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..\BSTR.\CT

Th~ plll)ll1,'xidatil't1 nf" Th~mh'-\kdl'llli,,11 ( 1'\ 1) rulp ail" J"IJ'~r mil! emll.·nl

with hydrog~n p~rnxid~ (11 2°2) \\as inwstigat~d at dillcr~nt ~xperim"nlal e,'ndili<'ns hy

using a bat~h photo~h.·mical r~act<'f ,'p~rating al a d,'minanl l:\" light \\a\.·knglh "f

253. i nm. Photolysis of 11 20 2 pr"duc~s hydr<"yl radièais (·01 n. whieh arc ".·ry p'l\\~rful

oxidizing sp~cies. The emuent consisted "fa "h~at c,'ndensat.:·· ,'htain.:d fr<'ll1 t,',ic

\'apors gcncratcd dUiing \'arious stages ofth~ pulping proccss. Sc\'c.:ral ~)rc..~rathll1al

paramctcrs \Vcrc varicd and their elli:cts on th.: pr<'cess w~r~ obser\ed and analy/cd. in

order to achic\"e its optimization. In addition. het~rog.~n~lll.:s phot,'catalysts such as cupric

oxide (CuO) \Vere also in\"estigated as a complement 111 the photnoxid:lli,'t1 proc~ss.

The main pararneter used to dctermine th~ quality of the \Vastewater bcl,'re and

after photooxidation \Vas thc Chemical Oxygen Demand (COD). using a c10sed n:l1ux

standard proccdure. COD values ofthc treated solution were d~temlined at subsequent

time intervals and used to draw eun'es iIlustrating the rate of oxidation of the \Vaste\Vater.

Other p=eters. sueh as Oissolvcd Organic Carbon (DOC) and dissol\"ed lignin

concentration. were investigated towards the cnd of the rcseareh in oroer toobtain a morc

complete eharaeterization of the quality of the wastewater aftcr trcatmenl.

The experimental data reveal that therc is an optimal H20 2 concentration that is

bcst suited for the photooxidation of the etllucnt. Morcover. an inerease in temperaturc

aecelerates the rate ofelimination of COD. An increase in etlluent conccntration is

detrimental to the speed of the process. since it causes an increase in its absorbance which

can aet as a barrier against UV light. The cfficieney of the photooxid:ltion proeess is not

affected by variations in the initial pH of the wastcwater. Cupric oxide (CuO). when

exposed to UV light. efficiently catalyzes the production of OH radieals and is therefore

very beneficiai to the photooxidation process.
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La photooxidation d'un dllu~nl prO\~nant d'un moulin " püt~s d pap;~rs d~ typ~

Th~rmo-\lC~aniqu~ (T\I) a\~~ du p~roxyd~ d'hydrosi:n~ 111:0:) a ~t~ ~tlIdi~~ ü

difl;:r~nt~s conditions ~xp0rim~ntales Ù raid~ d'un r~a~t~ur pholü~himiqu~ .i~ Iahoratoire.

dont les lamp~s ~m~tt~nl d~ la lumii:r~ l:V ü un" lonsu~ur d'ond~ dominante d~ 253. ï

nm, La photolyse d~ l'lI:O: s~ni:r~ des r~di~aux hydroxyles (·01-1). qui sont des r~actifs

oxydants tri:s puissants. L'cfllu~nt consistait ~n un "condensat d'~\aporation" ohtenu de

\'ap~urs toxiques g~n':r':~s par difT':rents stages du proc':d': de mise en püte. Plusieurs

parami:tres op':rationels fùrenl vari':s et leurs dTets sur le proc':d': ont ':t': obscrv':s et

analys':s. de façon à j'optimiser. Dc plus. cenains pholOcatalystes h':t':rogi:ncs tels que le

monoxyde de cuivre (CuO) ont':t': ':tudi':s.

Le principal paramètre utilis': pour d':terminer la qualité de l'effluent avant et

après la photooxidation fùt la Demande Chimique en Oxygène (DCO). en se servant

d'une m':thode titrimétrique standard. Les valeurs de DCO de la solution traitée fùrcnt

déterminées à des intervalles de temps subséquentes et utilisées afin de créer des courbes

illustrant la vitesse d'oxidation de l'effluent. D'autres paramètrcs descriptifs. tels que le

Carbone Organique Dissous (COD) ct la concentration cn lignine dissoute. tùrent aussi

analysés vcrs la fin de la recherche afin d'obtenir une eharactérisation plus complète de la

qualité de l'emuent après le traitement.

Les résultats démontrent qu'il y a une concentration optimale de HlOl nécessaire

pour une photooxidation efficace de l'emuent. De plus. une augmentation de la

température fait accél':rer la vitesse d'élimination de la DCO. Une augmcntation de la

concentration de l'emuent affecte négativement la rapidité du procédé. puisque cela cause

une augmentation de son absorbance qui peut ainsi agir comme écran contre les rayons

UV. L'efficacité d'un procédé de photooxidation n'est pas affecté par des variations de pH

initial de l'emuent. II a été observé expérimentalement que le monoxyde de cuivre.

lorsqu'il est exposé à la lumière UV, catalyses efficacement la production de radicau.x OH

et s'avère donc très utile au procédé.
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(,II.\I'TEI{ 1 1\TI{Olll CTlO\

Th,:rtl1l'-m"d':ln i":11r ui ri n,: ( 1\ II' l ,m,\ .: h,'m i·( h"rtlh,.nh'"h,lt li ,'.01 l'li1l' ili':

tCT\lP) an: l\\ll majtlr rn'('l.:ss~·s llsl.:d in l·~l1l~ll.b ("': thl.." lh."\\sl'rillt Îth.iustr:. 1k"spitl"." lheir

popularity. tht.:~c pnlccsscs ~l.'nl.'ratc.: rh:l1t: Il!'tl,,j( \\ash:s \\hidl an: a thrl.,'at tl' thlo2'

c.:n\"ironn1cnt lI .. 2. 3). \ hln:llYCr. tht: I~dcral an ...! rnl\ int.:ial ~,,\ crnnk"ntal rl.."t.:.uiatil 'ilS

conccming industrial Jischargcs an: ais,' bl.:C1lming I1wn: and 111lln.: sc\t"."rlr,.". Il is Ihl.."n."Ii.m,."

n"c"ssary 1<' lind ways tl' tr"at lh" mill dllU"Il!' dtki"nll) ,me! """lwnù",I!I).

There is a multitude l,t'wastewater tr,,:nmell! l.:dml'Il',:i.:s a\'ailahk Il'1' lh"

treatment ofvarious municipal and industrial dllu':Il!'. l'nI' thc pasl fc\\ ) cars mns! "1':\11'

and CTMP mills in Canada have treated thcir etllu"ll! hy using l'Illy a primary ln::nment.

i.e. remova! of solid pmicles by sedimentatil'tl. The ,nlid l'articles arc cllllc"l"d tn Illml a

sludge which is disposed ot: usually by huming 1'1' I:mdlilling. Th" n:maining a4Ue'\'us

emuent is discharged into the environment. :\ number nt' pull' and paper mills IÎlrther

decontaminate this primaI').' emuent with a secondaI').' trealmenl. i.e. aerohic :md/or

anaerobic biological treatmCht. Those who still rely sl)lcly on primaI').' tre:lUnent will have

to make ncccssary additions to their waste",ater treatment in the vel').' near t'uture in order

to obey new. more severe regulations.

Biological trcatrnent proccsscs genera!e sludge that re4uirc.,; lurther trealment and

disposai. In addition. biological trcatment proceosse.,; arc reporteà to have low eontaminanl

removal rates (4). It has been obser\'ed repcatedly that biological trealment of pull' mill

emuents is fairly effective in the dimination of easily biodegradablc organie material

which resulted in a reduction of BaD. Tac. and suspcnded solids <5. 6). Howevcr. thc

fragments of lignin present in the etlluents arc not d,:gradable and remain unalterc-J in

this trcatrnent. which implics that most of the color-producing compound.~ arc not

eliminated. The elimination ofcolor is the most costly and dillicult aspc"Ct of the total

treatrnent of pull' mill emuents.

Other wastewater treatrnent tcchnologie-s currc-ntly in use. such as air-stripping

and carbon adsorption. arc not problem-frt:e eithcr. For instance. the: removal of volatile
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contaminants hy air stripping transj(,rms a \Vater pollution prohkm into an air pollution

on". and "arhon adsorption produces a ha/'llrdous s,'lid \Vaste \Vhich must he suhsequently

dispos"d of. Th"se phas" tr.Jnsli:r approache~ ar" usually employed as a tertiary treatment

I(lr th" so-calkd "polishing" of the d'Iluent coming out ofa hiologicaltreatment stage.

The environmental pressures of the last decade have produeed a trend in teehnology

development which is more oriented towards destructive technologies. i.e. technologies

whieh not only remove eontaminants l'rom water hut also destroy them in the process.

Conventional ehemical oxidation has heen used in the treatment of waters

polluted by organie chemicals lor a number of years. with oxidants sueh as potassium

permanganate. ehlorine and ehlorine dioxide. The disadvantages of these processes arc

that they can only atlack a certain fraction of the organics. and they produee chlorinatcd

organics or other toxic by-products.

Sorne of the newer approaches to wastewater treatrnent arc advanced oxidation

processes (AOP). such as wet air oxidation. hornogeneous photooxidation \\;th hydrogen

pcroxide and/or ozone. heterogeneous photooxidation with reactive metal oxides. etc.

AOPs arc promising technologies for the treatment ofwater that has been contaminated

\Vith organic chemicals. because 1) these processes arc capable ofconverting the organic

contaminant completcly to carbon dioxide and \Vater. 2) they arc effective against most

organic compounds and 3) the chemicals used in the process decompose to hannless or

bencficial by-products. In addition to being environmentally c1ean. these processes are

no\V bccoming more cost-effective than it was thought earlier. due to improvements in the

technology and the high Iiability now associated \\Ïth discharge of contaminants into the

cnvironmcnt (7). Howcver. the practica1ity of the AOPs depcnds heavily on the efficiency

\\Ïth which thc relatively expensive oxidants arc used.

Rasis for rcscarch

An important challenge for the pulp and paper industry nowadays is to minimize

as much as possible the volume ofwastewater discharged into the environment. In order

to do so. industries must achieve a c1osed-eycle technology. The effluent must be treated

2
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in such a way thatthe resultino: water. "hen recyded l'ad~ inl,' lhe mill. \\ ili Ill>! ha'·e an

impact on the mili operation. and wili n,'l affect the characlerislics "f lhe ne"sprim by

wet-end chemistr'y cfli:cts.

ln gcncral. 0. closcd-cyclc tc:chno!llgy i~ Clltllpriscd l'If I,,'!ur s'-~raratc l'pcratillllS (sec

ligure 1.1). First. thc industrial emuent gG.:" !hrough a primaI")' tre:llmenl pr,'eess. usu:lliy

a clarilier. in which the suspended solids arc separated fn'm the waste"ater by

sedimentation. This process strips most of the toxi", away lrom the emuent. resulting in

the creation oftwo stn:ams. One stream is eomposed "f aeeumulated solid partielcs that

have seuled. and it is usualiy "CI")' dense and highly toxie. It fonns a sludge which is

disposed of by buming. landfilling. etc. The other stream is a relatively ele:lr wastewater

which still contains a high concentration (\f contaminants. mostly dissol"ed organic

compounds. This clarified effiuent is then sent into a secondary treatment process. which

destroys most of the organic compounds and decontaminme the water to an appreciable

degree. This is usually done through an aerobic biologicaltreatment proeess. Finally. the

treated effluent enters a tertiary treatment process. or polishing stage. in which the water

gets cleaned anù desinfected. This is usually donc by carbon adsorption or air-stripping.

In this last stage. the water is purified to such an extent that its quality meets the

standards needed for recycling it back into the mill operation.

This study wiII focus primarly on the secondary treatmcnt process of the closed­

cycle technology. The effluents that arc to be treated in laboratory have alrcady gone

through a primary treatrnent process and arc relativc1y free of suspended solids.

3
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As a secondary treatment alternative. an advanced oxidation process will be

investigated. Advanced oxidation processes often incorporate the usc ofozone. Due to the

high capital cost and maintenance that ozonation requires. it will not be considered in this

c.xperiment. Thc role ofozone in a photooxidation process can be seen as solely

complementary. and its usefulness does not necessarily justi!Y its high cost. Ozone is an

unstable gas that must be generated on site and transferred into the Iiquid by diffusion

with air. Bubbles ofozone can aIso :trip volatile components into the air. The use of

hydrogen peroxide (H20i) as an oxidant has the following advantages over ozone: the

water solubility of H20 2 greatly simplifies the reactor design. mixing of the reactants, and

elimination ofconcern over fugitive toxic gases (8). Furthermore, advantages of:~02

aIso include the possibility ofstorage to better accomodate process demands, and costs

that are less sensitive to scale ofoperation than ozone (9). The main process investigated

in this study consists ofphotooxidation using UV Iight and hydrogen peroxide
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(UV/p·:roxidation). In addition. hcterogcnellu~ phlllllcat:lly~i~ u~ing cithcr titaniulll

dioxide (TiO:) or copper complcxe~. and photll·Fent'1n oxi,btion. arc brictly examincd.

Even though UV/peroxidation and "ther photo,'xidation~arc rdati\'dy rcccnt

innovations. these proccsses have been u~cd t,'r;1 number of ye:lr~ and re~earch has been

continuing to support photooxidation as a proce~s of dlOÎce I,'r its tcd.nÎcal and

economicaI aspects.

Research objectivcs

UV/peroxidation. to our knowlcdge. has not been tested yet as a pnlcess l,'r the

treatment ofCTMPITMP mil! effluents. The main objectives ofthis study arc:

1) To examine the feasibility of the UV/peroxidation process I,)r the treatment of

CTMPITMP mill effluents.

2) To investigate the eITect of changing operational paramelers. such as pH.

t.::mperature. etc.• on the effieieney of the process.

3) To experiment \Vith additional photocatalysts such as TiO:. Cu·:. cIe.

4) To optimize the overall process.

5



•

•

•

CIIAPTER 2 PHOTOOXIDAT10~ LITERATURE RE\"IEW

Introduction

Advanced Oxidation l'rocesses (AOl's) have heen generally detined as those

aqueous phase oxidation processes which arc primarily involvcd with the intcrmcdiacy of

the hydroxyl radical in thc mechanisms !cading to the dcstruction of a target pollutant or

contaminant compound (10).

AOPs which involvc ultraviolct (UV) light inc1udc thc photolysis ofhydrogcn

peroxide (I-I~O~). and/or ozonc (OJ). and the surlàcc photolysis of thc scmiconductor

titanium dioxidc (TiO~). Whcn these photoexcitcd reactants arc eombined with a

contaminant. rcactions involving H~O~ and 0 3 arc homogeneous in naturc. while

rcaetions that employ TiO~ arc hetcrogencous. The most direct method. and in principle.

the mcthod which should give the highest yicld ofhydroxyl radicals (-OH). is direct

photolysis of H~O~ (1 1).

UV irradiation can cither be generatcd by an artificial source such as a typical

mcrcury vapor lamp operating at a dominant wavclength between 200 and 400 nm. or

directly by natura! sunlight illumination which possess a near-UV componen!.

Most studies on UV-catalyzed oxidation proeesses have emphasized on the

. treatment of pure compounds or complex natural mixtures. such as humic matter (12). In

proctice. mixtures ofchemical compounds are ofien found in contaminated water.

Morcover. toxic industrial effluents are usually very complex in nature and are composed

ofmany interocting components. To study the proctical aspect of UV catalyzed oxidation

processcs. it is important to test them by using a real effluent coming directly out of an

industrial process. Such an approach is necessary to follow for the design of oxidative

trcatment processes.

Very few ofthe rcviewed experiments done on photocatalyzed oxidation deal

with industrial or municipal effluents taken at the source. Most of the research work has

been performed on aqueous solutions of organic contarninants which are not slurry in

nature. such as common herbicides and pesticides. Contarninated groundwater has also
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processes (4.8.1 1.13-16). :\11 these wastewaters have in el'mnll'll the absence l'f

suspended solids and thereli.)re an ;lbility tl' all,,,v l ;\' light tl' penetrate through them and

activale photosensitive oxidants. The main dirticuities that might be encl,untered by using

a rcal efl1ucnt in the study of a photooxidati,'n process is ihe high concentration ,,1'
suspended solids. and the possible interactions between reacting cl'mp,'nents, :\n etlluent

with a too high concentration of suspended solids. grease and/or l,il should be prelreated

by dilution or sedimentation for instance. such that it becomes more suitable li.'r an

efficient photooxidation treatment.

Researchers use various ways to determine the ellicicncy of photooxidation

processes. Most ofthem study the climination of a pure compound. and thus they only

need to measure the concentration of the compound at dinèrent time intel"\'als during

and/or at the end ofa reaction. [n situations where complex mixtures arc being oxidized.

and thercfore individual eomponents can not be singled out. parameters determining the

quality of the water. such as Total Organic Carbon (TOC) (17.18). colour (5.61. COD and

BOO (5). etc.. must be used. Another way to determine the ellieiency ofa photooxidation

process is by observing the rate of formation ofcarbon dioxide (CO~) (19). as the main

product of the oxidation of organics. The rate of forma~;onofCO~ is therclorc a good

indication of the efficiency of the process. and ils concentration can be measured with a

gas chromatograph at regular intcrvals.

Homogcncous Photooxidation with H~O~

The treatment ofan organic waste with homogeneous photooxidation using [-I~O~

involves an aqueous mixture of the contaminant(s) and pure hydrogen peroxide which is

irradiated by UV Iight. This proccss is sometimes also called UV-or photo-peroxidation.

Various photochemica[ reactors are available to rescarchers. and most experiments arc

performed using a batch reactor in such a way that UV radiation can rcach the 1-120 2 and

organic molecules in solution. Continuous flow rcactors are mostly used in the

7



•

•

•

d<:monstration of comm<:rcial syst<:ms. Th<: lamps us<:d most of th<: tim<: ar<: low pr<:ssure

mcr<:ury vapor Iamps op<:rating at a dominant wavdength of - 254 nl11.

Signilicant r<:search has h<:en donc in th<: past fe" y<:ars on the photooxidation of

contaminants \Vith hydrog<:n p<:roxide. Experim<:nts w<:re performed on many different

pollutants. such as chlorinat<:d phenols.<:thanols. and <.:thylene: atrazine. henzene.

microorganisms. etc. (4.9.12.17.20-22). ln ail <:ases the UVII-l~O~ proc<:ss \Vas success!ùl

in d<:stroying these organic and aromatic compounds. Studies \Vere made on the

photooxidation of organics-contaminated ground\Vater \Vith hydrogen peroxide. yiclding

similar results (4). The UV/I-I~O~ process \Vas also evaluated for the decolori7..ation of

kraft pulp mill emuents (5.6) and as a tertiary process lor the treatment of an aqueous

<:muent l'rom a ha7..ardous waste treatment làcility (18). The role of I-I~O~ as a

photooxidant was also investigated in the tmnslormation ofatmospheric pollutants (23).

The UVIH~O~ process has atlr.icted a lot of attention l'rom researehers in the past and thus

the available literaturc on the subject is quite extensive.

The sole use of UV light without the addition ofan oxidant has been investigated

as a wastewater trcatment alternative. UV light alone has been proved to be a very

effective desinfcction process for the destruction ofmieroorganisms in water (24) and

wastewater (25). but in most cases its effieieney for the destruction of organics is very

poor. Morcover. hydrogen peroxide by itself could also be used for the trcatment of

wastewaters. since it is a relatively strong oxidant. Sorne studies have compared the

efficiencies of oxidation by UV photolysis alone. by I-I~O~ alone. and by combination of

UV light and 1-120 2, on a series ofpollutants (6.9.21.26.27). In ail cases the performance

of the UVIH20 2system was far more superior over UV and HP2 used separately. This

comparison was made by Castrantas and Gibilisco (26). who studied the oxidation of

phenols under different conditions. Starting with an initial phenol concentration of 10

mg/l. their results indicated that 90% ofthe initial phenol solution was deslroyed with a

UVIH20 2 system after 15 minutes. eompared to only a 5% destruction with UV light

alone. and no detcctable destruction with H20 2 alone. These results c1early show the

necessity ofcombining UV light to H20 2 for an optimization ofthe oxidation process.
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Trl.:atmt:nt timcs varit:d rnllll l'ne ~xrcrim ..·ntal ~ystC11l tll anl1thcr. In Sl'tlh:

instances it was 60 minutes (1 i) and it wenlup lll.~ hrs in lllher expcrimcn!s ((1). ln

general ittakes more time to pho!l1oxidize a pl)lIutant mixturc haying a high turhidity

such as a real industrial etlluent. and less timc to phl)tl)Oxide a t'ure Ù)mpllUnd wilh a Il)w

absorbance. The time necessary ll)r the treatment of a wastcw:ltcr is a \ cry important

consideration since it is an economieal factor Ihat plaYS:l major rl)le in Ihc cl)mparison of

different wastcwater treatmcnt alternatiyes.

ln a series of cxperiments. the oxidation of Mganie pl)lIutants lllilowed:l tirst

ordcr ratc of rcaction (9.12.12) with respect to the concentmtion of pollutant. ln ail e:\ses

thc scmi-Iog plots of the residual fraction ofpollutant versus time \\'Cfe nearly linear.

sugge$ting reactions close to tirst order. It was thus possible tn calculate pseudo-tirst

order ratc constants for cach experimental run.

Influcnce of oper.lting par.lmetcrs on homo~cneous photooxid:ttion with H:O:

The efficiency of a UV/1-1:0: process is dependent on the following pammcters

which must be investigatcd in ordcr to achicvc a ma.ximum elliciency.

