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ABSTRACT

Freeze-thaw was studied as a waste treatment method for the
concentration and volume reduction of contaminated liquids of high
strength kraft pulp mill effluents and waste concentrates produced from
the use of membrane technology. Unidirectional freezing experiments
were conducted to simulate natural freezing in which the independent
variables: freezing rate, liquid depth, storage time, storage temperature,
freeze layering, concentration, thawing rate and method of thawing were
examined with respect to their relative significance. Method of thawing
followed by freezing rate, rate of thawing, and storage temperature were
identified as the most important independent variables that contribute
significantly to treatment performance. Freeze-thaw was effective in
concentrating and separating the constituent matter of high and moderate
strength effluents originating from the alkaline extraction stage to produce
a relatively clear supernatant in the upper liquid fraction. Identified was a
new field of application for freeze-thaw as a waste treatment process for
the management of high strength liquid wastes amenable to mechanical

coagulation by freezing.

Scanning electron microscopy of frozen effluent samples showed its
constituents were concentrated during freezing into thin layers of
concentrated material with the thickness and morphology of this material
dependent on the freezing conditions. At an initial freezing temperature
of -2 °C, approaching the effluent's minimum freezing point, the
concentrated material produced consisted of thick, porous wafer-like
structures arranged into "honey comb or box" like patterns. At higher rates

of freezing (initial freezing temperatures -15 °C and -25 °C) the



concentrated material produced consisted of very thin, wafer-like
structures. These wafer-like structures were arranged in sheet like patterns
with the spacing between the zones of concentrated material being in part,
determined by the freezing rate. Initial freezing temperature was found to
play an important role in defining the morphology and characteristics of

the concentrated material produced during freezing.

The concentrated material produced during freezing was very
fragile and susceptible to break-up during thawing. The method by which
the frozen effluent was thawed proved crucial in the successful operation
of the process. Thawing of the frozen effluent from predominantly the
bottom up allowed for the release of the concentrated material from its ice
matrix enabling it to settle and be carried downward with the melt water.
The degree by which the melt water assisted settlement of the concentrated
material was dependent on the rate of thawing. High thawing rates was
conducive to establishing a near downward vertical flow pattern which
assisted to rapidly remove and concentrate the material, limiting its
contact time with the bulk solution during which diffusion could occur.
Constituent removal rates of as high as 80 % were achieved in the top 70
% liquid portion of different effluent types under conditions of slow

freezing and rapid thawing from the bottom up.

Over time the concentrated material was observed to diffuse back
into solution to indicate it was not a floc per say but a mixture of dissolved
and stable colloids together with precipitated and flocculated matter, all
dehydrated. Equations were derived to predict the final color

concentration in the top 70 % liquid fraction of the treated effluent and to



estimate the drain time following treatment to obtain a desired treated

effluent quality. These equations were verified using experimental data.
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1.0 INTRODUCTION

Color causing pollutants found present in the wastewaters of kraft
pulp mills originate almost exclusively from the bleaching process.
Although the pulp industry has markedly improved the quality of its
effluents from the application of new technologies, they are still faced with
the technical and economical challenges to reduce further the discharge of
materials to the environment. To meet future effluent regulatory
requirements, the industry has been evaluating innovative water
management schemes involving both internal and end of pipe effluent
treatment technologies. Significant research efforts are currently being
directed towards the development and integration of zero liquid effluent
technologies into mill treatment processes. Unproven at this time, the
industry has been hesitant in adopting these new technologies partly
because of the economic uncertainties surrounding them. As an
alternative some facilities have opted to evaluate specialized treatment
methods for only the high strength process streams, namely the bleachery
effluents. Among the most promising is the application of membrane
technology for treatment of the alkaline extraction stage effluent. The
application of a physical separation process to concentrate the
contaminates results in the production of smaller volumes of high
concentration liquid wastes which in regards to their disposal offers
several key advantages. The most obvious is affordability. Its reduced
volume will likely make it easier and cheaper to treat and dispose of,
which may ultimately make zero liquid effluent technologies more

economically accessible.



Membrane technology is a physical separation process designed to
split a given waste stream into two components, producing a permeate
and a concentrate. The concentrate, containing a majority of the
contaminants, is still in need of treatment and disposal. The disposal of
membrane concentrates in a simple, cost effective manner has not been
adequately addressed in the context of pulp mill operations. Of the possible
solutions available, on-site incineration is preferred. However, on-site
disposal by incineration of concentrates for large pulp mills would likely
not be economical because of the large volumes of contaminated liquid.
Under these circumstances the use of additional technologies or a more
elaborate water management scheme would be prudent with the goal to
further reduce the liquid volume of contaminated waste in need of

treatment and disposal.
1.1 BACKGROUND
1.1.1 STATEMENT OF THE PROBLEM

The application of membrane technology does not eliminate the
problem of waste disposal and therefore consideration of the disposal
method for contaminated liquids is necessary. Its purpose is to reduce the
volume of contaminated liquids to quantities that are more manageable
and can be effectively disposed of on-site. For membrane technology to be
adopted and used by the pulp industry it will have to be designed in the
context of pulp mill operations whereby small volumes of membrane
concentrates can be economically disposed of on-site. In the case of large
pulp mills this may require designing the concentration process to consist

of membrane technology and other cost effective treatment processes to



ensure small manageable volumes of contaminated liquids are produced.
Among the possible complementary technologies available, a simple, cost
effective method for treatment of membrane concentrates to further
reduce the volumes of contaminated liquids involves using a freeze-thaw

operation.

Natural freeze-thaw is well documented as a cost effective
treatment method for conditioning and dewatering sludges. Little
literature exists about the use of freeze-thaw as a method for concentrating
for volume reduction liquid waste streams consisting primarily of
complex dissolved and colloidal organics. Waste streams of this chemical
composition that are treated by freezing methods are done so typically

using freeze concentration.

Preliminary test results using mechanical freeze-thaw showed that
liquid waste streams that are comprised of dissolved and colloidal organic
material are amenable to mechanical coagulation, where freezing to
concentrate and mechanically flocculate the organics sufficiently produces
a settleable concentrated mass that can be effectively removed upon rapid
thawing. So promising were the results that freeze-thaw conducted
naturally was investigated as a simple, cost effective solution for treatment

of high strength kraft pulp mill bleachery effluents.
1.1.2 HYPOTHESIS DEVELOPMENT

Initial laboratory work lead to the development of the research
hypothesis that liquid waste streams comprised of complex
dissolved/colloidal organics are amenable to mechanical flocculation and

separation brought about by freeze-thaw. Membrane concentrates derived



from the alkaline extraction stage effluent with oxygen and hydrogen
peroxide reinforcement (Eop) are complex organic aqueous liquids. Their
treatment by freeze-thaw is believed to be primarily dependent on the
transformations that occurs to the concentrate's colioidal and dissolved
organic and inorganic constituents during freezing. Postulated is that
during freezing the constituents are concentrated and mechanically
flocculated into thin wafer-like structures to produce settleable masses that
can be separated from the bulk solution under ideal thawing conditions.
Separation efficiency is believed to be, in part, dependent on the freezing
and thawing conditions, as well as on the degree of compression related
flocculation that occurs during their time frozen. Based on initial studies,
the concentrated mass produced during the freezing of membrane
concentrates is very fragile and susceptible to break-up during thawing.
Removal of this fragile concentrated material from the bulk solution is
believed to be controlled predominantly by the rate at which this material
is initially thawed to separate it from its ice matrix. Other factors of
importance include particle interlocking resulting from mechanical
compression, and the degree of disturbance to the concentrated mass
during thawing. Optimum treatment conditions believed necessary to
achieve high separation efficiencies involves slow freezing rates coupled
with long storage times at cold temperatures followed with minimal
disturbance to the concentrated material upon thawing. The mechanism
responsible for and the resultant morphology of the concentrated material
from the growth of ice crystals during solidification during slow freezing is
believed to be critical in producing a concentrated material that is readably
separated from the ice matrix during thawing. Long frozen periods at low

temperatures are necessary to freeze as much as possible of the free



available water to mechanically compress the concentrated material into
tightly, compact zones reducing the material's fragile nature and
susceptibility to break-up during thawing. Finally, minimal disruption to
the structural integrity of the concentrated material during thawing by the
melt water flow is critical in achieving high separation efficiencies. The
chemical composition of the Eop effluents is also believed to be important
from the point of view that it must be amenable to mechanical
coagulation. That is there occurs a physical transformation to the
constituents which is in part, retained after thawing that will permit their
removal. Equally important is the concentration present in the waste
stream must be of sufficient strength to produce sufficient amounts of
concentrated material that can be readily separated from the ice matrix

during thawing.

Although there exists a substantial amount of literature on freeze
separation of organic and inorganic aqueous systems, lacking is
information on the morphological changes that occurs to the effluent's
constituents during freezing and how these transformations directly relate
to separation efficiency. This absence of information formed the basis of
the second research hypothesis. Postulated is separation by freeze-thaw of
aqueous liquids that are organic in nature are dependent not only on those
parameters that enhance freeze separation, but also on those parameters
that enhance thaw separation. Both groups of parameters are believed to

be equally important in achieving high separation efficiencies.



1.1.3 RESEARCH DEVELOPMENT

Several specialized treatment options were investigated as part of
this research study for treatment of Eop membrane concentrates. Initial
tests were conducted to investigate ozonation and coagulation (cationic
polymers only), separately and in combination. As part of the coagulation
studies metal based coagulants were not considered because of the
operational problems the resultant sludge would pose to the mill's
incinerator contemplated for disposal of the waste constituents. This is in
lue of the fact that alum and lime have been demonstrated as effective
coagulants in removal of nearly all of the color from waste streams of this
nature. Results from using ozonation and a cationic polymer were
unfavourable. Little or no improvement in color reduction was measured
in the alkaline extraction stage membrane concentrate treated separately
with ozonation. Ozone dosages as high as 300 mg/L were trialed with the
reported changes in color being below the detection limit. Likewise
extremely high cationic polymer dosages, in excess of 1,500 mg/L, were
required to obtain marginal reductions of less than 10 % in color by
coagulation alone. Ozonation was also trialed in combination with
coagulation, whereby concentrate samples were preozonated followed by
coagulation and flocculation. Results from these tests were also
unfavourable. Observed was low to moderate dosages of ozone (< 100
mg/L) and polymer (< 150 mg/L) produced no or little reduction (< 5 %) in
color. Based on these results it became apparent that the use of cationic
polymers to treat pulp mill membrane concentrates would not be
economical and therefore technologies of this nature were not further

investigated.



