
••• National Library
of Canada

Acquisitions and
Bibliographie Services Branch

395 Wcllnglon Slrccl
OnOW", 001""0
K1AON4

NOTICE

Bibliolhèque ~tionale

du Canada

Direction des acquisitions el
des servicefi bibliographiques

J95, rue Wellinglon
Oll"w" (Onl"rio)
K1AON4

AVIS

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every eff<)rt has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c. C·30, and
subsequent amendments.

Canada

La qualité de cette microforme
dépend grandement de la qualité
de la thèse soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser à
désirer, surtout si les pages
originales ont été
dactylographiées à l'aide d'un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, même partielle,
de cette microforme est soumise
à la Loi canadienne sur le droit
d'auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



•

•

•

CATALYTIC WET AIR OXIDATION
OF THERMO-MECHANlCAL PULPiNG

SLUDGE

by

Matthew Collyer

A Thesis submitted to the Faculty of Graduate Studies
and Research in partial fulfillment of the

requirements for the Degree of
Master of Engineering

McGiIl

Department ofChemical Engineering
McGilI University
Montréal, Canada
Copyright© 1995

...



1+1 National Library
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direction des acquisitions el
Bibliographie Services Branch des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1AON4

395, rue Wellington
Otlawa (Onlario)
K~AON4

The author has granted an
irrevocable non·exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

L'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-12113-5

Canada



•

•

•

AB8TRACT

Wct air oxidation (WAO) is a wastc trcatmcnt proccss which involvcs thc oxidation

of organic and inorganic compounds at high tcmpcraturc and prcssure in the aqueous phase.

Prcvious work has shown that WAO is tcchnically fcasiblc for the trcatment of sludge from a

thcrmo-mcchanical pulping (TMP) mil!. In an attempt to improve the degree of oxidation,

and conscqucntly rcducc the overall cost, thc usc of different catalysts was investigated.

Expcrimcnts WCl'e carried out in a stainless steel batch reactor using pure oxygen and sludge

from the primary clarifier of a TMP mil!. Various metal salts were sereened in order to

delcrmine a suitable catalyst for the proccss. Further experiments were performed to stud)'

the effeet of oxygen pressure, temperature, time of reaction, and catalyst concentration.

Thc screening cxperiments showed that the best catalyst was copper sulfate (CUS04)'

When using this eatalyst, a 97.6% reduction in the chemical oxygen demand occurred

compared to 76.5% reduction without catalyst at the same conditions.

The results indicate that the use of CUS04 significant1y improves the treatment of

TMP sludge by wet air oxidation.
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RÉSUMÉ

L'oxydation à air humide est un proeessus de traitement des déehets qui eomprends

l'oxydation des matières organiques et inorganiques li haute tempémture et pression duns la

phase aqueuse. L'oxydation li air humide était prouvée faisable pour le traitment des boues

venant d'une usine de pâte li papier thermo-méchanique. Afin d'améliorer le degré

d'oxydation et de réduire les coûts, l'cxamen de plusieurs caltllyseurs a été elTectué.

L'expérimentation a eu lieu dans un réactcur non-continu en utilisant l'oxygène pure ct la

boue récupérée d'un décanteur primaire d'une usine de pâte li papier thermo-méchanique.

Certains sels métaliques ont été scrutés pour déterminer un catalyseur convenable. D'autre

expérimentations ont été faites pour étudier l'effet de la pression d'oxygène, de la

température, de la durée de la réaction, et de la conccntration du catalyseur.

Les expérimentations ont démontré que le meilleur catalyseur étaitlc sullàte de cuivre

(CUS04)' Une réduction de la demande chimique d'oxygène (DCO) de 97.6% a été atteinte

comparée à une réduction de 76.5% sans catalyseur avec des conditions semblables.

Les résultats indiquent que CUS04 améliore notamment le traitement de la boue par le

processus de l'oxydation à air humide.
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CHAPTER 1

INTRODUCTION

1.1 WET AIR OXIDATION

In the past two deeades, the implemcntation ofthcrmo-mcchanicnl pulping (TMP)

by the newsprint indllstry has becn exeeptional. Although 'l'Ml' olTcrs iml'rovement in

effluent quality compared to earlier technologies, parametcrs such as biologieal oxygcn

demand (BOO) and toxicity to fish arc still at Icvels too substantinl lor untrcated

diseharge to the environment. With consistently inereasing public eoncern lor

environmental conservation, improved pollution control techniques will be necessary to

comply to future government discharge regulations.

Due to this social pressure, a growing trend in the pull' and paper industry is to

attain zero-effluent discharge or mill c1osure. This new interest has lead to a nourish of

researeh into mill closure technologies sueh as cvaporation, activated sludge, ultraviolet

radiation treatment, ion exchange separation, and wet air oxidation (WAO). However,

unlike the other elosure technologies, WAO can be used eITectivcly to treat highly

eoncentrated organic waste streams. These waste streams can have solids contents as

high as 10% (Randall and Knopp, 1990).

CUITent disposai techr.;ques for the tre.'tment of sludge l'rom primary clarifiers of

TMl' mills eonsist of dewatering followed by landfilling or incineration, diseharge to

waterways, and deep weil disposai. Of these, direct discharge is no longer acceptable and

deep weil injection is not praetical. Typical 'l'Ml' sludge has very high organic load with

solids contents of around 3-6%. Consequently, WAO oITers itsclf as a viable al\l:mative

to incineration and landfilling for the treatment of TMl' sludge (Kubes, Lunn, and

Keskin. 1993). Since suspensions ean be eITectively treated by WA(;. t:xpensive

dewatering tel'hniques which are necessary for incineration arc not required. Finally, the
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quantity of ash produced by this mcthod is far lcss than that by incincration, which

implics reduced landfilling.

Wet air oxidation is deseribed as the oxidation of aqueous suspensions or

solutions oforganic and inorganic matcrials at elevated temperature and pressure. During

WAO, the reaction occurs in the liquid phase (1'Iynn, 1979). Dissolved oxygen initiates a

free radical chain reaction by reacting with the organie compounds at weak C-H or O-H

bonds, whieh creates hydroxyl and organie radicals (Li, Chen and G1oyna, 1991; Tufano,

1993; Shende and Mahajani, 1994). The reaetion is exothermic and produees carbon

dioxide, water, and residual low molecular weight organics (LMWO). The overall

reaetion for organic materials can be then be expressed as:

(1.1)

•

•

This reaetion mechanism is discussed in more detail in Section 2.1.1.

Another produet from WAO is small quantities of ash. Most of the inorganic

material is oxidized and precipitates out of solution forming ash. The quantity of ash

produced is dependent on oxidation temperature and the amount and type of inorganics

present in the original waste (Kubes et al., 1993: Pradt, 1979).

l'igure 1.1 shows a generalized 110wsheet for the WAO process. Waste effluent

containing the organie or inorganic materials to be oxidized is combined with compressed

oxygen or air and enters the system. As previously mentioned, the produets are ash,

carbon dioxide, water and residual low molecular weight organics. The residual low

moleeular weight organics are commonly acetic acid and formic acid.
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1.2 REVIEW OF THERMODYNAMICS AND RATE PROCESSES OF WAO

'flle degree of oxidation depends on several variables including oxygen to waste

emuent ratio, system temperature, system pressure and time ofreaetion.

Tempera/ure:

The wet oxidation of organie eompounds proeeeds slowly at temperatures less than

200°C, while at higher temperaturcs (250-320°C) it oeeurs rapidly for most substances (Li et

al. 1991). In order to avoid entering a single phase region, the reaetion temperature must

remain bclow the eritieal temperature of watcr (374°C). As temperature increases, the

solubility and diffusivity ofoxygen in water inerease (Geankoplis, 1983). Larger solubility

and diffusivity result in a strong mass transfer driving force for oxidation. The formation of

aeetie acid and other LMWO as intermediatc produets varies inversely with the oxidation

temperature (Kubes et al.. 1993).

Pressure:

Operating pressures for different WAO plocesses vary over a wide range. However,

it is neeessary to remain in the two phase region. Oxygen neeessary for oxidation dissolves

into liquid water and reaets with the waste efIluent during WAO. Consequently, without

liquid water the waste will simply bum. Water also aets as an excellent heat transfer

medium and will aet as a heat sink through evaporation for the exothermie reaetion.

Sinee the wet oxidation reaction requires the presence of the liquid phase, high

operating pressure is neeessary to prevent excessive evaporation. The total operating

pressure ineludes the partial pressures ofwater vapour, oxygen, carbon dioxide and inert. It

can be adjusted by ehanging the operating temperature or by adding more oxygen or inert.

Il should he noted that the minimum operating pressure must be greater than the water

vapour pressure at the desired operating temperature (at 200°C the vapour pressure ofwater

is 1.55 MPa). High pressure also inereases both the quantity of oxygen that can be

dissolved in water, as weil as its rate ofdiffusion through the water (Geankoplis, 1983).
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Oxygen Requirements:

In commercial applications. oxygen is eommonly supplied by nir und consequently

does not add to the operating cost. Howevcl. in some situations the use of pure oxygen muy

be more favourable than air. By using pure oxygen the cost of compressing the nitrogen in

the uir is eliminated; hence the reactor volumc is much smallcr. and the ratio of steam to thc

quantity of non-condensable guses generatcd l'rom the reactor is lurger. Furthermore.

smaller reactor volume implies reduccd capital costs (Wilhelmi and Knopp. 1979).

In order to completely oxidizc the wasle cll1uent. a sufficienl amounl of oxygen

musl be supplied to the system. The Iheorclical amount of oxygen necessary can be

determined by Ihe chemical oxygen demand (COD) and volume of wustc to bc Ireated.

COD is defined us Ihe umount of oxygcn required 10 oxidizc the organie fraction of a

sumple which is susceptible 10 permanganate or dichromatc oxidalion (Rumalho. 1983).

The COD method is fully explained in the following ehaplcr. For thc experimenlal system.

the oxygen requirement caleulation is described in Appendix A.

Reaction Time:

Zimmerman (1960) and other researchers c1aimed that the rate of thc oxidation

reaction significantly decreuses after one hour at operating temperatures above 200·C.

Figure 1.2 shows the variation of the percent material oxidized with time at diITcrcnt

temperatures. At higher operating temperatures. the oxidation reaction sccms to be over

after the first hall' hour, however at lower temperatures the eITect of rcaction timc is vcry

significant.

1.3 APPLICATIONS, ADVANTAGES AND DlSADVANTAGES

As previously mentioned, advantages ussociated with WAO over other wusle

technologies for the treatment of sludge are that no dewatering is required and reduced

umounts of ash are formed. Furthermore, WAO oITers the advantages of no air pollution

problems and numerous applications.
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Since the process is opcratcd in the uqueous phuse. there is virluully no purticulale

emission. and the gas phase products consist mainly or carbon dioxide und nitrogen. A1so.

reaction conditions are not severe enough l'or the lormution or nitrous l1xides. while l1xides

of sul l'ur are immediately converted 10 solublc sullàle sults.

The applications or WAO are diverse (Zimmermann and Diddullls. 1960; l'mdt.

1972; Flynn and Flemmington. 1979; Wilhclmi and Knopp. 1979; Schuelcr 1981; Fl1ussurd.

Debellefontaine and Besombes-Vailhe. 1989). WAO has been proven 10 be un el1cclive

disposai technique for toxic and non-biodegradable eftluents. Orgunic sludges conlaining

high solids content (up to 10%) can be efTcctively Ireated by WAO (Randall and Knopp.

1980). Conversely, if the waste contains valuable inorgunics. they cun be reeovered through

WAO (Hanna and Jung, 1992). In the case or waste containing petroleulll coke or other

low-grade fuel. WAO can provide steam which can bc used to genemte encrgy (Hahn.

Chowdhury and McLeod, 1985). WAO shows potential as a recovery process for the

sulfur-free pulping technologies (ie: sodaloxygenlcarbonate pulping) where (;ost advantages

and environmental benefits exist (Foussard, et al., 1989).

Despite these advantages. WAO has the dcfects of (1) requiring high oxygen

pressure as weil as high temperature which results in higher capital and operating cost, and

(2) partial oxidation leading to the formation of lower carboxylic acids such as acetic acid

(Shogenji, 1968). The presence of acetic acid and other carboxylic acids is disadvantageous

due to the corrosive nature of these compounds.

