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ABSTRACT
One current technology for extracting heavy oil from
underground formations is a method of steam stimulation.
This process generates a large volume of oil-in-water
emulsion. For economic and environmental re sons, it is
necessary to treat this emulsion wastewater so that the
clarified water can be reused for steam production and
reinjectic» into the formation.

The in-situ heavy oil extraction facility in Cold Lake,
Alberta, Canada presented the opportunity to obtain actual
heavy oil-in-water emulsions for experimental work on a
bench scale. The primary objective was to evaluate the
electrolytic flotation process for technical and economic
viability - treating heavy oil-in-water emulsions,

Using electrolytic flotation for heavy oil-in-water
emulsion treatment was a new application for this process
and presented many uncertainties. Numerous trials were
conducted to determine the capability of this procegs and
under varying operating conditions. The major variables in
the experiment were, current density, electrode material,
residence time in the reactor and chemical dosage.

The results confirm the technical feasibility of the
electrolytic flotation process for the destabilization of
oil-infwa}er emulsions from heavy oil extraction facilities.
The cost for 80 to greater than 99 percent treatment
efficiency was 0.22¢/bbl of synthetic crude produced for

power consumption and 3.56¢/bbl for chemical consumption.

iv



Treating the same wastewater with chemical coagulation alone
to obtain equivalént treatment would cost 5.56¢/bbl of
synthetic crude produced. The cost per barrel calculations
were based on 141,000 barrels of synthetic crude produced
per day with a production recycle water rate of 38.2 x 103
m3/d. In addition, the required residence time in the
electrolytic flotation cell was 15 minutes compared to 1°to
4 hours required for chemical coagulation alone. The redchd
residence time allows for smaller reactor size and therefore

reduced capital cost.



Univeraaty ot Aiberia

) .
ACKNOWLEDGEMENTS

The guidance of Dr. S.E. Hrudey of the CivillEngineering
Department at the University of Alberta, during the course
of this investigation is sincerely and very gratefully
ackﬁowledged.

This study was sponsored by Petro-Canada and Mr. J.
Rowley was extremely helpful in all dealings with the
company. Acknowledgement is extended to Alberta Environment
for giving me the necessary education leave and ESSO
Resources Canada Limited for suppiying the wastewater
samples.

Sincere appreciation is also extended to all those who
helped with this project by aiding in the construction,
setting up and obtaining equipment, in particular Dr. D.
Smith, Dr..V. Gourishankar, Mr. A. Muir, Mr. R. Gitzel, Mr.
R. Billey and Mr. S. Tookwinas. '

The help of Mr. S. Penttinen in text formatting and
typing, Mrs. B. Kupina in typing the appendix and Mr. D.
Spink in proof reading have been invaluable.

Special acknowledgment is given to my parents for their

t

encouragement and to my wife, Shyamala for her immense .
: 9
understanding and support during the course of my graduate

studies.

vi



[IT Wt

Cnpversay

Table of Contents

Chapter Page

L. INTRODUCTION ... 1

11‘. OBUECTIVES ... . [P 6
IIT. EMULSION THEORY AND SCOPE OF THE ELECTROLYTIC

FLOTATION PROCESS ... ... ... . n 7

A. EMU”N THEORY ... .. .. . ... ... ... e e 7

B. DESTABILIZATION OF EMULSIONS ................. .. 16

C. ELECTROLYTIC FLOTATION . ... 23

IV. EXPERIMENTAL METHODOLOGY .................. . .. 36

ALCANALYTICAL .o 36

B. EXPERIMENTAL .......... ... ... ... .. . . .. 46

V. RESULTS AND DISCUSSION ...........couoo i 54

~VI. CONCLUSIONS AND RECOMMENDATIONS ............ ... . 81

REFERENCES .. o 84

APPENDIX o 93

vii



LIST OF TABLES

1 Two California Crudes I1lustrating Differehces

between Heavy and Light Crude oils (Berry, 189789)...4

2 Six Major Classes of Emulsion (Lissant, 1974).:...14
3 Types of Electrode Materials Used in the

Electrolytic Flotation Process................... . 29
4 Per formance Characteristics of Electrolytic

Flotation. ................. e 33
5 A Comparison of Filtered Versus Centrifuged

Samples for 0il and Grease AnalysSis............... 37
o) Extraction Efficiency of Freon in the 0il

and Grease Analysis..; ............................ 41
7 Fourth Extraction Efficiency with Methylene |
| Chioride in the 0il and Grease Analysis....... ... 43
8 Influence of Alum Dosage? Residence Time and

Current Density on Electrolytic Flotation......... 60
9 -Electrolytic Flotation To Assess Treatment’

Performance With Ferric lon Doéagé ................ 61
10 Coagulation Test Results ........... }...! ......... 71
11 Simultaneous Electro]ytic Flotation and

Chemical Coagulation Tests................ e .75

viii



university ot Alberta

FIGURE

" -Electrolytic Flotat

LIST OF FIGURES

................................................. PAGE
[

Location in Alberta of the Four Major 0il Sands

DEPOSTES oo 2

Idealized Representation of the Electrical \

Double Layer at an Oil-Water-Interface

(Becker, 1965) . ...... ... g

Potential at an Oil-Water-Interface. ............... 10

The Double Layer at the Oil-Water-Interface

in Emulsions ...................................... 10

The Effect of Alum Dosage on Totéi Organic

Carbon at Varying Current Densities............... 67

The Effect of Current Density on Total )

Organic Carbon............. .. ... o v . 68

The Effect of Current Density on 0il and Grease...69
A Comparison of thejChemictal Requirement for
N

Vs. Coagulation............ 74

o

ix



. . . . N - \u ;
. SR \
............................... '.....v:’ L~ .\‘.\%.... pAGE
» . " \‘ . \\7\ |
) . " .\vl hd

v Nl
L R
Rotary Evaporator Used in 8il Extraction....... .. 40

0i1 Extraction Using a.Modified Erlenmeyer Flask. .45
Raw Wastewater Barrels and Container Used
f>r Preheating the Wastewater...... e 47
Electrolytic Flotation Cell................. e 48
ElgFtrode Grid Clearly Showing Corroded Anodes....50
Experimental Apparatus with Power Suppl;.

Al

Insulated Reactor with Heating Coils, Timer

and Electrode Grid............ooeornnoniiiii. 52
Chemical Coégu]ation Test Apparatus............... 53
Highly Corroded Electrodes.............. ......... 55

s



GLOSSARY e
AP1 Gravity -- The gravity of fuel oils as measured with a
hydrometer and expressed in °API (American Petroleum
Institute) at 60°F. The APl gravity is an empirical unit

related to specific gravity in the following manner:

Degrees API grawvity at B60°F = 141.5 ~131.5
Sp. gravity at 60°F

Asphaltene -- A crude oil base classification referring to
oil at the heavy end of the range (15° API gravity and

»
lower ). Asphaltic drude oils contain a large proportion

of higﬁ boiling point hydrocarbons.

Hydrocarbons -- An organic compound made up of atoms of
carbon and hvdrogen. Because many of these compounds are
present nat ral’y in crude oil and natural gas, and £§

the carbon atoms each have four valence bonds, by which

they can attach to other atdms,*mény hundreds of

hydrocarbon compounds have been identified.

Resins -- Resins represent a complex mixture of aliphatic
and cyclic organic compounds, such as terpenes and
oxyterpenes, resin alcohols, and resin acids. Resins are
as a rule wholly or partly soluble in alcohol, ether or 5

J
X i
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volatile oils and in this respect are distinct from

gums . . N

~f
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I. I&;RODUCTION
In an era of depleting non-renewable resources and higher

energy costs, the recovery of untapped heavy oil is

-hecessary and has recently become economically viable. . Berry

Yoy

(1979) has reported a world wide heavy oil reserve of over
4,000 billion barrels in place, whereas recoverable light
crude }s estimated at only 2,000 billion barrels. Heavy oils
are differentiated from standard light crude oil on the

basis of their relative gravities and scosities. Heavy

s

‘oils, typically have AP] giavities between 10° and 20° and a

viSéosity range of betweer 40 ahd 2,000,000 centipoise at
15.6°C. In contrast, light oils have APl gravities of 35° or
more and viscosities usually under 10 centfpoise at 15.6°C.

The known heavy oil reserve in Alberta is associated
with the oil sard deposit. There is also recent evidence of
more heavy oil in some carbonate formations, however very
litﬁ]e;is Known about this potential reserve.

The Alberta oil sands are amongst the largest deposits
of their kind in the world and are estimated to contain
ébput 1,000 billion barrels of bitumen in-place. The four
méjor depositswafe Athabasca; Cold Lake, Peace River and
Uabagéa"(Fidure~1)./These deposits under lie an area of
approximately 70,000 km?2 in eastern and northern Alberta and
vagy in depth from surface outcrops to beds covered with
more than 750 meters of overburden.

The Cold Lake oil sands are made up of four separate

deposits each covered by overburden extending from 300
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meters to a depth of 600 meters.,The crude bitumen occurs in
beds of sand, usually partly ce ted together, and in
porous carbonate rocks. The sand grains are usually covered
‘wi(h a film of water, and bitumen occupies part of the pore
§p€ce;§?long with fine clay particles, other mineral matter
and occé ionally some natural gas.

An prerimenta] oil extraction project has been
operatiﬁé for 12 years at Cold Lake, Alberta and a full
scale, permanent facility will be constructed pending
Government approval. The facility is expected to recover
160,000 barrels per day of crude bitumen which would be
upgraded and treated to produce 141,000 barrels per day of
synthetic crude oil (EIA, 1979).

MGn;Sbme#y (1980) has reported the API gravity of the
Cold Lake heavy crude to be between 10° and 14°. Heavy crude
also contains greater quantities of sulphur, nickel and
vanadiuméthan conventional crude. The carbon to hydrogen
ratio of heavy crude is relatively high and the percent
recovery of bitumen from the formation is low. A breakdown
of the Cold Lake heavy crude is presented in Table 1.

Heavy oil in jts natural state is too viscous to flow
freely. Thérefore, a method of steam stimulation is emp loyeo
to reduce the viscosity and enable the oil to flow. Howeve- .
this process generates a large volume of oil-in-water
emulsion. It is economically and environmentally essential

.
to treat this oil-intwater emdision, firstly to_recover,ghe

oil and secondly to use the hot water for steam generation



TABLE |

Average Class Composition of Bitumen from the
Cold Lake Deposits (Strausz, 1979)

Components Weight %
Hydrocarbons: Lo
Saturated 21
Aromatic 19
Asphal tene: 16
Resins: ' ' b
Acidic 15
Basic 7
Neutral N-Compounds 1
Neutral : 21




for re-injection.

The produced oil-in-water emulsion for experiments in
this study was obtained from the ESSO Resources Canada
Limited, experimental in-situ heavy oil_production plant at
Cold Lake, Alberta. A process called electrolytic flotation
was tested as a possible method of destabi]izing and
separating this relatively stable oil-in-water gmulsion. The
experimental electrolytic flotation process consisted
basically of an electrode grid placed at the boftom of a
‘batch reactor cell. The emulsion contains predominant ly
negatively charged colloidal globules of oil. Due to the
repulsion of like charges the oil globules are prevented
from coagulating, contributing to the stabitity of the
emulsion. Current passing from the elec;rode grid through
the emulsion may neutralize charged particles and thereby
destabilize the emulsion and bromote floc formation. The
bubbles created due to the electrolysis of water then carry
the flocs to the surface to:.effect phase separation.

The effects of electrode material, current density,
residence time and chemical addition on the electrolytic
flotation process were investigated. Treatment efficiency-at

an economically viable energy input was also investigated.
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I1. OBJUECTIVES

The electrolytic flotation process has been proved

successful in treating many types of industrial wastewater.

However, this process has not been used in treating

oil-in-water emulsions from heavy oil extraction facilities.

Therefore as a first stage of experimental work in this

process application, the following objectives were set:

1)

2)

4)

To evaluate the feasibility of the electrolytic flotation
process for separating oil from oil-in-water emulsions
originating from praduction recycle water at heavy oil
extraction facilities.

To evaluate the sensitivity of the electrolytic flotation
process to relevant wastewater characteristi§$.

To consider the process variables that seem most probable
to have a significant effecf on e]ecfrblytic‘flotation
process performance.

To identify the suitable process conditions within the
framework of\the parameters (variables)schosen and
compare fhe éost of electrolytic flotation to that of
chemical goagulation.

Based on the findings of this experimental study, to
consider the applicability of the electrolytic flotation
proéess to oil removal from other industrial oily

. R o
‘wastewaters.



