tailored"
formulations which would have minimal effect on bilgewater separator systems.

2.0 TECHNJCAL DiSSERTATION

Detergents and cleansers can be chemically classified as to their mode
of allowing oily matter to be rinsed or washed from various surfaces and
suitably dispersed by or into water. The term water nerein is meant toin-
clude fresh, salt and brackish-type waters. The term detergent, by defin1tion1,
formerly meant a substance or mixture which has a cleansing action due to a
combination of properties including lowering of surface tension, wetting
action, emulsifying and dispersing action and foam formation. Ordinary soap
is the best known example. However, the word detergent is now coming to mean
the synthetic variety, in distinction to "soap" which is derived from natural
fats and oils. Synthetic detergents, according to reference 2, are materials
which have a cleansing action 1ike soap but are derived directly from sub-
stances other than the ratural tats and oils. Synthetic detergents are
surface-active agents which have structurally unsymmetrical molecules con-
taining both hydrophobic groups and hydrophilic hydrocarbon chains.

There are three main types of detergents:

(1) Anionic detergents form negatively charged ions containing the
oil-soluble portion of the molecule, the ionizable group is the
hydroplilic portion. Soap is an example of this class and the
synthetic members of this class are sodium salts of organic sulfonates
or sulfates.

(2) Cationic detergents or invert soaps, ionize so that the oil-
soluble portion is positively charged and the principle examples are
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quatenary ammonium halides. Outstanding gemicidal activity overshadows
the detergent applications of this type which accounts for only about
10% of the total synthetic detergent production in the United States.

(3) Nonionic detergents do not ionize but acquire hydrophilic charzcter
from a oxygenated sidechain usually poly-oxyethylene. The oil-soluble
part of the molecule may come from fatty acids, alcohols, amides our
amines. By suitable choice of the starting materials and regulations of
the length of the polyoxyethylene chain, the wetting, foaming or deter-
gent properties of the nonionic may be greatly varied. Furthermore, they
can be used in combination with either anionic or cationic detergents.

In commercial tformulations the variations depend on the intended
application. This is evidenced by the wide variety of products one finds c¢n
the shelves of any suvermarket or automotive supply store. Regardless, all
detergents are made of some variation of the three basic types of detergents,
i.e., anionic, cationic, nonionic species; however, they also include
perfumes, optical brighteners, soil-suspending agents, moisturizers, etc.

A typical heavy-duty detergent might consist of 20% organic surfactant, 45%
phosphate detergent builder, 25% sodium v1fate, silicate, other organic
builders and 10% of the miscellanecus matter mentioned above. The purpose

of this study has been to examine more closely the behavior of each specific.
detergent class using three of each type. As will be pointed out later, the
study uti1’ized a select number of o0il types which might be found in a typical
bilge and *two crude oil types which might be found in a cargo tank during
tank cleaning operations. A complete description of the test matrix will be

presented later.

2.1 Basic Emulsion Theory

"An emulsion is a heterogeneous system, consisting of at ieast one
jmmiscible 1iquid intimately dispersed in another liquid in the form of
droplets, whose diameters, in general, cxceed 0.TA. Such systems possess a
minimal stability, which may be accentuated by such additives as surface-
active agents, finely-divided solids, etc." (p.2 reference 3)

Also (from pp. 2-3, reference 3), in discussing emulsions, it is
necessary to distinguish clearly each of the two liquid phases present. The

phase which is present in the form of droplets is called the cdisperse or
internal phase; the phase in which these droplets are suspended is called

the continuous or external phase.

When two immiscible liquids are in contact with each other, the free
energy between them at the lowest possible level is when one (0il) is simply
a layer on the other (water) in some containing vessel (bilge). This free
energy is a function of the surface or interfacial tension of each liquid
against the other, usually expressed in dyres/cm. If the one liquid (0i1)
hecomes a disperse phase in the other (water) continuous phase or vice versa,
the interfacial free energy increases with the increase in area of contact
between the two phases. The smailer the droplets in the disperse phase
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(increase in area) the greater the free energy present. Since such systems
tend toward a minimum free energy, processe, which iower interfacial area and
free energy, such as flocculation and coalescence, will tend to occur.

Flocculation and ccalescence are the result of instability, however,
emulsion stability improves with the presence of additives; surface-active
agents (such as synthetic detergents), finely divided solids, etc. as stated
previously. In certain cases, an additive in either phase may affect the
stability by changing the interfacial tension.

Another phenomenon which can be measured and which indicates the
stability of an emulsion is that property known as the Zeta Potential. The
Zeta Potential is the electrical potential at the plane of shear between the
mono-layer of charged particles adsorbed on the droplet (the Nernst layer),
and the bulk of continuous phase. If the oil droplets, in the case of
interaest, become charged, by adsorption of surfuctant ions for example, the
droplets will repel each other whenever they tend to collide (like charges
repel) and flocculation/coalescence will not readily take place. When the
Zeta Potential (ZP) is above -40 millivolits, the emulsion (suspension) is
expected to show good stability and emulsions with ZP of -80 to -125 milli-
voits would show maximum stability.

2.2 Surface Activity ;

The effect of surface active materials on interfacial tension and/or
zeta potential within an emulsion system is quite striking (a surface-active
agent is defined as any substance which shows a marked tendency to adsorb at
a surface or interface). Experiments have shown that surface-active agents
such as 0.001 Molar (~~300 ppm) sodium oleate, can reduce interfacial tension
by a factor of 4,000, or from a stability standpoint, the surfactant wculd
produce a more stable emulsion.