These disadvantages have attracted attention to catalytic wet air oxidation

(CWAO). Ideally, the addition of a suitable catalyst to the WAO system is expected to

increase the rate of oxidation, and improve the product distribution and selcctivity by

decreasing the amount of residual LMW organics. In meeting these criteria, CWAO

would achieve the same degree of oxidation as WAO at lower operuting temperatures

and pressures. By reducing the operating pressure and temperature, costs of compression

and heating will be decreased. More important1y, the capital cost will be significant1y

diminished with reduction ofoperating pressure. If the formation of acetic acid and other

LMW acids is avoided, then less rigorous biological treatment will he necessary after

CWAO. AIso, corrosive problems associated with these acids will he avoided.
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Sincc the oxidation occurs in the Iiquid phase, homogenous metal salt catalysts will

be used. Unlike hetcrogeneous catalysts, soluble catalysts will not be affeeted by mass

transfer disadvantagcs.

A disadvantage associated with the use of catalysts is the need for a separation

process aller wet oxidation in order to recovcr the catalyst. A homogenous or

hctcrogeneous catalyst that is either too costly or too hazardous to the environment for

discharge aller WAO, will requirc advanced separation techniques. Also, catalyst in a

c10sed cyclc plant couId cause fouling if the catalyst is not removed. For homogenous

catalysts, a suitable separation technique for recovery is ion exchange.

lA ION EXCHANGE

Commonly, ion exchange is achieved by passing the solution through a colurnn

packed with a resin. The ion exchange resin consists of nearly insoluble large molecular

weight organic polymers which are Iinked together in an open, permeable molecular

structure. The polymers contain certain active groups of atoms that are capable of taking

up ions from solutions and exchanging them for other similarly charged ions already on

the resin. The open structure permits solvent molecules and ions to move freely within

the solid. The active groups are always electrolytes, one ion of which is fixed to the resin

while the other, of opposite charge, is mobile. The mobile ion is the ion that is

exchanged. Th.:: relative strength of a resin in holding different types of ions depends on

the nature of the resin, the ions, and the solvent. Cation exchange resins interchange

positively charged ions, while anion exchangers exchange negative ions.

Figure 1.3 is a hypothetical schematic combining WAO with an ion exchange

column for the recovery of a metal sulfate species. The metal sulfate is added to the

sludge prior to WAO treatrnent. Atter WAO, the effiuent containing the metal sulfate

catalyst passes through the ion exchange column where the cation is separated and

retained in the colurnn. The metal sulfate is recovered by passing H2S04 through the

column and then retums to WAO for reuse.
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Advantagcs associatcd with ion cxchangc tcchnology includc low capital and

opcrating cost. AIso, as morc mil1s attcmpt to achicvc zero-dischargc (mill c1osure), this

tcchnology will likcly be employcd for the rcmoval of hcavy metal electrolytes to avoid

fouling. Conscqucntly, ion cxchangc offers itself as a potential method for the removal of

metal cations from the treated cffluent after WAO.

1.5 STRUCTURE OF THESfS

The purpose of this work is to find a catalyst that will increase the degree of

oxidation and favorably alter the selectivity and product distribution by decreasing the

amount ofresidual LMW organics.

The structure of the thesis is as fol1ows; Chapter 2 presents a literature review on

CWAO, Chapter 3 consists of the objectives for the thesis, Chapter 4 describes the methods

and materials used throughout experimentation, and Chapter 5 presents and discusses the

results. The conclusions are found in Chapter 6, fol1owed by the references in Cbapter 7. A

series ofappendices is inc1uded at the end of the thesis.
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CHAPTER2

LITE~ATURE REVIEW

2.1 WET AIR OXIDATION

Originally dcveloped in the mid-1940s as u way to recover vunillin l'rom spcnt

pu1ping liquor, WAO is becoming more and more extensivc1y applicd (Foussurd,

Debellefontaine, and Besombes-Vilhe, 1989). WAO has bcen commonly used to oxidizc

sewage sludge and treat manufacturing process wastewater. Howevcr, further applications

inc1ude implementation to environmental control, resource recovery, and energy-rc1atcd

applications (Schaefer, 1981). In the pulp and paper industry, WAO offers an effective

method for treating waste sludge in order to achieve complete mill closure.

Severa1 patents covering conditions to give high degrees of oxidation for a broad

range of waste liquors inc1uding pulp mill Iiquors were obtained by Zimmerman

(Zimmerman and Diddams, 1960). The Zimmerman process operutes on the principle that

aqueous suspensions or solutions of organic materials can react with the oxygen contained

in a gas such as compressed air or pure oxygen, at conditions ofelevated temperuture (150­

370°C) and pressure (2-20 MPa) (Flynn and Flemmington, 1979).

The basic flowsheet for continuous WAO is shown in Figure 2.1 (Zimmcrman and

Diddams, 1960; Werthemann, 1992; Wilhelmi and Knopp, 1979). Waste cnters the system

by a high pressure pump and is mixed with compressed air or pure oxygen. The waste and

air mixture is preheated by passing through a heat exchanger in order to achieve a

temperature high enough to support oxidation. The mixture then entcrs the reactor where

oxygen in the air reacts with organic matter in the waste. The reaction is exothermic, and

the heat generated further mises the temperature of the reaction mixture to the design

temperature. The gas and liquid phases are separated after the reactor, and the liquid passes

through the heat exchanger heating the incoming material (Pradt, 1979). The process
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converts organic compounds to mainiy carbon dioxide und water. while inorgunic Illuterials

to their highest state of oxidation (ie. suBite to sulfate). Residual eOlllpounds produced by

WAO are generally LMW organics. such us acctic and lorlllic ucid. which ure reudily

biodegradab1e by eonventional treatlllcnt methods (Randall und Knopp. 1980). The

formation of residual ash does occur but depends on the quuntity and type of inorganies

present in the waste water. The ash consists of insoluble metul oxides und curbonutcs which

precipitute out of solution.

2.1.1 Reaction Mechanism

As previously mentioned. the gencralized reaction for organic compounds

undergoing WAO is that organics react with oxygen to form mainly carbon dioxide and

water.

The destruction of organics by WAO techniques is known to be free radical chain

reactions (Li et al.. 1991; Tufano. 1993; Shende and Mahajani. 1994). Free-radicals in the

absence of initiators are commonly formed by the reaction of oxygen with the weakest C-H

bonds of the oxidized organic compound as shown in Eqs. 2.1 and 2.2.

RH+O, ~R· +flO,·

RH +flO,· ~ R· + fI,O,

(2.1)

(2.2)

where R denotes the organic functional group. [t should be noted that free radicals ure also

formed by the reaction of oxygen with an O-H bond as in the case of the WAO of phenols

(Shibaeva, Metelitsa and Denisov, 1969). The common product of Eq. 2.2 is hydrogen

peroxide which further decomposes to generate hydroxyl radica1s.

•
H,O, + M ~ 2f10· (2.3)
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The tenn Mean be cither a homogeneous or helerogeneous species (Hoare, Protheroe and

Walsh, 1958).

The oxidalion of organie compounds by hydroxyl radicals, as shown in Eq. 2.4,

fbllows a hydrogen abstraction meehanism by removing a hydrogen atom to form an

organic radical (R'). The organic radical reacts with oxygen (Eq. 2.5) to fonn an organic

peroxy radical (ROO') (Emanuel, Denisov and'Maizus, 1984). The organic peroxy radical

furlher abstracts a hydrogen atom from the organic compound, producing an organic

hydroperoxide (ROOH) and another organie radical (Eq. 2.6).

The organic hydroperoxides fonned are relatively unstable and deeompose to form

subsequent intermediates with lower carbon numbers. These reactions continue rapidly

until the fonnation of acetie and formic acid. Both acids are eventually converled into

carbon dioxide and water but at lower rates (Li et al., 1991).

•

RH + HO' -) R' + H2 0

R' + O2 -) ROO'

ROO' + RH-) ROOf! + R'

(2.4)

(2.5)

(2.6)

•

2.2 CATALYTIC WET AIR OXIDATION

Catalytic wet air c,xidation is the same process as conventional wet oxidation

process except that a catalyst is added to the waste. In CWAD. organic compounds are

more rapidly and more thoroughly decomposed to carbon dioxide and water, resulting in the

formation of smaller amounts of low molecular weight acids. By increasing the rate of

oxidation in the presence ofa catalyst. the process may be operated at a lower temperature,
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lower pressure and redueed reaetion time. Consequenlly. for the snme degree of oxidution.

CWAO will result in lower eapilnl and operaling eosts.

EjJecl ofCalalysl on WAO MechanislII:

Aeeording to Sheldon and Koehi (1981) metnl speeies ean nct us cl\tnlysls or

inhibitors during the initiation stngc of free radical c1min renctions. As previously

mcntioned by Equation 2.3. the deeomposition of hydrogen peroxide 10 gencrate

hydroxyl radicals is inereased by the presence of a homogeneolls or heterogeneolls

speeies, M. whieh is commonly a metal speeies acting as a catalyst reslilling in c1min

initiation. Not only does the metal species reaet with 1-120 2, it also reaets with other

organie substrates producing free radieals whieh continue on through the propagation and

termination stages (Sheldon. Koehi.1981):

•
, ,.

M n+ + CHOH~ M(n-I)+ + COH + 1/+/ /

(2.7)

(2.8)

(2.9)

•

The addition of a cata1yst will inercase the rate of formation of hydroxyl and organie

radieals. Consequently, the oxidation rates of reaction will be increased during CWAO.

Previous Work:

The majority of previous work on CWAO has been performed on specifie

compounds. Amongst them are phenol, aldehydes. various alcohols, and low molecular

weight organie aeids such as formie and oxalie acid (Baldi. GOlO. Chow and Smith, 1974;

Sadana and Katzer, 1974; Imarnura, IIirano, and Kawabata, 1982; Debellefontaine,

Foussard, Besombes-Vilhe and Chakehouk, 1991). Industrial seale studics on CWAO have

been reported on effluents l'rom breweries, rom distillery wastes, pharmaccutical cffllients,
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und coul gusifier wuste-water (Munoz, Pedraju, und Colon, 1981; Chowdhury and Ross,

1981; Hunh, Chowdhury und McLeod, 1985; Werthemunn, 1992).

ln eurlier work Buldi ct ui. (1974) used CuO-ZnO for the oxidution of formic acid,

and Levee and Smith (1976) used ferric oxide for oxidation of aeetic aeid. Also, Lebedev,

Manakov and Litovka (1974) examined the kinetics of the oxidation of butyraldehyde

catalyzed by cobalt(lI) and eopper(lI) aeetates.

Sadana and Katzer (1974) studied the oxidation of phenol with CuO and Mn02 at

0.01-1.72 MPa (1-17 atm) and 100-150·C. They uscd a continuously stirred batch reactor

to determine the kinetics of the wet oxidation of phenol over supported copper (II) oxide.

The reaction seemed to undergo a period of rclativc1y slow activity, called an induction

period. before making a transition to a faster constant activity regime. The activity quickly

dropped off before completion. They found that lurger catalyst particle size resulted in

lower activation energies in the constant activity regime.

Imarnura ct al. (1982) have studied the wet oxidation of oxalic aeid using a ColBi

(SIl) complex oxide catalyst at temperatures between 112-160·C. In the case of oxidation

without catalyst, 27% reduction in total organic curbon (TOC) was observed at 140·C in

just 20 minutes. In catalytic oxidation using the ColBi complex oxide catalyst. about 32%

TOC removal was observed at 140·C. Increasing the temperature to 160°C resulted in a

90% TOC reduction. They also observed that the use ColBi oxide catalyst resulted in

reduced formation of lower moleculur weight acids than without catalyst.

Debellefontaine et al. (1991) fowid that the oxidation of phenol in water with

oxygen and hydrogen peroxide in the presence of Fe2
+ at 160·C was more effective than

WAO without catalyst at 220·C. The process yielded mainly biodegradable carboxylic

acids.

FerrOlIS sulfate was used as a homogenous cata/yst in the treatrnent of groundwater

with hydrogen pcroxide (instead of oxygen) by the National Institute of Applied Science

and IDE Environment (1993). Results at 0.51 MPa and 150·C were comparable to

conventiona/ WAO at 10.13 MPa and 300·C for the same COD load.

Ferric chloride was found to be an effective cata/yst in the WAO of mm distillery

waste according to Munoz et al. (1981). They observed that pressure in the range of3.4 to
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13.8 MPa did not inlluence thc rate of reaclion. Without the ctllulyst, churring of

carbohydrate compounds present in the waste watcr was observed, howevcr, with FeC\) no

charring occurred.

For the treatment of toxic wuste, Randall und Knopp (1980) used cupric sultilte us a

cmulyst for the detoxification of certain toxic compounds. In catalyzed oxidation of

acrylonitrile, 2-chlorophenol, and pentachloropheno\ at 275°C, the catalyst hud liUle eOcct

on the reduction oftoxicity for acrylonitrile, but almost a four-fold increase on the reduction

of toxicity for 2-chloropheno\ and pentachlorphcnol. With thc cupric cata\yst el1èclive

destruction of these more slowly rcacting compounds was observed. The products werc

generally low molecular weight compounds, such as fomlic and acelic acid.