The concentration ofhydrogen pcroxide necded tor thc photooxidation proces.~

has to be carefully monitored. since not enough or too much of it can render the systcm

inefficient. In many cases the oxidation rate of a pollutant incrcascs \Vith incrcasing initial

H10: concentration. until a critical value is attaincd. aftcr \Vhich a supplcmcntal increase

in H:01 has a negative effect on the oxidation rate (12.17.20-22). There is thcrcforc a

trcshold of H20 2 concentration over \Vhich thc process bccom.:s no longer effective. This

value is obviously not constant from onc systcm to anothcr. sincc it is a function of many

variables, especially the nature of the compound to bc oxidizcd. For each nc\\' mixture of

poIIutants and/or differcnt experimental conditions. thc optimal H20 2 conccntration has to

be determined. It is known that a large numbcr of organic contaminants rcquirc

"activation" by direct UV light absorption in ordcr to facilitate their oxidation. 1-120 2 in

excess concentration cao absorb too much photonic energy. thus inhibiting the direct UV

activation and resulting in poorer overall performance. I-Iydrogen peroxide cao also act as
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a sca\'cll~t:r of hydrnxyl radicals in solution. !hcn:hy n:ducing their cnnl.:cntration in

solution. and sinct: tht.:sc an: considcrcd 10 he: the main nxidizing ;lgcnts in the proccss.

th~ir d~~r~as~ will hav~ a n~gatiw ~n;;~t on th~ 1'\'11:0: proœss. For instanc~. Seltran

cl <JI (21) l(lUnd thatth~ r.lt~ ofphotooxidation ofatrazin~. a h:v.ardous p~sticid~. with

H~O~ ~onœntr.ltions high~r than 0.01 ;\,1 in solution is ~\"~n low~r than that obtaincd from

dir~ct UV photolysis without H~O~. HO\\'Cv~r. Yu~ and L~grini (1 ï) obs~rved that

changing th~ concentration of hydrogen pcroxide did not ha\'e a signilicant effect on the

destruction rat~ of a s~rics of organics nor the r~sidual TOC concentration at the end ofa

4 hours run. ft would appear that in their case a very low concentration of hydrogen

pcroxide was required to achieve optimal efficiency of the photooxidation process.

Another operating parameter of major cC'ncerr: is the initial pH of the mixture that

gets photooxidized. The eITect of changing initial pH will vary from one experiment to

another. According to the kinetic model developed by Nicole el al (28). an increase in pH

would lead to an incrcase in the rate ofphotodecomposition ofhydrogen peroxide and

consequently to an increase in the production rate ofhydroxyl radicals. However. there is

a paradoxal eITect with this. since a higher light absorption by H~O~ causes an overall

reduetion in available light energy that is rcquired by the contaminants for their photo­

activation in solution. This observation \Vas corroborated by results l'rom De Laat el al

(20). who studied the photooxidation of atrazine. They showed that an increase in pH is

detrimentaI to the process. since an over-absorption of Iight by H20 2 produced an

inhibition of the photonic power potentiaI. In their case. the effect of the pH on the rate of

generation ofhydroxyl radicaJs was negligibie. ft was therefore concluded that an

incrcase in pH was not beneficial to the process. On the other hand. in Prat el ars

experiments with a kraft miIl effluent. the highest pH. Le. 11.15. tumed out to give the

tùstest rate ofoxidation and decolorization (6). Their results indicated clearly that the

kinetic constant of the oxidation process incrcased with the pH and contributed favorably

to an incrcase in the rate of reaction.

According to Froelich. some organic contaminants oxidize faster at a specific pH.

while some photooxidation systems with a catalyst would function better below a certain
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pH (16). Follo\\'ing this strategy. Ku and Il,) (221 li'und a speeilie ,'ptimal pllli'r ",,:h ,'1"

the compounds they phot,)oxidized \\'ith Il:(): and ():- rheir experimc'nts indieated th:1I

the optimum pH occured at aholll (, f,)r the phllto,)xid:lli,'n ,,1" phelh'!. abllllt .1 li'r 2­

chlorophenoI. and at aholll 10 Il)r 2.-l-dkhlllr,)ph<:lh)!. Fin'llly I.e\\is el lI/. suggested that

the applied pH adjustment depends lm the ine'"11ing plll)1" the \\ater (.Il. II" the \\ater had

an alkalinity greater than .100 mg/I as eakium earbon:lte. then I,)\\wing the pli t" a range

of4to 6 \\ould impro"e the treatment el1iciency.ll"the carhonate alblinity \\as 10\\. then

a high pH would impro"e the treatment el1kieney. Fn)m this. one c;ll1 ellnclude that there

is no general trend in the inlluencc ol"initial pH on the LiV!II,O, proeess Irllm one systl'm

to another. The effeet of "arying initial pH depends on a lot of factors and Ims to he

determined for each new set of experiments.

A possible way to impro"e a UVIH,O, process wouId be to inerc:lse the lIV light

intensity in order to ddiver more photonic energy to the mixture of pollutants and

oxidant. However. more UV power represents additional operating costs and therefore iL~

enhancement should be economically justilied. Castranta.~ and Gibilisco investigaled the

effc:ct ofvarying light intensity in their study of the photooxidation of phenols with a

UV/H!O! process (26). By using two lamps and comparing these resuhs to ones obtained

with eight lamps. they found that a four-fold inerea." in light power resulls in only a 25%

inerease in phenol destruction. Thus. varying the light intensity does not greatly affect the

oxidation proeess. and a eorelation between the additional costs and lhe improvement of

the proeess has to be determined. with respect to minimization ofoperating eosL~.

Influence orthe composition orthe wastewater

The efficieney of \vustewater treatrnent by photooxidation depends on the nature

of the eompound(s) being oxidized. Pollutants that have a high absorbance and/or intense

eolor in solution will be more diffieult to oxidize sinee they might not allow enough Iight

penetration. However. it is also neeessary for the pollutants to have a suffieiently high

absorbanee at a wavelength 01'254 nm. so they ean he photoaetivated by UV radiation.

which thereafter facilitates hydroxyl radical attack.
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:\ccording to :\lcardon el af. {'VII:(): photooxidation is most clli:ctiye in the

destruction of chlorinated. aromatic. and higher mokcular \wight organics and kast

effeetiye on low mokcular weight alcohols. amines. and carboxylic aeids (1S).

Sundstrlim el a/ compared the dimination r.ltes ofbenzene and trichloroethylene

by UV-catalyzed oxidation with hydrogen peroxide ( 12). First they treated both

contaminant., separatdy. and then eombined them into a single ellluent. while yarying the

concentrations ofpollutants and H:O:. When each component was trcated individually.

its rate of disappearancc increased with increasing H:O: concentration. and decreased

with incrcasing pollutant concentration. The efti:cts of adding the other component to

pure solutions ofbenzene or trichloroethylcne were studicd. This proyed to be

detrimentalto the process. sinee the rate constant for benzene e1imination decreased

significantly when it \Vas combined with trichloroethylcne. Similarly. the rate constant for

the disappearancc of trichloroethylene decreased extensive1y when benzene \Vas added to

it in solution. Aiso. in contrastto the single component results. the reaction rate for

trichloroethylcne incrcased as its concentration in the mixture \Vas increased. Since an

incrcase in trichloroethylene concentration is associated \\;th a decrease in benzene

concentration. these results suggest strong interactions bet\Veen the reacting components.

Additional experiments \Vere donc by Sundstrom Cl alto compare rate constants for

solutions of pure componcnts and mixtures ofboth components having the sanne initial

organic carbon concentration. In ail cases. the rate constants for the elimination of pure

benzene \Vere similar in magnitude to those for the elimination ofbenzene in a mixed

solution with trichloroethylene. On the other hand. the rate constants for trichloroethylene

in mixture \Vere about one-halfoftheir values l:S pure components. These results sho\V

that the arom::tic componen!. benzcne. has a strong advers~ effect on the rate of

destruction orthe aliphatic componen!. trichloroethylene. This effect may be due not only

to the benzene itself. but a1so to the reaction intermediates formed as benzene 'gets

oxidized by hydroll:yl radical attack. The presence of benzene and its aromatic oxidation

products may inhibit the destruction oftrichIoroethylene through competition for

available UV photons and hydroll.-yl radicals. In fuct a separate study done by the sanne
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group showc:d tha! hcnzcnc: compctcs tlll'P: cfli:cti\"dy I~'r li:;ht and n:a~·ti\l,.~ :'rc~·il".-~ (han

trichloroethylene. when corroparin~ thcir cl'rrcspl'ndin~ r;nes l,f llxidatilln in al'\" 11:1):

proccss (9), This strong intc:raction hc:t\\'C'c:n comptlf1cnts dc:t1ll)nstratc:s the: nc.:c.:d h' study

actual mixtures instead of allemptin~ III predict thcir r.eh;l\'ior th'm pur.: cllmplln.:m data.

ln a complcx mixture of pollulants which m;lke up an induslrial emuent. thcrc can

be substances which arc sca\'cn~ers ofhydroxyl radicab. Thcse comp\lunds can react

with hydroxyl radicals and as a consequencc reduce their cl,ncemr;ni\ln in solutil'n. whieh

lowers their availability for organie pollutams. Thus the presence of radical sca\'eni-:ers

will negativcly aITectthe oxidation proccss. l'-nown sca\'en~ers ofhydrnxyl r;ldicab arc

bicarbonate ions and humic substances (20.21). and l'lher anions sueh as carbonate.

sulfide. nitrite. bromide. and cyanide (4). In ail cases an increase in biearbl'nate ions or

humic substances will slow dO\m the rate of oxidation of organic matter. ln a

photooxidation experiment. Bcltran et al obseryed that the eoncentr-llion of ;ltr;lZine is

stabilized in the presence ofthese scavengers (21). While bicarbonate ions act solcly as

hydroxyl radical scavengers. the stabilization of atrazine in the presence of humic

substances can be attributed to both the scayenging of hydroxyl r-ldicals ;md to the

competition ofhumic substances for the radiation llux. The action of bicarbonate ions

demonsttates that the main pathway of atrazine oxidation is through hydroxyl radical

attack. De Laat et al also studied the elTect of the pn.'Sence ofan organic matrix (lit1vic

acid) in their photooxidation system. and found that it willlower the el1iciency of the

elimination process oftriehloro-l.I.2 ethane (20).

It is weil known that sorne soluble inorganic compounds such as calcium and iron

can preeipitate out ofsolution due to small changes in temperature. pH. etc. A possible

impact ofthis oecurence on a UVIH!O! system is a coating ofits quartz tubes by the

precipitated minerais. which negatively atTects the performance of the system by bloeking

UV light transminance. Scraping. mechanical c1caning. acid washing or other chemica1

treatment can he effective in removing sca1ing. but the bcst way to prevent this problem is

by stabilizing the water prior to the photooxidation treatment. Manufacturers of

photooxidation equipment propose variOllS alternatives to solve this problcm. Solarehem's
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solution 10 the depnsil Illmlalinl1 is a pneu'nalieally-dri"en eireu1:lr \\iper lhat shoots up

and uown the quartz whc c\'cry :i:w minutes. \\ hile Pcrnxidation Systems rcduccs

d"pnsilinn prnhkms hy pr".oxid:llion j"IIo\\"d hy pr"eipitation and ion liltr.llion. and hy

r"duetion nI' pllto inhihit s"aIing C9). 1Îtrasounds could also h~ us"d to pr""~ntthis

prohkm hy k""ping th" min"r.lls l'rom sti"king to th~ quartz tuh~s through sonic

"ihmtions. In spit" ofthis. most soluhk inorgani~ ~h~micalsdo not ha"~ a signiticant

impact on th~ d~sign and op~mtion ofa L'V'II,O, syst~m. according to Frodich (16).

Additional experimental considerations and obsen'ations

During th~ cours~ ofa photooxidation ~xp~rim~nt. chamct~ristics oth~r than tne

concentration of residual pollutant can he monitored \\'ith lÎme. Yue and Legrini

measured the pH ofa solution of organic comaminants at dilTercnt time intervals during

iL~ oxidation by a UVIH,O, proc~'Ss (17). Thcir results sho\\'ed that pH dropped trom an

initial value of 6 to 3.2 in the tirst 15 minutes and then stayed at about 3.5 for the

rcmaining time of experiment. This indicates a timnation ofacids as a rcsult of the

oxidation ofchlorinated compounds that get partially converted to hydrochloric acid

(Hel). Such a drop in pH is therclorc a positive indication of the efficiency of the

UV/H,O, process. Sundstrôm el al. in thcir study on the photooxidation ofbenzene.

monitorcd the absorbance of the solution with time (9). The absorbances ofreacting

aromatic solutions initially increased rapidly with time. reached a ma.ximum. and then

dec~-ased to a negligible value. According to them. the increase in absorbance is caused

by the lormation of reaction intermediates that absorb UV light more strong1y than the

parent compounds.

ln a photooxidation system. gas-phase oxidants such as oxygen (0,) and ozone

(0,) can he added to a UV/H,O, process in an anempt to improve oxidation rates (4.22).

lntroducing these gascs by bubbling them through the irradiated mixture enhances the

production ofhydroxy1 radicals. However. it also reprcsents additional operating costs

and a necessity for gas storage !hat must be financially taken into account. Ku and Ho

found that adding dissolved oxygen (DO) to their UV/H,O, system had linle effect on the
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ucstructitln r..lh: \,.)frhcnl'!s. I"hl.:~ 1.."'l.'I1 ",l'''lS\''·r\l.:d ~l ~li~ht "h,.'\.:rl,,:as\..' l'~ th\,,' r\,.'llh'\all'l't!lI.'s\..'

compounds "hen the 1.:('\f1ccmrati"tl ",t' D() \\~1.:' in":n..'asl,,.'d in sl,IUtillll 1:: J.

\bny stuJics ha\'1.: hl.'cn n.:r"lftl.:d l'Il thl,.· llisinfl.:'l.:tillnl'f\\~ltl.·rs h~ l 'Y r~h.tiatil'l1llr

hydrogcn pcroxidc ail1r,c. hut their cllmhinatillll ha:' n,:cl.'i\l,.'d littk' ath.'ntillll in this lidd.

Sundstrllrn c:! al studit:d the ul,.'stnl..:tilltl l,f micnll'r~anismsin \\~ltcr lIsin:;. ultra, i"h,.'t·

eatalyzed oxidation with hydrogen peroxide '" the "'idizing agent 1')1. Ill,'ir resllits

showed t.hatthe presence ,'ll 1:0: greatl~ .:nhalll:.:d th.: rat.:s ,'l"ina.:ti, ati,'n ","

microorganisnls when addcd 10 a l'Y Jisinli:cti"ll :'ystcm. Illl\\C\\:r. thl,.· rah..'s llt"

inactivation of mieroorganisms were str"ngl~ afl<:clcd hy thc thickn.:ss "," lhe liqllid Ia~.:r

because of the high absorption oflight by IIP:- B~ using a re;ICIM \\ith a thin liquid

layer. the combination of UV light and hydrog.:n per",id.: pnwided rapid r:lles "f

disinfection. Generally. the design of a l'V 11:0: rea.:tllr has tllt;lkc int" aCCllunt the

thickness of the liquid layer. since therc is a e.:nain limit up tll whieh \'\' light C:1Il

penetrate an aqueous solution. In some cases it is impllrtant III ke.:p a thin liquid lay.:r f"r

the photooxidation process to b.: ellicienl.

Heterogeneous photooxidation with TiO:

The photooxidation ofa pollulant .:an also be adùewd by using the

semiconductor. titanium dioxide (TiO:). The principks ofopcr.ltion arc ~'S.'<:ntially the

same as in a UVIH:O~ proccss with the di l1èrenee that TiO: is a hetefl1uenllUS

photoeatalyst whieh does not dissol"e in water, I\.uta\ delin~'S photocatalysis as "thc

acceleration ofa photorcaction by the pn.'Sence ofa catalysl."(30). Funhennore. still

aeeording to Kutal. "the calalyst may aceclerate the photoreaction by interaction with the

substrate in its ground orexcited slate and/or with a primary photoproduct. depcnding

upon the meehanism of the photon.-action.". Alier introducing a quanti!)' ofTiO~ in the

photoehemical rcaetor \Vith the contaminated water solution. its surlilee gel~ irrndiatcd

with UV light and becomcs a source ofhydroxyl radicals. Thcsc highly rcacti"c spccics

are. as in a UVIH~O~ proeess. the main oxidizing agents responsible for the destruction of

the pollutant
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AI-Ekabi and Serpone (31 ) have investigated the photocatalytic degradation of

chlorinated phenols in aerated aqueous solutions over lixeJ Ti02• They showed thatthe

degradation of phenol is indeed a light-induccd reaction mediated by illuminated Ti02• as

no change was observed under direct irradiation (no Ti02) or with Ti02 in the dark.

Most heterogeneous photocatalysis studies to date have used - 0.1 \\1% slurries of

titanium dioxide particles. ofspecific sizc ranging from O.lto 30 mm dcpcnding on the

source (32). The standard photocatalyst of choice lor a lot of researchers is the Degussa­

P25 titanium dioxide. anatase form. This brand ofTi02 is very popular bccause ofits

high surface area to volume ratio and its capaci~y to adhcrc tcnaciously to glass.

Matthcws studied another form ofTi02 and obscrvcd thatthc rate of rcaction in a

photochemical system is proportionalto the surface arca of the Ti02 (19). Thus he found

that the rate ofdegradation of4-chlorophenol using La Porte Ti01• a brand \\ith a much

smaller surface area.. was much lower than the value obtained using Degussa-P25 Ti01.

Other:.-.7l1iconductor oxides that have proved to be nearly as effective as Ti01 include

tungsten oxide (W03) and zinc oxidc (ZnO) for the decomposition of sorne contarninants

(32).

Photochemical reactors used for Ti01-assisted oxidation usually have an anificial

UV light source operating at a dominant wavclenght lower than 400 nm. similar to the

ones used in a UV/H10 1 process. However. heterogeneous photocatalysis has a1so been

proved to be effective with natural sunlight. since titanium dioxide can be photoactivated

with the ncar-UV component ofsunlight. Matthews used a solar reactor and compared its

performance to that ofan "anificial" photochemical reactor. Using C01 formation as a

basis for comparison in the photooxidation of4-chlorophenol. his results indicated that

the rate of formation ofC01 in the solar reactor was over three times the value found for

the photochemicaI reactor (19).

Ti01 can either be used in suspension in an aqueous solution ofcontarninated

\vuter. or supported on a matrix. Ifa photocatalyst is used in suspension in a continuous

flow system. there is a need to resuspend it in solution and/or filter it out ofsolution at a

certain stage in the process. This can be avoided by immobilizing the photocatalyst in the
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reactor. It is then necessary to lind a way to th the TiO~ ,'Il a matrix (1Il..' I.~~). :\

number of papers have examined means of eat:llyst inlll1ohiii,"ltion ,'n beads. inside lubcs

of either glass or Tetlon. on liber glass. or on woven mesh. :\s in al1'1lhcr arcas of

heterogeneous catalysis. catalyst immohili,.ation on progressi\'c1y Iargcr particles.

although verv convcnient. leads to an increased a\'er.u.!.e eon\'eeti\'e-dil1ilsion distance
~ - ~

l'rom fluid to catalyst surface. and this consequence can result in reaeti,'I1s that arc mass

transfer limited (32 and sources cited herein). Still. thin lilms ofTiO~ h:\\'e provcd to

adhere tenaciously to glass and have been used as such in many experiments. For

instance. AI-Ekabi and Serpone were able to use TiO~ in a stationary phase by coating a

thin film of it either onto the internai surface of a glass coil or the extern:ll surlùce of

glass beads (31). and Matthews constructed photoreactors in which the TiO~ was attached

to a glass surface (33). It is highly probable thatthere will be more cxperiments donc in

the future on the immobilization of TiO~ in a photoehemical reactor in such a way that

mass transfer limitations can be minimized.

The types of pollutants used for studics on hetcrogenous photocatalytic oxidation

are similar to the ones found in photooxidation \Vith hydrogen peroxide. i.e. chlorinated

compounds. phenols. benzene. etc. Similarly to homogeneous photooxidation. the

efficiency of the process often depends on the naturc of the compound bcing oxidizcd.

Manhe\Vs treated twenty-one organic compounds known to bc possible eontaminants of

water with UV-illuminated TiO~ powder in aqueous suspcnsion. and in each casc thc

organic materiai was converted to carbon dioxide (19). I-Ie found that the rate of oxidation

was increased when the number ofchlorine substitutions on the aromatie ring was

increased from one to two. This was observed for both the chlorobenzenes and the

chlorophenols. He concluded that overal1. there is little variation in the rate ofdestruction

of the different contaminants. It appeared that the rcaction was indiscriminate and

powerfully oxidizing.

The concentration ofTi02 and pollutants in the photochemical rcaetor have to be

carefully monitored in order to optimize the process. A too high concentration of

pollutants will lower the fluorescence intensity of the mixture (31). and thereby reduee its
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capacity to absorb UV light. Aiso. a high catalyst concentration may create an excess in

turbidity which will have the same effcct. Cilanges in these concentrations will affcct a

heterogenous photocatalyst proccss in the same way that they affect homogeneous

processes with hydrogen pcroxide.

ln their study of the photocatalytic oxidation of phenol using TiO~ and UV light.

Tseng and Huang found that an increase in temperature greatly raised the rate of phenol

decomposition (34). The influence oftemperature is important to consider in a

wastewater trcatment process. since in many circumstances an aetual industrial effluent

will be exiting at very high temperatures. as in the case of condensed contaminated

vapors.

ln many studies the importance of introducing oxygen to complete a heterogenous

photocatalytic system is brought forward. Many experiments have been perfcnned using

aqueous solutions that were aerated (19.31.32). In thcir study of the photooxidation of

phenol in an aqueous solution using a TiO~ slurry. Tseng and Huang demonstrated that

the concentration of dissolved oxygen in a solution played a significant role in the

photooxidation process. They found it was much more efficient when the TiOz

photooxidation was taking place in an oxygcn-saturated solution. rather than in a

nitrogen-saturated one (34).

