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ABSTRACT

The objective o f  this research w as to  investigate the toxicity  reduction efficiency 

o f  industrial w astew ater by spraying with partial freezing technique. Before conducting 

the  spray freezing experim ents, w astew aters w ere partially frozen in beakers to observe 

the  effects o f  freezing tem peratures, dilutions and stirring. Full strength and diluted (1:10) 

pulp mill effluent and refinery w astew ater w ere partially  frozen (70% ) at tw o different 

tem peratures, with o r w ithout stirring. Ice and liquid sam ples w ere analysed for im purity 

and toxicity reduction. A range o f  45%  to 95%  o f  the im purities (TO C , COD and color) 

w ere rem oved from the wastew aters, which produced ice sam ples with no toxicity. 

Freezing tem peratures, dilutions and stirring had significant effect on im purity separation. 

Partial freezing in beakers showed higher separation efficiency for diluted w astew ater 

w ith stirring at w arm er freezing tem peratures.

Spraying with partial freezing was conducted inside a freezer w here pre-cooled 

pulp mill effluent, refinery wastew ater, linoleic acid and abietic acid solutions w ere 

pum ped and sprayed through a nozzle at tw o different tem peratures which produced 

approxim ately 70%  ice and 30%  runoff. The ice sam ples w ere relatively pure and the 

runoffs contained m ore impurities. The ice sam ples w ere stored at the spray tem peratures 

fo r tw o different periods o f  time, and later melted. M eltw aters w ere sequentially collected 

and analysed to  see the toxicity reduction and the variations o f  im purity concentrations. 

Initial m eltw aters w ere found to be m ore concentrated w ith im purities and the longer 

storage time show ed a positive im pact on im purity rem oval by the m eltwater. A range o f  

55%  to 90%  o f  the impurity concentrations w as rem oved from the final 50%  o f  the 

m eltw aters which w ere toxic to a lesser extent o r  non-toxic. From  the correlations o f
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toxicity  w ith im purity concentrations it w as found that the toxicity  reduced with the 

reduction o f  im purity concentrations. It was also observed that the w arm er spray freezing 

tem perature and longer ice storage tim e improved the im purity separation efficiency.

Scanning electron m icroscopy images o f  the ice sam ples w ere taken to  observe 

the ice crystal structure and the  impurity distributions on the surface o f  the ice. 

D ifferences w ere observed in the im purity distributions o f  the ice sam ples fo r different 

spray tem peratures and storage tim es. Impurities on the ice surfaces seem ed to  be more 

concentrated for longer storage time. For the ice sam ples produced  at the  colder 

tem peratures, im purity layers looked m ore fragile and dendritic effects o f  ice crystals 

w ere observed.
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1. INTRODUCTION

For the  industries in cold regions, it is im portant to find an effective w astew ater 

treatm ent m ethod that is as econom ic as possible. The technical and econom ical 

efficiency o f  conventional m ethods o f  w astew ater treatm ent in cold regions are restricted 

due to  cold weather. It could be the best to  make use o f  the cold w eather fo r the treatm ent 

o f  wastew ater.

For years, scientists tried to separate dissolved im purities from  the w ater by 

freezing and to  im prove the efficiency o f  the separation. The use o f  freezing  is based on 

the fact that, w hen an ice crystal grow s during freezing o f  an aqueous solution, it is built 

up by pure w ater, leaving the solutes concentrated in the rem aining liquid phase. So i f  an 

aqueous solution is partially frozen, a greater part o f  the im purities concentrate  in liquid 

phase and a  relatively pure ice is found. This process is advantageous as it is a physical 

separation process, suitable to  rem ove any kind o f  soluble im purities w ith a  large range 

o f  concentration and it is energetically com petitive with evaporation processes because o f  

the latent heats ( E f rCez in g  = 330 kJ/kg, Evaporation = 2 2 0 0  kJ/kg). Also, toxic com pounds that 

are difficult to  treat can be separated from the w ater by the freezing technique.

Large scale application o f  the mechanical freezing process for treatm ent facilities 

w as never im plem ented because it is difficult to  handle large am ount o f  ice and the 

freezing o f  large am ount o f  w astew ater may take a long tim e. On the o ther hand, the 

spray freezing technique, m aking use o f  natural conditions, to  treat w astew ater is a 

potential technique in the cold regions, since it is advantageous over o ther freezing 

techniques due to the accelerated freezing process, sim ple operation and low  capital and 

operating cost.
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W hen w ater is sprayed at cold tem peratures, it breaks up into a  large num ber o f  

very small drops w ith a  large surface area per volume. It enhances the heat transfer and 

ice form ation rate. This process takes advantage o f  the a ir’s low  tem perature to freeze 

pure w ater and concentrate the impurities. The unfrozen w ater during the spray freezing 

process can be used to carry the impurities away. W hen the tem perature rises in spring, 

m ost o f  the im purities that are in the ice mound are discharged with the initial m elt w ater 

from  the ice, leaving a relatively clearer ice behind.

This research project used the partial freezing and spray freezing technique to 

investigate the effectiveness o f  w astew ater impurity and toxicity reduction. Both 

industrial w astew aters (pulp mill effluent and refinery w astew ater) and synthetic 

w astew aters (linoleic acid and abietic acid) were used for the  study. The purpose o f  this 

project w as to  find out the efficiency o f  toxicity reduction, along w ith other im purities 

such as o f  total organic carbon (TOC), chemical oxygen dem and (CO D ) and color, by 

partial and spray freezing and to find the correlation o f  toxicity w ith other im purity 

concentrations. The factors affecting the impurity reduction efficiency o f  partial freezing 

and spray freezing technique were investigated. For partial freezing in beakers, the effects 

o f  freezing tem peratures, stirring and dilutions o f  wastewaters w ere investigated and for 

spray freezing and melting, the effects o f  spray freezing tem peratures, ice storage tim e 

and the dilutions o f  wastew aters were investigated. The differences in im purity separation 

efficiency due to the nature o f  the wastewaters were also investigated.

The im purity distribution within the ice columns, produced from  the pulp mill 

effluent by spray freezing, was examined by scanning electron m icroscopy fo r a  better 

understanding o f  im purity removal from the ice column by melt water. The effects o f  the
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tem peratures and duration o f  ice storage on the im purity d istributions w ithin the ice 

colum ns produced from the pulp mill effluent were also investigated.
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2. LITERATURE REVIEW

2.1 . P a r tia l  F reez in g  E x p erim en t:

D uring the process o f  ice form ation in an aqueous solution, ice crystals g ro w  with 

the pure w ater and reject the  im purities dissolved in the w ater and concentrate the 

im purities in the unfrozen liquid part o f  the solution. This process o f  separation  o f  the 

d issolved im purities is called the freeze concentration (Rodriguez et. al., 2000).

Im purities are physically rejected from  the ice crystal structures and concentrated  

in the liquid portion during the freezing process. I f  the solubility o f  the  im purities are 

concerned, it is higher in the liquid phase than in the solid phase. So when the freezing 

occurs, the freezing o f  solutions w hich contain dissolved im purities causes the 

enrichm ent o f  the liquid phase w ith im purities and purification o f  the solid phase w hich is 

the  ice (B urton et al. , 1953). During the freezing o f  a liquid, the im purities can be 

repelled and sw ept along by the solid-liquid interface (Azauni et al., 1997).

C halm ers (1959) described the form ation o f  ice as the ice crysta ls grow ing  from  

the addition o f  w ater m olecules to its structure, as the  bricks are added to  the construction 

o f  walls. The structure o f  ice crystals w as found to  have great regularity  and sym m etry. 

B ecause o f  this highly organized structure o f  ice structure when the im purities in w ater 

com e in contact with the growing ice crystal, the im purity m olecules are rejected and 

w ater m olecules w ere favoured. So the ice crystals norm ally g ro w  o f  pu re  w ater 

m olecules unless any severe internal strain occurs.
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The initial use o f  freeze concentration technique w as in analytical chem istry  to  

concentrate organic compounds. In 1961, as a laboratory m ethod, Shapiro (1961) first 

applied freeze concentration technique to concentrate organic com pounds.

Baker (1967a, b, 1969, 1970) carried out some im portant w orks in freeze 

concentration. T he author used the freeze concentration technique as a pre-analytical 

m ethod to concentrate trace organic compounds (alcohol, phenol and acid) in order to 

increase analytic device efficiency. The author showed that all com pounds rem ained in 

the liquid phase, w hether single com pound or m ixture o f  com pounds w ere involved.

Rodriguez et. al. (2000) conducted an experim ental study to com pare freeze 

concentration w ith reverse osmosis for the removal o f  valeric acid from  w astew aters. 

They determ ined the conditions for the optimum perform ance for freeze concentration to  

be -10 °C o f  subcooling tem perature and 1012 kg/h o f  feed flow. Refrigerant tem perature 

actually did not affect the amount o f  acid entrapped in the ice, but it influenced the ice 

form ation rate and their experimental setup was limited to  the m inim um  attainable 

tem perature o f  -10 °C. Their econom ic analysis revealed that the high energy 

consum ption by freeze concentration could be com pensated by the high costs o f  

m em brane replacem ent in reverse osmosis.

Lorain et. al. (2001), from their laboratory experim ents with synthetic and 

industrial w astew ater, achieved separation efficiency, in most cases, close to  100%. They 

defined freezing ratio as the ratio o f  the volume o f  the solid phase after m elting and the 

initial volum e o f  the sample. Regardless o f  the nature o f  the pollutants, separation 

efficiency w as close to 100% for the freezing ratio up to 80% . They found that higher 

concentration o f  w astew ater induced pollution o f  the solid ice.
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Chou and T sren (2000) conducted an in-situ freezing and m elting process as a 

w astew ater treatm ent method, which utilized the ice form ation o f  a  falling film  on a 

vertical wall o f  an ice former. Three experimental conditions on the outer wall surface, 

w hich included pre-existing and no pre-existing nucleus o f  crystallization and the  affixed 

fiber grid, w ere tested  to investigate their effect on the am ount o f  ice form ation, the 

degree o f  purification, and the overall heat-transfer coefficient. They found that the 

m axim um  values o f  both the amount o f  ice formation and the degree o f  purification could 

be achieved by varying the Reynolds num ber o f  wastewater. The low er inlet tem perature 

o f  w astew ater o r coolant increased the amount o f  ice form ation but decreased the degree 

o f  purification, w hereas, pre-existing nucleus o f  crystallization show ed positive effect for 

both cases. W hen the  w astew ater is able to wet the outer surface o f  the wall thoroughly, 

affixing fiber grids to  the surface will cause unfavourable effects on the degree o f  

purification.

A m oving solid-liquid interface appears when freezing o f  an aqueous solution 

takes place. For a slow  ice growth velocity, particles o f  nearly all m aterials are rejected 

by a m oving solid liquid interface (Hoekstra and M iller, 1967). Ice grow th velocity is 

dependent o f  the freezing rate which can be slowed down by increasing the freezing 

tem perature.

As the ice crystals grow  they repel the impurities from the ice crystal structures 

and the repulsion rate  can be improved by stirring the liquid phase in order to avoid the 

accum ulation o f  im purities at the solid-liquid interface (Gay et. aL, 2003).

Production o f  low-purity ice crystals is one o f  the reasons that restrict the 

industrial application o f  freeze concentration process for w astew ater treatm ent (Shirai et.
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al., 1998). Low -purity ice crystals reduce the separation efficiency o f  freeze 

concentration process, resulting in poor w astew ater treatm ent. Shirai et. al. (1998) 

investigated the conditions o f  producing an ice layer with high purity. They used w ater 

w ith polypepton concentration o f  2000 mg/L to 10,000 mg/L, corresponding to 670 mg/L 

to  3800 m g/L in chemical oxygen demand (COD), to produce an ice layer on an 

alum inium  plate heat exchanger. Higher purity o f  ice was observed at higher flow  rate, 

resulting in 10 to 30 mg/L in COD at the superficial flow  rate  o f  0.3 m /s regardless o f  

initial C O D  levels. The coolant tem perature had little effect in producing an ice layer 

with high purity. They also found that the lower the initial tem perature o f  the  wastew ater, 

the low er the purity o f  melted ice.

Studies showed that with the application o f  stirring, purification rates can be 

im proved up to 99.97%  (Gay et. al., 2003). Gay et. a l’s studies w ere conducted with 

sam ples o f  dilute Na-montmori!Ionite suspensions charged w ith zinc o r lead which was 

placed inside a cylindrical annulus and was cooled at a controlled tem perature around 

-7 °C at its inner wall. The inner wall rotated around a vertical axis. The freezing front 

propagated tow ard the still ou ter wall which w as m aintained a t a constant tem perature 

around +1 °C. The studies also dem onstrated that the com bination o f  radial freezing and 

stirring produced a residual concentration o f  drinking w ater standards.

A nother study by Iwai et. al. (1999) showed that an applied electric field can 

enhance the reduction o f  the im purity concentration in solid phase during freezing. They 

applied a D.C. electric field parallel to the solid-liquid interface during norm al freezing 

solidification o f  3, 5-xylenol and naphthalene system. The concentration o f  naphthalene 

in solid 3, 5-xylenol was less with an applied voltage o f  1800 V and electric field strength
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o f  6000 V/cm , than that w ithout any applied electric filed. They concluded that the 

enhancem ent in reduction might be due to  the turbulence induced by the electric field in 

the liquid phase during freezing.

Inorganic im purities can affect the separation efficiency for organic im purities. 

Som e previous studies showed that the separation efficiency o f  freeze concentration 

process for organic im purities decreased if  the inorganic com pounds w ere present in the 

sample. The study o f  W orkman and Reynold (1949) concluded that the plane ice front 

becam e dendritic because o f  the ice surface polarization by the inorganic com pounds and 

it increased the probability o f  the inclusion o f  liquid slugs in the ice crystals. Sam e 

conclusion can be drawn from the work o f  Islam and H em ond (1991), w here they tried to  

concentrate soluble com pounds in tap waters. But their recovery rate w as not a s  high as 

B aker’s (1970), probably due to the presence o f  inorganic com pounds in the tap water.

Extensive w ork on freeze concentration to understand the m echanism  o f  im purity 

rejection o f  ice crystals during freezing and the factors which can im prove the im purity 

separation efficiency o f  partial freezing has been found in the literature. B ut little o r no 

w ork has been found regarding the toxicity reduction o f  w astew aters, specially pulp mill 

effluent o r refinery w astew ater, by freeze concentration.

Freezing technology becam e o f  interest in the  late fifties for the application in 

w ater purification (Ham  et al., 1998), as it has som e advantages over the o ther separation 

process. The process is advantageous as it is a very sim ple physical separation process as 

no chem icals are added and freeze concentration is suitable for all soluble pollu tant, even 

the most toxic com pounds and the process can be applied to a  large range o f
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concentrations (O liver et al. 2001). W astew ater w hich is d ifficult to  treat biologically  due 

to  the presence o f  toxic com pounds can be treated  by partial freezing (Ruem ekorf, 1994).

D e Bruyn and Rasm ussen (2001) reported to  develop a  toxicity testing m ethod by 

concentrating aqueous samples by partial freezing, using the concept o f  freeze 

concentration. They observed excellent recoveries o f  inorganic and organic analytes, 

phenol and ZnSC>4 by tenfold freeze concentration. A  hundredfold freeze concentration 

perm itted the quantification o f  low levels o f  am bient toxicity  in a w ide variety o f  natural 

w aters using a  rapid, inexpensive m icrobioassay. They also found that freeze 

concentration approach well suited to  am bient toxicity testing, because it w as non

specific and had low  potential for solvent contam ination and the involved low  

tem peratures m inim ized volatilization and degradation o f  organic contam inants.

M cM inn et al. (2003) conducted experim ents to determ ine the processing 

conditions w hich w ould provide the most w ater rem oval from the precipitate after 

freezing and thaw ing. They exam ined the effect o f  variables such as freezing tim e, 

freezing tem perature, and pre-treatm ent steps (agitation o r  concentration), on the freeze- 

thaw  process o f  ferric precipitates. They found that the pre-treatm ent steps produced a 

m ore concentrated residual. They conclude that the  freezing and thaw ing w as a  very 

sim ple and effective method o f  dewatering precipitates and did not require the use o f  

additional additives.

A lthough the potential uses o f  freeze concentration w ere investigated thoroughly, 

its actual application fo r sea w ater desalination w as never im plem ented in large scale 

(W iegandt and Berg, 1980). But in other fields o f  applications such as the food industry, 

the  freeze concentration is comm only used (Chow dhury, 1988). N IRO  (form erly G renco)
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has developed a  freeze concentration system that is com m only used in the food industries 

and also  in w astew ater m anagem ent (Ruemekorf, 1994).

The first attem pt to  remove im purities from  industrial w astew ater by  freeze 

concentration w as taken by Avco Systems Division (ASV) in the beginning o f  1970s 

(Jam es and Johnson, 1972). The system was called “C rystalex” and consisted o f  

establishing close contact betw een the w astew ater and refrigerant in a treatm ent unit. The 

evaporation o f  the refrigerant caused the w astew ater to  freeze and a m ixture o f  ice and 

im purity  concentrated w ater w as produced. The m ixture was separated in a  wash column.

NIRO Ltd. named its freeze concentration process as N IRO  Freeze Concentration 

(NFC). They claim ed that the freeze concentration can reduce the cost o f  hazardous 

w astew ater disposal by 70%  (M urphy, 2000). NFC has been tested on w aste solutions 

containing sodium  hydroxide, sodium benzoate, m agnesium  sulphate and o ther organic 

and inorganic salts. The process reduces the water content o f  w aste stream s that must be 

incinerated, hence, cuts energy demand and reduces costs. The com pany has already 

installed the process at tw o wastew ater treatm ent plants, one for Seraya Chem icals in 

S ingapore and other for Basell in the Netherlands.

2.2. Spray Freezing and Melting Experiment:

Though som e research work has been found on freeze concentration in the 

literature, little has been found about the impurity and toxicity removal from  w astew ater 

by spray freezing process. Spray freezing is a  freezing process w here the aqueous 

solution is sprayed through a nozzle at a cold tem perature below  0  °C. The liquid droplets 

travel through the air to  the ground at cold tem perature and partially o r to tally  freeze, 

producing an ice-w ater m ixture o r only the ice, respectively. I f  a m ixture o f  ice and w ater
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was produce, it w as observed that the im purity concentrations in the w ater (runoff) 

increases significantly (Gao, 1998 and G ao et. al., 2003 and 2004b) and w hen the w ater 

is drained o ff  from  the ice-w ater mixture, it leaves relatively a  purer ice behind. This 

separation o f  the im purities is based on the same fact as partial freezing that the 

im purities are rejected from the grow ing ice crystals and concentrated in the liquid phase. 

H ere the separation o f  the im purities occurred due to  partial freezing o f  the w ater 

droplets. The second step o f  purification o f  ice occurs in m elting process o f  ice. The 

initial m eltw ater carried away a  significant portion o f  im purities from the ice w hen it 

percolated from top to  bottom  o f  the ice m ound (W uite et al., 1997b; Gao, 1998; W uite et 

al., 1999). After the initial m elting o f  ice, the im purities o f  the ice are gradually reduced 

as the continuing m eltw ater o f  the ice w ashes away the rest o f  the im purities in the ice 

(Johannessen and Hendriksen, 1978; Gao, 1998; W uite et al., 1999). So after a  certain 

portion o f  m eltw ater generation, the rem aining ice sam ples are purer.

Some practical uses o f  spray freezing have been reported. Delta Engineering o f  

Ottaw a, Ontario, Canada which is a m anufacturer o f  snow m aking equipm ent named their

T \ t  "T\lspraying system the Snowjluent process (W hite and Frere, 1994). The Snowjluent ' 

process has been used in the treatm ent o f  m unicipal w astes since 1985 (H uber and 

Palm ateer, 1985). This technology offers a solution to  the problem  o f  w inter storage o f

•rii

wastew aters. Using the Snowjluent ‘ process w astew ater effluent can be turned into 

snow  and stored during winter, so that there is no need to  build additional lagoons 

(M artel, 1998). M artel (1998) m entioned som e other benefits o f  the Snowjluent™  process 

like, low cost o f  operation and m aintenance, lower m anpow er requirem ent as the process 

can be fully autom ated, no use o f  chem icals and less odour than conventional treatm ent.
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This process has been used in M aine, USA and Ontario and Saskatchew an, Canada. 

M artel (1998) found that, depending on the atm ospheric condition, up to  40%  o f  the 

effluent evaporates o r is lost through sublimation, reducing the volum e o f  effluent stored 

as snow. Treatm ent also occurs as the snow m ounds age and melt. The soluble 

constituents are rem oved from  the snow  by a  leaching process described by Johannessen 

and H endriksen (1978) for natural snow-packs. The snow -pack m elts from  the top. The 

resulting m eltw ater percolates down through the snow -pack and collects soluble 

constituents. W ith aging, m ore leaching occurs and the soluble constituents are carried 

deeper into the snow  pile leaving a purer snow-pack on top. Some volatile im purities 

(like NH3) continue to  volatilize during the aging o f  snow. Som e insoluble im purities and 

precipitates also gravitate to the bottom  o f  the snow-pack during the aging process.

A lthough some practical uses o f  spray freezing technique has been m entioned 

above, not m uch research w ork has been found in the literature on its application to 

w astew ater im purity and toxicity reduction. Desalination o f  sea w ater by spray freezing 

w as achieved by Krepchin (1985). A spray freezing experim ent w as carried out in the 

w inter o f  1984-1985 at a Long Island pilot desalination plant in N ew  York. It was 

reported that the saline w ater salt concentration w as reduced from  30,000 mg/L to  

10 mg/L.

Im purity removal efficiency starting with oil sand tailing pond water, produced 

from the extraction o f  bitum en from the oil sands in N orthern Alberta, Canada, using 

spray freezing technique was investigated by Gao et al. (1996, 2003). High removal 

efficiency fo r TO C and C l' concentration was achieved. TO C  rem oval w as in the range o f
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89.3%  to 98.9%  and the C l' concentration rem oval w as in the range o f  90.8%  to  98.7%  in 

the ice core and m eltw ater samples.

Gao (1998) and Gao et al. (2004a) conducted spray freezing experim ents using 

pulp mill effluent and oil sands tailing  pond w ater to investigate the im purity 

concentration separation efficiency by runoff and ^meltwater. During the freezing 

operation, 30%  runoff w as generated at a  spray tem perature o f  -10° C and it w as found 

tha t a  considerable am ount o f  im purities w ere rem oved by the  runoff. T he im purity 

concentration o f  the ice core  sam ples w ere only about 30%  to 60%  o f  the source w ater 

w hen the runoff was generated. It w as also found that the age o f  ice influenced the  

im purity  rem oval efficiency during the ice m elting. For the ice sam ples produced by 

spraying pulp mill effluent a t -10° C and stored at the  spray tem perature fo r 20 days, the  

im purity  removal with the first 30%  o f  the  m eltw ater o f  the ice w as 55%  for COD, 53%  

for color, 57%  for TO C and 54%  for conductivity. But the im purity rem oval w as 

increased by 7%  for COD and 5% for co lor when the ice sam ple w as stored fo r 40 days.

T \ t
Som e w ork also has been done for toxicity rem oval by spray freezing from  M icrotox 1 

tox icity  analysis was used to  evaluate the  toxicity. The au thor found that the sam ples 

w hich achieved g reater than 80%  im purity  rem oval w ere not toxic. But no extensive 

toxicity  data w ere found.