Cupric sulfate was also uscd as a homogeneous calalyst Ibr Ihe WAO of glyoxalic

and oxalic acid by Shende and Mahajani (1994). They lbund cupric sultilte to be a very

effective catalyst in destroying glyoxalic and oxalic acid. Withoul Ihe catalyst, Ihcy

observed a reduction in the chemical oxygen demand (COD) of 54% aner 5 hours at 160°C

and 0.69 MPa oxygen partial pressure. However, under the same operaling conditions, Ihey

obtained a 93% COD reduction using 1.25 mmol/L CUS04'

Chowdhury and Ross (1975) investigated the oxidation of ellluents l'rom the

centrifuges of a Coors brewery using hydrogen peroxide as Ihe oxidizing agent. The wasle

water was rieh in carbohydrate and proteins with COD loads of upproximately 6000 mg/L.

Cu2
+ and Fe2

+ in the presence of hydrogen peroxide were found to be very effective in

reducing the COD of the waste water at 200°C. They observed !hat ncilher pH (between

2.8 and 7.0) nor oxygen pressure was found to be very inlluential in catalylic wet-oxidalion

although they exerted considerable influence during the experimenls without cata\yst.

Halm et al.(1985) investigated the effectiveness of CWAO for scrub wuter l'rom a

moving bed researeh coal gasifier. Various industrial catalysts with active clements ranging

from Ni, Pd, Pt, Cu, Fe, and Ag were tested. The rate of reaetion was doubled when using

catalysts over runs without catalyst. Total carbon conversion of about 90% at 10 min was

aehieved using a Cu-catalyst (39%Cu, wt.).

Finally, Ciba-Geigy currently operates several WAO systems in southem Germany

for the treatment of toxic wastes from the pharmaceutical industry. Werthemann (1992)
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found that ionic catalysts such as Cu2
+ acccleratcd the rate of degradation of organic and

inorganic compounds.

Table 2.1 summarizcs the catalysts aforcmentioned in this section.

TABLE 2.1:

Summary of Catalysts Cited

Cation Catalyst Type Reference

Cuprie (Cu ) Cuso, Homogeneous Randall and Knopp (1980)

Cu(CH,COO), Manakov and Litovka (1974)

" Chowdhury and Ross (1975)Cu -H,O,

Cuprie Cu~-Mn, Heterogeneous Sadana and Katzer (1974)

CuO-ZnO Saldi et al. (1974)

Ferrous (Fe") Fe"'-H,O, Homogeneous Debellfontaine et al. (1991)

FeSO, N.I.A.S.(1993)

Ferrie Fe,O, Heterogeneous Levee and Smith (1976)

Ferrie (Fe") FeCI, Homogeneous Munoz et al. (1981)

Cobalt Co/Bi Complex Heterogeneous Imamura et al. (1982)

Cobalt (Co) Co(CH,COO), Homogeneous Manakov and Litovka (1974)

Ni, Pd, Pt, Cu. Fe. Ag Industrial Catalysts Heterogeneous Hahn et al. (1985)

Mixture

Finally it should be noted that experiments using heterogenous solid catalyst (the

oxides of the metal salts investigated in this thesis), were tested during the same time period

by Volstad (1994). Volstad's results show that CuO resulted in the largest improvement

over other catalysts at the same opemting conditions. Cupric oxide yielded a COD

reduction of96.3%, while without catalyst the reduction in COD was 76.5%. These results

are presented and discussed more thoroughly in Section 5.1.1.
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CHAPTER3

OBJECTIVES

The principal objective of this thesis is to improvc thc dcgrcc of oxidation of

thermo-mechanical pulping (TMP) sludge during wct air oxidation by Iinding a suilablc

catalyst. The secondary objectives are; to charactcrize the improvcment in the degrec of

oxidation by varying the systems operating conditions (temperature, pressure and cntalyst

concentration), and to recover the catalyst afier WAO.

These goals are to be fulfilled by:

• using a high pressure stainless batch reactor at the Pulp and Papcr Research

Centre, McGill University, for the WAO ofTMP sludge.

• seleeting various catalysts and testing them at similar operating pnrameters.

• characterizing the improvement due to the most suitable catalyst for WAO of

TMP sludge by studying the effects of temperature. pressure and catalyst

concentration on the degree of oxidation.

• attempt to recover the most suitable catalyst by using a bench scale ion exchange

column at Paprican in Pointe Claire.
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CHAPTER4

EXPERIMENTAL PROCEDURES AND CALCULATIONS

4.1 MATERIALS

The waste effluent used for experimentation is sludge collected in the primary

clarificr of a thermo-mechanical pulping (TMP) mill in south eastem Quebec. Ali waste

streams from the mill pass through the primary clarifier prior to biological treatment,

consequently the sIudge contains a wide variety of compounds which include Iignin,

cellulose, wood fibres, carboxylic acids, carbonates, and resins. The sludge is an opaque

aqueous suspension with a solids content of approximately 4.02% by weight and a pH of

about 4.6. Other sludge characteristics are presented in Table 4.1.

TABLE 4.1:

Sludge Characteristics

Chemical Oxygen Demand 40,000 mg/L

Total Solids 4.02%

Total Organic 37.6 glL

Total Inorganics 2.6g/L

pH 4.6

Acetic Acid Concentration 0.31 g/L

Total Organic Carbon - liquid phase 63 ppm

Samples were obtained in late May, 1994. and were stored in 5 gallon containers and

refrigerated at j"C.

Compressed oxygen from a cylinder with a minimum purity of 99.5% was used

for oxidation. Oxygen was supplie<! by Matheson.
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The catalysts used for this thesis reseurch were ull soluble in wuter lit room

temperature. Their chemieal formulas und moleeulur weights lire ineluded in TlIble 4.2.

Although ferric chloride was citcd us an effective clltlllyst lbr WAO in Chupter 2.

il was not used. The chioride ion is extremely corrosive under the opernting conditions;

this may result in reactor damage and possible lài\ure. Also. there exists Il growing

tendency in the pulp and pllper industry to c1iminate the use of chlorine compounds liS

much as possible.

TABLE 4.2:

List of Catalysts and Molecular Weights

Catalyst Molccular Molccular Wcight

Formula (g1mol)

cupric sulfate pentahydrate CuS04'5H2O 249.68

cupric acetate monohydrate (CH3COOhCu'H2O 199.65

cupric chloride CuCI2 13.44

ferrous sulfate heptahydrate FeS04'7H2O 278.02

silver sulfate Ag2S04 311.80

aluminum sulfate AI2S02,( l4-18)H2O 342.14

manganese sulfate monohydrate MnS04'H2O 169.01

cobalt sulfate heptahydrate CoS04,7H2O 281.10

The cation exchange resin used in the ion exchange column is the acid

sulfonated AG 50W crosslinked resin from Bio-Rad. AG 50W-X8 resin consists of the

resin matrix, styrene divinylbenzene, to which -S03'H+ is attached as the funetional

group (Figure 4.1). The H+ of this sulfonic group is the mobile c1ectrolyte and is

exchanged for other cations in the sample. Bio-Rad suggests the use of this resin for the

removal of inorganic and organic compounds with positive charges.
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Figure 4.1 - AG 50W Crosslinked Acidic Cation Exchange Resin
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4.2 DATA ANALYSIS AND ANALYTICAL PROCEDURES

In order to quantitatively analyzc thc cffcct of ditlèrcnt opcruting conditions on

the degree of oxidation for WAO, two analyticall11cthods. thc Chcl11ical Oxygcn Dcnllll1d

and Solids Content Analysis, were used. Also for the ion cxchangc column cxperimcnts.

absorption speetroseopy was used to analyze thc concentration of cuprie sulfate.

4.2.1 Chcmical Oxygcn Dcmand

The most significant criterion to comparc and evalualc differcnt sels of

experiments is the reduction in chemical oxygen demand (COD). As prcviously stated,

COD 1s dei1ned as the amount of oxygen required to oxidize the organic fraction of a

sample which is susceptible to permanganate or dichromate oxidation (Ramalho. 1983).

Two different standard methods were used to measurc the COD. For both

methods the COD is defined as the milligrams of oxygen consumed by one Iitrc of

sample under the conditions of the test. Both methods result in the sal11e COD valucs for

similar samples; however they offer different advantages.

The tirst method, CPPA Standard I-I.3 (Canadian Pulp and Papcr Association,

1993), applies to samples with suspended organic solids, and was used for the

determination of the COD of the untreated sludge. Under strongly acidic conditions,

organic matter in the test specimen is oxidized by open rel1uxing with a known al110unt of

potassium dichromate. At the end of the rel1ux period exccss dichromatc is determined

by titration with ferrous ammonium sulfate using Ferroin indicator. The standard

deviation of a set of synthetic samples was found to range from 6.5 to 10.8% of the

average COD value.

The second method, Standard 5220.C (Standard Methods COl11mittee, 1990), is

more economical in the use of reagents, but requires homogeneous samples for

reproducible results. This method was used for treated effluent (after WAO), and

involves the same reaction and reagents as the previously mentioned standard. Ils only

difference is that rel1uxing is performed under c10sed conditions, consequently. volatile
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organic compounds are more completely oxidized because of longer contact with the

oxidant. As a result, precision is increased, and the range of standard deviation of a set of

synthetic sampIes varies from 4.S to 5.6%.

4.2.2 Solids Content

The method used for solids detcrmination is CPPA Standard H.J (Canadian Pulp

and Paper Association, 1993). This standard determines the total, fixed and volatile

fractions of suspended and dissolved solids and settleable solids in pulp and paper mill

effluents.

Total solids is the sum of the total suspended solids and total dissolved solids.

The total suspended solids is determined by weighing the oven dried precipitate from the

filtration of a representative sample volume of the effluent. The total dissolved solids is

measured by drying a known volume of the filtrate from this same filtration. For

determination of the organic and inorganic fractions, the dried precipitate and filtrate are

placed inside a furnace at 550°C until constant weight is achieved.

4.2.3 Other Analysis

For sorne selected experiments, Total Organic Carbon (TOC) and the

concentration of acetic acid were determined at the Paprican Analytical Laboratory in

Pointe Claire. The Technicon Auto Analyzer #2 was used to measure TOC, while

Dionex Ion Chromatography was used to determine the concentration of acetic acid.

4.2.4 Concentration of Cupric Sulfate (Ion Exchange Experiments)

The sarnples were analyzed for copper by a Perkin-Elmer UV visible

spectrophotometer (Larnda 38). Maximum absorption occurs at SOS nrn (Cotton and

Wilkinson). In Appendix D, Figure D.I shows the absorption spectrum for a 35 mmol/L

sarnple of cupric sulfate pentahydrate in water. Figure 0.2 shows the calibration curve
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for different concentrations of cupric sullàlc. The relationship between absorption and

cupric sulfate concentration (mmol/L) is:

Concentration =87.4 x Absorption +0.096

4.3 EXPERIMENTAL APPARATUS

(4.1)

•

•

A schematic of the WAO system is shown in Figure 4.2.

The laboratory rocking autoclave consists of a stainless steal bomb. autoclave

shell and roeking meehanism. The bomb is a smvll pressure vessel having a threaded

opening and a volume of 1.4 titres. The tid. which seals the bomb. is serewed onlo the

threaded opening. The sealed bomb is placed inside the autoclave shell. whieh eontains a

1600W heating coil. Together the bomb and shell are rocked baek and forth

approxÏIl\ately thirty degrees in order to aehieve mixing. The rocking meehanism is

primarily a small motor eonnected to the autoclave shell by a shan. To improve the

degree of mixing. the shaft length was shortened. causing the bomb to pass through the

horizontal position.

Two 1/4" O.D. thick-walled tubes are connected to the bomb via two inlets. The

tubes, called the charging tine and the diseharging tine, are spiraled several times to

absorb the motion of the autoclave and thereby prevent stress fatigue. Valves isolate the

spiraled section of the tubing and bomb (hereafter called the high pressure side) l'rom the

rest of the tubing (low pressure side). The valves on the eharging line permit desired

amounts of compressed oxygen or argon to enter the bomb through one of the inlets.

While on the discharge tine, a valve operates as a pressure release and eonnects the other

bomb inlet to the discharge vesse\.

A pressure gauge and rupture dise assembly is connected on the high pressure side

of the charging and discharging tines. The rupture dise has a burst pressure 01'24.8 Mpa.
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The entire high pressure portion of the autoclave is surrounded by a double wall grate

cage for further safety.

Temperature is monitored via a tap in the bomb Iid which allows li thermocouple

to be in contact with the vessel' s contents. The thermocouple is connected to the

temperature controller which in tum sends a signal to the heater using proportional

control.