The rates ofrcaction encountered in heterogenous photooxidation usually follow

first order kinetics. as in a homogenous UV/I-l~O~ system.

As for UV/I-lzO~ experiments. the influence ofpH in a uvrnoz proeess varies

tTom one experiment to another. Tseng and Huang found the optimum pH for the

photocatalytic degradation ofphenol to be in the neutral pH region. e.g. 5-9 (34).

Mattbews found similar results. since for each studied compound he obtained higher rates

ofoxidations at pH 4.4 rather than at pH 2.9 (19). Ail three researchers observed an initial

drop in pH upon illumination. suggesting the fonnation ofstrongly acidic intennediate

substances. The pH was then stabilized and remained constant after a certain lime of

rcaction.
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Photoeatal~'sis with Fenton's re:l::ent

The eombination ofa ferrous sait :md hydrogen peroxide. known as the "'Fenton

reagent"' has been used as one of the most effeeti\"e oxid:mts of organic subst:lI1ces (27

and sources citcd herein). The general classic procedure consists l'fthe addition of

hydrogen peroxide to a solution in the presence of Ii:rrous (II) ions. In the past fi:w years.

sorne work has been donc on catalyzing "'Fenton"' oxidation with UV radiation. This type

ofphotooxidation is sometimes reli:rred to as "'photo-Fenton oxidation"'.

Lipczynska-Kochany (27) has performed a series of experiments on the

degradation ofnitrobcnzene and nitrophenols in homogeneous aqueous solutions. For the

treatrnent ofboth aromatie compounds. she compared four dini:rent UV/oxidation

processes. When using direct photolysis with UV light (without chemical oxidant). there

was almost no degradation. However. when I-1p~ was added to the UV-irradiated

solution. a slight oxidation took place. A better oxidation performance \Vas aehieved \Vith

the use of the Fenton rcagent (FeCliH~O~) in the dark. but the best results by làr were

obtained by combining the Fenton reagent with UV radiation. Pignatello and Sun (35)

achieved similar results in their study on the degradation of the chlorophenoxyalkanoie

aeid herbicides 2.4-0 and 2.4.5-T. by eombining UV light with ferrie ion (Fe"·) and

hydrogen peroxide. With this process they managed to eonvert both pollutants to ehloride

and CO~ in less than two hours. They found that the transformation of2.4-0 was faster in

the photo-assisted reaetion (UVlH20iFe)·) than in the thermal reaetion (HPiFe)·). and

mueh faster than in the photolyzed single-reaetant systems (UV/Fe)· and UV/I-120 2). In

faet. they observed that UVIH20 2 reaetions were insignificant to the degradation proecss.

Other studies eonfirrned that UV light slrongly aeeelerates the Fenton reaetion (36).

Sometimes the trcatrnent ofhighly toxie effluents is diffieult to aehieve with the

use of traditional wastewater trcatrnent technologies. sueh as bio\<)gical trcatment. Photo­

Fenton oxidation is an interesting alternative that should be considered for the trcatrnent

of these wastes. since it cao practically oxidize any type oforganie compound. Pignatello

and Huang studied the degradation of polychlorinated dibenzo-p-dioxin and dibenzofuran

contaminants in 2.4,5-t by photoassisted iron-catalyzed hydrogen peroxide (37). These
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extremcly toxic compounds arc present in various \\'aste produets. ineluding commercial

polychlorinated biphenyls (PCBs). The photo-Fenton oxidation treatment resulted in

complete or nearly complete rem(W,!1 of ail PCDD and PCDF contaminants.

As in other photooxidation proccsses. there is no gcneral recipe for thc effcct of

pl-[ on the efficiency orthe photo-Fenton oxidation process. In their study of a

UV/H20/Fe3
• process. Pignatcllo and Sun found an optimum pI-! for the degradation of

herbicide wastes (35). They found that the reaction rate drops steeply on either side of the

pH 2.7-2.8. Above the optimum pH. reactivity decreases because Fe'· ions precipitate as

ferrie oxyhydroxide: while below this optimum. the formation of Fe-02H2+. whieh is the

initial step leading to the genration ofactive oxidants. is inhibited. Zepp el al (36)

initiated a detailed study on the influence ofpH in the generation ofhydroxyl radieals by

Fe(") eombined with H20 2and UV light. They performed kinetie studies on the

photooxidation of trace nitrobenzene and anisole. and they found that hydroxyI radicals

ean be effieiently produ~ed with pH ranging from 3 to 8 in solution. The photo-Fenton

oxidation proeess can then be used at the neutral pH values that arc usually eneountered

in polluted waters. This would make the proeess very praetieal sinee no pH adjustrnent

wouId be needed in the treatrnent of industrial wastewaters.

Hctcrogcncous photocatalysis with coppcr complexes

Aeeording to Kolle. the majority ofstudies found in the Iiterature on

photocatalytic transformations involving inorganic salts and complexes (e.g. copper) are

concemed in the first place with scope and conditions of catalyzed reactions with some

organic substrate (38). As a consequence. in most cases very Iittle information on the

mechanics of the reactions is available. In a complex reaction scheme. it is sometimes not

elear which of the steps are light dependent. Therefore it is generally not possible to

c1assifY the reactions according to the role that Iight pIays in the process. i.e. wether these

are photoinduced. photoassisted. catalytic in photons or in one chemica1 component.

However. all these reaetions share the common condition that they require light in order
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10 proceed. and lhal in lhe absence of the eatalyst lhey will run al a much si,'wer raIe <Ir

even nOl run at ail.

Two main classes of photooxidations in lhe presence of coppcr complexes l'an he

dislinguished: photosensitized and pholoassisted. Sykor:\ Cl a/ gi\'C a lisl of represcnlative

examplcs in a brief overview (39).

Very fe\V studies have been made on the pholocalalytic lre:llmcnt oforganic

substances using copper complexes. Sykora Cl a/ (39) perll)mled a series of experimcnts

on the photooxidation of organic substrates in lhe presence of copper ions. The emphasis

\Vas put on a Cu(I)-Cu(lI) photoredox cycle. which lhey developed experiment:\lIy and

treated in detail. Using a photocatalytic system. :hey oxidized organic suhslrales

containing hydroxyl groups. such as aliphatic alcohols and phenols comhined \Vith copper

complexes. and described possible rcaction schemes taking place inside the pholorcdox

cycle.

Sedlak and Holgné have studied the elTccts ofa transition melal (Cu) and of

photooxidants (-OH. H20 2) on the aqueous-phase oxidation of S(lV). in order to simulate

the transfonnation ofcertain atmospherie pollutants in clouds. They have developed an

understanding ofhow dissolved Cu in cloud droplets catalyze the conversion of HOi02

into H20 2 (23).

ModcIIing of photooxidation proccsscs

It is often desirable for a researcher to be able to predict the outcome ofan

advanced oxidation process before actually applying it to a solution of contaminant(s). A

mathematicai model deseribing the processes that simultancously occur in an AOP is

required so that investigators can understand the chemistry ofa particular system undcr

study. Models can aIso be useful for estimating the eITeet ofchanging a process

pararneter, eliminating unproductive areas ofpararneter variation and suggesting potential

fruitful ones. Sinee the reactions taking place in an AOPs are very complex in nature. and

the generaI idea that "more is better" does not generally apply to AOPs. any researcher or
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designing engineer would benelit l'rom a modd that would hdp him/her set up an

experimental procedure to follow.

Peyton assembled a very useful and extensive set of guidclines for the selection of

a chemical model for advanced oxidation processes (7).

OHis and Turchi developed a useful model and design considerations for a

photooxidation reactor by providing 1) CUITent rate equations for photocatalyzed

simultaneous destruction of multiple oxidi7.able organic contaminants and 2) simplified

convcctive transport equations appropriate to photoreactor design under various degrees

of fluid mixing and simuitaneous reaction contributions by photocatalyzed heterogeneous

as weil as homogeneous reactions (40).

Nicole el al examined the influence of technological charactcristics of

photochemical reactors on the rate of photodegradation ofhydrogen peroxide in aqueous

solution (28). TIleir study resulted in a modcl which has been subsequently uscd by otller

researchers (20). An experimental procedure \Vas al50 devcloped for the deterrnination of

photonic fluxes at 253.7 nm emitted by low-pressure mereury vapour lamps. TIlis is

particularly useful since comparcd to c1assical methods of photonic tlu.x deterrnination by

potassium ferrioxalate or uranyl oxalate actinometry. the utilization ofH20 2 as an

actinometer is an attractive and simple alternative.

Commercial photooxidation systems

A number ofcompanies have already been marketing photooxidation technologies

for many years.

The Ultrox UVloxidation treatment system uses UV radiation. ozone. and

hydrogen peroxide to oxidize organics in water (4.14). It was developed by Ultrox

International ofSanta Ana. California. and tIle company was issued a process patent in

1988 for tIle application oftlleir system to a broad range of organic compounds in water.

Since tIle Ultrox system treats wastewaters by bubbling ozone gas tI1rough il. sorne

Volatile Organie Carbon (VOC) removal could be attributed to stripping in addition to

oxidation. Still. no hannful emissions arc emitted to tIle atmosphere from tIle Ultrox
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system. which is equipped with an ofl~gas treatment unit. Stripping can bc a signilieant

removal pathway for compounds that arc dirticult tl"'Xidizc. i\lore importantly. by

adding ozone there is a synergistic elTcct that enh'lI1ces thc n:acti,)Il of transl'lfIning

hydrogen peroxide into hydroxyl radicals. therel,'re rcùucing the rcquircd amount in

power supply. This treatment has heen proveù Il>r ils eflicieney in tn:'lling cont'ltl1inateù

groundwaters (13). The same study showeù removal efliciencies l,>r c,>ntamin,mts sltch as

trichloroethylene and total VOCs that \\"Cfe as high as l)'l pcrcent and 'lO percent.

respectivcly.

Another commercial application of a llVIperoxidation technology was created hy

Peroxidation Systems. Inc.• based in Tucson. Arizona (8.16). Devclopment of their

oxidation system. called the perox_pure™ system. hegan in the late 1'l7()'s. anù there are

now about seventy full-seale treatment systems in operation. The process uses high

intensity UV light. hydrogen peroxide. and a patented reactor design to oxidize toxie

organies in water. Recent improvements (1992) have been made that proviùe opcrating

cost savings of up to 50%.

An interesting innovation to a photooxidation system was brought up by

Solarchem Environmentai Systems. based in Richmond Hill. Ontario (15). l1ley observed

that there are a number of substances (e.g. ch1oroalkanes. aliphatic ketones and certain

nitro-compounds) which degrade very slowly under hydroxyl radical oxidation. Based on

the premise that substances that are diffieult to oxidizc ought to be casy to rcduee. they

have developed a new photodegradation proeess ealled RAYOX®. whieh features the

generation ofone of the strongest redueing agents known. the hydrated cleetron. Its

reduetive potential is EO= -2.9 V. The hydrated e1ectron (eaq-) is a speeies that is formed

when eleetrons are thermalized in aqueous solutions. through a photolytie proeess. for

instance. The RAYOX® system has its own patented photoehemical redueing agent as a

source ofhydrated e\ectrons. The proeess has proved to be more efficient in the trcatrnent

ofehIoroethanes and other contaminants than a process utilizing solcly UV light and

hydrogen peroxide, by up to a factor of4. It has also bcen demonstrated !hat the RAVOX

® treatrnent is v:ry effective with polluted waters having a very high salt content.
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Another photooxidation proeess calicd UVOX was devcloped during the carly

19S0s by Jansson Consulting Services Ine. based in Regina. Saskatchewan. It utilizes UV

radiaition to produee hydroxyl radieals from the photolysis of I-!101 \Vith air-cooled UV

units(II).

Previous applications of photooxidation to pulp mill effluents

Some studies have already been made on the possibilities oftreating pulp mill

eflluents using some type of photooxidation process. McKclvey and Ougal (1975)

performed the decolorization of kraft mill efiluents and effluents generated by the

washing Gfneutral sulfite semichemical pulps. by using ultraviolet light and oxygen (5).

Thcir treatment also resulted in a significant rcduction in BOO and COD. Even though a

complete decolorization was achieved for ail el1uents. it was fclt that the irradiation times

\Vere exccssivcly long (1 to 2 hrs) and thercfore an attempt \Vas made to lind additives

that \Vould improve the photooxidation elliciency. One of these additives \Vas hydrogen

peroxide \Vhich they used as a source of free hydroxyl radicals. and it appeared to be the

most promising additive.

Prat el al (6) e.xamined the use ofhydrogen peroxide in combination with

ultraviolet radiation for the lreatment of\Vaste\Vaters generated by the ehlorination and

alkaline extraction stages of kraft pulp bleaching operation. Their results \Vere reasonably

good as they managed to eliminate 75% ofthe initial color by using a UVIH20 2 process.

Ho\Vever. even in the most favorable conditions. it \Vas found that the trealment times

\Vere very long (- 3hrs). With hydrogen peroxide a1one. the color removal was 40%.

\Vhile \Vith the addition ofultraviolet radiation up to 75% ofthe initial color gets

degraded. In spite ofthis. they concluded that the use of the hydrogen peroxide trealment

together \Vith ultraviolet radiation. a1though it does bring \vith it in ail cases a greater

reduction ofeolor in the effluent than \Vhen this oxidant is used in darkness. does not turn

out to he eeonomically competitive. This is due to the fact that the improvement in the

rate of reaction is not high enough to compensate for the complexity of the neeessary

installation. nor the additional operating costs. On the other band. the residual hydrogen
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peroxide \Vould not he detrimental to the pllste6,'r hiologieal proeesses. llbtaining ;1Il

overall rcduction of the color in the tinal ef!1l1ent. Flirthennore. the posterillr stage llf plilp

blcaching \Vith hydrogen peroxide cOlilu pro\"iue the reaet;lI1t at ;1 \'Cry l,l\V eosl. il- the

residual hydrogen peroxide content of the dllllent from that stage \Ven: lIseu.

Compar.ltivc cvaluation of UV/H~O~ :IS a ticrta~- trc:ltmcnt proccss

ln order to determine the l"casihility ofa Uvïll,O, process li.lr the treatmcnt llf

wastewaters. its performance and total costlllllst he evaluateu anu comp;lreu to other

processes already used in the marketplace.

Meardon et al (18) used UV/peroxidation as a tertiary process li.lr the treatlllent of

an aqueous effiuent from a ha;r..ardous waste treatment làcility. The ;Iqueous ef!1uent

contained residllal amounts ofvarious organics and hea"y metals. The treatment fl,lIoweu

evaporative crysta11ization (primary process) and activated sludge bio-treatment and/or

reverse osmosis (secondary processes). and was compared to the perli.lrtmlllce of another

tertiary treatment process. carbon adsorption. Their test results indicateu a sllccessful

reduction in TOC content for a11 feedstocks given sullicient peroxide dose. UV light

power. and reaction time. However. when comparcd to carbon adsorption. the UV­

peroxidation proc~ss was not an economically attractive option lor tertiary trcatment of

biological effluents or reverse osmosis permeates derived l'rom the condensate l"cedstock.

The authors attributed the relatively unattractive performance of the UV-peroxidation

system to the high percentage ofTOC content in the feedstocks testcd. which consisted

mainly oftow molecular weight alcohoIs. ketones. and carboxylic acid. Thesc compounds

were round to be refractive to photooxidation by a UV/I-IP~ process.

25



•

•

•

CHAPTER 3 PHOTOOXIDAno!" THEORY

Introduction

An advanccd photooxidation proccss fcaturcs thc action of a '"cry power!ùl

oxidizing agent. the hydroxyl radical (001-1). There arc various ways to generate hydroxyl

radicals in solution. eithcr homogencously or heterogeneously. with the assistance of UV

radiation. A homogeneous photooxidation process involves the usc of a liquid-phase

oxydant. such as hydrogen peroxide (H:p~). A combination ofthis oxydant \Vith a

solution ofcontaminatcd liquid can fonn a \Vell-mixed. homogeneous mixture. A

hcterogeneous photooxidation proeess involves the use of a solid-phase catalyst. sueh as

titanium dioxide. for the generation ofhydroxyl radicals. This catalyst is introdueed into

the contaminated liquid and does not dissolve in il. Such a mixture is heterogeneous in

nature. and the eatalyst particles have to either be kept eontinuously in suspension. or

fixed on a matrix.

A hydroxyl radical is a very strong oxidizer which reaets with organie

contaminants in an aqueous solution. The oxidative potentials for eommon oxidants are

listed in table 3.1. As shown. the hydroxyl radical is approximately t\Vice as powerful as

chlorine and 1.5 times as po\Verful as hydrogen peroxide. It is second only to fluorine in

oxidizing power.

A photooxidation proeess that combines hydrogen peroxide and UV Iight is a fast

and effective \Vay to oxidize organic pollutants whieh involves three possible oxidation

pathways: direct photolysis. by which organics absorb UV light. oxidation with peroxide

(although this contribution is negligible in most cases) and via hydroxyl radical anack.

Although light alone or oxidant alone produces contaminant partial destruction. oniy the

simultaneous use of light and an oxidant has often becn shown tO yield complete

conversion of organic carbon to carbon dioxide (32).
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Rd. oxid:nion powe:r Speei<:~ (lxid:uiw p"tential

(Chlorine ~ 1.0) (\"l'1t~)

2.23 Fluorine Y.03

2.06 I-lydroxyl RaJi<:al 2.S0

1.78 Atomi<: üxygen (~ingkt) 2.42

1.52 Ozone 2.07

1.31 ]-Iydrogen l'eroxide 1.76

1.25 l'erhydroxyl Radical 1.71)

1.24 Permanganate 1.6S

1.17 I-lypochlorous AciJ 1.59

1.15 Chlorine Dioxide 1.57

1.10 I-lypochlorous Acid 1.49

\.07 Hypoiodous Acid 1.45• \.00 Chlorine 1.36

0.80 Bromine 1.09

0.39 lodine 0.54

Table 3.1. Oxidative potentials ofsome typical oxidants. (source: Bernardin.
F.E. (8»

A photooxidation process has the potentia! to carry the original contaminant

through a series ofhigher oxidized intermediates to carbon dioxide. Complete oxidation

ofan organic compound can a1so be referred to as mineralization.

•
Absorption of UV ligbt

According to the literature. the ma.ximum absorbance of UV radiation by

hydrogen peroxide occurs at a light wavelength ofapproximate1y 220 nanomcters (nm)
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• (4). :\ sp.:.:trophotomdric scan of liv.: solutions of Il,0, is shown in ligur.: 3.1. Th.:s.:

soluti'.ms hav.: conc.:ntrations of 0.1. 0.2. D.4. D.) and I.D% w,'v Il,0, r.:sp.:ctivdy. Figur.:

3.1 indicat.:s that ail liv.: solutions absorb light in th.: photonic wavd.:ngths rang.: of 190

to 310 nm. with an absorbanc.: p.:ak (y-coordinat.:) bdw.:.:n th.: wav.:kngths 210 and 250

nm (x-coordinat.:). Th.: c1.:an:st absorban.:.: p.:ak .:an b.: obs.:rv.:d with th.: 0.1% wl\'

solution. and is at a wavd.:ngth of approximatdy 212 nm. which is clos.: to th.: value of

220 nm given in the literatur.:.

Absorbance

z.

3."""1I.l1 \
\ \' 1 \

\ \ \\ \
lB8llllJ '\' \\ \.• 1 • \ '\' •

-1 :~~.
B. 2œ=-.llll---r,-....::=3llll",;;·...œ....---:----_-...·.-llll---r---Sllll-.""'a8

Spec1ropholOmebic IIght wavelength (nm)

Figure 3.1. Spectrophotometric scans ofdifferent H20 2 concentrations.
Highest curvc: 1.0% w/v H202. followed respectively by 0.5. 0.4. 0.2 and
finally 0.1 % w/v H202 represented by the lowest absorbance curve.

4._

•

•

ln this study. like in most commercial applications. low-pressure mercury vapor

UV lamps are used to generate UV radiation. These lamps provide the most efficient

generation oflight in the 200-300 nm range ofwavelengths. They are approximately 30%

efficient in converting electrical energy to Iight energy (41). The range ofemission

wavelengths emined by thosc lamps is illustrated in figure 3.2. taken from a typicallow­

pressure mercury vapor lamp manufactured by Hclma Canada inc. It can be observed that

the dominant emission \vavelength ofthese lamps occurs at about 254 nm. Since the

wavelength at which H20 2 shows maximum absorbance does not match the dominant

emission \vavelength of the UV lamp. these lamps may not be the best choice for a

UV/H20 2 photooxidation process. In fucl.. according to the Iiterature. the absorptivity of

hydrogen peroxide at 220 nm is about five times its absorptivity at 254 nm (41).
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• How.:\'<:r. low-pr.:ssur.: m.:r.:ury "apM l'Y IaI11I' ar.: rdali\dy ~h.:ap ;lIld ar~ ,'asily

availabl.: on th.: mark.:t. sine.: they ha".: b.:en used I,'r a numb.:r 1'1' ycars in Jifl,:rel1l

applications. includingth.: d.:sinll:etion l,f\\;lters, Furthenl1<'re. the ad'al1lag.: l,fan

incr.:as.:d absorptivity ofH:O: with;1 220 11l11lamp might be balanccd by the d.:er.:ased

dlici.:ncy of th.: lamp producing this wavd~ngth (41 \...\Iso. a l'Y Iamp \'p~r.lting al 220

nm is not very common. and th.:rcl"r.: th.: us.: or such a Iamp in a el'nllll.:r~iai applic;ltion

might .:nd up bdng v.:ry exp.:nsiv.: and iner':;L'': th~ ~ostl,r th.: l 'YII:(): system

dramatically.
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Figure 3.2. Energy levels distribution ofa typicallow-pn:ssure m.:reury vapor
UV lamp over a range ofphotonic wavdengths. Dominant ernission
wavelength close to 254 om. (Souree: Hclrna Canada Inc.)