Freeze concentration was initially studied for concentration and
separation of the constituents of membrane concentrates. The
experimental technique employed was the method developed by Baker
(1967). This technique consisted of mixing the membrane concentrate in a
round bottom Pyrex flask submerged in a temperature controlled ice/salt
bath. The problems observed, which are common for this method of
freezing, related to the difficulty of separating the ice crystal from the
solute. Small additions of a highly charged, high molecular weight
polyamine (< 100 mg/L) to the membrane concentrate was reported to
improved separation. However, at coagulant dosages above 100 mg/L the
separation efficiency was observed to deteriorate regardless of having
vigorously mixed the sample. Flash freezing was problematic, greatly

reducing solute separation and recovery.
12 RESEARCH OBJECTIVES

The research study was developed to evaluate the natural freeze-
thaw process as a simple, cost effective method for treatment of high
strength kraft pulp mill effluents. The method is applicable for kraft pulp
mills located in cold regions only. As part of this investigation, the study
focused on the fundamentals of the process and the mechanisms
responsible for concentration and removal of the effluent's
dissolved/ colloidal organic and inorganic constituents from its bulk
solution during freeze-thaw. Specifically, the following objectives were

defined as relevant to achieving the above goals:



1.2.1 PRIMARY OBJECTIVES

1)

2)

3)

4)

5)

6)

Evaluate freeze-thaw as a waste treatment process for alkaline

extraction stage effluents and its membrane concentrates,

Characterize the frozen and thawed physical state properties
of the concentrated material produced during freezing under

different freeze-thaw conditions,

Postulate the mechanism(s) of removal for the concentrated

material by freeze-thaw,

Identify those process variables that significantly affect
treatment performance and whether they are controllable or

non-controllable,

Determine the relative stability of the concentrated material
removed by freeze-thaw under different freezing and

thawing conditions; and

Develop empirical mathematical models that will predict
treatment performance by freeze-thaw for treatment of Eop

effluents and its concentrates.

122 SECONDARY OBJECTIVES

1)

Discuss conceptual engineering design for the application
of natural freeze-thaw for treatment of high strength kraft
pulp mill effluents.



2.0 LITERATURE REVIEW

This chapter reviews the theory of freeze-thaw and the mechanisms
responsible for concentration and separation with respect to different
waste types. Research objectives that address freeze separation of organic-

inorganic aqueous systems by freeze-thaw will be presented and discussed.
2.1 PULPING PROCESSES

The objective of a pulping operation is to separate the wood fibers
by dissolving the lignin. The methods used vary depending on the type of
wood and end quality requirements of the pulp. One of the most
commonly used pulping methods is the kraft process. The kraft pulping
process is of special interest, simply because it accounts for approximately
90 percent of U.S. woodpulp production. The process involves cooking
woodchips, under pressure, in a solution of sodium sulfide and caustic
soda. These chemicals dissolve most of the lignin to produce a woodpulp
consisting primarily of cellulose fibers. Lignin is an amorphous substance
that is partly aromatic in nature and contains methoxyl, aliphatic, and
phenolic hydroxyl groups plus minor amounts of various aromatic acids
in ester-like combination. The pulp then passes through a series of
washing stages to remove and recover most of the dark cooking chemicals
referred to as a the black liquor. When kraft pulp is used to produce fine
papers or white board grades it must be bleached. Bleaching involves a
series of chemical treatments and extractions varying in number and
sequence of steps, employing chlorine, caustic soda, hyochlorites, chlorine
dioxide, and oxygen and hydrogen peroxide. The bleaching extracts

released consist of both acidic and alkaline waste streams, with the



alkaline extraction stage effluent accounting for about 75 % of the color
released from the bleach plant. The bleachery process is the principle
contributor in the total amount of color released from both pulping and
bleaching with the percentage between 80 to 90 % of the total color.

2.1.1 ALKALINE EXTRACTION STAGE EFFLUENT COMPOSITION

The color constituents of the alkaline extraction stage effluent
consists of oxidized lignin fragments commonly referred to as "color
bodies” (Bonsor et al., 1988; Cook et al., 1973). Color bodies consist of
partially degraded lignin fragments and brown-colored materials which
are complex mixtures of acidic polymers ranging in molecular weight
from less than 300 to as high as 30,000. Also associated with this waste can
be other colorless compounds with molecular weights ranging up to about
150,000. Color causing bodies with molecular weights around 5,600 are
responsible for the largest portion of the color reading. The original lignin
material, through oxidation and chlorination, loses most of its methoxyl
and phenolic hydroxyl groups, gaining a high carbonyl and carboxyl
content (Katuscak et al. 1971; Smith et al., 1976; Kovacs et al. 1986). Color
bodies are aromatic in nature, possessing a negative charge and existing
primarily as soluble sodium salts in aqueous solutions. The acidic groups
(carboxyl and enolic) of the color bodies dissociate in water and form
anionic sites to impel them into the colloidal or soluble state. For alkaline
extraction stage effluents the acidic groups are more dissociated because of
the high pH. As a result the system is more stable and the color intensity

increased.
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Color bodies are not easily biodegradable. In fact, color intensity has

been found to increase during biological treatment.

2.2 FREEZE-THAW FOR TREATMENT OF MEMBRANE
CONCENTRATES

Freeze-thaw is a method that is typically used to dewater and
condition sludges. Well documented are the effects of freezing and
thawing on the dewaterability of water and wastewater sludges. Poorly
understood are the mechanisms by which freeze-thaw alters the
dewaterability of high solids suspensions. Numerous attempts to
commercialize the beneficial effect of natural freeze-thaw have not been
largely successful (Vesilind and Martel, 1991). Unfortunately, natural
freezing is perceived as unreliable or technically unfeasible for all but in
the coldest climates. The systems that have been successful are those
related to the treatment of sludges which depend largely on natural
freezing and thawing in open or covered beds. The near-universal limited
success in the commercialization of natural freeze-thaw has resulted in it
being neglected over alternative technologies or methods such as freeze
crystallization or freeze concentration as methods for treatment of
industrial wastewaters. Consequently, the application of freeze-thaw as
proposed in this study for the near natural treatment of high strength

waste streams represents a new field of application for this technology.
22.1 FREEZE CONCENTRATION AND SEPARATION

The fundamental phenomenon of the interaction between a solute
or suspended particle and the ice-water interface during freezing are

described extensively below.
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2.2.1.1 FREEZING OF PURE WATER

When water freezes, it changes its chemical structure, expands, and
forms ice crystals. Unique among materials, water expands immediately
before freezing, with its maximum density being +3.96 °C. Chalmers (1959)
studied the freezing of water and stated that for each temperature there is a
critical radius of curvature at which the ice and water are in equilibrium.
The temperature is precisely zero degrees Celsius only when the surface of
the ice is essentially flat. On corners that juts outward there are more
loosely bound surface molecules per unit volume of ice, and the melting
process tends to predominate. Conversely, at corners that extend inward
the surface-to-volume relationship is reversed, and freezing is in the
ascendant. It follows that the temperature is lower for a small sphere of ice

than for a larger sphere.
22.1.2 FREEZING OF SOLUTIONS

Chalmers (1959) described ice formation as ice crystals growing from
the addition of water molecules to its structure, in a manner similar to the
construction of a brick wall. The structure of the ice crystal was found to
have great regularity and symmetry. When a growing ice crystal comes in
contact with impurities, it rejects them in favor of water molecules.
Because of its highly organized structure ice crystals cannot accommodate
other atoms or molecules without very severe local strain. To understand
the theory of ice formation, it is useful to consider what is known of the
distribution of an ideal solute ahead of a growing crystal interface. Smith
et al. (1955) developed transport equations to describe the unidirectional

crystal growth at rate G (cm/s) of a planar crystal interface into a solution
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of an initial solute concentration C,. The dependent solute concentration,
C(x,t), as function of its time and position relative to the crystal interface is

given below in equation (2.1).
Coot)/Co= 1+((1-k)/2K) - (Gx/D)erfcl/2(1/Dt) -1/ 2(x-Gt)
-1/2erfc1/2(1/Dt)-1/2(x + Gt) + ((2k - 1)/ 2k) -(1 -k)(G/D)
(x + kGt) erfc 1/2(1/Dt)-1/2 (x + 2k - 1) Gt)  (2.1)

D is the diffusion coefficient of the solute; k is the solid-liquid partition
coefficient. The initial time over which the system reaches steady state

configuration is characterized by t* in equation (2.2).
t* =D/ (kG?2) (2.2)

At steady state growth conditions, the concentration profile of the solute

ahead of the interface is given in equation (2.3).
C@Ex)/ Co=1+((1-k)/k) - (G/D)x) (2.3)

The distance over which the concentration gradient exists is characterized
by the texture parameter 9 defined in equation (2.4) in terms of the

diffusion coefficient D and the crystal growth rate, G.
0=D/G (2.4)

Mullins & Sekerka (1964) found the existence of a solute concentration
gradient ahead of a crystal interface causes the planar interface to become
unstable. The planar interface breaks down into an array of cellular
projections. The nature the organics and inorganics and their resultant

ratio was postulated by Baker (1967) as affecting organic inclusion by ice



formation. At high solute concentration, low temperature gradients and
rapid growth rates, the instability leads to the development of a cell
structure at the interface whose dimensions have been calculated from a
theoretical point of view by Bolling & Tiller (1961). Sekerka et al. (1968)
studied the formation of ice crystals in sodium chloride solutions and
found, at growth rates of 2.8 x 10-3 mm/sec in tap water and at much
lower growth rates in concentrated NaCl, the interface between the crystal
and liquid was unstable. The instability caused the ice to grow in the form
of thin planes separated by regions of concentrated brine, that extended
over long distances into the solidified ice. Unlike sludges or suspensions,
if the water contains only dissolved impurities, the ice front advances in
an orderly fashion. The hypertonic solution at the advancing surface of
the growing ice crystal slows down the freezing part of the liquid-solid
molecular exchange by decreasing the availability of water molecules. The
result is a lowering of the temperature at which the freezing and melting
processes balance; a depression of the freezing point (Halde, 1979).

22.1.3 FREEZING OF COLLOIDAL AQUEOUS SOLUTIONS

In contrast to solute solutions such as brine, colloidal aqueous
solutions are complex fluids containing a wide spectrum of solutes, low
and high molecular weight organics, short chain polymers, oils and
suspended gel particles. Compounds found in colloidal aqueous solutions
aside from the electrolyte concentration contribute only minimally to the
constitutional undercooling of the solution during freezing. It is the
electrolyte concentration that strongly influences the freezing process. The
fundamental phenomenon of the interaction between a colloidal particle

and an ice-water interface during freezing was described in detail by
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Ezekwo et al. (1980). At the ice-liquid interface, the water will diffuse from
the liquid. Since the center of mass of the crystallizing system is not
changing as the crystal grows by diffusion, all of the other noncrystallizing
solutes must be moving away by a diffusive process in the opposite
direction. Based on the work by English & Dole (1950) the diffusive
mobility of the low molecular weight species in the colloidal solution,
particularly at moderate solids contents, will not be substantially different
from their values in free solution. However, as the colloidal solutes
become dehydrated at the ice interface their mobility may be reduced due
to the approach of a vitreous transition. Freezing can affect many colloidal
solutions in an irreversible manner to flocculate and enhance the
sedimentation of the colloidal suspensions (Farrell et al., 1970; Stanczyk et
al., 1971; Hadzeriga, 1972; Murphy, 1973).