Bulk properties (those of the emulsion as a whole) of solutions of
surface active compounds are also quite unusual with increasing surfactant
concentration. Conductivity values show a deviation towards increased
conductivity, while colligative or osmotic properties decrease. One postu-
lation which explains why these phenomena occur and which relates surface to
bulk properties is the micelle theory, advanced in 1925 by J. W. McBain.

(p. 36-37 reference 3)

As background for the micelle theory, it was recognized that surface
active molecules are characterized by the presence of a polar group (which
has high affinity for other polar groups and moiecuies, inciuding water) and
a non-polar group which has a Tow affinity for water. In an aqueous solution
of a surfactant, minimum contact between the non-polar groups of the surfac-
tant molecules and water riolecules is accomplished by a clustering of surfac-
tant molccules so that the non-polar groups are in contact with each other,
yet are surrounded and hidden by the polar (hydrophilic) groups of the
surfactant molecules.

D]
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2.3 Properties of 0il/Water Mixtures Containing Surfactangg

Simply stated, the existence of micelles would account for the behavior
of surfactant solutions mentioned. That is, the reduction of the total
number of particles (ions or undissociated molecules) by mjcelle formation
would account for non-ideal behavior with respect to colligative and similar
properties. Furthermore, micelles would be more electrically conductive than
in the unassociated form. : i

Aqueous solutions of surfactants also generally exhibit a marked change
in their physical preperties over a rather narrow surfactant concentration
range. This rapid change is thought to be due to micelle formation; the
surfactant concentration at which micelle concentration suddenly becomes
appreciable is referred to as critical micelle concentration (CMC). At
concentrations greater than CMC, surface tension of the solution does not
decrease further with an increase of surfactant concentration. Foaming and
detergency often are at a maximum at the CMC, although ability of surfactant
solutions to "solubilize" water-insoluble materials ?oils)';tarts at CMC and
increases with concentration of micelles. That is, as long as sufficient
surfactant is present to completely cover each oil droplet generated, the 0il
will be “solubilized" or emulsified. Below CMC, the oil drpplets will tend
to flocculate and coalesce because of incomplete coverage qf surfactant on
each oil droplet.

The value of CMC of ionic surfactants is also affected by the presence
of salts or polar compounds, structure of surfactants,:.and temperature.
Salts lower the CMC value with the amount of depression governed by the
concentration of ions in the water of opposite charge to that of the surface-
active molecules. This has been explained earlier as due to the micelle
substantial surface charge density compared with single ions in solution.
Repulsion between ions and micelles of the same charge produce a greater
separation than between ions of the same charge. Ions of gpposite charge to
micelles are more strongly attracted.

When oil/water mixtures cont;ining surfactants are mixed or agitated by
some means the micelles which form have the non-polar portjon attached to the
011 droplets and the polar end faces out in an oil/water emulsion, and the
opposite if a water/oil emulsion forms. At certain oil/water ratios, it
would also be possible to obtain both types of emulsions, hoth of which

could be extremely stable. In bilge applications, it has heen shown that at
011 concentrations approaching 1% and above it is highly 1ikely that the
water/oil emulsion (or reverse emulsion) will begin forming. This is usually
the cream inversion one sees at the interface between separated oil and the

water.

2.4 Emulsion Behavior

It has been recognized for a long time that most good emulsifying agents
were surface active materials, or materials which have a marked tendency to
adsorb at the oil/water interface. Hence, the surfactant will affect the

5



interfacial tension. The significance of this, in emulsion formation/
stability can be shown in the following exampie (See p. 96. Reference 3). If
ten cubic cm of olive 0il is dispersed into droplets of 0.1Y4 radius, the
total interfacial area created is 300 sq. meters. The interfacial tension

of this 0il against water at 20°C is 22.9 cdyne</cm. The work required to do
this would be 1.64 gram - calories. The work necessary to emuisify 100 pounds
(45,400 gms) of olive oil would be 8.09 Kilogram - calories (Kg-cal,); this
represents a substantial amount of pctential energy stored in the system and
hence a considerable degr2e of thermodyramic instability, as described in
Section 2.1, Basic Emulsion Theory.

If the same amount of olive 011 was emulsified in a 2% soap sclution. the
work required (or the interfacial energy) would be only 0.75 Kg-cal, as the
soap would reduce interfacial tension to as lTow as 2 dynes/cm. Althougn this
lTowering of surface tension is significanc, it is not the only factor in
explaining stabilizing effects of emulsifying agents since other non-surface
active materials (gums, fine solids) are also effective stabilizers.

The depression of interfacial tension tmpiies that the emuisifier is
concentrated at the interface, forming an interfacial film which has a
stabilizing influence. I? the presence of emulsifiers (compared with the
simple oil/water emulsion/. collisions between dispersed droplets will result
in flocculation/coaiescence less frequently, due to the protective interfacial
film covering the many droplets. The same protection can be provided by gums
whichwould form a mineral coat on the surface. O0f course, combinations of
any of the avove phenomena would also contribute to the stability of an ¢il/
water emulsion and all are likely to occur in a ship's biige.

Regardless, dispersed liquid droplets will eventualiy tend to coalesce
since the interfacial energy must be dissipated. One way to decrease this
energy is to reduce the interfacial area and this is accomplished by floccu-
lation and coalescence. The interfacial energy is at a minimum when dispersed
droplets have finally coalesced into one large liquid mass. Hence, given
sufficient time varying from seconds to years, an emulsion will eventuaily
revert to two continucus phases separated by a single interface.

This occurs due to three inter-related forms of instability: sedimen-
tation, flocculation and coalescence. Since the dispersed oil dropliets are
usually of Jower denisty than the continuous phase, they will tend to
accumulate at the top of the emuision. Rise rate depends upon density
difference between the two phases, particle size, and viscosity of the
continuous phase (Stoke's Law). Rise velocities, given by Stoke's lLow are
frequently quite Tow and essentially negligible for most o0il drops smaller
than ten microns.