Some design limitations should be noled and c1arified: there exists no meehanism

for sampling at high pressure; there ure no means for cooling the reaetor rupidly; heating

up time to the desired operating temperature is signilicant; und mixing is not complete.

Although the system is not perfectly mixed, it was optimized under the design limitations

by studying the effect of moving the location of the bomb with respect to its pivot point.

This was achieved by observing the dispersion of drops dye inside a c1ear plexiglas

bomb.

4.4 WET AIR OXIDATION PROCEDURE

The bomb is filled with a calculated umount of effiuent and catalyst such that the

experiment will remain in the !iquid-vapour region at the desired operating temperature

and pressure (see Appendix A - Initial Calculations). The cap is filted over the !id and is

then serewed tight to the bomb (see Figure 4.3). The bomb is carefully sealed by

applying equal torque to the ten retention bolts, and then placed inside the autoclave

shell.

The churging and dischurging !ines are then conneeted to the inlets of the bomb

and fastened tightly.

The bomb is then pressurizcd with a desired amount ofoxygen (see Appcndix A).

If the surn of the vapour and oxygen partial pressures calculated at the operating

temperature is less than the desired total operating pressure, then the bomb is further

pressurizcd with an inert gas (argon) such that the desired opcruting pressure is achieved.

Ali valves are closed, isoIating the high pressure side from the lest of the apparatus.
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The rocking mechanism and the heater are lhcn activated lInd Il timer is slllrted.

The pressure and temperature inside the bomb are recorded at subsequent time intervllls.

For most experiments, the reactor is turned off at a specil1ed temperature and the system

is allowed to proceed without additional cncrgy input. This melhod lor controlling

different sets of cxperiments has provcn itself successful in achieving similur conditions

from one experiment to another. Also, when Ihe system has coolcd 10 a set temperature

(10-15°C below the maximum temperature), a fan is turned on 10 cool the system by

convection. The rocking mechanism is turned off at another sel tempcrature (20-30"C

below the maximum operating temperature. Tm".) in order to furlhcr standardize

experimental conditions.

After allowing the system to cool to room temperature. the pressure is released to

the discharge vesse!. The bomb is disconnectcd l'rom Ihe two inlet lines and

disassembled. Effluent and catalyst are removed. The cffluent is thcn annlyzcd

accordingly.

4.5 EXPERIMENTAL PROGRAM

The experimental program was divided into two sections: (1) cvaluation of

various catalysts for the WAO of pulp and paper sludge. and (2) characterizalion using

the selected catalyst in order to determine the extent of improvement in the degree of

oxidation under different operating conditions.

4.5.1 Phase (1): Evaluation of the Catalysts

For the determination of the best catalyst. temperature, total pressure. oxygen

pressure, volume ofeffluent, and concentration of catalyst were held constant throughout

experimentation. Initial oxygen charging pressure, Po;, was fixed at 5.72 MPa. The

volume of waste effluent, VC' was held constant at 400 mL. Thc concentration ofcatalyst

added was 10 mmol/L. In order to standardize the set of experiments, the heatcr was
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tumed off at 185°C and the system was allowed to proeeed without additional heating.

Under these conditions, the maximum operating temperature achieved ranged from 208­

214°C while maximum tolal operating pressure varied from 10.98-12.03 MPa from one

experimcnt to the next. After the system cooled down to 200°C the cooling fan was

activated. After cooling to 185°C the rocker was deactivated and the system was allowed

to retum to room temperature. Figure 4.4 shows typical temperature and pressure profiles

with time for this type of experiment. An experiment without catalyst was also

performed under the same conditions for comparison.

4.5.2 Phase (2): Characterization

After the most promising catalyst was selected, the extent of improvement in the

degree of oxidation under different operating conditions was characterlzed. The

temperature, pressure, length of time at the maximum operating and concentration of

catalyst were varied in this section ofexperimentation.

Temperalllre Experiments:

ln order to study the effect of temperature on the degree of oxidation, the

maximum operating temperature, Tma.' was varied from 164-31 SoC for both experiments

with and without eatalyst. Throughout these experiments, the maximum operating

pressure, Pma.' ranged from 10.75-11.68 MPa The effluent volume was held constant at

400 mL except for the high temperature reactions (301°C and 315°C) which employed

less effluent (175 mL) due to specifie volume of effluent restraints, and oxygen

requirements. Catalyst concentration was held constant at 10 mmoUL.

Depending on the desired operating temperature, different initial oxygen charging

pressures were used ranging from 3.65 to 7.79 MPa in order to maintain a constant

maximum operating pressure. To achieve similar OPCr::ttllll conditions for these

experiments, the heater was tumed off at 200C bellow the desired maximum operating

temperature. The cooling fan and roeking mechanism were respectively aetivated and

deactivated at set temperatures depending on the maximum operating temperature.
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Lenglh ofTime al Maximum Operaling Temperature:

The cITcet of Icngth of time at thc maximum opcrating tcmpcraturc, t, on cao
reduction was cxamined. Expcrimcnts with and without catalyst wcrc performcd for two

diffcrent timcs (5 and GO min). For thc two cxpcrimcnts with t=5 min, the procedure

outlincd in Section 4.5.1 was followcd. For the other two cxperimcnts at t=GO min, the

tempcraturc was maintaincd to within two dcgrccs of thc maximum operating

tempcraturc by manual control for onc hour. Othcrwisc thc samc procedurc was followed

(Section 4.5.1).

Pressure Experiments:

Total opcrating pressure varied from 4.38 to 15.44. by ehanging the initial oxygen

charging pressure. Expcrimcnts were performed with and without catalyst (10 mmol/L)

under similar operating conditions for comparison. Emuent volume was heId constant at

400 mL. Thc cxperimental method described in Section 4.5.1 to achieve the same

tcmperature profiles was followed. This resulted in maximum operating temperatures

ranging from 21 0-2 1GOC between different experiments.

Concentration Experiments:

The concentration of the catalyst was varied from 0 to 20 mmol/L. Otherwise, the

same method was followed as described in Section 4.5.1. Using this procedure resulted

in maximum operating temperatures and maximum opcrating pressures ranging from

211-214°C at,J 11.17-11.72 MPa respectively.

A complete listing ofalI experiments performed is shown in Appendix B.
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4.6 ION EXCHANGE EQUIPMENT AND METHOnOLOGY

Experimentation was performed using the laboratory beneh seale exehunge

eolumn apparatus at Papriean, Pointe Claire. Figure 4.5 depiets the eonligurlltion lor the

system.

The exehange eolumn is paeked with the ion exehange resin (AG 50W-X8). This

is prepared by slurrying the resin with deionized water und then pouring the slurry into

the eolumn. Aner allowing the resin to settle. the eolumn is cquilibmtcd to the dcsircd

conditions. The volume of the exehange eolumn is approximately 300 mL and the void

fraction for the paeked eolumn is 0040.

Three storage eolumns exist; a fecd eolumn. a regencration eolumn, and u

deionized water eolumn. For the purpose of this experiment. the fccd eolumn eontuined

the sample whieh eonsisted of 10 mmol/L of the ehoscn metal sullàtc eatalyst dissolvcd

in aqueous solution. The regeneration eolumn eontuined the cluant • a solution of sulfurie

acid in water (1 M). Flow rates were maintained constant at 120 mL/min and driven by

eompressed nitrogen lines eonneeted to the tops of eaeh storage eolumn. The dcionized

water and sulfurie aeid solution enter the top of paeked eolumn (downstroke) while the

metal sulfate feed solution enters at the bollom (upstroke). Valves are adjusted to allow

for the appropriate flow configuration.

The experimental procedure includes three cycles; rinse. separation, and

regeneration cycles.

• Rinse Cycle: The paeked eolumn is rinsed before eaeh separation and

regeneration cycle. Approximately 75 mL of deionized H20 is passed through the

column during this stage.

• Separation Cycle: The desired amount of the cuprie sulfate solution is upstroked

trough the eolumn. Samples of around 50 mL are taken at the exit of the eolumn.

During this stage the metal cation is exehanged with H+. The exehange metal cations

are bound to the matrix and retained on the eolumn.
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• Regeneration Cycle: The sulfuric acid cluant is dowl1stroked through the colullln

to recover the bound cupric cations. Duril1g this stage Il' is exchanged with the Illetul

cation. 50 IllL salllples are taken. Sufticiel1t clulll1t is passed Ihrough Ihe colullll1

until ail catalyst is rellloved l'rom the COIUIllI1.
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CHAPTER5

RESULTS AND DISCUSSION

ln this chapter the results of the cxperimental program are presented and

discussed. The first section of this chapter accounts for the results l'rom catalyst

scrcening cxpcrimcnts and includes a discussion of thc cffects of diffcrent catalysts on the

rcduction of COD and total solids. Thc results from thc second phase of the experimental

program are prcsentcd in Section 5.2. In this section, the effects oftemperature, pressure

and catalyst concentration on the COD reduction and total solids reduction are discussed.

Both experiments with and without the catalyst are compared. The final section presents

the ion exchangc column results for the recovery of the most suitable catalyst tested.

ln Appendix B, Table BI presents a complete listing of all experiments, showing

operating conditions and other pertinent parameters.

5.1 PHASE ONE EXPERIMENTAL RESULTS: CATALYSTSCREENING

These cxperiments were conducted as described in Section 4.5.1 using 10 mmol

catalyst per liter waste effluent before pressurization. AlI catalysts were soluble in water

at room temperature.

AlI experiments were analyzed using COD and total solids reduction. For

sclected experiments, an organic and inorganic solids analysis was performed.

5.1.1 Effect of Catalyst on COD Reduction

Figure 5.1 shows the effect of different catalysts on the percent COD reduction

under similar operating conditions (see Table CI in Appendix C).
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Improvement in the degree of oxidation was exhibited when using cobalt sulfate,

aluminum sulfate, silver sulfate and the copper (II) species. The best reduction was

achieved when cupric sulfate was used. The results show that without a catalyst, the

COD Reduction was found to be 76.5% while the use of cupric sulfate yielded a 97.6%

COD reduetion.

Cobalt sulfate, aluminum sulfate and silver sulfate a11 had varying degrees of

improvement for the oxidation of the TMP sludge. Amongst these, silver sulfate, a

eatalyst used to aehieve complete oxidation in COD measurement methods, yielded the

highest COD reduction of 87.7%. This reduction is signifieantly less than that obtained

when using the eopper containing catalysts.

Figure 5.1 also ineludes the COD reduction the presence of CuO which is

insoluble at room temperature. This experiment was performed by Volstad (1994) while

screening helerogeneous metal oxides under similar operating conditions. Table 5.1

shows the reduction in COD results obtained by Voistad when using the various oxides of

the metal salts (a11 experiments were performed at conditions similar to the method

presented in Section 4.5.1 except that the amount of eatalyst used varied according to

surface area).

• Metal ox.de mh.b,ts ox,dal.on reacllon al expenmenlal condlllons lesled.

Table 5.1

COD Reduction Using Metal Oxides (Volstad, 1994)

Metal Oxide Catalyst Moles of Metal Oxide Addcd % COD Reduction

Per Litre (mmoIlL)

CuO 10 96.3%

C030 4 3.4 76.6%

Fe203· 1.7 74.7%

A120 3• 3.2 73.4%

Mn02· 94.7 49.2%
. . ..

•
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As mentioned in Chapter 2. cupric oxide otlèred the best improvement (96.3%)

over other metal oxides tested. It should be noted that unlike the other homogenous

catalysts. eupric oxide became soluble at higher temperatures and remained partially

soluble after cooling. This behaviour would demand a series of separation techniques for

the reeovery of the partially soluble copper (Il) (one for the recovery of CuO and another

for the recovery of soluble cupric cations).

Figure 5.1 also shows that thc addition of ferrous sulfate and munganesc sullhte

had negative effects on the COD reduction. These results arc in ugreement with the

results obtained by Voistad (1994) when using their respective oxides. ulthough the molar

amounts of the oxide catalyst used were different. The molar quuntities vuried in order to

maintain a constant catalyst surface area throughout the experiments.

Under these experimental conditions. ferrous sulfate oxidizes l'rom a 2+ state to

3+, resulting in the production of ferric oxide and ferric sulfate (aq.). This reaction

consumes oxygen. However. the amount consumed is ealculated to be only 77 mg/L and

consequently does not contribute to the observed inhibition.

Statistical Assessment ofReslIlts:

The following is a statistical analysis to distinguish between differcnt pairs of

results and thus rank the catalysts.