G ao et al. (2004b) studied the contam inant release from  m elting spray ice 

produced  from pulp mill effluent and the oil sands tailing pond water. They concluded 

that the contam inant separation efficiency w as not significantly influenced by the 

characteristics o f  wastew ater.
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W uite et al. (1999) applied spray freezing m ethod, which w as called 

Snowjluent™ technology, to  the liquid manure. It w as found that the most o f  the soluble 

load o f  the snow pack, produced from the spray freezing, was flushed out w ith the initial 

m eltw ater volume, leaving a  purer snow behind and it w as calculated that over 80%  o f  

the soluble constituents were contained in the first 20%  o f  the m eltwater. T he results 

w ere sim ilar to  that found by Seip et al., (1980), w here the fractionation and runoff o f  the 

im portant ions found the natural acid snow  m eltw ater w ere investigated. It was found that 

the initial 30%  o f  the m eltw ater carried about 80% o f  the sulfate and nitrate  and 60%  o f  

the sodium  and chloride. From  the study conducted by Johannessen and H enriksen 

(1978), it w as suggested that the high im purity concentrations in the initial m eltw ater 

during the m elting process o f  the ice m ight be caused by a  freeze-concentration process 

during re-crystallization and m elting in w hich im purities accum ulate preferentially at the 

surface o f  ice particles.

In som e research works, it was found that som e ions a re  preferentially eluted. 

B ales et. al. (1989) applied acid and salt tracer to  hom ogeneous snow  in order to 

investigate the effect o f  initial distribution o f  chem ical species w ithin the snow  pack to  

the relative concentrations o f  melt w ater released from the pack. It w as found that the 

species deposited near the top o f  the pack eluted out considerably before those m ore 

uniform ly distributed with the depth. About 80%  o f  the salts dosed at the top o f  the pack 

and 70%  o f  the salts dosed at the m iddle o f  the pack cam e out in the  first 20%  o f  the melt 

water.

B rim blecom be et. al. (1987) did a  set o f  field-laboratory experim ents and also 

experim ents on the controlled melting o f  ices o f  know n com position. They found that
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sulphate and nitrate ions are preferentially rem oved from the ices with respect to chloride 

ion during m elting. For the cations, sodium appeared to be removed least readily. It was 

found that the  differences in the efficiency o f  removal o f  ions w ere m ore evident by the 

end o f  the melt than in the first stages o f  melting.

2.3. Linoleic Acid and Abietic Acid:

Linoleic acid and abietic acid represent fatty acid and resin acids, respectively. 

They are toxic and found in many pulp mill effluents. According to  Poole et. al. (1978), 

the  toxicity causing compounds in pulp mill effluent are resin acids, chlorinated lignins, 

chlorinated resin acids, chlorinated phenolic and other acidic groups, fatty acids and 

lignin degradation products.

In Canada, it has been estim ated that 50 percent o f  all the w astew ater released in 

the nations w aters are from pulp industries (Sinclair, 1990). It was found that resin acids 

alone caused 60 to  90 percent o f  the toxicity in pulp mill effluent and the presence o f  

fatty acids adds to the toxicity (Ali and Sreekrishnan, 2001). Yu and M ohn (2002) also 

m entioned that the resin acids are the m ajor cause o f  toxicity  o f  pulp mill effluents to 

aquatic life. Resin and fatty acid levels in pulp mill effluent may vary from  a few pg/L  to 

10,000 m g/L depending on the type o f  wood used, pulping process and the nature o f  the 

w astew ater treatm ent applied (Fahraeus-V an Ree and Payne, 1999; Liss et. al., 1997). 

They have been found to be toxic to fish in the range o f  0.2 to 8  mg/L (Peng and Roberts,

2000).

Extensive research on pulp mill effluent treatm ent processes w as done to reduce 

the suspended solids, dissolved oxygen demand, toxicity causing m aterials and color.

15

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w ith o u t  p e rm is s io n .



Biological treatm ent fo r the  reduction o f  biochem ical oxygen dem and and toxicity is a 

com m on treatm ent process for pulp mill effluent. But the acidic pH  and the fluctuations 

in contam inant loading o f  the biological reactor can severely reduce the treatm ent 

efficiency (W erker and Hall, 1999). It was also found that both resin and fatty acids 

inhibit the m ethanogenic bacteria in biological treatm ent system s (Ali and Sreekrishnan,

2001). It m akes biological treatm ent systems less effective for the treatm ent o f  toxic 

com pounds like resin and fatty acids.

O ther treatm ents for pulp mill effluent include ozone and advanced oxidation 

processes. The problem s associated w ith ozone treatm ent are the high dem and o f  ozone, 

sizing o f  ozone generation system  due to the fluctuations in ozone dem and w ith the 

variation o f  effluent im purity content and high cost (Gamal El-D in and Smith, 2002). 

A dvanced oxidation processes are thought to be ideal for degradation o f  large organic 

m olecules, because the hydroxyl radical is considered one o f  the strongest oxidizers 

(Sapach and V iraraG havan, 1997). B ut the application o f  advanced oxidation process 

produces by-products w hich som etim es can be m ore toxic than the original wastew ater. 

W right et. al. (2002) found that the toxicity o f  the treated solution increased after the 

advanced oxidation o f  abietic acid solution. The author concluded that the increase in 

toxicity w as caused by the production o f  more toxic by-products.

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .

16



3. MATERIALS AND METHODS

3.1. S y n th e tic  W aste w a te r: L inoleic A cid a n d  A b ie tic  A cid

Linoleic acid and abietic acid represent fatty acids and resin acids, respectively. 

Both o f  the acids w ere selected due to  their high toxicity. T heir physical and chem ical 

properties are  given in Table 3.1.

Table 3.1: Physical and chem ical properties o f  linoleic acid and abietic acid

P ro p e rtie s Linoleic A cid A b ie tic  A cid

Form ula C 18H 32O 2 C 20H 30O 2

Physical state Liquid Solid crystals

Color Faintly yellow -green Y ellow -orange

M olecular weight 280.46 AM U 302.46 AM U

Boiling point 230 °C at 16 mm H g 250 °C at 9 m m  Hg

M elting point -5 °C 175 °C

D ensity 0.92 g/mL -

Solubility in w ater Insoluble Insoluble

3.1.1. S am p le  P re p a ra tio n

Stock solutions o f  linoleic acid and abietic acid w ere prepared according to  the 

procedure follow ed by W right et. al. (2002). A  total o f  5 g  o f  linoleic acid w as purchased 

from Sigma, (lot no. 072K 1173). A  total o f  2 litres o f  stock solution o f  linoleic acid with 

a concentration o f  625 mg/L was prepared by dissolving 1.36 mL o f  0 .92 g/mL linoleic 

acid (1.25 g  o f  linoleic acid) to 2 litres o f  pH 11 phosphate buffer. L inoleic acid does not 

dissolve in w ater directly and as the  concentration o f  linoleic acid w as high, pH 11 buffer 

was used.

Abietic acid w as purchased from Sigma, w hich w as approxim ately  75 wt%  abietic 

acid. A 500 m g/L abietic acid stock solution w as prepared by disso lv ing  6 6 6 .6 6  mg o f

17

R e p r o d u c e d  w ith  p e r m is s io n  o f  th e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



abietic acid (75 w t % ) to 10 m L o f  95%  ethanol and applying heat. The volum e o f  the 

solution w as then raised to  1 L with a buffer solution o f  pH 11.

B uffer solution w as prepared w ith sodium phosphate m onobasic, potassium  

phosphate, de-ionized w ater and sodium  hydroxide solution. First, pH  8  buffer w as 

prepared by dissolving 14.196 g  o f  N a2H P 0 4 .7 H 2 0  and 0.852 g o f  K H 2PO 4 to  de-ionized 

w ater and m aking its volum e 2 L with de-ionized water. Then ION N aO H  w as used to 

bring the pH to 11. Stock solutions w ere stored at 4 °C and the w orking sam ples w ere 

prepared im m ediately before the freezing experim ent. W orking sam ples w ere prepared 

from  the stock solution by m aking necessary dilutions using phosphate buffer o f  pH  11.

3.2. Industrial Wastewater: Pulp Mill Effluent and Refinery Wastewater

Secondary pulp mill effluent was collected from W eyerhaeuser, G rand Prairie, 

A lberta  and the refinery w astew ater was collected from the final effluent o f  S trathcona 

Refinery, Edm onton, Alberta. A total o f  40  L o f  pulp mill effluent and 20 L o f  refinery 

w astew aters w ere supplied and were transported in 10 L pails. Sam ples w ere stored at in 

a  cold room  (Room  no.538 A) in the C ivil Engineering building, w here tem perature 

ranged from  0.5 to 4  °C. The characteristics o f  pulp mill effluent and refinery w astew ater 

are sum m arized in Table 3.2 (average o f  th ree  measurements).

T able 3.2: Characteristics o f  pulp mill effluent and refinery w astew ater

Param eters Pulp mill effluent Refinery w aste

TO C (mg/L) 241 14.2

CO D  (m g/L) 767 69.6

C olor (CU) 889 -

Toxicity  (TU  = IOO/EC20) 1.04 1.81

pH 6.84 7.26
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3 3  Experimental Methods

33.1. Beaker Freezing Experiment

Beaker freezing experim ents were carried out in a freezer at -25 °C and -10 °C, 

which w ere the coldest and warm est tem peratures o f  the freezer. The dimensions o f  the 

freezer w ere 1370 m m  (L), 680 m m  (W ) and 800 m m  (H). The freezer was placed inside 

the cold room  (m entioned in section 3.2.) so that the temperature fluctuation inside the 

freezer w as low. The top cover o f  the freezer was replaced with a  cover o f  Styrofoam. A  

tem perature sensor was placed inside the freezer penetrating the Styrofoam  cover and it 

was connected to a  data logger (Data Dolphin, M odel 400). The data w ere transferred to a 

com puter connected w ith  the data logger. The tem peratures inside the freezer were 

recorded every m inute and the average tem peratures for the duration o f  the runs were 

obtained. The tem perature fluctuation for the w arm er setting (-10 °C) was approxim ately 

from -8.5 °C to -11.5 °C and for the coldest setting (-25 °C) w as from  -22.8 °C to 

-26.9 °C. Plastic beakers (250 mL) were used for the freezing, because glass beakers 

m ight b reak  down at low  tem peratures. Beakers were insulated except the top so that the 

freezing would proceed unidirectional from top to bottom  (Figure 3.1).

F igure3.1: Insulation o f  the 250 m L beaker in beaker freezing experiment
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Sam ple volum es o f  250 m L  w ere used for 70%  partial freezing. Sam ples w ere 

pre-cooled to near 0  °C in the cold room  before starting the beaker freezing test. T im e 

required for 70%  partial freezing at -25 °C and -10 °C w ere around 7.5 hours and 24 

hours, respectively. T he upper portion o f  the beaker was the frozen portion (ice) and the 

lower portion o f  the beaker w as the unfrozen portion (unfrozen water) w hich is 

pictorially described in Figure 3.2 and Figure 3.3, where the separation o f  im purities can 

be observed visually.

Figure 3.2: Pulp m ill effluent in the beaker, before and after partial freezing

Figure 3.3: O riginal, concentrate and treated pulp m ill effluent in sam ple bottles
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T he partial freezing o f  the  sam ples w as carried out in the  beakers w ith  and 

w ithout stirring. A m agnetic F isher Therm ix* S tirrer (Model 120 M ) w as used fo r the 

stirring operations. The stirrer w as placed inside the freezer. To obtain the sam e extent o f  

stirring fo r all the runs, the speed (rpm) dial was fixed at 3 and a  sam e m agnetic bar o f  

24 mm length was used. A fter 70%  freezing w as done, the ice sam ples w ere separated 

from  the unfrozen w ater by squeezing the ice sam ples out o f  the beaker. T he ice w as 

m elted at room tem perature in plastic beakers. Volum es o f  ice m elt and the unfrozen 

w ater sam ples w ere m easured by using gradated cylinders and w ere stored in sam ple 

bottles (Figure 3.3) inside a  refrigerator for TOC, COD, color and toxicity  analysis.

3.3.2. Spray Freezing and Melting Experiment

T he spray freezing experim ental set up is shown in F igure 3.4. Spray freezing 

experim ents w ere carried out inside the freezer mentioned in section 3.3.1, w here 

sam ples w ere pum ped and sprayed through a spray nozzle at a  certain flow  rate on a 

plastic tray  at -10 °C and -25 °C. The brand nam e o f  the nozzle w as Evenm ist™ , 

m anufactured by Field Controls, K inston, NC 28504, USA. T he size o f  the  nozzle w as 

0.65 mm in diam eter and it could spray at an angle o f  60°. The pum p w as a  diaphragm  

pum p (M odel no. 8000-813-238, Garden Grove Com pany, C alifornia) and  its flow  rate 

could be adjusted. The freezer w as kept inside the cold room, m entioned in section 3.3.1, 

so that the  tem perature fluctuation inside the freezer was low. The actual cover o f  the 

freezer w as rem oved and a structure o f  Styrofoam was placed on top o f  the freezer. 

A nother Styrofoam  structure o f  600 m m x4000 m m x400 mm w as built on top  o f  the 

Styrofoam  cover to allow  m ore height for spraying. The structure w as built in such a way 

so that the  height o f  the spray nozzle from the bottom  o f  the plastic tray  can be adjusted
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Figure 3.4: Diagram o f  the spray freezing experim ental setup

as needed. T he size o f  the  plastic tray was 460 m m x360 m m x l3 0  mm. A tem perature 

sensor w as placed inside the freezer and the sensor w as connected to  a  com puter via a 

da ta  logger (D ata Dolphin, M odel-400). Continuous tem perature inside the freezer was 

obtained every m inute during spray freezing operation, which gave the average 

tem perature o f  the spray freezing experiment. Figure 3.5 shows the p icture o f  the 

S tyrofoam  structure  on top o f  the freezer.
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Figure 3.5: S tyrofoam  structure on top o f  the freezer, the spray nozzle and the 
tem perature and hum idity sensors

Sam ples w ere pre-cooled inside the cold room  to near 0 °C before starting the 

experim ent. To get a  m ixture o f  70%  ice and 30%  w ater in the plastic tray after spraying 

1000 m L o f  sam ples, som e trial runs w ere carried  out w ith DI w ater and the following 

com binations o f  the flow  rate and height o f  spray nozzle from  the bottom  o f  the plastic 

tray w ere determ ined (Table 3.3).
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Table 3.3: Com bination o f  flow  rate and height o f  the spray nozzle to  produce a m ixture 
o f  70%  ice and 30%  water.

Param eters
Tem peratures

-10 °C -25 °C

Flow rate (mL/M in) 25 25

Height o f  the nozzle (mm) 1400 450

From  trial experim ental runs it was found that about 800 mL ice and w ater 

m ixture w as produced in the tray from the spraying o f  1000 mL o f  pre-cooled w ater, 

w here ice portion was alm ost 560 mL and the w ater portion was 240 mL. So another 200 

mL o f  sam ple w ere assum ed to  be evaporated in the air and/or fell outside the tray.

Every tim e before starting the spray freezing experim ent, w hole system  w as 

rinsed w ith the sam ple that was going to be used for the experim ent. A 1000 m L o f  

sam ples w ere sprayed for 40 m inutes at a flow rate o f  25 mL/min inside the freezer on 

the plastic tray at cold tem peratures. From the m ixture o f  ice and w ater, water, w hich is 

called runoff, was drained, collected, measured and stored in sam ple bottles and later 

tested for TOC, COD, color and toxicity. The ice sam ples w ere then collected in 

insulated cylindrical Plexiglas storage columns w ith netted bottom, w hich had a  diam eter 

o f  120 m m  and a  height o f  150 mm. Ice columns w ere stored in a freezer fo r several days. 

Ice sam ples storage tem peratures were same as their spray tem peratures.

Som e ice sam ples w ere melted after 2 days and som e w ere m elted after 2 w eeks 

o f  storage time. The setup for melting was a combination o f  the setups designed by Gao 

(1998) and Tsiouris et. al. (1985). The melting experim ents w ere carried out inside the 

cold room  and m elting w as prom oted by using a 250 W  infrared lam p suspended betw een 

250 mm and 300 mm above the ice surface (Figure 3.6).
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Figure 3.6: M elting arrangem ent o f  the ice produced from  the spray freezing

In th is m elting arrangem ent, there is a Styrofoam  structure, w hich holds a  

cylindrical plastic container with a  valve at the bottom. The insulated Plexiglas storage 

colum ns w ith the ice w ere placed inside this plastic container and the infrared light w as 

turned on  for m elting. The insulation for the Plexiglas storage colum n w as used to  reduce 

the edge m elting effect during melting. A  unidirectional m elting from  top to bottom  w as 

accom plished. The m elt water was percolating through the ice colum n and was collected 

at the bottom . M elt w ater was sequentially collected in the sam ple bottles in four steps 

from  the bottom  o f  the plastic container. The sizes o f  the volum e o f  sequential m elt w ater 

for four collection steps are shown in Table 3.4. TOC, CO D , color and toxicity  w ere 

tested for the sam ples. Step 1 was called the initial m elt w ater and step 4  was called the 

final m elt water.
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Table 3.4: V olum es o f  the  sequential melt w ater collected in four steps during the m elting 
o f  560 mL o f  stored ice.

Steps o f  

Collection

Volum e (m L) o f  

Collection

%  volum e o f  

collection

C um ulative %  V olum e o f  

Collection

I 40 7.14 7.14

2 80 14.29 21.43

-> 160 28.57 50.00

4 280 50.00 100.00

3.4. Design of Experiments

Factorial experim ental designs were carried out fo r both beaker freezing and 

spray freezing experim ents to find out the significant factors that influence the reduction 

o f  TO C and C O D  o f  both industrial and synthetic w astew aters. Color, only for the pulp 

mill effluent and the toxicity, for both pulp mill effluent and refinery w astew ater, w ere 

a lso m easured but the color and toxicity data w ere only used to  find out the correlation o f  

co lor and toxicity  w ith TO C and COD. Concentrations o f  the sam ples m easured w ere 

converted to  concentration ratios, C/C0, which show s the degree o f  increase o r decrease 

o f  concentrations (C) o f  the samples after treatm ent, from the initial concentrations (C 0) 

o f  the  samples.

3.4.1. Beaker Freezing Experiments

B eaker freezing experim ents were carried out only for industrial w astew ater; pulp 

mill effluent and refinery wastewater. A 23 factorial experim ental design w ith 2 rep licates 

w as adopted to see the effect o f  dilutions, freezing tem peratures and stirring on TO C  and 

C O D  removal. Factor levels are shown in Table 3.5.
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T able 3.5: 23 factorial design o f  beaker freezing experim ents o f  pulp m ill effluent and 
refinery w astew ater

Factors
L evels

Low H igh

D ilution 1:10 1:1

Freezing T em perature -25 °C -10 °C

Stirring W ithout W ith

There w ere 16 runs in this design for both pulp mill effluent and refinery 

w astew ater experim ents and those were random ized. Significant factors w ere determined 

fo r the  reduction o f  TO C and COD for both w astew aters, in ice sam ples. Significant 

factors w ere also determ ined for the increase o f  TOC and C O D  for both w astew aters, in 

unfrozen w ater sam ples. Later, the results between pulp mill effluent and refinery 

w astew ater w ere com pared to see if there w as any d ifference betw een these tw o 

w astew aters, considering pulp mill effluent and refinery w astew ater as tw o blocks.

3.4.2. Spray Freezing and Melting Experiments

Spray freezing and ice melting w ere carried ou t fo r industrial and synthetic 

w astew aters. A 22 factorial design with 2 replicates w as adopted for pulp mill effluent 

and refinery w astew ater to  see the effects o f  spray tem peratures and storage tim e on TO C 

and C O D  rem oval. The factor levels for 22 factorial design are  shown in T able 3.6.

Table 3.6: 22 factorial design o f  spray freezing and m elting experim ents o f  pulp mill 
effluent and refinery wastew ater

Factors
Levels

Low High

Spray freezing tem perature -25 °C -10  °C

Ice storage tim e 2 days 14 days
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There were 8 runs for this design and those were random ized fo r bo th  pulp mill 

effluent and refinery w astew ater spraying experim ent. Significant factors w ere 

determ ined for the increase o f  TOC and COD o f  the initial m elt w ater for both 

wastewaters. Significant factors were also determined for the reduction o f  T O C  and COD 

o f  the final melt w ater for both wastewaters. Later, the results betw een pulp mill effluent 

and refinery w astew ater w ere compared to see if  there was any difference betw een these 

tw o wastewaters, considering pulp mill effluent and refinery w astew ater as tw o blocks.

A  23 factorial block design with single replicate w as adopted fo r synthetic 

w astew aters (linoleic acid and abietic acid) to observe the effects o f  acid concentrations, 

spray freezing tem peratures and storage times on TOC and COD. The facto r levels are 

shown in Table 3.7. There were 8 runs for this design and those w ere random ized for 

both linoleic acid and abietic acid spraying experiment. L inoleic acid and abietic acid 

sam ples w ere considered as two blocks. Significant factors w ere determ ined for the 

increase o f  TO C and COD o f  the initial melt w ater for both w astew aters. Significant 

factors w ere also determined for the reduction o f  TOC and CO D  o f  the final melt w ater 

fo r both wastewaters. The block effect was also observed to  find out w hether the results 

o f  linoleic acid and abietic acid samples were significantly different.

Table 3.7: 23 factorial block design o f  spray freezing experim ents o f  linoleic acid and 
abietic acid

Factors
Levels

Low High

Concentration 5 m g/L 20 m g/L

Spray freezing tem perature -25 °C -10 °C

Ice storage time 2 days 14 days
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Significant factors w ere determ ined for the increase o f  TO C and C O D  o f  initial 

m elt w ater. Significant factors w ere also determined for the reduction o f  T O C  and COD 

o f  final melt water.

3.5. Scanning Electron Microscopy

The JO EL JSM -6301F Scanning Electron M icroscope with cryo option w as used 

to  exam ine the m orphology o f  ice specim ens. The electron gun was a  cold-cathode field 

em ission type designed for ultra high resolution scanning electron m icroscopy (SEM ) 

with a  m odern digital image processing system. Instrum ent specifications are 

sum m arized in Table 3.8.

Table 3.8: JSM -6301F Scanning E lectron M icroscope Specification

Feature Perform ance

M agnification: Zoom lO X to  500,000X

: Fixed A ny m agnification

Secondary E lectron Image Resolution: at 30 KV 1.5 nm guaranteed

: at 1 KV 5 nm guaranteed

B ackscattered E lectron Image Resolution (at 30 KV) 3.0 nm attainable

Probe Current 10 '12 to  10 '10 A

Electron Gun Cold-cathode field em ission

A ccelerating Voltage 0.5 to  30 KV, 0.1 K V  steps

Em itter <310> tungsten tip

A lignm ent
M echanical and 

electrom agnetic deflection
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3.5.1. Ice Sample Preparation

SEM  operation w as conducted only for the ice sam ples produced from  pulp mill 

effluent. Spray freezing experim ents w ere carried out fo r pulp mill effluent in 2 

replicates, as w ere done for its spray freezing experim ents. R un num bers for various 

com binations o f  spray tem peratures and ice storage tim es for pulp mill effluent are shown 

in T able 3.9.

Table 3.9: Spray run num bers for various com binations o f  spray tem peratu re  and storage 
tim e fo r pulp mill effluent

Storage tim e
Spray T em perature

-10 °C -25 °C

2 days 1, 5 2 ,6

14 days 3 ,7 4 ,8

R uns fo r the sam ples, required for 14 days o f  storage, w ere  carried out 14 days 

before the SEM  operation and the runs for the sam ples, required fo r 2 days o f  storage, 

w ere carried ou t 2 days before the SEM  operation. Small p ieces o f  ice were collected 

from  the  tray from  each run after the drainage o f  unfrozen w ater (runoff) and stored in a 

small beaker (100 mL) inside a freezer at the spray tem peratures. B ut unfortunately, SEM  

operation w as only done for the run num bers 1, 2, 3 and 4 w ithin the allotted time.