I11. EMULSION THEORY AND SCOPE OF THE ELECTROLYTIC FLOTATION
PROCESS |

A. EMULSION THEORY

Emulsion refers to a mixture of a quuid in another
liquid in which it is immiscible. The phase which is present
in finely divided droplets is called the disperse or
irnternal phase and the phase forming the medium in which
these droplets are suspended is called the continuous or
external phase. Becher (1965) defined an emulsion as a
heterogeneous system, consisting of at least one immiscible
liquid intimately disperéed in apother in the form of
‘droplets, whose diameter, in general exceeded 0'1.F'

There have been many emulsion theories published over
the years. These publications included theoriés with respect
to the orientation of molecules, phase volume, emulsion
type, nature of the interfacial film, interfacial viscosity,
dimensions of the interfacial film, droplet diameter,
electrical charge, etc.. In this study dealing with
electrolytic‘treatmeht of emulsion wastewater, it is
convenient to begin the aiscussion with the electrical
theories of émulsion.

Becher (1965) summérized the work done by Helmholtz,
Gouy and Sterqﬁand has pointed 6ut‘the complexity of
interfacial inieractions due to the existence of surface
charges. In an attempt to explain this phenomena, Helmholtz

introduced the concept of the electrical double layer.

-

\ ’ -
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Helmholtz assumed that the charge on the particles of a
hydrophobic colloid was due to an unequal distribution of
ions at the particle-water interface. Further, Helmholtz
pointed out that if ions of one charge were closely bound to
the particle, ions of opposite charge will line up parallel
to them, forming a double layer of charges (Figure 2).
Helmholtz’' theory requires that the potential drop at the
interface be sharp and considéring the mobility of ions, it
is doubtful that the regular orientation of ions which i§
needed to form the true Helmholtz layer are achievable. To
overcome this shortcoming in the He]hho}tz theory, Gouy
proposed that the double layer is diffuse, with the outer
yonic layer po;sessing an electrical density falling off
exponentially. Stern on the other hand proposed a compromise

theory between Helmholtz and Gouy whic;\aEEWt with a two

"part double layer with one layer, approximately a single ion

in trickness fixed to the interfacial surface. In this
layer, there is a large drop in potential (Helmholtz layer)

at the inter-.ce The second layer extends some distance

into the liguic .2rsing phase and is diffuse ( Gouy
layer), with - ¢ fall in potential into the bulk of
the 1iquid; The o als at an ci'-water interface
accordiné to the © ¢ heor es are illustrated in Figure 3.
’Introductior o otr ve="tial knowing the properties

assumed by Gouy irto - %0isson equa” .on leads to several
interesting results. Nne -« nese as reported by Becher

(1965) is the existence of the paremeter,
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FIGURE 2 IDEALIZED REPRESENTATION OF THE ELECTRICAL DOUBLE “LAYE'R AT
AN OIL-WATER INTERFACE ( BECHER 1963) ‘
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FIGURE'3 POTENTIAL AT AN OIL-WATER INTERFACE ACCORDING TO (A) THE
SIMPLE HELMHOLTZ THEORY (B) THE GOUY DIFFUSE DOUBLE-LAYER THEORY
(C)THE STERN DIFFUSE DOUBLE-LAYER THEORY. THE POTENTIAL

MEASURED AT THE PLANE OF SHEAR IS THE ZETA-POTENTIAL.
(BECHER 1965)
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FIGURE4 THE DOUBLE LAYER AT THE OIL-WATER INTERFACE IN
EMULSIONS. (A)IN THE ABSENCE OF SURFACE-ACTIVE COMPOUNDS. (B)IN
THE PRESENCE OF SURFACE-ACTIVE COMPOUNDS. (C)IN THE PRESENCE
OF A LARGE CONCENTRATION OF ELECTROLYTE IN THE WATER PHASE, IN
ADDITION TO T\HE SURFACE-ACTIVE COMPOUND. (VAN DEN TEMPLE 1953)
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where:

Z = the valence of the ions of opposite charge to the
sur face charge;

n = the number of ions oppositely charged to the surface
charge per cm?® in the solution at a distance from the
double layer (i.e. the gross concentration);

e = the elementary charge 5n the particle (1.6 x 10-1'® (),

€ = the die]éctric constant (unitless); N

K = the Boltzman’s constant (1.38 x 10-23 J.K-');

T = the absolute temperature °K; and

K = the reciprotal of the distance from the particle of é‘
plane containing most of the charged particfes (cm-1).
Therefore 1/k is the effective diameter of the

particle, and the thickness of the double layer is seen to

be proportional to n-Y2, i.e. to the concentration of €%e
ionic species which constitutes the ions of opposite charge
to the subface charge. This fact has important consequences
for the theory of the coagulation of emulsions as will be
shown subsequent]y when discussing liquid-liquid interfaces.
The foregoing theories have dealt predominantly with
particles rather than droplets.becag§e most theoretical work

has concerned itself with the solid-liquid interface. Becher

(1965) cited Verwey’'s work which states that the principal

o
'~
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difference between the solid-liquid interface and the
liguid-liquid interface is the possiblity of a double layer
existing on both sides of the interface.

Van den Tempie (1953) illustrated the existence of/the
two sided double layers (Figure 4A). As can be seen, the
potential on both sides of the interface is appreciable. In
the oil-in-water emulsions the smallest part of the double
layer potentia1.occurs in the outer aqueous phase (in the
absence of emulsifying agents). Such a system will have a
strong tendency towards coalescence and hence be an instable
emulsion. The addition of surface active agents
(surfactants), concentrated at the interface, changes the
potential pattern significantly. The magnitude of'thé
potential difference betweenzthe interiors (&V) of the two
phases remains unchanged, so long as the ionic
concentrations in the bulk phase ére not affected by the
adsorption process. The injtial change in the potential
difference caused by the adsorption of the surface-active -
ions is compensated for by a rearrangement of the dissolved
ions across the interface. This.is shown in Figure 4B. As is
evident, the major portion of the-charge is now concentrated
in the aqueous phase, and the zeta-potential is sufficiently
large go that a stable oil-in-water emulsion can result.
© Moore (1972) defined the zeta potential at the interface as
the effective potential across the double layer. Basically
this refers to the fotential at the interface, as

illustrated in Figure 3 and Figure 4. Figure 4C illustrates
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the changes in the potential pattefd caused by the addition
of a large amount o% electrolyte in the water phase in
addition to the surface active agent. As would be expected
from Equation 1, the effective radius of the diffuse double
layer is.decreased by this addition. The ions of the
opposite charge to that of‘the surface charge move in among
the surface-active ions, producing a thin léyer of uniform
potential, '

Since there are many types of emulsions, it is
necessary to classify emulsions into some uniform
categories. A convenient way to classify emulsions is to
divide them into two categories on the basis of the natgre
of the external phase. The tw§ categories of imterest to
this discussion are oil-in-water (o/w) and water-in-oil
(w/0) emulsions. The terms "oil® and "water” are very
. general. Almost any highly polar, hydrophilic liquid can be
'termed as "water"” and hydrophobic, nonpolar liquids can be
termed as "oil".* h

Lissant (1974) classified emulsions by dividing the two
ma jor categories above into three classes, based on the.
volume percentage of the internal phase, or the internal
‘phase ratio. Emulsions with less than 30 percent internal
ph;se form the first class. Emulsions with about 30 to 74
percent internal phase fall into the second class and those
‘with more than 74 percent internal phase fa]{ into the third

class. The two categories and the three classes of emulsions

lead to six different groups of emulsions (Table 2).



TABLE 2

.;v‘

The Six Major Classes of Emulsicns

Internal-phase ratio (IPR)

GRo/u/ 30% 30 to 74% 74%

Water in oil Low=-1PR w/o Medium-""% w'o High-1PR w/o0

0il in water Low=IPR o/w Medium-1Fn o/w High-IPR o/w




Becher (J965) reported Alexander and Johnson’'s work
which indicates that the charge on particles in colloidal
systems, can generally arise in three differer! ways:

a) ionization;
b) adsorption; and

c) frictional contact.

In the case of emdlision droplets, the difference between ‘e
first two mechanisms is blurred. In connectioh with the
charge arising from a possible frictional mechanism, Becher
(1965) cited Coehn’'s empirical rule which states that a
substance having a high dielectric constanf is positively
charged when in contact with another substance having a
lower dielectric constant. Since water has a dielectric
constant much higher than most of the substances which are
likely to be the other phase of the emulsion, including oil,
it appears tﬁé& droplets of an oil-in-water emulsion wilT:
probably have a negative charge, whereas the water droplets
in a water-in-oil emulsion will probably be positively
charged. | |

Based on the literature review thus far, the production
recycle water obtained from Cold Lake, Alberta, used in this
experimental study can be categorized as a Low Internal
Phase Ratio, oil-in-water emulsion with emulsion droplets
that are most probably negatively charged. The treatment of

this emulsion to effect phase separation requires the
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destabilizatibn of the emulsion. Destabilization and phase
separation usually occur in a two step process. The first
step is coagulation and the second step is flocculation.
Therefore it is important to consider the processes of
coagulation, flocculation and other methods of destabilizing

the emulsion wastewater.

B. DESTABILIZATION OF EMULSIONS

Kemmer (1979) definedwgoagulation as the destruction of
wthe emulsifying properties of the surface-active agent or
neutralization of the charged oil droplet and defined
flocculation as the agglomeration of the neutralized
droplets into large, separable globules. WPCF (1977) defined
floccqjation as the coalescence or agglomeration of finely
dividea suspended matter by physical or chemical coagulant
aids. Coagulation and floccq]ation processes have commonly
been used for pretreatment of wastewater.

As reported in WPCF (1877), the flocculation process
mav be a self-flocculation process which occurs through
mixing only or an induced flocculation consisting of
chemical additionvfollowed by mixingp Some agglomeration of
colloids will begin immediatefy because of Brownian movement
in the liquid. This is referred to as periKinetic
flocculation as contrasted with orthokinetic flocculation,
which is accomplished by particle collisions induced by
hydraulic or mechanical means. It is the orthokinetic

flocculation that is of interest to us in this study. Some
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of the significant fundamental theories of particie
aggregdtion to flocculation have been developed by Camp
(1955} and Hudson (1965 .

Camp (1959) revealed that the completion of the
chemical reactions in a coagulation or softening process is
almost instantaneous after the chemicals are fully
dissolved. The‘precipitates first formed are crystals f
molecular size. The initial increase of size of these
colloidal crystals is caused by true diffusion or Brownian
motion. At this stage the particles are still too small to
be seen by the naked eye. The completion of the éoagu]ation
process requires gentle turbulent mixing of the suspension.
The rate of coagulation depends on the number of particles,
the rate of col]ision; the size of particles, ability of
particles to adhere to each other, detention time and degree
~f mixing (mean velocity gradient). Camp (1955) proved that
tne rate of‘collis;; 2f particles at any given particle
concentration.is proportional to the absolute ve]oci‘ 
gradient or the space rate of change of velocity at any
point.

Velocity gradients are created in fluids by energy
input. Such energy is dissipated by the creation of shear
forces that are equal at any point to the product of the -
fluid viscosity and the velocity gradient.uThe rate of power
dissipation (the work of shear per unit of volume per unit
of time at a point)“is Known as the "dissipation function".

The mean value of the dissipation function W, is equal to
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the total power dissipation divided by the volume of the
flocculation chamber. The root-mean-square'velocity

gradient, G is defined by the following equation:

in which Vv is the absolute viscosity of the fluid.

Since the rate of floc formation is directly
proportional to the velocity gradient G, it should follow
that the greater the magnitude of G the less should be the
time requfred to form the floc. Hence, for economy in the
size of flocculation chambers, the velocity gradients should
be made as large as practicable. The practical limit
however, of the velocity gradient for any flocculation
process is determined by the size of the floc particles
required because there is a maximum size of floc particles
associated with each velocity gradient. This is best
exemp]ified‘by examining the viscosity of the fluid.

By definition, the viscosity of a fluid is the

proportionality constani between the unit shearing force,

T . and the velocity gradient, G', at a point.