To deterrnine the reproducibility of the results, three replicatcs were perforrned for

experiments with no catalyst and with cupric sulfate. The COD reductions for the

individual experiments are shown in Table 5.2 (see Appcndix C, Table CI).
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TABLE 5.2

Rcproducibility of Rcsults

Experiment Catalyst Tm.. Pm.. %COD

(*) (oC) (MPa) Reduction

12 None 212 11.34 76.2

13 None 212 11.44 76.4

16 None 212 11.44 76.8

02 CUS04 211 11.17 97.3

012 CUS04 214 11.72 97.8

021 CUS04 212 11.58 97.8

• See Appendlx B

The 95% confidence intervals for the ensemble means with no catalyst (Ilnone) and

with cupric sulfate (Ilcuso<) are:

75.71::;; Il''H'' < 77.22

96.91 ::;; 1l('~I'I) < 98.3,

(5.1)

(5.2)

•

To distinguish between the effect of different catalysts, it is assumed that the

variance occurring from one experiment to the next is the same. For the experiments

without catalyst the variance is 0.0933%, while for the experiments with cupric sulfate

the variance was 0.0833%. Comparison of these variances with a null hypothesis of

cr/=cro2
, shows that they are not significantly different (see Appendix E). Consequently,

the aforementioned assomption is valid.

This assumption enables the analysis of the experimenta1 results by pooling the

variances and testing the ensemble "means" (see Appendix E). Il can be shown that when
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the difference between two experiments is Icss than 1.28 %. then they arc statistieally the

same (a=O.05).

By comparing the COD reduction for ail of the experiments. the best catalysts arc

found to be those containing copper (II). Table 5.3 shows the ranking of the catalysts

tested according to the aforementioned assumption.

• Inhlb,ts oXldatlon reacllon at expeClmental condItIons tested•

TABLES.3

Ranking of Catalysts

Rank Catalyst % COD Reduction

1 Cupric Sulfate 97.6

Cupric Acetate 96.6

Cupric Oxide 96.3

Cupric Chloride 95.5

5 Silver Sulfate 87.7

6 Aluminum Sulfate 81.8

Cobalt Sulfate 81.1

8 Ferrous Sulfate* 75.6

Manganese Sulfate* 74.7

.. ..

•

•

Effect ofthe Anion:

Cuprie sulfate, cupric acetate, and cupric chloride were tested to determine the

effeet of the anion. According to the developed statistical criteria. only the sulfate and

chloride anions resulted in statistically different COD reductions within this group

(difference> 1.28%).

After the cupric chloride experiment, it was observed that the reactor had

undergone severe corrosion. In particular, the surfaces of the \id and bomb whieh form

the seal had to be refinished before further experimentation could be performed. This

severe corrosion can explain eupric chloride's poorer performance when compared to the
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results obtained using eupric sulfate. Under aeidic conditions, chloride is extremely

corrosive toward metal surfaces. Consequently, the corrosion of the stainless steel reactor

results in the production of FeJ
+. According 10 Volstad (1994) ferric oxide, which

becomes partially soluble at these reaction conditions, was found to inhibit the degree of

oxidation during WAO. As a result, the cao reduction is lower. Thc corrosive nature of

CuCI2 Icavcs the catalyst undesirable for WAO.

Although cupric acctate rcsults in COD rcduction comparable to cupric sulfate, it

has an additional drawback. Thc addition of acctatc will add to the ovcrall organic load,

increasing the COD and thus requiring furthcr trcatmcnt. The cffect of acetate on thc

initial COD through the addition of 10 mmol cupric acetate per litre of sludge, increases

thc COD by 640 mg/L or 1.6%. Consequently, in an industrial setting, the addition of

cupric acetate would not be practical as a catalyst for WAO.

The eITect of the three anions testcd on the degree of oxidation is almost

negligible. Consequently, it can be concluded that thc principal active catalytic

component is the cupric cation. According to the COD reduction and the aforementioned

disadvantages associated with CuCI2, Cu(CHJCOOh, and CuO, the best catalyst is

CUS04'

Sources ofError:

Although the variance betwecn experiments is relatively low, the following is a

discussion of the sources of error resulting from experimentation and chemical analysis.

As mentioned in Chapter 4, one source of error comes from the COD method

Standard 5220.C (Standards Method Committee, 1990) which states a standard deviation

of 4.8 to 5.6% for synthetic sampIes. Thrce replicate COD measuremenls were

conducted for experiment "02" (see Appendix C - Table Cl). The results were 1120,

1090 and 1070 mg/L which corresponds to a standard deviation of 27.6 mg/L or 2.5%.

The variance reported in the statistica1 analysis section for the three replicate experiments

is 0.0833%, but refers to the percent COD reduction - not the COD. Consequently, the

variance due to the Standard 5220.C COD measurement converted to percent COD
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reduction is 0.0048%. which is much less thnn 0.0833% (sec Appendix E). Thc

remaining portion or error musltherefore come Irom the WAO e:-.:perîmentnl procedure.

The most important source of error is l'rom the control meclmnism of the reuctor.

As mentioned. the heater is turned off nt set temperatures in order 10 nchieve n desired

maximum operating temperature. T,lU,,' For three identicnl f;:-.:perimenls using CUS04'

Tmax varied l'rom 211-214°C. An experimenl which penks lit 214"C will remain ubove

200°C for appro:-.:imately five minutes longer then an e:-.:perimenl pellking nt 211"C. In

the most extreme case the two e:-.:periments wilh Tnn,,=211"C and the other nt 214"C result

in a COD difference of around 200 mg/L ouI of 1000 mg/L. i.e. 20%. Consequently. Ihe

error associated with the experimental melhod conlribules signiliclInlly to Ihe overall

error.

Other less significant sources of error arc: measuremenl error for the volume of

sludge (+/- 5 mL would affect the initial COD load by +/-200 mglL or +/- 0.5%).

measurement error for the amount of catalysl added (+/- 0.005 g). and error l'rom Ihe

pressure gauge (+/- 0.034 MPa). In Section 5.2. it will be shown Ihal Ihe effecl of the

error arising l'rom the mass ofcatalyst added and pressure readings arc negligible.

5.1.2 Effect of Catalyst on Total Solids Reduction

Figure 5.2 shows the eITect of different catalysts on the reduction of total solids.

which is the sum of the dissolved and suspended solids. The untreated sludge had a total

solids content of 40.18 gIL. of which 2.00 glL were dissolved solids and 38.18 glL were

suspended solids. The largest total solids reduclion occurs when using cupric sulfate.

which coincides with the results of the COD reduction. The reduction in total solids

without catalyst was 85.3% while with cupric sulfate the reduction was 95.6%. The total

solids after treatment when using cupric sulfate was found to be 1.79 glL which is

equivalent to 0.179% solids content (see Appendix C - Table C2). The original untreated

sludge had a solids content of4.02%.

Other eatalysts showed varying degrees of improvement in the destruclion of

solids relative to the non-catalyzed experiment. Only MnS04 inhibited the reduction of
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solids. The rnnking of the cutulyst uccording to totul solids reduction is the sumc ns thnt

presentcd by the COD unulysis. except for FeS04 whieh showed nn improvement or

upproximutcly 4% over non-cutulyzed runs.

An unulysis of the inorgunic und orgunie eomponcnts for untreuted sludge. trented

sludge without u cutulyst. und treuted sludge using euprie sullÏlte is presented Inter in

Section 5.2.1.

Afier compuring the COD und the totnl solids reduction lor experiments using

diITerent homogenous cutulysts. it cun be conc\uded thnt cntulysts eontuining copper (11)

offer the best improvement over the olher metul sults. Cuprie sullilte does not udd to the

orgunic load (unlike Cu(CH3COOHh). it is completc\y soluble ut Ihe eoneentrutions

tcsted (unlike CuO) and il docs not signiticuntly increase the corrosion of the reaelor

(unlike CuCI2). Consequently. eupric sulfate was chosen as the eatalyst for lilrther

experimentation.

5.2 PHASE TWO EXPERIMENTAL RESULTS: CHARACTERIZATION

The second phase of experimentation consists of a charncterization of the extent

of improvement using the best catalyst. cuprie sulfate. compared to experiments wilhout

eatalyst. The pararneters which were varied include maximum opernting tempernture

(164-315°C). maximum opernting pressure (4.38-15.44 MPa). catalyst concentration (0­

20 mmollL) and 1er .. ,. ~ reaction time atthe maximum operating temperature (5 and 60

min). Ail samples Wt ..· tested for COD. while sclectcd expcriments were anulyzed for

solids content. acetie aeid concentration and totul orgunic carbon (TOC).

5.2.1 Effect of Reaction Time on COD Reduction

Initial expcrimentation was pcrformed to understand the eITect of \ength of

reaction time at the maximum tempcrature on the COD reduction for expcriments with

and without cupric sulfate. Table 5.4 shows the COD reduetion afier opcrating for 5 and
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60 minutes at the maximum operating temperature. For these four experiments, the

maximum operating pressure was kept between 11.17 to 11.72 MPa (sec Appendix B).

TABLE 5.4

Effeet ofTime at Tmu

Experiment (CUS04J Tm1l1 Time atTmll, % COD

(.) (mmoIlL) ("C) (min) Reduction

12 0 212 5 76.2

012 10 214 5 97.8

7 0 214 60 87.0

01 10 215 60 99.5

• See Appendlx B.

Experimcnts with increased time at the maximum operating temperature result in

further destruction of organic matter. For experiments without cup~ic sulfate catalyst the

COD reduction improved from 76.2% to 87.0% after one hour at Tma,' For cupric sulfate

catalyzed runs, the cao reduction improved from 97.8% to 99.5%. Finally, the addition

ofCuS04 has a greater effect on the COD reduction than increasing the time at Tma. to 60

minutes.

5.2.2 Effect of Operating Temperature

Reduction ofCOD:

Figure 5.3 shows the effect of maximum operating temperature on the percent

COD reduction while ail other pararneters were held constant (see Table C3 in Appendix

C). The so!id line represents experiments which used cupric sulfate, while the dotted

!ine is for experiments without catalyst. The greatcst improvernent between experirnents

with and without catalyst is around 200°C where the COD reduction increases by

approxirnately 20%.
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Allemperalures gre"ler lhan 21 O"C. euprie sulfale ealalyzed experimenls result in

COD reduclions of grcaler than 97%, while experiments without calalyst only yic1d 90%

reduclion allemperalures greater lhan 300"C.

The increased COD reduclion observed when using cupric sulfate. suggests thal

the catalyst aids the oxidalion of LMW organics like acelie acid. Table S.S shows the

effecl of maximum operating temperalure on the acelic acid concentration wilh and

wilhout catalyst (sec Table C6 in Appcndix C).

TABLE 5.5

Concentration of Acetic Acid at Different Temperatures (P=10.34 MPa)

Exp. Cuprie Sulfate Tm.. Aeetic Acid COD Due to Mcasured

(mmoIlL) (oC) (g1L) Acetic Acid Total COD

(mglL)* (mglL)

16 0 212 3.71 3960 9270

21 0 301 3.16 3370 3720

012 10 214 2.76 2940 890

024 10 301 1.24 1320 1330

• Scc Appcndlx F for calcul.tlon ofthc COD duc to Acetlc ACld.

A comparison of the measured COD with the calculated COD due to acetic acid

for cxperiment "012" shows a discrepancy. in that the .::a1culated COD value due to aeetie

acid is larger lhan lhe measured COD. However. the measured COD results ITom three

experiments performed at the same conditions as those in experiment "012" result in a

standard deviation of only 0.29% (see Appendix E). Consequently, the error is most

likely found in the aeetic acid measurement.

Table S.S clearly shows that increased temperature reduces the quantity of acetic

acid produced in experiments without catalyst. More importantly. comparison of the

concentration of acetic acid for experiments with and without catalyst at the same

temperature demonstrates the effeet of the cupric cation on the selectivity. At 300°C the
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concentration of acetic acid was redueed from 3.16 glL 10 1.24 g/L. The ellpric slIlthte

improves the sclectivity of the WAO reuctions by aiding in the mddation of low

molecular wcight organics.

Tolal Solids Reduction:

Table 5.6 shows the total solids reduction for the sume four experiments Iisled in

Table 5.5 (see Appendix C. Table C6).

TABLE 5.6

Total Solid Reduction at Different Temperlltures (1'=10.34 MI'a)

Exp. Cupric Sulfate Tm.. %.Total Solids % Organie 'Yu Inorganie

Concentration ("C) Reduction Solids Solids

(mmoIlL) Reduction Reduction

16 0 212 85.3 89.3 25.5

21 0 301 95.6 9l!.O 53.8

012 10 214 95.6 97.3 69.5

024 10 301 96.9 98.2 77.5

The reduction of solids by 96.9% (exp. 024) corresponds to a solids concentration

after oxidation of 0.12% solids (wtIwt). The original untreated sludge had a consistency

of 4.02%. With increasing tempemture, the total solids reduction increases for both

experiments with and without catalyst. The effect of the catalyst is morc noticeable at

lower tempemtures (about 212"C) where total solids reduction increases from 85.3%

without catalyst to 95.6% with catalyst.