3.5.2. SEM Operation

SEM  operation w as conducted in the SEM  lab in Earth and A tm ospheric Science 

build ing  at the  U niversity o f  Alberta. Ice sam ples w ere transported  from the Civil 

Engineering building to the SEM lab in a box with dry ice so that the sam ples w ere not 

m elted. It w as found that the ice specim ens could not be m ounted on the sam ple 

exchange holder and placed directly into the specim en stage w ithout superficial m elting
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o f  the ice surface. The melting is sufficient to obscure the m orphology o f  the  ice sam ple. 

T hat is why, the ice sam ples were super-cooled by subm erging those in liquid nitrogen 

and then fractured within the liquid nitrogen to produce a  clean unexposed ice surface. 

T he sam ples w ere exposed to condensation w hen these w ere w ithdraw n from  liquid 

nitrogen and placed in specim en holder and glued. So the sublim ation w as conducted to 

expose the ice surface under vacuum in the cold stage at a tem perature o f  -40 °C. An 

im age resolution o f  1.5 KV was used to m onitor sublim ation. A fter the exposure o f  the 

surface, the ice samples w ere cooled to -ISO °C for 10 m inutes before rem oval for 

coating. Then the sam ples were removed under vacuum  using the specim en transfer stage 

and transferred to a cryo cham ber where the sam ples w ere gold coated at -180 °C. The 

sam ples w ere double sputter coated with gold fo r a  total thickness o f  100 A ngstrom s. 

A fter the  coating, the samples were transferred to the specim en cham ber o f  the SEM  and 

exam ined using an image resolution o f  5 KV.

3.6. Analytical Procedures

3.6.1. Total Organic Carbon (TOC)

TO C  o f  the samples were analysed by using D ohrm ann TO C A nalyser follow ing 

the m ethod described in section 5310 C o f  Standard M ethods (199S). Only for the 

analysis o f  pulp mill effluent, additional 9.6 g  o f  m ercuric n itrate [H g(N 0 3 )2.H2 0 ] was 

used in m aking o f  2% potassium persulfate reagent to avoid the  interference in oxidation 

o f  organic m olecules in samples caused by high concentration o f  chloride in pulp mill 

effluent sample. All determ inations were conducted in duplicate.
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3.6.2. Chemical Oxygen Demand (COD)

COD w as determ ined by closed reflux colorim etric m ethod as described in 

section 5220 D o f  Standard M ethods (199S). A  HACH CO D reac to r and a Novaspec® II 

spectrophotom eter were used for the tests. All determ inations w ere conducted in 

duplicate.

3.6.3. Color

Color o f  the sam ples were only determined for pulp mill effluent in accordance 

with Standard H .5P prepared by the Environm ent Im provem ent Com m ittee, which w as 

issued by the Physical and Chemical Standard Com m ittee, Technical Section o f  the 

Canadian Pulp and Paper Association (1974). The spectrophotom eter, which w as used to 

m easure the absorption, was the Pharm acia Biotech U ltrospec 3000 UV /visible 

spectrophotom eter. All determ inations w ere conducted in duplicate.

3.6.4. Toxicity

M ircotox toxicity analysis was performed on raw  sam ples o f  industrial and 

synthetic w astew aters and the treated sam ples to determ ine the  acute toxicity. T he test 

involves the use o f  a m arine bacterium  Photobacterium phosphoreum to  determ ine the 

toxicity o f  the samples. A model 500 M icrotox analyzer (A ZU R  Environm ental) was 

used to m easure the light emitted by the bacterium  as result o f  its normal m etabolic 

processes. Presence o f  toxic substance in the sam ple ham pers the  m etabolic processes o f  

the bacterium  and decreases the intensity o f  the em itted light. The effect o f  light 

reduction is m easured for various dilutions o f  the samples. EC50 is then determ ined from  

the linear regression o f  the measured light reductions w here EC50 is the concentration o f  

the test sam ple at which there is a 50%  reduction in bacterial light production (K ennedy
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et. ai, 2000). H igher EC 50 value m eans low er toxicity, as E C 50 value is inversely 

proportional to  the toxicity. EC 50 values w ere calculated at 15 m inutes from  the tim e o f  

m ixing the various dilutions with the bacterium . Toxicity  unit (TU ) can be determ ined 

using Equation 1:

T U 50=  IOO/EC50 ( 1)

TU  elim inates the inverse relationship o f  EC50 w ith toxicity. As the toxicity o f  

supplied pulp mill effluent and refinery w aste w as not very high, TU20 w as determ ined 

for these sam ples, w here TU20 = IOO/EC20 (2)

3.6.5. pH

pH w as determined in accordance w ith the section 4500-H + B  o f  Standard 

M ethods (1992). The pH m easurem ent instrum ent w as the F isher Scientific A ccum et pH  

M eter 25. T he m eter had a  relative accuracy o f  ±  0.01 pH units.
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4. RESULTS AND DISCUSSIONS

The results obtained from  partial freezing in beakers and spray freezing and 

m elting experim ents are presented in the following sections. First there  are general 

discussions about the results. After the general discussions, statistical analyses o f  the 

results are presented in each section.

4.1. Partial Freezing Experiments in Beakers

T he results from the beaker freezing experim ents are presented and discussed in 

this section. Beaker freezing experim ents w ere carried out only for the industrial 

wastew aters; pulp mill effluent and refinery wastewater. Both original w astew aters and 

diluted w astew aters w ere used for the experim ents. W astew aters were diluted to 1:10 o f  

original concentrations. T he w astew aters samples w ere partially  frozen and 70%  ice and 

30%  w ater w ere produced under different experimental conditions. Both ice and liquid 

sam ples w ere analysed. TO C, CO D  and toxicity were m easured for both  w astew ater 

sam ples, and color was m easured only fo r pulp mill effluent. T he impurity concentrations 

o f  the ice and unfrozen w ater sam ples w ere norm alized to  the concentration o f  the 

original w astew ater sam ples (C/C0). All the runs o f  the beaker tests w ere replicated and 

the presented norm alized concentration data are the averages o f  tw o  replicates.

4.1.1. Pulp Mill Effluent

4.1.1.1. Concentration reduction in ice obtained from the partial freezing o f original 

and diluted pulp mill effluent samples

Figure 4.1 and Figure 4.2 show  the norm alized TO C , COD and co lor in ice 

sam ples produced in beaker freezing tests o f  original and dilu ted  (1:10) pulp mill effluent,
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Figure 4.1: N orm alized T O C , CO D and color in ice sam ples o f  original pulp mill effluent 
in beaker tests (TOCo =  241 m g/L, CODo = 767 m g/L, Coloro =  889 CU)
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Figure 4.2: N orm alized TO C , COD and color in ice sam ples produced from  diluted (1:10) 
pulp m ill effluent in beaker tests (TOCo =27.0 m g/L, CODo =  84.0 mg/L, 
Coloro =  92.0 CU)
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respectively. The toxicity data  were not incorporated in the figures, since all the ice 

sam ples w ere found to be non-toxic. The original pulp mill effluent was found to  be toxic 

(TU = 1.04). So, a 100% toxicity reduction was achieved for the ice sam ples obtained 

from  the  partial freezing experim ents o f  the original pulp mill effluent. B oth o f  the 

figures clearly indicated that the impurity concentrations w ere reduced (C/C0 <1.0). The 

ranges o f  percent reduction o f  impurity concentrations in ice sam ples in beaker tests for 

original and diluted (1:10) pulp mill effluent samples are shown in Table 4.1.

Table 4.1: The ranges o f  percent reduction o f  impurity concentrations in ice sam ples in 
beaker tests for original and diluted (1:10) pulp mill effluent samples

Pulp mill effluent samples TOC (%) COD (%) C olor (%)

Original (1:1) 44 to 88 51 to 82 44 to  93

Diluted (1:10) 83 to 96 70 to 85 74 to  96

It was observed that a  better reduction o f  im purity concentration was achieved for 

diluted (1:10) pulp mill effluent samples. The reason w as that, the efficiency o f  rejecting 

im purities from  grow ing ice crystals is reduced due to the increase o f  the chances o f  

trapping im purities in ice crystals with the increase o f  impurity concentration in the 

sample.

From Figure 4.1, it w as observed that the stirring increased the efficiency o f  

im purity separation from the ice crystals and the im purity concentration reduction o f  the 

sam ples was better achieved by applying stirring. The m aximum  concentration reductions 

achieved, w ith and w ithout the  application o f  stirring, fo r original pulp mill effluent w ere 

93%  color and 52%  COD, respectively. From Figure 4.2, it was also observed that the 

m axim um  concentration reduction achieved with and w ithout the application o f  stirring
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for diluted (1:10) pulp mill effluent sam ples were 96%  TO C and co lo r and 87%  color, 

respectively. The increase o f  the impurity separation efficiency because o f  the application 

o f  stirring was due to  the renewal o f  the sam ple w ater on the grow ing ice crystal surface. 

W hen ice crystal grow s, it rejects the im purities and the im purity concentration in the 

liquid phase near the grow ing ice crystal increases gradually and hence enhances the 

chances o f  incorporating im purities in the ice crystals. So, when stirring w as applied to 

the freezing sam ples, it continuously renew ed the w ater m olecules near the grow ing ice 

crystal surface and reduced the chances o f  impurities to be trapped inside the ice crystals 

(G ay et. al., 2003).

Figure 4.1 and Figure 4.2 also indicate that there w as a slight effect o f  

tem perature in im purity separation efficiency. Both the figures show  that at the w arm er 

tem perature (-10 °C) the im purity removal efficiency was higher than that at the colder 

tem perature (-25 °C) irrespective o f  stirring. The faster cooling rate  at colder 

tem peratures caused the ice crystal grow  at a faster rate and the solid-liquid interface 

m oves at a  higher velocity (H oekstra and M iller, 1967) and hence, has a h igher degree o f  

chances to  incorporate im purities in the liquid adjacent to the ice crystal surface inside 

the grow ing ice crystals.

4.1.1.2. Concentration increase in unfrozen water samples obtained from the partial 

freezing of original and diluted pulp mill effluent samples

Figure 4.3 and Figure 4.4 show the normalized TO C, CO D and co lo r in unfrozen 

w ater sam ples (30%  volum e) in partial beaker freezing experim ents for original and 

diluted (1:10) pulp mill effluent, respectively. The norm alized toxicity data are presented 

only in Figure 4.3. Figure 4.4 does not show any toxicity data as the unfrozen w ater
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3.00

2.50
oO

O

co

2.00

|  1.50

efflOcoO

1.00

0.50

0.00

■f-

-1 0 °C

□  TOC nCO D s  Color

-25  °C

With Stirring

=3=

-1 0 °C ■ 25 °C

Without Stirring
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Coloro =  93.0 CU)
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sam ples obtained from  the partial freezing o f  diluted (1:10) pulp m ill effluent were found 

non-toxic. The reduction o f  im purity  concentrations in  ice sam ples m eans the increase o f  

im purity concentrations in unfrozen w ater sam ples. That is why, Figure 4.3 and Figure 

4 .4  w ere the opposite o f  the F igure 4.1 and Figure 4.2 described in  section 4.1.1.1.

From Figure 4.3 and Figure 4.4, it is observed that the unfrozen w ater sam ples 

w ere m ore concentrated w ith  im purities (C /C0 >1.0), since the impurities w ere rejected 

from  the ice sam ples and concentrated  in unfrozen water. The ranges o f  percent increase 

o f  im purity concentrations in unfrozen w ater sam ples in beaker tests for original and 

diluted (1:10) pulp m ill effluent sam ples are show n in Table 4.2.

T able 4.2: The ranges o f  percent increase o f  im purity concentrations in unfrozen w ater 
sam ples in beaker tests for original and diluted (1:10) pulp mill effluent

Pulp m ill effluent sam ples TO C  (%) COD (%) C olor (%) Toxicity (%)

O riginal (1:1) 63 to 128 56 to 116 79 to  165 32 to 187

D iluted (1:10) 95 to 161 126 to 174 107 to  146 -

It was observed that h igher increases o f  im purity concentrations in unfrozen w ater 

sam ples occurred for dilu ted  (1:10) pulp m ill effluent sam ples. For the sam ples w ith 

h igher concentrations, the efficiency o f  rejecting im purities from  grow ing ice crystals 

w as reduced because the chances o f  trapping im purities in the ice crystals increase w ith 

increasing im purity concentration in the sam ple.

From  Figure 4.3 and Figure 4.4, it was observed that the pulp m ill effluent 

sam ples which w ere stirred during partial freezing experim ents produced m ore 

concentrated unfrozen w ater sam ples than the sam ples w hich were not stirred. The 

m axim um  increases in concentration observed w ith stirring and w ithout stirring for
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original pulp m ill effluent w ere 165% and 84%  o f  color, respectively (Figure 4.3). On the 

o ther hand, the m axim um  increases o f  concentrations observed w ith and w ithout the 

application o f  stirring for diluted (1:10) pulp mill effluent w ere 174% o f  C O D  and 148% 

o f  color, respectively (F igure 4.4). T he renew al o f  the sample w ater on the grow'ing ice 

crystal surface due to stirring m akes less im purities trapped inside the growing ice 

crystals and increases the concentration o f  the im purities in the unfrozen w ater samples 

(G ay et. a l, 2003). A cute  toxicity data  w ere found for the unfrozen w ater sam ples 

obtained from  the partial freezing o f  the original pu lp  mill e ffluen t T oxicity  values o f  

these sam ples w ere increased up to m axim um  187%. The increase o f  toxicity  w as due to 

the increase o f  the im purity concentrations in the sam ples.

4.1.13. Correlation between acute toxicity data and impurity concentrations 

obtained from the partial freezing experiments of pulp mill effluent

Correlations o f  acute toxicity  w ith the corresponding im purity concentrations o f  

the sam ples obtained from  the partial freezing experim ents o f  pulp m ill effluent were 

investigated. M icrosoft Excel softw are was used to  find out the best fit curve. It also 

produced the correlation equation and  R 2 value. In Figure 4.5 and Figure 4.6, acute 

toxicity  values were plotted  against their corresponding TO C  and COD values, 

respectively. A cute toxicity  data w as only found fo r the unfrozen water sam ples obtained 

from  the partial freezing o f  original pulp mill effluent. No toxicity  was observed for the 

sam ples produced from  the partial freezing o f  d ilu ted  (1:10) pulp  m ill effluent, w here 

d iluted pulp m ill effluent w as itse lf found to be non-toxic. Figure 4.5 and Figure 4.6 show  

sim ilar pattern. There is a  trend that the acute tox icity  o f  the sam ples increased as TO C 

and COD increased. T he trendlines w ere not show n in the plots as they d id  not show
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Figure 4.5: A cute toxicity vs. TOC concentrations o f  the sam ples obtained from the 
partial freezing experiment o f  pulp mill effluent
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Figure 4.6: A cute toxicity vs. COD concentrations o f  the sam ples obtained from  the 
partial freezing experim ent o f  pulp mill effluent
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strong correlations betw een toxicity  and TO C and betw een toxicity and COD. The w eak 

relationship m ight be due to the fact that the toxicity data are norm ally associated w ith a 

lot o f  uncertainties and m oreover few  toxicity data were possible to obtain for pulp mill 

effluent samples.

4.1.2. Refinery Wastewater

4.I.2.I. Concentration reduction in ice samples obtained from the partial freezing of 

original and diluted refinery wastewater samples

From  the partial freezing experim ents o f  refinery wastewater, sim ilar results as 

pulp m ill effluent partial freezing experim ents were observed. No color m easurem ent was 

done for refinery w astew ater. Figure 4.7 and Figure 4.8 show the norm alized TOC, COD 

and toxicity  o f  ice sam ples obtained from the beaker freezing experim ents o f  original and 

diluted (1:10) refinery w astew ater, respectively. D iluted (1:10) refinery w astew ater and 

the ice sam ples obtained from  the partial freezing o f  diluted refinery w astew ater were 

found non-toxic. Like pulp m ill effluent (section 4.1.1), the im purity concentrations were 

reduced significantly (C /C0 <1.0) for refinery w astew ater in the ice sam ples. Like pulp 

m ill effluent, it w as observed for the refinery w astew ater that the stirring increased the 

efficiency o f  im purity separation from the ice and better reduction o f  im purity 

concentrations w as achieved for diluted (1:10) samples than original refinery w astew ater 

sam ples. The reason is sam e as discussed for pulp m ill effluent in section 4.1.1.1.

The ranges o f  percent im purity concentration reduction o f  ice sam ples in beaker 

tests for original and diluted (1:10) refinery w astew ater are show n in Table 4.3. The 

reduction efficiency o f  im purity concentrations by partial freezing o f  refinery wastew ater

42

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



1.00

0.90

o 0.80
O
O 0.70 
o'
"co
ci0

1c<Doco
O

0.60

0.50

0.40

0.30

0.20

0.10

0.00

□  TOC □  COD □  Toxicity

10 °C - 25 °C

With Stirring

> 1- ~r

VvJ.
■•/*->'

2 1
l.-K'X

M-
V•VC"/

io W .

-1 0 °C  - 25 °C

Without Stirring

Figure 4.7: N orm alized TO C, C O D  and toxicity  in ice samples o f  original refinery
w astew ater beaker partial freezing experim ents (TOCo= 14.0 m g/L , CODo =
70.0 m g/L, toxicityo = 1 .8 1  TU)
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Figure 4.8: N orm alized TO C and C O D  in ice sam ples o f  diluted (1:10) refinery
w astew ater beaker partial freezing experim ents (TOCo = 1-88 m g/L, CODo -  
8.34 mg/L)
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Table 4.3: The ranges o f  percent reduction o f  im purity concentrations in ice sam ples in 
beaker tests for original and diluted (1:10) refinery w astew ater sam ples

Refinery w astew ater sam ples TOC (%) CO D  (%) T oxicity  (%)

Original (1:1) 50 to 96 48 to 92 18 to 100

Diluted (1:10) 70 to 95 68 to 93 -

was observed to be  h igher than that for pulp mill effluent. This m ight be because o f  the 

lower im purity concentration in refinery w astew ater (Table 3.2), since it is know n that 

the chances o f  trapping im purity particle in the grow ing ice crystals increases w ith the 

increase o f  im purity concentrations in water. A lso the chem ical nature o f  the im purities 

present in  pulp m ill effluent is different from  that o f  refinery  wastew ater. H igher 

inorganic im purities are norm ally present in refinery w astew ater than pulp m ill effluent. 

This could cause the difference as some com pounds are easier to be  incorporated into the 

ice structures than others.

Again, the difference in the am ount o f  inorganic im purities present in refinery 

w astew ater and pulp m ill effluent (mainly organic im purities) m ight have played a  role in 

the organic im purity separation efficiency o f  the wastew aters. It is know n that the organic 

im purity rem oval efficiency by  partial freezing w ould be reduced  i f  the inorganic 

im purity concentrations in the solution were increased (Baker, 1970).

Tem perature effects were m ore profound for refinery w astew ater experim ents 

than pulp m ill effluent experim ents. Figure 4.7 and Figure 4.8 indicates that there w as an  

effect o f  tem perature in im purity separation efficiency. Both the figures show  that at the 

w arm er tem perature (-10 °C) the im purity rem oval efficiency w as higher than that at 

colder tem perature (-25 °C) irrespective o f  stirring. The reason is sam e as discussed fo r 

pulp m ill effluent in section 4.1.1.1.
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4.I.2.2. Concentration increase in unfrozen water samples obtained from the partial

freezing of original and diluted (1:10) refinery wastewater samples

T he norm alized im purity concentrations in  the unfrozen w ater sam ples obtained 

from  the partial beaker freezing experim ent o f  original (TOC, CO D and toxicity) and 

diluted (TO C  and COD) refinery w astew ater are show n in Figure 4.9 and Figure 4.10, 

respectively. The diluted refinery w astew ater itse lf was not toxic and the concentrated 

sam ples o f  the unfrozen w ater sam ples obtained from the partial freezing o f  the diluted 

sam ples w ere also not toxic. Like the pulp m ill effluent, unfrozen w ater sam ples o f  

refinery w astew ater also showed an increase in im purity concentrations (C/C0 >1.0). 

G reater increases o f  im purity concentrations in unfrozen water sam ples occurred for 

d iluted (1:10) refinery wastew ater samples. H igher im purity concentrations in unfrozen 

w ater sam ples were observed for the refinery w astew ater samples which were stirred 

during partial freezing experiments than the sam ples which were not stirred.

The ranges o f  percent increase o f  im purity concentrations in unfrozen w ater 

sam ples in  beaker tests for refinery w astew ater sam ples are shown in Table 4.4. 

Com pared to the pulp mill effluent, the increase o f  im purity concentrations in unfrozen 

w ater sam ples obtained from  the partial freezing o f  refinery w astew ater sam ples was 

higher. It was obvious because, the rem oval o f  im purities from ice sam ples o f  refinery 

w astew ater w as higher than that o f  pulp mill effluent.

Table 4.4: The ranges o f  percent increase o f  im purity  concentrations in unfrozen w ater
sam ples in beaker tests for original and diluted (1:10) refinery w astew ater

Refinery w astew ater sam ples TO C (%) CO D (%) Toxicity  (%)

Original (1:1) 80 to 207 95 to 169 216 to 526

D iluted (1:10) 112 to 209 111 to 179 -
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Figure 4.9: N orm alized TO C, COD and toxicity in unfrozen w ater sam ples o f  original 
refinery w astew ater beaker partial freezing experim ents (TOCo -  14.0 m g/L, 
CODo =  70.0 m g/L , toxicityo =  1.81 TU )
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Figure 4.10: N orm alized TO C and CO D  in unfrozen w ater sam ples o f  diluted (1:10) 
refinery w astew ater beaker freezing experim ents (TOCo -  1-88 m g/L,
CO D 0 =  8.34 m g/L)
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4.I.2.3. Correlation between acute toxicity data and impurity concentrations 

obtained from the partial freezing experiments of refinery wastewater

C orrelations betw een acute toxicity and the corresponding im purity 

concentrations o f  the sam ples obtained from  the partial freezing o f  refinery  wastewater 

w ere also investigated. In Figure 4.11 and Figure 4.12, acute toxicity  values were plotted 

against their corresponding TO C and COD values, respectively, obtained from  the partial 

freezing experim ents o f  refinery w astew ater. A cute toxicity  w as observed to  be higher for 

the refinery w astew ater than that o f  pulp mill effluent; though the im purity concentrations 

o f  refinery w astew ater w ere low er than that o f  pulp m ill effluent. This m ight be because 

o f  the presence o f  the elem ents o f  higher toxicity  in  refinery  w astew ater than the pulp 

m ill effluent o r due to the sensitivity o f  test bacteria  to refinery w astew ater. The diluted 

samples o f  the refinery w astew ater w ere not toxic and the ice and  unfrozen w ater 

obtained from  the partial freezing experim ents o f  the dilu ted  refinery w astew ater were 

also not toxic.