_ Flocculation is agglomeration of dispers:d droplets into a loose cluster,
in which particles retain individual character. Forces responsible for this

process are London-vander Walls attractive forces. Effective particle size
is increased when flocculation occurs, hence increasing oil droplet rise rate.

T Emulsions: Theory & Practice, page 96
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Flocculation probably occurs even in emulsions stadbilized by emulsifying
agents especially if the interfacial film on the droplets {s incomplete.
Dispersed droplets may meet at the points which are not coyered with adsorbed
emulsifier, flocculate and rise out of the bulk solution. By definition, an
emulsion is not considered "broken" unless coalescence follows flocculation
since flocculated particles are easily redispersed by mild agitation.
Coalescence is generally the slow step in the process of egulsion breaking,
thus the rate of coalescence determines enulsion stability,

It is generally recognized that the intertacial film gf an adsorbed
emulsifier on dispersad droplets is the barricr which prevents coalescence.
If displacement of an adsorbed emulsifier iayer at the interface occurs, or
droplets have incompletie monolayer coverage, coalescence may proceed. Unlike
flocculation, coalescance is irreversible. So the stability of an oil/water
emulsion is dependent on many factors and depends on compléx interactions
even under ideal laboratory conditions. The compliexity increases by orders
of magnitude when one considers the complexity of waste water produced in a

ship's bilge.

The foregoing is a rather simplified discussion of the complexity of
small oil particle behavior in water where other additicnal substances
present in minute amcunts can grossly affect the behavior ¢f the oil parti-
cles. Many volumes nave been written on the subject of emylsions and a great
deal of energy (dollars) has been and will always be expended to produce
stable emulsions (figuiratively and literally). This study has been more
concerned with gross overall effects of detergents on the amount of dis-
persed or emulsified 0il generated under controlied conditicns. The
emulsion stability is of interest for the short time span of minutes not
months or years as is the concern in the commercial aspects of emulsion
technology. This technology area is extremely complex and an understanding
of some of the theories behind emulsion behavior was felt ;o be in order.
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3.0 EXPEPIMENTAL PROCEDURE

3.1 Emulsion Preparation and Stability Discussion

Emulsion study and experimentation does not lend itself to simple
procedure. Preparation of emulsions where all of the oil is completely
dispersed into some finite particle size range is a monumental task in
itself. Even as the oil passes into the agitation zone of a centrifugal
pump, the emulsion formed immediately upon the exit of the zone is
undergoing coalescence because of the high collision rate and energy of
the system. Going back one step, the amount of 0il which is emulsified
at the inpeller blades is a function of the o0il break-up rate versus the
re-coalescing rate. Because of the very short residence time in the
agitation zone, it is not surprising that only small amounts of the oil
become emulsified (dispersed). Previous investigators have found that
a simple centrifugal pump, usually thought to produce a high degree of
emulsification, actually emulsifies only about 5% of the input oil
concentration.

When an emulsion or more correctly, dispersed mixture, is allowed to
settle after agitation, the mixture will not be completely stable.
Droplets larger than 15-25 microns, obeying Stoke's Law, will rise, and
these plus other smaller droplets will be colliding or flocculating and
coalescing to varying degrees, depanding on existing physical and chemical
conditions. This partly describes the so-called "instability" of the
mixture. Finally, after some time, minutes to hours or even days, a more
stable condition exists. At some point in time the experimenter must
make his measurements in order to attempt to relate his finding to some
earlier time or time zero.

In this study it was felt that a settling time of two minutes after
agitation was terminated would be a suitable point in time to take a
representative sample of the mixture for measurement. Ir a practical
sense, this two minute interval is about the residence time in an oil/water
separator downstream of the pump (agitation source). Since the analytical
process also required some time span, the data reported was actually
obtained three minutes later or at T+5 minutes.

decause of the instabilities of oil/water emuisions, a series of
measurements were also made over 2-3 minute intervals up to T+45 minutes
to detcrmine whether the representative sample itself was undergoing any
s1gnificant changes during the analysis in the instrument. The results of
these lcnger count time measurements will be discussed later.

3.2 Seiection of Detergent Candidates

Since one ot the main points of interest in this study involved
basic detergent ingredients, a number of pure surfactant compounds were
obtained from chemical manufacturers. Those companies which supplied
chemicals for this study are listed in Table 3.1. From a total of fifty-two
detergents submitted, twelve were selected for testing: three of cationic
type, three of anionic type, three non-ionic type, and three commercial
types. These three classifications of syndets, plus three commercial
products were included in order to evaluate detergent effect as a function
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TABLE 3.1

CHEMICAL MANUFACTURERS

SUPPLYING DETERGENTS

COMPANY

E. I. Dupont deNemours and Co.
Crompton and Knowles Corporation
Rohm and Haas Company

American Cyanamid Company
Wyandotte Chemicai Corporation
Atlas Chemical Industries
Shell Chemical Company
Monsanto

Retzloff Chemical Company
Witco Chemical Couipanv
Jefferson Chaﬁica] Company

Lever Brothers
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of chemical nature. The three representative compounds selected in each
classification, however, were different formulations (Table 3.2) in an
attempt to investigate as many surfactants as possibie. Three high-molecular
weight polymers were included as a special case for study. A mixture of
surfactants was also to be formulated and evaluated, but additional study

of a few of the selected surfactants was deemed more necessary especially

in observing their effect at higher concentrations.