•

Since hydrogen peroxide does not have a relativcly high absorbance at 254 nm.

organic cornpounds which strongly absorb light at that wavelength cao cornpete for it and

go under direct photolysis (9). A spectrophotornetric scan ofa typieal pulp and paper

mill effiuent is illustrated in figure 3.3. In this effiuent. the constituents. which are rnainly

organic cornpounds. are strong light-absorbers in photonic v:avelengths ranging frorn 190
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• to 320 nm. Therefore. bdc\\' a cenain hydrogen peroxide conccntration. most of the light

emillcd by the source of irmdiation can be absarbed by the effluent. not by hydrogen

peroxide. In such a case. direct photolysis can contribute significantly ta the o\'crall rate

of reaction.
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•
Figure 3.3. Spectrophotometric scan of a typical TM pulp and paper effluent

Photolysis of hydrogen peroxide

The absorption of radiated UV light by hydrogen peroxide (H20 2) lcads to the

production oftwo moles ofhydroxyl radicals (-OH) per mole ofhydrogen peroxide

decomposed. This rcaction is described as follows:

[3.1]

in which hv reprcsents the energy delivered by the Iight source onto the compowld. For

caeh photon of Iight, the energy produced is equivalent to:

E = hv= he/À. [3.2]

where E = energy delivered by the photon (in ergs; 1 erg = 10-7 J);

h =Planck's constant =6.6256 x 10-27 erg-sec/quanta;
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\' = frequency of the photon (in sec-!):

c =\'c1ocity of light in a \'acuum =2.9979 x 10 10 cm/s:

Î. =wa\'c1ength of the photon (in cm):

A common way of expressing the total amount of energy dcli\'ered by the light source is

the Einstein. a unit equi\'alent to the energy in ergs of 1 mole of photons. It may be

ealculated by multiplying the energy ofa single photon by N. :\n)gadro's number. 6.023

x 10Z.' (42).

After photolysis. the generated hydroxyl radieals are free and likcly to recombine

immediately to gi\'e back HzOz. This ereates a possible "cage" elTect which keeps the

hydroxyl radicais from eseaping their source. Thus the radical-radical recombination is an

important reaction pathway in û'le absence ofother reactants (41):

[3.3]

Therefore. there is typieaIly a fifty percent efficiency which gives about one radical

produced per photon absorbed. rather than two which would be arising from an

irreversible reaction. and reaction (1) can be exprcssed as:

[3.4]

•

Even though it is weIl established that hydroxyl radieals are the main primary

photoproducts resulting from the photoirradiation ofacidic and neutral solutions of

hydrogen peroxide (27 and sources cited herein). smaIl amounts ofH02" radieaIs arc aIso

fonned:
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• ln'

1-120 2 ~ 01-1 + 0021-1 [3.5]

-01-1 + H20 2 ~ 1-1°20+ 1-120 [3.6]

01-1 + 1-120 2 ~ I-Ip+"ÜH [3.7]

1-102+ 1-120 2 ~ HQo+ 1-12° + O2 [3.8]

1-1°20+ H02° ~ I-IP2+02 [3.9]

•

•

Excitation by Iight absorption

It is weIl known that light absorption leads to an electronic excitation of the

absorber. Electronically excitcd species have a different reactivity than those in an

unexeited state. Il has been experimentally observed that the e1ectron density ofan

exeited molecule is different from that of the ground-state moleeule (43). A simple

example cao iIIustrate this. The electronic structure of Lithium in its ground state is

reprcsented in the familiar form Li 1s2 2s1
: the eleetrons are positioned in the lowest

orbitais available to them. An electronically excited state of Lithium is represented by the

configuration Li Is2 3pl. and this one lies at a higher energy level than the Li Is22s1

configuration. Since the chemistry of a species strongly depends on its e1ectronic

structure. the reaetivity of the excited lithium atom cao be expeeted to differ from that of

the ground state atom (44). Light absorption strongly affects the eleetronic structure ofa

molecule. thus it will also affect its reactivity. Moreover. a moleeule which has absorbed

a quantum of radiation becomes "energy-rich" in the absorption process. This absorbed

energy also has a great effect on the reactivity of the molecule.

Comparison ofthcnnolysis and photolysis ofpcroxidcs

Photochemical and thermal decomposition ofperoxides such as H20 2 are similar

since in both cases the primary reaction is the homolytic fission ofperoxide linkage (0­

0) producing oxygen radicals. However. there are several aspects over which the two

processes differ. The photolysis is initiated by the absorption oflight energy, which

e.xcites hydrogen peroxide to c1eave the 0-0 bond. Therefore, the produced radicals are
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• in an exeited state. or in other words. "hot" radicals are prnduccd by ph"llllysis. Thcsc

radieals often havc a ditTerent behavior than those in the ground st:llc. ,'r thllse prnduccd

by thermal deeomposition (27).

It \Vas experimentally obser.ed that the oxygen radicals 1'i.,rll1ed by the phntnlysis

of esthers arc so cleetronieally unstable that they deeoll1pose bcl'i.,re being able to takc

part in further intermoleeular reaetions (43 and reli:renees herein). As an examplc.

eonsider the photolysis of diisopropyl peroxidc. \Vhich produees an exciled isopropoxy

radical. (i-PrO-*) that readily deeomposes to give mostly acetaldehyde and methyl mdieal

before it reaets \Vith other moleeules:

hl"

~ (CH,hCHOo* + (CH,hCHOo 13.10]

•
13.11 ]

On the other hand. ground-state (ordinary) alkoxy radieals formed by thermolysis ean be

trapped eompletely by seavengers sueh as nitrie oxide. Considering our example. the

unexcited isopropoxy radical (i-PrO-) rcaets \Vith nitrie oxide to give isopropyl nitrite and

then aeetone (equation 3.12 and 3.13):

13·12]

13.13]

•

However, exeited a1koxy radicals arc not trapped by nitrie oxide. but deeompose

aeeording to equation (3.11). Not ail radicals produeed by photolysis arc eleetronically

excited. In this partieular case. Le. photolysis ofdiisopropyl peroxide. experimental

observations have showed that more than halfofthe a1koxy radicals are excited (43).
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Thus. th<:r<: ar<: two main asp<:<:ts ll\'<:f whi<:h pholochemical reactions difrer l'rom

th<:rmal r<:actions. First. pholochemical reactions involv<: relatively high con<:entrations of

highly cxcil<:d specÎ<:s which may r<:act l'aster than Ih<: ground-state species. and may

<:ven participat<: isothermally in proc<:ss<:s which arc endothermic lor the latter. and

s<:condly. if the excitation is e1ectronic. by the <:hanges in chemical reactivity which may

accompany the ne\\' e1ectronic configuration orthe species (44).

Dircct photolysis of organics

Direct photolysis is usually benelicial to a photooxidation process. An organic

moleculc that gels irradiatcd with UV light can absorb sorne photonic energy and become

"photoexcited". This can lead to an oxidation-reduction orthe compound. but it also

facilitates ils oxidation by hydroxyl radieals. As shown below. the ground state Ro oh

moleeule absorbs light to prcduee an excited singlet stale RI- (41):

[3.14]

This excited moleeule can then undergo oxidation by OH radicals.

Extinction coefficient ofH~O~

The fraction of Iight being transmitted through an absorbing system can be

represented by the relation

[3.15]

•
where lt and 10 are transmitted and incident light intensities. C is the concentration ofthe

absorber. and dis the depth ofabsorber through whieh the Iight beam passes. & is a
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•

constant ofproportionality kno\\'n as the extinction cod'licicnt and ils lInits arl'litcrs pcr

moles-centimeters (1 mol- I cm- 1), lt is generally lIscd tl' express thl' C:lpacity ,'f a

solution to absorb lightthrough it. and is sometimes also rcferred to as the nl\,lar

extinction coefficient (M-l cm- l . since i\1 = molli). The extinction c,'eilicicnt is

dependent on the \\'avclength of radiation and may occasionally vary \\'ith (' (44).

The molar extinction coefficient. or absorptivity ofhydrogen peroxyde at254 IlIll

is 19.6 M-I cm- I• \\'hich is exceptionally lo\\' "'r a primaI")' absorber in a photochemical

proccss. In comparison. the value lor ozone is 3300 M-I cm- I (Il and rcferenecs cited

hercin). Because of the low molar extinction coefficient. a hi!.:h concentration of

hydrogen peroxidc is needed in the medium to generate sufficient hydroxyl radicals.

Compared to ozone. a much higher concentration of H~O~ is required to produee the same

amount of OH radicais in solution.

At wavelengths higher than 254 nm. the molar extinction eoellicients of solutions

ofH~O~ (at pH =7.5) are even lower. i.e. 0.40 and 0.00661 M-l cm- I fi.,r lighl

wavelengths of313.5 and 365 nm rcspeclivcly. Some sludies have demonstrated lhallhe

contribution of irradiation at a wavelenglh higher than 254 nm in lhe degmdation of

hydrogen peroxide is very negligible and inlèrior to 2 % (28 and sources cited hercin).

Quantum yiclds

A widely used concept in photochemistry is the quantum yic1d. <il. which is

defined as the number of molecules of reactant consumed for cach photon of Iighl

absorbed.lt is a good indication of the efficiency ofa primary photochemical process

\Vith respect to chemical transformation. and also of the extcnt ofa secondary rcaction

(44). The primary quantum yield ofhydrogen pcroxide at 254 nm is very high. i.e. <ilH20~

=0.5 mol photon- I (21 and sources cited herein). This means on average that one mole of

H~02 gets photolyzed for two absorbed photons. This is duc to a "cage" eITect caused by

the possible recombination ofOH radica1s. as cxplained previously.

In order to prediet organic conversions duc to direct photolysis it is Ilccessary to

know. among other parameters. the organic quantum yield. Determination ofthe quantum
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• yieid ofa wastewater would require the knowiedge orthe product composition of

wastewater photolysis and other parameters. Aecording to the literature. there arc severa!

ways 10 obtain the quantum yicld of a wastewater (44).

Since in a photooxidation process wc arc usually more interested in knowing how

much of the original concentration of organic contaminants gets mineraiized with respect

to the photonic flux dclivcred by the UV lamps. it is more uscful to consider the truc

quantum yicld (TQY). defined as

moles of organic compound mincralized
TQY =

moles of incident photons
[3.16]

•

•

To calculatc the TQY. the moles oforganic compounds mineralizcd can be determined

from the total organie carbon (TOC) mineralized during the process. The number of

moles of incident photons. whieh is equivalcnt to absorbed Iight inter.sity. rcquires a more

eomplex method of measurement. To determine it. one needs to kno\\ the intensity of the

Iight incident on the front surface of the absorbing substance and the fraction of Iight

absorbcd. The fraction of Iight absorbed may be caiculated directly from the measurcd

concentration ofabsorber. along with its kno\\n extinetil'n coefficient. by using the Beer­

Lambert law (equation 3.15). The intensity of the Iight incident on the absorber surface

can be determined experimentally by using a thermopile or a photocell. Basica1ly. a

thermopile consists ofan assembly of thermocouples. connected in series. whose front
•. .'

junctions arc blackëiièd. A simplified thermopile assembly is iIlustrated in figure 3.4(a).

A difference in temperaturc between the iIluminated front junctions and the une.xposed

rcar junctions produces an electromagnetic field (e.m.f.). which can be measured using a

galvanometer. The radiation energy can then be calculated with the e.m.f. value. A

photocell consists ofa photocathode and a collector enclosed in an evacuated bulb. The

diagrom ofa photocell circuit is shown in figure 3.4(b). When iIluminated. the

photocathode releases electrons. and since the collector is charged positively and acts like
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• a anode. a CUITent willl10w in the external circuit. Th: light inten~ily n:aching the

photocathode can be dcternlined ~ince it i~ prnportional to the 110wing ellrrcnt (4.1).

1Jlp>"~~"""
Unexposed rear

81ackened Junctlon,!;

Sloekened collectong
cene

1
+

--RadiO tion

•
Photo l?ll?ctrons

PhotoccthOdP'

,.Anoce

--4- Evacuotc-o trcnsparflnl
bulb

-!Ir--f; •
Satler}' (;alvanometer

(b)

Figure 3.4. Typical arrangements ofUV radiation detectors: (a) thermopile;
(b) photocell (source: Wayne. R.P.(44)).

Due to the complexity and cost of these arrangements. the actual incident light

intensity on the wastewater/oxydant solution was never measured during the course of

this research.

•
Production of hydroxyl radicals with Ti02

Hydroxyl radicals can he photo-generated heterogeneously in solution by

e:nploying an oxide semiconductor. When a semiconductor. such as titanium dioxide
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• (lïO~). is illuminated with UV radiation. it gets photoactivated and as a consequence a

series of reactions follows. A simplilied mechanism fi.,r the photoaetivation of a

semieonductor partiele is illustratcd in ligure 3.5. When this one is illuminated \Vith

photons of sufficient energy. i.e. an energy equivalent to the band-gap energy (Eg) or

greater. an clectron gets excited by a photon and moves from the valence band to the

conduction band. 1caving behind an clectronic vacancy called a hole (hvh+) in the valence

band. The minimum amount of energy required lor exciting the c1ectron is called the

band-gap energy. ForTiO~. the value of the band-gap energy is ofapproximatcly 3.2 cV.

which is equivalent to approximatcly 400 nm wavclength of light. Therelore. TiO~ can be

photoactivated by near-UV radiation (200-400 nm). The hole (hvb+) and the conduction

band c1ectron (ecb-) can either recombine in the solid. producing luminescence. or rcact

at the external surface (45).

j_ CATALYST P,\RTICI.~:

!

BIJLK sOLIJT10N

O_lIon R_1on

"101OH'; R

1 CR r:./__~.~<~b~====~~

l / bulk

j"~ "'nc\la~.:::~;;oa~h.;.....::-===i"'=ian==:;=;f

;•

Figure 3.5 Simplified mechanism for the photoactivation ofa semiconductor
catalyst (source: Suri et al (45». (note: CB : atom Conduction Band: VB :
atom Valence Band: e'cb : electron: h+vb : hole: hv : light energy).

•
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• It has b~~n sugg~st~d that 1'l1nllati"n 01'01 1radkals wm~s Ir,>m lh~ r~a~ti,>n ,,1'

\'aIenc~-band hol~s with cith~r adsorb~d Il:O ,>r 01 1- gn>ups on the' surl'I~~ l>rth~ TiO:

particI~ (19.31-34.45.46):

As for UV/peroxidation. th~ photon acti\'ation st~p indi~at~s a stoi~hiom~tri~ r~quir~m~nt

for photons (10). At the interface between th~ particI~ and th~ wat~r. oxidation/~du~tion

ean take place with other species adsorb~d on the surface. Positi\'~ holcs. acting as slrong

oxidizing agents. may react \Vith ~duciblc spcci~s and photoclcctrons may react \Vith

oxygen to give the superoxide radical (19.31.33.34.45.46):

•

/zl'

TiO: ~ h\'b' + ~~b'

H:O(s) + h\'b'~ -OIl + Il'

OH-(s) + h\'b'~ -011

hvb++R-~-R

eeb- + 0:~ 00:-

H:O: ean be formed or regenerated via the lollowing reactions (1):

00:- + H+~ -HO:

-HO: + -HO: ~ 1-1:0: + 0:

00:- +-HO: ~HO:-+O:

HO:- + H+~Hp:

[3.17\

13.1 Si

13.1 9 1

[3.20]

13.21 ]

[3.22]

[3.23]

[3.24]

[3.25]

Furthermore. OH radiea\s ean also he generated by H:O: rcacting with elcctrons or

superoxide radiea\s (31):

•
H20 2+ ecb-~ oOH + OH­

H20 2+002--00H + OH- + O2

[3.26]

[3.27]
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• Adding a homogeneous oxidant such as 0, or 1-1,0, to a pholocalalylic process

doc.:s not only promote the creation of more oxidizing agents. but it also helps preyent the

recombination of electron-hole pairs at the surlace (10.31.34.45):

ecb- + hYb+~ luminescence 1heat [3.28]

•

•

The electron-hole rccombination can also take place in the bulk of the solid phase. and il

may be catalyzed by impurities (10). Since the reverse reactions of photoactivation

provide apprcciable penalties for photocatalysis. the presence of a homogeneous oxidant

acting as a electron-trappcr is essential to improve the efficiency ofheterogeneous

photocatalysis. Hydrogen peroxyde might be more helpful than oxygen in enhancing a

photocatalytic treatrnent. since it is known to be a better electron acceptor

Since there might be sorne compounds competing significantly with the oxidant

for the electrons. a reducing reaction can take place between the compounds and the

e\ectrons. forming products which are thercafter more vulnerable to attack by oxidizing

radical species (19). The faet that photocatalysis is a combination ofoxidation and

reduction processes greatly widens its applicability to various wastes.

Degradation reactions can take place in the adsorbed state (effluent adsorbed to

TiO! particle) or between photoproduced redox agents (which desorb into solution) and

organic compounds (31).

Equation (3.19) suggests that the consumption of hydroxyl radicals ions by

positive holes results in a pH drop (34). This suggests that heterogenerous photocatalysis

is strongly pH dependent. In order to ensure a sufficient concentration ofOH ions in

solution. so that enough OH radicals can be generated. il is preferable to keep the pH at a

high value. Therefore. to keep the process as efficient as possible. an effluent with a low

pH should be preferably adjusted to basic conditions (i.e. pH>10) prior to photocatalytic

treatrnent.
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• Photooxidation using Fcnton's rcagcnt

A method ofgenerating h\"drox\"1 radieals with,'ut li\" light is h,' aJJing a S"lllhlc... ... - - ... - ...

iron salt to an acid solution of hydrogen peroxiJe. This proeess is :llready in commercial

use to destroy organics. but is limited 10 reactions carried linder acid conJitions. The

following mechanism of the reaction in acidic l1leJia is proposed hy Lipczynska and

Kochany (27):

Similar sequences of reaction pathways can also be found in other studies (35.26.37). It is

generally known that this reaction mechanism is strongly pH dependem (26.27). For

instance. above a cenain pH the Fe3+ion precipitates as fcrric oxyhydroxidc and thus thc

Fenton oxidation wheel gets stopped (35). Hydroxyl radicals can also be gcneratcd l'rom

the oxidation of FeOH+ species (27):

It has been known for a long time that photoirradiation of fcrric spccies leads to

their reduction (27 and sources cited herein). ln acidic solution. this rcaction can be

illustrated as follows:

•

•

HP:! + HO- ---+ HO:!· + Hp

Fe"+ + HO:!· ---+ Fe;- + HO:!"

Fe"- + HO:!· ---+ Fe;' + I-IO:!"

F ,+ HO' H" 11° 1"'+c- + 2 + + c ~ . 2 2 + ~c·

+ ... "' ...---+ HO:!· + H + Fe'

Fe:!+ + HO' ---+ Fe(OH)'

Fe(OH)' + HP:!---+ Fe(OH):!+ + 2 oOH + c'

hv

Fe3++ H20 ---+ Fe2++ oOH + H+

13.291

13301

[3311

[' '''1~"I.~'1-

[3.34]

[' '-]~'1'.)",

[3.36]

[3.37]

[3.38]
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The.: photore.:duction of Fe.:.1· in the.: pre.:se.:nce.: of organic aromatic compounds re.:sults in

thc.:ir hydroxylation. It has aIso be.:e.:n obse.:r,e.:d that an addition of lerric ions increases the

rate.: of the photode.:composition of hydroge.:n pe.:roxide.:. and so catalyzes the photolytic

hydroxy!ation of organic molccules by hydroge.:n peroxide (:27 and sources citcd hercin).

In the.: reaction describe.:d abo\'e. the.: prima~' step in\'ol\'es the photoreduction of

terric species (Fe.:'") which becomes Fe~·. This terric ion is composing Fenton's reagent.

That process thereforc consists in a regeneration of the Fenton rcagent. The role of the

UV light in a photo-Fenton reaction is then not to generate butto regenerate the Fenton

reagenL and so the step [3.38] plays the role of a leedback rcaction (27).

The powerful abiIity of photo-Fenton oxidation is the rcsuIt of many processes

taking place simultaneousIy and can be summarized as follows: thermally. it is due partly

to Fenton type rcactions which generate hydroxyl radicals. The contributing

photochemical rcactions inc!ude: photoreduction of Fe3
". which gi"es -OH (:27): photo­

decomposition of Fe3
+ complexes ofstarthlg material and/or intermediate degradation

products containing -OH' or -'COOH groups: and an unknown Fe'" -sensitized reaction.

These last IWO reaction contributions are proposed by lepp et al (37).

Production of hydroxyl radiais with copper complexes

Relatively very few studies have been made on the photooxidation oforganic

contanlinants in the presence ofcopper compounds. and therefore not much theory has

been developed on the subject. However. Fukatsu and Takahata (47) performed a series

ofexperiments on the formation ofhydroxyl radicals from the reaction ofCu(lI)/wool

keratin comple.x with hydrogen peroxide. Their results indicate that a Cu(ll) complex

appears to catalyze hydroxyl radical formation from the hydrogen peroxide superoxide

radical being formed as an intermediate. There are two mechanisms through which the

formation ofhydroxyl radicals can occur. These reaction pathways can occur

simultaneously and are therefore competitive \Vith one another. The first one involves the
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• superoxide '.ldical in the metal e,'mplcx catalyzeJ Jecl'lllp,'siti,'ll ,,l' hy drll;:c'n pc·wxidc.

that is. a Haber-Weiss reaction:

cU(m
Hp~ + -o~- O~ + OH-" ·011

The second one takes place in the presence of a suitablc n:Juctant. in which the mctal

complex catalyzes hydroxyl radical formation l'rom hyJrogen pefllxiJe with n,l

superoxide radical formed as an intermediall::

In a system where eupric o:dde (CuO) is added to a photoehemical rcaetion. the cupric

ion (Cu+2) Cal! be possibly obtained by the photolysis of CuO exposed to UV mdiation:•
Cu(ll)

H~O~ + H++ c- H~O +-oH

hv

CuO--- Cu-2+ 0.2

[3.40]

[3.41]

•

This euprie ion Cal! then aet as a catalyst for the deeomposition ofhydrogen pcroxide as

deseribed in reaetions (above).leading to the formation ofhydroxyl radieals. Therefore.

when added to a UVIperoxidation system. euprie oxide leads to a possible pathway for

the formation ofhydroxyl radica1s in solution.