Table 5.6 also shows that the reductions in organic and inorganic (ash) solids

contents increased with increasing temperature and with the addition of cupric sulfate.

The decrease in inorganic solids due to temperature can be the result of the

decomposition of carbonates to carbon dioxide. According to Gould (1962) the stability

ofcarbonates decreases as temperature increases.
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'1'0 demonstrate the effect of the catalyst on the solids reduetion, Figure 5.4

presents the concentration of inorganie and organie solids for the untreated sludge, treated

sludge without catalyst (exp. 16) and treated sludge with catalyst (exp. 012). This figure

shows that the addition of eupric sulfate causes further improvement in reducing the

amount of ash created. The quantity of inorganie solids deereased from 2.56 g/L to 1.91

g/L without eatalyst and to 0.78 g/L with cuprie sulfate. This implies that more inorganie

carbon is eonverted to CO2 when eupric sullàte is used as a eatalyst.

As expeeted, Figure 5.4 alsoshows that the addition of euprie sulfate reduees the

organie solids content over experiments without eatalyst. The reduction of organie solids

for experiments without eatalyst was 89.3% (4.01 g/L) while with cuprie sulfate it was

97.3% (1.01 g/L).

Analysis of the total organic carbon (TOC) for experiments 16 and 012 yie1ded

values of 293 mg/L and 96 mg/L, respeetively (Table C6, Appendix Cl. The use of

CUS04 resulted in a 67.2% improvement in TOC when eomparing these experiments with

and without catalysl. Il should be noted that TOC only measures the dissolved organie

carbon (liquid phase) and does not aeeount for any organic carbon present as suspended

solids. Consequently, the addition of cupric sulfate causes further reduetion of dissolved

organie solids.

SlImmary

As the maximum operating temperature increases the degree of oxidation during

WAO is improved for both experiments with and without eatalyst. The addition of eupric

sulfate results in improved COD and total solids reduetion, and lower aeetie acid

concentrations over experiments without eatalyst. Cuprie sulfate also reduees the

quantity of ash produeed. The benefits from adding euprie sulfate at 200°C are more

signifieant than the improvement which oecurs from inereasing the operating temperature

to 300uC without a eatalyst.
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5.2.3 Effect of Catalyst Concentration on COD Reduction

The effcct of varying the cupric sulfate concentration l'rom 1-20 mmol/L on the

COD reduction is shown in Figure 5.5 (Appcndix C, Table C4). For these experiments

the maximum operating temperature and pressure were kcpt between 211 to 214°C and

11.17-11.72 MPa, respectively. Figure 5.5 shows that the effect ofcupric sulfate even at

concentrations as low as 1 mmol/L is significunt. The COD reduction undergoes a sharp

increase aller 1 mmol/L of cupric sulfate is added. At the highest concentration tested

(20 mmollL) there were no signs of inhibition caused by cupric sulfate.

5.2.4 Effeet of Operating Pressure

Reduction ofCOD

Figure 5.6 shows the results for experiments with and without catalyst at different

maximum total pressures. For these experiments the maximum operating temperature

was kept between 21 0-21 6°C. AIl other variables were held constant. The maximum

pressure was varied l'rom 4.38 to 15.44 MPa (Appendix C, Table CS). The solid line

represents cupric sulfate experiments whiIe the doted line is for experiments without

catalyst. The total operating pressure includes the partial pressures of water vapour,

oxygen, and carbon dioxide. At 200°C the contribution of water vapour to the total

pressure is 1.55 MPa. Since the maximum temperature is held constant l'rom one

experiment to the next, the total operating pressure is controlled by changing the initial

oxygen charging pressure at the beginning of each experiment (see Appendix A - Initial

Calculations).

The use of the cupric sulfate catalyst shows an improvement on the COD

reduction of approximately 20% throughout the range ofpressures tested.

At the lower pressure (5 MPa) the presence of char was observed. This is due to

pyrolysis which occurs in the absence or reduced concentration of oxygen and results in

the production of char. However, at these lower pressures, the initial oxygen charging

pressure is stilliarger than the theoretical oxygen requirements. At the lowest maximum
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pressure (4.38 MPa) there is 31 % excess oxygen. Consequently. not enough oxygen is

getting into the liquid phase. limiting the rates of oxidation. The solubility of oxygen in

water inereases with increasing pressure (Perry. 1984). With better mixing. the lImount

of O2 entering the liquid phase may be increllsed. lowering the pressure at whieh ehar

forrns.

At higher pressures (Pm~,>6 MPa) the COD reduetion levels 011' around 97.5%.

Since the effect of inereasing the total pressure by inereasing the oxygen partial pressure

becomes negligible. the system is no longer dependent on the solubility of oxygenat the

speeified temperature and catalyst concentration.

Total Solids Reduction

An analysis of the solids content at three different operating pressures is presented

in Table 5.7 (Appendix C, Table C6).

TABLES.7

Total Solids Reduction at Different Pressu\'es (T=200"C)

Exp. Cuprie Sulfate Pres. %Total Solids % OrgllDie % Inorganie

Concentration (MPa) Reduction ~olids Solids

(mmoIlL) Reduction Reduction

16 0 11.45 85.3 89.3 25.5

020 10 5.65 93.7 96.0 59.8

012 10 11.72 95.6 97.3 69.5

016 10 15.44 95.3 97.4 64.4

At the lower pressures (5.65 MPa) the total solids reduction when using CUS04 is

much greater than the flxperiment without catalyst at higher pressure (11.45 MPa). The

effect of pressure is negligible when increasing from 11.72 MPa to 15.44 MPa. which

agrees with the COD reduction results. Consequently, lower operating prcssures can be

used for WAO with cupric sulfate.
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The maximum operating pressure has Iittle affect on the COD reduetion and total

solids reduction at pressures above 6 MPa. At pressures below 6 MPa, the oxidation rates

deereasc due to thc solubility of oxygcn in watcr.

5.2.5 COD Reduction at Highest Maximum Temperature and Pressure

Othcr experiments conductcd whieh of/cr some interest are experimentation at

highest Tmllx and PIllIlX ' Table 5.8 shows two expcriments performed under the most

rigorous operating conditions.

TABLE 5.8

COD Reduction at Highest T mllx and Pmllx

Experiment ICuS041 Tml11 Pmux % COD

(*) (mmol/L) ("C) (MPa) Reduction

12 -control 0 212 II.34 76.2

012 • control IO 214 1\.72 97.8

14 0 310 14.89 9\.9

019A 10 315 15.17 99.1

• Sec Appcnd.x B.

Further reduction in COD at the highest temperature and pressure is due to the

incrcllSe in Tmax only. As demonstrated in the previous section, Pmax does not affect the

COD reduction.

Also, at temperatures greater than 300°C, the degree of oxidation for experiments

without catalyst is less than 92% COD reduction. This is in agreement with results

obtained by Lunn (1992) who observed a maximum reduction of 92% at 320°C after

treating sludge from a CTMP mil\. Lunn used the same experimental apparatus

employed for this thesis. Finally, the addition of cupric sulfate shows greater
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improvement in the COD reduetion than the elTect of increasing thc maximum opernting

tempernture l'rom 212"C to 31 O"C.

5.3 RECOVERY OF CUPRIC SULFATE CATALYST

The following section presents thc rcsults obtaincd for thc l'ccnvcry of cupric

sulfate using a cationic exchangc column. Il should bc notcd tlmt thc objcctive was 10

determine the feasibility of rccovering the coppel' (11) catalyst using ion cxchange. This

part of the thesis was not intended to be an in-depth study on the scparation of eupric ions

by ion exchange.

Two separation and regeneration experiments werc performed. Table 5.9 shows

the results of Iwo separation runs A and B (sec Appendix D). Throughoul thc length of

each experiment, samples of approximately 50 mL were collected as thc cupric sullàte

solution passed through the exchange column.

Table 5.9

Separation of Catalyst

RunA RunD

Sample Concentration Sample Conccntrntion

Volume (mL)* Cu++ (mmollL) Volume (mL)* Cu++ (mmollL)

50-100 0.27 50-100 -0.08

100-150 0.36 100-150 -0.08

150-200 -0.34 150-200 0.53

200-250 0.10 350-400 -0.25

--- --- 800-850 0.10

-- --- 3400-3450 -0.25

• Sample volume: 50-100 mL Imphes that a 50 mL sample was taken after 50 mL of eupne
sulfate had passed through the eo\umll. 100-150 mL implies that 50 mL sample was taken afier
100 mL ofCuSO. had passed through.
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The lolal volume of 10 mmol/L euprie sulfale Solulion Irealed for each run was

275 mL and 5000 mL lor Run A and Run B respeelively. None of Ihe samples recorded

showed signilieanl amounts of Ihe euprie ion. and arc ail wilhin Ihe error associaled with

spectroscopie UIJ il.

Aeeording to Bio-Rad. the AG-50W resin has an exehange eapacily of 1.7

milliequivalents per milliliter of hydrated resin (E,). Consequenlly. Ihe lolal exehange

eapaeily (ET) ean be ealeulaled by'

E,. = E,. xV, (5.3)

•

•

wherc V, is Ihe volume of Ihe hydraled resin (300 mL). As a resull. Ihe total exehan~~

capaeily is 510 milliequivalents or 0.510 moles of cuprie ion. After treating :, L of 10

mmol/L euprie sulfate solution. 50 mmol of cupric ions had been reta:ned in the bottom

portion of Ihe eolumn (Ihe eolour changed from its initial reddish·brown to a dark blue

eolour). This is significantly less Ihan Ihe tOlal exchange eapacity and thus aecounts for

the negligiblc amounls ofcuprie sulfate found in Ihe results. A tolal exchange eapaeity of

510 milliequivalenls implies that over 50 L of the cuprie sulfate solution eould be

Iheorctieally trcated wilh Ihis laboratory beneh top exehange column.

Table 5.10 shows the rcsults during the regeneration cycles. Run C and Run D

arc the respective rcgeneration cycles associated with the separation runs A and B (see

Appen~ix D).
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Regenerlltioll of Clltlllyst

RunC Run \)

Sample Concentrlltion SlImple Concentrlltion

Volume (mL) CH Volume (mL) C ..u (mmoIlL) Il (mmoI/L)

50-100 48.61 0-100 261.46

150-200 2.98 100-152 195.03

250-300 -0.34 152-209 103.68

--- --- 209-267 63.47

--- --- 267-341 39.78

--- --- 341-429 17.40

--- --- 429-527 7.79

--- --- 527-750 0.36

For Run C, the cupric sulfate catalyst was fully rccovered aller only 250 mL of

sulfuric acid (lM) had passed through the column. The large majority of the catalyst was

recovered in the first 100 mL of the cluant. During Run D, the cupric sulfate catalyst was

recovered after 750 mL of sulfurie acid Cl M) had passcd through the co\umn. Figure 5.7

plots the concentration of the cupric ion in each rcgencration stage sampie versus the

cumulative volume of the samp\es.

Figure 5.8 shows the results of a mass balance for Runs Band D (sec Appendix

D). In this figure the percent mass of the cupric ions recovered is plotted versus the

cumulative regeneration sample volumes. The mass of the cupric ions enlering the

packed column during the separation stage. Min' is 3.18 g. Thc mass of the cupric ions

recovered during the regeneration stage, Mnut' is 3.25 g. The difièrence bctween these

two values is 2.2%, which is less than the error associated with the spectroscopie rnethod.
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Summary

These results show that AG 50W-X8 is an efTective cationic resin for the removal

of cupric ions from an aqueous solution of cupric sulfate. Further tesls using the WAO

treated pulp mill sludge arc scheduled to be performed in Scptember, 1995.

The eluant containing the recovered cupric sullàte catalyst can then be retumed to

the WAO system. Residual sulfuric acid still remaining in the exiting eluant stream

should improve the conditions under which WAO occurs. If desired, the HZS04 can be

neutralized with lime prior to retuming to the \VAO reactor.

5.4 SUMMARY OF RESULTS:

• The addition of copper (II) species results in the best improvement. in the degree of

oxidation over other catalysts tested according to COD measurements and total solids

analysis. CUS04 was used for further experimentation because it does not add to the

organic load ofthe sludge and it does not cause noticeable corrosion.

• The addition of CUS04 has a greater effect on the COD reduction than increasing the

time of reaction atthe maximum operating temperature from 5 to 60 min.

• As the maximum operating temperature increases there is greater reduction in COD.

The greatest improvement due to the addition of CUS04 occurred at approximately

200°C. The COD reduction without catalyst was 76.5%, while with CUS04 97.6%

COD rcduction occurred.

• The effect of maximum operating pressure has negligible effect on the COD reduction

when Pm",,~6 MPa. At pressures lower than 6 MPa, the production of char is

observed and the COD reduction decreased.