3.3 Basic Technique Description and Test Parameters

Particle count and size measurements were made on all the test
enulsions to evaluate the effect of synthetic detergents on oily water
mixtures, with respect to the amount of dispersed 0il in the presence of
detergent, and stability of the oil-water-detergent emulsion. From this
data, the particle size distribution and volume of oil dispersed within a
given size range was obtained. By comparison of data obtained for
baseline dispersions of test oils in distilled water containing no detergent
with that of mixtures of oil, water, and detergent, the detergent effect
on oil emulsification could be determined.

To more completely establish the effects of syndets on oil-water
emulsions, several different water conditions were also investigated. For
this part of the study, emulsions were also generated in salt water (50%
salinity), in slightly acidic (pH 6) and s1ightly alkaline (pH 8) conditions,
?nd at)a high temperature (120° F), ambient ?73° F) and cold temperatures

40° F).

In studying these oil-water-detergent mixtures, as they would apply
to bilge water, the 011 type was also taken into account. Since bilges are
a collection point for various oils and wash waters, eight separate oil
types were included for testing.

3.4 Preliminary Test Parameter Investigation

The original test matrix proposed each oil type input concentration
of 5000 parts per million (ppm) to be agitated with each detergent in
concentrations of 0,50, 250, and 1000 ppm; and concentrations of 10, 50,
and 250 ppm high molecular weight polymers with three selected oils. The
mixtures were to be generated using a high speed non-aerating dispersator,
and particle size distribution (as population) obtained by reccrdina
particle count taken with a HIAC particle counter, every minute after a
two minute settling period for five minutes, then a last reading at ten
minutes after the settling period, see Table 3.3,

Perhaps the most difficult, and also the most crucial procedure was
the preparation of laboratory emulsions which were of reproducible size
distribution and Concentration.The proper :agitation and dispersion was one
which approximated that produced by a centrifugal pump, since the purpose
of this work was to study oily water emulsions similar to those of bilge
water subjected to centrifugal pump agitation. Previous investigators
have shown that only about 5% of an input oil concentration of 1% is
emulsified into droplets of diameters less than ten microns on one pass 5
through an Ingersoll-Rand centrifugal pump operating at 60 psi and 50 gpm.

5 Foster-Miller "Laboratory Evaluation of the Emulsifying Charactersitics
of Pumps" Contract DOT-CG-24287-A

10
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TABLE 3.2

DESCRIPTICH OF SELECTED DETERGENTS USED IN THIS STUDY

ANIONIC

CATIONIC

NON-IONIC

HIGH M.W.

COMMERCIAL

TRADE NAME
Klearfac AB-270

Alkanol 189-S
Aerosol 0T-75
Product BCO
Aerosol C-61
Retarder LAN
Intravon SO
Triton X-100
Span 80

Pluradot HA510
Pluronic L 101

Merpol SH

Concentrated All
Rirso

JARS

CHEMICAL FORMULATION

Mono substituted ortho-phosphate
ester -

Sodium alkyl sulfonate
Dioctyl ester of sqdium sulfo
succinic acid

C-type cetyl betaine

Ethanolated alkyl guanidine amine
complex

Quaternary ammonium compound
Mixture of surfactents especially
effective for removal of oil and
grease

Octyl phenoxy polyethoxy ethanol

Sorbitan mono-oleate

Polyoxyalkylene glucols

Condensate of ethylene cxide with
hydrophobic bases formed by
condensing propylene oxide with
propylene glycol

Higher tatty aiconol - SH ethylene
oxide condensate

i



TABLE 3.3
PRELIMINARY STUDY OF DISPERSION METHODS

A: 5000 ppm Marine Diesel Kraft Model S-30 Dispersator at 3000 RPM
For 2 Minutes; Particle Countsfl After 2 Minutes Settling Time

-5 u 5-10 & 10-20 1 20-40 u 40-60 u
1 min after 118 16 3 ] 0
2 min after 153 15 5 0 0
3 " . 196 20 4 0 0
4 " 8 193 24 2 0 0
5 " " 208 21 2 0 0
0 " " 214 17 4 0 0

B: 5000 ppm Marine Diesel Kraft Model S$-25 Dispers§tor at 1000 RPM
For 2 Minutes; Particle Countyml After 2 Minutes Settling Time

2-5 u 5-10 u 10-20 20-40 M 40-60K
1 min 216 17 6 0 0
2 " 318 17 3 0 0
3 " 366 22 4 1 0
4 " 375 32 7 v 0
5 " 335 22 4 0 0
10 " 419 32 5 0 0

12
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¢: 5000 ppm Marine Diesel
2 Minute Settling Time

0: 5000 ppm Marine Diesel

TABLE 3.3 (cont'd.)

S-25 Stirrer at 6000 RPM For 1 Minute

Particle Counts/Ml

2-54 5-104 10-204
1797 1840 982
3029 3138 2705
2799 2997 2811
2813 3089 2746
2885 3024 2763
2944 3098 2838

20-404  40-604
748 1284
2396 4566
2601 5079
2540 5174
2541 5070
2694 4694

§-25 Stirrer at 4500 RPM for 10 Minutes

2 Minute Settling Time

1 min
2 nmin
3 min

Particle Counts/M{

3300
3323
3317

10-20u 20-40 A 40-60 i
2596 2012 3074
255] 1962 3091
2507 2066 3072

13
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Since any oil/water dispersion i< a dynamic, ever-changing system, a
series of tests were conducted where particle counts were monitored every
minute up to five minutes then periodically up to forty five minutes after
final mixing. This was done to detemmine if significant changes in
particle size distribution had occurred. A number of test emulsions were
counted in this manner and the data at and beyond five minutes after
mixing showed minor (£ 5%) deviations, well within the instrumental and
experimental error.