N o= Lo (3)
G

It is evident from equation 3 that the Higher the velocity
gradients become, the greater will be the shearing forces in

a fluid. As floc particles grow they become weaker and are
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more easily sheared apart. Thus, to form small floc
particles, relatively high velocity gradients may be
necessary and for large floc particles lower velocity
gradients may be required. Overly violent mixing in
flocculation chambers will prevent the formation of floc
particles that are large enough to settle out effectively.
WPCF (1977) concluded that pilot and bench scalé work are
invaluable in determining the flocculation method and G
value requirements for parfﬁcular wastewater streams. The
value of G measured as S-', is used as a measure of the
intensity of turbulence created. In general, a very gentle
mixing would be related to a G of 20 and a vigorous mixing
would be related to a G of 100. |

In view of Camp’s (1855) finding that the coagulation
step is almost instantanebus, the rate determining step in
‘this process would be the slower flocculation process.

echer (13865) reported that increasing the concentration of
the oil phase in the emulsion will result in a slowly
increasing rate of coagulation but a much faster increasing
rate of flocculation. Conseguently, in highly concentrated
emulsions, the coagulation step can be the rate determining
step. ‘

Even in dilute emulsions, coagulation can be made the
rate determining step by the addition of surface-active
agents. These agents may'hav? little or no effect on the
rate of flocculation but can inhibit coagulation

1 considerably (Becher, 1965).
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Having considered the two stage process of coagulation
and flocculation that occurs while demulsifying an emulsion,
some of the methods that have beén used for demulsifying
emulsions need further consideration. |

Emulsions may be broken by chemical, electrolytic, or
physical methods. Emulsion breaking can also be termed as )
"resolution” of an emulsion. Kemmer (1978) reported many
common forms of breaking emu]sions.'Chemicals a;e used
extensiveiy to destabilize emulsions and enhance mechanical
treatment. Sulphuric acid has been used in oily wastewater
treatment plants as a first step iq emulsion breaking.

vChemical coagulating agents, such as salts of iron or
aluminum have also been used successfully. However, the
hydroxide sludges <f aluminum and iron are difficult to
dewater. Even though acids are more effective than coagulant
salts, the resulting acidic wastewater has to be neutralized
prior to disposal or reuse.

Kemmer (1979) also reported that organic demulsifiers
such as polyamines, alkyl substituted benzene sulfonic acids

~and their salts, alkyl phenolic resins, etc., are extremely
effective emulsion breaking agents, giving more consistent
results and generally producing better effluent quality than
inorganic chemical treatments.

The main chemical coagulant used in this study was
ferric chloride (FéCls). Ferric chloride is one of three
iron compounds used in wastewater treatment as a coagulant. 4/’

cCommercially, ferric cﬁloride is available as liquid,
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anhydrous and hydrated crystals. The anhydrous form is
granular while the crystalline form is irregular lumps .
Liquid ferric chloride is a dark brown solution in water.
WPCF (1977i reported that ferric chloride is very
hygroscopic and therefore it has to be shipped in air-fight
containers. Because of the hygroscopic and corrosive nature
of anhydrous ferric chloride, it is recommended that stock
solutions be prepared for. use in treatme%t processes. [t
must also be noted that heat is generated when this chemical
goes into solution. The iron salt reacts with the natural
alkalinity of the wastewater.to form a hydroxide precfpitate

that coagulates suspended and collioidal material. Two

representative formulae are as follows:

2 FeC]3 + 3 Ca(HCOS)Z—————_’»2 Fe(OH)3l+ 3 CaC]2 + 6 Co,

FeC]5 + 3 NaOH ———» Fe(OH)3l+ 3 NaCl

Mechanical oil-in-water emulsion treatment methods
currently in established use are air flotation (AF),
dissolved air flotation (DAF), vacuum flotation (VF), ultra
~filtration (UF) and activated carbon adsorption (AC).

. Air flotation, dissolved air flotation and vacuum
flotation have been discussed by Metcalf and Eddy (1972).
These different types of air_flotation alone are not capable
of destabilizing a stable emulsion. However, once the
emulsion is destabilized, air flotation methods are capable

of effecting phase separation. In air flotation, air bubbles
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are formed by introducing the gas phase Qirectly into the
liquid phase through a revolving impelier or "through
diffusers. Such flotation alone is usually not effective for
phase separation of oil-in-water emulsions; In dissolved air
flotation, air is dissolved in wastewater under a pressure
of several atmosp@eres and is followed by the release of the
pressure to the atmospheric level. This is more effective
than the'air flotation process for phase separation. Finally
in vacuum flotation, the wastewater is saturated with air
and a partial vacuum is applied, which causes the dissolved
air to come out as bubbles. This process is not as effectﬁve
as the dissolved air flotation process for phase separation.

Kemmer (19739) described ultra filtration as a method of
forcing an oily emulsion to pass through very small pores
(less than 0.005 microns)'in a membrane. Only water and
dissolved low molecular weight materials can pass through
the pore structure of the membrame, leaving a concentrate of
the emulsified oil droplets and suspended particles.
P]ugging does not occur as it can in ordinary filtration
because particulates are much larger than fhe pores and
cannot enter the membrane structure. ;

Activated carbon is usually employed to cleén up
~wastewater containing less than 100 mg/L of soluble and
emulsified organics. This is usually a polishing step.
Activated carbon, whéﬁ contacted with water containing
orgaric material, will remove these compounds selectively by

a combination of adsorption of the less polar molecules,
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filtration of larger particles and partial deposition of
colloidal material on tﬁe exterior surface of the activated
carbon. WPCF (1977) reported:that the removal of soluble
organics by adsorption depends on the diffusion of the
particle to the external surface of the carbqn. and then
within the porous absorbent. For colloidal ggrticles,'
internal diffusion is relatively unimportant because of the
small particle size! Adsorption is partially the result of
forces of attraction at the surface of a particle tHat causﬁ
soluble organic materials to adhere to that surface when ~
they contact it, and partially the result.of the 1imited
water solubility of many organic substances. The fact that
activated carbon has a large and highly4§ctive surface area
per gnit weight makes it an efficient adsorptive material.
The large surface area and the activity of this surface is
éhe reéult of the activation process that produces. numerous
pores within the carbon particle and creates active sites on
the surface pf the pores.’

Having considered the theory of emulsions and various
methods of destabilizing emulsions, electrolytic flotation

will be specifically considered as a method for emulsion

destabilization.

C. ELECTROLYTIC FLOTATION
Electrolytic flotation, as the name may suggest, is a
means of flotation which uses electrolysis to effect the

treatment. H3lderness (1966) defined electrolvsis as the



24

decomposition of a compound molten or in solution,_by the
passage of electric current. For electrolysis, a source of
direct current is required. The current is conveyed to the
electrolyte by electrodes. The electrodel(s) connected to the
posjtfve pole of the source of current is the anode and the
electrode(s) connected to the negative pole ofwthe ‘Aurce is
the cathode. The conventional current enters the el :t Iyte
by the anode and leaves by the cathodé.

Holderness (1966) reported that all other factors Leing
constant, the order of discharge of ions'will be that of tre
electrochemical series. The least electropositive elements
(or groups) will tend to discharge first (i.e., most
electropos%tive ions remain ionized in solution longer than
the least electropositivé/ions). The order of ascending

‘electropositivity is as follows:

“CAT IONS
Ptes < Ag* < CU** < H* < Pb** < Sn** < Fe** < Zn** < A3+ <

bl

Mg++ < Na¢ < Ca‘* < K»
4

" A similar phenomena occurs with electronegative ions to that
of the electropositive ions. The order of ascending -

electronegativity is as follows:

ANIONS
OH- ¢ I- < Br- < CI- <'N03‘ < 504"

- The order of discharging ions according to their

discharge potential becomes complicated when the relative
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concentration of ions are dissimilar. For ions whose
discharge potentials are close together, such as OH- and
Cl-, the order of discharge is reversed if the concentration
of C1- is much greater in solution than that of OH-.
However, this effect would not be felt, for example, between
OH- and SQ+‘f owing to the great difference in their
electronegativity. | ’ f}

- The nature of the electrode can also influence the
ionic discharge;‘The most important example is, if a common
salt solution is electrolyzed with a platinum cathode, H*

from water discharges first.
2 H* + 2 " —— H2

I[f, however, a mercury cathode is used, the energy of
d¥scharge of the sodium ion is much reduced and it
discharges to form a sodium amalgam and no hydrogen is

liberated under these conditions.

Na* + e —— » Na._

- Na + Hg ———» NaHg

. Masterton and Slowinski (1969) reported the cathodic
reductions and anodic oxidétions that take place in a water
solution. At the cathode, the cation may be reduced to the
.cohresponding metal or the water molech]e may be reduced to

generate elementary hydrogen.

2HO+2e — Hz(g) + 2 OH-
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At the anode, the anion may be oxidized to the corresponding
non-metal or the water molecule may be oxidized to generate

elementary oxygen.
Hy0 ——— 1/2 0,(g) + 2 H* + 2 e-

The important and necessary requirement for a
successful electrolytic flotation operation is Fha
generation of oxygen-.gas at the anode and the hydrogen gas
at”the cathode. It is these gas molecules that ére solely
responsible for carryng the flocs formed in this procesé to
the surface of the reactor cell. The passage of current is
a]sé)responsib]e for neutralizing charged particles and
droplets in solution enabling the emulsion droplets to \
coagulate and flocculate prior to the flotation procéss.

The electrolytic flotation process has found wide
application outsidedﬁorth America for the treatment of
industrial wasteQaters. In North America, the food
processing industry has found this process a valuable means
of treating their wastewaters. The majority of technical
information on the electroytic flotation process éppears in
foreign language journals.or patents. Translations of sbme
of the important foreign language publications and available’
publications in English have been used as Ehe source of
background information in this investigation. s

Snyder and Willihnganz (1°76) reported e]ectro]fiﬁc
flotation as being attractive for oily’emulsions becauge it

breaks up the emulsion, separates the oil in a floating
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layer and requires no chemical addition. However, Dubois
(1976) reported that electrblytic flotation has very little
effect on emulsions and as a result this process cannot be
used on emulsions unless\666bined with chemical
coagulation-flotation treatments. On the other hand, Beck,
et al. (1974) reported that electroflotation can provide
relatively rapid flotation and compaction of floc and can be
-used alone or in conjunction with flocculants. Ramirez, et
al. (1976) went a step further and stated that electrolytic
flotation can be used with or without coagulants, but the
process should be carried out in two sequential steps. -The
first step being electrocoagulat{on and the second step
being electrofigtation.

Chaﬁbers and Cottrell (1976} recommended electrolytic
flotation especially for low flowrates (less than 25 m3/h).
Choffel (1876) reported electrolytic flotation as being very
efficient but rather costly and its'appiication limited to
waste volumes under 100 m?/h. Genkin and Belevtsev (1978)
indicate the process being applicable to relatively
concentrated wastéwater discharged in'small volumes.
Ramirez, et al. (1977) studied a commercial operation
performing efficiently at flow rates a little[over 100 ‘m3/h.
Clayton and Noble (197;) reported béttgr tham 99% removal of
settleable matter from a potato c¢crisp factory Having anA -
effluent ilow of 200 m3/h.

There are many electrode materials that can be. used. It

is even possible to use different ele trodes for the anode

4
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and the cathode. Depending on the electropositivity of the

metal used for the anode, the dissolution of metals is

variabie during the electrolysis of water. Therefore, the

tySe of anodes used is very significant, for it will dictate

the frequency of eTectrode replacement and resultant

operating and maintenance cost. To circumvent this problem,

researchers have experimented with numerous stable electrode

materials (Table 3). Sn}der and Willihnganz (1976) used go]J//\\\

%or the anode and stainless steel for the cathode to prevent

the dissolution of the ano#le. On the other hand. in

operations where chemical addition is nqgesséry prier to

electrolytic flotation, it is at times phgfefable to have

sacrificial electrodes such as iron and alumian; Genkin and

Belevtsev (1978) listed the main advantages of using'p

electrocoagulation process over a coagulation with chemical

addition as follows: A

- the apparatus for electrocoagulation is more compact and
its operation is simple; . |

- de%ention periods are shortened;

- chemical feeding equipment is reduced or absenf?

- the liquid phase in sludge produced-is~}éduced‘giv§n§ a
reduced wolume of sludge; -

- electrocoagulation }akeﬁ place analogous to coagulation
with iron and/or aluminum but with the added advantage
of the liquid not Being enriched with anions and the
salt content does not increase due to precipitation of

»

the metal hydroxides.
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TABLE 3

Types of Electrode Material Used in the

Electrolytic Flotation Process

Iron [Kaliniichuk, et. al. (1976)]

Aluminum [ Barrett (1976), Chamers and Cottrell (1976), Kaliniichuk,
et al. (1976))

c-ainless steel [Snyder and Willihnganz (1976)]
Platinum [ Mikheeva et al. (1974)]
Graphite carbon [ Genkin and Belevtsev (1978)]

Dioxide of lead [Chambers and Cottrell (1976), Genkin and Belevtsev
(1978) ]

Manganese and ruthenium deposited on titanium [ Genkin and Belevtsev

(1978)1
Lead coated titanium [ Lewin and Forster (1974)]

Stainless steel cathode, gold anode [ Snyder and Willihnganz (1976)]

J

Duriron [ Ramirez, et al. (1977)}
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The utility of the electrotytic flotation process is
evident .by the number of successful applications undertaken
by various industries. The types of industries using this
technigue on wastewater have beén summarized bqu1ayton and

Noble (1974} as follows:

1. qulsions: Mineral or Synthetic oils

2. Water containing fats: Slaughterhouses, Milk Industry,
Cream Manufacturers

Textile Industry: Finishing and Dyeing

Painting: Coloured waters

Chemical Industry: Polymers, Colourants

[O2 TN @ 4 B < N

Pharmaceutical Industry: In particular if the water
contains bjo]ogical po{sons.