Figure 4.11 and Figure 4 .12 show  sim ilar pattern. There is a  trend that acute 

toxicity o f  the sam ples decreased as TO C and CO D  decreased. T he correlation betw een 

acute toxicity  and TO C and that betw een acute tox icity  and  CO D  can  be  linear or non

linear. M ore data  are needed to confirm  any correlation. B ut the trend o f  reduction o f  

toxicity  w ith the reduction o f  TO C and COD w as m ore obvious for refinery  wastewater 

samples than that obtained for pulp m ill effluent sam ples (section 4 .1.1.3). This m ight 

have been caused by  the fact that m ore toxicity  data  w ere obtained for refinery 

w astew ater sam ples.
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Figure 4.11: C orrelation betw een acute toxicity and TO C o f  the samples obtained from 
the partial freezing experim ents o f  refinery w astew ater
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Figure 4.12: C orrelation betw een acute toxicity and COD o f  the sam ples obtained from 
the partial freezing experim ents o f  refinery w astew ater
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4.1.3. Statistical analysis of the impurity concentrations of ice and unfrozen water 

samples produced from beaker partial freezing experiment

A  statistical analysis w as perform ed on the TO C and CO D concentration ratio 

data  o f  the ice and unfrozen water sam ples obtained from  the partial freezing experim ents 

o f  pulp m ill effluent and refinery w astew ater to  find out the significant factors for the 

im purity  separation efficiency o f  partial freezing. N ull hypothesis o f  the analysis w as that 

the factors had no effect on im purity reduction. The p-value is the probability that the 

sam ple could  have been  drawn from  the population being tested given the assum ption 

that the null hypothesis is true. A p-value o f  0.05 indicates that there is only a 5%  chance 

o f  draw ing the sam ple being tested i f  the null hypothesis was actually  true. A  p-value 

close to  zero  indicates that the null hypothesis is false. Table 4.5 show s the p-values for 

the factors and  interactions calculated from  a  23 factorial experim ent w ith 2 replicates 

w here pulp  m ill effluent and refinery w astew ater were considered as 2 blocks (ANO VA 

tables are  in A ppendix B). Since greater reduction o f  impurity in ice samples m eans 

greater increase o f  im purity in unfrozen w ater samples, the factorial analysis should 

provide the sam e resu lt for both ice and unfrozen water samples.

A t 95%  confidence level, the factors w hich have the p-values less than 0.05 are 

considered to  be significant. From  Table 4.5 it is observed that the tem perature factor was 

significant for both TOC and CO D  concentration ratio data for ice samples. The 

tem perature factor w as not significant for unfrozen water samples at 95%  confidence 

level, bu t they  could be significant at 85%  and 83%  confidence level for TOC (p-value =  

0.1547) and  COD (p-value =  0.1732) concentration data o f  unfrozen w ater samples. From 

the results o f  im purity separation for pulp m ill effluent and refinery wastewater, it was
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observed that the efficiency o f  separation was higher fo r w astew ater frozen at -10 °C. 

The dilution and stirring factors w ere clearly significant for bo th  ice and unfrozen w ater 

sam ples. From  the results o f  im purity separation for pulp m ill effluent and refinery 

wastew ater, it w as observed that the efficiency o f  separation w as higher fo r diluted 

sam ples than original sam ples and w hen stirring was applied.

Table 4.5: p-values o f  the factors affecting the ice and unfrozen w ater sam ples TO C and 
COD in the beaker tests o f  pulp mill effluent and refinery w astew ater

Sources o f  variation

p-values

Ice samples Unfrozen w ater samples

TOC COD TO C COD

Tem perature (A) 0.0136 0.0163 0.1547 0.1732

D ilution (B) 0.0000 0.0000 0.0006 0.0000

Stirring (C) 0.0000 0.0000 0.0000 0.0000

Block (Pulp/Refinery) 0.2423 0.0314 0.0000 0.0233

AB 0.4528 0.8527 0.3845 0.6594

AC 0.4853 0.8527 0.4666 0.7315

BC 0.0000 0.0000 0.1194 0.6594

ABC 0.5906 0.2873 0.7795 0.7811

Note: A t 95%  confidence level, p-value =  0.05

R esults obtained from  pulp m ill effluent were significantly  different from  refinery 

w astew ater as blocking effect w as significant for both ice and unfrozen w ater sam ples, 

expect fo r the TO C concentration data o f  ice samples (p-value =  0.2423). It was observed 

from the TO C and COD concentration ratio data o f  pulp m ill effluent and refinery 

w astew ater that the overall separation efficiency was higher for refinery w astew ater than 

pulp m ill effluent.
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Tem perature interactions w ith dilution (A B) and stirring (AC) w ere not 

significant. O nly stirring interaction w ith dilution factor (BC) w as clearly significant for 

both TO C and C O D  concentration ratio data  o f  ice sam ples. From  the result o f  TO C  and 

COD concentration ratios o f  both pulp m ill effluent and refinery wastewater, it was 

observed that stirring was m ore effective in im purity separation for original pulp m ill 

effluent and refinery w astew ater than for diluted pulp m ill effluent and refinery 

wastew ater. Three factor interaction o f  tem perature, dilution and stirring (ABC) w as also 

not significant.

4.2. Spray Freezing and Melting Experiment

Spray freezing and m elting experim ents were conducted for both industrial (pulp 

mill effluent and refinery wastewater) and synthetic wastew aters (linoleic acid and abietic 

acid). D uring the spray freezing experim ents, a m ixture o f  ice (70%) and w ater (30% ) 

was produced in a  tray  for each run. The w ater was drained out o f  the tray w hich is called 

the ru n o ff and collected for analysis. The ice sam ples, produced from  each run, w ere 

stored at spray tem perature. The stored ice was then m elted and the m eltw ater was 

sequentially collected for analysis. The results o f  these experim ents are reported into two 

m ain sections; im purity separation by  ru n o ff and im purity rem oval from  the stored spray 

ice by  m elting. The results are discussed in the follow ing sections.

4.2.1. Impurity separation by runoff

The experim ental results o f  the im purity concentrations o f  the runoff sam ples are 

presented in this section. R unoff samples were analysed for TOC, COD, color and 

toxicity. The im purity concentrations o f  the runo ff sam ples w ere norm alized to  that o f  

original w astew ater samples (C/C0).
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4.2.1.1. Impurity separation by runoff during spray freezing experiments of 

industrial wastewater: pulp mill effluent and refinery wastewater

F or both  pulp m ill effluent and refinery  w astew ater, four runs o f  spray freezing 

experim ents were conducted at each tem perature (-10 °C and -25 °C) and fours sets o f  

im purity concentration ratio data; TO C, CO D  and color (only for pulp mill effluent), 

were obtained at each tem perature. For each w astew ater, toxicity was only m easured for 

tw o runoffs generated at each tem perature. A verage concentration ratios o f  TO C, COD, 

color and  toxicity  o f  the runoffs produced from  the spray freezing are presented in Figure 

4.13 and  Figure 4.14. It was observed that the im purity  concentrations o f  the runoffs were 

higher than  those o f  original pulp m ill effluent and refinery wastew ater, respectively 

(C/C0 >1). So a  certain am ount o f  im purities w ere carried  away by  the runoffs from  the 

ice produced  from  the spray freezing o f  pulp m ill effluent and refinery w astew ater (Gao, 

1998; W uite et al., 1999).

Im purity  concentration ratios o f  the runoffs produced from pulp m ill effluent and 

refinery w astew ater are listed in Table 4.6. The T O C  and COD concentration ratio data  o f  

the runoffs produced from  pulp m ill effluent and  refinery  w astew ater w ere com parable. 

Only the tox icity  ratio  data for the runoffs produced from  refinery w astew ater w ere m uch

Table 4 .6: Im purity concentration ratios (C/C0) o f  the runoffs produced from pulp mill 
effluent and  refinery w astew ater in sp ray  freezing experiments

W astew ater Spray Tem perature (°C) T O C COD Color Toxicity

Pulp m ill
-10 1.97 1.93 1.98 1.86

-25 1.74 1.72 1.76 1.47

Refinery
-10 1.96 2.14 - 2.51

-25 1.67 1.81 - 2.88
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higher than those produced from  pulp mill effluent. The concentration ratios o f  the 

runoffs produced from  refinery w astew ater were slightly  higher than those produced from 

pulp m ill effluent.

It was observed for both o f  the wastew aters that the higher im purity separation 

efficiencies by  runoffs w ere observed at the w arm er tem perature (-10 °C) o f  spray 

freezing, as the concentration ratios o f  the runoffs had higher values a t warm er 

tem perature (-10 °C) than  at colder tem perature (-25 °C). It is know n that partial freezing 

o f  the w astew ater droplets occurs during the spray freezing. The w arm er tem peratures 

cause slow er m ovem ent o f  the solid-liquid interface o f  the grow ing ice crystals and 

reduce the chance o f  entrapping impurities in the ice crystals (Hoekstra and M iller, 1967). 

Unlike all the concentration ratio data, only the toxicity ratio o f  the runoffs generated 

from refinery w astew ater showed a higher value (2.88) a t colder tem perature than 

w arm er tem perature (Figure 4.14). This m ight have been caused by  experim ental error. 

The toxicity  ratio da ta  was the average o f  the toxicity ratios o f  tw o replicates which 

toxicity ratios were 3.72 and 2.04. Here 3.72 w as m uch higher than 2.04 and m ight be an 

erroneous data, which increased the average toxicity  ratio value o f  the runoff generated at 

the colder tem perature.

4.2.I.2. Impurity separation by runoff during spray freezing experiments of 

synthetic wastewaters: linoleic acid and abietic acid

For both linoleic acid and abietic acid, tw o runs o f  spray freezing for 5 mg/L 

solution and two runs o f  spray freezing for 20 m g/L solution were conducted at -10 °C 

and sim ilar runs w ere conducted also at -25 °C. So, tw o sets o f  im purity concentration 

ratio data; TOC, CO D  and toxicity, were obtained for each com bination o f  sample
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concentration and  tem perature for bo th  acid solutions. Figure 4.15 and Figure 4.16 show  

the results obtained from  freezing o f  linoleic acid and those o f  abietic acid  solutions are 

presented in Figure 4.17 and  Figure 4.18. As show n in Figure 4.15 to  Figure 4.18, the 

im purity concentrations o f  the runoffs were higher than the im purity concentrations o f  

original linoleic acid and abietic acid solutions (C/C0 >1).

Im purity concentration ratios o f  the runoffs produced from linoleic acid and 

abietic acid are listed in Table 4.7. It was observed that a  better im purity separation by 

runoffs was achieved for lower concentration solutions (5 m g/L) o f  linoleic acid  at both 

tem peratures, as higher im purity concentration ratio data (C /C0) were observed for low er 

concentration solutions (5 m g/L) o f  linoleic acid.

Table 4.7: Im purity concentration ratios (C/CQ) o f  the runoffs produced from  linoleic acid 
and abietic acid in spray freezing experim ents

Solutions
Concentration

(mg/L)
Spray Tem perature 

(°C)
TO C

(C/Co)

COD
(C/Co)

Toxicity
(C/Co)

5
-10 1.69 1.93 5.72

Linoleic -25 1.65 1.63 2.33

acid
20

-10 1.65 1.66 1.75

-25 1.58 1.54 1.76

5
-10 1.73 1.88 2.10

Abietic • -25 1.58 1.77 2.46

acid
20

-10 1.62 1.81 2.05

-25 1.58 1.52 2.75

Tem perature effect was also noticed for im purity separation by runoffs. W arm er 

tem perature show ed better im purity separation, as the im purity concentration ratios o f  the 

runoffs produced from  both  5 m g/L and 20 mg/L linoleic acid  solutions had higher values
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at w arm er tem perature than at colder tem perature (Figure 4.15 and Figure 4.16). The 

toxicity ratio o f  the runoff produced from  the spraying o f  5 m g/L Iinoleic acid solution at 

-10 °C show ed unexpectedly higher value (5.72) w hich m ight be a  result o f  m easurem ent 

error.

Sam e as the results o f  Iinoleic acid solutions, it was observed that a better 

im purity separation by runoffs was achieved for low er concentration solutions (5 mg/L) 

o f  abietic acid at both colder and w arm er tem peratures, as the im purity concentration 

ratios (C /C0) o f  the runoffs produced from 5 m g/L abietic had higher values than those 

produced from  20 mg/L abietic acid solutions. T he only exception w as the toxicity ratio 

data, which m ight have been caused by the error in toxicity m easurem ent.

W arm er tem perature showed better im purity separation, as the im purity 

concentration ratios o f  the runoffs produced from both 5 m g/L and 20 mg/L abietic acid 

solutions had higher values at warm er tem perature than at colder tem perature (Figure 

4 .17  and Figure 4.18). Here, the only exception w as the toxicity ratio data. The toxicity 

ratios o f  the runoffs produced from the spraying o f  abietic acid solution at -25 °C showed 

higher value than those produced at -10 °C, w hich are inconsistent w ith the TO C and 

C O D  concentration data. This might also be a result o f  m easurem ent error.

4.2.2. Impurity removal from the stored spray ice by melting

The experim ental results o f  the impurity concentrations o f  the m eltw ater sam ples 

a re  presented in this section. M eltwaters w ere collected sequentially in four consecutive 

steps. The first portion o f  meltwater was approxim ately 7.14%  o f  the total ice volume, 

and the second, third and fourth portions w ere approxim ately 14.3%, 28.6%  and 50.0% , 

respectively, w here first 7.14% o f  the m eltw aters w ere called the initial m eltw aters and
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the last 50.0%  o f  the m eltw aters w ere called the  final m eltw aters. M eltw ater samples 

w ere analysed fo r TOC, COD, color and toxicity. The im purity concentrations o f  the 

m eltw ater sam ples w ere normalized to that o f  original w astew ater sam ples (C/C0). The 

norm alized im purity concentration ratios w ere plotted against the cum ulative m eltw ater 

volum e % , w hich w ere approxim ately 7.14% , 21.4% , 50.0%  and 100%. The patterns o f  

the graphs w ere sim ilar to  those plotted for ice m eltw aters by Johannessen and Henriksen 

(1977), B rim blecom be ei. al. (1987) and Gao et. aL (2004b).

4.2.2.1. Impurity removal from the stored spray ice, produced from the pulp mill 

effluent, by melting:

Four runs o f  spray freezing o f  pulp mill effluent w ere carried out at both 

tem peratures (-10 °C and -25 °C) to  produce ice samples. Tw o o f  the four ice samples 

produced at -10 °C were stored for 2 days and the o ther tw o for 2 weeks. Sam e storage 

tim e was used fo r the ice samples produced at -25 °C. So there w ere tw o replicates and 

hence two sets o f  impurity concentration data for each com bination o f  spray tem perature 

and ice s torage time. TOC, COD and color w ere m easured for all the sam ples o f  each 

replicate. Only the toxicity w as measured for one replicate.

F igure 4 .19  to  Figure 4.22 show  the variation o f  im purity concentrations (TOC, 

COD, color and toxicity) o f  the m eltw ater during the m elting o f  the ice produced from 

the spray freezing o f  pulp mill effluent at -10 °C. Also, the Figure 4.23 to Figure 4.26 

show  the variation o f  im purity concentrations (TOC, COD, color and toxicity) o f  the 

m eltw ater during the melting o f  the ice produced from the spray freezing o f  pulp mill 

effluent at -25 °C. From  all the figures it was com m only observed that the impurity 

concentrations o f  initial m eltw ater w ere higher than that o f  original pulp mill effluent
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Figure 4.19: Variation o f  the normalized TOC concentration in the sequential m eltw ater 
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Figure 4.21: Variation o f  the normalized color concentration in the sequential m eltw ater 
o f  the spray ice m ade from pulp mill effluent at -10 °C, Co = 912 CU
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(C /C 0 > 1) (Seip et al., 1980; Gao et al., 2004b; W uite et al., 1999). Again, it w as also 

com m only observe that the impurity concentrations o f  final m eltw ater w ere low er than 

that o f  original pulp mill effluent (C/C0<1). A chemical fractionation occurred during the 

m elting process. Initial m eltw ater percolated through the ice colum ns and carried aw ay 

m ost o f  the im purities, leaving less o f  im purities in the ice colum ns for the subsequent 

m eltw ater to w ash aw ay to  get the clearer m eltw ater gradually.

The im purity concentration ratios o f  the initial m eltw aters o f  the  spray ice 

produced from  pulp mill effluent at -10 °C (Figure 4 .19  to Figure 4 .22) and -25 °C 

(Figure 4.23 to  Figure 4.26) are listed in Table 4.8.

Table 4.8: Im purity concentration ratios (C /C0) o f  the initial m eltw aters o f  the  spray ice 
produced from pulp mill effluent

Spray Tem perature Storage Time
TO C

( C / C o )

COD
( C / C o )

Color
( C / C o )

Toxicity
( C / C o )

-10 ° C

2 days 1.67 1.78 1.72 2.20

2 weeks 2.36 2.29 2.69 2.95

-25 ° C

2 days 1.61 1.61 1.60 1.87

2 weeks 2.44 2.34 2.53 3.59

From  Table 4.8, there is a clear indication that the ice stored for longer period (2 

weeks) had m ore im purity concentrations in its initial m eltw ater. The reason m ight be 

that the ice g rains grow  with the storage tim e and the im purities readjust their position 

and concentrate to  the surface o f  the ice crystals (Johannessen and H enriksen, 1978). So, 

fo r the older ice, m ore im purities are readily w ashed aw ay when the initial m eltw ater 

percolate dow n through the ice colum ns than for the younger ice.
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Also, it w as observed that the  initial m eltw ater o f  the ice produced at -10 °C had 

slightly higher im purity concentration ratios than the initial m eltw ater o f  the ice produced 

at -25 °C. This tem perature effect was m ore profound at shorter storage tim e (2 days). In 

the process o f  ice form ation the chances o f  im purities to be captured in the ice structure is 

m ore a t colder tem peratures, because o f  the faster rate o f  freezing. As a result, runoffs 

w ith low er im purity concentrations w ere produced at colder spray tem perature than the 

w arm er tem perature w hich left low er concentrations o f  im purities on the surface o f  the 

ice grains and hence the  initial m eltw ater impurity concentrations w ere low for the  ice 

produced at colder tem perature. But the effect o f  tem peratures on the im purity 

concentrations o f  initial m eltw ater was minimized by the longer ice storage tim e because 

o f  the readjustm ents o f  im purities on the ice crystal surface w ith the storage tim e 

(Johannessen and H enriksen, 1978), where it is believed to  concentrate.

Table 4 .9  show s the percent reduction o f  im purity concentrations in the final 50%  

o f  the m eltw ater. It w as noticed that the final 50%  o f  the m eltw aters o f  the ice produced 

from  the pulp mill effluent w as not toxic. O ther im purity concentrations w ere reduced up 

to  57%  to  78%. This result can be com pared w ith o ther pulp mill effluent treatm ent 

m ethods like ozonation o r  advanced oxidation. Color o f  pulp mill effluent can be reduced 

by 58 to  67%  with 50 m g/L ozone dose (M oham m ed and Smith, 1992). Using advanced 

oxidation process (ozone w ith hydrogen peroxide) M urphy et al. (1993) achieved 50%  

color reduction o f  final effluent o f  a pulp mill. It w as observed that higher im purity 

reduction for the final 50%  o f  the m eltw aters was achieved for the  ice sam ples w hich had 

longer storage tim e (2 w eeks) and w hich were produced at -10 °C. This was because the 

initial m eltw ater im purity concentrations were higher for the ice sam ples w hich had
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Table 4.9: Percent reduction o f  impurity concentrations in the  final 50%  o f  the 
m eltw aters o f  the spray ice produced from pulp m ill effluent

Spray T em perature Storage Tim e
TOC
(%)

COD
(% )

Color
(% )

Toxicity
(% )

-10 °C
2 days 64 71 67 N ot toxic

2 w eeks 77 78 77 N ot toxic

-25 °C
2 days 57 61 65 N ot toxic

2 weeks 69 72 73 N ot toxic

longer s torage tim e (2 w eeks) and hence more im purities w ere rem oved from the ice 

sam ples by initial m eltw aters leaving purer ice behind. The im purity separation by the 

runoffs and by the initial m eltw aters was better achieved at a  w arm er tem perature than at 

the colder tem perature. So, after the runoff and initial m eltw ater collections, ice sam ples 

produced at w arm er tem perature and stored for longer tim e had less im purity 

concentrations than the ice samples produced at colder tem perature and stored for shorter 

tim e. That is why the  percent reduction o f  impurity concentrations in the final 50%  o f  the 

m eltw aters o f  the spray ice produced at warmer tem perature w as higher.

C orrelations betw een acute toxicity and the corresponding im purity 

concentrations o f  the sam ples obtained from the spray freezing and m elting experim ents 

o f  pulp mill effluent w ere evaluated. Figure 4.27 and Figure 4 .28 show s linear correlation 

betw een acu te  toxicity and TOC and that between acute toxicity and CO D, respectively. 

T oxicity  data  o f  the original pulp mill effluent, runoffs sam ples and m eltw ater sam ples 

w ere incorporated into the plots. Figure 4.27 and Figure 4.28 show sim ilar trend and it is 

observed that the acute  toxicity o f  the samples decreased linearly as TO C and COD 

decreased. The correlation betw een acute toxicity and T O C  and that betw een acute 

toxicity  and CO D  w ere strong  as the R2 values w ere 0.83 and 0.80, respectively.
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4.2.2.2. Impurity removal from the stored spray ice, produced from refinery 

wastewater, by melting

T he spray freezing and ice melting procedures fo r the refinery w astew ater w ere 

the sam e as pulp mill effluent described in section 4.2.2.1.

F igure 4 .29 to Figure 4.31 show  the variation o f  im purity concentrations (TOC, 

CO D  and toxicity) o f  the m eltw ater during the melting o f  the ice produced from  the  spray 

freezing o f  refinery w astew ater at -10 °C. Also the Figure 4.32 to Figure 4 .34 show  the 

variation o f  im purity concentrations (TOC, COD and toxicity) o f  the m eltw ater during 

the m elting o f  the ice produced from the spray freezing o f  refinery w astew ater at -25 °C. 

The pattern  o f  the plots are sim ilar to that o f  pulp mill effluent, w here the  im purity 

concentrations o f  initial m eltw ater were higher than that o f  original refinery w astew ater 

(C /C 0>1) and the gradual decrease o f  im purity concentration ratios o f  the m eltw ater 

caused the im purity concentrations o f final m eltw ater to  be low er than that o f  original 

refinery  w astew ater (C/C0<1).

The im purity concentration ratios o f  the initial m eltw aters o f  the spray ice 

produced from refinery w astew ater at -10 °C (Figure 4.29 to  Figure 4.31) and -25 °C 

(Figure 4 .32 to  Figure 4.34) are listed in Table 4.10. M ost o f  the im purity concentration 

ratio data  o f  the  initial m eltw aters o f  the ice produced from  refinery w astew aters showed 

higher corresponding values than that o f  the ice produced from pulp mill effluent. The 

runoffs generated  from the spray freezing o f  refinery w astew aters also show ed higher 

values im purity concentration ratios than the corresponding values o f  im purity 

concentration ratios o f  the runoffs generated from the spray freezing o f  pulp mill effluent. 