3.5 Final Experimental Procedure

Based on the data, observations and background of more than 70 separate pre-
liminary emulsification experiments, the mixing techniaue and sequence of operations
involved in making the particle count and size aistribution were finalized

and fixed for all subsequent test sample procedures. This sequence, as well

as the laboratory equipment used, is listed below with a brief discussion

of the HIAC Particle Counter:

The follcowing equipment was used in this study:

HIAC Particle Counter, Model SSTA, Model D2-60 Cell
Kraft Non-Aerating Dispersator, Model S-25

Sonagen Ultrasonic Bath

HIAC Bottle Sampler, Model AB-110

Glass Syringe, 30 cc

Hi-Purity Nitrogen Gas Cylinder and Regulator
Brooks Sho-rate Flow-meter

Pyrex Glassware

Graylab Labtimer

Bausch' & Lomb Dynazoom Dynoptic Microscope and Camera
Coulter Counter, Model TA

KO D OO T
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3.5.1 Description of HIAC Particle Counter

The HIAC Particle Counter utilizes an optical method to count and
size particles. Sample fluid flows through a small rectangular fluid
passage and past a window which is a tiny glass fiber with a square cross-
section. The fluid passage is exactly the same width as the window so
that all particles are observed. Particles passing by the window are counted
one by one as long as the specified particle concentration limits are not
exceeded. Light from a tungsten lamp is formed by the window to a
parallel beam of exact size and directed onto a photodetector. Each parti-
cle as it passes the window reduces the light reaching the detector, in
proportion to the size of the particle. It is only necesscry for the
particles to have a divferent index of refraction from that of the fluid.
This causes a specific reduction in base voltage of the photodetector,
proportional to the particle size. Five counting channels, with preset

variable thresholds tally particles by size.

As with most analytical instrumentation, operational problems in
measuring and counting oil droplets with tha HIAC Particle Counter do exist.
First, for proper particle counting, the window in the sensor must be clean.
0i1, detergents, and oil-water-detergent mixtures caused some clouding of
the window, and since the window is inaccessible, cleaning had to be carried

14
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out by passing solvents and distilled wate. through the sample line. This
flushing technique usually worked well except with Navy Special Fuel oi)l
which posed more o7 a cleaning problen.

Second, and more important, any dispersion is a dynamic system with
processes such as flocculation/coalescence and re-dispersion constantly
occurring. These processes were likely to be occurring to some unknown
extent in the sample container and in the line which led from the sample
container to the sensor. The number ot particles between two and four
microns often increased noticeably up to five minutes after mixing,
probably due to flocculation and coalescence of droplets smaller than
two microns which are not detected by this system. Micrescopic examination
of emulsion sampins did show presence of o0il droplets smaller than 2
microns. Also, flocculation of oil droplets, may be detected as one
larger 0il droplet diameter if the flocculated o0il passes the sensor intact

Such occurrences do not necessarily invalidate the experimental data, as one

objective was tn determine emulsion stability or instability, as
evidenced by the amount of flocculation and coalescence taking place in the
oil/water mixture.

3.5.2 Sample Manipulation Technique

Tne preparation of each dispersion tast was carried out in the
following manner. The technique is shown schematically in Figure 3.1.

a) Pipet test oil (0.25 m1 - 500 ppm) into clean 20 x 145 mm
Pyrex Test Tube

b) Add detergents (0, 25, 50, 100 ppm) by micropipet or Hamilton
microliter syringe.

c) Add 20.0 ml distilled water by pipet. Immerse test tube in
ultrasonic bath.

d) Immediate ultrasonic agitation (60 m amp plate current) for
45 seconds.

e) Place S-2% non-aerating stirrer in 460-m1 volume distiiled
water, oparating at 2000 RPM.

f) Emulsion from step (d) poured intv the hypoderniic syringe
(piunger vemoved), test tube rinsed witin 2 10-m1 portions
distilled water and added to the syringe.

g) The syringe contents were imuediately injected into the 460-ml
volume of water. Injection was directed at intake side of
dispersator over 15 seconds with stirring action continued for
25 seconds tectal elapsed time.

h) The dispersator was removed. The beraker containing the emulsion
was then allowed to settle quietly for 2 minutes.

i) A 5.0 m1 aliquot for analysis in HIAC particle counter was with-
drawn by pivet from within 10 mm of the bottom and Jiluted 1:60
in distilled water. The o1l accurulated on the surface was
prevented Trom entering the pipet by gently forcing air through
the pipet as it was being inserted. The diluted sample was then
placed in the counting sample chamber.

j) Sample flow cf 10 cc/min in the HIAC assembly was accomplished
using pressurized gas (Figure 3.2); the channels on the HIAC
Particle Counter were calibroted to count particles in the
following ranges:

15



. =
0IL, DETERGENT
" 420 CC DISTILLED \\

WATER

STEP 1 BATH HYPODERMIC
e /’\ SYRINGE
#20 GA NEEDLE
NON-AERATING STEP 2
. " DISPERSATOR
5.0 ML PIPET

___—DISTILLED
- WATER
(460 ML)

STEP 3 i:l'
STEP 4
B/‘\w
- IIr
- e
~__
STEP 5 T~ DISTILLED
WATER
(295 ML)
HIAC —— E
TEST
CHAMBER STEP 6
LABORATORY

EMULSIFICATION PROCEDURE
USED IN EVALUATING EFFECT OF DETERGENTS.

Note: See photographs in Raw Data Appendix.

Figure 3.1
16



.*|'1

. PRESSURE
VALVE

/— REGULATOR

/
/ HIAC
counrrnn CELL
Yl e SENSO
r»/,_.FLO»:METER
= 9]
HIAC

/ PARTICLE

\ COUNTER

/ \

/ s J
| e -
| ELECTRICAL

A CONNECTION
A |:r l‘,

L TEST \— SAMPLE
\ CHAMBER
-HIGH

PURITY
NITROGEN

EXPERIMENTAL TEST SETUP FOR MEASURING
PARTICLLE SIZE DISTRIBUTION

FIGURE 3.2
Note: Cee photographs in Raw Data Appendix.