7. Papermills: Coating, printing waters

8. Sulphite or Kraft Pulp production
*g. Wood Industry: Fiberboard and P 1ywood

10. Glass Industry: Elimination of Silicates

11. éiay and Porcelain lndjéf:;,%ﬂ\\,\

12. Food Industries

13. Mixed or Municipal Wastewaters

Genkin and Belevtsev (1978) reported the capability of
the electrolytic flotation process tdiégmove the following
dissolved impurities: cyanides, rhodamides, nitro-compounds,
amines, alcohols, aldehydes, Ketonesl azo dyes, sulphides,

mercaptans and anthraquinone derivatives. However, no
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explanation was gy ven for the mechanism of removal.

In addition to the versatility of the electrolytic
flotation process, there are also many other advantages to
this process over conventional treatment mgthods such as
chemical coagulation and gravity settling and disselved air
flotation. The major apparent advantage of electrolytic
flotation over other flotation oil removal processes is its
ability in some circumstances to remove emulsifiéd oils.
Beck, et al. (1874) summarized the advantages of the

electrolytic flotation process as follows:

- The{process almost always surf§ces the floc, keeping the
floc together in one place for easy skKimming.

- Surfaced floc contains less water than conventional
floc.

- The combination of chemical and electrochemical inputs
drastically cuts chemical costs for water treatment
because of their synergistic effect.

- The process can handle light and_hgavy wastewater loads
without requiring a change of sequence. |

- .Detention time is very short, allowing smaller treatment
taan and reduced space requirements.

- The overall cost of the process is low.

- Effluent waters often have better than 90 percent
reduction in chemical oxygen demand, biochemical oXygen

demand, suspended solids and oil and grease.
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Chambers and Cottrell (1876) reported the following

additional advantages:

- The electrode grids can be arranged to provjde good
coverage of the flotation tank’'s surface area, so
uniform mixing between the effluert and the'gas bubbles
is achieved. | :

- A large amount of very small bubbles is formed with
minimum turbulence.

- The electric-field gradient between the electrodes aids
flocculation of existing solids.

- Gas production and residence time are easily controlled.

"The most imbortant aspect in the investigation
under taken was the ability of the electrolytic flotation

process to remove oil from wastewater. A summary of the oil

L4

removal performance reported in the literature for this
process is provided in Table 4.
The operating parameters that affect the performance of

the electrolytic flotation process are: \

a. current density,;
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b. applied voltage;
c. electrode material; and

d. residence time.

Current density is defined as the amperes of current
per centimeter squared of horizontal electrode surface area.
Therefore, for a given current input, the fo]fowing

~variations will increase the curreggfgénsity:
\\\’ . C<

i) fewer electrodes;
ii) shorter electrodes:; and

iii) smalleér diameter electrodes.

For a given electrode system, current inbut is directly
proportional to the applied voltage (ie. when the applied
voltage increases current input increases). However, when
maintaining a constant current input, increasing the number
.of electrodes will decrease the voltage across the electrode
grid. fFor better electrolytic flotation treatment
per formance, greater current densities and voltages are
advantages. The limiting factor in increasing these ‘
vafiables s operating power costs. Hence, cost-effective

"curreht density and voltage should be derived within the
constraints of acceptable and reasonable power cost. In

liquid effluents where the oil emulsions can be easily

broken, current densities as low as 30 mA/cm?2 have been
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found to be adequate (Table 4).

The electropositivity of electrodes is a very important
variable in the electrolytic flotation process. Electrodes
with greater electroposit:vity, as .dicated earlier, tend
to ionize into solution rapidly and theret : .ct as a
’coagulating agents. This enhances the per formance of the
process but at the same time frequent anode replacement is
necessary. For continuous, uninterrupted operation,
electrodes with low electropositivity are required. Also,
greater current densities have a greater ionizing effect on
electropositive anodes. Depending on the anode material,
this could also be considered a limiting factor on how high
the current density could be increased.

Longer residence times, giveTrise to better treatment
efficiencies provided constant destabilization of the
‘emulsion is taking place. However, longer residence time
requires larger reactor volume, resulting in a much larger
capital cost for the same volume of wastewater treated.
Also, longer residence time with continuous treatment means
‘greater power cost. Therefore,‘residence time should be

minimized.



4

IV. EXPERIMENTAL METHODOLOGY f
The analytical and experimental work were done. in two
phases. The first phase involved an exploratéry stage to
establish a combination of analytical and experimental
procedures that would indicate the capabi]ity of the
electrolytic flotation process to treat tg;\specific
wastewater at hand. Hav%ng establiched the analyfical me t hod
and the experimental conditions nece=sary to proddce
meaningful results, the second stace volved generating
data adequate for statistical validation and verification of
the performance capability of the electrolytic flotation
process. One significant difference in the analytical method
between Phase 1 and Phase 2 was in the method of sample
handling prior to the oil and grease analysis. In Phase 1
all samples were filtered using a Whétman No. 40 filter.
paper. However, with furfher experimental work it was found
that thé centrifuged samples provided a better indicator of
the actual emulsified oil and grease left in the sample.
Therefore all oil and grease analyses in Phase 2 were -

performed on centrifuged samples (Table 5).

A. ANALYTICAL

Total organic carbon (TOC)! was analysed by the
combustion infrared method 505 (APHA, 1975) using a Beckman
model 815 A fotal Carbon Analyzer. The maijmum deflection of
the chart recorder was set at 100 mg/L carbon for a 20.PL
sample injection of 100 mg/L stggdafd. The filtered sample

36



TABLE 5

A Comparison of Filtered vs Centrifuged
Samples for 0il and Grease Analysis
(analysis performed on untreated raw samples)

0{% G concentration 0 & G concentration
of filtered samples of centriﬁaged samples
mg/L mg/L
240 1750
270 1800
340 1980
Mean: 280 - 1850

37
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was diluted five folid prior to analysis. TOC was measured by
first analyzing for total carbon and then for inorganic
carbon and the difference between the two was calculated to
be T0C.

The pH of the samples was measured with a glass
combination electrode and a Hach portable pH meter which was
standardized with pH 4.0 and pH 9.0 buffer solutions.

Total alkalinity was measured by titration of a 25 mL
sample with 0.02 N sulphuric acid to a pH 4.5‘endpoint
according to ﬁethod 403 (APHA, 1875). The endpoint was
detected when the colour changed from blue to pink using
bromocresol green-methyl red indicator.

Electrical conductivitegy was read di‘rectly‘off a Hach
conductivity meter after standardizing the instrument with a
0.0100 M standard potassium chloride solution.

011 and grease concentration was considered to be the
mos t important experimental parameter and as such
considerable time was allocated to the establishment of an
accurate method of analysis.

The solventé evaluated for tBe oil énd grease
extraction were limited to Freonl113 (1, 1, 2 - *~'chioro -
1, 2, 2 trifluoroethane) and methylene chloride CH,C1, ).
Freon is the solvent recommended and d;ed in method £02
(APHA, 1875). Thus it was hoped that the Partition-Infrared
Meihqd could be used to measure the®oil and grease .
concentration. A series of three successive extractions were

made with 25 mL volumes of methylene chloride per extraction
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. i
using twenty two (22) different emulsion samples. Once

extracted the methylene chloride was evaporated using a
"Buchi" Rotavapor R rotary evaporatef (Plate 1) The
extracted oil concentration was quantified by a method
similar to the partition-gravimetric method 5024 (APHA,
1975). Then, 100 mL of Freon 113 was added to the distilling
flask containing the oil and the flasks Qere shaken to aid
in redissolving the oil in the solvent. The distilling flask
with the fFreon 113 was allowed to sit for over 12 hours. The
Freon 113 with the extracted o0il was poured into another
preweighed clean distilling flask and again the-procedure of
method 502A (APHA, 1871 was followed. The resulting oil
concentration was r« orded. Knowing the concen}rations of
oil extracted by me.nlylene chloride and Féeon 113, it was
possible to find b difference the percen}_of oil extracted
by Freon 113 with respect to the concentration extractable
by methylene chloride. It was found that the mean of the
percent extractable by‘Freon 113 is 46.5% of that
eéxtractable by methylene 'chioride uéing a samp]e population
of 22. The-~standard deviatioﬁ was ca]culatéd to be 25%
(Table 6). Therefore it was concluded that methylene
chloride was a more efficient solvent in extracting
emulsified oils originating from heavy oil extraction
facilities. | LN

The next stage of the oil and g3reeze analysis was to
find the'optimum number of extractions weedéd using

methylene chloride. Again a sample population of 22 was

‘
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TABLE 6

EXTRACTION EFFICIENCY OF FREOW IN THE

OIL & GREASE ANALYSIS

Sample Mass of Extracted 06G ~ Mass of CH,Cl, Extract “ Extracted
3 with CHp Cl, Dissolving in 100mL by Freon
mg of Freon, mg
1. 652 . 244 37.42
2. 696 T o312 44, 83
3. 144 136 94, L4
L, 144 g4 65.28
5. 9 o 11.11
6. 9 ] 1.1
7. 14 4 28.57
8. 13 1 7.69
S. 6 4 66.67
10. «, 49 40 81.63
1. 8 4 50.00
12. 13 5 38.46
13. . 84 64 76.19
14, 6 4 66.67
15. 9 5 55.56
16. 13 7 53.85
17. 18 12 66.67
18: 6 4 66.67
19. 58 6 10. 34
20. 1Q 3 30.00
21. 13 5 38. 46
22. 9 2 22.22

mean =" x = 46.54
Std. Dey S = 25.13

4
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used. Three successive 25 mL volume extractions were done
with methylene chloride and the oil concentration was
defermihéd. again using the partition volumetric method
similar to method 502A (APHA, 197%). Then a fourth 25 mlL
extraction with methylene chloride was done on the already
extracted sample and the concentration of oil was
determined. It was found that the mean percehtlof\oil
extracted by the fourth extractiogdwas small cémpared to
that extracted by the first three extractions (Table 7). In
view of the relatively.low recovery by ‘the fourth

extraction, the added benefit of this extraction is

negligible. This is justified when considering that the

Unﬁwcruly ol Alberta

precision of the oil and grease analysis was observed to be

of similar magnitude. Therefore three methylene chlor ide
: 3 A

extractions .c"e considered to be sufficient.

Dnée methylene chloride was selected as the solvent,

the partition-infrared methoq 502 B (APHA, 1975) was no
) }j%nger feasible. The chemical struc;ure of methylene
chloride, unlike Freon 113 has two C-H bonds which would _
interfere and mask the wave length range Qf‘2700 to 3100 A
cm-' which is the same range used to determine the oil and
grease coﬁcentnation. The peak wave length used for oil and
grease ana]yéis is 2§30 cm-'. Hence it was necessary to use
‘a,method similar to;thé partitibn-gravimetric method 5024
(APHA, 1875) with the exception-of’using methylene Chlbride'
e insteéd of Freon 193 and the following procedure was

,‘..

foliowed:
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TABLE 7

Lth EXTRACTION EFFICIENCY OF METHYLENE
CHLORIDE IN THE OIL & GREASE ANALYSIS

Sample 0 & G Concentration 0 ¢ G Concentration % Extracted
# with 3 Extractions on the Lth Extraction. on the QEh
F\,”m\mg/L ‘ mg/L Extgﬁ?ggon
o i
l. 16 2 12.5
2. 720 0 0
3. 47 0 0
. 66 0 0
5. 70 i 0 0
6. ° 29 / 3 10.3
7. 245/ 10 4o
8. Lo v : 0 0
9. 67 -~ 7 10.4
10. 422 6 1.4
11, o 29 0 0
"1’7,,.-» 43 0 0
13. 67 0 "0
14. 31 0 0
15. 65 0 0
16. 46 0 -0
17. 292 0 0
18. 48 0 0
19. 188 0 "0
20. L9- 0 - 0
21 L6 0, 0
22 . b5 0 0
[ . v, < .

o/o Extracted on lth Extraction .

Mean of all values =-1.76 <
Mean for valués showing results = 7.74
Fraction having zero values = 0.77" ’

-
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Where possible 200 mL of sample volume was pipetted into a
modified flask (Plate 2). The sample volume was reduced to
100 mL when analyzing highly concentrated samples such as
the untreated raw sample. The sample was acidified to a pH
of less than 2 with a 1+1 solution of hydrochloric acid and
extracted threg times with meihylene chloride. The mod}fied
“flask in Plate 2 was designed to replace the separatory
funnel in method 502A (APHA, 1975) for a two fold purpose.
The first purpose was to reduce the manpower requirement in
vigorously shaking the separatory funnel in view of the Maﬁy
oil ‘and grease analyses that were performed.in this stu&?.
‘The second purpose was to achieve more consistent results
with the modified flask arrangement than with the separatory
funnel. A magnétic bar wasiintroduced into the modified
flask and all the mixing was done with the aid of magnetic
stirrers. Al] samples were stirred fOr two minutes and the
magnetic bars were rotated at the same velocity. The oil

~ laden methlyene chloride was funneled into a éiean.
pré-weighed round bottom distilling flask as per me thod 502A
(APHA, 1875). The distilling flask was then connected to the
rotary evapbrator. When a}l the methylene chloride was
evaporated and only the residual oil énd grease remained in
the distilling flask, it was removed from the rotary
evaporator and put in an oven at 103°C for 5 minutes. From
the oven the disfil]ing'flask was transferred to desicator
for one Hbur'prio}’tolweighing itrand calculating the oil

and grease concentration.