So, it can be assum ed that the  surface o f  the ice crystals after runoffs had higher
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Figure 4.29: V ariation o f  the norm alized TOC concentration in the sequential m eltw ater 
o f  the spray ice m ade from  refinery w astew ater a t -10  °C, Co =  15.1 m g/L
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Figure 4.30: V ariation o f  the  norm alized COD concentration in the sequential m eltw ater 
o f  the spray ice m ade from refinery w astew ater a t -10 °C, Co =  72.3 m g/L
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Figure 4.31: Variation o f  the normalized toxicity in the sequential m eltw ater o f  the spray 
ice m ade from  refinery w astew ater at -10 °C, TUo = 2 .39 TU
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Figure 4.32: Variation o f  the normalized TO C concentration in the  sequential m eltw ater 
o f  the spray ice m ade from refinery w astew ater at -25 °C , Co =  15.1 mg/L
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Figure 4.33: Variation o f  the normalized COD concentration in the sequential m eltw ater 
o f  the spray ice m ade from refinery w astew ater at -25 °C, Co = 72.3 mg/L
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Figure 4.34: Variation o f  the normalized toxicity in the sequential m eltw ater o f  the spray 
ice m ade from  refinery w astew ater at -25 °C, TUo = 2.39 TU
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Table 4.10: Im purity concentration ratios (C/C0) o f  the initial m eltw aters o f  the spray ice 
produced from refinery w astew ater

Spray Tem perature Storage Time T O C  ( C / C o ) C O D  ( C / C 0 ) Toxicity ( C / C 0 )

-10 ° C

2 days 1.60 1.96 2.50

2 weeks 2.93 2.75 7.7S

-25 ° C

2 days 1.75 1.74 1.7S

2 weeks 2.76 2.S3 6.13

im purity concentration ratios for refinery wastew aters than pulp mill effluent. A lso, the 

difference o f  the nature o f  the wastewaters could play a role. The readjustm ents o f  the 

im purity elem ents in the ice crystal could be different for different w astew aters. It w as 

observed that the ice stored for a  longer period (2 w eeks) had m ore im purity 

concentrations in its initial m eltwater. The initial m eltw ater o f  the ice produced at w arm er 

tem perature (-10 °C) had slightly higher impurity concentration ratios than the initial 

m eltw ater o f  the ice produced at colder tem perature (-25 °C). The tem perature effect was 

m ore profound at shorter storage tim e (2 days). All o f  these results are sim ilar to that o f  

pulp mill effluent and w ere discussed in section 4.2.2.1.

Table 4.11 shows the percent reduction o f  impurity concentrations in the  final 

50%  o f  the m eltw ater sam ples o f  the ice produced from refinery w astew ater. Unlike the 

case o f  pulp mill effluent, it was noticed that the final 50%  o f  the m eltw aters o f  the ice 

produced from  the refinery w astew ater remained toxic at a low er level. B ut for the  case 

o f  pulp mill effluent, the final 50% o f  the m eltw ater sam ples w ere not toxic. It can be 

caused by the presence o f  higher toxic elem ent in refinery w astew ater, though higher 

separation o f  im purities w as achieved for refinery w astew ater than pulp mill effluent.
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Table 4.11: Percent reduction o f  im purity concentrations in the final 50%  o f  the 
m eltw aters o f  the spray ice produced from refinery w astew ater

Spray T em perature Storage Tim e TO C (%) COD (% ) T oxicity  (% )

-10 °C
2 days 58 70 59

2 weeks 91 82 69

-25 °C
2 days 60 64 48

2 weeks 89 79 73

T O C  and COD im purity concentrations w ere reduced up to  58%  to  91% . It w as 

observed that higher im purity reduction for the final 50%  o f  the m eltw aters w as achieved 

for the ice sam ples w hich had longer storage tim e (2 weeks) and w hich w ere  produced  at 

w arm er tem perature (-10 °C). This w as because the initial m eltw ater im purity  

concentrations w ere higher for the ice sam ples w hich had longer storage tim e (2 w eeks) 

and hence m ore im purities w ere rem oved from the ice sam ples by initial m eltw aters 

leaving purer ice behind. A t w anner tem peratures, the im purity separation by the runoffs 

and by the initial m eltw aters w as better achieved than at colder tem perature. So, after the 

runoff and initial m eltw ater collections, ice sam ples produced at the  w arm er tem perature  

and stored fo r longer tim e had less impurity concentrations than the ice sam ples produced 

at colder tem perature and stored for shorter time. That is why the percent reduction o f  

im purity concentrations in the final 50%  o f  the m eltw aters o f  the spray ice produced at 

w arm er tem perature was higher.

T oxicity  rem oval o f  refinery w astew ater by spray freezing and m elting 

experim ents w as further investigated by evaluating the correlations betw een acute 

toxicity and the  corresponding im purity concentrations o f  the sam ples obtained from  the
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spray  freezing and m elting experim ents. Figure 4.35 and Figure 4.36 shows exponential 

correlation betw een acute toxicity and TO C and that betw een acute toxicity  and COD, 

respectively. Toxicity data o f  the original refinery wastew ater, runoffs sam ples and 

m eltw ater sam ples w ere incorporated into the plots.

Figure 4.35 and Figure 4 .36 produce sim ilar trend and it is observed that the acute 

tox icity  o f  the sam ples decreased exponentially as TOC and CO D  decreased. There w ere 

strong  exponential correlations betw een the toxicity and the im purity concentrations, 

since R2 values for the correlations betw een acute toxicity and TO C and betw een acute 

tox icity  and CO D  w ere 0.91 and 0.92, respectively.
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F igure 4.35: Correlation betw een acute toxicity and TO C o f  the sam ples obtained from  
the spray freezing experim ents o f  refinery w astew ater
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Figure 4.36: Correlation betw een acute toxicity and COD o f  the samples obtained from  
the spray freezing experim ents o f  refinery w astew ater

4.2.23. Statistical analysis of the meltwater impurity concentrations of the ice 

samples produced from the pulp mill effluent and refinery wastewater

A statistical analysis w as perform ed on the TOC and COD concentration ratio 

data o f  the initial and final m eltw ater samples o f  the ice produced from the spray freezing 

o f  pulp mill effluent and refinery w astew ater to find out the significant factors for the 

im purity separation efficiency o f  initial m eltwater and fmal m eltw ater. Table 4.12 shows 

the p-values for the factors and interactions calculated from a 22 factorial experim ent w ith 

2 replicates w here pulp m ill effluent and refinery w astew ater w ere considered as 2 blocks.

From Table 4.12 it is observed that the spray tem perature factor was not 

statistically significant a t 95%  confidence level except for the COD concentration ratio 

data o f  final m eltw ater (p-value =  0.0001). It w as observed in the section 4.2.2. L a n d

7 5
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Table 4.12: p-values o f  the  factors affecting the initial and final m eltw ater T O C  and COD 
in pulp mill effluent and refinery w astew ater ice m elting experim ent

Sources o f  variation

p-values

Initial m eltwater Final m eltw ater

TOC COD TO C COD

Block (Pulp/Refinery) 0.0639 0.0003 0.0431 0.0086

T em perature (A) 0.6214 0.2842 0.2563 0.0001

Storage Tim e (B) 0.0000 0.0000 0.0001 0.0000

AB 0.9791 0.0569 0.7501 0.1252

Note: A t 95%  confidence level p-value = 0.05

section 4.2.2.2. that there w as a slight effect o f  spray tem perature on the m eltw ater 

im purity concentrations, w here the warm er spray tem perature caused higher im purity 

concentration in initial m eltw ater and lower im purity concentration in final m eltwater, 

but statistically the effect was not enough to be significant. Therefore, as long as the sam e 

percentage o f  runoff w as produced from the spray freezing operation, the tem perature 

will not be a factor influencing the impurity reduction efficiency.

The ice storage tim e factor was clearly significant fo r both TO C and COD 

concentration data (p-values are alm ost zero). It was observed in the section 4.2.2.1. and 

section 4.2.2.2. that there was a  clear effect o f  ice storage tim e on  the m eltw ater im purity 

concentrations, w here for longer storage tim e the im purity concentrations w ere higher in 

initial m eltw aters and the impurity concentrations w ere low er in final m eltw aters.

The spray tem perature and ice storage tim e interaction w as not statistically 

significant at 95%  confidence level except for the COD concentration data  o f  initial 

m eltw ater (p-value =  0.0569). It was observed in the section 4 .2.2.1. and section 4.2.2.2. 

that the effect o f  spray tem perature on the m eltw ater im purity concentrations w as reduced
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as the ice storage tim e w as increased, but the interaction effect m ight not be enough to  be 

statistically significant at 95%  confidence level.

T he block effect w as significant at 95%  confidence level as the p-values w ere less 

than 0.005, except for the TO C concentration data o f  initial m eltw ater (p-value =  0.0639). 

So the im purity rem oval efficiency w as significantly different for pulp mill effluent and 

refinery wastew ater. It w as observed in the section 4.2.2.1. and section 4.2.2.2. that the 

im purity concentration ratios o f  the initial m eltw aters o f  the ice produced from refinery 

w astew ater was higher than that o f  the initial m eltw aters o f  the ice produced from  the 

pulp mill effluent. Im purity concentration ratios o f  the final m eltw aters o f  the ice 

produced from refinery w astew ater was low er than that o f  the final m eltw aters o f  the  ice 

produced from the pulp mill effluent. The reasons behind the differences in pulp mill 

effluent and refinery w astew ater results w ere discussed in section 4.2.2.2.

4.2.2.4. Impurity removal from the stored spray ice produced from Iinoleic acid 

solutions, by melting

Linoleic acid sam ples o f  the concentration o f  5 m g/L and 20 mg/L w ere used for 

the spray freezing and ice m elting o f  linoleic acid solutions. Tw o runs o f  spray freezing 

o f  linoleic acid solutions for each concentration w ere carried ou t at both tem peratures 

(-10 °C and -25 °C) to  produce ice sam ples. One o f  the tw o ice sam ples fo r each 

concentration, produced at -10 °C was stored for 2 days and the o ther for 2 weeks. Sam e 

w as done for the ice sam ples produced at -25 °C. TOC, CO D  and toxicity  o f  the 

m eltw aters were m easured and so, there w ere only one set o f  im purity concentration data  

(TO C , COD and toxicity) for each com bination o f  linoleic acid concentrations, spray 

tem peratures and ice storage time.
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Figure 4 .37  to  Figure 4 .39  show the variation o f  im purity concentrations (TOC, 

COD and toxicity) o f  the m eltw ater during the m elting o f  the ice produced from  the spray 

freezing o f  linoleic acid sam ples o f  concentration 5 m g/L at -10 °C. Figure 4 .40  to  Figure 

4 .42 show  the  variation o f  im purity concentrations (TOC, C O D  and toxicity) o f  the 

m eltw ater during the m elting o f  the ice produced from the spray freezing o f  linoleic acid 

sam ples o f  concentration 20 mg/L at -10 °C. Figure 4.43 to  F igure 4 .45 show  the 

variation o f  im purity  concentrations (TOC, COD and toxicity) o f  the m eltw ater during 

the m elting o f  the ice produced from the spray freezing o f  linoleic acid sam ples o f  

concentrations 5 m g/L at -25 °C. Figure 4.46 to Figure 4 .48  show  the variation o f  

im purity  concentrations (TO C , COD and toxicity) o f  the m eltw ater during the melting o f  

the ice produced from the spray freezing o f  linoleic acid sam ples o f  concentrations 20 

m g/L at -25 °C.

The m eltw aters o f  the ice sam ples, produced from the spray freezing o f  linoleic 

acid solutions o f  concentrations 5 mg/L and 20 m g/L, showed the  sam e pattern as pulp 

mill effluent (section 4 .2.2.1.) and refinery w astew ater (section 4.2.2.2.). The initial 

m eltw ater had higher im purity concentration than that o f  original linoleic acid solutions 

(C /C 0>1). T he im purity concentration o f  the m eltw ater decreased gradually  and finally 

the im purity concentrations o f  final m eltw ater w ere lower than that o f  original linoleic 

acid solutions (C /C 0<1). The only additional step taken for linoleic acid solutions was the 

use o f  tw o different concentrations o f  linoleic acid to produce ice by spraying  to  observe 

the concentration effect on m eltw ater im purity separation.
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Figure 4.37: V ariation o f  the normalized TOC concentration in the sequential m eltw ater 
o f  the spray ice made from 5 mg/L linoleic acid at -10 °C, Co =  5.14 mg/L
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Figure 4.38: V ariation o f  the normalized COD concentration in the  sequential m eltw ater 
o f  the spray ice made from 5 mg/L linoleic acid a t -10 °C, Co =  26.4 mg/L
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Figure 4.39: Variation o f  the normalized toxicity in the sequential m eltw ater o f  the spray 
ice m ade from 5 mg/L linoleic acid at -10 °C, TUo = 4.44 TU
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Figure 4.40: Variation o f  the normalized TOC concentration in the sequential m eltw ater 
o f  the spray ice made from 20 mg/L linoleic acid at -10 °C, Co =  12.7 m g/L
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Figure 4.41: V ariation o f  the normalized COD concentration in the sequential m eltw ater 
o f  the spray ice made from 20 mg/L linoleic acid a t -10 °C, Co =  54.0 mg/L
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Figure 4.42: V ariation o f  the normalized toxicity in the sequential m eltw ater o f  the spray 
ice m ade from 20 mg/L linoleic acid solution at -10 °C, TUo =  27.6 TU
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Figure 4.43: Variation o f  the norm alized TO C concentration in the sequential m eltw ater 
o f  the spray ice m ade from 5 m g/L linoleic acid at -25 °C, Co =  5.14 mg/L
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Figure 4.44: V ariation o f  the norm alized COD concentration in the  sequential m eltw ater 
o f  the spray ice m ade from 5 m g/L linoleic acid at -25 °C, Co =  26.4 mg/L

8 2

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



=)I-
:5
H
o
15k—  

>
o
XoH

4.50

4.00

3.50

3.00

2.50

2.00

1.50 

1.00 

0.50 

0.00

▲ 2-day storage x  2-week storage

~X“

▲
-x -

A

X

20 40 60

Meltwater volume collected, %

80 100

Figure 4.45: V ariation o f  the norm alized toxicity in the sequential m eltw ater o f  the spray 
ice m ade from 5 m g/L linoleic acid at -25 °C, TUo = 4.44 TU
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Figure 4.46: Variation o f  the normalized TO C concentration in the sequential m eltw ater 
o f  the spray ice m ade from 20 mg/L linoleic acid at -25 °C, Co = 12.7 mg/L
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Figure 4.47: V ariation o f  the normalized COD concentration in the sequential m eltw ater 
o f  the spray ice m ade from 20 mg/L linoleic acid at -25 °C, Co = 54.0 m g/L
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Figure 4.48: V ariation o f  the normalized toxicity in the sequential m eltw ater o f  the  spray 
ice m ade from 20 mg/L linoleic acid at -25 °C, TUo = 27.6 TU
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Im purity  concentration ratios o f  the initial m eltw aters o f  the spray ice produced 

from  5 m g/L and 20 mg/L linoleic acid solutions at -10 °C and -25 °C are listed in Table 

4.13. It w as a  noticed from the data that results obtained from the m eltw aters o f  ice 

sam ples o f  linoleic acid are sim ilar to  that o f  pulp mill effluent and refinery w astew ater 

discussed in section 4.2.2.1 and section 4.2.2.2.

Table 4.13: Im purity concentration ratios (C/C0) o f  the initial m eltw aters o f  the spray ice 
produced from linoleic acid solutions

Spray
T em perature

Acid
Concentration

Storage
Tim e

TO C
( C / C o )

COD
( C / C o )

Toxicity
( C / C o )

-10 °C

5 mg/L
2 days 1.65 1.92 5.28

2 weeks 2.07 2.32 7.03

20 m g/L
2 days 1.53 1.62 1.79

2 weeks 1.94 1.73 1.85

-25 ° C

5 mg/L
2 days 1.51 1.54 4.10

2 weeks 2.07 1.94 2.03

20 mg/L
2 days 1.61 1.46 1.75

2 weeks 2.08 2.00 2.07

Like pulp mill effluent and refinery wastew ater, it was com m only observed from 

the figures for the linoleic acid solutions that the ice stored for longer tim e had more 

im purity concentrations in its initial meltwater. It was also observed that the initial 

m eltw ater o f  the ice produced at warmer tem perature (-10 °C) had slightly  higher 

im purity concentration ratios than the corresponding initial m eltw ater o f  the ice produced 

at the colder tem perature (-25 °C) for most o f  the cases and the tem perature effect was 

m ore profound at shorter storage tim e (2 days). The additional inform ation that was 

obtained from  the linoleic acid spray and m elting experim ent was about the effect o f  

linoleic acid solution concentration. It was observed from  the figures that the initial
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m eltw aters o f  the ice produced from the  spray freezing o f  the linoleic acid solution o f  

low er concentration (5 m g/L) had the higher concentration ratios fo r m ost o f  the  cases. 

Toxicity o f  the initial m eltw ater samples also increased (C/C0>1). Few  toxicity  ratio  

results showed m uch higher values (5.28, 7.03 and 4.10).

Table 4.14 shows the percent reduction o f  impurity concentrations in the  final 

50%  o f  the m eltw ater sam ples o f  the ice produced from linoleic acid  solutions. Som e o f  

the results w ere sim ilar as those o f  pulp mill effluent and refinery w aste  in section 4.2.2.1 

and section 4.2.2.2, respectively. The only additional inform ation obtained w as about the 

effect o f  the linoleic acid concentration on the impurity reduction o f  the final 50%  

m eltwater.

Table 4.14: Percent reduction o f  im purity concentrations in the  final 50%  o f  the 
m eltw aters o f  the spray ice produced from linoleic acid solutions

Spray
Tem perature

Solution

Concentration
Storage
Time

TOC (% ) CO D  (% ) Toxicity  (% )

-10 °C

5 mg/L
2 days 51 59 59

2 weeks 69 77 70

20 m g/L
2 days 47 62 80

2 weeks 53 75 93

-25 °C

5 m g/L
2 days 45 43 21

2 weeks 66 55 54

20 mg/L
2 days 42 43 66

2 weeks 55 65 83

TO C and COD im purity concentrations w ere reduced 42%  to  77%. Toxicity  w as 

reduced as much as 93% . It suggests that the spray freezing can be an  effective m ethod to 

reduce toxicity o f  fatty acid in wastew ater, since other treatm ent m ethods have
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draw backs in treating toxic w astew ater. Resin and fatty acid can inhibit the m ethanogenic 

bacterial activity  biological treatm ent. Again, advanced oxidation process o r ozone 

treatm ent o f  linoleic acid can produce by-products w hich are m ore toxic (W right, 2002).

It w as observed that higher impurity reduction for the final 50%  o f  the 

m eltw aters was achieved for the ice sam ples which had longer storage tim e (2 weeks) and

which w ere produced at the w arm er tem perature (-10 °C). The linoleic acid concentration 

effects w ere also observed and it was found that the im purity concentration reduction 

efficiency was slightly higher for low er concentration for corresponding values obtained 

for higher concentration. Since, the runoff im purity concentration ratios fo r the 5 m g/L  

linoleic acid sam ples, was higher than that o f  20 m g/L linoleic acid sam ples, final 

m eltw aters o f  the ice produced from low er concentration (5 m g/L) linoleic acid sam ples 

had relatively low er im purity concentration ratios than the final m eltw aters o f  the ice 

produced from  higher concentration (20 mg/L) linoleic acid sam ples. But the toxicity 

reduction results show ed higher toxicity reduction for higher linoleic acid concentration 

(20 m g/L). It w as observed that the toxicity reduction results w ere greatly  different from  

the TO C o r CO D  reduction results. H igher reduction o f  TO C and CO D should cause 

h igher reduction o f  toxicity. It is difficult to  explain the reason behind that. Replication o f  

the runs could have been conducted to verify the toxicity results. Again, the toxicity  

analysis is very sensitive and som etim es tw o very different toxicity results can be 

obtained for the sam e sample.

Figure 4.49 and Figure 4.50 illustrate linear correlations betw een acute toxicity 

and the corresponding TOC and COD concentration o f  the sam ples obtained from  the 

spray freezing and melting experim ents o f  linoleic acid solution. Toxicity  data  o f  the
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Figure 4.49: Correlation betw een acute toxicity and TO C o f  the samples obtained from 
the spray freezing experim ents o f  linoleic acid
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Figure 4.50: Correlation betw een acute toxicity and COD o f  the samples obtained from 
the spray freezing experim ents o f  linoleic acid
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linoleic acid samples, runoffs sam ples and m eltw ater sam ples w ere incorporated into the 

plots. Figure 4.49 and Figure 4.50 show  a  sim ilar trend and it is observed that the acute 

toxicity  o f  the sam ples decreased linearly as TO C and CO D  decreased. High R2 values o f  

0 .84 and 0.91 w ere obtained for the correlation betw een acute toxicity  and TO C and 

betw een acute toxicity  and C O D, respectively.

4.2.2.5. Impurity removal from the stored spray ice, produced from abietic acid 

solutions, by melting

Like linoleic acid sam ples, abietic acid o f  the concentration o f  5 m g/L  and 

20 m g/L were also used for the spray freezing and ice m elting o f  abietic acid solutions. 

Runs o f  spray freezing and m elting o f  abietic acid solution, for each concentration o f  

5 m g/L  and 20 m g/L, were carried out in the same w ay as w ere carried out for linoleic 

acid (section 4.2.2.4.). Sam e sets o f  TO C, COD and toxicity  data, as linoleic acid 

solutions, o f  the m eltw aters w ere found for abietic acid solutions.

Figure 4.51 to Figure 4.53 show  the variation o f  im purity concentrations (TOC, 

COD and toxicity) o f  the m eltw ater during the m elting o f  the ice produced from  the 

spraying o f  abietic acid samples o f  concentration 5 m g/L  at -10 °C. Figure 4.54 to Figure 

4.56 show  the variation o f  im purity concentrations o f  the m eltw ater during the m elting o f  

the ice produced from the spraying o f  abietic acid sam ples o f  concentration 20 m g/L at 

-10 °C. Figure 4 .57 to Figure 4.59 show  the variation o f  im purity concentrations o f  the 

m eltw ater during the m elting o f  the ice produced from  the spraying o f  abietic acid 

sam ples o f  concentrations 5 m g/L a t -25 °C. Figure 4.60 to  Figure 4.62 show  the 

variation o f  im purity concentrations o f  the m eltw ater during the m elting o f  the ice 

produced from  the spraying o f  abietic acid sam ples o f  concentrations 20  m g/L at -25 °C.
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Figure 4.51: Variation o f  the normalized TOC in the sequential m eltw ater o f  the spray ice 
m ade from  5 mg/L abietic acid solution at -10 °C, Co = 4.57 m g/L
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Figure 4.52: Variation o f  the norm alized COD in the sequential m eltw ater o f  the spray 
ice m ade from  5 m g/L abietic acid solution at -10 °C , Co =  20.6 m g/L
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Figure 4.53: V ariation o f  the  norm alized toxicity in the  sequential m eltw ater o f  the spray 
ice m ade from  5 mg/L abietic acid solution at -10 °C, TUo = 2.62 TU
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Figure 4.54: V ariation o f  the normalized TOC in the sequential m eltw ater o f  the  spray ice 
m ade from  20  mg/L abietic acid solution at -10 °C, Co = 14.7 m g/L
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Figure 4.55: Variation o f  the norm alized COD in the sequential m eltw ater o f  the spray 
ice made from 20 mg/L abietic acid solution at -10  °C, Co =  70.0 mg/L
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Figure 4.56: Variation o f  the normalized toxicity in the sequential m eltw ater o f  the spray 
ice m ade from  20 mg/L abietic acid solution at -10  °C, TUo =  15.7 TU
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Figure 4.57: Variation o f  the normalized TOC in the sequential m eltw ater o f  the spray ice 
m ade from  5 mg/L abietic acid solution at -25 °C, Co =  4 .57  m g/L
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Figure 4.58: Variation o f  the normalized COD in the sequential m eltw ater o f  the spray 
ice m ade from 5 mg/L abietic acid solution at -25 °C, Co = 20.6 mg/L
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Figure 4.59: Variation o f  the normalized toxicity in the sequential m eltw ater o f  the  spray 
ice m ade from 5 mg/L abietic acid solution at -25 °C, TUo =  2.62 TU
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Figure 4.60: Variation o f  the normalized T O C  in the sequential m eltw ater o f  the  spray ice 
m ade from 20 m g/L abietic acid solution at -25 °C, Co = 14.7 m g/L
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Figure 4.61: V ariation o f  the norm alized COD in the sequential m eltw ater o f  the  spray 
ice m ade from 20 m g/L abietic acid solution at -25 °C, Co = 70.0 mg/L
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Figure 4.62: V ariation o f  the  norm alized toxicity in the sequential m eltw ater o f  the spray 
ice m ade from  20 m g/L abietic acid solution at -25 °C, TUo = 15.7 TU
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The m eltw aters o f  the ice sam ples, produced from the spray freezing o f  abietic 

acid solutions o f  concentrations 5 m g/L and 20 mg/L, show ed the sam e pattern  as w as 

show n for pulp mill effluent, refinery w astew ater and linoleic acid in section 4.2.2.1, 

section 4 .2 .2 .2  and section 4.2.2.4, respectively. T he initial m eltw aters had higher 

im purity concentration ratios than that o f  original abietic acid solutions (C /C 0>1). The 

im purity concentration ratios o f  the m eltw ater decreased gradually  and the im purity 

concentrations o f  final m eltw ater becam e low er than that o f  original abietic  acid solutions 

(C/C0<1). Like the case o f  linoleic acid, the only additional step taken fo r abietic acid 

solutions w as the use o f  tw o different concentrations to  produce ice by spraying to  

observe the concentration effect on m eltw ater impurity separation.