17



Channel 1 2-3u
Channel 2 4-7u
Channel 3 7-10u
Channel 4 10-15u
Channel 5 15-60u

k) Three particle counts over 0.5 min. were taken starting at 3 min after

mixing, then one 0.5 min count at 5 min, 7 min, and 10 min after mixing.

Background counts of distilled water were recorded prior to each run,
which were used as a check on the cleanliness of the HIAC cell and
system, and were also subtracted from the total count,

3.6 Final Test Matrix

Due to the instrumental limitations of the HIAC Particle Counter,
the efficiency of the emulsification process, and the objectives of this
study, the proposed test matrix was revised to its final form, Table 3.4.
0i1 input concentration was set at 500 ppm, with detergent concentration
similarly decreased tn 100, 50, 25 and O ppm. The concentration of high
molecular weight polymers was set at 125, 25 and 5, and 0 ppm, for three
selected 0ils. Emulsions of oil-water-detergent were prepared using the
method outlined in section 3.5.2 and particle counts obtained. This data
was compared with the particle counts obtained for the simple oil-water
mixtures in order to evaluate the effect of detergent on the dispersed oil
concentration and stability of the emulsion.

The effect of the condition of the water (salinity,pd or temperature)
on emulsion stability was also included in the scope of the study as can be
seen from the Final Test Matrix, Table 3.4.

ThepH, (6-8) salinity (25, 50, 100%) and temperature (40°, 120° F) of
the water were the three conditions of interest, and were to be varied with
selected oils.

Tests with the Trace 0il Monitor, a device prototype designed by GE for
detecting 1-100 ppm 0il in water, were also included in the test matrix.

3.7 Additional Experimental Effort

In order to obtain a more complete and thorough picture of the
emulsifying effect of synthetic detergents on oily water mixtures, some
additional experimental work was carried out. The areas of investigation
are mentioned below and the results will be discussed in greater detail in
Section 4.0 and 5.0.

18



TABLE 3.4  FINAL TEST MATRIX

A 8 5 b E G H (OIL CODE LETTERS)
[V} ——
P I~ 2 o | &
o @ g |l 2x] o e | £
b= (oY) = -t~ = [
-4 @ - p= o~ (%] -y (%} w
w (= Q. [=} DO | Wid] b= - el
- - w | 82| 53] S8 = 8¢
O o=t [ z ~ = O § Y
< - > > e (]
o 2| 2| 12 |29/82 & |3
7 = = (=3
DET. CONC. m w b3 ~ g Zu | a0 =x &
ANIONIC PSD | PSD {PSD {PSD PSh | PSD | PSD | PSD
Klearfac AB-270 100 1 TOM S
50 2 pH
%5 3 b o T
Alkanol 189-S 100 4 pH
50 £ T S
25 § ¥ ¥ TOM
Aerosol 0T-75 100 7 T
5 8 TOM
25 3 pH
CATIONIC . lP D | PSD {PSD |PSD pPSD | PSD | PSD | PSD
Product BCO 100 10 TOM S
50 N pH
25 12 ] i 1) T
. i oo e |
Aerosol C-61 100 13 | pH
50 14 . T S
25 S / TOM
Retarder LAN 100 16! |, f i T
50 17 l ‘ l l l TOM
25 18 v s oH
NON-IONIC )
Intravon SO 100 19 | TOM s
50 20 { pH
25 21 v 1} T
Span 80 100 22 : pH
50 23 l l I L l l T S
25 24 v TOM
Triton X-100 100 25§ ! 1 T
50 26f | |. J/ J’ L ! l TOM
25 21| r y L P v is ph

LEGEND: PSOD Particle Size Distribution

TOM - Trace Qil Monitor
S - Salinity 100, 50, 25, 0%
T - Temperature 120°F, 73°F, 40°F
PH - 6 or 8 :
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3.7.1 Effect of High Detergent Concentration on Emulsification

Since relatively minimal effect on PSD of these test oils in water
was noted with detergent concentrations 1/5, 1/10, 1/20 of the oil con-
centration, emulsions with detergent and oil in 1:1, 2:1, 10:1 ratios were
generated, and PSD obtained. A sample of each anionic, cationic, non-
ionic detergent type was tested with marine diesel and 2190-TEP. These
data are presented in the next Section 4.0.

3.7.2 HIAC Counter vs. Coulter Counter Study

As a check on the HIAC Particle Counter, particle size distributions,
based on percent by volume, were obtained for the emulsions listed below
using a Coulter Counter. In this instrument, particles are sized by pass-
ing the emulsion through a narrow orifice, which has a conductivity
electrode on either side. The conductivity of the oil particles, suspended
in an electrolyte, is much lower than that of the continuous phase. As
each particle passes through the aperture and displaces its own volume of
electrolyte, the resistance (the reciprocal of the conductance) in the
path changes; the magnitude of this change is directly proportional to the
volumetric size of the particle. Semples diluted in isotonic water to a
0.5 concentration index see note. :

A1l initial 01l concentrations 500 ppm.

NOTE: Concentration index is a part of the Coulter Counter,
the reading indicates when an adequate amount of the test
emulsion has been added to insure reliable data, yet not
exceed coincidence Tlimits.