OIL EXTRACTION USING MODIFIED ERLENMEYER FLASKS

PLATE 2
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B. EXPERIMENTAL
' The Samples for this study were obtained from the
experimental insitu heavy oil recovery plant in Cold Lake,
Alberta, Canada. The plant is owned and operated by ESSO
Resources Canada Ltd. The oil;in-watér emulsion samples were
trucked in 25 gallon plastic lined barrels. The samples were
transported in two batches. The first batch consisted of 10
)drums and the second batch consisted of 15 drums. The
?ﬂ:samples were stored at room temperature and the sample age
used in the experiments varied from two days to two months.
:All samples used were pumped fromvthe 25 gallon barrels
into a plastic container (Plate 3). The plaéfic container
had a tap near its bottom fromryhich the samples were
transferred to the\electro]ytié-flotation cell. By drawing
the sample off the bottom of the container, floating
non-emulsified oil was not transferred to the reactor. This
allowed the assessment of the treatment efficiency for
emulsified oil alone. A heating coil was placed in the
plastic container to raise the temperature of the sample to
approximately 50°C to 60°C,.
The eleétrolytic flotation cell was constructed from®
transparentlacrylic plastié. The cell was cylindrical in
shape with an internal diameter of 15 cm and a height of 91 b
cm (Plate 4). The cell was fitted b‘ih four sampling ports.

The bottom sampling port was pléced 15 cm above the bottom

of the cell and each subsequent sampling port was spaced 20
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RAW WASTEWATER BARRELS AND CONTAINER
USED FOR PREHEATING THE WASTEWATER

PLATE 3

W



ELECTROLYTIC FLOTATION CELL

PLATE 4
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cm apart. The sampling borts were designed such that the
sample could be drawn off anywhere within the cross section
af the reactor in the plane of the sampling port. This was
built into the system to avoid wall effects influencing the
quality of sample collected. The electrolytic flotation cell
had a detachable coupling 22 cm above the bottom to enable
easier handling and cleaning when necessary.

The first phase of the'experihent was conducted with 12
liter sampie volumes and the second phase was conducted with
u5}1iter sample volumes. Four electrolytic flotation cells
were constructed each equipped with a heating coil and
insulation material surrounding the exterior to maintain the
sampie at a constant temperature.

Initially eight electrode grids were constructed, the
first four containing 2 pairs of electrodes spaced 2 cm
apart and the next four cbntaining 4 pairs of electrodes
spaced 1 cm apart. fhe electrode materials used initially
were iron and aluminum. Each electrode was 7.5 cm in length
and 0.32 cm in diameter. Later, 7.5 cm long stainless steel
electrodes with a diameter of 0.32 cm and 7.5 cm long |
platimum electrodes with a diameter of 0.16 cm were used.

The electrodes were fitted into a«f0 cm by 10 cm square
electrode grid (Plate 5) and were held in place with plastic
screws. With these detachable screws, the replacing or Lj‘
changing of electrodes in the electrode grid was easily |
accomplished. Separate wires were welded to each e]ect}ode.

The wires leading to the anode were brought together and



ELECTRODE GRID CLEARLY SHOWING CORRODED ANODES

PLATE 5
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welded to a single wire leading to the power supply.
Similarly the wires leading to the cathode were welded
together with a single wire to the power supply.

Two different variable, direct current power supplies
were used (Hewlett-Packard Model.10438 B variable current
and voltage, direct current power supply and a Sorenson
Model DCR 60-T8B variable current and vo]tage,'direct
current power supply).

The experimental procedure.consisted of transferring
the heated wastewater sample from the plastic container into
the electrolytic flotation cell. The electrode grid was
placed at the bottom of the cell and the two wires leading
out were connected to the positive and negative terminals of
the power supply (Plate 6). When.chemical aédition was
desired, it was added and agitated prior to turning on the
power supply. At predetermined time intervals, samples were
collected from the bottom sampling paort, in the vicinity of
the center of the horizont.. cross sectiﬁn of the cell in
order to avoid wall effects.

Coagulation tests were conducted in 1 L beakers using
800 mL sample volumes. A Model 300 Phipps and Bird, Inc.,
six paddlie stirrer was used to mix the flocculating agent,

ferric chloride (Fe013), into the sample (Plate 7).



EXPERIMENTAL APPARATUS WITH POWER SUPPLY, INSULATED
REACTOR WITH HEATING COILS, TIMER AND ELECTRODE GRID

PLATE 6
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CHEMICAL COAGULATION TEST APPARATUS

PLATE 7
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V. RESULTS AND DISCUSSION
The primary objective of this study, was to evaluate the

feasibility of the'electrolytic flotation process for

separat1ng ofi from oil-in- -water emulsions or1g1nat1ng from -

techniéélffﬁ' ~ ;gf this process prior to developing a

L

cos;vaﬁa$95{§i'Théa;gghﬁic§H %easibi]ity of the electrolytic
flotation process bn mény 5ndustrial wastewaters excluding
emulsified wastewater from heavy oil extraction facilities
is Known and has been discussed previously. Therefore, the
initial approach taken in establishing the technical
feasibility of treating emulsion wastewater from the heavy
oil eatraction facility was to abply process conditions
'already established in treating other types of wastewéter.
On this basis, the experiments were conducted with iron
and aluminum electrode grids. Sample volumes of 12 liters
were used at room tempebature and current densities ranging
from 50 mA/cm? to 400 mA/cm?2 over a period‘of up to. 1.5
hours were applied: Even though some visible clarification
took place at 1.5 hours, the anodes were highly corroded
(Plate 8) and they Héd to be replaced prior to each
~ experiment. The high electropositivity of aluminum and iron,
caused them‘to have a high affinity to enter solution and -
-made thesé electrode matgrwals unsuitable for this

exper1ment The h1gh rate of anode dissolution created some

.doubt as to whether the sample clarification was due sohely
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HIGHLY CORRODED ELECTRODES

\ PLATE 8 o
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to the electrolytic flotation process or whether it was due
'to a combination of chemical coagulation, flocculation and

) 3
\electro1ytic flotation. In order to eliminate metal ions

from the anodes from enter1ng the solut1;n and masking the
effect of the e]ectro]yt1c flotation process, 1t was
necessary to use, for the anode material, a less
electropos{tive metal which would not disso1gé3jnto solution
easily.\New electrode grids were made with stainless steel
electrodes, tb determine if stainless steel would be more

. stable'than‘fron or alumihum. ébntradictory to Anon. (1968)
which stated that stainless steel electrodes had a one year
operating life, it was evident thathta1nless steel was also
not a satisféctory anode material. gven though the rate of *
anode dissolution under similar conditions was coﬁsiderab]y
less than that of iron and a]uhihum, it was still
significant. To substantiate’this..the anodes were weighed
before and after each run. Calcu]ation; showed that - I
approximately 350 mg/L to 700 mg/L of metal entered the
solutqon’at current densities varying from 130 mA/cm2 to 200
mA/cmZ over a 1 5 hour operat1ng period. Hence, sta1nless'%§

red an unsuitable anode material and its

steel was consi

use was discont)nued. These results indicated that the anode

material had ASQ%JZIEQY stable, i.e., the ‘anode material had

to very Aow in electropositivity. Therefore a noble

‘metal, plétinum. was considered. ‘
There were two ways to use the platinum electrodes. One

was to make the anodes out of plat}nuh and.use a less

hd - -
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-

expensive gpetal for the cathodes. The second alternative was
to use platinum for the entire electrode grid. Both these
modes of operation, though potentially viable yielded
unsatisfactory treatment results. The'power supply indicated
that theQCUrreht dropped towards zero within 15 minutes of
operation. Upon examining the electrodes, it was evident

_ that the anodes were coatedeith,alblack precipitate. The

mcharacteristics of this precipitete’wil‘ be discussed later.
fo overcome th1s problem the experiment was run by manually

"f 3b§ernat1ng the poTarity of the electrodes every 10 minutes.

iA[ternetjhg the po]arity had_the,efgtct‘of self cleansing

| the:ahodes and thereforé.a}lowihg,continuous operation. The
use o? plstinum"for the anodes"and ancther more |

‘.electropos1tive metal for the cathodes was then not

\:;possibTe because when the. polarity was alternated the
héidie became the anodes. Once the utility of this

? wflas establ1shed an automatic timer was built

.,.:
+
f

odés and with the aid of the automat1c tlmer | )!*
S T

. { ~’t:t:zr»tmuous operatvon'was poss1b1e The electrochem;ca1ly v

. stabte plat1num anodes d1d not dvssolve 1nto solut1on and’

fﬂi ;therefore electrode replacement was not necessary However

7§§ in the abshnoeﬁof any chemlcal addxtlon. ‘tHere 'was no ' 'f@
! v1s1blevtreatment tak1ng place This resalt suggested that * “%§ AN

some chemical addft%on uas necessary-to treat the produqtion

A Y
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recycle water using the elégfrotytic flotation process. Even
though Dubois (1974) was not dealing with heavy oil
emulsions, this is in Keeping with his conclusiqq that
electrolytic flotation without chemical addition ﬁas very ~
liftle effect on emulsionsf However, this is contradictory .
to Snyder and Wiflihnganz (18976) who reported that chemical
additioh was unnecéssary in the electrolytic flotation
process. It is also contradictory to Beck, et ai. (1974) and

. »

Ramirez, et al. (1976) who reported that this process can
provide emulsion breaking and clarificction with or without
chemical addition.

When- attempting to establisth a sd%ﬁable metal for the
electrodes, simultaneous chemical coagulant do,sages";ﬂere
aisc tried. It was hoped that when the electrolytic & .
flotation process alone failed to treat the emulsion |
wastewater a combination of chem1cal coagulation and
elect%olyt1c flotation would work Initially alum was -
selected and dosed at 25 mg/L. In all, seven trials wére
performed with diron, stainless steel and p1at1num electrodes

Eﬁgth current densities varying from 65 mA/cm? t0 100 mA/cm?.
The two tr1als with plat1num electrodes shpwed no visible

}j c]ar1f1pat1oh after 1.5 hours.of operatlon Two similar

Ky 4

~

D tr1als w1th calcium hydroxide were traed at dosages of 25
mg/L and 38 mg/L usxng sta1nless steel electrodes at a .
current den51ty of about 150 mA/cm? without any success over
1.5 hours. Another trial w1th ?00 mg/L of huT1c acid and

stainless steel eJectHbdesEdid not‘proyide any treatment.