Documented in the literature are many investigations of ice crystal
growth at isothermal or near isothermal conditions (Harrison & Tiller,
1963; Oleneva, 1973). However, natural freezing processes would occur
under nonisothermal conditions. Ezekwo et al. (1979) used a modified
directional solidification procedure in freezing colloidal aqueous
solutions. Under steady state growth in a temperature gradient, nucleation
of new crystals were inhibited and the continuous growth of ice crystals
over large distances occurs. Ezekwo et al. (1979) was the first to examine
the redispersal of the colloidal component of a sludge during thawing.
Previous work in sludge dewatering paid little attention to these

fundamental aspects of freeze flocculation.
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2.2.1.4 FREEZING OF SUSPENSIONS

At sufficiently small ice growth velocities, particles of nearly all
materials are rejected by a moving solid-liquid interface. In the case of
suspensions, Hoekstra and Miller (1967) envisioned ice as extracting water
molecules from a thin layer of surface water on the surface of particles as
first postulated by Taber (1930) with the water at the particle surface
constantly being replenished as the ice crystals grow. Continuous rejection
requires both a force preventing incorporation and a constant addition of
fresh matrix material to the region behind the particle. Uhlmann et al.
(1964) in the freezing of suspensions found this applies equally well
whether the particle be Brownian or non-Brownian in size. The authors
showed that within a certain range of crystal growth rates, an exclusion at
the crystal-melt interface due to surface energy effects can cause particulate
matter to be convectively carried ahead of the growth front as it advances.
Cisse & Bolling (1971a) in their consideration of inert particles in front of a
growing interface, found particles are acted upon by forces of gravity and
viscous drag to promote contact. For particles that are in contact with an
interface at more than one point, the share of the force developed at each
point will be less than the total force. The suggested effect is less distortion
to the particle surface and easier diffusion at each point of contact. As well,
an increase in contact area at a constant particle size causes increased

migration (Halde, 1980).
22.1.5 FREEZING OF SLUDGES

Vesilind and Martel (1991) developed a conceptual model to

describe sludge freezing. Sludge, unlike colloidal aqueous solutions, is
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visualized as consisting of particles aggregated into flocs that act
hydrodynamically as single particles. These flocs can be in suspension or
they may form a solids matrix whereby individual flocs cannot be
identified and the sludge mass forms a continuum. Water exists in sludge
in several readily identifiable forms, although various classifications have
been used and the measurements can vary. Water that is not associated
with sludge solids is defined as free water. Free water surrounds the sludge
flocs and does not move with the solids. Water that is trapped within the
floc structure or is held by capillary forces between the particles is defined
as interstitial water. If the floc particles are broken-up, the interstitial water
becomes free water. Water that is associated with the individual particles
and can be released only by thermochemical destruction of the particles is
defined as surface water. Water that is chemically bound to the particles
and can be released only by thermochemical destruction of the particles is
defined as bound water. Based on visual experimental evidence Vesilind
and Martel (1991) observed that when sludge with high suspended solids
concentrations freezes unidirectionally, irregular ice needles are projected
into the water. The ice needles seek available free water molecules for
growth by projecting down into the sludge, bypassing the sludge solids. As
the ice needles thrust into the sludge they push aside the solids, seeking
more free water molecules for continued growth. As ice growth continues,
some sludge solids cannot be pushed in front of the ice and are trapped
within the frozen mass. In time, the ice crystals dehydrate captured sludge
flocs, pushing the particles into more compact aggregates. Finally, if the
temperature is low enough, the surface water also becomes frozen, further

compacting the individual particles into tight, large solids.
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Vesilind and Martel's conceptual model suggests that once the free
water surrounding the flocs has frozen, the water molecules inside the
flocs are extracted and used to build the crystalline structures, forcing the
particles into more tightly compacted solids. For this model freezing
temperature should affect the movement and aggregation of solids. If the
temperature is sufficiently low, the surface water surrounding the particles
eventually freezes and is incorporated into the ice crystals. This forces the
particles together to the point that they come under the influence of
surface attractive forces, causing them to aggregate into larger particles.
Thus freeze-thaw conditioned sludges have a significantly larger particle
size distribution and better dewaterability.

Logsdon and Edgerley (1971) schematically illustrated solids
entrapment in sludge freezing. The authors characterized the resistance of
water flow through the accumulated solids pushed by an interface and the
concentration of electrolyte above the freezing isotherm. Under conditions
of high resistance the cake buildup and sludge dewatering during freezing
decrease the flowing ability of the water. The result is the repeated
trapping of sludge solids in layers and that this is referred to rhythmic
banding. Organic polyelectrolytes used in normal sewage sludge
dewatering have been found to reduce the resistance to flow in the
accumulated cake and can be used to improve migration of solids of thick

sludges.

The effect of high dissolved solute concentrations in sludges, is the
more concentrated solute concentration near the ice-water interface causes
a depression in the freezing point of the liquid. This causes the

temperature to fall below the freezing point in the rest of the solution, and
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a subsequent breakdown of the constitutional supercooling causing
freezing at some distance from the ice-water interface, trapping the layer

high in solute.

Sludge dewatering has been found to be dependent on freezing
temperature, time frozen, initial moisture content, freezing rate, solution
strength, zeta potential and chemical composition. The degree of influence

of each parameter is discussed below.
2.2.2 INFLUENCING VARIABLES
2.2.2.1 FREEZING RATE

Freezing rate and its effect on particle distribution of sludges has
been widely studied (Vesilind & Martel, 1991, Knock & Trahern, 1988;
Logsdon & Edgerley, 1971; Cheng et al., 1970; Clements et al., 1950). A
common conclusion that can be made from the above work is sludge
dewatering greatly improves when allowed to freeze slowly. Vesilind &
Martel (1991) conceptualized that sludge must be frozen slowly for long
periods of time to promote the growth of ice crystals that will exclude the
solid particles and promote particle aggregation. Research by Knocke &
Trahern (1989) supported this view by finding that rapid rates of freezing
(characterized by freeze contact times < 45 minutes) caused significant fine

particle production, possibly due to floc rupture.

Freezing rate and its effect on the constituents of solutes comprised
of dissolved and colloidal organics is a topic that has not been widely

examined. As an objective of this study, freezing rate was examined for its
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effect on solute concentration and recovery as well as on the changes to

the constituents of solute during freezing.
2.22.2 IMPURITY SIZE, SHAPE AND NATURE

Particle migration during freezing is in part dependent on the type,
size, and shape of the particle and the area in contact with the interface.
Halde (1980) studied the separation of different sizes of impurities by
freezing suspensions or solutions containing calcium carbonate, kaolin
clay, glucose, and NaCl. To his surprise, coarser particles like calcium
carbonate (where 75 % of the mass of the calcium carbonate consisted of
particles larger than 5 x 10-6 m and smaller than 15 x 106 m) were more
easily separated than fine clay particles. As well the solution of glucose was
easier to concentrate than dissolved NaCl. The author attributed this
finding to the fact that glucose was a larger molecule and more easily
pushed and concentrated by the interface. Corte (1962) showed an
important factor in particle migration was its shape and contact area.
Particles with large contact areas were easier to displace. Similarly, Cisse
and Bolling (1971) reported that those particles which had a greater
number of points in contact with the interface were more easily rejected.
Several investigators have developed theoretical explanations for how the
ice front rejects particles. Uhlmann et al. (1964) reported that each particle
has a critical velocity below which the particle will be rejected by the ice
front depending on its size and shape. Particles smaller than 100
Angstroms were found to have critical velocities independent of particle
size. Where as particles larger than 100 Angstroms were found to have
critical velocities that were shape dependent. Particles with irregularities

were found to have higher critical velocities in a given matrix than



smooth particles of the same size. For rough particles the interaction with
the interface takes place over several irregularities. Their effect was to
make easier liquid transport, both in and to the region of contact. For
smooth particles, a 1/Rq? size dependence of the critical velocity was
suggested where R, is the particle diameter. Shape dependence that arises
for rough particles results from the viscous drag term, and becomes
effective only for fairly large particles. In the range of particle sizes greater
than 100 um, this dependence was suggested to be proportional to 1/R,
assuming the average irregularity size to be independent of R,. Cisse and
Bolling (1971) proposed a mathematical model where the critical velocity
of the ice front is related to the size of the particles as (equation 2.5):

V = KR-3 (2.5)

where V is the critical velocity above which particles of radius R will be
trapped in the ice. K is a constant that takes into account the physical and
chemical nature of the water and solid particles.

The theory of particle migration developed by Uhlmann et al. (1964)
is based on the assumption that a very short range repulsion exists
between the particle and the solid. This repulsion occurs when the
particle-solid interfacial free energy is greater than the sum of the particle-
liquid and liquid-solid interfacial free energies. The particle is pushed
along ahead of the advancing interface and becomes incorporated into the
solid if liquid cannot diffuse rapidly to the growing solid behind the
particle. Reasonable agreement was obtained between calculated and
experimental observed critical velocities. However, the estimated particle

critical velocities were calculated assuming bulk diffusion coefficients that
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did not consider modification of the water structure at the interface by the
solute. Uhlmann et al. found the critical freezing velocity of inorganic
slurries to be about 5 x 10-6 m/sec. In the case of solutes, smaller liquid
particles (1 to 2 um in size) had lower critical velocities. For example,
particles of xylene and orthoterphenyl were trapped at growth rates of
about 13 ym/sec. The higher viscosity of orthoterphenyl over xylene
indicated that the process was not limited by rate of deformation of liquid
particles at the interface. Baker (1967) postulated that colloidal and soluble
organics, exhibiting ionization potential or molecular structural variations
amenable to interface modification may influence the diffusion
coefficient. However, in laboratory tests reported by the author, ionized
and nonionized organics separated with equal efficiency. No evidence of

limiting interfacial concentration posing a diffusion barrier was evident.

Workman and Reynolds (1950) showed the nature and location of
organic substitute groups affect freeze concentration separation. Postulated
was that these variables produce variations in surface dipole orientation
and organic inclusion on ice formation. The authors showed that the
surface orientation of ionized and nondissociated organics was likely not a
factor in solute rejection if inorganic solutes are not present. Parungo and
Lodge (1965) confirmed in vapor-phase studies the postulate that the

organic substitute is a factor in freeze concentration.
2.2.2.3 IMPURITY CONCENTRATION

Halde (1980) studied the effect of impurity concentration. Reported
by Halde was the purification of water improved with lower suspended

solids concentrations. It was found that water containing only small

N
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amounts of calcium carbonate was much more easier to purify than
suspensions with higher initial concentrations. Conversely, solutes such
as dissolved glucose and NaCl were more difficult to concentrate than
suspended solids. The NaCl solution proved most sensitive to variations
in the initial concentration than the purification of a glucose solution.
Baker (1967) found that the separation of an organic solute improved as

dilution is increased in the absence of an inorganic solute.
2.2.2.4 PRESENCE OF AIR

Corte (1962) reported the presence of air bubbles has a dramatic effect
on particle trapping. Halde (1980) described the formation of "ice worms"
in freezing in the presence of air. In his description air as a solute is
rejected by freezing water. Air molecules accumulate in front of an
advancing interface until its concentration is high enough for bubbles to
nucleate. Once a bubble has formed, it grows because gases diffuses into it.
For an interface moving forward, the bubble cannot grow laterally and
grows to form a cylindrical bubble referred to as an “"ice worm". Ice worm
formation is dependent on the rate of freezing. Fast freezing suppresses
the formation of ice worms because of insufficient gas diffusion into the
bubbles. The result is the ice will contain large numbers of small bubbles.
Conversely, very slow freezing permits the rejection of gas to diffuse away
from the interface and neither ice worms or bubbles appear. Kuo et al.
(1973) reported the effect of air bubbles on particle trapping. Found was
that particles settle into the depressions formed around ice bubbles and
when these bubbles occasionally break free there occurs a rapid freezing

and local trapping of particles at the former site of the bubble.
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2.2.2.5 EFFECT OF STIRRING

Halde (1980) found progressive stirring improved purification of
water by freezing. Considerable purification was observed in waters
containing suspended calcium carbonate, suspended graphite, dissolved
glucose or sodium chloride if the liquid phase was stirred vigorously at a
rate of 2000 rpm to avoid accretion of a layer of impurities at the interface.
The general tendency of the data was more intense stirring rendered a
higher degree of purification. The importance of stirring in impurity
separation increased at the higher rates of freezing. Larger particles or
molecules were more easily separated by stirred freezing than smaller

impurities.