Table 4.15 show s the  concentration ratios o f  im purities o f  the  initial m eltw aters o f  

the spray ice produced from abietic acid solutions. It was noticed that the  results obtained 

from the m eltw aters o f  ice sam ples o f  abietic acid are sim ilar to  that o f  linoleic acid 

discussed in section 4.2.2.4.

Table 4.15: Im purity concentration ratios (C/C0) o f  the initial m eltw aters o f  the  spray ice 
produced from abietic acid solutions

Spray
Tem perature

Acid
Concentration

Storage
Tim e

TOC
( C / C o )

CO D
( C / C o )

Toxicity
( C / C o )

-10 ° C

5 mg/L
2 days 1.78 1.70 2.03

2 weeks 2.15 1.99 4.05

20 mg/L
2 days 1.53 1.51 1.37

2 weeks 1.99 2.02 2.25

-25 ° C

5 m g/L
2 days 1.62 1.56 3.45

2 weeks 2.36 1.92 3.55

20 mg/L
2 days 1.59 1.41 2.56

2 weeks 2.00 1.89 2.66
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Results in Table 4.15 show s that the ice stored for longer periods had more 

im purity concentrations in its initial m eltwater. It was also observed that the initial 

m eltw ater o f  the ice produced at w arm er tem perature (-10 °C) had slightly higher 

im purity concentration ratios than the initial m eltw ater o f  the ice produced at colder 

tem perature (-25 °C) in m ost o f  the cases and the tem perature effect was more profound 

a t the  shorter storage tim e.

Like linoleic acid solution, the additional inform ation that was obtained from  the 

abietic acid  spray and m elting experim ent was the effect o f  concentration. Initial 

m eltw aters o f  the ice produced from  the spray freezing o f  the abietic acid solution o f  

low er concentration (5 m g/L) had the higher concentration ratios for m ost o f  the cases.

Table 4.16 shows the percent reduction o f  im purity concentrations in  the  final 

50%  o f  the m eltw ater sam ples o f  the ice produced from abietic acid solutions. Results 

w ere sim ilar to those o f  linoleic acid discussed in 4.2.2.4. TOC and CO D im purity 

concentrations were reduced up to  40%  to  75%. Toxicity w as reduced as m uch as 90% . 

L ike linoleic acid, it was also observed for the abietic acid that higher im purity reduction 

for the final 50%  o f  the m eltw aters was achieved for the ice samples which had longer 

storage tim e (2 weeks) and w hich were produced at w arm er tem perature (-10 °C). The 

on ly  difference in the final m eltw ater im purity concentration ratios o f  abietic acid 

sam ples w ith that o f  linoleic acid sam ples was the COD concentration ratio data. It was 

found that the CO D concentration ratios o f  final 50%  m eltw ater were slightly h igher for 

the ice produced from the higher concentration (20 mg/L) samples o f  abietic acid than 

that produced from  the lower concentration (5 m g/L) sam ples. But TOC concentration 

ratio  data o f  abietic acid and other im purity concentration ratio  data obtained from  other
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w astew aters showed that the impurity separation efficiency w as higher fo r low er 

concentration w astew ater samples. It was also observed that the toxicity reduction w as 

better achieved for higher concentration abietic acid (20 mg/L). Similar results w ere 

observed fo r linoleic acid. Replication o f  the runs was needed to  verify the toxicity  data.

Table 4.16: Percent reduction o f  impurity concentrations in the final 50%  o f  the 
m eltwaters o f  the spray ice produced from abietic acid solutions

Spray
T em perature

Solution

Concentration
Storage

Time TOC (% ) CO D  (% ) Toxicity  (% )

-10 °C

5 m g/L
2 days 53 61 41

2 weeks 71 64 53

20 mg/L
2 days 46 68 79

2 weeks 52 75 89

-25 °C

5 mg/L
2 days 45 40 52

2 weeks 59 49 51

20 m g/L
2 days 41 58 70

2 weeks 49 69 90

Linear correlations between acute toxicity and TOC and that betw een acute 

toxicity  and COD are shown in Figure 4.63 and Figure 4.64, respectively. Toxicity data 

o f  the  abietic acid solutions, runoffs samples and m eltw ater sam ples w ere incorporated 

into the plots. Both the figures show sim ilar pattern. It is observed that the acute  toxicity 

o f  the  sam ples decreased linearly with the decrease o f  TOC and COD. High R  values o f  

0.81 and 0.85 w ere obtained for the linear correlation betw een acute toxicity  and TO C 

and that betw een acute toxicity and COD, respectively.
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Figure 4.63: Correlation betw een acute toxicity and  TO C o f  the samples obtained from 
the spray freezing experim ents o f  abietic acid
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Figure 4.64: Correlation betw een acute toxicity  and CO D  o f the sam ples obtained from 
the spray freezing experim ents o f  abietic acid
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4.2.2.6. Statistical analysis of the meltwater impurity concentrations for linoleic acid

and abietic acid solutions

A  statistical analysis was perform ed on the TO C and CO D  concentration ratio  

da ta  o f  the initial and final m eltw ater sam ples o f  the ice produced from  the spray freezing 

o f  linoleic acid and abietic acid solutions to find out the significant factors fo r the 

im purity  separation efficiency o f  initial m eltw ater and final m eltw ater.

Table 4 .17 show s the p-values for the factors and interactions calculated from  a  23 

factorial experim ent w ith 1 replicate and linoleic acid and ab ietic  acid  solutions w ere 

considered as 2 blocks. For 95% confidence level, the factors w hich have the p-values 

less than 0.05 are considered to be significant.

From  the T able 4.17 it is observed that the spray tem perature  factor w as not 

statistically  significant a t 95%  confidence level. It was observed in the section 4 .2 .2 .4  and 

section 4.2.2.5 that there was a slight effect o f  spray tem perature on the m eltw ater 

im purity  concentrations, w here the w arm er spray tem perature caused higher im purity  

concentration in initial m eltwater and low er im purity concentration in final m eltw ater, 

bu t statistically the effect was not enough to  b e  significant.

The ice storage tim e factor was significant at 95%  confidence level fo r TO C 

increase in initial m eltw ater (p-value =  0.0473). For C O D  increase in initial m eltw ater 

and fo r TO C  and COD reduction in final m eltw ater, the effects o f  ice storage tim e w ere 

not enough to be statistically significant a t 95%  confidence level. It w as observed in the 

section 4 .2 .2 .4  and section 4.2.2.5. that ice storage tim e had an effect on the m eltw ater 

im purity  concentrations. For longer storage tim e the im purity concentrations w ere higher 

in initial m eltw aters and the impurity concentrations w ere low er in final m eltw aters.
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Table 4.17: p-values o f  the factors affecting the initial and final m eltw ater TO C  and COD 
in linoleic acid and abietic acid ice melting experim ents

Sources o f  variation

p-values

Initial m eltw ater Final m eltw ater

TOC COD TOC COD

T em perature (A) 0.9039 0.5084 0.4896 0.1450

Storage tim e (B) 0.0473 0.0888 0.0999 0.2317

C oncentration (C) 0.5749 0.4505 0.2194 0.3865

B lock (L inoleic/A bietic) 0.6354 0.6464 0.7661 0.9251

AB 0.7544 0.7725 0.8882 0.8629

AC 0.8189 0.6037 0.7525 0.7013

BC 0.8376 0.9067 0.5109 0.8838

ABC 0.7635 0.8389 0.8605 0.8629

Note: At 95%  confidence level p-value =  0.05

The effect o f  the concentrations o f  acid solutions on im purity separation w as not 

significant and the effect w as also not clearly observed from the data in section 4.2.2.4 

and section 4.2.2.5.

T he block effect was also not significant at 95%  confidence level as the p-values 

w ere higher than 0.05. So the impurity removal efficiency was not significantly different 

for linoleic acid and abietic acid solutions and it w as observed from  the data  in the 

section 4 .2 .2 .4  and section 4.2.2.5.

N o tw o or three factor interaction was significant at 95%  confidence interval.
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4.3. Toxicity Reduction

R esults o f  the  beaker freezing experim ents and the  spray freezing and m elting 

experim ents w ere discussed in Section 4.1 and Section 4.2. Toxicity o f  the  w astew aters 

was rem oved o r  reduced to an extent along with the reduction o f  im purities. Pulp mill 

effluent and refinery w astew ater toxicity w as based on EC 20 and linoleic acid and abietic 

acid toxicity w as based on EC 50. Toxicity results were calculated from  the EC values 

using equation 1 and equation 2, in section 3.6.4.

The initial toxicity  o f  the pulp mill effluent and refinery w astew ater was m easured 

to be 1.04 TU  and 1.81 TU, respectively (Table 3.2). Initial toxicity o f  the linoleic acid 

w as 4.44 TU  for 5 m g/L solution and 27.6 TU  for 20 m g/L solution. Initial toxicity  o f  the 

abietic acid w as 2.62 TU  for 5 mg/L solution and 15.7 TU  for 20 m g/L solution.

D iluted (1:10) pulp mill effluent and refinery w astew ater was found to  be  non

toxic and all the  ice sam ples produced from the beaker freezing experim ents o f  diluted 

pulp mill effluent and refinery w astew ater was also found to  be non-toxic. Table 4.18 

sum m arized the percent toxicity reduction data o f  the ice sam ples produced from the 

beaker freezing experim ents o f  original pulp mill effluent and refinery w astew ater. 

All the ice sam ples w ere found to be non-toxic, except two. Ice sam ples produced 

w ith  the application o f  stirring w ere non-toxic. The m inimum  im purity reductions needed

Table 4.18: Percent reduction o f  toxicity in the ice sam ples produced from the beaker 
freezing tests o f  the wastew aters

Freezing Tem perature -10 °C -25 °C

Stirring W ith W ithout W ith W ithout

Pulp mill effluent (original) N ot toxic N ot toxic Not toxic N ot toxic

Refinery w astew ater (original) N ot toxic 47 Not toxic 18
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to produce the non-toxic ice sam ples w ere 44%  TO C, 51%  COD and 44%  color fo r pulp 

mill effluent (Table A-3, Appendix A) and 50%  TO C and 48%  COD fo r refinery 

w astew ater (Table A-7, Appendix A). In beaker freezing experim ents, toxicity  reduction 

was believed to  be caused by the reduction o f  im purities in ice sam ples. C orrelations 

betw een toxicity and im purities (TOC and COD) showed a trend that the toxicity  reduced 

with the  reduction o f  impurities.

In spray freezing experim ents, it w as observed that the toxicity  o f  the ru n o ff 

increased significantly for all wastew aters (Section 4.2.1). The toxicity  o f  the initial 

m eltw ater also increased significantly in ice m elting experim ents (Section 4 .2.2). As the 

m elting progressed, the toxicity in general w as reduced. Table 4.19 presented the percent 

toxicity  reduction in the final 50%  o f the m eltw aters o f  the spray ice o f  w astew aters.

Table 4.19: Percent reduction o f  toxicity in the final 50%  o f  the m eltw aters o f  the  spray 
ice produced from the wastew aters

Spray Tem perature -10 °C 1 o o

S torage Tim e 2 days 2 weeks 2 days 2 w eeks

Pulp mill effluent N ot toxic N ot toxic N ot toxic N ot toxic

Refinery w astew ater 59 69 48 73

Linoleic acid (5 mg/L) 59 70 21 54

A bietic acid (5 mg/L) 41 53 52 51

Final m eltw ater sam ples o f  the pulp mill effluent w ere only non-toxic. O thers 

achieved m inim um  21%  to m aximum  73%  toxicity reduction. T he m inim um  im purity 

reductions needed to  produce the non-toxic sam ples o f  pulp mill effluent w ere 57%  TO C, 

61%  COD and 65%  color (Appendix A). Gao et. al. (2003) reported that higher than 80%  

treatm ent efficiency w as required to  produce a  non-toxic oil sands tailing  pond w ater.
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T he toxicity  o f  the  original pulp mill effluent was low. This m ight have caused the 

production o f  non-toxic final m eltw ater sam ples with im purity reduction efficiency lower 

than 80% . N o final m eltw ater samples for linoleic acid and abietic  acid  solutions 

achieved m ore than 80%  im purity reduction (Appendix-A). Only tw o  final m eltw ater 

sam ples fo r refinery w astew ater achieved m ore than 80%  im purity reduction, but that did 

not produce any non-toxic final m eltw ater samples.

T he m ain reason for toxicity reduction in spray freezing and ice m elting 

experim ents w as the reduction o f  impurities in treated samples. Correlation o f  toxicity  

w ith T O C  and CO D  showed that the toxicity reduced w ith the reduction o f  TO C  and 

C O D  (Section 4 .2). Toxicity reduction in spray freezing and ice m elting experim ents w as 

believed to  be achieved in several steps. W hen the w astew aters w ere sprayed through a  

nozzle and experienced a change from very high to low pressure, volatile toxic 

com pounds had a chance to escape to the atm osphere. Production o f  very sm all w ater 

particles increased the specific surface area which might have facilitated the vaporization 

process o f  the volatile compounds. Vaporization m ight have also occurred  w hen the 

w ater particles partially froze and the im purities concentrated in liquid phase. A  portion 

o f  im purities w as separated by the generation o f  runoffs, w hich reduced the toxicity o f  

the  produced ice sam ples. Escape o f  volatile com pounds to the atm osphere also might 

have occurred when the ice sam ples w ere stored for a period. During m elting experim ents, 

initial m eltw ater w ashed away m ost o f  the impurities rem ained in the ice after runoff and 

leaved ice sam ples with lower toxicity.
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4.4. Scanning Electron Microscopy

Scanning electron m icroscopy (SEM ) im ages w ere taken fo r the  ice sam ples 

produced by spray freezing o f  pulp mill effluent. The im ages w ere exam ined to  observe 

the im purity distribution inside the ice sam ples and to find out the  differences in im purity 

distribution am ong the ice sam ples which w ere produced and stored at different 

conditions. In most cases the im ages o f  the ice pores and the inside surface o f  the ice 

pores w ere taken. To expose the fractured ice surface the ice sam ples w ere subjected to  

the sublim ation w here the ice surfaces w ent down to  a certain level leaving w afer-like 

(Facey et. al., 2001) im purities on it.

F igure 4.65 to Figure 4 .67 show  the SEM  im ages o f  a  fractured ice specim en 

produced from  spray freezing o f  pulp mill effluent at -10 °C and stored  at the  spray 

tem perature for 2 days, at various m agnifications. Figure 4.65 show s a cylindrical 

structure o f  im purities com ing out o f  the pore, slightly above the ice surface, w hich w as 

left after the  sublim ation. From  the picture it can be assum ed that the  pore surface w as 

covered w ith im purities and those contributed to  the increase o f  im purity  concentrations 

o f  the initial m eltw ater. Figure 4.66 show s the im purities inside a pore  w here the 

im purities look like a  dam aged dry leaf and Figure 4.67 shows the sam e im purities w ith 

higher m agnification.

F igure 4.68 to  Figure 4.71 show  the SEM  im ages o f  a  fractured ice specim en 

produced from  spray freezing o f  pulp mill effluent at -25 °C and stored at the  spray 

tem perature for 2 days, at various m agnifications. Figure 4.68 show s an edge o f  a  pore  in 

the ice sample, w here the surface o f  the edge was covered w ith im purities. These 

im purities would essentially be w ashed away w ith  the m eltw ater when it would percolate
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Impurities

Figure 4.65: 180x m agnification scanning electron m icroscope image o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp m ill effluent a t -10 °C and 
stored at the spray tem perature for 2 days, show ing a  pore surrounded with 
wafer-like impurities.
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Impurities

Figure 4.66: lOOOx m agnification scanning electron m icroscope im age o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp m ill effluent at -10 °C and 
stored at the spray tem perature fo r 2 days, show ing im purities inside a  pore.
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Impurities

Figure 4.67: 5000x m agnification scanning electron m icroscope im age o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp m ill effluent a t -10 °C and 
stored a t the spray tem perature for 2 days, show ing im purities inside a pore.
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Figure 4.68: 350x m agnification scanning electron m icroscope im age o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp mill effluent at -25 °C and 
stored at the spray tem perature for 2 days, show ing im purities at the edge o f  
a  pore.
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Impurities

Figure 4.69: 20000x m agnification scanning electron m icroscope im age o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp m ill effluent at -25 °C and 
stored at the spray tem perature for 2 days, show ing im purities inside a  pore.
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l O u m

Impurities

Figure 4.70: 300x m agnification scanning electron m icroscope image o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp m ill effluent at -25 °C and 
stored a t the spray tem perature for 2 days, show ing dendritic effects inside a 
pore.
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Impurities

Figure 4.71: 2500x m agnification scanning electron m icroscope im age o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp m ill effluent a t -25 °C and 
stored at the spray tem perature for 2 days, showing im purities in dendrite ice 
crystal inside a  pore.
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through the pore. Figure 4 .69 shows a  magnified im age o f  the im purities on the surface 

inside the  pore w here im purities form ed a  w eb structure, which is d ifferent from  the 

structure from  by the im purities in the ice w hich w as produced at -10  °C (Figure 4.66 

and F igure 4.67). Figure 4 .70 shows the dendrite ice w ith the im purities in it form ed on 

the surface inside a pore. Figure 4.71 also shows the dendrite ice w ith the  im purities, but 

w ith higher m agnification. So the dendritic effect w as only observed in the  ice produced 

and stored  at colder tem perature (-25 °C). These dendrite ices w ith im purities in it should 

be readily  rem ovable by the m eltw ater when it passes through the pore.

F igure 4 .72 to Figure 4.74 show  the SEM  im ages o f  a  fractured ice specim en 

produced from spray freezing o f  pulp mill effluent at -10 °C and stored at the spray 

tem perature fo r 14 days, at various magnifications. All three figures show  the im purities 

on the surface inside a  pore with gradually higher m agnifications. It can be noticed that 

the structures o f  the im purities in theses images look m ore concentrated com pared to  that 

found in the im ages in Figure 4.65 to  Figure 4.67. So it can be assum ed that the  im purity 

concentrations on the surface o f  the ice crystals are increased w ith the increase o f  the 

storage time, w hich eventually leads to  the higher concentrations o f  the im purities in the 

early m eltw ater o f  the ice columns.

F igure 4.75 to  Figure 4.78 show  the SEM  images o f  a  fractured ice specim en 

produced from  spray freezing o f  pulp mill effluent at -25 °C and stored at the spray 

tem perature fo r 14 days, at various m agnifications. Figure 4.75 shows the im purities on 

the surfaces o f  the ice pores and Figure 4.76 shows the sam e im purities w ith higher 

m agnification. So, like any o ther pores, showed in the previous images, the pore  surfaces 

are covered w ith impurities. Figure 4.77 also shows another pore w hose surface is
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Impurities

Figure 4.72: 2500x m agnification scanning electron m icroscope image o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp m ill effluent a t -10 °C and 
stored at the spray tem perature for 14 days, show ing impurities inside a  pore.
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Impurities

Figure 4.73: 20000x m agnification scanning electron m icroscope image o f  a  fractured ice 
specim en produced from spray freezing o f  pulp m ill effluent at -10 °C and 
stored at the  spray tem perature for 14 days, show ing im purities inside a  pore.

1 1 5

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



Figure 4.74: 20000x m agnification scanning electron m icroscope image o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp m ill effluent at -10 °C and  
stored at the spray tem perature for 14 days, show ing im purities inside a  pore.
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Im purities

Ice surface

Figure 4.75: 50x m agnification scanning electron m icroscope im age o f  a fractured ice 
specim en produced from  spray freezing o f  pulp  m ill effluent a t -25 °C and 
stored at the spray tem perature for 14 days, show ing im purities on the 
surface o f  the edges o f  a  pore.
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Impurities

Figure 4.76: lOOx m agnification scanning electron m icroscope image o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp m ill effluent a t -25 °C and 
stored a t the spray tem perature for 14 days, show ing im purities on the 
surface o f  the edges o f  a  pore.
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Im purities

Figure 4.77: 270x m agnification scanning electron m icroscope im age o f  a fractured ice 
specim en produced from  spray freezing o f  pulp m ill effluent at -25 °C and 
stored at the spray  tem perature for 14 days, show ing w afer-like im purities 
surrounding the surface o f  a  pore.
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Im purities

Figure 4.78: 1400x m agnification scanning electron m icroscope image o f  a  fractured ice 
specim en produced from  spray freezing o f  pulp mill effluent a t -25 °C and 
stored at the spray tem perature for 14 days, show ing im purities on the 
dendrite ice inside a  pore.
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covered w ith  a  layer o f  im purities w hich is sim ilar to the im age in F igure  4.65. B ut the 

im age in F igure 4 .77  is a  bit different from the im age in 4.65 w hen the  structure o f  the 

im purity layer is observed. It can be noticed that the structure o f  the  im purity layer found 

in the  im age in F igure 4 .77  is m ore crisp, perforated and fragile, w here the structure o f  

the im purity layer found in the image in Figure 4.65 is sm oother and stronger. The crisp 

and fragile  structure  o f  the  im purity layer, form ed in the ice produced  at -25 °C and 

stored at the  spray tem perature for 2 weeks, can be attributed to  the  dendritic effect on  ice 

w hich w as profound at colder tem perature. Figure 4.78 show s the dendrite  ice structure 

w ith im purities on the surface inside a pore. This ice was stored fo r longer tim e (2 w eeks) 

and a grow th  o f  dendrite  ice structure can be noticed if  the dendrite ice structure im ages 

in F igure 4 .70 and F igure 4.71 are compared w hich w as stored only fo r 2  days. It can also 

be noticed in the im ages in Figure 4.78 that the dendrite ice s tructu re  looks m ore 

concentrated with im purities. So the growth o f  dendrite ice structure  w ith the ice storage 

tim e and the increase o f  im purity concentrations in it should lead to  a  higher im purity 

concentration in the initial meltwater. From all the SEM  im ages, it can  be observed that 

the dendritic effect o f  ice crystal w as only noticed in the  ice sam ples w hich w ere 

produced at the  colder tem perature and stored at the spray tem perature.
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5. CONCLUSIONS

This research project w as carried out to  fine the achievable toxicity and other 

im purity reduction efficiency and the factors affecting the efficiency. T he experim ental 

results obtained from  this research study has shown that the im purities, as well as toxic 

com pounds, in w astew aters can be effectively reduced by partial and spray freezing 

technique, w hich can be an alternative for cold region industries.