Hydroxyl radical oxidation (Hydroxylation)

Hydroxyl radicals are powerful oxidizers oforganie eontaminants. They have

been found to eompletely mineraiize a large number oforganie eompounds resulting in

only carbon dioxide. water. and dilute aeids as the produets (48). Many intermediate
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• reactions take place in the course of oxidation. but a typical com'ersion can be

summarized in thc following reaction. iliustrating only the primaI}' reactants and final

products:

h"
C,I-lyO,Clw + HP2 ~ CO2+ H20 + HCI [3.42]

RO

•

•

Obviously. this chemical reaction is very simplified. since for one thing the hydroxyl

radical is not even represented. yet it is the main oxidizing agent in the process. The

above reaction just shows what cornes in a photooxidation reactor. and what should

ideally come out of il. A more complex illustration of the UV/peroxide mechanism is

proposed by Peyton and Smith. and is shown in ligure 3.6 (10):

'O-~.y' H').
'02 RH ·OH

~~'>--.'RH~
PRODUCTS 1 HRH

HRRH

Figure 3.6. Reaction pathways for the UV-hydrogen peroxide advanced
oxidation process (source: Peyton and Smith (10».

As indicated. the mechanism ofUV/peroxide is argued to involve a "wheel" ofreactive

intermediates (10 and sources eited herein).lt can be seen that the consumption of

photons is fi.xed stoichiometrically. since every passage around the wheel œquires one

photon. With the absorption ofa photon. OH radicals are produced from the photolysis of
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•

H~O~ and go on to allack organic maller. repre~ented a~ R. Î\1;tny elllnpkx reaetil'l1

path\Vays take place. and H~O~ gets regenerated in solution hy reaetion of '0,- with II~O.

for instance.

ln the course of mioerali7.ation of any organic contaminant. oxidation will

logically involve a series of intermediates of progressivcly higher oxygen-to-carhon r.ltios

on the \Vay to CO~. Such intermediates make the conversion process multicompone.:nt.

even if the feed is originally composed ofa singk contaminant (32). Reaction

intermcdiates in a UV/peroxidation process may he.: as harmlùlto the.: environme.:nt as the.:

original wastewater solution. and therefore sullicient hydrogen pe.:roxide.: and e.:xtcndcd

treatment times must be ensurcd to complctcly climinate these inte.:rm-:diate compounds.

However. these intermediates may be stable.: and resistant to tùrther de.:gradation. and

thereafter may not be acceptable for clischarge into the.: environmenl. In orde.:r to rcmove

these newly formed contaminants. a process can be.: used to follow and complcment

UV/peroxidation: for instance carbon adsorption or air stripping. Therclore.: demonstration

of the formation and e1imination ofinterrnediates is important for showing complete.:

removai ofundesirable compounds

Inhibitors to hydroxyl radical oxidation

In a UV/H~O~ process. the objective is to oxidize organic contaminants

completely with hydroxyl radicals. Thercfore. any other species which react with

hydroxyl radicals create a burden to the system. These inhibitors can greatly affect the

degradation rate of the target contaminant.

Bicarbonate ions are highly reactive with OH radicals and their combination will

lead to the formation of the less reactive carbonate radical anion (-<:03-) and the

hydroxyl ion (OH-) (10):

•
(3.43]
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The cffcct ofthis rcaction will vary from one proccss to anothcr. dcpending on the

reactants being photooxidized. For instance. an initial rcagent such as phenol may be

easily attacked by both hydroxyl and carbonate radical anion. whereas later partial

oxidation products such as methanol or formaldehyde may only be attaeked by hydroxyl

radical (10). One faet is certain. the hydroxyl radical always remains the most powerful

oxydizing agent in any advaneed photooxidation proeess.

Erreet of operating parameters

The effieiency of a UVIH20 2 proeess with respect to the degradation rate of

organie contaminants depends on a series of proeess variables whieh ean have an

influence on the production and absorption of hydroxyl radieals and thus on their

concentration in solution.

Among these pararncters. the nature of the organic contaminant is very important

to considcr. Ideally. the compound to be trcated should have a high rcactivity towards OH

radicals. and be relatively frce ofsuspended solids. It should absorb enough UV Iight at

254 Dm such that the organic molecules can get dircetly photolyzed and/or excited by UV

radiation. in ordcr to facilitatc oxidation. It is weIl known that UV light changes the

clcctronic structures. and consequcntly. the reactivity ofchemical compounds (27). Still.

a too high absorbance of the \vaste solution at 254 nm would block UV light away from

hydrogen peroxide and affect its photolysis and thereby the generation ofhydroxyl

radicals. Thus the effluent should also not be too concentrated. since absorbance incrcases

Iinearly with concentration.

The concentration ofoxidant needed for a UVIH20 2 process has to be investigated

carefully. Therc is an optimum concentration ofH20 2 that must be determined

experimentally using bench-scale tests. Too much H20 2 cao negatively a~ect the

photooxidation process since H20 2 can act as a hydroxyl radical scavenger itself(4).

and/or absorb too much UV radiation which is needed to photolyze and/or excite organic

molecules.
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The addition of a heterogeneous photoeatalyst (for inst:mee Til):) should ha\'e a

positive effect on the oxidation treatment. hut like II~O~. an increasc in c:ltalyst

conccntration will increase the rate of oxidmion up to the point whcrc slurry opacity is

obtained and UV light gets blocked out of solution.

Eaeh eomponent in the waste solution which ahsorhs light :Il 254 nm is a possihle

competitor for UV radiation: H~O:!. photocatalyst(s). organic eontaminants. organic

matrix. humie substances. etc. There is an idcal eonccntration I.ltio hct"'ccn organic

contaminants and H:!02 that must be found. sinee they hoth need their slmre of the UV

light in order to get photoactivated. Moreover. the stoichiometric requirements for

oxidant and light will increasc with organic content. since as pollutant eoncentration is

increased at constant peroxide concentration. the number of hydroxyl mdicals available to

reaet with eaeh pollutant moleeule is decrcased.

The efficieney ofa photooxidation process is also dependent of the physico­

chemical charaeteristics of the \wstewater. It is gcnemlly bclieved that pH shoulll have a

signifieant effect on the degradation proeess (17). A high pH is an indication of a high

concentration of OH ions in solution. and these play a eritieal role in the formation of OH

radicals. This is especially relevant in a heterogeneous photoeatalytic process. As

demonstrated in rcaction (3.19). a high concentration of OH ions will produee a high

concentration of OH radicals in solution. Morcover. the absorbance ofa solution is

usuaIly more or legs a funetion ofits pH. For these reasons it might be neeessary to adjust

the wastewater pH prior to treatment in order to ensure its optimization. The temperature

of the treated water will have an effeet on the process. An inerease in temperature will

aIways lead to an incrcase in the rcaction rate. Since industrial effluents onen exit at a

high temperature, this. call only be beneficial to thc photooxidation process. A wastewater

may aIso contain a high concentration of minerais reactive with OH radicals. This is

unwanted, sinee anything that rcaets with OH radicals other than the target pollutant is

detrimental to the process. Furthermore, mineraIs ean react with OH radicals and then

precipitate in solution, causing an obstruction to UV light. Other compound.~such as oil

and grcase would reduce UV transmission, thereby reducing the treatment effieiency. For
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ail these reasons. pretreatmenl mal' he required l,)r proper functioning ofa UV/I-!,O,

process depending on the wastewater charaeteristics.

A photooxidation proe~ss can be very eflicient if the photochemieal reactor is

properly designed. The UV lumps should be positioned inside the reactor in such a way

thatthe dclivery of UV light is optimized and thatthe wastewater gets exposed to as

much UV radiation as possible. In a homogeneous photooxidation process with 1-1,0,. the

dominant emission wavclength of the lamps should be 253.7 nm. whieh is typical oflow­

pressure mercury vapor lamps. The light intensity given off by the lamps has to be

carefully adjusted not only with respect to a desired efticiency. but also in terms of

eeonomics. Scrpone cl al (32) observcd in many photocatalytic studies that there is an

el1iciency penalty for sufficicntly intense lamps. Thus a more expcnsive high-intcnsity

UV lump is not necessarily beneficial to a photochemical system. Along with photonic

energy. UV lamps also deliver an extensive amount ofheat to the solution being treated.

thereby increasing the rate ofoxidation. Since the molar extinction coetlicient. or

absorptivity. 01'1-1,0, at 254 nm is relatively low (19.6 M-Icm-I). the volume thickness

of the wastewaterll-l,O, mixture should not be too large in order to allow sufficient light

penetration and increase the photoreaetivity potential. In a continuous photochemical

system. the fiow of wastewater should be kept at a constant rate. This ean be achieved by

using an equalization basin. for instance. The fiow rate has to be slow enough to allow for

sufficient oxidation rcaction time. but for economic reasons it should also be ma'i:lmized.

As in any other chemical reactor. mixing of the effiuentloxidant solution should be

ensured continuously during the whole process. especially ifa batch reactor is used. in

which case stirring is highly required.
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CHAPTER 4 PHOTOOXIDATION EXI'ERll\IENTAL AI'I'AR.·\TlIS•

MATERIALS AND i\IETHODS

Introduction

An experimental appar.Jtus "as designed and assemhlcd in order tl' perl,mll the

experiments required for this study. DilTerent modcls of photoehemieal reaetors \\we

investi~ated.and a choice was made "hile considerin~hud~et limitations.
~ - -
The objectives ofthis study arc to impro\"<: the quality ofa pulp and paper mill

etlluent. based on analytical measurements perlormed on wastewater solutions hel"re and

after treatment. Since thesc tests form a major part of this thesis. they are deserihed in

details in this chapter.

Design considerations for apparatus

There exist two main types ofcommercial photochemical reaetors on the market.

that are designed for laboratory cxperimental research. ln both cases. experiments are

usually carried out in a batch mode. A photochemical reactor includes a reaction vesscl in

which the aqueous waste solution gets irradiated with UV Iight. ln one common type of

reactor. a single UV lamp stands inside the reaction vessel. while in the other type a series

ofUV lamps are fixed outside the reaction vesscl. usually in a circular làshion. ln the

present experiment. the latter type ofreactor is used. Most importantly. lor any kind of

photoehemical reactor. the glassware. which in fact acts as an interface between the

source of light and the solution being treated. should always be made of quartz or ofany

other material which allows a high percentage of UV light to get through (49).

Description of photochemical reactor apparatus

A rough sketch of the photochemical apparatus used for this rescarch is ilIustrated

in figure 4.1. The photoehemical rcactor was gracefully loaned by the Ahitibi-Price

Researeh Centre. which used to be located in Mississauga. Ontario. lt consists ofa

Rayonet@ Chamber Reactor, model no. RPR-20S, manufactured by the Southem New

England Ultraviolet Company, in Branford. Connecticut loside the rcactor there are eight

RUL-2537A
0

low-pressure mercury vapour UV lamps disposed in a eircle. The dominant
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emission wavclength ofthese lamps is 253.7 nm. In the centre of the reaetor. a Rayonct®

Photochemical Reaction Vesscl is supported \'ertically with an aluminum stand. Thc

reaction vesscl is made of quartz and has a capacity of 660 ml. At thc bottom of the

reaction vessel. a magnetic pellet ensures continous stirring. by being activated with a

magnetic stirring plate located right bdow the apparatus. Cold tap water is circulated

through a "cold linger". a cooling device inserted in thc reaction vessel. A constant

temperature is maintained inside the reactor with a PlO controllcr interfaced between the

tap water outlet and the cold linger inlet. The controllcr is connccted to a thermocouple

which records the temperature of the solution inside the vessel. A small hole pierced at

the top of the rcaction vesscl allows multiple uptakings ofsamples with:: ID ml

volumetrie pipette throughout the reaction time period. The chamber reactor has opaque

walls which keep ail UV light trom escaping and possibly causing rctinal and/or skin

injuries to the user(s). The top of the rcactor is sealed offwith a retraetable wooden box.

,--{T

<S3~.--....J...J

Figure 4.1. E.xperimental apparatus for photochemical oxidation.

Description oftypical photooxidation c.'l:perimcntwith HzOz

Ali c.xperimental runs wcrc performed using the same photoehemical reactor and

equipment. Operational parameters and chemical concentrations were varied from one

experiment to another such that their effects could be observed and the process could be
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optimized. Eaeh run involved the sam<: s<:ri<:s 01" st<:ps and th<: pro<:<:dllrc' "'as g<:n<:rally as

follo",s:

First. approximatdy 500 ml of <:l1lll<:nt is tak<:n out 01" th<: rd'rig<:rator. This

volume of wastewat<:r is then transferr<:d into a heaker and hrought to ml'Ill temp<:ratur<:.

Once the effluent samp1c has reaehed a temp<:ratur<: of approximatdy 25°(', <:xa<:tly 400

ml ofit is measured with a graduated eylinder. and then poured into the photoehemi<:al

reaetion vesse!. Afterwards. 100 ml ofH~O~ soluli(':l is added to the el1lll<:nt sampk by

using a volumetrie pipe!. AI" long magnetie pellet is dropped into the rea<:tion vessd to

rest at its boltom. The "eold linger" is then inserted inside the reaetion \'<:sse!. along with

the thermocouple. Mixing is aetivated by turning on the magnetie stirring plate whieh

acts on the pellet at the boltom ofthe vesse!. The faueet valves for coId and hot water arc

open and their relative outputs are adjusted in sueh a way thatthe outeoming water is at

the righttemperature for efficient eooling. The deetronie PlO eontroller/thermometer is

then turned on. Finally the top wooden box is closed otTand alierwards the UV lamps are

turned on. At the same time. a stopwateh is started to measure the time of reaetion. One

has to ensure that mixing is smooth. the initial temperature reading is aeeurate. therc are

no leaks. the temperature remains constant and the whole apparatus in general remains

stable during the whole experiment. Due to seasonal variations in tap water temperature

and controller limitations. the hot and cold water flowratcs might need adjustments

during the first hour of the experiment sueh that the wastewater/oxydant solution rcmains

at a constant temperature the whole tÏme. Using a volumetrie pipet. 10 ml samples of the

solution are taken out of the reaction vessel at 20. 40. 60. 90 and 120 minutes after the

star! of the experiment. After a period of 180 minutes. the reaetor. the magnetie stirrcr.

the eontroller and the watervalves are turned off. The solution is then taken out of the

reaetion vessel and analytical measurements are made.

In the last set of experiments. 500 ml ofeffluent were used instead of the usual

400, without any dilution. Moreover, no sample was taken for analysis during the

treatment process; the effluent was taken out and analyzed only at the end of the reaction

tïme.
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Op~rating parameters were varied to observe their ef1"ccts on the photooxidation

proeess. The concentration or chemicals. i.e. eilluent and/or H~O~. heterogeneous

eatalysts. etc. \Verc varied simply t>y changing their relative quantities in solution. The pH

orthe solution was decreased by adding small quanti tics oÏ 10% sullurie acid. using a

drop counter. and it \Vas increased by adding smail dosages of sodium hydroxyde (NaOH)

at various concentrations. The temperature of the solution in the photochemical vessel

was adjusted by varying the set point on the PID t~mperature controller while

simultaneously adjusting thc temperature or the tap water going into the cooling finger.

Description and charactcristics ofwastcwatcr

The wastewater used for ail the experiments is a real industrial effluent generated

by a TMP milliocated in the province of Quebec. The effluent consists ofa combination

ofaccumulated vapors that arc generated during the pulp refining process. where wood

chips arc being pre-stearned and then meehanieally refined at high temperature and

pressure. to become pulp. The emitted vapors cool offto form a heat condensate. a liquid

substance which is very toxic. The heat condensate has a brown-yellowish colour. and

lets enough light through it so it appears to be suitable for the process ofphotooxidation.

lts viscosity is similar to that of water. and it contains very few suspended solids.

Since the heat condensate is generated during the process ofpulping. its toxic

constituents are mainly dissolved components ofwoodchips. The main components of

wood arc cellulose and hemicellulose. lignin. and extractives such as resin and fatty acids.

Thcse components are leached from wood into the water during the pulping process. The

concentration levels ofthese compounds in the effluent were not measured. however. the

high COD ofthe effluent is enough to demonstrate its high toxicity. Leach and Thakore

developed a fairly complete breakdown of toxic constituents usually found in mechanical

pulping effluents (50). Wood ell:tractives. especially resin acids. have long becn

considered to be the major toxicants in a pulp and paper mil! effluent (51 and references

cited herein). lt has becn shown that they account for 60-90 percent of the toxicity in a

TMP effluent (50). Moreover. lignin.. an aromatic polymer. is generally the compound

that is most difficult to take cure ofin a conventional wastewater treatment (52).

Experimental studies by Stenberg and Norberg have showed that a typical biological
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treatment process is not et1icient for the degrad;nion "f lignin in a meehanieal plliping

eflluent (53).

There are probably also other toxie Cl'mpounds present in t~le heal e,'ndensate

el11uent \Vhich are not constitllents ofwood. but are proeess-deri"ed e"ntaminants. Sinee

in this ease the pulping process is ot1icially free of ehemicals. a "ery small concentration

ofsuch contaminants shou1d be present in the w;\stewater. If the proeess ;It the mill

involved sulphite pulping. for instance. there would be many phenolie compollnds. which

are produced from the degradation ofIignin (52).

Description of chemical rcagcnts uscd in expcrimental procedure

Hydrogen peroxide (H20 2) solutions \Vere made by diluting measured volumes "f

30% \Vlv commercial HP2 in distilled water.

The titanium dioxide (Ti02) used for heterogeneous photooxidution \Vas of the

type Degussa P25 grade. BET surface arca 50 ± 15 m2g.l. average partiele size 30 nn••

anatase fonn. This brand \Vas used beeause it is generally aecepted as the photocatalyst of

choice for photooxidation \Vith Ti02(48). Solutions ofTi02 used in experiments \Vere

prepared by adding a measured quantity ofTi02into a kno\Vn volume of distilled \Vater.

This milky mixture \Vas then immersed in an ultrasound bath for thirty minutes to ensure

a homogeneous solution and keep Ti02 partieles in suspension. After this step. a

measured dosage ofTi02 solution was introduced into the wastewatcr solution right

before its illumination with UV light. The Ti02 particles were resuspended in solution

with the ultrasound bath before each ne\V expcriment.

Aluminum oxide (AI20)) and cuprie oxide (CuO) samples were in a powder fonn

and taken from commercial sources.

Ferric chloride (FeCl)) samples were in a powder.sh fonn and taken from

commercial source. Ferric perchlorate (Fe(CI04h). on the other hand. had a granular fonn

and was borrowed from the Department ofChemistry at McGiIl University. When both of

these catalysts were used, the pH ofthe el11uent was initally lowercd to a value of

approximately 2-3, using small added quantities ofhydrochloric acid (HCI) in the case of

FeCl), and perchloric acid (HCl04) in experiments with Fe(CI04»). This acidification has
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the primary objective offacilitating the rclease of the Fe)' ion. which is an essential

eomponent of Fenton's reagenl.

Back~round information on Chcmical Oxygcn Dcmand (COD)

Il pararneter that is commonly used by environmental researchcrs to analyze the

quality of a waste\Vater is the Chemical Oxygcn Dcmand (COD). ils detcnnination is

casy. aceurate. ehcap. rapid. and a large number of tests ean be perfonned at once. It is

used as a measurc of the oxygcn equivalent of the organic matter content ofa sarnple that

is susceptible to oxidation by a strong chemieal oxidant. The diehromate reflu.'I; method is

preferrcd over procedures using other oxidants because of superior oxidizing ability.

applicability to a \Vide variability ofsarnples. and ease of manipulation (54). Oxidation of

most organic compounds with this method reprcsents 95 to 100% ofthe theoritical value.

For all thesc reasons. the COD was chosen to be the main pararneter used in this

experiment to detennine the quality of the wastewater solution beforc and after treatment.

and thercby as an indicator of thc photooxidation process overall efficiency.

Therc are three known methods for the detenninution ofCOD using potassium

dichromate as the oxidizing agent. The open rcflu.'I; method is suitable for wastes having a

high concentration ofsuspended solids, since a large sarnple volume is required. The!Wo

closed ret1u.'I; methods are more practical and more economical in tenns of reagents.. but a

homogenization ofsarnples containing suspended solids is required to obtain

reproducible results. One closed reflu.'I; method involves measurements ofabsorbance

with a spectrophotometer. ln the course of this experimental work. the absorbance

method was initially preferred over the other one since it required less time to produce

rcsults and less chemicals were required. However. it was found to be unsuitable since

soUd particles remaining in suspension had an eflèct on the absorbance ofthe sarnples,

lcaeling to unreproducible results. It was therefore decided to choose the other closed

rcflu.'I; method, which involves titration ofthe sarnples. This method was found to

produce very accurate results, and was still relatively easy to perform.

Measuremcnt ofCOD
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TIle closed rellux. titrimetrie method used tl' measurc the COD is laken lhllll the

book "Standard Methods for the Examinatil'n l,f \\'ater and Wastcwatd' (54). with a lt:w

moditications, It is important to note that this method can only be used with s::mples

having a COD of >50 mg O~!l. l\Ioreover. if the COD of the samplc is cxpeeted to be

higher than 900 mg 0~!1. it must be diluted appropriatcly and this dilution must then be

taken into account for the tinal calculation of COD.