In freeze-thaw sludge conditioning, agitation before and after freeze-
thaw can change particle sizes to be of practical significance in dewatering,
however the final result was dependent on the type of sludge (Vesilind et
al,, 1991). Vesilind et al. (1991) suggested that an optimum floc size exists,

and agitation prior to freezing may aid in attaining this size.
222.6 RATE AND METHOD OF THAWING

Rate of thawing is not typically reported as an important parameter
in freeze separation. In studies conducted to examine sludge freezing,
thawing time was found to be unimportant (Penman & Van Es, 1973;
Tilsworth et al., 1972; Logsdon & Edgerley, 1971). Thawing rate was
investigated as part of this study for its influence on constituent separation

during thawing.



22.2.7 METHOD OF FREEZING

Mechanical freeze-thaw has been extensively studied for the
conditioning of sludges (Benn & Doe, 1969; Farrel, 1971; Randall et al.,
1975; Martel et al., 1998). The different mechanical freeze-thaw devices
studied included bulk freezers, freeze crystallizers, and layer freezers.
Martel et al. (1998) concluded the best way to freeze sludges was in thin
layers. Freezing in layers avoided the structural failure problems
associated with bulk freezers. However, aside from these structural
problems bulk freezers designed to completely freeze the sludge worked
very well. Knocke and Trahern (1989) found bulk freezing consistently
improved the dewaterability of chemical and biological sludges and was a
superior method to freeze crystallization. Separation of the ice
crystal/solid particle interfaces was a problem common to freeze
crystallization or freeze concentration. Freeze crystallization was also

found in some instances to decrease sludge dewaterability.
2.22.8 INORGANICELECTROLYTES

The effect of inorganic electrolytes on the freezing process has been
intensively studied. Workman and Reynolds (1950) first elucidated the
phenomena of charge separation and electrical potential that was later
critically reviewed by Gross (1965). Baker (1967, 1969) studied the effect of
inorganic salts on organic separation by freeze concentration and found in
their absence, mixing was not important in organic solute recovery.
Mixtures of organics which included phenols, substituted phenols,
volatile fatty acids and aceophenone were recovered without selectivity by

freeze concentration in the absence of inorganics. Under these conditions,
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organic dissociation, molecular size, weight, nature and the location and
number of substituted groups were reported to have no effect on recovery.
The recovery of organic solutes was found to be complete, regardless of the
initial sample volume, until a critical range of residual unfrozen liquid
volume remained. Barduhn et al. (1963) postulated that salts presence in
wastewaters promote organic separation by a salting-out effect. This was
supported in a subsequent report by Powell and Barduhn (1965) who
clarified and repeated the postulation that only the high molecular weight
organic materials would be salted-out. The removal of highly soluble
organic compounds of low molecular weight, such as simple alcohols and
acids, was not affected. In laboratory tests the solubility of ABS decreased
at low temperatures and that sodium chloride addition further reduced
markedly the solubility. However, in actual freezing tests of ABS
wastewater only approximately 10 % of the total organic was forced out of

solution at a 20 % salt concentration at a temperature of -20 °C.
2.2.2.9 LIQUID DEPTH

Liquid depth affects freezing and curing time (Parker et al., 1998).
Empirical models exist that will calculate the freezing and thawing depth.
The most notable are those models developed by Stefan, Berggren, and
Neumann (Mouton, 1969). Little literature exists regarding the effect of
liquid depth on thawed removal efficiency for waste streams other than

sludges.
222.10 TIME FROZEN (CURING TIME)

Time frozen has been identified as an important factor affecting
sludge dewatering (Vesilind & Martel, 1991; Logsdon & Edgerley, 1971).
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The above authors showed storage time, allowing the "difficult" to freeze
water to become part of the ice crystal and the particles to attach
themselves to each other, markedly improved dewaterability. Freezing the
"difficult” to freeze water is also dependent on storage temperature.
Vesilind and Martel (1991) showed the filterability of sludges improved
with the colder the final storage temperature.

22.3 MATHAMETICAL MODELS

The empirical models that have been developed are for the design
and operation of sludge freeze-thaw beds where the primary focus was to
determine the total quantity of sludge that could be frozen over a
particular time period under different ambient conditions. An example of
which was presented by Farrell et al. (1970) and Barnes (1928). These
authors developed the following non-dimensional homogeneous
empirical equation to determine the rate of thickening of an ice sheet on

quiet water already at its freezing point (equation 2.6):
(t +t2)/2=(k1ATo)/LE (2.6)

where:

t = thickness of ice sheet (mm);

k1 = thermal conductivity of ice (2.38 J/mm?2*sec);

AT = freezing temperature of ice less the air temperature (°C);
o = total exposure time (sec);

L = latent heat of freezing (335 J/g); and

£ = density of ice (91.70 g/ mm?2)
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Used primary as an operational tool in sludge freezing to select and
monitor the appropriate liquid depth, the model provides no information
about the end product quality or results that can be expected. This type of
model provides information only about whether or not the freezing
process will be successful and if the operational parameters selected by the

operator are appropriate for the weather conditions.

The focus of this study was to develop empirical relationships that
can be used as operational tools in the application of freeze-thaw in the
treatment of high strength pulp mill effluents comprised primarily of
dissolved and colloidal organic matter. The purpose of the model is to
predict treatment performance based on the freezing and thawing

conditions.
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3.0 MATERIALS AND METHODS
3.1 SUMMARY OF EXPERIMENTAL TESTS

Table 3.1 is summary of the experimental tests conducted as part of
this research. Described in this table are the parameter set points and

purpose of each test.
3.2 EXPERIMENTAL WATERS

Unidirectional freeze-thaw experiments were conducted using as
experimental waters bleachery effluents collected from the alkaline
extraction stage of a kraft pulp mill operation. Summarized in Table 3.2
are the different types of experimental waters studied. Following
collection, alkaline extraction stage effluent was processed using
ultrafiltration technology to produce a high strength alkaline extraction
stage membrane concentrate comprised primarily of the high molecular

weight compounds (> 8000 MWCO).
32.1 ALKALINE EXTRACTION STAGE EFFLUENT

Bleachery effluent from the alkaline extraction stage with oxygen
and hydrogen peroxide reinforcement was obtained from the
Weyerhaeuser Canada Ltd. kraft pulp mill located in Grande Prairie,
Alberta. Following sampling, the effluent was transferred into a single 170
litre capacity plastic container and placed a cold store room at a
temperature of 4 °C. The container was sampled weekly and the effluent

chemically tested to monitor sample degradation.
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Table 3.1 Summary of Experimental Tests
e —————— |
Parameter or Type of J| Experimental Set Points Purpose
Analysis
Scanning Electron *frozen and thawed liquid *charactereization of the frozen and thawed
Microscopy Studies | samples physical state morphology of the

concentrated material produced under
different freeze-thaw conditions

Size Fractionation

*membrane concentrate: raw,

*characterization of the frozen physical

versus single 250 m layers

Studies above 5000, below 5000 state cross sectional and surface morpology for
| different size fractions

Development of *initial freezing *calibration of freezing apparatus, and

Freezing Curves temperatures -2 °C, -15 °C, comparison of duplicate runs
and -25 °C

Parameter Selection | “correlate color with respect | “parameter selection to evaluate treatment
to COD, total alkalinity, and | performance and possible inclusion into the
TDS model

Liquid Depth *liquid depth range: 150 mm | *evaluate liquid depth for its relative

_ and 250mm significance
Layer Freezing * multiple layers (125 mm) *evaluate operational suitability

Selective Sampling | *collection of frozen and *compare constituent distributions for frozen
liquid samples at 25 mm and thawed liquid samples and identify
intervals with respect to mechanisms responsible for concentration and
depth at each run condition | removal of concentrated material

Storage Temperature

“storage temperatures: -2 °C
and -15°C

*evaluate storage temperature for its relative
significance with respect to treatment
performance

Storage Time

*storage time: 0, 30, 60, and 90
days

*evaluate storage time for its relative
significance with respect to treatment

Initial Freezing
Temperature

*freezing temperatures: -2 °C,
-15°C, and -25°C

*evaluate changes in concentrated material
morphology, and its relative significance
with respect to treatment perfomance

Method of Thawing

*thaw top down (ice does not
float) versus thaw bottom up
(ice floats)

*evaluate the importance of melt water flow
in the concentration and settlement of
concentrated material produced during
freezing, and identify mechanisms of
removal

Material Stability
Studies

freeze-thaw conditions

T‘hawing Rate “thawing temperatures:FC‘, *evaluate the importance of melt water flow
15°C,and 24°C in the concentration and settlement of
concentrated material produced during
freezing
Concentration *percent dilutions: raw, 50 %, *establish concentration limits suitable for
66 %,75 %, and 80 %. treatment, and identify changes in the frozen
physical state morphology of the
concentrated material
Concentrated *optimum experimental *‘evaluate concentrated material stability,

develop operational model, and identify the

nature of the concentrated material
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3.22 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

Alkaline extraction stage membrane concentrate was obtained from
the Weyerhaeuser Canada Ltd. kraft pulp mill using a New Logic
International V-Sep ultrafiltration pilot plant demonstration unit (Figure
3.1). Table 3.3 is a summary of the membrane pilot plant design
specifications. The pilot plant was configured to operate as a batch process.

Approximately 150 liters of membrane concentrate was produced.

The membrane concentrate was stored in a single 170 litre capacity
plastic container in a cold storeroom at a temperature of 4 °C. The
container was sampled weekly and the effluent chemically tested to

monitor sample degradation.