2190 - TEP/E0Q ppm Klearfac AB-270

Hydraulic 0i1/25 ppm Klearfac AB-270

South Louisiana Crude 0i1/50 ppm Aerosol C-61
South Louisiana Crude 0i1/100 ppm Span 80
Navy Special Fuel 0i1/100 ppm Aerosol 0T-75
Lubricating 011 9250/100 ppm Aerosol 0T-75
Lubricating 013 9250/50 ppm Klearfac AB-270
Kuwait Crude Gi1/50 ppm Alkanol 189-S

The particle size distributions for these emulsions appear in the
Raw Data Appendix.

Since the Coulter Counter sizes and counts particles by volume, the
particle size distributions of 0il and detergent mixtures show maximums
in the large particle size range (over fifteen microns) because these
particles make such a large contribution to the total volume.

In order to ccipare the particle size data obtained for oil/water
and detergent emulsions with these two instruments, several test emulsions
were generated and particle counts recorded using both instruments. In
Figure 3.3 the data obtained with the Coulter Counter showed maximum
particle density (based on volume) in the fifty-sixty micron size range.
The comparison of population-based data, from the HIAC Particle Counter

with €oulter Counte~ volume-based data is presented in Figure 3.4.
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PARTICLE SIZE ANALYSIS
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Coulter Counter Particle Size Analysis
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As would be expected, the population-based data showed the highest per-
centages of particles in the smallest size range, MWithout calculations
to convert population count to volume, or vice-versa, the two forms of
data can not be directly compared.

The sample handling for these two instruments differ which also
introduces a factor which could affect the measurement. For Coulter
Counting, the oil/water emulsion had to be diluted in background elec-
trolyte, an isotonic solution containing ten parts per thousand salinity.
The effect of these additional ions, in large excess compared to amount
of emulsified o0il droplets and in the presence of cationic and anionic
detergents, is unknown and quite complex. If the interfacial layer present
on the 0il droplets is discharged or the surface film rendered more soluble
in either the 0il or water (a change in droplet surface tension), then one
would expect that the 0il emulsion stability during analysis would be
affected. If this is true, then questions arise concerning the validity of
any oil/water emulsion data taken by a Coulter Counter. This possibility
should be examined more closely since many investigators have used and
continue to use the Coulter Counter to measure oil particle size distri-
bution.

The above phenomenon is not as pronounced using the HIAC Counter since
the diluting medium is distilled water. There may be a simple dilution
or solution of 0il droplet surface films but the end result would not be
expected to have as drastic an effect as ionized water would have.
Additional study in this area of instrumental particle counting and sizing
of 0il in water is indicated.

3.7.3 Agent-in-0il Versus Agent-in-Water Stucy

An alternate order of mixing test emulsions was investigated during
tnis program. The method which had been used for generating all test
emulsions discussed previously was the agent-in-oil method, in which an
emulsifying agent is dissolved in the 0il phase with water added to the
mixture, followed by agitation. In the preparation of oil-in-water
emulsions the finest particle-size is ordinarily obtained by first forming,
and then inverting, a water-in-0il emulsion. Thus, the emulsifier was
dissolved in the o0il and the aqueous phase was then added to the 0il phase,
followed by ultra sonic agitation to form a water-in-oil emulsion. Upon
dispersion of this w/o emulsion into additional water an oil-in-water

emulsion formed.

The method examired in this case was the agent-in-water technique,
which involves dissolving the emulsifier in water, and injecting the test
0i1 while subjecting the mixture to ultrasonic agitation. The agent-in-
water procedure is considered to make oil-in-water emulsions more directly.
The amounts of emulsified oil resulting from this mixing method are
found in Table 4.17. Comparison of the agent-in-water with agent-in-o0il
mixing methods for the two test oils showed similar volumes of dispersed
0il present in droplets smaller than ten microns. In the cases of 100
and 500 ppm Alkanol 189-S with Marine Diesal, the agent-in-water method
produced emulsions with higher concentrations of emulsified oil than the
agent-in-0il method. Since the volume of o0il present in droplets smaller
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than ten microns stayed essentially the samc for both mixing methods, the
additional dispersaed oil was present as larger droplets (10 to 35u) which
accounts for the higher concentration of emulsifiei oil with the agent-in-
water method. This observation seemed to imply that th: agent-in-water
method generated iess stable emulsions than the agent-in-0il method, as
more 0il was present in the larger particle sizes.

With lower detergent concentrations (less than or equal to 100 ppm),
emulsions of Marine Diesel and Alkanol i189-S (anionic type) generated by
both methods had essentially the same concentrations of dispersed oil
(€35 AL). However, the emulsion generated using the agent-in-water
technique had a larger fraction of the total dispersed oil present in the
smaller size ranges (< 104L). This size distribution diffeprence
indicated that ageat-in-water produced a more stable emulsion, with less
0il being removed firom the mixture by flocculation or coalescence.
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4.0 EXPERIMENTAL RESULTS

4.1 PRESENTATION OF DATA

The basic experimental data was obtained from the HIAC Particle
Counter display and manually recorded as particle counts in five size ranges
for five milliliters of test sample., Counts were accumulated over a 0.5 min
interval at a ten milliliter/minute sample flow in the sensing cell. These
numbers included background counts in the dispersing medi=m and diluting
medium (distilled water usually) which was subtracted from the total count
giving ail particle counts for five miililiters of mixture, diluted 1:60
from the original test sample. A representative sequence of typical counts
is shown below:

0i1 Type: Navy Special Fuel 0il at 500 ppm
Detergent Type: Spaw 80, Conc. 25 ppm

Channels 1 - 2 3 4 5
(2-4u) (4-7u) (7-1Qu) (10-15u) (15-6Qu)

Sample

EacEground 318 28 1 1 0

Total time after
final mixing (min.)