The reagents are prepared as follows:

a. Slandard polassium dichromale digeslion solwio/l. 0.0167 M: Add to about 500 ml

distilled water 4.913 g K~Cr~07' primaI')' standard grade. prcviously dried at 103°C Ii.)r 2

h. 167 ml concentrated H~S04' Dissolve. cool to room temperaturc. and dilUle to 1000

ml.

b. Sulfuric acid reagenr: Add Ag!S04' reagent or technical grade. crystals or JX)\vder. to

concentrated H!S04 at the rate of5.5 g Ag!SOikg H~S04' Let stand 1 to :2 days to

dissolve Ag~S04'

c. Ferroin indicalor solI/lion: already prepared commercial solution was used.

d Slandardferrous ammonium sl/ljàlc lilranl (FAS). approximatcly 0.01 DM: Dissolve

3.92 g Fe(N~MS04)~·6H~0 in distilled water. Add 2 ml concentrated H~S04' cool. and

dilute to 1000 ml.

Borosilicate culture tubes (16 x 100 mm) with TFE-lined screw caps arc used for

the procedure. First. 2.5 ml ofsample is placed inside the tube and 1.5 ml ofdigestion

solution is added. followed by 3.5 ml of sulfuric add reagent. The tubes arc then tightly

capped and inverted severa! times for complete mixing. Afterwards. the tubes arc plaeed

in a heating block preheated at 150°C and their content gets rcfluxcd for 2 h. The tubes

are then cooled to room temperature and placed in a test tube rack. The content ofa tube

is carefrlly transferred to a 100 ml Erlenmeyer flask.. and 1-2 drops of ferroin indicator

are ad:.ied to the solution. Each solution gets titrated with 0.005-0.010 M FAS. The end

point is a sharp color change trom blue-green to reddish brown. In the same manncr. a

blank containing the reagents and a volume ofdistilled wat",r equal to that of the sample

is refluxed and titrdted. The COD can then be measured using the following cquauon:
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mL sampk•
wh<:r<::

( A - B) x .\/ x soaa
COl) as mg 0, / L =

Il = ml FAS us<:d for blank.

B =ml FAS used for sampIc. and

M = molarity of FAS.

(4.1]
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The molarity of the FAS solution is standardized daily against standard K1Cr~07

digestion solution as lollows:

Volumes ofreagcnts from the method describcd abo"e arc addcd to a tube

containing distilled \Vater substituted for sanlpIc. The tube is coolcd to room temperature

and transferrcd to an Erlcnrneyer flask \Vith distilled water in which 1-2 drops of ferroin

indicator is addcd. The solution then gets titratcd with FAS titrant and the molarity is

deterrnined as follows:

M 1 · fFAS l' Volume 0.0167 l'vi K~Cr~07 solution titrated. mL 0 \0o anlV 0 so utton= x .
• Volume FAS uscd in titration. mL

[4.2]

For ail sarnples. blanks and FAS molarity tests. the procedure is repeated three

limes such that an average titrant volume is uscd for calculations. to improve accuracy of

results.

Interference: of H~O~ on the: COD test

Thc deterrnination of COD fundamentally involves organic matter reacting with a

strong oxidant. potassium dichromate. For most experiments. sarnples ofsolution were

analyzed through the whole reaction. and there was always a remaining quantity ofH20 2

which did not fully decompose during irradiation.

H20 1 is essentially a strong oxidizing compound. However. when reacting with a

strong oxidizing agent. it acts as a reductant. According to Talinli and Anàerson (55 and
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• n:tt:rences herein). dichrL'matc ions rcact with Il:0: in an acidilicd s,'lulillll and I,mn

peroxidichrL'mic acid (H:Cr:O,:) which is l'lluc in cl'il>llr. Thc rcactÎ,'n is a nll,b:lll:lr

addition:

This compound is Il:>t stablc and is rcduccd immcdiatcly to Cr\!1l) ~IItS:

[4.41

•
Thus the presence of H~O~ leads to an increase in I\.~Cr:07 consllmplil'n. causing an

interference on the COD testing of the wastewater.

To account for the presence ofH~O~ in a sample which necds 10 bc tcsl~-d l"r

COD. Talinli and Anderson dcvdoped a melhod lor ealculating thc truc COD value:

or

\Vhere

COD (mgll) = (a-.b~'c.8000 d-f
ml ongmal samplc

COO(mgll) = COOm-d·l

COOm = measured COD (mgll)

d= H~O~ concentration in the sample (mgll)

f = correction factor = 0.25. il is valid for 20-1000 mgll H:O~.

[4.51

[4.6]

•
Measurement of Dissolved COD (DCOD)

In this experiment it \Vas desired to study the kinetics ofthc proc~"ss using COD as

a reference. A 10 ml sample of waste.....ater was taken out of the reactor at different time

intervals during the reaction. This volume was insufficient for the dctermination of the
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• concentration of 1-1:0: in each sampie. and thus the standard COD method could not bc

used duc to the interference of Il:0:. as explaincd previously.

Another way to measure COD using only 10 ml of wastcwater is by cIiminating

the unreacted 1-1:0: without affecting the rest of the solution. This is donc by using

manganese dioxide (MnO:). which catalyzes the decomposition of hydrogcn peroxide

into oxygen and water:

MnOz

2 1-1:0: ----+ Oz + 2 H:O. [4.7]

•

•

Thus. approximately 50 mg of MnO: is addcd to each 10 ml sample. and the mixture gets

stirred for a few hours in a smaII beaker eovcred with parafilm. Afterwards. the MnO: is

tiltered out using a Whatman 934AH glass mierofibre tilter. pore size 1.5 !lm. This \vay.

most of the MnO: is removed out of solution. Ifthere is still a small portion ofMnO"

remaining. its cf'feet on the COD measurement is very negligible. The COD ofthe tiltrate

can then he measured using the standard procedure. [n this experiment. the COD value

thus obtained is referred to as Dissolved COD. or DCOD.

To verify the aeeuracy ofthis methodic approach. a test was done using a

wastewater solution with a knO\\TI DCOD value to which sorne H"O" was added and then

eliminated with MnO". The value of the DCOD afterwards was the same as before.

unaffected by the MnO" catalysis process.

Mcasurement of9:02 coneentration

The e'"centration ofHp" in solution was detcrmined by using a method

developped by the CPPA and updated by Mrs. Yujing Menjing. formerly of the Pulp and

Paper Research Centre ofMcGiII University (PAPRICAN).

The reagents are prepared as foIIows:

a. Potassium iodide. 10% solution: Disso[ve 25 g reagent grade KI in 250 ml ofdistilled

water.

b. Su/fiuic Acid. 2N: Disso[ve 53 m[ conc. H"S04 in 700 ml distilled water. then di[ute il

to [000 mL.

58



•

•

c. Ammonium Jfolybdate. 3% solution: Dissolve 3g ofreagent gr.lde (?'\II")""-Io-O:"

4H~0 in 100 ml distilled water.

d. Starch indicator: Make a paste of 19 ofsoluhle stareh!n 50 mll'fwat.:r. Pour the p:L'te

into 500 ml boiling water and boil until it is C!ear. ?'\ote: Replace with a Iresh solution

every two weeks.

e. Standa-d Sodium Thiosulfate Soll11ioll. 0.05 M.: Dissolve 12.4 g Na:S:O,5H:O (or

7.916 g Na~S~03) in 1000 ml distilled waler.

The volume of samplc needed for the determination of HP: concentration has to

be investigated at tirst. since it is difficult in sorne cases to predict approximatcly how

mueh titrant will be required for the procedure. The test specimen is an appropriate

volume ofsample which is chl)sen such that 20-40 ml of standard sodium thiosulphate is

required to perform the titration. First. the test specimen is transferred to a 250 ml

Erlenmeyer flask. Then 50 ml distilled water and 50 ml 2N H~SO. are aùded. the total

volume of the solution being 100-120 mL. Afterwards. 5 ml 10% KI and 3 drops of

aluminum molybdate are added. The solution is immediately titrated with sodium

thiosulphate until the solution has lost almost ail its color (pale yellow). Then 2 ml of

starch indicator is added and the titration is completed. The end point is ~ sharp change

trom dark blue to clear transparency of the solution. The H~O~ concentration. in

percentage. <:an then be calculated as follows:

where

H:O: % = 17 x M x V x F x 100%
1000x A

[4.8]

•

M = Molarity ofstandard sodium thiosulphate

V = Volume ofstandard sodium thiosulphate. mL

A = Volume of test specimen. ml

F = Dilution factor.

Sodium thiosulphate has to he standardized frequently. Its molarity can he

determined by foIlowing exactly the same steps of this method. and by replacing the
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• sample eontaining 1-12°2 with a small amount of dry. n:agent grade potassium iodate

(KIO). approximatc1y 0.04-0.08 g. The molarity of the standard sodium thiosulphate ean

then be ealeulated as follows:

where

1 1 · f d d d' h' 1. IV x 1000Î\ 0 antv 0 stan ar so IUm t IOSU late= ----
• 35.67 x V

w= Weight ofKI03• gm

v= Volume of standard sodium thiosulphate. ml.

[4.9]

•

•

Eaeh analytical measurement was repeated three times and an average "alue w:t5

laken for better aeeuraey of rcsults.

Mcasurcmcnt ofpH

The pI-! of the solution was measured with a portable pI-! meter. The model

aetually used in this experiment was a single-point pI-! meter and eould not be ealibrated

by using two separate pI-! points and a resulting slope. Thus a partieular method had to be

used by the operator to optimize the aeeuraey of the results.

Before eaeh new readin~. the pH meter is calibrated by using a buffer solution of

pH 7. The pI-! meter eleetrode is then plunged into a sample of the effluent solution and a

rough measurement is reeorded. indicating in what range ofvalues the effluent pH is

aetually located. The pH meter is then re-calibrated with a buffer solution ofpH whieh is

elosest to the value obtained prcviously with the rough measurement. This way the

calibration point of the pH meter is located as close as possible to the aetual pH of the

solution. After this re-calibration. the eleetrode is finally inserted baek into the effluent

solution and its pH is reeorded.

Measurcmcnt oftcmpcraturc
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The temperature was measured eontinlll)Usl~ during the whnk prncess with ;1

thennoeouple inserted into the reaetion vesse\. This theTJll0enupk was ennneeh:d Il) a

PlO eontroller whieh gave a digital reading of the reeorded lemper;lture.

Measurement of turbidity

Turbidity of the wastewater belore and alicT trcatment is determined with a

st:Jlldard portable turbiditimeter. It is initially ealibmted with a special snlution thal is

turbidity-frce :JIld supplied with the equipmcnl. The glass vial eontaining the lurbidity­

free solution is inserted into the turbidimeler. whieh is then adjusted ln a zero dii.:ilal. -
reading with a knob. After removing the ealibr.llion solution. a samplc of treated diluent

solution (0: 50 ml) is poured into a glass vial whieh is insertcd into the lurbiditimctcr.

After selecting the appropriate range ofmeasurcment:Jlld waiting live seconds. the digital

turbidity reading indieated on the turbidimeter is recorded.

Measurement of absorbance and Iignin concentration

The absorbance. colour.:JIld lignin conccntration of the wastewater belore and

after treatment are detennined with a spectrophotometcr.

1'0 mem;ure the absorb:Jllee of the solution. a 10 ml sample of wastcwatcr is taken.

Il is usually required to tilter a sample in order to get rid of ail suspcnded solids priOT to

reeording its absorbanee. However. in this case. the objective is to find the capaeity of the

effluent to absorb UV Iight emitted at 253.7 nm before:Jlld following the photooxidation

treatment. Thus, the complete mixture with ail its suspended solids, is considered for

absorbance detennination. FirsL the speetrophotometer is adjusted to absorbance =0

(transmittance = 100%) at a wavelength of253.7 nm. using distilled water as the

reference solution. A portion of the wastewater sample is then transferrcd into a square

cuvet which has a light path of 10 mm. The absorbance is then recorded on the

spectrophotometer. This can be donc a few times to obtain an average absorbance value.

The concentration ofsoluble lignin in the effluent is detennined u;,ing a method

supplied by the Pulp and Paper Research Institute of Canada in Pointe-Claire, Que. TIûs

method is a slight adaption ofthe TAPPI Useful Method no. 250 Îor soluble Iignin

determination (56). FirsL the spectrophotometer is adjusted to absorbance = 0 at a
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• wavclength 01'205 nm. using distilled water as a rcli:renee solution. Then. a cuvet with a

10 mm liJht path is filled with a samplc of wastewa!er previously filtered with a

Millipore membrane tilter (nominal porc size 0.8~lm). and the absorbancc is reeorded.

The lignin concentration is calculated as follows:

where:

A x D
Lignin. g / L =

100

A is the absorbance of the sample at 205 nm.

D is the dilution factor.

[4.10]

•

•

Mcasurcmcnt of DissoIvcd Organic Carbon (DOC)

SampIes were initially filtercd using a Millipore membrane tilter. nominal pore

size 0.8 fl.m. For eaeh experiment a filtered sample was sent to the Pulp and Paper

Rcseareh Institute of Canada (PAPRICAN) located in Pointe-Claire. Qué. There the Total

Organie Carbon (TOC) ofcaeh sample was determined by M. Jik Ing. Sinee all solids

were climinated from the samples prior to their analysis. the TOC values that \Vere

determined at PAPRICAN are in faet equivalent to the Dissolved Organie Carbon (DOC)

content ofeaeh sample.

The method use<! for the detemlination ofTOC is a moditied version of the TOC

mcthod developed by the Teehnicon Instruments Corporation (57). Measurements are

made using the Teehnieon Auto-analyzer System (TAS). The TAS consists ofa series of

interconneeted automated modules which ean perform a series ofoperations whieh are

usually manually performed for chemical analysis. The system at PAPRICAN ean

withdraw samples from a sample tray. dilute and mix them with reagents. and then heat

and analyze them. Ali operations arc performed automatically once samples have been

plaeed in the tray.

The original method was moditied by two researchers from PAPRICAN. so that it

eould be weil suited for the measurement ofpulp liquor and mill effluents.
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The samples arc analyzed in two steps. tirst l,'r Total Carhl>n crCl. and then t"r

Total Inorganic Carbon (TIC). The difference yidds Total Organic Carhon croc = TC ­

TIC). For the analysis of TC. an aliquot of ertluent sample is mixed with potassium

persulphate and a phosphate hull,-r solution and exposed to ultraviolet (l IV) r;ldiation.

Both the organics and inorganics present in the diluent sample arc digesled and

eonverted to eo~. The carbon dioxide gas is then dialyzed through;1 silicone mhher

membrane into an indicator solution. The decrease in colour intensity of this indieator

solution. duc to the tormation of carbonic acid. is proportional to the carbon

concentration in the original ell1uent sample. The eolour intensity deerease is deteeted

with a spectrophotometer operating at 550 nm. and recordcd on a strip ehart recorder.

For the determination of TIC. a fresh aliquot from the same ell1uent sample is mn

following a similar procedure. except that phosphorie acid alone is added. instead of the

potassium persulphate and the phosphate butTer solution. and the irradiation with UV is

omitted. Thus. only the inorganie carbon in the samplc is converted to CO~ and deteeted.

The TOC. in mglI. can then be ealeulated by substracting the TJC l'rom the TC.

Measurement ofsolids

The determination ofsolids content in the ell1uent solution bclore and aner the

treatment proeess was performed by using a slightly modified version of the epPA

standard method no. H. J (58). This procedure defines and prcseribes mcthods for solids

determinations (total and volatile fractions of suspended and dissolved sotids) in pulp and

paper mill effluents.

Throughout this procedure ail weighings arc rccorded to 1 mg. and arc made after

equilibration to room temperature in a desiceator with silica gel desiccant. Constant

weight is considered to have been attained when consecutive weighings ditTer by no more

than 2 mg. The filtration apparatus eonsists of a buchner funnel rcsting and scaJed on a

filtering flask whieh is eonnected to a vacuum tine. The ditTercnt types of solids in the

effluent were measured as follows:

(a) Total Suspended Solids (TSS).
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Total Suspended Solids inc1ude aIl material which can be remoyed from the

effluent by filtration through a Whatman 42. ash1css paper filter. nominal pore size 2.5 Il

m. AIl samples are weIl mixed while taking test specimens for suspended solids

determination. First. a Whatman 42 paper lilter. diameter 90 mm. is dried to constant

weight at I05 ± 5 oC. and its weight is recorded. The dry filter is placed on a buchner

funncl and sealed by drawing a small volume through the filter with suction. The flask is

then replaced with a dry filtering flask. A measured volume of effluent. usually 200 ml. is

filtered (Volume 1). The filtrate is retained for the determination ofdissolved solids. The

paper filter is then transfeITed into a dry aluminum dish and p!aced in a drying oyen set at

I05 ± 5 oC untiI constant weight. After. the filter is allowed to cool otT in a desiccator. Its

wcight is then recorded. and by substracting it trom the initial weight of the filter. the

weight of total suspended solids is obtained. The TSS concentration can then be

ealculated:

•

•
Total Suspended Solids. mg.' L =

weight total suspended solids. g x 10·

Volume I. mL

[4.11]

(b) Total DissoIved Solids (TDS).

Total Dissolved Solids consists of the residue after filtration of the effluent

through a 2.5 llffi paper filter and evaporation of the filtrate to dryness at 105 ± 5 oC. The

weight ofa eeramie erueible after drying to constant weight at 105 :1: 5 oC. and eooling in

a desieeator. is reeorded. An aliquot ofthe filtrate obtained in procedure (a). usually 100

or 200 ml. is taken (Volume II). It is then poured into the ceramie erueible and evaporated

in a drying oyen. The weight of the erueible after complete evaporation is reeorded, and

substraeting from it the initial weight of the erueible. the weight of total dissolved solids

is obtained. Total Dissolved Solids are ealeulated as follows:

•
Total Dis.~olved Solids.~:-:glL =

(c) Volatile Suspended Solids (VSS).

weight total dissolved solids. g xia·
Volume II. mL

[4.12]
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• Volatile Suspended Solids is thal portion of the Total SuspenJeJ Solids \\'hieh

volatilizes upon ignition. The paper tilter and precipitate l'rom pn)eedllrC (a) are placed in

a ceramic crucible. The filter and precipitate are ignited carefully llsing a hllnsen humer

flame which heats the outer surface of the crucihle at a very high temper.nure. The inside

of the crucible is ail bumed off and the remains of the lilter and precipitate are combusted

until no more apparent reaction occurs. The crucihle is then cooled in a desiccator and its

weight is recordcd. The inital weight C'f the crucible combined \\'ith the precipitate. less

the weight of the crucible aftcr ignition. gives the \wight of Volatile Sllspended Solids.

The VSS concentration is calculatcd as follo\\'s:

Volatile Suspendcd Solids. mg/ L = weight volatile suspended solids. g x 10·

Volume I. mL

•
[4.131

(d) Volatile Oissolved Solids (VOS).

Volatile Dissolved Solids is that portion of the Total Oissolved Solids which

volatiIizes upon ignition. The dry cruciblc containing the Total Oissolved Solids l'rom

procedure (b) is ignited using a bunsen bumcr tl.~mc. until no more combustion reaction

is apparent. The crucible is then allowed to cool in a desiccator and its weight is recordcd.

The difference between the weight of the crucible before and after ignition givcs the

weight ofVolatile Oissolved Solids. The VOS concentration is then dctcrmincd:

Volatile Oissolved SoIids.. mg / L =
wcight volatile dissolvcd solids. g x 10·

Volume II. mL

[4.14]

•

(e) Total Solids (TS).

Total Solids is the SUffi ofTotal Suspcnded Solids (procedure (a)) and Total

Oissolved Solids (procedure (b»:

Total SoIids, mgIL = Total Suspended Solids. mgIL + Total Oissolvcd Solids. mgIL

[4.151

(f) Volatile Solids (VS).
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• Volatile Solids is the sum or Volatile Su~pended Solids (procedure (cl) and

Volatile Dissolved Solids (procedure (d»):

•

•

Volatile SoIids. mglL = Volatile Suspended Solids. mg/L

+ Volatile Di~solved Solids. mg/L. [4.16]
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CHAPTER 5 PHOTOOXIDAnON EXPERIMENTAL RESliLTS

AND D1SCliSSION

Introduction

Most of the published results from past photooxidation experimenls invllive

solutions of pure chemicals. which were used in laboratory to simulale loxie emuents.

There are very few publications which describe the phOlooxidation of real concentmled

industrial effluents. such as those l'rom a pulp and paper mil!.

There is no standard "recipe" on how 10 starl up and optimize u phOlooxidation

experimental study with a givcn solution of contaminanls. Moreover. a pulp and paper

mill effluent is very eomplex in nature and has many ditTerent components which eun

contribute to its high degree oftoxicity. For these reasons. in any new pholooxidation

study. and especially in this case. it is necessary to initially perlorm an extensive series of

preliminary experiments which are generally donc by trial and error.

An experimental schedule was initially made for this research work. The lirst

thing that had to be done was to lind a range ofhydrogen peroxide concentrations in

which photooxidation of the effluent \Vas applicable in established conditions. Once that

was determined through preliminary experimcnts. thc rest orthc experimental work was

to be performed within this range. Operational parameters could then be varicd in ordcr to

observe their effect on the process and optimizc its efficiency. From published litcrature

and theory. the relevant parameters that should be examined in a photooxidation study are

the initial concentration ofhydrogen peroxidc. thc concentration ofctllucnt solution. the

initial pH of the solution. the operating tempcrature. potential pholocatalysts such as n02

and their concentrations in solution. etc.

The characterization of the process results was madc by measuring thc Dissolved

COD ofthe effluent before. during. and after photooxidation treatment. Towards the end

ofthe experimental schedule, a final series ofexperiments were performed in order to

measure other cbaracteristics of the treated effluent such as absorbance. turbidity, pH,

total COD, lignin concentration. remaining bydrogen peroxide concentration, solids.