59

Us1ng the stainless steel electrodes aga1n a frothing agent
cetyl trimethy! ammonium bromide was tried at 20 mg/L and
current density of 500 mA/cm? and no visible treatment
occurred. Finalty the reactor sample was acidified with
sulphurlc at1dfio a pH less than 455, visible flocs formed
but no giear?ng of the effluent t ook place.
’ iﬁene pnelim1nary unsatisfactory results necessitated
' Yhat alternat1ve operating conditions be considered. The
recﬁgle water at the Cold Lake pilot plant was generated at
qapprox1mate1y 800°cC. Based on the work ©f Vold and Mittal
(1965). higher>operating temperatures offered some “promise.
They studied the effects of temperature on the stab111ty of
Nujol- Water emulsions and found that the emulsions were all
found to be less stable at h1gher temperatures.’Therefore
the éamplee.we»n heated to between 50°C and 60°C. This was
regarded as the maximum feaefble temperature foa the
e;perimental set up available.
With heated samples and chemical coagulants (alUm and
&laQer ferr1c chloride) the eléctrolyt1c flotation process
provided vistble clarification. The results of these
eXperimeqts;;?@ sumﬁarized in Table 8 an Table 9. These
sresults will be discuesed later in this section. Thus, the
technical feasibiiity of the eiectrolytic flotation process

was established. The economic feasibility will also be

- ‘ ' .
' discuefed later S k_u

5% \ :

v " The second objective was to evaluate the sens1ttv1ty'of

the electrolyttc flotation process to relevant wastewater,

S -
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TABLE 9

To Assess Treatment Performanee
With Feresic lon Dosage

ELECTROLYTIC FLOTATION:

+
Fe3 Concentration mg/L

u

| RS _
0 80 0 100 0y i ] 125
626 101 645 52 ¢ 46 7. 36
S 488 97 448 47 - 88 b
S 508 88 492 54 882 S B
E 610 74 455 54 936 L9
£ 615 79 L6k 61 786 34
= 676 108 488 69 ) 786 . 38
S G 0s At 8l 3
o 105 10 0 97 3
3 563 83 615 si - 4 83k i3
€ 742 1 676 48 834 49
o 806 95 705 63 868 4g
v 884 118 684 62 868 51
© 1175 136 563 60 808 L7
h 880 163 742 68 808 50
- 882 135 884 67 856 4
_ 936 121 1175 69 856 57
=
avg. | 736.25 106.3 6447 58.4 821. 1 449
Std. | 181.64 24, 1 187.55 713 132.77 6.6
Pev. u
NOTE: Sample volume: 5L
Electrodes: Pt O
Residence time: % hdur :
Temperature: 55°C + 5°C
Current: 1 Amp

Volts: 6 V
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characteristics. in the early phase of ‘the experiment, while
attempting to obtain a suitable electrode material, the most
troublesome wastewater characteristic was the sulphur |
compounds which were in solution. This was evident when
using platinum electrodes. Within fifteén minutes of turning
the power supply on, the'cunﬁ?ﬁ%“dropped towards zero. Upon
‘examihing the electrodes a black precipitate‘wés visible.
Mikheeva, et al. (1974) reported this to be a sulphide.
precipitate caused by sulphur containing organic compounds
present in wastewater. This problem was overcome by
automatically switching the polarity of the electrodes as
has already been discussed. |
Thg relative stability of the emulsion wastewater was
evident when comparing the current densities that were
required to treat this emulsion wastewater as reported.?n
Table 8 (up to 330 mA/cm?) to that of the .typical current - "
densities that were required to treat other emulsion
.wastewaters as reported in Table 4’ Qgﬁ to 50 mA/cm?). A
possible reason for th1s added stability may have to do thh
kfhe,preqence of surfactants in the emulsion wastewater UKHer
studp Swisher (1970) reported that surfactants have a
strongly hydrE;h¢b1c group and a strongly hydroph111c group
1inked together ik’ 1hé same molecule The hydrophilic group
tends to orient towarqg the water phase and the hydrophobic

Q‘v
group tends to orient towards the oil phase. This promotes

| dispersion and emulsification. The most hydrophobic group is

the hydrocarbon radical having a total of from about 10 to
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20 carbon atoms. Swisher (1970) also reported that the
hydrophobic groups contributed by the petroledﬁ”industry are
principally hydrocarbons, deriving originally from the
paraffins of crude oil. Typical hydrophilic groups are
sulfonates, sulphates and carboxylates. Strosher and Peak

(1978) reported that of 16 chemical groups investigated from

‘samples of oil sands (Athabasca formation) upgrading plant

effluent and associated effluents, the most.abundant organic
constituents were the hydrooarbons. organic sulphur
compounds, organic nitrogen compounds and oxygenated organic
compounds. A prev1ous study done by Strosher and Peak (1976)
reports that 92% of the ex{;actable caroon from oil sands
plant tailing pond dike f11teéggra1nage was in the form of.
oxygenated compounds, 1nclud1n§ organic acids, phegol;,
ketones, aldehydes, organic acid esters, amides, quinones,

organic sulphér compounds, organic nitrogen compounds and

hydrooarbons. Montgomery (1880) confirmed the presence of

the compounds found above to also be present in the Cold

Lake heavy oil formations. However, he'ind{cated the

relative concentrations of the compounds to be different

between the Cold Lake and Athabasca formations. Therefore,

one could speculate that the surfactant properties of polar
organic compounds, such as those reported above, could
contribute to thé“stab111ty of the oil-in-water emulsions
produced from Cold Lake heavy oil.

Another characteristic that may be a relevant indicator

4
of the sensitivity of the electrolytic flotation process is

o



T UM ci iy o ATBGIE

64
L

electrical conductivity. As reported in Table 8, the range
of electrical conductivity in fhe emulsion wastewater ﬁﬁé
between 5000 micromhos per centimeter and 7500 micromhos per
centimeter. This is far greater than the typical electrical
conductivity of other wastewaters treated successfully by
electrolytic flotation. Ramirez, et al. (1976) reported the
electrical conductivity of wastewater originating from a
Jeat processing plant without dehairing liquor io be between
&950 micromhos per centimeter and 1500 micromhos’ per
centimefér. Das Gupta and Mohanta (1976) reported the
electrical conductivity 6f Kraft nili”effluent as 578
micromhos per centimeter: The higher electrical conductivity
is indicative of a higher dissolved solids concentration.

iThe third objectivg was to consider the process
variables that seem most likely to have a significant effect
on electrolytic flotation process performance.

‘ The rate of mixing of ‘the reactor sam%le could be a
significant process variable. As cited previously Camp
(1955) showed that.the rate of collision of particles at any
given particle concentration is proportional gSLthe absolute
velocity gradient or the space rate of change of velocity at
any point. However as welocity increases the shearing forces
will also increase and as floc Basticles grow, higher
velocities can break them down again. Therefore; it was
decided to apply gentle mixing to the reactor sample to
increase the probability of particle collision and thus the

rate of coagulation. The possible presence of surface active
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agents in the samplie could have a slowing down effect on the
rate of coagulation and it was felt that gentie mixing could
overcome such problems as have already been discussed. A
motor with a long shaft and three propelHers was used to mix
the reactor contents. However, at this stage of the
experimental development, sufficient chemical addition was ]
not used and even though coagulation may have taken place to‘
some degree, clarification of the effluent did not taKe
place. The mixing device was used only for 15 minutes of
each experiment. The heavy motor sitting on top of the
reactor and the impellers catching the wires leading out of
the electrodes caused ebme practical problems. In subsequent

experiments the reactor volume was reduced and further use

_of the mixer was not possible without great,’?difications.

Therefore, establishing the contribution of hixing to the
process was not pursued.

In1t1a1 evaluation of other process variables was
conducted at a stage when Samples were being heated to
between 50°C and 60°C, but us1ng sta1n1ess steel electrodes
and alum dosage This was also a stage in the exper1menta1
deve]opment when the oil and grease samp]e analysis was done.
without centr.ifuging the sample prl\r to analys1s However ,
the information obtained showed some fmportant trends. The
process var1ables that were tested were current dens1ty,

residence t1me 1n the reactor and alum dosage. These reQDQts

-are tabulated in Table 8. Owing to the lack of confidence

-with the oil and grease analysis in these experiments the

™

B
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total organic carbon concentrations were used as an
alternate indicator. The total organic carbon analysis was
done on filtered samples. Therefore all the dissolved
organic carbon is represented by this analysis. If it can be
assumed that a fixed proportion of this total orgdpic carbon
is contributed by the oil and grease, we can plot total
organic carbon versus current density and alum dosage to get
some idea of the performance. These are plotted in Figure 5
and Figure 6. The effects of increasing current"density on
the oil and grease concentration is plotted in Figure 5.
From Figure 5 it is evident that alum dosage ur to 20
mg/L has no significant effect on the electrolytic flotation
process. However, subsequent experiments in which the
stainless steel electrodes were weighed before and after
each run showed that between 350 mg/L and 700 mg/L of the
stain]e;stteel electrode was enteringvso1ution.'Therefo%%
the effect of the alum dosage was totally-masked by ﬁhe_high

electrode metal dosage. Theoretically the maximum rate of

iron that could be dissolved for the test conditions

ehPIOyed (assuming that all the electrons in the process are
supplied by the ionization of iron to the ferric ion)’is 783*
mg/L (9,400 mg) (Appendix B). The relationship between tdta]}
organic carbon and current density {s not very well
estgblished as illustrated in Figure 6. Howeve?, Figure 7
seems to indicate a possible reduction effect on o0il and.
grease concentration with ihcreasing current density.

From this point on all oil and grease samples were

Y

“
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centrifuged and more consistant and reliable oil and grease
analysis was possibie. Also, all the exper:ments on the
electrolytic flotation process were conducted with platinum
electrodes:

The fourth objective was to identify the suitable
pfocess conditions‘witnin-the framework of the carameters

4
(variables) chosen and to compare the cost of electrolytic

flotation to that of chemical coagulation. Having
established the need fon\chemical coagulation in conjdnction
with electrolytic flotation, the stategy here was to first
assess the chemical requirement to break tne enulsion
without using the electrolytic flotation process/ﬁv;isvwould‘
sthen be ?sed to compare ‘the chemical requ1rement for the
electrolyt1c flotation process to show the benefit of using
the electrolytic flotation process.
u-.Ferric chioride (FeCls) was selected as the chemical
coagWNating agent on the basis of preliminary trial with a
- variety of cnemicals (lime} ferric sulphate, alum, etc.).
The concentration of the ferric ion (Fe3*) was varied from 0
mg/i to 556 mg/L. Each series of tests_cgntained six one
1ite§ beakers containing 800 mL of sample. Twenty such
series of experiments were conducted. The results of these
aﬁé tabu]ated in Table 10. If must be noted that the initial
15 series of six beaker tests were conducted on the original
batch of sample brought from Cold Lake, and the f1nal 5

series of experiments were conducted on the second bateh of

. f‘/‘
sample broight from Cold Lake. The oil anﬂ”@rease
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concentration of the untreated samples in the first batch

was on the average approximately se%’n fold higher than the

0il and grease concentration in the second batch of .samples.

- 'This is typical of the ‘operating fluctuations at the plant.

and hence the“experimental system should be-d}bable'o?
handiing'these fluctuationé. Experimental results showed |
that the range of initial,cqncentrations from 500 QQ/L to
5500 mg/L, did not affect ‘the concentration of the treated
samples significantly. To substantiate thic finding the mean
of the #irst‘15 treated samples.were compared o tﬁe,meah of
L .

the last 5 treated samples éfter treatment - th 125 mg/L* of

ferr1c 1ons The t-test stat1st1c showed tbab the f heans

did not d1ffer 51gn1f1canttz at .the 10% s19n1f1cancellevel
(Append1x 1). ) _J Ny o

oy . .
v N W . i

»-  Having established thewﬁcncentrat1on of ferrlc 1ons

~

needed for clar1ficat10QPby the coagulatwon test, it was

essential fo compare the ferrlc ion concentration needed to
.

obtain equivalent clarification using the electrolytic
flotation process. It was also important to operate the
electrolytic flotation process'at an economicallyvviable

rate of energy consumption. It was calculated that if 1

ampere of current-and 7 volts were applied for one hour it

;would cost approx1mately $33 00 per 1000 m3 of wastewater

treated. Reducing retent1on t1mes to one-half hour or
f1fteen minutes would reduce this cost to $16.50 and ‘$8. 25
respect1vely for each 1000 m3 treated (Appendix 2) Based on

these calculations, the electrolytic flo;ation process was
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w |imited tosa maximum of 1 ampere of current inpuf. The
Y. _e'lectw.lyvc flotatioh experiments were, conducted at ferric

"ionc

-

rations varying from 50 mg/L to 125 mg/L with 5

Hter sample volume and at a temperature of 55°C t 50C.
IA?@the initial experiments the fermc fon concentrations
imited to 80 mg/L, 190 qg/L and 125 mg/L. The results
of these. exper;iments e summary in 'I'able 8. >These
eé" résults “fndicate ‘the treatment alf c\ed\»lth 89 mg/L fermc

.+-ion é%ncentration‘dn the- electcolytlc ﬁ’lbt’b;mgn process  is
. A
- equivalent to ghentréatmentrfchleved yyitb 125 mg/L Qf ferric

oL
 fon concentratlon in the chémical coagul"atlo'n experime‘hts at
- »s @ N
-the 10% sigmflcance level (Append1x 3). The**‘bverall

Qerformance of the ohemical ce gulatlon versus, elecftrolyhc

flotatlon process is plottéd M, Figure 8 and" shcwssclearly

& idthe supemos ﬁerformance SELHHE e)ectro‘lyt\c flotat'ion

process over chemcal coaguiation alone. SR p

In order to elimfnate any spnple va?i)ances due to the
age of the sm‘lple and other exper'imental\\;'actors that may

electrolytic flgtation experiments samples ‘were collected at
15 mlnute and 30 minute’ intervals In the chemi,cal .
for 3Q "

| coagulation experfments.tstirring uas coatj _
. to settle for a

minutes ‘and the flocs ermere all ‘
mlnluunof four hour's. These results are tabulated in Table

Both the Slaggs llyt% flotation and" the’ chem:i"cal B
- S g
_ .coagullticl mt .-..m,e conducted at 125 ula/l. of ferrlc lon

,-.'r PP N B . .
~ N - .. £ [P

3 . . L. " . Dt e - . - < .
¢ ST G R SR C : o ,

-
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4 SIMULTANEOUS ELECTROLYTIC FLOTATION AND

CHEMICAL COAGULATION TESTS

0il & Grease Concentratiion (mg/L)

Expt. Electrolytic (Flo6tatio'n Coagulation
¥ 1 amp. 6 volts s
4 15 min. | 30 ming 3 & 30 min.
' 4 3, | = 88
2. 4 - 45 8h
S, 41 A7 82
o |, b3 37 89
5. 4 42 82
6. : 4 Ly 88
7. 4o 42 = 70°%
9. 56 - 46 67
10. 50 4y 73
11, - 50 47 79
12. : {7 9, 48 . 89
Ave. ' ‘.0'5.6\‘-‘}11 43.2 ",J.IZ' ) 79.6. fJJB
Std-. L ‘, ’ R ‘ o j | \ y '
‘Dev. 5.5 b2 v 9.0 v

Note: All these experiments were conducted with a Ferric

ion concentration of 125 mg/L and at 55°C. -

<

.