3.2.3 ALKALINE EXTRACTION STAGE CONCENTRATE SIZE
FRACTIONS

A Minitan Acrylic Ultrafiltration System by Millipore Direct was
used to size fractionate the alkaline extraction stage membrane concentrate
into three size fractions. The different molecular weight size fractions

were < 1000, > 1000 and < 5000, and > 5000.
3.3 EXPERIMENTAL WATER PRESEVRATION

The experimental waters were stored separately in 170 litre capacity
plastic containers in a dark, cold storeroom at 4 °C. Prior to sample
collection, the contents of the plastic containers were thoroughly mixed to
allow collection of representative samples. The effluents were sampled
weekly throughout the storage period to monitor sample degradation. The

storage time for the alkaline extraction stage membrane concentrate was
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New Logic International V-Sep Ultrafiltration Pilot Plant
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approximately 8 months over which samples portions were collected for
experimental testing. Similarly, the storage time for the alkaline extraction
stage effluent was approximately 4 months. The experimental water types
were experimented with independently of each other with respect to time

to minimize the time period taken to complete the factorial design.
3.3.1 ALKALINE EXTRACTION STAGE EFFLUENT

Plotted in Figures 3.2 to 3.6 are the chemical changes that occurred
to the alkaline extraction stage effluent over the course of its storage
period with respect to COD, color, pH, total alkalinity, and TDS. The
overall change in chemical quality for the period of storage for each

parameter is summarized below:

Parameter Maximum Unit Change
CcobD 60.0mg/L

Color 200 CU

pH 0.10

Total Alkalinity 40mg/L as CaCO3

TDS 350mg/L

3.3.2 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

Plotted in Figures 3.7 to 3.11 are the chemical changes that occurred
to the alkaline extraction stage membrane concentrate over the course of
its storage period with respect to COD, color, pH, total alkalinity, and TDS.
Because of the requirement to substantially dilute the sample in the
analysis for various parameters, measurements obtained for COD, color

and TDS were reported to within three significant figures. The overall
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change in chemical quality for the period of storage for each parameter is

summarized below:

Parameter Maximum Unit Change
CoD 400mg/L

Color 300 CU

pH 0.24

Total Alkalinity 60 mg/L as CaCO3

TDS 300 mg/L

3.4 EXPERIMENTAL WATER CHEMICAL COMPOSITION

Presented are the chemical compositions for each experimental

water type as used in the factorial design.
3.4.1 ALKALINE EXTRACTION STAGE EFFLUENT

Summarized in Table 3.4 is the chemical composition of the
alkaline extraction stage effluent as used in the factorial experiment. The
alkaline extraction stage effluent was routinely sampled weekly, with raw
samples also collected at the beginning of each series of freeze-thaw
experiments. The standard deviation and range for the average values
given below are representative of the analytical error and sample
degradation that occurred over the course of the experiments. The alkaline
extraction stage effluent was characterized as being alkaline, highly
buffered, low in suspended solids, and high in dissolved solids, of which a
moderate percentage were dissolved or colloidal organics. The primary

inorganic elements were sodium, calcium, magnesium, and potassium.
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Table3.4  Chemical Composition of the Alkaline Extraction Stage
Effluent
Chemical Parameter ﬂAverage Standard Range
Value*® Deviation™*
| Carbonate Concentration (mg/L) 11,400 i—_3§r 1,350 to 1,430
Bicarbonate Concentration (mg/L) 235 +25 215 to 275
Chemical Oxygen Demand (mg/L) 4,160 +25 4,140 to 4,200
Color (CU) 3,440 +59 3,500 to 3,360
pH 11.30 +0.05 11.25t0 11.35
Total Alkalinity (mg/L CaCO3) 1,640 +15 1,620 to 1,660
Total Dissolved Solids (mg/L) 3,930 + 115 _ 3,790 to 4,070 |
Total Suspended Solids (mg/L) 12 +0.0 12
| Turbidity (NTU) 75 +0.5 6.9 to 8.1
Volatile Suspended Solids (mg/L) 12 +0.0 12
***Metals (total) (mg/L)
Aluminum <0.5 N/A N/A
Barium 0.13
Beryllum <0.01
Cadmium <0.1
Calcium 19
Chromium <0.1
Cobalt <0.1
Copper <0.1
[ron <0.1
Lead <0.5
Magnesium 41
Manganese 0.25
Molybdenum <0.5
Nickel <0.5
Phosphorous <0.5
Potassium 7.0
Silver <0.1
Sodium 1,315
Strontium <0.1
Thallium <0.1
Tin <0.5
Titanium <0.1
Vanadium <0.1
Zinc <0.1

* average value derived from a sample set of 10 collected during sample

storage, ** + 1 standard deviation, *** single values
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3.42 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

Summarized in Table 3.5 is the chemical composition of the
alkaline extraction stage membrane concentrate as used to conduct the
factorial experiment. The alkaline extraction stage membrane concentrate
was routinely sampled weekly, with raw samples also collected at the
beginning of each series of freeze-thaw experiments. The alkaline
extraction stage membrane concentrate was characterized as being slightly
alkaline, highly buffered, low in suspended solids, and high in dissolved
solids, of which a high percentage were high molecular weight dissolved
or colloidal organics. The primary inorganic elements were sodium,

calcium, magnesium, and potassium.

3.5 ANALYTICAL AND INVESTIGATIVE METHODS
3.5.1 WET CHEMISTRY ANALYSES

3.5.1.1 ALKALINITY SPECIES

Alkalinity was determined in accordance with section 2320 B of
Standard Methods (AWWA-AHPA-WPCF, 1989). All determinations

were conducted in duplicate.
3.5.1.2 CHEMICAL OXYGEN DEMAND

Chemical oxygen demand (COD) was determined by the open reflux
method as described in section 5220 B of Standard Methods (AWWA-
AHPA-WPCF, 1989). All determinations were conducted in duplicate.

48



Table 3.5  Chemical Composition of the Alkaline Extraction Stage

Membrane Concentrate

Chemical Parameter Average Standard Range
Value* Deviation**
Carbonate Concentration (mg/L) 748 +10 740 to 760
Bicarbonate Concentration (mg/L) 1,810 +54 1,780 to 1,890
Chemical Oxygen Demand (mg/L) 13,500 +100 13,600 to
L 13,400
Color (CU) 12,500 +87 12,600 to
12,400
H 9.65 +0.05 9.67 to 9.60
Total Alkalinity (mg/L CaCO3) 2,650 £25 2,620t02,6%0
Total Dissolved Solids (mg/L) 13,000 +79 12,800 to
13,100
Total Suspended Solids (mg/L) 32 +0.0 32
Turbidity (NTU) 3.7 +0.3 3.5to 4.4
Volatile Suspended Solids {mg/L) 24 +0.0 24
***Metals (total) (mg/L)
Aluminum 0.53 N/A N/A
Barium 0.74
Beryllum <0.01
Cadmium <0.1
Calcium 79
Chromium <0.1
Cobalt <0.1
Copper <0.1
[ron 0.64
Lead <0.5
Magnesium 23
Manganese 1.9
Molybdenum <0.5
Nickel <0.5
Phosphorous 0.8
Potassium 13
Silver <0.1
Sodium 2,180
Strontium 0.37
Thallium <1.0
Tin <0.5
Titanium <0.1
Vanadium <0.1
Zinc 0.27

* average derived from a sample set of 10 collected during sample storage,
** = 1 standard deviation, *** single values
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35.1.3 COLOR

Color was determined in accordance with Standard H.SP of the
Physical and Chemical Standards Committee, Technical Section of the
Canadian Pulp and Paper Association. The spectrophotometer used was
the Pharmacia Biotech Ultrospec 3000 UV /visible spectrophotometer. All
determinations were conducted in duplicate. The test was found to have
an accuracy +/- 50 color units for samples diluted by a maximum factor of

100 times.
3.5.14 pH

pH was determined in accordance with section 4500 H* of Standard
Methods (AWWA-AHPA-WPCF, 1989). The instrument used was the
Fisher Scientific Accumet pH meter 25. The meter had a relative accuracy

of +/- 0.01 pH units.
3.5.1.5 METALS

Metal analysis was by Inductively Coupled Plasma (ICP) according to
the test method EPA 6010. Core Laboratories, Calgary, Alberta was

contracted to perform all metal analysis.
3.5.1.6 TOTAL DISSOLVED SOLIDS

Total dissolved solids (TDS) were determined according to section
2540 C of Standard Methods (AWWA-AHPA-WPCF, 1989). All

determinations were conducted in duplicate.
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3.5.1.7 TOTAL SUSPENDED SOLIDS

Total suspended solids (TSS) were determined according to section
2540 D of Standard Methods (AWWA-AHPA-WPCF, 1989). All

determinations were conducted in duplicate.
3.5.1.8 TURBIDITY

Turbidity was determined by the Nephelometric method according
to section 2130 B of Standard Methods (AWWA-AHPA-WPCF, 1989). The
instrument used was the HACH 2100A turbidimeter. All determinations

were conducted in duplicate.
3.5.1.9 VOLATILE SUSPENDED SOLIDS

Volatile suspended solids (VSS) were determined according to

section 2540 E of Standard Methods (AWWA-AHPA-WPCF, 1989). All

determinations were conducted in duplicate.
3.5.2 SCANNING ELECTRON MICROSCOPY

The JOEL JSM-6301F Scanning Electron Microscope complete with
the cryo option was used to examine ice and filter paper specimens. The
electron gun was a cold-cathode field emission type designed for ultra-
high resolution scanning electron microscopy (SEM) with a modern
digital image processing system. Summarized in Table 3.6 are

instrument'’s specifications.
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3.52.1 SPECIMEN PREPARATION
3.5.2.1.1 ICE SPECIMENS

As part of this research, an experimental protocol was developed for
visual examination of the physical properties of the concentrated material
contained within the ice matrix. Initial attempts to expose the physical
properties of the concentrated material without first preparing the sample
so that it would not begin to melt during mounting were unsuccessful. In
the absence of sample preparation, it was found that ice specimens could
not be mounted on the sample exchange holder and placed directly into
the specimen stage without superficial melting of the ice surface which
was sufficient to obscure the morphology of the concentrated material.
The successful method involved supercooling the sample by submerging
and fracturing the ice specimen within liquid nitrogen to produce a clean
unexposed surface. To avoid exposure of the sample to condensation, the
specimen transfer stage was first purged with nitrogen and the ice sample
withdrawn directly from the liquid nitrogen under a vacuum.
Sublimation to expose the concentrated material was conducted in the
cold stage at a temperature of -40 °C. A image resolution of 1.5 KV was
used initially to monitor sublimation. Following the appearance of wafer-
like structures, the ice sample was cooled to - 180 °C for 10 minutes before
removal for coating. After cooling the specimen was removed under a
vacuum using the specimen transfer stage and transferred into the cryo
chamber where the sample was gold coated. The sample was double
sputter coated with gold for a total thickness of 100 Angstroms. Coating
was conducted at a temperature of -180 °C. It was important to ensure

adequate time was provided to allow the sample to sufficiently cool before
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coating to prevent sublimation during and after coating. Insufficient
sample cooling resulted in the peeling of the gold coating. Following
coating, the specimen was returned to the specimen chamber of the
scanning electron microscope and examined using an image resolution of

5 KV.

Supercooling the ice samples by submergence into liquid nitrogen
prior to mounting were not believed to have affected the physical
appearance of the concentrated material. This conclusion was based on
sample photos taken during and after sublimation. Shown in Figures 3.12
and 3.13 are high resolution electron microscope images of uncoated ice
sample surfaces taken during their early stage of sublimation. From
examination of these photographs it can be seen that there are no visible
fractures within the zones of concentrated material and that the pores
were completely frozen. Freezing of this water within the porous material
of the wafer was believed to have occurred during the freezing step of the
treatment method and not as a result of being rapidly supercooled. For
example, had the water within the pore structures not been frozen within
the zone of highly concentrated material prior to supercooling, the 9 %
rapid volume expansion from freezing of the free available water should
have fractured the ice matrix along the plane of the wafer for its depth.
This would have been particularly true since ice specimens were mounted
in such a manner that they were unconstrained. The appearance of
fractures along the highly concentrated zones of material were not evident
in any of the ice specimens examined by SEM to support this conclusion.