67



•

•

•

Dissol""d Organic Carbon (DOC). etc. These parameters make up a more complete

chardeterization of the cI'nuent and hcip identilY more preeisciy whieh eonstituents of the

wastewater the photooxidation proeess is most eapabk of ciiminating.

l'rcliminary cxpcrimcnts

lt is neeessary in a photo-peroxidation proeess to have a sut1ieient amount of

hydrogen peroxide in solution for a .;:aetion to oeeur. however. too much of it can have

an adverse elTeet on the process. as explained in the theory section. lt is also logical that

the et1icieney of photooxidation is slrongly dependant on the absorbance of the eflluenl.

sinee the solution must be clear enough 10 allo\\' light tluxes to go through and activate

the photooxidation reactions. No indication of a desirable range ofabsorbance values fl'r

a similar experiment ean be found in the literature. 50 this had to b·: deterrnined

experimentally by trial and error.

A series of preliminary experiments \\'ere perforrned by varying the concentration

ofhydrogen peroxide in solution. as weil as the eoncentrationlabsorbanee of the effluent

solution. The absorbance of the effluent solution was modificd either hy tiltration using a

Wli<l,iilan 934-AH filter paper. or simply by diluting volumes of pure etlluent in distilled

water to obtain solutions with 50% and 25% concentrations. The results obtained with

these preliminary experiments arc summarized in table 5.1.

As demonstrated in table 5.1. reduetions of DCOD were most notieeable when the

effluent was filtered or diluted prior to photooxidation experiments. Other pretreatment

methods for the removal ofparticles in suspension and/or eolor were investigated. sueh as

adding activated carbon. or a coagulant. etc.• to the effluent solution. But then. it \Vas

decided that there should be no pretreatment whatsoever since the objcctive of this

experiment is to actually prove that the photooxidation process is suitable for the

destruction of everything present in the heat condensate effluent. including all particles in

suspension and color-producing organic compounds.
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H,O, in Etlluenl in 11;0: i,;l,lns. [)n)1) ;11 ncnn l'ul IX 'I)1l dil1". Iln)[) re·d.

(% w/v) Clow v) ~111~ U. 1\ (11l~ (l, 1\ ~1l1g. P: Il (Il Il)

0.05 ~D H.C.. pure 0.016 :' 15.0 SOl.Cl 1~.-l ~.-l °(1

0.05 ~'o H.C.. lillered 0.0:1 515.0 ........ , 1~ I.S , ... .; Il." .',- _/ .• II

0.05 ~·'O H.C.. diluled 1"2 0.0::5 ::::'75 ::04.8 :'~.i ::05 11
u

0.10 ~/o H.C.. pure 0.032 51:'.0 508.8 6.:: 1'" n,.- ,
O.IO~/o H.C.. lillered 0.032 515.U 325.5 I:N5 .'tl.S °11

0.10% H.C.. diluled 1,"2 O.O~S :::575 145.3 1 1:::.:: .13.4 0;.

0.10% H.C.. diluled 1/4 0.057 I:::~U\ 6.'.2 Cl:'.:' ~O.S II Ù

0.50% H.C.. pure 0.065 515.0 490.5 ::45 4.8 t~û

0.50% H.C.. lillercd 0.115 515.0 334.6 1SO.4 ~S.O ~'n

0.50% H.C.. diluled 1r.2 0.107 :5ï5 19S.0 595 23.1 %

0.50% H.C.. diluled 1/4 0.119 128.8 10~.4 :::0.3 15.6 t~·u

1.00% H.C.. pure 0.113 515.0 493.7 :: 1.3 ·tl%

1.00% H.C.. lillered 0.1~6 515.0 3~S.4 166.6 ~"') .. 0'
.'_.,,) /0

Table 5.1: UV/peroxidation preliminary experimental results. Initial
conditions: etl1uent =TMP heat condensate. pHin =4.02. Our..ltion or eaeh
experiment = 1 hour (note: Hp~ cons. =H~O~ consumption: OCOO din: =

OCOO in - OCOO out; OCOO red. =OCOO rcduction).

Two conclusions can be drawn from these rcsults. First. the absorbance orthe

etl1uent solution has a major etTect on the ellicieney or the process. For this reason it was

decided to dilute the efi1uent by 50% for most of the remaining portion or experimenL~.in

such a way that the etTects ofvarying other operating parameters could be more easily

noticeable for the optimization of the process. Second. the results l'rom table 5.1 indicate

that hydrogen peroxide concentrations lying between 0.05 % and 1.00 % \V/v represent a

suitable operating range for further experimental investigations.

Characterization ofhcat condensate effluent.

Oue to storage technical difficulties (i.e. c1ectricai shutdown in the cold room). it

was necessary to get rid ofthe first batch ofhcat condensate efi1uent and replace it \Vith a
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ne\\' one taken atthe same l'MI' mil!. Thus. a ne\\' serks of tests had 10 he rerl'Jnl1ed on

the neW ellluent. It consisted roughiy ofa ydlowish. non-\"iscous mixture with I<:\\'

suspendcd salids and had the lollowing measurcd charaeteristics:

·pll=4.7ü:

• l'COD ~ 1161 mg 0,/1;

• DCOD =637 mg 0,/1:

• Total Suspended Salids = 115 mgil;

• Total Dissolved Salids = 489 mg/!;

• Total Solids = 637 mg/!.

Moreover. there were many yello\\' strips of suspended malter in the efl1uent. These were

gummy in nature. and were expected to be precipitated lignin. This nc\\' batch of heat

condensate effluent \Vas to be used for the remaining experiments.

Determination of optimai H~O~ concentration.

An experimcntal mn was perlormed using a solution ofheat condensatc cfl1uent

without adding any hydrogcn peroxide to it. By exposing the efl1uent to UV l".ldiation

alone. it \Vould be possible to see potential oxidation elTeclS by direct photolysis alone. It

is likcly that UV light would anack bonds oforganic molecules. creating a resonance

elTectleading to the dccomposition oftoxic constitucnts. However. as demonstrated in

ligure 5.1. the OCOO of the effluent solution diminishes very slowly and the rate of

degradaùon is very smal!. This means that direct photolysis alone is not sutlicient for a

fast degradation of the etl1uenl. A photochemical oxidant has to be initially addcd to the

etl1uent in order for the degradation process to be etliciently accelerated.
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The eITect of adding hydrogen peroxide to the cllluent solution prior Il> its exposure to

UV radiation is showed in figure 5.2. where resulL~ obtained with various initial

concentrations in % wdght per volume of hydrogen peroxide. i.e. 0.05 %. 0.10 % and

0.15 % w/v are iIlustrated. lt can be seen that the rate of oxidation inerea.~es with the

initial hydrogen peroxide concentration. I·Iowever. when the initial concentration of

hydrogen peroxide is higher than 0.15 %. there is an adverse elTect on the process and the

rate ofoxidation is slowed down. This can be observed in ligure 5.3. where results

obtained with concentrations of 0.20 % and 0.25 % hydrogen peroxide are demonstrated.

The effect of the hydrogen pcroxide surplus is espccially noticeable towards the ends of

the curves. where the difference between residual oeoo values is greater. This trend cao

be explained: at the beginning of the process. the effiu.:nt solution has a high absorbance

and an overloading ofhydrogen peroxidc does not aITcct the proccss. but as the effiuent

gets oxidized. its color-producing organic eomponents arc destroyQ. and the solution

becomes clearer and clearer. thereby absorbing more UV lighL A surplus of remaining

hydrogen peroxide can then absorb too much of this UV light. keeping it tTom reaching
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• the emuent molecules. and a surplus of it can also lead to an eITect where OH radicaIs arc

recombining. causing a reduction in the efficiency of the process.

Figure 5.2. Heat condensate (50% di!.) with initial concentrations
of H20 2 ranging trom 0.00% to 0.15%. T =25°C.
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Figure 5.3. Heat cor.d~te (50% di!.) with initial concentrations
ofH20 2 ranging trom 0.;5%to 0.25%. T = 25°C.
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Based on these results it was eonciuded that the optimal hydrog.en pcroxidc

concentration. for thcse particular conditions. i.e. heat condensalc dilutcd 50%•. opcfatin:'

temperaturc 25° C. nature of effluent. etc.. was of U. 15 % wei!!!-' ,>cr \'olume. Howe\'er. it

must be kept in mind thatthis optimal concentration applies to these partieular

conditions. and a change in experimental conditions would probably require a dilTerent

optimal H~O~ concentration.

To cIcarly sec the positive effect of combining. hydrogen peroxide with UV

radiation. an expcriment was donc by using a concentration of 0.15 % Hp~ in a solution

ofheat condensate and stirring it for thrce hours under the same conditions as before but

without turning on the UV lamps in the reactor. This \Vay the eflluent gets decomposed

by the oxidizing action ofhydrogen peroxide alone. Experimental cur\'es ilIustrat. .•g

oxidation by hydrogen peroxide a1onc. oxidation by UV light alone. and the combination

ofboth processes. are illustrated in figure 5.4. The two curvcs in the top portion of the

graph represent results obtained with oxidation by H~O~ alone and oxidation by UV

a1one. Both ofthese processes. when operatcd individuaIly. achieve a low degree of

oxidation. In three hours. only approximately 50 mgll ofDissolved COD is cIiminated.

and the rate ofoxidation of the wastewater is very slow. However. when these two

processes are combined to fonn UV/peroxidation. the rate of oxidation is much l'aster.

and after three hours ofreaction time there is an elimination of 292 mg/l of Dissolved

COD. It is evident therefore that UV irradiation greatly acce1erates the oxidation process.

In fuct, one cannot regard UV irradiation simply as a eatalysis to peroxidation. sinee the

chemical reactions illvolved are very different from one proeess to another. ln

peroxidation. the main oxidant is considered to be hydrogen peroxide itse1f. while in

UV/peroxidation, the main oxidant is the hydroxil radical (eOH).
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Figure 5.4. Comparative oxidations ofheat condensate (diI.50%)
by UV alone. 0.1 5% H~O~ alone. and combination of UV \Vith
0.15% H~O~ (note: UV/pcr.= UV/pcroxidation)

Brief kineties of UV/peroxidation

In order to bener understand the underlying concepts ofHzÛ~ photooxidation. it is

essential to study the kinetics of the process.

The curve iIlustrated in figure 5.5 represents t:'e results ofa series ofH~O~

photooxidation experiments using an initial concentration ,,; 0.1 % H~O~ in 500 ml of

diluted heat condensate. The experiments lasted 30. 60. 90. 120. 150 and 180 minutes.

After each experiment the OCOO and remaining H~O~ concentration of the effluent

solution were determined analytically. F~r the same experiment the consumption ofH~O~

with time was analyzed and is iIlustrated in figure 5.6. The shape ofthis curve is very

similar to the one in figure 5.5. Since the photooxidation proeess consists in a

combination of the OCOO and H~O~ reacting together. the rate ofdisappearance of the

DCOO is a function ofboth ofthese compounds and tan be expressed as foIIows:

•
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• /"I)(,(lD =-k[ OCOO la 1H:O, I~

whcrc: rDCOD = rate' of disappcarance of OCOD

k = kinetic rcaction rate constant

a = constant

13 = constant

15·11

Since these results are obtaincd l'rom batch reactor experiments. the rate of disappearance

ofOCOO can be mathcmatically rewritten as:

•
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Figure 5.5. Elimination ofOCOO with timc. Initial conditions:
heat condensate (diI.50%). 0.1 % H20 2• T =25°C.
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Figure 5.6. Concentration ofresidual HP2 with timc. in % w/v.
Initial conditions: hcat condcnsate (diI.50%). 0.1 % H20 2• T = 25°
C.

In most chemical rcactions. and especially in an oxidation process. it is generally

expcctcd that there would bc a limiting reactant for the rate ofreaction.ln the present

expcriment the two main chemical reactants are the oxidant. -OH. which is proportional

to the concentration ofH20 2 in solution. and the oxidizable species. the organic content

of the effluent. which is proportional to the OCOO. As demonstrated in figures 5.5 and

5.6. both compounds get consumed continuously over a long period oftimc. and there is

no initial sharp ~r('lp in their concentrations at the beginning of the oxidation process. An

assumption can be made as an anempt to expIain the aspects of these two curves. That is.

the rate of degradation of the oeoo is not only a function of the concentrations 'Jf

OCOO and H20 2 with time. but also of the transminance of the solution with time. Hcre.

UV radiation acts as a physical contributor 10 the oxidation process. and the rate of

rcaction is influenced by the quantity of transmissible light. Therefore it wouId be

appropriate to say that the rate ofdecomposition of OCOO is nOI only a function of

OCOO and H20 2• but a1so of the transmittance of the solution at a light wavelength of

253.7 nm. Another ,·..ay to express this would be by stating that the rate of reaction
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kiI'·~tic constant. i.e. k in equation 5.1. is a runeli,'n ,,1' the sl'Iution tr:msmitt:ll1cc' whieh

may vary with time. Trnnsminance is an indicatil'llI'I'ilOw much lighl can pass lhrough a

given sample of solution. It is inverscly pl'l'pl'rlional 10 the ahsorhance 1'1' the sollllion hy

the following rclationship:

-1
% transmittance = log (-:lhsorhanee' x 100%

The transmittance orthe el1luentlH~O~mixture with lime is iIIustmled in ligure

5.7. These data were obtained under the same previous experimental eondili,ms used Il,r

the determination of the data in ligure 5.5 and 5.6. At the beginning or the phOlooxidation

experiment. the transmittance of the effiuentllI~O~ solution is at its lowest. and mosl of

the light gels absorbed by the c10udy el1luent which is more likcly to ahsorh light than

hydrogen peroxide. This shiclding eflèct slows down the mte of Il'ml:ltion or hydroxyl

radieals and incidently the rate ofoxidation or the el1luent. Thus in the initial stages of

the proeess the oeoo of the effiuent and the H~O~ are slowly bcing decomposed. The

highly-colourcd organic moleeuies of the etlluent get oxidized with time Lmder the action

ofH20 2 and UV radiation. As these eompounds are destroyed by UV/peroxidation. the

effluent solution beeomcs c1earcr and ils transmittance increases. allowing more and more

light to enter. This way the photooxidation process continues slowly and steadily with

time. Towards the end of the rcaetion time. as there is less residuall-120i iil solution. the

transmittanee of the effluent is very high thus allowing the production ofadditional

hydroxyl radieals whieh ean photolyze the remaining organie compounds.
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Figure 5.7. Transmitlance (%) orheat condensate with time.
Initial conditions: heat condensate (diI.50%). 0.\% H20 2• T = 25°
C.

EITeet of pH on the H20 2/photooxidation process

As put rorward in the literature review. there is a high possibility that the pH of

the reaeting mixture influences the oxidation rate orthe etl1uent. However. ils eITect on

the proeess eannot really be predieted sinee this has to be determined for eaeh new

etl1uent to be trcated. The pH of the etl1uent solution was then adjusted to various values

prior to its exposure to UV radiation. The original pH ofthe etl1uent being 5.74. ils pH

was adjusted subsequently to 5. 9. and \\ in order to eover a sensible range ofva\ues. The

results obtained at these values did notjustify the investigation ofa \vider range ofpH

values.

78



• 350 Ir-------­

300
1

:::- 250
N
'; 200
§.
Cl 150o
t)
Cl 100

50

----- --------..--~ r--- ...,
1 i pH l,

!! 5

!I -.- '
Il 5.74

Il
\1 9

'1 7
L-

------. 1

•

•

o0~------::50-=-----1-:-:0""'0---1-5-'-0---l200
lime (min)

Figure 5.8. Photooxidation of h.:at ellnd.:nsat.: (50% di\.) at
adjust.:d pH of5. 9 and 11. and original pH of5.74. Initialll·:~O~1

=0.15%. T=25°C.

Th.: results of a photooxidation proe.:ss llsing a ellne.:ntration of 0.15 % Hp~ in a

diluted heat condensate solution ar.: illustrated in ligure 5.8. lt ean r.:adily b.: obs.:rwd

that for this experiment the pH has practieally no clTcet on th.: photooxidation proeess.

This shows that in the present case ofhomogen':llus photooxidation th.: main source of

OH radicals is from the fission of the H~O~ molecule. sinee this proeess consists of one

single reaction which is stoichiometrically unalTeet.:d by the pres.:nee of H+ and OH- in

solution. The reactivity ofHp~with photonic light energy is therelore unalTeet.:d by the

pH ofthe mixture.

lt was expected however that a high pH couId lead to b.:tter photooxidation

results. since this increases the concentration of OH- ions in solution. and these can

sometimes bccome a source of OH· radicals. Howcver. as explained in the theory section.

the OH- ions need to react with positive holes hv+ to become OH radicals (reaction 3.19).

There is no indication of the fonnation of positive holes in a homogeneous

photooxidation process such as this one. However. a heterogeneous photooxidation
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proccss with the presence nfTiO~ particles woulù he more likcJy to proùuce positive

holes and thercfore De more affected by a pH aùjustment.

It is weil known that the eolour of a solution is more or less alTected by a variation

of its pH. This might be more relevant howe",:r in a mixture with a light eolour. whcre

the concentration of color-produeing compounds is lowcr. and thcrcfore can be atTeeted

more easily by a chemieal change. A solution with a rcJativcly high colour has a strong

concentration of colour-producing compounds and therefore a buftèring resistance against

changes in colour. This is the case for the heat condensate solution. sinee no extensive

change in colour takes place \Vhen its pH is varied.

Effeet of temperature on the H~O~/photooxidationproeess

An effiuent rcsulting l'rom the eondcnsation oftoxic vapors is likcly to exit l'rom a

pulp and papcr mill at a very high temperaturc. ft is therefore important to examine the

elliciency of the trcatment proeess under the influence ofan cJevated temperaturc.

To study the etlèet oftemperature on the H~a/photooxidation proeess. the

temperature of the solution \Vas raised !Tom 25 to 45·C and this value \Vas kept constant

during the complete reaction time. In figure 5.9 is iIIustnted the etTect ofraising the

tempcrature. This proves to be highly benelicial to the process. since the oxidation

reaction rate is much faster al 45·C. As a comparison. it takes 60 minutes for the 25·C

operation to bring the ocao down to a value of approximately 150 mg a!/l. while 40

minutes arc needed to achievc the sorne rcsult at a temperature of45·C. Moreover. it

takes 90 minutes for the 25·C experiment to deercase the ocao to approximately 120

mg ail. \Vhile the one at 45·C requires 60 minutes to reaeh a similar value.
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Figure 5.9. Photooxidation ofh.:at cond.:nsat.: (50% dil.) al T =
25°C and T =45°C. Initial [I-l10 11=0.15%.

Both ofthes.: oxidation processes can be described by a raie of degmdation of the

DCOD. a~ expressed in equation 5.1. The rate of disappeamnce of DeOD is làster fi.)r the

experiment at 45°. A l'aster rate ofoxidation neeessari1y means a higher r.:action rate

constant. This increase of the reaction rate constant with temperature c:m be exp1ained by

Arrhenius's law. which states that the reaction rate constant of a process is

exponentionally proportional to the absolute operating temperature and activation energy

of the process. Le.:

•
where: k = reaction rate constant

A = frequency factor

E = activation energy

R = gas constant

E

k=Ae RT [5.5]
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Thus. thc gcncrally clc\'alcd tcmpcralurc of an aclual hcal cond~nsat~ d'llucnt

would bc higbly bcndkial to its lr~atm~nt with a pholOoxidation process.

Effeet of effluent dilution on the H~O:/phot()oxidationproeess

Thc absorbanc~ of an ~mu~nt solution \'arics lin~arly with its conccntration. A

s~rics of dilut~d solutions ofheat cond~nsatcwere mad~ and thcir absorbance measured

\Vith a spcctrophotom~ter at a wa\'clength of 253.7 nm. These results arc plolled in figure

5.10 and a linear rclationship was d~\'clop~d. producing an equation describing the

regression and rclating absorbance to the concentration fraction ofheat condensate:

Absorbanc~ = concentration fraction/.3515

• 0.7
2
III
Ul 0.6c:
al
"0
c: 0.50

(.)-III 0.4al
::t:....
0 0.3c:
.2
Ü 0.2
~
u.
c.i 0.1c:
0

(.)

00 0.5 1 1.5 2
Absorbance @ 253.7 nm

[5.6]

•
Figure 5.10. Absorbance ofheat condensate as a function ofits
concentration. Absorbance =conc. fraction 10.3515.
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Thus. a solution of 50"" heat cl'mknsate has an al'sl'rbance "f 1.-1 :11 :5.~. 7 nm. \\hik

soluti;)ns of 75"" and 1OO'~" haye absorbancc's l,f :.1 and 2.'1 rcsl'ccti\-c1y...\ dilutcd

solution of cfllucnt \\l'uld thcrdorc be casicr h' trc':n \,.ith a phl,tl'l'xidatil1l1 prl'cess. In

the Iirst set ofphotooxidatilln experiments thc heat cl'ndcnsatc· en1uent \\:1S dilutcd by

50% to reduce the organic charge :ltld thcre[-ly l:lcilitate thc l'xi,\:Ition prllcc'S>. Sl' that the

d1ècts of yarying operational pammeters could [-le more c:lsily obserycd. Tl' yeri lY lhe

reydancy ofthis dilution. an experiment:ll run \\ith undilutcd heat eomknS:ltc was

conducted. along with an experimental run whcre the d11uenl W:1S dilutcd tl' 75" ". Thc

results ofthose two tests arc presented and eomparcd 10 the preYious 50";, hcat

condensate experiment in ligure 5.11. Each experiment h:ld the S:lIne illili:t1 eonecntr:nion

ofhydrogen peroxide.
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600 50%

1 -.--
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1
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E
~

0 300
0 "ü
0 200
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Figure 5.11. Photooxidation of hcat condensate at dilution
concentrations of 50%. 7:"'~oand 100% (undiluted). I.;;tial
concentration of H20 2 = 0.15%. T = 25°C.