• The effect of catalyst concentration of the COD reduction is negligible at

concentrations greater than 5 mmol/L. At lower concentrations, COD reduction

decreases with decreasing catalyst concentration.
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• AG SOW-X8 is an effective resin for the rCl1loval ofCuH
• CUS04 ean be rceovcred by

this ion exehange rcsin and reuscd for WAO.
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CHAPTER6

CONCLUSIONS

The degree of oxidation of TMP sludge during wet air oxidation is significantly

improved with the use of copper (II) species such as cupric sulfate, cupric aeetate, cupric

oxide or cuprie chloride. Several other metal salts; ferrous sulfate, aluminum sulfate,

silver sulfate, cobalt sulfate, and manganese sulfate were also tested but showed poorer

results for the reduction of COD than the copper (II) species. The best result from the

screening experiments showed that when using CUS04 there was 97.6% reduction in the

COD occurred compared to 76.5% without cat:<lyst at the same conditions. Cupric

sulfate was used for further experimentation because it offered the least adverse effects

(less corrosion than CuC12, completely soluble unlike CuO).

As the maximum operating temperature increased, the degree of oxidation

increased. The effect of CUS04 is the most noticeable at operating temperatures around

200'C. The production of low molecular weight organics decrease with increasing

oxidation temperature and with the addition of cupric sulfate. Analysis of the

concentration of acetie acid showed that the effect of the cuprie sulfate catalyst at lower

temperatures was greater than that occurring at higher temperatures without catalyst.

COD reduction also showed this phenomenon.

The degree of oxidation is not dependent on the concentration of cuprie sulfate

when greater than 5 mmollL. At catalyst concentrations of less than 1 mmol/L, the COD

reduction decreases rapidly.

The maximum operating pressure does not significantly effect the degree of

oxidation when P,,",,>6 MPa. At lower pressures, pyrolysis occurs and the rate of

oxidation is Iimited by the solubility ofoxygen in water.

/\0 50W-X8, an ion exchange resin, proved to be very effective for the recovery

of copper (Il) cation. Results showed that almost 100% of the copper used Clin be
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recovercd during ion cxchange sepamlion. Regeneration with 112S04 ubslraels the cupric

calion, which results in lhc complele regeneration of lhe cuprie sulllite cutalysl.
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INITIAL CALCULATIONS

A.IINITIAL CHARGING PRESSURE

70

Prior to each experiment, the initial charging pressures must be determined so that

the desired total operating pressure is achieved during the experiment and so enough

oxygen is present for complete oxidation. The initial charging pressure depends upon the

opcrating tcmperature and pressure, and the volume ofwaste effluent.

First, the desired maximum temperature (T) and pressure (1') is chosen.

Choose a volume of effluent (Vc) such that the system will remain in the two

phase region. The aqueous phase should not be allowed to evaporate completely,

• otherwise the organic compounds will bum. This is done by referring to a standard steam

table. First ofail, the specifie volume of the effluent (vc) is;

V,
v =--'-­
, P, x V,

(A.I)

•

where Vc is the volume of the waste effluent, Pc is the density of the effluent (0.9985

kglL) and V, is the volume of the bomb (1.4 L). The value for the specifie volume of the

effluent should be checked by using vapour-Iiquid phase data for water as a guide \ine.

The assumption that the specifie volume of effluent is comparable to that of a pure water

system is weak, eonsequently, the value should be weil within the two phase specifie

volume limits for 8 20 at the maximum operating temperature. Otherwise a new volume

should be ehosen.

At the specified desired maximum temperature obtain the partial pressure of

vapour (Pw)' Subtract the vapour partial pressure from the total desired pressure (P). This
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is the partial pressure component duc to oxygen (p,,) and carbon dioxide (Pc) and can be

expressed as;

PIII' = P- Pli' (A.2)

where Poc= Po + Pc' The contribution l'rom the partial pressure of carbon dioxide is

assumed to be negligible. Consequently. one can determine the initial oxygcn c\mrging

pressure (Poi) by using the ideal gas law such that;

(AJ)

•
where Ti is room temperature and T is the desired maximum tempcraturc. The previolls

assumption and that of idealiality have shown to be valid for the calculation procedurc.

A.2 THEORETICAL OXYGEN REQUIREMENTS

Before proceeding, one must check if enough initial oxygen is present for

complete oxidation of the organic and inorganic matter. The theoretical amount of

oxygen required can be expressed as a function of the COD and mass;

M" = COD x V, (A.4)

where Mo is the mass of oxygen (mg), Vc is the volume of waste effluent (L), and COD is

the chemical oxygen demand (mg/L) of the waste effluent. The specifie volume of O2

(vo) is defined as;

•
V, -V,

V,,= M
"

(A.5)
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where V, is the total volume of the bomb, whieh is lA L. Consequenlly, the theorctical

initial oxygen charging pressure (Pin) is:

R X 1;
l',,, =-1'-

"
(A.6)

where R is the gas constant. This value. Pin' should bl: eompared with the initial charging

pressure, Pni' obtaincd according to the desired operating conditions. Through

experimcntalion. it was found thal at least 80% exeess oxygcn was ncccssary 10 avoid

pyrolysis. This is duc 10 solubility limitutions which is discusscd in Chapler S.

Consequenlly. for more complcte oxidation:

•

•

(A.7)
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LISTING OF OPERATING CONDITIONS FOR ALL EXPERIMENTS

•
mmal InlUlll

Exporlmonl C'lalysl Oxygen lug')n Pmu Tona. nmeat Ve %Excess

P~"::, PniSure Tmu Oxygen riotes
MP, IMP"I IMP,' IdeoCI Iml;;' Imll

1 none 1.03 4.55 15.17 250 60 800 10.0 char fonnation
2 none 4.48 1.10 12.61 255 60 8DD 20.0 challormalioo
3 none 5.51 0 10.20 220 60 800 26.8 challormalioo
4 none 2.07 5.45 10.06 211 60 400 63.5 Iess cr.ar lormed. IN
~ none 3.58 0 9.82 249 60 400 183.5 IN
6 none 3.66 0 10.75 249 60 400 192.5 HV
7 none 5.72 0 11.24 215 60 400 346.5
6 none 0.97 0 11.10 301 60 175 105.0 HV
9 none 5.72 0 1427 250 60 400 192.5
10 none 3.58 0 10.75 251 0 400 192.5 HV
11 none 3.58 0 11.17 256 60 400 192.5 HV
12 - none 5.72 0 11.34 212 0 400 346.5
13 none 5.72 0 11.44 212 0 400 346.5 HV
14 none 2.31 0 14.89 310 0 400 64.0
15 ---- none 3.45 0 7.56 216 0 400 111.5 smaD amount of char forma'm

--1-6-- none 5.72 0 11.44 212 0 400 346.5
17 none 7.93 0 15.« 214 0 400 521.5
18 none 2.36 0 5.66 214 0 400 64.0 challormalioo--19- none 3.45 0 7.10 215 0 400 171.5
20 none 7.10 0 9.79 164 0 400 430.0 p1ugged pressure gauge
21 none 0.97 0 10.34 301 0 175 105.0

--Oi-~---- 10minouL cupric sutfate 5.72 0 11.17 215 60 400 3465
02 10 mmoUL Cl/prie sulfate 5.72 0 11.17 211 0 400 346.5

- 03 10 mmoUL cobal1 sulfat. 5.72 0 11.37 212 0 400 346.5
04 10 mmoûL manganesse sutfate 5.72 0 11.31 208 0 400 346.5
:.~ 10 mmoIn.. aluminum sulfate 5.72 0 11.03 212 0 400 346.5
06 10 mmolJL terrous sutfate 5.72 0 10.98 208 0 400 346.5

--07----'0mn-.oûL cupric acetate 5.72 0 11.62 214 0 400 346.5
08 1 mmoUL Cl/prie_e 5.72 0 11.58 214 0 400 346.5 severe corrosion obsefved
09 10 mmoUL silver suifaI. 5.72 0 12.03 214 0 400 346.5

010 10 mmoUL Cl/prie_ 5.72 0 11.37 213 0 400 346.5 cooos.ion lesS severe than in Exp 08
011 1 mmoUL Cl/prie suifaI. 5.72 0 11.58 214 0 400 346.5
012 10 mmoUL Cl/Jl!ic: sulfate 5.72 0 11.72 214 0 400 3465
013 10 iïiiilôL\. Cl/poe sulfat. 3.45 0 7.51 212 0 400 171.5
014 5 mmoUL Cl/prie sulfale 5.72 0 11.44 212 0 400 3465
015 2D mmoUL Cl/prie sulfal. 5.12 0 11.65 214 0 400 346.5- 016 ID mmoUL cup<Ie sulfal. 7.93 0 15." 213 0 400 521.5
oH" 10 mmoUL cup<Ie sulfale 3.72 0 11.24 258 0 400 192.5
016 10 mmoUL cup!!c sulfale 5.72 0 11.31 206 0 400 346.5 Ioss of ptessure (lea>agP1

0191 10 riYï1ôOC OJpric sutfate 2.34 0 15.17 315 0 400 640
019b 10 mmoUL cup<Ie sulfate 062 0 11.58 315 0 175 32.0
o2D le mmoUL CUOOC sulfate 2.38 0 5.72 212 0 400 64.0 smaI atllOUll 01 challormation
021 10 mmoUL cup<Ie suIfala 5.72 0 11.58 212 0 400 346.5
022 ID mmoUL cup<Ie sulfate 7.03 ~ 11.68 164 0 400 4301.0
023 10 mmoUL cuonc sulfate 1.62 0 4.38 210 0 4DD 31.0 chal1oonation
024 10 mmoUL cup<Ie sulfate 0.97 0 11.31 3Dl 0 175 105.0

°HV_---" by Hans VOISliIO (1"')
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PHASE ONE: SCREENING TESTS

Average
76.5

Average
97.6

76.2.76.1
76.4

75.5,78.1

79.8.82.3
74.7
81.8
75.6

96.5,96.6
87.7
95.5

~7.2, 97.3, 97.3
97.8
97.8

,9563
439
.8740

7049
108

281
748
,1369

934
799
092, 1068
87
90

·-·Exp - ·CataiYSf'---Tm-âX -Pmax Pir-l-~--C
_ .. _._ _. __.__._ (de9~'- .(~Pal (m_---._+'-r- ______ ,___~_

03 CoS04 212 11.37 2.65 8056,
04 MnS04 208 11.31 2.57 10
05 AI2S04 212 11.03 2.3 7
06 FeS04 208 10.98 2.24 9
07 CuAcetat 214 11.62 3.80 1397
09 Ag2S04 214 12.03 2.60 4

. 01"Q..... CuCI2 213 11.37 4.31 1
02 -CuS04 211 11.17 4.01 1123,1
012 CuS04 214 11.72 4.28 8
021 CuS04 212 11.58 4.13 8

··-12- None 212 11.34 2.47 9538
13 None 212 11.44 2.64 9
16 None 212 11.44 2.51 9800

Ta.~I~.Ç_t:_E.f!e_c.t~LC_at@JY.!5-.LoJ:l CQJ)_Rf!!iJJ~!I~1}
T-200degC. Pl'll10.34 MPa, [catalystJ=10mmoI/L, Excess Oxygen=346.5%, Ve=400ml

OO----r% Reduction

9~~l.. . ------i

• Jable C2: Effect of Catalyst on Solids Reduction
T=200degC. P=10.34 MPa, [catalyst]=10mmoIlL, Excess Oxygen=346.5%, Ve=400ml

•

EXp Catalyst Tmax Pmax Total % SoUds Total %019· Total % Inorg.
Solids Red. Organlc Red. Inorganlc Red.

~gC) (MPa) (mg{h) (mg~) (mg/L)

03 CoS04 212 11.37 5946 85.2% 5010 86.7% 936 63.4%
04 MnS04 208 11.31 6355 84.2% 5501 85.4% 854 66.6%
05 AI2S04 212 11.03 4630 88.5% 4033 89.3% 597 76.7%
06 FeS04 208 10.98 4297 89.3% 3789 89.9% 508 80.2%
07 CuAcetate 214 11.62 2614 93.5% 1511 96.0% 1103 56.9%
09 Ag2S04 214 12.03 3687 90.8% 3515 90.7% 172 93.3%

010 CuCI2 213 11.37 - - - - - -
02 CuS04 211 11.17 - - - - - -

012 CuS04 214 11.72 1786 95.6% 1003 97.3% 782 69.5%
021 CuS04 212 11.58 - - - - - -
12 None 212 11.34 - - - - - -
13 Nana 212 11.44 - - - -- - -
16 None 212 11.44 5915 85.3%· 4007 89.3% 1908 25.5%

.....Slud9~ nIa nia nia 40180 nia 37620 nia 2560 nia



• PHASE rwO: CHARACTERIZATION

Table C3: Effect of Temp-eratur~Lon_G..çt[)J~.EJctuçtl(m
P=10.34 MPa, [Cuprlc sulfato]=10mmol/L

-·----:iîf7---- -0- : •• _4~o.l~~~_·~-390

8 '0 97~2; '97:3;'97":3 346.5 400
97.8 346.5 400
97.8 346.5 400

----- ·'9-8~5'----- - -192.5400
96.7 105 175

• 0 9~~1 ,. __....._._ ~l .._.1.~5_

Exp Tgoal TmaxJYma') 1 PHI-------cob~uu --
(dogC) (degQ) MPa J,!!g~L~. __.