Partial freezing experim ents conducted in beakers show ed th a t as m uch as 97%  

im purities can be rem oved and the toxicity can be rem oved as well. S tirring w as the m ost 

significant factor for rem oving impurities. The frozen portion obtained from the  partial 

freezing w ith the application o f  stirring w as found to  be non toxic fo r both pulp mill 

effluent and refinery wastew ater. It was also found that the higher im purity reduction 

could be achieved at w arm er tem perature, as -10 °C w as m ore effective than -25 °C. 

Im purity concentration effect w as also noticed. Im purity reduction efficiency w as higher 

for w astew ater with low er impurities, but with the application o f  stirring the im purity 

concentration effect can be minimized. W ithout stirring, 41%  m ore TO C  reduction was 

achieved fo r diluted (1:10) pulp mill effluent at -10 °C. W ith the application o f  stirring, 

the im purity  reduction efficiency for both original and diluted pulp mill effluent w as 

increased and the separation o f  impurities o f  original pulp mill effluent was about 5 %  

less than that o f  its diluted samples at -10 °C. Toxicity o f  the pulp mill effluent and 

refinery w astew ater w ere reduced with the reduction o f  the im purities. F o r both 

w astew aters the correlation betw een toxicity and TO C  and betw een toxicity  and COD 

w as positive w here toxicity decreased with the reduction o f  im purities from  the 

w astew aters. Im purity reduction efficiency can be different fo r d ifferent w astew aters, as
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it w as also found that the impurity reduction was slightly better achieved fo r refinery 

w astew ater than pulp mill effluent.

The results obtained from the spray freezing w ere also prom ising as an effective 

reduction o f  im purities from the spray ice w as achieved by runo ff im purity separation 

and initial m eltw ater impurity separation. As much as 90%  and 80%  im purity separation 

from  the final 50%  melt w ater was achieved for refinery w astew ater and pulp mill 

effluent, respectively. The final 50% o f  the m eltw ater for pulp mill effluent w as non

toxic and for refinery wastewater, linoleic acid and abietic acid solutions up to a  certain 

level o f  toxicity reduction was achieved. It w as found that a portion o f  im purities can be 

rem oved from the ice by runoff generated during spray freezing o f  w astew aters, w hich 

leaves an ice colum n with reduced im purity concentrations. So it is recom m ended to 

generate runoffs during spray freezing to achieve som e im purity separation from  the ice. 

The toxicity w as also high as the impurity concentrations o f  the runoffs were high. It was 

noticed that the warm er spray tem perature caused higher impurity concentrations in the 

runoffs, hence a  purer ice.

W hen the ice melted, it was noticed that the initial m eltw ater had the  higher 

im purity concentrations and the impurity concentrations reduced gradually  w ith  the 

sequential m eltw ater. It was found that the ice which w as stored for m ore days (2 weeks) 

had higher concentration o f  impurities in the initial m eltwater, which could be the result 

o f  the  change in impurity distribution in the ice crystals with the ice storage tim e. For 

m ost o f  the cases it was found that the final 50% o f  the melt w ater achieved the higher 

im purity concentration reduction when the ice was produced at a w arm er spray freezing 

tem perature (-10 °C) and stored at spray tem perature for longer period (2 w eeks). This is
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believed to  have happened fo r tw o higher im purity reduction steps; higher im purity 

reduction by runoff a t -10 °C and higher im purity reduction by initial m eltw ater for 

longer ice storage tim e (2 weeks). Ice columns produced at -25 °C w ith  shorter storage 

tim e (2 days) showed low er efficiency in impurity reduction o f  the final 50%  m eltw ater 

than the  ice colum ns w hich w ere produced at -10 °C and had shorter storage tim e 

(2 days). But the effect o f  spray tem perature, at which the ice w as produced, w as reduced 

by the  ice storage tim e. It was observed that the impurity reduction efficiency o f  the  ice 

produced at colder tem peratures but stored fo r longer period w as close to the im purity 

reduction efficiency o f  the ice produced at w arm er tem perature with longer storage time. 

The im purity reduction efficiency for pulp mill effluent w as significantly d ifferent from  

that fo r refinery w astew ater, which was believed to happen because o f  the different 

nature and the concentration o f  impurities in the w astew aters. Correlation betw een 

toxicity and TCO and that betw een toxicity and COD w ere investigated and found to  be 

strong. Toxicity reduced with the reduction o f  TO C  and COD.

From  the scanning electron m icroscopy images o f  the  ice produced from the  pulp 

mill effluent, it was found that the im purities w ere distributed and concentrated 

surrounding the pore surface o f  the ice w hich are believed to be w ashed aw ay w hen 

m eltw ater percolates though the pores from top to bottom  during m elting. The w afer-like 

im purities looked m ore concentrated for the  ice sam ples stored fo r longer period 

(2 w eeks). Dendrite effect w as only observed for the ice sam ples w hich w ere produced 

and stored at the colder tem perature (-25 °C).
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6. RECOMMENDATIONS

A  g reater difference in concentration o f  linoleic acid and abietic acid solutions 

can be used to  carry out the spray freezing experim ent, one w ith a  very high and another 

w ith a very low  concentration. Solution w ith low  im purity concentration has a g rea ter 

chance o f  erroneous result and can lead to  w rong conclusion.

O ptim um  runo ff generation rate  can be determ ined for the  spray freezing 

operation. V arious am ounts o f  runoff can be generated to see w hich rem oves the 

m axim um  am ount o f  im purities and produce highest quality product water.

E ffect o f  the height o f  the ice colum n on runo ff generation and m elt w ater 

im purity  rem oval efficiency can be investigated. R unoff generation helps rem oves a 

portion o f  im purities. But with the increase o f  the  height o f  the ice colum n ru n o ff 

generation m ay reduce o r  stop. During ice m elting operation, im purity separation by m elt 

w ater may be affected by the height o f  the ice column.

Solubility o f  the im purities in w ater m ay have an effect in treatm ent efficiency. 

Spray freezing experim ents can be conducted with synthetic w astew aters, one m ade with 

very soluble im purities and another w ith least soluble. R uno ff and m elt w ater results o f  

the  tw o synthetic w astew aters then can be com pared.

A large scale filed study o f  spray freezing under natural condition can be carried 

out to investigate the impurity and toxicity reduction efficiency o f  w astew ater. 

Laboratory results can be  compared w ith field study results.
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Tahlc A-2: TOC, COD, Color and Toxicity of unfro/.cn section for pulp mill effluent in hcaker tests

Parameters

Freezing temperature = -10 °C Freezing temperature = -25 °C

Dilution =1:1 Dilution =1:10 Dilution =1:1 Dilution =1:10

Stirring Stirring Stirring Stirring

With Without With Without With Without With Without

TOC
(mg/L)

Replicate 1 574.00 402.40 70.80 53.84 503.2 396.2 66.57 52.64

Replicate 2 524.20 382.30 69.76 51.46 459 403.5 61.09 53.61

Average 549.10 392.35 70.28 52.65 481.1 399.85 63.83 53.13

COD
(mg/L)

Replicate 1 1615.0 1223.9 236.08 201.57 1449.67 1221.04 234.64 194.38

Replicate 2 1689.8 1294.3 218.82 213.07 1504.31 1169.28 223.14 184.31

Average 1652.4 1259.2 227.45 207.32 1476.99 1195.16 228.89 189.35

Color
(CU)

Replicate 1 2315.8 1523.3 236.53 198.06 2077.25 1696.44 207.68 201.91

Replicate 2 2400.4 1661.8 217.30 184.6 1915.66 1569.48 215.37 182.67

Average 2358.1 1592.6 226.92 191.33 1996.45 1632.96 211.53 192.29

Toxicitv
(TU)'

Replicate 1 2.51 1.40 Not toxic Not toxic 2.28 1.66 Not toxic Not toxic

Replicate 2 1.77 1.33 Not toxic Not toxic 3.67 2.29 Not toxic Not toxic

Average 2.14 1.37 Not toxic Not toxic 2.97 1.97 Not toxic Not toxic
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Tahlc A-3: Normalized TOC, COD, color and toxicity in frozen section for pulp mill effluent in heakcr tests

Parameters

Freezing temperature = -10 °C Freezing temperature = -25 °C

Dilution =1:1 Dilution =1:10 Dilution =1:1 Dilution =1:10

Stirring Stirring Stirring Stirring

With Without With Without With Without With Without

TOC
(C/C„)

Replicate 1 0.11 0.58 0.05 0.14 0.21 0.56 0.03 0.18

Replicate 2 0.12 0.53 0.09 0.14 0.2 0.56 0.04 0.16

Average 0.12 0.55 0.07 0.14 0.2 0.56 0.04 0.17

COD
(C/C„)

Replicate 1 0.17 0.5 0.14 0.23 0.22 0.5 0.16 0.3

Replicate 2 0.19 0.45 0.16 0.28 0.22 0.48 0.21 0.31

Average 0.18 0.48 0.15 0.25 0.22 0.49 0.18 0.3

Color
(C/C0)

Replicate 1 0.08 0.54 0.04 0.12 0.18 0.55 0.04 0.23

Replicate 2 0.07 0.49 0.04 0.15 0.22 0.58 0.04 0.29

Average 0.07 0.52 0.04 0.13 0.2 0.56 0.04 0.26

Toxicitv
(TU/TU0)

Replicate 1 Not toxic Not toxic Not toxic Not toxic Not toxic Not toxic Not toxic Not toxic

Replicate 2 Not toxic Not toxic Not toxic Not toxic Not toxic Not toxic Not toxic Not toxic

Average Not toxic Not toxic Not toxic Not toxic Not toxic Not toxic Not toxic Not toxic
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Table A-4: Normalized TOC, COD, color and toxicity in unfrozen section for pulp mill effluent in beaker tests

Parameters

Freezing temperature = -10 °C Freezing temperature = -25 °C

Dilution =1:1 Dilution =1:10 Dilution =1:1 Dilution =1:10

Stirring Stirring Stirring Stirring

With Without With Without With Without With Without

TOC
(C/C„)

Replicate 1 2.39 1.67 2.63 2 2.09 1.65 2.47 1.95

Replicate 2 2.18 1.59 2.59 1.91 1.91 1.68 2.27 1.99

Average 2.28 1.63 2.61 1.95 2 1.66 2.37 1.97

COD
(C/C„)

Replicate 1 2.11 1.6 2.82 2.41 1.89 1.59 2.8 2.32

Replicate 2 2.2 1.69 2.62 2.55 1.96 1.53 2.67 2.2

Average 2.16 1.64 2.72 2.48 1.93 1.56 2.74 2.26

Color
(C/C„)

Replicate 1 2.61 1.71 2.56 2.15 2.34 1.91 2.25 2.19

Replicate 2 2.7 1.87 2.36 2 2.16 1.77 2.33 1.98

Average 2.65 1.79 2.46 2.07 2.25 1.84 2.29 2.08

Toxicitv
(TU/TU"0)

Replicate 1 2.42 1.35 Not toxic Not toxic 2.20 1.60 Not toxic Not toxic

Replicate 2 1.71 1.28 Not toxic Not toxic 3.54 2.21 Not toxic Not toxic

Average 2.06 1.32 Not toxic Not toxic 2.87 1.90 Not toxic Not toxic
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Table A-5: TOC, COD and toxicity of frozen section for refinery w astewater in beaker tests

Parameters

Freezing temperature = -10 °C Freezing temperature = -25 °C

Dilution =1:1 Dilution =1:10 Dilution =1:1 Dilution = 1:10

Stirring Stirring Stirring Stirring

With Without With Without With Without With Without

TOC
(mg/L)

Replicate 1 0.64 5.10 0.08 0.39 1.47 7.36 0.17 0.54

Replicate 2 0.47 4.6 0.11 0.31 1.31 6.86 0.26 0.59

Average 0.55 4.85 0.09 0.35 1.39 7.11 0.21 0.56

COD
(mg/L)

Replicate 1 5.50 29.69 1.23 2.65 6.92 35.39 1.23 2.65

Replicate 2 5.50 25.42 0 2.65 5.50 36.81 1.23 2.65

Average 5.50 27.56 0.61 2.65 6.21 36.1 1.23 2.65

Toxicitv
(TU)'

Replicate 1 Not toxic 0.90 Not toxic Not toxic Not toxic 1.67 Not toxic Not toxic

Replicate 2 Not toxic 1.02 Not toxic Not toxic Not toxic 1.30 Not toxic Not toxic

Average Not toxic 0.96 Not toxic Not toxic Not toxic 1.49 Not toxic Not toxic
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Table A-6: TOC, COD and toxicity of unfrozen section for refinery wastewater in beaker tests

Parameters

Freezing temperature = -10 °C Freezing temperature = -25 °C

Dilution =1:1 Dilution =1:10 Dilution =1:1 Dilution =1:10

Stirring Stirring Stirring Stirring

With Without With Without With Without With Without

TOC
(mg/L)

Replicate 1 44.42 25.81 5.88 4.37 43.5 25.06 5.69 3.88

Replicate 2 41.12 25.44 5.72 4.66 43.75 26.91 5.36 4.1

Average 42.77 25.62 5.8 4.51 43.62 25.99 5.52 3.99

COD
(mg/L)

Replicate 1 190.53 140.72 24 18.31 176.3 132.18 22.58 16.88

Replicate 2 183.42 144.99 22.58 16.88 177.72 139.29 21.15 19.73

Average 186.97 142.85 23.29 17.6 177.01 135.73 21.87 18.31

Toxicitv
(TU)'

Replicate 1 8.89 6.46 Not toxic Not toxic 9.87 10.5 Not toxic Not toxic

Replicate 2 13.76 4.97 Not toxic Not toxic 7.64 5.34 Not toxic Not toxic

Average 11.32 5.72 Not toxic Not toxic 8.76 7.92 Not toxic Not toxic
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Tabic A-7: Normalized TOC, COD and toxicity in frozen section for refinery wastewater in beaker tests

Parameters

Freezing temperature = -10 °C Freezing temperature = -25 °C

Dilution =1:1 Dilution =1:10 Dilution =1:1 Dilution =1:10

Stirring Stirring Stirring Stirring

With Without With Without With Without With Without

TOC
(C/C„)

0.04 0.36 0.04 0.21 0.1 0.52 0.09 0.29

0.03 0.32 0.06 0.17 0.09 0.48 0.14 0.32

0.04 0.34 0.05 0.19 0.1 0.5 0.11 0.3

COD
(C/C„)

Replicate 1 0.08 0.43 0.15 0.32 0.1 0.51 0.15 0.32

Replicate 2 0.08 0.37 0 0.32 0.08 0.53 0.15 0.32

Average 0.08 0.4 0.07 0.32 0.09 0.52 0.15 0.32

Toxicitv
(TU/TU0)

Replicate 1 Not toxic 0.5 Not toxic Not toxic Not toxic 0.92 Not toxic Not toxic

Replicate 2 Not toxic 0.56 Not toxic Not toxic Not toxic 0.72 Not toxic Not toxic

Average Not toxic 0.53 Not toxic Not toxic Not toxic 0.82 Not toxic Not toxic
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Tabic A-8: Normalized TOC, COD and toxicity in unfrozen section for refinery wastewater in beaker tests

Parameters

Freezing temperature = -10 °C Freezing temperature = -25 °C

Dilution =1:1 Dilution =1:10 Dilution =1:1 Dilution =1:10

Stirring Stirring Stirring Stirring

With Without With Without With Without With Without

TOC
(C/C„)

3.12 1.81 3.13 2.32 3.06 1.76 3.03 2.07

2.89 1.79 3.04 2.48 3.08 1.89 2.85 2.18

3.01 1.8 3.09 2.4 3.07 1.83 2.94 2.12

COD
(C/C„)

Replicate 1 2.74 2.02 2.88 2.19 2.53 1.9 2.71 2.02

Replicate 2 2.64 2.08 2.71 2.02 2.56 2 2.54 2.36

Average 2.69 2.05 2.79 2.11 2.55 1.95 2.62 2.19

Toxicitv
(TU/TU„)

Replicate 1 4.91 3.57 Not toxic Not toxic 5.45 5.8 Not toxic Not toxic

Replicate 2 7.59 2.75 Not toxic Not toxic 4.22 2.95 Not toxic Not toxic

Average 6.25 3.16 Not toxic Not toxic 4.83 4.37 Not toxic Not toxic
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Table  A-9: T O C , COD, color an d  toxicity for ru noff  at -10 °C and  -25 °C for pulp mill effluent

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

Parameters Rep 1 Rep 2 Rep 3 Rep 4 Average Rep 1 Rep 2 Rep 3 Rep 4 Average

TOC (mg/L) 501.9 499.1 503.3 495.2 499.9 433.4 439.6 442.7 454.7 442.6

COD (mg/L) 1493 14678 1458 1515 1483 1347 1331 1283 1322 1320.8

Color (CU) 1870 1783 1812 1754 1805 1610 1645 1575 1598 1607.0

Toxicity (TU) 2.54 2.18 - - 2.36 1.60 2.12 - - 1.86

Table  A-10: Normalized T O C , CO D , color and  toxicity for ru n o ff  at -10 °C and -25 °C for pulp  mill effluent

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

Parameters Rep 1 Rep 2 Rep 3 Rep 4 Average Rep 1 Rep 2 Rep 3 Rep 4 Average

TOC (C/C0) 1.98 1.96 1.98 1.95 1.97 1.71 1.73 1.74 1.79 1.74

COD (C/C„) 1.94 1.91 1.90 1.97 1.93 1.75 1.73 1.67 1.72 1.72

Color (C/C0) 2.05 1.96 1.99 1.92 1.98 1.77 1.80 1.73 1.75 1.76

Toxicitv
(TU/TlC) 2.00 1.73 - - 1.86 1.27 1.67 - - 1.47

a
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Tabic A-l  1: TOC (mg/L) in melt water  for pulp mill effluent

% melt 
water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storage 2 week-storage 2 dav-slorage 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 413.25 434.45 423.85 593.7 604.6 599.15 416 402.35 409.18 624.65 616.1 620.38

21.43 305.93 314.9 310.41 398.28 393.47 395.87 309.29 301.11 305.2 371.88 368.7 370.29

50 142.34 135.04 138.69 136.27 128.98 132.62 150.38 139.91 145.14 144.52 125.6 135.06

100 93.53 88.05 90.79 63.32 53.6 58.46 107.51 111.53 109.52 80.28 75.1 77.69

Table A-12: COD (mg/L) in melt water for pulp mill effluent

% melt 
water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storagc 2 week-storage 2 day-storagc 2 week-storage

Rep 1 Rep 2 Average Rep I Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 1325.2 1409.0 1367.1 1732.3 1785.3 1758,8 1204.7 1270.8 1237.8 1804.4 1792.6 1798.5

21.43 831.4 979.8 905.6 1013.6 894.6 954.1 918.1 937.2 927.7 1037.2 987.2 1012.2

50 389.0 346.4 367.7 362.5 334.6 348.6 384.6 419.9 402.2 336.1 365.5 350.8

100 227.3 221.4 224.4 161.2 171.5 166.3 290.5 303.8 297.1 218.5 211.2 214.8

4*
•fc.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

T able A -13: C olor (CU) in melt w a te r fo r pulp mill effluent

% melt 
water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storagc 2 week-storage 2 day-storagc 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 1534.9 1609.
9 1572.4 2544.8 2360.1 2452.4 1396.3 1523.3 1459.8 2279.3 2337.0 2308.2

21.43 1229.0 1292.
5 1260.7 1309.8 1534.9 1422.3 1136.7 1194.4 1165.5 1211.7 1361.7 1286.7

50 526.9 576.9 551.9 492.3 534.6 513.5 530.8 569.3 550.0 426.9 380.7 403.8

100 313.5 280.8 297.1 226.9 190.4 208.6 338.5 303.9 321.2 250.0 234.6 242.3

T able A-14: Toxicity  (TU) in m elt w a te r for pu lp  mill effluent

% melt 
water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storagc 2 week-storage 2 day-storagc 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 2.79 - 3.73 - - 2.36 - - 4.55 - -

21.43 1.45 - 2.35 - - 1.16 - - 1.29 - -

50 0.85 - 0.55 - - 0.64 - - 0.71 - -

100 Not
toxic - Not

toxic - - Not
toxic - - Not

toxic - -
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T a b l e  A-15:  N o r m a l i z e d  T O C  c o n c e n t r a t i o n  in th e  se que nt i a l  m e l t w a t e r  sa m p le s  of  th e  s p r a y  ice m a d e  f r o m  p u lp  mill e ff luent

%.
melt

water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storagc 2 week-storage 2 day-storagc 2 week-storage

Rep 1 Rep 2 Average Rcj) 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 1.63 1.71 1.67 2.34 2.38 2.36 1.64 1.58 1.61 2.46 2.43 2.44

21.43 1.20 1.24 1.22 1.57 1.55 1.56 1.22 1.19 1.20 1.46 1.45 1.46

50 0,56 0.53 0.55 0.54 0.51 0.52 0.59 0.55 0.57 0.57 0.49 0.53

100 0.37 0.35 0.36 0.25 0.21 0.23 0.42 0.44 0.43 0.32 0.30 0.31

T ab le  A-16: N orm alized C O D  co n cen tra tio n  in the  sequen tia l m eltw ater sam ples of th e  sp ray  ice m ade from  pulp  mill effluent

%
melt

water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storagc 2 week-storage 2 dav-sloragc 2 week-storage

Rep 1 Rep 2 Average Rcj) 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 1.73 1.83 1.78 2.26 2.32 2.29 1.57 1.65 1.61 2.35 2.33 2.34

21.43 1.08 1.28 1.18 1.32 1.16 1.24 1.20 1.22 1.21 1.35 1.29 1.32

50 0.51 0.45 0.48 0.47 0.44 0.45 0.50 0.55 0.52 0.44 0.48 0.46

100 0.30 0.29 0.29 0.21 0.22 0.22 0.38 0.40 0.39 0.28 0.27 0.28

4̂
ON
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T a b l e  A-17:  N o r m a l i z e d  co lor  c o n c e n t r a t i o n  in t h e  sequ en t ia l  m e l t w a t e r  sam ple s  of  t h e  s p r a y  ice m a d e  f rom p u l p  mill eff luent

%
melt

water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storagc 2 week-storage 2 day-storage 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 1.68 1.77 1.72 2.79 2.59 2.69 1.53 1.67 1.60 2.50 2.56 2.53

21.43 1.35 1.42 1.38 1.44 1.68 1.56 1.25 1.31 1.28 1.33 1.49 1.41

50 0.58 0.63 0.61 0.54 0.59 0.56 0.58 0.62 0.60 0.47 0.42 0.44

100 0.34 0.31 0.33 0.25 0.21 0.23 0.37 0.33 0.35 0.27 0.26 0.27

T ab le  A-18: N orm alized  toxicity in th e  sequen tia l m eltw ater sam ples o f the sp ray  ice m ade from  pulp mill effluent

%
melt

water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storagc 2 week-storage 2 day-storagc 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 2.20 - 2.95 - - 1.87 - - 3.59 - -