In addition, close examination of the pore structure showed the pores
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Figure 3.12 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Prior to Sublimination for Membrane
Concentrate Frozen at the Initial Freezing Temperature -2 degrees Celsius
(Photo #1)
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Figure 3.13 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Prior to Sublimination for Membrane Concentrate
Frozen at the Initial Freezing Temperature -2 degrees Celsius (Photo #2)



were not ruptured to suggest freezing did not occur instantaneously

(Figure 3.14).

Distilled water was frozen and used as a control to distinguish
between the presence of concentrated material observed in ice samples
before and after sublimation. Figure 3.15 is an electron microscope image
of a fractured ice surface comprised entirely of frozen distilled water. The
appearance of fractures were produced during sample preparation. Shown
in Figure 3.16 is a high magnification electron microscope image of the

fractured ice specimen showing its characteristic surface morphology.

Tests were also conducted to investigate the changes that occurred
to the concentrated material from instantaneously freezing the membrane
concentrate by exposing it to the freezing temperature of liquid nitrogen
(-190 °C). Shown in Figure 3.17 is an overview of a fractured ice specimen
surface showing the concentrated material produced by instantaneous
freezing (< 15 seconds). A high magnification electron microscope image
of a single fractured wafer edge reveals the thickness and surface texture of
the wafer-like material (Figure 3.18). From examination of this figure it
can be seen that instantaneous freezing produced high concentrations of
very thin, compact wafer-like zones of material arranged in sheet like
patterns. The thickness of the wafer-like zones were less than 0.5 um.
These very thin zones of concentrated material were not observed in ice
matrices extracted from the frozen concentrate during the freeze-thaw

experiments at the initial freezing temperatures investigated.
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Figure 3.14 Extreme High Magnification Electron Microscope Image of a
Fractured Concentrated Material Edge Showing its Pore Morphology for
Membrane Concentrate Frozen at the Initial Freezing Temperature

-2 degrees Celsius
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Figure 3.15 Electron Microscope Photograph of a Fractured Ice Specimen
Surface Produced by Freezing Distilled Water at the Initial Freezing
Temperature -15 degrees Celsius
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Figure 3.16 High Magnification Electron Microscope Image Showing the
Surface Morphology of Frozen Distilled Water
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Figure 3.17 Electron Microscope Photograph of a Fractured Ice Specimen
Surface Produced by Instantaneously Freezing Membrane Concentrate in
Liquid Nitrogen
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Figure 3.18 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Instantaneously Freezing
Membrane Concentrate in Liquid Nitrogen



3.52.1.2 FILTER PAPER SPECIMENS

Filter paper specimens were prepared for examination of the
concentrated material’s thawed morphological properties. Sample
preparation comprised of melting a fixed volume of ice on top of 0.8 um
cellulose filter paper while allowing the melt water to freely seep through
the paper. Samples were not filtered under a vacuum to minimize
disruption to the structural integrity of the concentrated material. The
volume of ice applied to the filter paper was equivalent to approximately 1
mL of liquid. Following gravity filtration, the filter papers were removed
and placed to dry in a desiccator for approximately 12 hours before analysis
by SEM. Figure 3.19 is an electron microscope image of a clean membrane
filter paper surface. Closer examination by SEM reveals the pore structure
of the clean membrane filter paper (Figure 3.20).

The filter paper was carefully cut using surgical scissors and
mounted on aluminum stubs using adhesive tape. Following mounting,
samples were double sputter coated in an Edwards Sputter Coater (Model
S150B) with gold to achieve a total thickness of 100 Angstroms. SEM
analysis was conducted at 5 KV.

3.5.3 FREEZING POINT DETERMINATION
3.5.3.1 EXPERIMENTAL SAMPLES

The freezing point of an aqueous solution is directly related to the
concentration of its water soluble constituents. If one or more substances
are dissolved in water, the freezing point will be lowered in direct

proportion to the molarity of the solution. The sectioning and chemical
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Figure 3.19 Electron Microscope Photograph of a Clean Membrane Filter
Paper Surface
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Figure 3.20 High Magnification Electron Microscope Image of a Clean
Filter Paper Surface Showing its Pore Morphology
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analysis of columns of frozen effluent showed the experimental water's
constituents were concentrated in the direction of freezing, with the
degree of concentration dependent on the freezing rate. To understand the
change in the liquid's freezing point with respect to depth during freezing,
samples of each experimental water were deliberately concentrated and the
freezing point measured using the cryoscope. Different concentration
strengths of each experimental water were produced by heating the
effluent using a hot plate to a maximum temperature of 65 °C and
allowing a portion of the effluent's water to evaporate. Boiling
temperatures were avoided to minimize the loss of volatile organics. The
cryoscope was used to measure the freezing point of different
concentration strengths of each experimental water. Results from these
tests were used to derive Figures 3.21 and 3.22. From examination of these
figures it can be seen that the freezing point decreased very minimally for
large increases in color concentration regardless of experimental water
type. This would indicate the constituent matter of the effluent contributes
only minimally to the constitutional undercooling of the solution during

freezing.
35.32 CRYOMATIC CRYOSCOPE INSTRUMENT

Freezing point determination was performed using the Advanced
Cryomatic Milk Cryoscope 4C2 instrument from Advanced Instruments
Inc. The freezing point result was reported in degrees Celsius Hortvet (°H).
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Equation 3.1 was used to convert the freezing point from degrees Celsius

Hortvet to degrees Celsius (Prentice, 1973):

°C = 0.96418 °H + 0.00085 (3.1)
All determinations were conducted in duplicate.
3.5.4 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy was used for chemical analysis of
precipitates observed on filter paper samples. The procedure involved
directing X-ray photons onto the sample surface to cause the ejection of an
atomic core electron for every photon absorbed. Identification of the
element was determined by measurement of the binding energy of one or
more orbital electrons. The intensity of the measured signal was a
function of the amount or concentration of the element present on the

surface.

Filter paper samples were analyzed using the X-ray and Imaging
Microanalysis System (IMIX) manufactured by Princeton Gamma-Tech,
Inc. X-ray analysis was conducted at 20 KV.

3.5.5 SIZE FRACTIONATION BY ULTRAFILTRATION

Membrane concentrate was size fractionated to allow examination
of the morphology of particular size fractions frozen unidirectionally. A
Minitan Acrylic Ultrafiltration System by Millipore Direct was used to size

fractionate the alkaline extraction stage membrane concentrate.



3.6 EXPERIMENTAL APPARATUS
3.6.1 UNIDIRECTIONAL FREEZING APPARATUS

Unidirectional freezing experiments were conducted in a cold
storeroom at 4 °C using four of the experimental apparatuses shown in
Figure 3.23. Four sets of apparatuses were constructed of polyurethane to
the dimensions shown below. Inserted inside at the base of the 100 mm
diameter by 200 mm deep cylindrical hole of the sample location was a
glycol contraction bag designed to relieve the tremendous pressures that
develop during phase change from a liquid to a solid. Tests conducted at
the liquid depth of 250 mm required modification to the apparatuses to
increase the depth of the sample compartment by an additional 100 mm.
Freezing of the sample was initiated from the top down to simulate
natural freezing by use of a specially designed aluminum freezing plate.
The sample was placed in a 2 litre capacity plastic bag inside the apparatus
and the freezing plate placed on top inside the bag for contact with the
liquid. Chilled glycol was continuously circulated through the aluminum
plate with the temperature of the glycol controlled by a refrigeration
system. The temperature of the chilled glycol was adjustable to enable
establishing a desired initial freezing temperature between the range of 0
°C to - 25 °C, within an relative accuracy of +/- 0.5 °C. To obtain an initial
freezing temperature set point of -25 °C the experimental apparatus was
placed inside a freezer adjusted to produce an inside environmental
temperature of between -0.5 °C to -1 °C. Thermosisters with a accuracy of
+/-0.5°C were placed against the plastic bag at different elevations inside

the apparatus to record both the freezing and thawing isotherms (samples
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Figure 3.23 Unidirectional Freezing Apparatus



thawed top down only). Temperature data was collected at one minute
intervals using a data logger supported by Lab View® software. The
temperature of the experimental waters prior to freezing was 4 °C, the

same temperature at which the water was stored.

A total of four freezing apparatuses were constructed and connected
to the data logger. During experimental testing it was found a single
refrigeration unit using separate freezing heads could operate in parallel a
maximum of two freezing apparatuses at any one time, while producing

equivalent freezing rates.

The thermosisters of each freezing apparatus were checked
routinely throughout the study for their operation by comparing
thermosister readings to air and liquid temperatures measured by a
thermometer. Thermosister readings were found to be in agreement with

temperature values measured by a thermometer to within +/- 0.5 °C.

City of Edmonton drinking water was initially used to commission
each experimental apparatus to ensure the freezing and thawing
isotherms were similar that multiple runs could be conducted and
accurately compared while using all four apparatuses. From examination
of Figure 3.24 it can be seen that the freezing isotherms for identical
freezing conditions were not significantly different among the
experimental apparatuses enabling the use of all four freezing apparatus
for comparison of runs. Frozen ice columns spiked with food coloring dye
were also visually examined to confirm the direction of freezing. Frozen
samples pulled to examine dye concentration distribution showed the dye

was unidirectionally concentrated and distributed throughout the ice
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matrix at the bottom of the ice column. The equal distribution of dye over
the cross section of the ice column indicated ice crystal growth occurred

primarily in the downward vertical direction.