75
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concentration. A one wa§ analysis of variance of the three .
sets of results (two from electrolytic flotation and one |
from chemical coagulation) was done (Appendix 4). The

results confirm a highly s1gn1f1cant d1fference (P<0.001)
between the three means. However, gwhen'the means of the two
el;§¥rolyt1c flotation ppocess Pesults were compared us1nq
‘the -Duncan’ s multiple-range test it showed that the
treatment of samples obtained after 15.minute residence time
and 30 minute residencé time did not differ significant}y
,(Append1x 5). o~ - |
‘;, ' These fmdmgs ;olearﬁ sbow that the electrolync

flotahon process is super1or&to ’bhem1cal coagulahon a%~

“"

In summary the best process cond1t1ons obta1ned for ‘
electrolytic flotation were a current dens1ty of 132 mA/cmi.
a residence time’ of 15 minutes, a ferric ion dosage of 80
mg/} These process cond1t18ns were obta1ned at an operat1ng
tewperature of 55°C + 50(, . .

v

Though the treatment cost of the electro]yt1c flotation
" process is less than ?hat of chem1ca1 coagulat1on" the
relative cost of the two processes is of"- v1tal 1mportance to

!
the 1ndustr1al operator. Cost analysis was" based on a 350

l

Rgpnq,qfum of ﬁerr1c chlor1de costlng $90 00 and a daily’

NERRSRE 4 \1

product1 ate of 141, 000 barre}s of synthet1c crude with a
produced ter recycling rate.of 38 2 x 10° m3/d (Appendix 2 -

and Bi. bn.th1s basis the chemical cost for the electrolytic

=2

flotation process (at 80 mg/L ferric fon concentration) was

estimdted at approximately 3. 56¢ per bbl of synthetic crude

o

/

-~
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-

produced. Adding the cost of power estimated at 0.22¢ per .. ®

w7ty

bbl. of synthetv‘ crude produced ;for 15 minutes of operation,
i ’ L

at 1 ampere and 7 volts, make the cost of treatmefit 3.78¢ ° .

per bbl. of synthetic crude produced. It was hoped that the®

rate of hydrogen production during electfoﬂySis would off -

set some of the power and chemical costs. However, . fi¥§$ﬂ,
calculations performed (‘PDEﬁd1X 9) showed a hydrogen o - .
prqﬁuction vo lume Qf oniy 0.4 L per ampere per hour dLring

the efectrolytic flotation process Therefore\the cost . wﬁ{

benefit of recov5”ing hydrogen was negligible On the other

‘;a

hand the chemsftwjuost of treating the wastewater by

o

chemical coagu]ation at 1%!3&63& of ferric 1on concentration

in order to obtain the equivalent treatmenﬁ obtainable by
electroiytic treatment is approx1mate1y 5.56¢ per bbi of
synthetic crude produced. This pvus the gentle stirring for

half a hour increases the cost bo approximately 5.96¢ per " %
bbl. of synthet}c crude produced As residence time was from

1 to 4 hours in chemical c~agulation treatment, the size of N
‘the coagulation chamber " wou}d have to be 4 to 16 times -
larger than the equ1valent electrolytic: flotation unit.” This
alarger reactor size would add substantially to the capital
gst for chemical cquul tion treatment ‘ )

- As reported in EIA%TWQ) the ESSO Resources Canada
Limited, Cold Lake heavy ail extraction facility will
-prodqu#wasteﬂ;ner for recycling at the rate of 38 2 x
~103m‘/d (8.4 x 108 Imp gaﬂlons per Hay) Van Note.<et al

(1975) illustrated.gr icaliy thﬁt the operating and -
. o ' hE , N RO e
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:m;lntenance ».coé;,t ot a 100@ m3/d primary sedimentation unit
with ferric chloride additiop was $1.4 98 per 1000m3 of
wastewater treated Theg have &lso shown the operatmg and
_‘_rgmtanance cost for 3000 m’/d actlvated sludge plant with
?Errlc chloride add1t1on is.$24. 23 per- 1000 m3/d wastewater

v »
treated Assumrng a 100% mcrease m Gperatzng and . o«

$29 ?}6 and $48.46. perﬂbbo m3 respec‘twely Ihe cost ‘of
tneatmg 1000 m’/d w1th the elecfrolyhc flotat1on process_
. using a BOgmg)/L 013 ferr1c Ton concentratwon and current \

densities sujflment to, ach1eye a trea‘tment e?fwlency of

between 90%4and‘99% or better is $135.60. Sewage treatment
~ costs cannot be d1rectly related to the electrolyt1c

flotatlon process costs est1mated by th1s,,study .due }tw

4
,-- dlfferences in wastewater characteristics and in thre nature }

of the processes, however, conpamsons do prov1de a gross
in 1cator Of the relative magnitude of .treatment costs.
Based on_the economic cost" evaluat1ons. it is apparant

that the electrolyt1c flotatwn process woul::l be very -
attractwe if less expenswe means of chem1cal treatment
could be applwed A-lso the cost of ferritc chloride s ludge
har%ng has not been assessed’ and this could present a

| Afurther drawbacy to the aflication of this technology
However, in view of the tethnical feasibllity of '

, electrolytlc Flotatlon, the use of this process is st1ll
"conceivabl"e particularly if other treatment wrocesses prove

to be Uneconamcally or technically unfeasible
9

-

r

o



B addition This also elimina

. '%i
"\ "

The fifth obJective, on the basis of the findings of
this study, was to consider thﬂh:ppllcabl]ltY‘of the
electrolytic flotation process to oil removal f aom other
industrial oily wastewaters. Based on. the higher rate of .
anode dissolution when ui'ng metals of higher >
electropositivity (iron, aluminum, stainless steel, nickel
etc.), this proZ;ss will be very useful in short term or - .
1ntermittent operations Spills and emergency situations as
well as operations wherexsmall volymes of wastewater are

»collected overglfgeriod of time and then discharged~ Ab#

periodically.; Kder the 1ntermittent operations

category In such'f, rations. replacing the electrodes does

not cause operating delays Therefore. sacrific1al
.-

electrodes are. ideally suited. Sacrificial electrodes have

) the advantage-of;supplying metal ions at a constant rate,

.

thereby eliminating the necessity for chemical coagulant

“'the need for chemical storage
tanks and equipment for injechhg and mixing the chemicals
A1$°£i§9¢ rate of metal addition can be controlled by’ the
current input to the -electrodes. The electrolytic flotation
process has -the’ advantage of floating the‘sludge layer for
easy skimming floating sludge layer is usually more v
-.compact (less wat er content) than I settled sludge layer.

“Since the buoyancy forces move the s&ludge to the surface and

~ the gravitational i‘orces of the #loc particles already at -

the surface act opposite to the buoyancy forces, a more
oonpact sludge layer)is formd:_ An'electrolytic fl\eﬁation,i'.
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’

unit is light and compact and therefore is easi‘ly portable

for eme;gency requirements. The “sinplicit‘y of operating an -
electrolytic flotation unit al the treatment efficiency of
the prdcesé makes this an attractive a{ternative in

emergency situations. : ' &



VI. CONCLUSIONS AND RECOMMENDATIONS
The results indicate that the electrolytiec flotation process
is technically feagible and a process superior to chemical

coagulation in treating production recycle wastewater from

- heavy oil extraction facilitiés. The electrb]ytic flotatgln

process under the best conditions tested was fqundAto be
quick and efficient.producing a thick floating sludge layer.
Further work is needed to determine if chemical usages can

be reduced or if alternate less expensive chemicabs can be;

used. Under the ditions ted the treatment costs were
considered h1ghen woul des1rab1e for full scale,

VIR E
implementation. ‘~ .

Increasing the current deheityzincreased the treatment
efficiency.. The best current density and resfdence'tinek |
conditions were fixed by limiting the power cost of treafing'

1000 m?® to less than $20.00. Based on this limitation 1t mss

\found that the current denst?& wai’#%@ mA/cm2 (1 ampere, 7

vclts) 15 minutes of resxdence time was found to be

adequate aqd-treatment was poss1ble wit®in the cost

-objectwe for . power consumption. Heatmg the s;ample above/-
.room tempﬁbature was vital in obta1n1ng better treatment
.efflctency\ggi chemical addltion was necessary to obtamn

r

emulsion destabilization and ﬁhase'separat1gni The -
exberimental températureiwas se1ected‘to be'SSbC + 59, This.
was however not based on the best per formance put rather on

the maximum practicable temperature for the given

[P o di

»
experimental set up. Further work on accurately maintaining-

st
““
+ 9

.. ’ . o
R I P L, 81
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the temperature and studying its effect on the treatment

“efficiency with each incremental increase of 10°C would be

useful. It was found that 80:mg/L of ferric ion

concentration was necessary to obtain an oil and grease
concentratlon of less than 50 mg/L in the treated sample.
The initial oil and grease concentrat1ons before treatment
varied from 500 mg/L to-over 5500 mg/L Therefore the

treatment efficiency var1ed from. 90 p?pcent to over 99

ﬂ%n

‘percent. .. - J{P

Aty

“Egzsﬁ into

‘ replacement of W

Theé e!ectropos?tiv%ﬁg of the qﬁg&?code mate.gal must be

»

very low to prevent rap1d d1sso]ut1odf _

solut1on and thereby necess1tat1ng frequ,

'Wectrodes Platinum was found to be a suitable electrode

%A
material, but an automat1c timer was reqmrew alter the
polar1ty and prevent electrode "fouling. o 7 ‘ N.ﬁt

_ More exper1menta] work should bgldone on 1nsreas1ng the
turrent density w911e decreaswng the ohem1cal ‘addition in

order to establish the 1nterplay gﬁ@been these two"*

variables. A temperature as c]ose to ‘the actual operating

~temperature (90°C) as poss1b1e may reduce the chemmcal -
requ1rement drast1ca11y - _‘ I R R
" A better characterization of the wastewater with b

<

respect to the presence -of emulsif'%rs and demulsifiers tQ'd!" o

, would be useful As a‘f1rst stage, synthet1c Crude prepared -

';in the laboratory with Known characterlst1cs may help ;Lmter

“define the interdependence of.vartous chemical- components,1n'

{'solution. It is verytlikely that sample‘age may have a fu, .

*

i T . \ : l‘ -
. , . \



——

”~,
Lo

Umiversity of Alberta

‘tried, with the first stage 'being chemical coagulation and

83

bearing on the particle size distribution and hence the
stability of the emulsion. The experimental results did not

R YA
seem to show any change‘ in performance characteristics witg

time, however a more def1n1t1ve study is warranted with

‘respect to aging of the wastewater

It is also recommended that a two stage process be
the, second stage being electrolyti 'flétation “Mixing &6f the
sample to enhance flocculatlon sﬁ%u]d also be studied, to‘

(
determine to optimum mlxxng ve[pcxty Fﬂnally, the he1ght of
the wastewater column above the electrodg grid could be a-

svgn1f1cant parameter ~That 1s, the cU??ent Gensity per~ug1t

' volume of wastewater treated should rece1ve attent1on

N
R 4 e
ey

..Q.
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APPENDIX 1
From Table 10:

. For 125 mg/L Fe3*:
~- Run 1 - 15 Run 16 - 20

Xy = 107.6 Xp = 83.8
Sa = 32.29 Sg = 14.04
IAj = 1614.0 LBy = 419.0

Standard error of the mean d between the two sets of samples:

15 2

Px 2 - A5x )25 -1 N
J

SS, =
A Ij Aj

Aj

= (1062 + 862 + ... + 1382) - 16142
15

188.266 - l%%izA- 14599.6

2 . 14599.6.. 14599.6
nAhl 14

= 1042.83

Sa

ssg? = 35901 - ﬁ%E? = 788.8

sg2 = 788.8 . 788.8 . 197 .,
nB_l 4

2
- Sal . 1042.83 .

sg  197.2 —— -

Fo.025 (14,4) = 14.25

Since the calculated F value is smaller than the critical F value there is
no significant difference in the variances and therefore the variances can
be pooled.