21.43 1.14 - 1.85 - - 0.91 - - 1.02 - -

50 0.67 - 0.43 - - 0.50 - - 0.56 - -

100 Not toxic - Not toxic - - Not
toxic - - Not toxic - -

-0
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T able A -19: T O C , CO D  and  toxicity for ru n o ff  at -10 °C  and -25 °C for refinery  w astew ater

Spray unit tem perature = -10 °C Spray unit temperature = -25 °C

Parameters Rep 1 Rep 2 Rep 3 Rep 4 Average Rep 1 Rep 2 Rep 3 Rep 4 Average

TOC
(mg/L) 28.76 29.51 28.85 31.04 29.54 24.82 25.12 25.92 24.83 25.17

COD
(mg/L) 157.41 148.61 151.54 160.35 154.48 129.54 133.94 132.47 126.6 130.64

Toxicitv
(T U )' 4.65 7.32 - - 5.99 8.88 4.87 - - 6.87

T able A-20: N orm alized  T O C , C O D  and toxicity  for ru n o ff at -10 °C  and  -25 °C fo r re fin ery  w astew ater

Spray unit tem perature = -10 °C Spray unit tem perature = -25 °C

Parameters Rep 1 Rep 2 Rep 3 Rep 4 Average Rep 1 Rep 2 Rep 3 Rep 4 Average

TOC
(C/Co) 1.91 1.96 1.91 2.06 1.96 1.65 1.67 1.72 1.65 1.67

COD
(C/Co) 2.18 2.05 2.10 2.22 2.14 1.79 1.85 1.83 1.75 1.81

Toxicitv
(T U /T U j 1.95 3.07 - - 2.51 3.72 2.04 - - 2.88

4s.
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T able A-21: T O C  (m g/L) of the  m elt w a te r fo r re finery  w astew ater

%
melt

water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storage 2 week-storage 2 day-storagc 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 24.66 23.74 24.2 42.48 45.78 44.13 22.93 24.32 23.62 44.29 38.8 41.54

21.43 18.9 17.48 18.19 28.69 25.08 26.88 16.35 18.62 17.49 32.87 34.73 33.8

50 8.85 9.88 9.36 7.74 7.05 7.39 10.69 11.91 11.3 8.09 8.53 8.31

100 5.91 6.67 6.29 1.01 1.58 1.29 6.88 5.29 6.08 1.08 2.34 1.71

T able A-22: C O D  (m g/L) of th e  m elt w a te r for re finery  w astew ater

%
melt

water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storage 2 week-storage 2 day-storage 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 136.87 147.14 142.01 205.82 192.62 199.22 123.67 128.07 125.87 198.49 210.22 204.36

21.43 88.46 97.26 92.86 133.94 119.27 126.6 87 98.73 92.86 117.8 123.67 120.74

50 41.52 38.58 40.05 40.05 34.18 37.12 54.72 51.79 53.25 45.92 44.45 45.19

100 22.45 20.98 21.71 13.65 12.18 12.91 26.85 25.38 26.11 16.58 13.65 15.11

vO
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T ab le  A-23: Toxicity (TU) of the  m elt w ater for re finery  w astew ater

%
melt
wat
er

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storagc 2 week-storage 2 day-storage 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 5.96 - 5.96 18.58 - 18.58 4.26 - 4.26 14.64 - 14.64

21.4
3 2.32 - 2.32 3.24 - 3.24 4.05 - 4.05 6.46 - 6.46

50 1.18 - 1.18 1.33 - 1.33 1.12 - 1.12 1.25 - 1.25

100 0.98 - 0.98 0.73 - 0.73 1.23 - 1.23 0.65 - 0.65

T ab le  A-24: N orm alized  T O C  concen tra tion  in th e  m eltw ater sam ples o f the sp ray  ice m ade from  refinery  w astew ater

%
melt
wat
er

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storagc 2 week-storage 2 day-storagc 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 1.64 1.57 1.6 2.82 3.04 2.93 1.52 1.61 1.57 2.94 2.57 2.76

21.4
3 1.25 1.16 1.21 1.9 1.66 1.78 1.08 1.24 1.16 2.18 2.3 2.24

50 0.59 0.66 0.62 0.51 0.47 0.49 0.71 0.79 0.75 0.54 0.57 0.55

100 0.39 0.44 0.42 0.07 0.1 0.09 0.46 0.35 0.4 0.07 0.15 0.11

c /iO
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T ab le  A-25: N orm alized CO D  co n cen tra tio n  in the  m eltw ater sam ples o f the sp ray  ice m ade from  refinery  w astew ater

% melt 
water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storage 2 week-storage 2 day-storagc 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 1.89 2.03 1.96 2.85 2.66 2.75 1.71 1.77 1.74 2.74 2.91 2.83

21.43 1.22 1.34 1.28 1.85 1.65 1.75 1.2 1.37 1.28 1.63 1.71 1.67

50 0.57 0.53 0.55 0.55 0.47 0.51 0.76 0.72 0.74 0.63 0.61 0.62

100 0.31 0.29 0.3 0.19 0.17 0.18 0.37 0.35 0.36 0.23 0.19 0.21

T ab le  A-26: N orm alized  toxicity in the  sam ples o f the  sp ray  ice m ade from  re finery  w astew ater

% melt 
water

Spray unit temperature = -10 °C Spray unit temperature = -25 °C

2 day-storagc 2 week-storage 2 day-storagc 2 week-storage

Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average Rep 1 Rep 2 Average

7.14 2.5 - 2.5 7.78 - 7.78 1.78 - 1.78 6.13 - 6.13

21.43 0.97 - 0.97 1.35 - 1.35 1.7 - 1.7 2.71 - 2.71

50 0.49 - 0.49 0.56 - 0.56 0.47 - 0.47 0.52 - 0.52

100 0.41 - 0.41 0.31 - 0.31 0.52 - 0.52 0.27 - 0.27



Spray Freezing and  M elting Experiment: Linoleic Acid

T ab le  A -27: T O C , CO D  and  toxicity o f ru n o ff  a t -10 °C  and  -25 °C  fo r  linoleic acid

Parameters

Spraying unit temperature

-10 °C -25 °C

5
mg/L

5
mg/L

20
mg/L

20
mg/L

5
mg/L

5
mg/L

20
mg/L

20
mg/L

TOC (mg/L) 8.47 8.91 21.06 20.96 8.60 8.34 19.63 20.57

COD (mg/L) 49.19 52.56 87.55 91.81 43.51 42.39 80.45 86.00

Toxicity (TU) 29.33 21.51 51.02 45.45 11.95 14.62 33.90 63.29

T ab le  A-28: N orm alized T O C , COD and toxicity of ru n o f f -10 °C  a n d  -25 °C for
linoleic acid

Parameters

Spraying unit temperature

-10 °C -25 °C

5
mg/L

5
mg/L

20
mg/L

20
mg/L

5
mg/L

5
mg/L

20
mg/L

20
mg/L

TOC (C/C„) 1.65 1.73 1.66 1.65 1.67 1.62 1.55 1.62

COD (C/Co) 1.86 1.99 1.62 1.70 1.65 1.61 1.49 1.59

Toxicity (TU/TU0) 6.60 4.84 1.85 1.65 2.69 3.29 1.23 2.29

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .

1 5 2



Table A-29: TOC (mg/L) of the melt water for linoleic acid
Spraying unit temperature

-10 °C -25 °C
%  melt 
water

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 weeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L

7.14 8.48 19.45 10.64 24.69 7.76 20.47 10.65 26.41

21.43 6.15 16.29 7.60 18.20 6.86 15.84 7.75 19.85

50.00 3.83 13.89 4.07 12.52 4.05 14.71 4.53 12.44

100.00 2.54 6.75 1.59 5.92 2.84 7.42 1.77 5.69

T ab le  A-30: C O D  (m g/L) o f the  melt w ater for linoleic acid

%  melt 
water

Spraying unit temperature

-10 °C -25 °C

Ice storage Time Icc storage Time

2 days 2 w eeks 2 days 2 weeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L

7.14 50.61 87.55 61.29 93.27 40.66 79.03 51.11 107.80

21.43 39.24 52.03 36.57 70.01 32.14 46.35 38.03 59.83

50.00 15.09 46.35 13.32 52.56 20.77 39.24 22.04 45.30

100.00 10.83 20.77 6.05 13.32 15.09 30.72 11.86 19.13

T ab le  A-3 : Toxicity  (TU) o f th e  m elt w ater for linoleic acid

Spraying unit temperature

% melt 
water

-10 °C -25 °C

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 w eeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L

7.14 23.47 49.50 31.25 51.02 18.21 48.31 9.03 57.14

21.43 24.33 24.69 12.66 33.67 8.69 23.64 10.86 32.36

50.00 4.87 25.71 2.22 24.33 5.36 16.53 4.25 23.58

100.00 1.84 5.46 1.33 1.99 3.50 9.42 2.03 4.64
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Table A-32: Normalized TOC concentration in the meltwater samples of the spray ice
m ade from  linoleic acid

% melt 
water

Spraying unit temperature
-10 °C -25 °C

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 weeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L

7.14 1.65 1.53 2.07 1.94 1.51 1.61 2.07 2.08

21.43 1.20 1.28 1.48 1.43 1.33 1.25 1.51 1.56

50.00 0.74 1.09 0.79 0.99 0.79 1.16 0.88 0.98

100.00 0.49 0.53 0.31 0.47 0.55 0.58 0.34 0.45

T able A-33: N orm alized COD concen tration  in th e  m eltw ater sam ples o f th e  sp ray  ice
m ade from  linoleic acid

% melt 
water

Spraying unit temperature
-10 °C -25 °C

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 weeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L
7.14 1.92 1.62 2.32 1.73 1.54 1.46 1.94 2.00

21.43 1.49 0.96 1.39 1.30 1.22 0.86 1.44 1.11

50.00 0.57 0.86 0.50 0.97 0.79 0.73 0.83 0.84

100.00 0.41 0.38 0.23 0.25 0.57 0.57 0.45 0.35

T able A-34: N orm alized toxicity in th e  m eltw ater sam ples o f the sp ray  ice m ade from  
linoleic acid

% melt 
water

Spraying unit temperature
-10 °C -25 °C

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 weeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L
7.14 5.28 1.79 7.03 1.85 4.10 1.75 2.03 2.07

21.43 5.47 0.89 2.85 1.22 1.95 0.86 2.44 1.17

50.00 1.10 0.93 0.50 0.88 1.21 0.60 0.96 0.85

100.00 0.41 0.20 0.30 0.07 0.79 0.34 0.46 0.17

1 5 4
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Spray Freezing and Melting Experiment: Abietic Acid:

T ab le  A-35: T O C , COD and toxicity o f runoff at -10 °C  and  -25 °C  fo r ab ietic  acid

Parameters

Spray unit temperature

-10 °C -25 °C

5
mg/L

5
mg/L

20
mg/L

20
mg/L

5
mg/L

5
mg/L

20
mg/L

20
mg/L

TOC (mg/L) 8.06 7.77 23.63 23.94 7.10 7.35 22.63 23.54

COD (mg/L) 39.24 38.03 120.23 132.51 37.82 35.12 108.87 103.44

Toxicity (TU) 4.11 6.88 34.36 29.94 8.23 4.66 34.84 51.28

T able  A-36: N orm alized T O C , C O D  and  toxicity o f ru n o ff a t -10 °C  an d  -25 °C  for
abietic  acid

Parameters

Spray unit temperature

-10 °C -25 °C

5
mg/L

5
mg/L

20
mg/L

20
mg/L

5
mg/L

5
mg/L

20
mg/L

20
mg/L

TOC (C/C0) 1.76 1.70 1.61 1.63 1.55 1.61 1.54 1.61

COD (C/C0) 1.91 1.85 1.72 1.89 1.84 1.71 1.56 1.48

Toxicity (TU/TU0) 1.57 2.62 2.19 1.91 3.14 1.78 2.22 3.27
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Table A-37: TOC (mg/L) of the melt water for abietic acid

% melt 
water

Spray unit temperature

-10 °C -25 °C

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 weeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L

7.14 8.12 22.43 9.81 29.12 7.40 23.25 10.80 29.35

21.43 5.64 17.34 6.25 19.60 6.20 18.89 6.91 21.33

50.00 3.57 12.14 4.24 13.04 4.41 14.13 3.87 13.36

100.00 2.15 7.92 1.32 7.00 2.51 8.69 1.87 7.54

T ab le  A-38: C O D  (m g/L) of th e  melt w a te r for abietic acid

Spray unit temperature

% melt 
water

-10 °C -25 °C

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 \ \ eeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L

7.14 34.98 106.02 40.93 141.24 32.14 98.92 39.48 132.51

21.43 22.19 50.61 22.04 78.73 22.19 61.98 26.40 72.91

50.00 15.09 40.66 16.22 27.85 15.09 59.14 17.68 46.75

100.00 7.98 22.19 7.50 17.68 12.25 29.30 10.41 22.04

T able A-39: Toxicity  (TU) o f th e  melt w a te r for abietic acid

% melt 
water

Sprav unit temperature

-10 °C -25 °C

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 weeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L

7.14 5.33 21.41 10.63 35.34 9.06 40.16 9.30 41.67

21.43 2.86 16.00 2.42 15.60 3.65 16.89 3.32 14.01

50.00 1.47 9.53 1.62 3.20 3.78 19.38 2.42 5.46

100.00 1.53 3.24 1.23 1.67 1.26 4.65 1.29 1.53
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T ab le  A-40: N orm alized  T O C  concentration  in th e  m eltw ater sam ples o f the  sp ray  ice 
m ade from  abietic a c i d ____________________________

Spray unit temperature

% melt
-10 °C -25 °C

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 weeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L

7.14 1.78 1.53 2.15 1.99 1.62 1.59 2.36 2.00

21.43 1.23 1.18 1.37 1.34 1.36 1.29 1.51 1.46

50.00 0.78 0.83 0.93 0.89 0.96 0.96 0.85 0.91

100.00 0.47 0.54 0.29 0.48 0.55 0.59 0.41 0.51

T ab le  A-41: N orm alized C O D  concentration  in th e  m eltw ater sam ples o f th e  sp ray  ice 
m ade from  abietic acid ___

Spraying unit temperature

% melt 
water

-10 °C -25 °C

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 weeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L

7.14 1.70 1.51 1.99 2.02 1.56 1.41 1.92 1.89

21.43 1.08 0.72 1.07 1.12 1.08 0.89 1.28 1.04

50.00 0.73 0.58 0.79 0.40 0.73 0.84 0.86 0.67

100.00 0.39 0.32 0.36 0.25 0.60 0.42 0.51 0.31

T ab le  A-42: N orm alized toxicity  in th e  m eltw ater sam ples of th e  sp ray  ice m ade from  
abietic acid

Spraying unit temperature

% melt 
water

-10 °C -25 °C

Ice storage Time Ice storage Time

2 days 2 weeks 2 days 2 weeks

5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L 5 mg/L 20 mg/L
7.14 2.03 1.37 4.05 2.25 3.45 2.56 3.55 2.66

21.43 1.09 1.02 0.92 1.00 1.39 1.08 1.27 0.89
50.00 0.56 0.61 0.62 0.20 1.44 1.24 0.92 0.35

100.00 0.59 0.21 0.47 0.11 0.48 0.30 0.49 0.10
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APPENDIX B: Statistical Data 

Beaker Freezing Experiment

T ab le  B -l: A nalysis of variance for concentration  ra tio  of T O C  o f frozen section in the 
b eak er test o f  pulp mill effluent and  refinery  w astew ater

Sources o f  variation Sum o f 
squares

Degrees of 
freedom Mean square F0 p-value

Temperature (A) 0.03 1 0.03 7.15 0.0136
Dilution (B) 0.22 1 0.22 52.65 0.0000
Stirring (C) 0.52 1 0.52 123.86 0.0000
Block (Pulp/Refinery) 0.01 1 0.01 1.44 0.2423
AB 0.00 1 0.00 0.58 0.4528
AC 0.00 1 0.00 0.50 0.4853
BC 0.12 1 0.12 28.00 0.0000
ABC 0.00 1 0.00 0.30 0.5906
Error 0.10 23 0.00
Total 1.00 31

T ab le  B-2: A nalysis o f v arian ce  for concentration  ra tio  o f T O C  o f  unfrozen section in the 
b eak er test o f pu lp  mill effluent and refinery  w astew ater

Sources o f variation Sum of 
squares

Degrees of 
freedom Mean square F0 p-value

Temperature (A) 0.08 1 0.08 2.17 0.1547
Dilution (B) 0.59 1 0.59 15.81 0.0006
Stirring (C) 4.49 1 4.49 120.09 0.0000
Block (Pulp/Refinery) 1.77 1 1.77 47.36 0.0000
AB 0.03 1 0.03 0.79 0.3845
AC 0.02 1 0.02 0.55 0.4666
BC 0.10 1 0.10 2.62 0.1194
ABC 0.00 1 0.00 0.08 0.7795
Error 0.86 23 0.04
Total 7.95 31
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Table B-3: Analysis of variance for concentration ratio of COD of frozen section in the
beaker test o f pu lp  mill effluent and  refinery  w astew ater

Sources o f variation
Sum o f 
squares

Degrees o f 
freedom Mean square F0 p-value

Temperature (A) 0.01 1 0.01 6.72 0.0163
Dilution (B) 0.06 1 0.06 27.26 0.0000
Stirring (C) 0.48 1 0.48 215.68 0.0000
Block
(Pulp/Refinery)

0.01 I 0.01 5.25 0.0314

AB 0.00 1 0.00 0.04 0.8527
AC 0.00 1 0.00 0.04 0.8527
BC 0.06 1 0.06 25.71 0.0000
ABC 0.00 I 0.00 1.19 0.2873
Error 0.05 23 0.00
Total 0.68 31

T ab le  B-4: A nalysis of variance fo r concentration  ra tio  o f COD of un fro zen  section in th e  
beaker test o f pu lp  mill effluent and  refinery  w astew ater

Sources o f variation
Sum of 
squares

Degrees o f 
freedom Mean square F0 p-value

Temperature (A) 0.09 1 0.09 1.98 0.1732
Dilution (B) 1.44 1 1.44 31.43 0.0000
Stirring (C) 1.95 1 1.95 42.68 0.0000
Block
(Pulp/Refinerv)

0.27 1 0.27 5.91 0.0233

AB 0.01 1 0.01 0.20 0.6594
AC 0.01 1 0.01 0.12 0.7315
BC 0.01 1 0.01 0.20 0.6594
ABC 0.00 1 0.00 0.08 0.7811
Error 1.05 23 0.05
Total 4.83 31
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Spray Freezing Experim ent

Pulp Mill Effluent and Refinery Wastewater

T able B-5: A nalysis of v a rian ce  for concentration ra tio  o f T O C  o f initial m elt w a te r in 
the  sp ray  freezing experim ent of pu lp  mill effluent an d  refinery  w astew ater

Sources o f variation Sum of 
squares

Degrees o f 
freedom Mean square Fo p-value

Block
(Pulp/Refinerv)

0.15 1 0.15 4.24 0.0639

Temperature (A) 0.01 1 0.01 0.26 0.6214

Storage Time (B) 4.08 I 4.08 116.76 0.0000

AB 0.00 1 0.00 0.00 0.9791

Error 0.38 11 0.03

Total 4.47 15

T able B-6: A nalysis of v arian ce  fo r concentration ra tio  o f T O C  o f final m elt w a te r  in th e  
sp ray  freezing experim ent o f pulp mill effluent an d  refinery  w astew ater

Sources o f variation
Sum of 
squares

Degrees of 
freedom Mean square Fo p-value

Block
(Pulp/Refinerv)

0.02 1 0.02 5.23 0.0431

Temperature (A) 0.01 1 0.01 1.43 0.2563

Storage Time (B) 0.19 1 0.19 40.32 0.0001

AB 0.00 1 0.00 0.11 0.7501

Error 0.05 11 0.00

Total 0.25 15
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Linoleic Acid and Abietic Acid

T ab le  B-7: A nalysis o f  v a rian ce  for concen tra tion  ra tio  o f T O C  o f in itial m elt w a te r in th e  
sp ray  test o f linoleic acid  an d  abietic acid  solution

Sources o f variation Sum o f 
squares

Degrees o f 
freedom Mean square Fo p-value

Temperature (A) 0.00 1 0.00 0.02 0.9039
Storage time (B) 0.46 1 0.46 5.77 0.0473
Concentration (C) 0.03 1 0.03 0.35 0.5749
Block (Lino/abietic) 0.02 1 0.02 0.25 0.6354
AB 0.01 1 0.01 0.11 0.7544
AC 0.00 1 0.00 0.06 0.8189
BC 0.00 1 0.00 0.05 0.8376
ABC 0.01 1 0.01 0.10 0.7635
Error 0.56 7 0.08
Total 1.09 15

T ab le  B-8: A nalysis o f v a rian ce  for concen tra tion  ra tio  of T O C  o f final m elt w a te r in the  
sp ray  test o f linoleic acid an d  abietic acid  solution

Sources o f variation Sum o f 
squares

Degrees o f 
freedom Mean square Fo p-value

Temperature (A) 0 .01 1 0.01 0.53 0.4896
Storage time (B) 0.03 1 0.03 3.59 0.0999
Concentration (C) 0.02 1 0.02 1.82 0.2194
Block (Lino/abietic) 0.00 1 0.00 0.10 0.7661
AB 0.00 1 0.00 0.02 0.8882
AC 0.00 1 0.00 0.11 0.7525
BC 0.00 1 0.00 0.48 0.5109
ABC 0.00 I 0.00 0.03 0.8605
Error 0.07 7 0.01
Total 0.13 15
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T ab le  B-9: A nalysis o f v a rian ce  fo r concentration  ra tio  o f  C O D  of in itial m elt w a te r in  th e  
sp ray  tes t o f linoleic ac id  and  abietic acid solution

Sources o f  variation Sum o f 
squares

Degrees o f 
freedom Mean square Fo p-value

Temperature (A) 0.04 1 0.04 0.49 0.5084
Storage time (B) 0.30 1 0.30 3.90 0.0888
Concentration (C) 0.05 1 0.05 0.64 0.4505
Block (Lino/abietic) 0.02 1 0.02 0.23 0.6464
AB 0.01 1 0.01 0.09 0.7725
AC 0.02 1 0.02 0.30 0.6037
BC 0.00 1 0.00 0.01 0.9067
ABC 0.00 1 0.00 0.04 0.8389
Error 0.54 7 0.08
Total 0.97 15

T ab le  B-10: A nalysis o f v arian ce  fo r concentration  ra tio  o f CO D  of final m elt w a te r in th e  
sp ray  test o f linoleic ac id  and  abietic acid  solution

Sources o f  variation Sum of 
squares

Degrees o f 
freedom

Mean square Fo p-value

Temperature (A) 0.04 1 0.04 2.69 0.1450
Storage time (B) 0.03 1 0.03 1.71 0.2317
Concentration (C) 0.01 1 0.01 0.85 0.3865
Block (Lino/abietic) 0.00 1 0.00 0.01 0.9251
AB 0.00 1 0.00 0.03 0.8629
AC 0.00 1 0.00 0.16 0.7013
BC 0.00 1 0.00 0.02 0.8838
ABC 0.00 1 0.00 0.03 0.8629
Error 0.12 7 0.02
Total 0.21 15
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APPENDIX C: Pictures of the experiments

Figure C-l: Experimental setup inside the cold room
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Figure C-2: Spray freezing experimental setup
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Figure C-3: Melting experimental setup
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Figure C-4: Beaker freezing experimental setup (front view)
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Figure C-5: Beaker freezing experimental setup (top view)

Top view Bottom view

Figure C-6: Plexiglas ice storage column
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