3.6.2 EXPERIMENTAL APPARATUS FOR STABILITY TESTS AND
SAMPLE THAWING

The experimental apparatus shown in Figure 3.25 was used to
conduct stability tests and tests to simulate thawing predominantly from
the bottom up consisted of 100 mm diameter by either 200 mm or 250 mm
deep polyethylene cylinders. The wall thickness of the polyethylene
cylinders were 50 mm thick. The base of the cylinders consisted of 50 mm
thick stainless steel bases. These cylinders were nearly identical in size to
the sample holder of the freezing apparatus so that ice columns could be
removed and placed directly into these cylinders for evaluation of

different rates of thawing.
3.7 EXPERIMENTAL PROCEDURES AND PROTOCOLS
3.7.1 SAMPLE COLLECTION

Frozen and thawed, composite and location specific samples were
collected of the experimental waters during their freeze-thaw experiments.
Summarized in the proceeding sections are descriptions of the methods

and types of samples collected for chemical determination.
3.7.1.1 FROZEN SAMPLES

Frozen composite and location specific samples were collected of the

experimental waters following freezing. Sample collection comprised of
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Figure 3.25 Experimental Thawing and Stability Apparatus
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sectioning the ice column of each experimental water type at its different
experimental freezing temperatures using a band saw located in a cold
storeroom. The band saw prior to and after each ice sectioning was cleaned
with alcohol and distilled water. Collection of frozen composite samples
consisted of sectioning the ice column into three volume sizes (i.e., top 35
% frozen volume, middle 35 % frozen volume, and bottom 30 % frozen
volume). Collection of location specific samples consisted of sectioning the
ice column into 25 mm thick by 100 mm diameter ice sections. Following
sample collection, ice samples were placed in borosilicate glass sample

containers, sealed, and allowed to thaw at room temperature (24 °C).

3.712 LIQUID SAMPLES

Liquid composite and selective samples were collected of the
experimental waters following thawing. Prior to sample collection, the
liquid depth was measured and recorded using a calibrated ruler. The
collection of liquid composite samples consisted of siphoning off the
thawed treated experimental water into three composite volumes (i.e., top
35 % liquid volume, middle 35 % liquid volume, bottom 30 % liquid
volume) using a 6 mm diameter Tigon tubing. The volume collected was
discharged into a graduated cylinder during sample collection to monitor
that the correct volume fraction had been obtained. The collection of
selective samples was by pipette. A 25 mL capacity pipette was inserted into
the sample center at different depths following which sample portions
representative of 25 mm thick liquid layers were slowly removed. The
initial liquid depth and the depths at which each sample were collected
was recorded with respect to the initial unsampled depth. Sampling was
conducted from the top down. This method of selective sampling was
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more accurate than attempting to siphon 25 mm thick liquid depths.
Careful attention was paid not to disturb the liquid at the point of

collection during sampling.
3.72 METHODS OF THAWING

Two methods of thawing the frozen effluent were investigated;
from the top down or from predominantly the bottom up. Thawing of ice
columns from the top down were conducted in the freezing apparatus by
placement of a programmable heater above the ice column at a fixed
distance of 75 mm from the ice surface. The programmable heater was
programmed for the initial thawing temperature. Thawing was complete
and the sample collected when the entire liquid volume had reached a
constant liquid temperature equal to the initial thawing temperature. Ice
columns thawed from the top down were prevented from floating during
thawing. Data to measure the thawing rate was recorded by thermosisters

linked to a data logger.

Ice columns thawed from predominantly the bottom up were first
removed and placed in the thawing apparatus described in section 3.6.1. To
remove the ice columns from the freezing apparatus a rope net was
positioned between the plastic sample bag and the inside wall of the
apparatus underneath the glycol contraction bag. The rope net was
installed in such a manner so as not to inhibit the function of the
thermosisters. To remove the ice column, the glycol contraction bag was
first drained. Following this the sample was pulled vertically from the
freezing apparatus using the pull net. The plastic bag was removed and the
sample placed inside the thawing apparatus. The diameter of the freezing
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apparatus was designed to be marginally smaller than that of the sample
holder of the thawing apparatus to ensure a tight fit. Thawing was
conducted from all directions in a temperature controlled room. In
filming the thawing process, it was found that the ice column thawed
more quickly in the vertical direction than from the horizontal direction
and that this was attributed to differences in the materials of construction
for the thawing apparatus. In this method of thawing the ice was allowed
to float, allowing the melt water flow pattern to be in the downward

direction.
3.7.3 MELT WATER FLOW PATTERN DYE STUDIES

Dye studies using a food dye were conducted to examine the melt
water flow patterns associated to different methods of thawing and
thawing temperatures. Make-up of the stock dye solution consisted of
diluting 1 mL of standard food dye (red in color) into 1000 mL of distilled
water. Distilled water was then used as the experimental water and frozen
unidirectionally in a clear Plexiglas cylinder identical in size and
construction to the thawing apparatus. The dye solution was added to the
experimental water following freezing. To add the dye solution, several 6
mm diameter holes was carefully drilled into the ice column for a depth
equal to 2/3 (approximately 100 mm) the total depth. A surgical needle was
then used to inject the dye solution into the drilled holes after which the
ice column was re-frozen unidirectionally. Melting of ice columns
containing dye were conducted to examine the flow pattern of the melt
water for when the ice column was thawed from predominantly the
bottom up at the thawing temperatures 4 °C and 24 °C. For comparison,

dye studies were also conducted to examine the melt water flow pattern
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for when the ice column was thawed from the top down at a temperature
of 24 °C. All thawing tests were conducted in a temperature controlled

room.
3.7.4 CYCLED FREEZE-THAW EXPERIMENTS

Cycled freeze-thaw experiments were conducted to investigate the
additional color removal that would be obtained in the upper liquid
portion of membrane concentrate treated repeatedly by freeze-thaw. The
freeze-thaw conditions selected were those experimental set points that
provided for the best results. The initial freezing temperatures
investigated were -2 °C and -15 °C. The liquid depth selected was 150 mm.
Frozen concentrate samples were thawed from the bottom up at a
temperature of 24 °C. The maximum number of freeze-thaw cycles
investigated were 3 cycles. Thawed composite samples were collected
following each cycle in accordance to section 3.7.1.2. All runs were

conducted in triplicate.

3.8 EXPERIMENTAL DESIGN

3.8.1 SELECTION OF MEASUREMENT

3.8.1.1 ALKALINE EXTRACTION STAGE EFFLUENT

Color was selected as the parameter that would be measured to
evaluate treatment performance by freeze-thaw of alkaline extraction stage
effluent. Depicted in Figures 3.26 to 3.28 are the correlations of color with
respect to its corresponding COD, total alkalinity, and TDS concentrations.

Examination of these figures shows color can be used to accurately predict
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COD, total alkalinity, and TDS over the range of concentrations concerned.
The coefficient of linear correlation for color with respect to COD, total

alkalinity, and TDS were 0.999, 0.986, and 0.987, respectively.

Tests were also conducted to determine if the color concentration in
the top 70 % liquid volume could be accurately calculated from averaging
the measured values for the top and middle composite sample portions.
Summarized in Table 3.7 is the statistical data comparing the calculated
color derived from averaging the measured top and middle color
concentration of the composite samples to the actual color concentration
produced by mixing the top and middle composite samples. Table 3.7
shows the calculated and measured color concentrations representative of
the color in the top 70 % liquid volume were not significantly different
using the two tailed Paired t-test at a 95 % confidence limit. Based on this,
the color concentration in the top 70 % liquid volume was in most cases
determined by averaging the color concentrations measured in the top and

middle composite sample portions.
3.8.1.2 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

Similarly, color was selected as the parameter that would be
measured to evaluate treatment performance by freeze-thaw of membrane
concentrate. Depicted in Figures 3.29 to 3.31 are correlations of color with
respect to its corresponding COD, total alkalinity, and TDS concentrations.
Examination of these figures shows color can be used to accurately predict

COD, total alkalinity, and TDS over the range of concentrations concerned.
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The coefficient of linear correlation for color with respect to COD, total
alkalinity, and TDS were 0.989, 0.991 and 0.988, respectively.

To limit the amount of chemical analysis, comparative tests were
conducted to determine the difference between calculating the average
color concentration of the top and middle composite samples versus
mixing the two and measuring the resultant color concentration.
Summarized in Table 3.8 is the statistical data comparing the calculated
color derived from averaging the measured top and middle color
concentration of the composite samples to the actual color concentration
produced by mixing the top and middle composite samples. Examination
of this table shows that calculated and measured color concentrations
representative of the color in the top 70 % liquid volume were not
significantly different using the two tailed Paired t-test at a 95 % confidence
limit. Based on this the color concentration in the top 70 % liquid volume
was in most cases determined by averaging the color concentrations

measured in the top and middle composite sample portions.
3.8.2 FACTORIAL DESIGNS

Individual factorial experiments were conducted to examine the
effect of four quantitative variables on treatment performance with respect
to each experimental water type. The quantitative variables investigated
were: initial freezing temperature, storage temperature, storage time, and
thawing temperature. Summarized below in Tables 3.9 to 3.10 are the
factorial designs for each experimental water type. The fixed variables
applied in each factorial design are summarized in Table 3.11. The

selection of these fixed variables were based on experimental studies
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Table 3.9 24 Factorial Design Matrix for the Alkaline Extraction

Stage Membrane Concentrate

' Quantitative Variables Levels
Initial Freezing Temperature (°C) {-2 °C & -15 °C
Thawing Temperature (°C) +4°C & +24°C
Storage Temperature (°C) -2°C&-15°C
Storage Time (days) 0, 30, 60. & 90 days

Table 3.10 24 Factorial Design Matrix for the Alkaline Extraction
Stage Effluent

Q_uantitative Variables Levels
Initial Freezing Temperature (°C) |-2 °C & -15 °C
Thawing Temperature (°C) +4°C & +24°C
Storage Temperature (°C) -2 °C & -15 °C
Storage Time (days) 0, 30, 60, & 90 days

Table 3.11  Fixed Variables Applied in Each Factorial Design

Fixed Variables Setpoint
Liquid Depth (mm) 150 mm
Concentration Strength Stock Experimental Water
Method of Thawing Bottom-up
Freeze-thaw Cycles 1




conducted to examine the relative importance of each variable with
respect to treatment performance. The fixed variables selected were found
to be relatively unimportant over the range of interest or found to
adversely affect treatment performance that the set points arbitrarily
chosen for these variables were those which would produce the best
results under different freeze-thaw conditions. The measured response
was color concentration in the top 70 % liquid volume. All experimental

runs were conducted as a minimum in duplicate.
3.9 ISOTHERM DATA
3.9.1 FREEZING ISOTHERM DATA

The freezing curves presented herein were approximated using
freezing isotherm data and the experimental water's original freezing
point. Tests were conducted to determine the degree in change in freezing
point of the effluent with respect to its depth during freezing by sampling
to measure the change in chemical composition with respect to depth of
the frozen effluent brought about by freezing. The changes in the frozen
effluent’s color concentration with respect to depth were shown using
Figures 3.21 and 3.22 to result in only minimal decreases in the effluent's
freezing point. The maximum estimated change in freezing point was
0.09 °C or less depending on the effluent type and depth. These changes
were not significant that the change in freezing point with respect to depth
could accurately be detected by the thermosisters. Consequently, to
approximate the freezing curves at their initial freezing temperatures an

average freezing point was assumed over the entire depth of the sample
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with the value selected being the experimental water's original freezing

point.