Wlth Catalyst -c------ -~---

022 150 164 11.68 2.33 29303
02 200 211 11.17 4.01'1f2~f09~C"f()6
012 200 214 11.72 4.28 887
021 200 212 11.56 4.13 890
017 250 256 11.24 4.31 581- 00

'

024 300 301 11.31 4.17 1330
0198 315 315 11.58 4.89 360

WlthoufCatalyst
L ____ --->-

2'0*-- 150 164 9.79 2.49 28869--
12 200 212 11.34 2.47 9538~9-5if3~

13 200 212 11.44 2.64 9439
16 200 212 11.44 2.51 9800.8740
10 250 251 10.75 3.11 4803
21 300 301 10.34 3.89 3720

--

·Pressure gauge plugged around T=110 celcius, and popped later giving Pmax=9.79 MPa

•
Table C4: Effect of Catalyst Concentration on COD Reduction
T=2DOdegCt P=1D.34 MPat Excess Oxygen=346.5%t Ve=400ml

Exp CatalyslJ Tmax Pmax pH COD % Reduction
Conc. (degC) (MPa) (mg/L)

(mmOriL)1 -

12 0 212 11.34 2.47 9538,9563 76.2,76.1
13 0 212 11.44 2.64 9439 76.4
16 0 212 11.44 2.51 9800.8740 75.5,78.1

011 1 214 11.58 4.28 2837
-f-------

92.9
014 5 212 11.44 3.90 1217 97
02 211 11.17 1123. 1092,1068---~~----10 4.01 97.2, 97.3. 97.3
012 10 214 11.72 4.28 867 97.6
021 10 2121 11.58 4.13 890 97.6
015 20 214 11.65 827

_._------
3.67 97.9

Average
7.1).5

Average
9I.!~

•



• Table cs: Effect of Total Pressure on COD Reduction
i;'2iloïieiiC~[Clïpriciïiiifllte~10mmoI/L, Ve=400nli--- ...- _.

76

·-'31.00
84.00

171.50
346.50
346.50
346.50
521.50

-3-:-20 -,-----,3908---.- ---9b~2---

3.72 1376 96.6
3.44 1260 96.8
4.01 1123.1092.1068 97.2,97.3,97.
4.28 887 97.8
4.13 890 978
4.17 1085 97.3

-~~~J}Jg::J~~:Ç)[r~~[?H-J---~~;~~~~~~[~~~eductlon ~~~~:~s
......!!hC.lI.t!IY~ _

023 4.14 210 4.38
020 5.17 212 5.72
013 6.89 212 7.51
02 10.34 211 11.17

012 10.34 214 11.72
021 10.34 212 11.58
016 13.79 213 15.44

8 -5.17--214 -5.86 2.41 '9016---- --77.5 84.00
5 6.89 216 7.58 2.43 7000 8_2-,-5~ 78.3 171.50
2 10.34 212 11.34 2.47 9538.9563 76.2,76.1 346.50
3 10.34 212 11.44 2.64 9439 76.4 346.50
6 10.34 212 11.44 2.51 9800.8740 75.5,78.1 346.5~1
7 13.79 214 15.44 2.72 4314 80.9

1

521.50

Wlthoui Catalyst
--1-

1
1
1
1
1

_Table C6: Analvsis of Solids
~oial, Organlc and Inorganlc SoUds; Acetlc Acld: Total Organlc Carbon (TOC)

-" Catalyst Tma~( Pmax Total % Solids1 Total %Org. Total % Inorg. Acetlc TOC·Exp
SoUds Red. Organle Red. Inorganic Red. Acid

,- l!!!g~) (MPal (mg/LI (mg/LI (mg/L) (mg/LI Img'.Ll

Siudge None nia nia 40180 nia 37620 nia 2560 nia 314 63
21 None 301 11.34 1781 95.6% 741 98.0% 1184 53.8% 3164 118
024 CuS04 301 11.31 1243 96.9% 667 9B.2% 576 77.5% 1243 72
16 None 212 11.44 5915 85.3% 4007 89.3% 1908 25.5% 3706 293

012 CuS04 214 11.72 1786 95.6% 1003 97.3% 782 69.5% 2760 96
020 CuS04 212 5.72 2549 93.7% 1521 96.0% 1028 59.8% 2551 104
016 CuS04 213 15.44 1885 95.3% 974 97.4% 911 64.4% 2652 97

• TOC only maasures organic carbon in aqueous phase

•
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APPENDIX D

SPECTRO$COPIÇ_~_~A~.Y_SUtO~ IO~ __EXCH.ANGED .$~'JJeLE$

§ï..stem ~peclflcatlons:

Method of Sampllng: Roughly 50ml samples were taken at a desired Inlervals.
Sample Solution: 10 mmol/L cuprlc sulfate aoueous solution.
Eluant: 1 M sulfurlc acld solution.
Rlose Solution: De-Ionlzed water.
Flow Rates (ail solution) =120 mi/min or 7.2 Uhr.
Nitrogen Pressure =184 kPa
Volume of Column =300 ml
Void Fraction =40%
Exchange Re~ln: AG 50·X8 crossllnked exchange resln
Exchange Capacity =1.7 mil1lequivalents/mL of hydrated reslil

Figure 0.1 shows the apbsorplion spectrum for a 35 mmol/L solution of cuprlc sulfate.

Figure 0.2 shows the calibration curve for the determinatlon of cupric sulfate.

2.99 261.4589
~.23 195.0253

1."185 103.6792
0.725 63.46941
0.454 39.78059
0.198 17.40297
0.088 7.787587
0.003 0.357517------750 ----------

0.555 48.60927
0.033 2.979895

-0.005 -0.34178

-------'---------

Sample No. RunA Run B
(ABS.) (mMoI/L) (ABS.) (mMoI/LL --

1 0.002 0.270105 -0.002 -0.07955
2 Cr.003 0.357517 -0.002 -0.07955
3 -0.005 -0.34178 0.005 0.532343-
4 0 0.09528 -0.004 -0.25437 i

5 - - 0 0.09528
6 - - -0.004 -0.25437
7 - - - -
8

Total Vol. 275 5000
(ml)

Table Di • UV Visible Spectrophotometer Data for Ion E~~!J;I!19~

Run C ~--~r-R-üiïD--- ---.------
(~~§:L _<!!JMo1!!-L (~~SJ __(~M.QIL~L•

Run A: Separation Stage - 10 mMollL CuS04 passed through the column. SOml samples taken at 75, 125, 175,225m1.
Run B: Separation Stage - same as Run A, except last 3 samples were at 375, 825, 3425ml
Run C: Regeneration Stage. 1 mol/L H2S04 passed through column. Samples at 7S, 175, 275ml
Run 0: Regeneration Stage - same as Run C. Samples at 0.100,150,200,250,350.450.

•
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Figure D.l - Absorption Spectrum for Cupric Sulfate Solutio,~

(concentration ofcupric sulfate = 35 mmollL)
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403020
Cupric Sulfate (mMoI/L)
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Regression Analysis:
Absorption=O.01144(Concentration)-O.0011
R..Square=O.99981

Figure D.2 - Calibration Cur"c for Cupric Sulfate at 80S nm
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D.I MASS BALANCE FOR COPPER

Sincc no copper is generated the mass balance for copper is:

and

and

Mill =V,n.'"ft'II X Cill x GMW

(D.I)

(D.2)

•

•

M011/ = L [GMW x VSAMi x CSAMi ] (D.3)
i=1

where V"oatcd is the volume of CUS04 solution treated, VSAMi is the regeneration sample

volume for sample i, CSAMi is the cupric cation concentration for regeneration sample i,

Min is the mass of copper entering the packed column during the separation stage, and

MuuI is the mass of the copper exiting the column during the regeneration stage. Cin = 10

mmol/L and is the concentration of the prepared cupric sulfate sample. GMW=63.546

g/mol and is the molecular weight of copper.

For runs B and D, Vlronlod=5.0 L. Consequently, Min=3.IS g and Muu1=3.25 g. The

diffcrence between these two values is 2.2%. which is less then the error associated with

the spectroscopie method. Table D.2 shows the values obtained for the mass of cupric

cation recovered (Figure 5.S shows the percent mass of cupric cation recovercd versus

the cumulative regeneration sample volume).
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Tllblc D.2

Mllss of Cupric Cation RcclIvcrcd

SlImplc Conccntrntion of Mllss lIf Cupric l'creent

Volume Cu++ (mmol/L) Clltion ReclIvered Reeovered

(mL) (g) (%)

100 261.46 1.66 51.07

52 195.03 0.64 70.88

57 103.68 0.38 82.42

58 63.47 0.23 89.61

74 39.78 0.19 95.36

88 17.40 0.\0 98.35

98 7.79 0.05 99.84

223 0.36 0.005 \00.00

KI
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APPENDIX E

STATISTICS- SAMPLE CALCULATIONS

ClIlculation of the Variance for Il SlImple:

The variance ofa sampie set is detined as:

2 2 l "'( _)2cr, 5.1, =--IL. X, -X ni
. . 11- ;

where cr2x is the sampie variance, n is the number of experiments, x is the ensemble

mean, and Xj'S are the sample values. For the three replieates using CUS04 at 200°C:

Xi

1 97.3
2 97.8
3 97.8

97.63
X

.1; = 0.0833%

ClIlculation of the 95% Confidence Interval:

Tht' 95% eontidence int.:rval for an ensemble mean is:

- -
x- II_a 12(v.,,-OS. ::s;: J.1.l' < X+ II_a 12(v.II-1)S.

x x

( ')"2S;
where Si = --;;

Thercfore, for the three copper sulfate replicates at 200°C:
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97.63 - 4.303(0.167):5 fI, < 97.63 +4.303(0.167)

96.91 :5 fi., < 98.3

Compnrison of Snmplc Vnrinnccs:

Two snmple variances arc similar il' the hypothesis cr2,,=cr211 is satislied. For Ihe
,

three replicates involving non-catalyzed and catalyzed runs. cr""=0.0933% and

cr211=0.0833% (Himmelblau. 19\10. pg.6S). Therel'ore:

2 2Ho: crA=crU

Cl =0.05

SIC/lislic: FO.97S(2.2) = 39.0

?
s- 00933

CrilicC/IVC/ll/c: -+=' = 1.120
sÏJ 0.0833

Concll/sion: C.v. < Sial.

:. C/cccpl hYPolhcsis

Compnrison ofTwo Ensemble Menns:

If the variances of two samples are the statistically the same. then the ensemble

means can be tested for significance (Ho: Il,,=1l1l) as follows:

Pool the variances:

2 (nA -I)s~ + (n. -I)s;'
s =

P (nA-I)+(n,,-I)

2 2(0.0933) + 2(0.0833)
sp = 2 + 2

s; =0.0883
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From Example 3.6-2 of Hilllmeiblau (1990): when 0'21\"'0'211 a test can be made based on

the hypolhesis ~I\=~II:

a. = 0.05

(
n" + nll )112 112(4)112

Sluli.l'Iit:: 1~ ,,/'v ).1'" =In'l7l(l) (0.0883) -4 =1.279
\1-/2J..u -".,+lIn -2 /l"nu

CriliculVu/lIl!: lx" -.r"/
Cone/II.1'ion: if c.v. < Sial. uccepl hypolhl!.I'i.l'

Therefore any two % COD reduetions are similar if their difference is less than 1.279%.

Conversion of Variance - From COD to Percent COD

As reported in Section 5.1.1 the standard deviation for three COD measurements

for the same experiment was 27.6 mg/L. For the three experiments the variance of

0.0833% refers t'l the percent COD reduction and nol COD. Consequently, the standard

deviation for the three COD measurements must be divided by the initial COD (40,000

mg/L). This yields a standard deviation of 0.069% or a variance of 0.0048%.
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APPENDIX F

ACETIC ACm CONVERSION TO COD

The balanccd oxidation rcaction lor acctic lIcid and oxygcn is:

(F.I)

•

•

Consequently, the oxygen eonsumed in this reaclion can be calculatcd as lollows:

Oxygen Con.l'lImed [mg/Li = I2x12xMas.l' o'Acclic Add) (F.2)
60