3-3.5 177 500 67 4 0
3.5-4.0 3700 619 82 48 0
4.0-4,5 3943 631 84 35 0
4.5-5.0 4008 704 81 53 0
7.0-7.5 4016 756 99 55 0

10.0-10.5 3971 684 79 62 0

As can be seen, the first three counts from 3 to 4.5 minutes showed the count
rate approaching a nearly constant devel. The later counts were approxiiately
equal, within instrument efficiency and counting accuracy. Therefore, the
count at 5.0-5.5 minutes after mixing was takensas the equilibrium point and w
was used to determine the amount of finely dispersed oil in the test emulsion
and in determining the particle size distribution.

There are a number of methods for presenting and reducing the above
basic data. See Appendix 1 for a discussion of methods used by various
investigators. The simplest form would involve plotting particle counts
in each size range as a percentage of the total count versus particle diameter.
This is known as the particle size distribution curve,

A more sophisticated format would involve plotting the cumuiative percent
of total count greater than each size (or less than) as a log function versus
the size as a normal function on log-probability graph paper. The advantages
of this technique are that the curve is a straight line and standard deviation,
mean diameter, direct conversions to cumulative volume percent may be more
directly obtained.
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The real purpose orF this experimente! effort was to determine the amount
(volume or mass) of finely dispersed oil generated in each test as a function
of the various parameters and additives under study. Since dispersed oil con-
centration in each case provided this measure of any emulsifying effects which
had occurred, a format of data presentation and reduction which indicated
this function was deemed most appropriate. To obtain this information, the
total volume of dispersed oil and the cumulative volume percent for each size
range was calculated from the particie counts obtained (less background)
using a desk-side computer and program,

To calculate the volume of dispersed oil from particle counts, it was
first necessary to datermine the average diameter of particles counted in
each channel. Since calculations of volume were to be made and volume is a
function of the diameter to the 3rd power, the arithmetic mean diameter for
each size range could not be used. Instead, a ;Plumetric mean diameter was
calculated for each sizg range. Since volume = 4%, , the mean volume is
equal to® ¢ where d  is the "mean volumetric diameter". The total
volume represented by counts in each channel was found bty integration from
the lower limit of each size range, dy, to the upper Timit dy of each count-
ing channel, Thus:

V=Sn %
V: 7d’

(4 J‘I 7 ~
- / ?'LHJ:’ = J
\/:“7‘1 J{; A 6/(2{) .77;

where n = number of counts.

Also, due to the nature of the instrument, Channel 5 counted all particles
between fifteen and sixty microns. However, the two minute settling period
eliminated oil droplets larger than thirty five microns from the sample (Stoke's
Law). For this reason, computations of volumetric mean diameter used 35.u

as the upper limit foi' the last size range. These volumetric mean diameters
were:

setting dy
Channel 1 -1 3.1
Channel 2 4-7T 5.6
Channel 3 7-10 8.6
Channel 4 10-15w 12.6
Channcl 5 15-60 . 26.6

This"volumetric mear diameter" was subsequently used to calculate the
volume of o0il represented by particie counts in each size ranges. The total
volume (in ppm) of emulsified 0il, and the cumulative percent of this volume
in each size range apneared nn the computer printout. Included in the com-
putations.were corrections for dijution.flow rate and time of counting in order to
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obtain particle counts per milliliter.

The particle size distributions for eight test oils in water, as
cumulative volume percent, are shown in Table 4.1. These concentrations of
emulsified oil with no detergent present were used as baselincs for evalua-
ting the emulsifying activity of syndets. The cumulative particle size
distributions of the oil-water mixtures are also presented in non-cumulative
form (¥iza,2volume-fraction of emulsified oil present in each size range)
in Table 4.2.

A1l raw data, as partiv.le counts at 5 minutes after mixing for tect
emulsions of 0il, water and detergent can be found in Appendix 2 (see Test
Matrix for oil-detergent code). Raw data for all tests with all experimental
parameters was treated in the same manner; the calculated volumes of
emulsified oil (ppm) with the stated concentrations of the detergent samples
are tabulated in Tables 4.3 thru 4.7 Discussion and graphical presentations
of these tabulated data follow in Section 5.0.
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TABLE 4.1

PARTICLE SIZE DISTRIBUTION OF TEST OILS IN DISTILLED

011 input concentration - 500 ppm

WATER _AS CUMULATIVE VOiUME PERCENT

Data at 5 minutes afteir mixing

CUMULATIVE PERCENT OF VOLUME VOLUME
OF DISPERSED

2-4u  4-2u  7-1Qu  10-1%  15-35u%  0IL, PPM
Marine Diesel 9.8 35.6 49,2 67.5 100.0 2.1
Navy Distillate 16.7 49,7 63.7 75.2 100.0 2.3
Kuwait Crude 23.2 63.6 78.7 89.7 100.0 23,3 %%
So. Louisiana 17.8 42.5 54.7 65.8 100.0 3.0
Crude
Navy Special 11.2 21.4 29.4 42.4 100.0 2t
Fuel 0i1 (NSFO)
Lubricating 0il 7.9 26.5 38.1 58.1 100.0 5.2
9250
2190-TEP 25.0 44 .4 47.8 62.2 100.0 1.5
Hydraulic 011 35.7 69.9 78.7 90.0 100,90 2.3

* Jil droplets larger than 35 microns in diameter settled out of the mixture in

the two minutes prior to sampling

** Refer to Section 5.0
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TABLE 4.2

PARTICLE SIZE DISTRIBUTIONS OF TEST OILS IN DISTILLED
WATER AS VOLUME FRACTION PER INCREMENT

Data at 5 min. after final mixing

PERCENT OF VOLUME VOLUME
INPUT OIL OF DISPERSED
CON<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>