Although they are an approximation of the freezing rate with
respect to the sample's depth, the freezing curves were used primarily as a
check for comparing duplicate run conditions. Duplicate run conditions
were only compared when the freezing curves were shown to be similar.
The freezing curves plotted are the average of six experimental runs. The
average estimated time to completely freeze the effluent as determined
from the freezing curve was the time period for the entire sample to

undergo a phase change from a liquid to solid.
3.9.1.1 ALKALINE EXTRACTION STAGE EFFLUENT
3.9.1.1.1 INITIAL FREEZING TEMPERATURE: -2 °C

Figure 3.32 is an approximation of the freezing curve representative
of unidirectionally freezing Eop effluent at the initial freezing temperature
-2 °C. The average estimated time period to completely freeze the Eop
effluent unidirectionally was approximately 3,270 minutes (2.27 days).

3.9.1.12 INITIAL FREEZING TEMPERATURE: -15 °C

Figure 3.33 is an approximation of the freezing curve representative
of unidirectionally freezing Eop effluent at the initial freezing temperature
-15 °C. The average estimated time period to completely freeze the Eop
effluent unidirectionally was approximately 461 minutes (0.32 days).
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3.9.1.1.3 INITIAL FREEZING TEMPERATURE: -25 °C

Figure 3.34 is an approximation of the freezing curve representative
of unidirectionally freezing Eop effluent at the initial freezing temperature
-25 °C. The average estimated time period to completely freeze the Eop
effluent unidirectionally was approximately 229 minutes (0.16 days).

3.9.1.2 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE
3.9.1.2.1 INITIAL FREEZING TEMPERATURE: -2 °C

Figure 3.35 is an approximation of the freezing curve representative
of freezing unidirectionally membrane concentrate at the initial freezing
temperature -2 °C. The average estimated time period to completely freeze

the membrane concentrate was approximately 3,450 minutes (2.39 days).
3.9.1.2.2 INITIAL FREEZING TEMPERATURE: -15 °C

Figure 3.36 is an approximation of the freezing curve representative
of freezing unidirectionally membrane concentrate at the initial freezing
temperature -15 °C. The average estimated time period to completely
freeze the membrane concentrate unidirectionally was approximately 476

minutes (0.33 days).
3.9.1.2.3 INITIAL FREEZING TEMPERATURE: -25 °C

Figure 3.37 is an approximation of the freezing curve representative
of freezing unidirectionally membrane concentrate at the initial freezing
temperature -25 °C. The average estimated time period to completely
freeze the membrane concentrate unidirectionally was approximately 245

minutes (0.17 days).
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3.92 THAWING ISOTHERM DATA

Tabulated are the thawing times for frozen samples thawed bottom
up and top down. Thawing was considered complete when the entire
thawed liquid volume had reached a constant temperature equal to the
initial thawing temperature. The time periods recorded were reported to

the nearest half hour.
3.92.1 ALKALINE EXTRACTION STAGE EFFLUENT

Summarized in Table 3.12 are the time periods required to
completely thaw 150 mm deep by 100 mm diameter frozen Eop ice
columns from predominantly the bottom up with respect to their different
initial freezing and thawing temperatures. Examination of this table
shows the respective thawing times were similar between each thawing
temperature at the different initial freezing temperatures. As expected, the
thawing times were reported to increase as the thawing temperature
decreased. Table 3.12 shows the average increase in thawing time for Eop
effluent was between 74.9 hours to 79.9 hours from having decreased the
thawing temperature from 24 °C to 4 °C at the different initial freezing
temperatures. As expected increasing the column depth from 150 mm to
250 mm increased the thawing time. Table 3.13 shows the additional
increase in thawing time was between 4.9 hours to 6.3 hours at the
different initial freezing temperatures in comparison to the shallower

liquid depth.
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3.9.22 ALKALINE EXTRACTION STAGE MEMBRANE
CONCENTRATE

Summarized in Table 3.14 are the average time periods required to
completely thaw 150 mm deep by 100 mm diameter membrane
concentrate ice columns from predominantly the bottom up with respect
to their different initial freezing and thawing temperatures. Examination
of this table shows the respective thawing times were similar between
each thawing temperature at the different initial freezing temperatures.
Reported to increase were the thawing times as the thawing temperature
decreased. Table 3.14 shows the average increase in thawing time for
membrane concentrate at their different initial freezing temperatures was
between 76.8 hours to 80.4 hours for decreases in the thawing temperature
from 24 °C to 4 °C. As expected increasing the column depth from 150 mm
to 250 mm increased the thawing time. Table 3.15 shows the increase in
thawing time was between 5.4 hours to 7.9 hours at the different initial

freezing temperatures.
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4.0 UNIDIRECTIONAL FREEZE-THAW STUDIES

Presented in this chapter are experimental results from
unidirectional freeze-thaw studies conducted to treat alkaline extraction
stage effluent and membrane concentrate. As part of this investigation
individual variables were examined to determine their relative

significance with respect to process performance.
4.1 PROCEDURES

Unidirectional freeze-thaw experiments were conducted in
accordance to section 3.6. Sample collection and analyses were conducted

in accordance to sections 3.7 and 3.5.
4.2 RESULTS AND DISCUSSION

4.2.1 CONSTITUENT CONCENTRATION AND REMOVAL BY
FREEZE-THAW

Conducted under ideal conditions freeze-thaw can be employed in a
manner similar to that which would occur naturally to effectively treat
alkaline extraction stage effluents derived from kraft pulp mill operations.
Plotted in Figures 4.1 and 4.2 are the average percent color removals from
the top 70 % liquid fraction with respect to initial freezing temperature in
the treatment of alkaline extraction stage effluent and membrane
concentrate. From examination of these figures it can be seen that the
method by which the ice was thawed substantially affected treatment
performance. The color removals, irrespective of initial freezing
temperature and effluent type, were significantly higher in samples

thawed predominantly from the bottom up compared to samples thawed
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top down. The differences in the average percent color removals in the top
70 7 liquid fraction between samples thawed top down versus bottom up
in the treatment of membrane concentrate were 37.4 %, 44.1 %, and 49.9 %
at the initial freezing temperatures -2 °C, -15 °C, and -25 °C, respectively.
Similarly, for alkaline extraction stage effluent the average percent
differences in color removal were 34.0 %, 27.4 %, and 24.8 % at the initial
freezing temperatures -2 °C, -15 °C, and -25 °C, respectively. In addition,
the general tendency of the data, irrespective of the method of thawing
and effluent type, was color removal increased with initial freezing

temperature.

The difference in the average percent color removals in the top
70 % liquid fraction with respect to the method of thawing can be
attributed to several factors. In ice columns thawed from the top down the
ice was prevented from floating. Where as in ice columns thawed from
predominantly the bottom up the ice was allowed to float throughout the
thawing process. The resultant differences between the two methods are
believed attributed to how the concentrated material was released from
the ice matrix during thawing. During thawing, because of differences in
density, the concentrated material was the first to thaw followed by the ice
directly surrounding it. Ice columns thawed from the bottom up permitted
the escape of the concentrated material allowing it to settle aided by the
flow of melt water. Where as ice columns thawed from the top down as
conducted in this study did not permit complete separation of the
concentrated material from the ice. Believed to have occurred was the

concentrated material settled on top of the thawing ice at the ice/liquid
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interface only to be subjected to the constant disturbances created by the

melt water.

Differences between the average percent color removals with
respect to initial freezing temperature for each effluent type were believed
to be directly related to the physical properties of the concentrated material
produced during freezing. Plotted in Figures 4.3 to 4.4 are the average
percent color removals from the top 70 % liquid fraction with respect to
the average thickness of the concentrated material as determined by SEM
for each experimental water type. From examination of these figures it can
be seen, irrespective of effluent type, that the average percent color
removal increased with the thickness of the concentrated material. The
differences of which were believed to be in part, attributed to the fragile
nature of the concentrated material. The concentrated material was found
to be very susceptible to break-up from simple mixing to indicate it was
not really a floc per say, but more likely a mixture of stable and dissolved
matter together with precipitated and flocculated matter, all of which was
compressed and dehydrated from freezing. Believed was that the
concentrated material produced at the colder initial freezing temperatures
was more susceptible to dissolution. Firstly, because of the relative
increase in surface area of the concentrated material over which there can
occur greater diffusion. The concentrated material produced at the colder
initial freezing temperatures was thinner and more numerous in the ice
matrix. Secondly, because of the relative differences that would be expected
in the settling rate of the concentrated material. It was believed the

thinner the concentrated material the more slowly it settled during
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which it was in longer contact with the bulk solution for diffusion to

occur.
4.2.2 PROCESS VARIABLES AND THEIR RELATIVE SIGNIFICANCE

Presented in this section are the experimental results from
examination of the process variables; rate of thawing, storage temperature,

storage time, liquid depth, and cycle freeze-thaw.
4.2.2.1 RATE OF THAWING

Rate of thawing was investigated because of the belief that melt
water can assist in the concentration and settlement of the concentrated
material during thawing. Plotted in Figures 4.5 and 4.6 are the average
percent color removals from the top 70 % liquid fraction with respect to
thawing temperature and method of thawing for each experimental water
frozen at their different initial freezing temperatures. The general
tendency of the data, irrespective of effluent type, was the average percent
color removal increased with thawing temperature for ice columns
thawed from predominantly the bottom up. For example, in the case of
membrane concentrate the average increases in percent color removal for
the initial freezing temperatures -2 °C, -15 °C, and -25 °C from increasing
the thawing temperature from 4 °C to 24 °C were 6.3 %, 8.3 %, and 7.5 %,
respectively. In addition, the average percent color removals increased

with respect to the initial freezing temperature (Figure 4.7).

The general tendency of the data, irrespective of effluent type, was
the average percent color removal decreased with thawing temperature

for ice columns thawed top down. For example, for membrane concentrate
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Figure 4.7 Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Initial Freezing Temperature for
Membrane Concentrate Thawed Top Down and Bottom up

at24°C



the average increases in percent color removal for the initial freezing
temperatures -2 °C, -15 °C, and -25 °C from increasing the thawing
temperature from 4 °C to 24 °C were 5.0 %, 10.7 %, and 3.8 %, respectively.
Similarly, the average percent color removals were shown to increase
with initial freezing temperature (Figure 4.8). Analysis of variance and the
Duncan Multiple Range Test were used to determine which means were
significantly different at a 95 % confidence limit. The results of this
analysis are presented in Appendix A. In the case of membrane
concentrate, the general tendency of the data, irrespective of the method of
thawing, was that there were significant differences between most all pairs
of means, with exception of sometimes the mean comparisons associated
with the very cold thawing temperatures. For Eop effluent a similar
tendency was observed, except the pairs of means representative of

samples thawed top down were not significantly different.

The rate at which the ice column was thawed greatly affected
treatment performance. However, the manner in which it affected
treatment performance was dependent on the method of thawing (top
down versus bottom up). Rate of thawing affects the melt water flow
pattern which in turn was believed to affect constituent removal. Figures
4.9 and 4.10 are the melt water flow patterns as conceptualized from dye
studies for ice columns thawed from the bottom up. Melt water under
rapid rates of thawing (24 °C) was observed in dye studies to flow
downward in almost a vertical pattern to concentrate the dye solution at
the bottom. At slow rates of thawing (4 °C) the melt water was observed to
accumulate directly under the melting ice to form a highly concentrated

zone. This highly concentrated zone was observed to disperse
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