Therefore,

52 = IXpy? + IXgs? o 14599.6 + 788.8
(np-1) + (ng-1) 14 + 4

= 854.91

Sg= s2 matng - gs4.91 15+ 5

Therefore,

Sd = 15.1

Two Tajiled t-Test

Hy: Wy ¢ Ko

t-XA_XB -9_
S4 S,

= 107.6 - 83.8 1.58
15.1

tg.o5 (for 18 degrees of freedom) = 2.101

- tg,10 (for 18 degrees of freedom) = 1.734

»
*

The experimental value of t lies within the critical tabular value,
therefore, the hypothesis Hj : M) = ¥y 1is accepted and is
claimed that X, does not differ significantly from Xg at the 10%

significance level.
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APPENDIX 2

1 Ampere 7 vo:ts for 1 hour of operation.
Watts = 7 X 1 = 7 in 5 liters of solution.

Therefore, !

EE%EE =71 = 1.4 = ©.0014 kW/L

Since 0.0014 kW/L is applied for one hour, we have

= (0.0014) (1)

= (0.0014) kwWwh/L

Cost of 1 kWwh = 2.3 cents.

~

0.0014 kWh/L = 1.4 kWh/m3
"

Cost of treating one million gallons (4546 m3) for 1 hour

= 4.56 L x 1,000,000g X 0.0014 kWh y 2 3 cents
g L kWwh N

= 14683 cents = $146.83 = $33.00/1000 m3

Therefore, cost of treating for 1/2 hour

: = §73.42 - $16.50/1000 m3

Theréfore, cost of treating for 15 minutes
= $36.71 = $8.25/1000 m3

Therefore, cost per bbl. of synthetic crude produced (based on 141,000 bbl
produced and a recycle rate of 8.4 X 106 gal)

- 36.71 y 8.4 X 10% _ 0.22 cents/bbl
10° 141,000
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/

d

041 -and Grease Concentration (mg/L)

80 mg/L Fe3+

125 mg/L Fe3*

Electrolytic Flotation Coagulation
s,
101 106
97 86
88 80
74 47
79 68
_ 108 161
< 84 152
105 N 129
83 135
114 111
95 78
118 104
136 121
163 98 -
135 13¢/
121 81 -
83
91
\\ 101
63
X 106.3 102
Std.Dev. 24.1 30.4
n (# of 16 20
data points)
" 2048.0

11700.8.



sa2 = SSa/np-g - 8785 - s585.7

(’8

Calculation of the standard error of the difference, d:

—
6 y 2 16 2 16 x 2
SS, = X - X /16 .
A %j Aj (Ej Aj) EJ Aj
1.e.,
' 2
SSp = (1012 + 972 + ... + 1352 + 1212) - ll%Q;@
6 \
= 189,581 ~ 180,7952 = 8,785
)
Therefore, SS, = 8785

v

- (1062 4 862 + ... + 1012 + 632) ~ 20402 = 20 2
SSg ] 2%y,
’ ' 20 3
.

. = 224,167.0 - 208,080.0 = 16,087

P

Therefore,
8Sg = 16,087

.
-
o

2 4.SS
sg° = °B/np-] « 16,087 . g4¢.7

w0,

F = 35; - 846.7 271,45
8A*  585.7 > 1:::7
3 o
F0_01(16:20) = 3.26

e

Since the calculated F value is smaller than the critical F value, there is
no significant difference In the variances, therefore, the variances can be

pooled.. _ ~

e
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~ 8785 + 16087

a2 o IX 2+ 1xy2 L 8785 + 1608
i“A-l’ *‘(ﬂn_l) (15 + 19)

oy 2 my g 731,53 16+ 20
Q nafg 16 X 20

sy ™= 82.3

Two-Tailed t - Test

e= Ky 78 - (X~ vy

Sd
Hot wp = w2
Hy: wy #uy
b= Xy "X d

Sa' S

a|

t = 106.3 - 102 . 5,052
82.3

tg.10 €([15 + 19] degrees of ; cdom) = 1.692
The experimental value of t lies well within the critical tabular value.

Therefore, the hypothesis

Hy 2 w1 = up 1s accepted at the 10% significance level.

0



APPENDIX 4

.Null Hypothesis:

H ] - p = w3 (from Table II1)

o *

Analysis of Variance Calculations:

Total S@m wf Squares (TSS)

iV SN
TSS = § f X 2 X2/36

13 13 \
i.e., )

.'/
TSS = (412 + ... + 892) _ (20202)
36

i.e.,
TSS = 124,704 - 113,344.44
Therefore,

L (TSS = 11,359.56
7z .\\\\ K

‘s " —t

Experimental Sum of Squares (CsS):

12 2 2 .
css = ;X “/3 - X
L1 kI3 :

= ﬂf(1632 + ... + 1842) _ (20202)
3 3 36

il.e.,

CSS = 2£9§ZE§;9_r 113,344 .44

Therefore, -

CSS = 254.89
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Error Sum of Sequence (ESS): '
ESS = TSS -~ CsS

= 11,359.56 - 254.89 = 11,104.67 /

Mean Sequence

MSc = CsS = 254.89 u 23,17
degs. of freedom 12 -1

MSE = ESS - _11,104.67 . 11,104.67
degs. of freedom (36 - 3 =1 - 32 Ik

Therefore,

MSg = 347.02

Calculated F Value

F = MSE = 347.02 . 14,98
MSc 23.17

Critical F-Value (from tables)
degs. of freedom = 2&

7 11
Fo.05(32,11) = 2,57
Fg.01(32,11) = 3.94
F0.001(32,11) = ¢ 68
Analysis of Variance Summary
Degrees of Sum of Mean
- Source of Variation ./ Freedon Squares Square F

Treatments { 11 255 23.17  14.98
Error ' C,/ 32 11,105 347.02
Total 43 . 11,360

There is a highly significant difference between the experimental type
means, therefore, the hypothesis is rejected.
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APPENDIX 5

Duncan's Muytiple-Range Test

Chemical

Experiment Electrolytic Flotation Electrolytic Flotation Coagulation
= 30 min. = 15 min.
Mean 43.2 45.6 79.6 ‘\\
Variance of sample means,
s = | error mean square;". (347.02 )1/2
# of experiments 12 ‘ g
= 5.38
p means - 2 3
»

rp (from Duncan's 2.89 . 3.03 For 32 degrees of
multiple range test freedom (see previous
tables) //\\ : ANOVA table)

Multiplying each value of r, by Sz = 5.38, we have

R 15.55 16.30

- Least signi-
ficant range.

I'd

To test for significant differences among two adjacent means, we obtain
ranges of (45.6 - 43.2) = 2.4 and (79.6 — 45.6) = 34.0 respectively. Since
the first of these values does not exceed Ry = 15.55, the difference,
between the means is not significant. Since the second of these values
exceeds R3 = 16.30, the difference between the means is significant.

43.2 45.6 79.6
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APPENDIX 6

$90.00 for 350 1b FeCljy

M.W. of FeCly = 162.206 g

f.e., every 162.206 g of FeCly has 55.847 g of Fe3*

Therefore,
in 350 1b. FeClj the weight of Fe3+
= 350 X _25-847 a 120,5 1b. Fe3*
162.206 A
If 80 mg/l is needed .

1 X 105 gal = 4.54 X 106L

Therefore,

in 4.54 X 10° L we need (80) (4.54 X 10%) mg of Fe3*
= 3.632 X 108 ng
= 363.2 kg
= 799 or 800 1b/10® gal of Fe3*

——i
‘%oo 1b Fe3+ - 2200 % 350 = 2,323.6 1b FeCly ¢

Ty

T

For electrolytic flotation

¢

at $90.00 for 350 1b

cost of FeCly per 106 gal = E%%%_x 90 = $597.60/106 gal

For coagulation

Need approximatély 120 1b. Fe3* for 106 gal

1250 1b. Pe3* = 1250  x 330 = 3630.7 1b FeCl3
A 120.5 1b Fe3*
in 350 1b FeClj
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at $90.00 for 350 1b.

Cost of FeClj per 100 gal = 29%%61 X 90 = $933.61

160,000 bbl of crude bitumen is upgraded to produce 141,000 bbl of
synthetic crude oil

8.4 X 10 gallons (38.2 X 103 m3/d) of water is to be recycled.

Therefore,

gal/bbl of synthetic crude produced = 8.4 X 10% . 59,57 fal/bbl
141,000

Chemical cost of electrolytic flotation = $597.60/1O6 gal
Therefore,

chemical cost per bbl of synthetic crude produced

= 597.60 x 59,57 = 3.56¢/bbl
o ¢/

Chemical cost of coagulation = $933.6l/106 gal
Therefore,

chemical cost per bbl of synthetic crude produced

= 933.61 x $59.57 = 5.56¢/bbl
106



APPENDIX 7

Current Density Calculations

Length of electrode = 7.5 cm

Diameter of electrodes:

Fe

Al

Stainless Steel

Horizontal surface area of

Fe, Al and stainless steel electrodes = 2qrh

Pt

0.32

0.32

0.32

0.16

Theretore, 2 anodes

cm

cm

cm

cm

= (2)(n)(0-32) 7.5 = 7.54 cm?
2

= 7.54 X 2 = 15.1 cm?

Horizontal surface area of Pt electrodes

Therefore 2 anodes

~

Pt (for 2 anodes)

= 1 Am
1 Amp '773—252 X 1000

2 Amp = ?EE'X 1000 = 263 m

e

= 2rrh.

= (2)(x)(0:16)(7.5) = 3.78 cn?
2

= 7.6 cm

132 mA/cm?

-

?

3 Amp = _3_ X 1000 = 395 ma/ce

7.6

2
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Al, Fe,

1l Amp =

2 Amp =

3 Amp =

5 Amp =

Al, Fe,

1l Amp =

2 Amp =

3 Amp =

4 Amp =

5 Amp =

Stainless Steel (2 anodes)

1 X 1000 = 66 mA/cm?

15.1

_2 X 1000 = 132 mA/cm?

3 X 1000 = 199 mA/cm?

4 X 1000 = 265 mA/cm?
15.1

T;— X 1000 -51 mA/ cm?

Stainless Steel (4 anodes)

2 _x 1000

_3 X 1000
3

_4 x 1000

_3_ X 1000
30.2

1 X 1000 = 33 mA/cm?
30

66 mA/cm2

99 mA/cm2

132 nA/cm?

166 mA/cm?

106
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APPENDIX 8 .

Theoretical Rate of Iron Dissolution

¥

Assuming that all the current in the system was conducted through electrons
obtained from the fonization of iron, i.e.:

Fe ---—- Fedt 4+ 3e-
Assume,
For 1 Amp over 1 hour of operation

1 Amp = 1 coulomb
sec -

Therefore,

# of coulombs needed = 1 S0ulomb y 1 hour X (60 X 60 8€S)
sec hr

= 3600 coulombs

but, 1 coulomb = 6.25 X 1018 electrons.

)
A4

Therefore,

# of electrons needed = (3600) (6.25 X 1018)

2
= 2.25 X 1022 electrons

)

6.023 X 1023 electrons
mole

Therefore,

# of moles = 3_22_5_59?2 = 0.0374 moles
6.023 x 1023

1 mole Fe° weighs = 55.84 grams/mole

o

Therefore,

grams Fe = 55.847 X 0.0374 = 2.089 grams
v
= 2089 mg Fe per Amp per hour.
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Therefore,
-

at 2 Amp for 1.5 hours = 2089 X 2 X 1.5

4

= 6267 mg

At 3 Amp for 1.5 hours = 2089 X 3 X 1.5

(200 mA/cm?) for stainless steel electrodes = 9,400 mg

12 liter sample volume was used.

Therefore, concentration of Fe3* {n solution

- 3400 mg . 783 mg/L
12 L
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APPENDIX 9

Hydrogen Generation Rate

HY + HY + 27 -3 ny

i.e., need 2 qlectrons per molecule of Hp generated.

Assume: 1 Amp for 1 hour
1 Amp = 1 coulomb
sec
Therefore,
1 Amp over 1 hour = 1 X 60 X 60 = 3600 coulombs

.1 coulomb = 6.25 X 1018 electrons

Therefore,
3600 coulombs = (6.25 X 1018y (3600)

= 2.25 X 1022 electrons
Need 2e” per molecule

Therefore,

' 2
Number of molecules = 3;3255~l9 2 = 15125 X 1022

1 mole = 6.23 X 1023 molecules.

Therefore,

’ 2
Number of meles = 1.125 X 1042 = (0.0181 moles
6.23 X 1023

4

1 gram mole at S.T.P. occuples 22.4 Liters

Therefore,
0.0181 gram mole = 0.4054 Liters = 405.4 mL volume

l.e., 405.4 uL volume of‘hydrogen will be produced per each
ampere per hour.