The experiments dor.c: with purcr solutions ofheat eondensate produce excellent n;suIL~.

However. in terms of final OCOO value. tht' best results are obtained with the most

diluted effluent solution. which is expectcd. sinee this one has the lowest initial organic
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• contcnt and DCOI) '·alue. In lerms or organic content remo\"al. the experiment with the

pure undiluted e11luent ddivers the hesl resulls with a DCOI) dirrerenee or 390A mg

02/1. compared to DCOD remo\"als 01"376.7 and 291.7 mg O2/1 for lhe experiments with

75% and 50% dilutions respecti\"dy.

Each cxpcriment shown in ligure 5.11 hegins with a dirrerent initial DCOD \"alue.

Results or the same experiments expressed in terms of lhe fraction of initial DCOD arc

illustrated in ligure 5.12. so that each cur..e starts at a \"alue of 1 on the y-a.xÎs which

represents the fraction olïnitial DCOD.
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Figure 5.12. Photooxidation of heat condensate solutions of
concentrations 50%. 75% and 100% lundiluted) with results
exprt.'SS~d as fraction of initial DCOD of efl1uent solution. Initial
concentration onl~O~ =0.15%. T =25·C.

•

This figure indicates that the highest percentage of DCOD diminuùon occurs when the

efl1uent is initially diluted to 50%. However. the small differences in the final DCOD

values makes the idea ofperfor"'lÏng photooxidation experiments \\ith a highly diluted

effluent questionable. For this reason. it was decided to keep :.lsing 50% diluted solutions

ofheat condensate in the remaini~g e:l:periments • and try ~xperiments with pure soluùons
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of efl1uent as \\'<:11. sinee diluting the <:!'Ilu<:m i" Ihlt pr"<:ti<:"llhlr e'<:"lhll11i<:,,1 in "n ,,<:tll,,1

situation, The need !O dilute the dl1wnt in the tir"t "t"ges ,)(thi" expe'rime'nt,,1 re'se'ar<:h

wa.." primarly 1(' t3cilit:lh: r~$carch \\l'rk ~lI1d k-ad 11..' a nll..'rc ton.'l1~h l,.,l"lsl..-n alÎ\.'I1l llf thl..'

d1i:cls caused hy the \':~riation of opef:lting par"meter",

Evaluation of potcntial hctcro~cncousphotocatalv"t,

A prdiminary set of experimems \\'''s perl,mned t,> evaluate the perli.mnan<:e ,)f

various compounds potential1y sllitahk Ii.)r the heterogeneous catalysi" ,)f"

photooxidation process. Of the live investigated. 1')lIr compound" ha\'e prowd in

previous experiments to he et1i:ctive li.)r the pholOoxidation of some eontaminants. It j,;

not kno\\TI ifaluminum oxide (Alp)) is dlicÏ<:nt at al1li.)r e:ltalyzing a plllltoo.,idati'>t1

rcaction. However. it was tested tor the ti.)lk)\ving reasons: it is unsoluhk in "ater under

normal conditions. it is a semiconductor oxide (Iike titanium dioxidel. it is white in

colour and therefore is likdy to ret1c'Ct light withollt ahsorhing it to,) mu<:ll. I\·\,)reover.

AI~O) is already used in papcrmaking as a tilkr. It would thus he readily availahk in a

mill and ils presence in the wastewater would he advantageous to the trealment proeess.

The other studied compounds were titanium dioxide (lïO~). cupric oxide (CuO). ferric

chloride (FeCl,). and femc perchlorate (Fe(CIO.h),

Initial experimenls using dosages of2 mM ofCuO and Al~O) were perli.)mled and

their resulls arc illustrated in figure 5.13. where their pcrlormance can he comparcd to a

photooxidation process with the S:lI11e initial hydrogen peroxide hut without any added

heterogeneous species. It can be seen that AI~O) did not impro"e the process at ail. as in

the first half of the reaction period it actual1y imposed a negati"e ctTeet on the oxidation

process. this probably bccause it absorbcd some light away l'rom the etlluent and/or

hydrogen peroxide. CuO. on the other hand. showcd sorne grcat promise since it appcarc-d

to accelerate the photooxidation proccss. Resulls in figure 5.13 indicale that by adding

CuO to the UVIH~O~ process. the DCOD ofthe emuent gels rc-duced to approximatcly 40

mg Oil in 90 minutes. that is. in half the time required by UVIH~O~ alone to obtain

similar resulls. However. this consisls of only one single expcriment and sorne tcchnical
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n:aetion time. The di~ll>ned ~hare "f the cun <un c' make~ il r'\lhcr di nic'ult Il' dc" cl"r an

cxpr~~sion ll'r the rate l)( rc:3ctit.)n. dctcnninc ils llrlo.kr. and caklllatl..~ a c"rn:Srllnding. ratl..~

eon~tanl. To really tind ,'ulthe rde"aney ,'faddin,; cun l" the rr,'ce~'. a~ wdl a~ rr,'\C

the rcpe:nability of sueh re~ults, further exreril11el1l~ had Il' he rertl>nned ",in,; thi~

compound.
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Figure 5.13, Effeet ofadding Alp, and CuO on phOlooxidalion
ofheat condensale (50% di!.), Inilial concentration of H~O~ =
0.15%, initial concentration ofhelerogeneous catalysts = 2 mM.
T=25°C.

The ne.xt catalysts being tested were TiO~. FeCI,. and Fe(CI04h. The las! !Wo

compounds. when combined with H~O~. form what is known as a Fenlon's reagent.. as

explained befOl'C in chapter 3. Even though most of the experiments donc elsewherc with

TiO~ were performed with UV light set at a wavc1ength ofapproximalc1y 400 nm. and

that the lamps in this research have a dominant wavelength of253.7 nm. il was deeided

nevertheless to test TiO~ with UVIH~O~ using the present experimental selup, Sinee TiO~

is highly photoreaetive, it was thought that it could also react at a wavelength of253.7
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nm. and or thal th~ rang~ ofth~ l"\'lamp \muld h~ wid~ ~nough I,) ddi\~r 3 signili~3nt

amount of photonic ~ncrgy at -IO() nm. Th~ r~sults ohlain~d with these catal: sts 3r~

illuslral~d in tigun: 5.1-1.

The expcrimenl using TiO: did nol seem 10 improye th~ phOIO,)xid3Iion proce» 31

ail. This was prohahly due to an incompatihilily ofTiO: \\"ith the pholonic w3ydenglh

253.7 nm in IcmlS ofphotoreactivily. 1'iO: is mucil less pholOreaCI!Ve al" Eghl

wayclcnghl of253.7 nm Ihan it wouid he Olt 3 w3vdenglh of-lOO nm. :\ccording to lhe

literalure. this laller value is Ihe wavdength of choice lor many researchers lor

photocallilysis using 1'iO:. ft is therefore reasonahk 10 expect that 1'iO: might not

tùnction properly as a photocatalyst at a ditTercnllight wavdength. as demonstrated in

this experiment. This shows that adjustments in UV light wavdenght arc very critical in a

photooxidation process. The compound which aets as a source ofhydroxyl radicals must

he photoreactive at the same wavdength as the dominant UV light wavdength emilled by

the lamps in the photoehemical rcaetor. For this reason it WaS deeided to abandon the use

of1'i02 in further experiments.

Rcsults ofeatalyzing the UV/peroxidation process \\ith Fenton's rcagent were

very sueeessfui. FeCl, and Fe(CIO~h produeed identical results when they were

eombined \vith hydrogen peroxide. This is expccted. since their contribution to the

Fenton's rcagent is strietly the feme ion (Fe'·) which is at the same oxidation state for

bath compounds. Even though the rate ofOCOO degradation was very fasL the

contribution of UV light to the oxidation process is arguable. since the Fenton's reagent

by itselfis alrcady a very powerful oxidizer which does not nccessarily nced UV light

catalysis. This is cspecially truc for the present case. sincc the initial organic content of

the effluent solution is relatively weak. However. two major problems are created \vith

the use of Fenton's reagent in such an expcriment. FirsL the chemical spceies supplying

the Fe'· ion contain chlorine compounds. so these are added to the wastewater during the

treatment and might remain in solution afterwards. It is weil known that chlorine is

considered more and more as a source of toxicity by environmental strategists. Adding it

to the W:lter car. then lead to an environmental problem. Second. the effluent must be
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• o.ciditicd to a plI as Il)\\' as arrr,Y,\Îmatd: .:. - rri"f Il' th~ ~hjditi,lil l,r th ...· I~Tril..· \.·lllllpllund

Il) the wo.ter in l'lrJcr tt'f the rrt)('css hl he: cfth:,j\,.'nt. :\ddin~ an ~l\:id III the: \\ ~1ic:r ('an k~h.i

cos\. \lon:ovcr. alo\\' l'II is cl,nsidcrcd cl1\ir"nnlc·nt;tlly inappr'lpriatc· al"\lhcrcl,'rl'

would h:.l\'c to he rcadjustcd foIIowing. the tr\,.'atmc:nt. incrc.:asing en::l nlllr~ thl.:' (','st and

control orthe operation. For thcsc n:aSllils the lise l,f Fcntt,)n's rC~lg.l..·nt \\as nnt ùlllsilh:n:d

relevant tor the prcsent study. and it \\l'ulll nl't bc testcd in furthcr cxpcrimcnts. II is tl'l'

powertùl tor the purpose of oxidizing a \\'cak enluent snch as dilulCd hcat ùlndcns;ltc.

Howe\'er. Fenton's reagel1l combined \\'ith \ i\' \\'ould pn,bably bc murc cCllnllmically

appropriate lor the destruction ofhighly toxic cllntamin;mts. such as p,'ly-chll'rin;l!ed

biphenyls (PCBs) lor instancc.
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Figure 5.14. Effect ofadding Ti02• FeCI,. and Fe(CIO.), on
photooxidation ofheat eondensate (50% dit). Initial
concentration of H20 2 = 0.15%. initial concentration of
heterogeneous eatalyslS =2 mM. T =25°C.
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"\dditiunal cxpcrimcnts \\ ith CuO

heal eondensale emuent. The main purpose or dilllted sollllions nas to !,,,;ilitate Ihe

in\'cstigation and optimii'-ation of opcratin:; paramctl:rs. This \\'ay. Jin~rcnccs in rcsults

caused hy \'arying cxperimental rar~melers eould he more easily ohser..ed. :\Ikr lhal ail

larg<:ted operaling paramelers had heen analyzed. and lheir eflécls on Ihe proc<:ss nere

knonn. there nas no more need to keep on using diluted solutions or emuent. i\'loreover.

it had already heen proved that the phOlooxidation proeess is eflieient nilh undiluled

solutions or etl1uent. as demonslraled in ligure 5.11.

Using undiluled solutions Orheal condensale emuent. the compound CuO was

tested again as a pOlential heterogeneous photocatalyst. OilTerenl dosages Oflhis

compound were added wlhe ellluenl in order 10 delermine its oplimal concentration and

observe ilS elléet on the proeess. These experim.;nts \\"Cfe very successful. Ali ofthese. as

iliustr.lled in tigure 5.15. signilicantly improved the UV/peroxidation process. Th~'Se

results not only supported what was previously obtained with the diluted emuent. but

also demonstrated the eITeet ofvarying th~ CuO dosage on the efticiency of the

photooxidation proeess. The most favorable results were obtained al the lowest CuO

concentration. Le. 0.5 mM. \Vhen this dosage was added to tne c:t1uentlHP1 solution.

the rate ofreaction was accclerated such that the OCOO of the efl1uent got reduced to

200 mg Oil in only two hours. instead ofthree when solcly hydrogen peroxide was used.

An inercase in the concentration ofCuO had a negative elTect on its catalyzing ability.

This powdered oxide compound is black in nature. and therefore it probably absorbs a lot

oflight. so therefore an overdosage ofit could lead to undesirable UV light shiclding

eITeets. However. its Iight absorbing nature might also partly explain its high

photorcactivity. By absorbing UV Iight. CuO gets photolyzed and creates eupric ions

(Cu+1) which hclp form hydroxyl radicals from hydrogen peroxide (reactions 3.39. 3.40

and 3.41). Bccausc oftime constraints. it was not possible to perform experiments with

CuO at concentrations lower than 0.5 mM. This is untortunate. since the lower limit of

. 'the range of potential CuO concentrations could not be determined. Figure 5.15 shows
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• that lo\\"cring the CuO dosage frlllll 2 III 0.:' m\1 imprl1\·I..~s th..' rrllÙ.'sS. and this indil.:~1tl..·s

thut a J\1sagc h.1\\"l:r than O.:' m\l \\'t.'uld rl'ssihl~ bl..'l..'\cn l1l11fc..' hClh:li..:ia! hl th..' prl)('I",'SS

and producc hcllcr rcsults.
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Figure 5.15. Photooxidation of undiluted heat condensate with
differcnt added concentrations ofCuO. Initial concentration or
H~O~ =0.15%. T =25°C.

Final series of experie::ents

So far. the efficieney of the UV/peroxidation proccss has becn demonstraled

solely by the change in the DCOD of the effluent during and after oxidation. However.

therc are many additional parameters that arc generally used to characterize the quality of

an effluent. such as Dissolved Organie Carbon (DOC). suspcnded solids. cIe. To be

complete. a sludy ofa wastewater trcatment technology must include an extensive

description of the effluent beforc and after trcatment. to rcvcal the truc efficiency of the

process with respect to changes in various characteristics of the effluent. and examine the

possible strcngths and weaknesses of the trcatment process. ln general. the full trcatmcnt

ofan industrial wa:.1ewater implies many steps. and C'lch step plays a role in the rcmoval

ofa specific parameter. For instance. a step of the trcatment chain could he in charge of
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n:mllYÎng suspcnc.it.:d solids. whik annther \\tllJ1d hl.: rt:sponsihh: fnr tht: rL'nh)\'~1 of

colour. Il is therc/l're important to umkrstanci \\hieh parameters of th.: .:1"I1u.:nt .:an h.:

c/fkiently reml)\"eci. anci to \\hi.:h extenl. using the Il:O:photooxiciatil'I1 pro.:ess. This

\\ay the posSlhk rok Ilf t:,;s tedm%gy in the treatment of an industria/ \\asle\\aler can

he cietenmined a:; \\dl as ils position in a sequential orcier oftreatments.

The characteristic parameters that \\ere measured in this set of expcrimcnts arc:

• plI:

• Total Chemical Oxygcn Dcmand (TCOD):

• Dissol"cd Chemical Oxygen Demand (DCOD):

• Dissol"cd Organic Carbon (DOC):

• Total Solids (TS):

• Total Volatile Solids (TVS):

• Total Suspcnded Solids (TSS):

• Total Volatile Suspended Solids (TVSS):

• Total Dissol"ed Solids (TDS):

• Total Volatile Dissol"ed Solids (TVDS):

• hydrogen peroxide concentration (% w/" H~O~):

• dissolved Iignin concentration:

• absorbance @ 253.7 nm:

Il \Vas decided for most expcriments to use undiluted solutions of hcat condensate

c:ffiuent. to simulate a proccss cIoser to rcal field operating conditions. As weil. instcad of

the usual 50 ml ofH~O~ solution used for previous experim~nts. concentrated solutions of

it (30%) \Vcre used and injected directly into the system. so that the additional volume of

H~O~ and its dilution effects eould be minimized. The analysis for a eharncterisation of

the \Vastewater \Vere performed once for thc pure. untreated hcat condensate. and after

cach completed expcriment

The e.'l:pcriments tha! \Vere pcrformed are described as follo\Vs. indicating

respectively the initial concentration ofeffluent. initial concentration ofhydrogen
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r~r~.1:\ iJc:. lime: nf rC3ct i~'n. ~)rc:rat ing tc:mrc:r~ltun.: \' ft he: s: stL·m. ~lIh.l \,.", '11<..."\"'\ ltrat i~ III "f

hC:h:rogc:nC:l'u~cat3lyst (if any):

1.) 50° ° Jiluted hea! el>nJen>ate. n.15"" Il:0:- t .~ hr>. l' 25"C:

2.) pure heat el)nJensale. n.2n"" Il:0:- t .~ hr,. l' 25"C

3.) pure heat eondensa!e. 0.15"" Il:0:. t . 3 hr>. l' 25°C:

.+.) pure heat condensate. 0.20°0 Il:0:- t .- 3 hr,. l' - '+5"C:

5.) pure he:n condensate. 0.20°0 Il:0:. t = 3 hrs. T -- 25°('.0.5 m"l CuO:

6.) pure heat condcns:ne. 0.20% H:O:. t = .+ hrs. T c. 25°('.

Rcsults obtained with these experiments are presented in t'lhles 5.2 lexperiment 1) anJ

5.3 (experiments 2to 6) and compared to the initial ehar.lcteristies l)fthe enluent prior to

photooxidation.

These results ean lead to a series of observations on the <:I1<:et of v'lrying.

operational pararneters on dinèrent quality aspects of the W:l.'II:water 'llier oxid'ltion with

UV1H10 1• This ean be donc by compa:ing the enluent eharacteristics alkr eaeh

experiment. It is rather dit1ieulL however. to compare rcsults obtained in experiment 1

\\ith the other rcsults. since the initial el1luent concentration in this e:l.'e W'L' hall' the one

used in ail other experiments.

The changes il! Total COD for experiments 2 and .. arc very similar. with

eliminations of27.3 % and 27.5 % respectively of the initial TCOO of the W:l.,tewater.

The low TCOO removal obtained in experiment 2 (11.4 % of initial TCOO) shows that

with a pure heat condensate solution. thc initial H10 1 concentration should prcfcrably he

0.20% rather than 0.15%. The TCOO rcmovals obtained with experiments 5 and 6 arc

much better. with 54.3 % and 48.1 % c1iminations of the initial TCOO n:speetivcly. This

shows thaL in tenns ofTCOO reductions. adding 0.5 mM of CuO 10 the wastewater/H10 1

solution prior to photooxidation with a rcaction lime of 3 hours. is equivalent to a

reaction time of4 hours when H10 1 is uscd by itsclf. Thus CuO can greatly accelerate the

rate of photooxidation of the wastewater and lcad to apprcciable time savings. The

ultimate TCOO removal in tcnns ofpercentage of the inital value. however. was obtained

with expcriment 1 in which a 50 % diluted solution ofhcat condensate el1luent was
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Ch:lrolctcristic SOCX, ["p.l

Il.C.

l'COl) (mg O,'ll 5XO 211

DCOl) (mg 0,/1)
1

336 1IX

DOC (mg/I) X- I~./

diss. lignin (mgll) 55 36

ahsorhance 1.43 0.56

lmnsmittance (%) 4 ~S

lurbidily (n.tu.) 120 3ï

TS (mg/I) 302 204

TSS (mg/l) 58 50

TDS (mg/\) 245 154

l'VS (mg/I) .,.., -_.J_

TVSS (mg/l) 80 -
TVDS (mg/I) 152 62

pH 4.84 3.81

H:O~ (% w/\') 0.150 0.039

Table 5.:!. Characleristics of 50% diluled heat condensale bcforc and after
photooxidation.lniti.11 concentration ofH:O~ = 0.15%. Reaction lime = 3 hrs.
T =:!5°C.
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Charactcrislic H.C. Exp. :! hp..~ 1 Exp. -1

1

Exp.::' Exp. h
1

(unciii.)
1

l'COD lmg 0: !)
1

1161
1

X-I-I 1 1lI2q 1 X-I2 1
:-;31 (ltl.~

DCOD (mg 0: !)
1

(,ï2 1 -lOX 1 5q~ 1 ·1ll1 2l )4 ~l}S

DOC (mg !)
1

lï-l '10 1 1~2 1 I\lX 1 I\l~ S5

diss. lignin (mg!)
1

1III ~~ X' (,l) (, 1 hl,. ..'
absorbancc 2.S4 2.15 3.0:: 1.'l-l - 1.6ï

transmitlancc (%)
,

0.1-1 O.ïl 0.10 1.15 2.1-l-

turbidity (n.l.u.) ~85 170 212 152 - 12-l

TS (mg!!) 6'- 39i -l97 362 31X.' 1 -

TSS (mg!l) 115 56 -l7 36 - 1-1

TDS (mgi!) -lS9 3-11 -l50 3::6 - ~O-l

TVS (mgi!) -l6-l 156 ::86 163 - IIX

TVSS (mg/I) 160 ",0 30 ,~ - ",0.'-
TVDS (mgiI) 304 . 156 256 195 - 118

pH 4.70 3.02 3.21 3.05 3.56 3.00

H~O~ (% w/v) - 0.092 0.082 0.092 0.057 0.076

Table S.3. Characteristics of pure heat conciensatc belore and alier
photooxidation. Exp. 2: Initial concentration of H~O~ =0.20%. reaction time
=3 hrs. T =2S·C. Exp. 3: Initial concentration of 1'1.0. =0.15%. rcaction
time =3 hrs. T =2S·C. Exp. 4-6: Initial concentration ofHp~ =0.20%. Exp.
4: reaction timc = 3 hrs. T = 4S·C. Exp.S: reaction time = 3 hrs. T = 2S·C.
0.5 mM CuO. Exp.6: reaction time =4 hrs. T = 25·C.

The highest difference in Dissolved Organic Carbon (DOC) belore and after the

photooxidatiC'n treatment was obtained in experiment 1 by using a SO% solution ofheat

condensate effluent. A percentage DOC rcmoval as high as 81.1 % was obtained.

However. for ail other experiments the DOC diITerences are in the range of

approximately 40 to sa %. exeept for experiment 3 whi.:h "'..as less sueecssful with a
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J)( )(' Ji fJi.:rl..:n...:c (l!' 2~ 0 fi. lhl.:sc n.:sults art.: in ~1(C( lrdan(l: \\ ith C()f) n:sulls. This makt.:s

St.:I1SC. sine\.: ooth raramctc..:fs arc proport:onalll) the organics l.:(lnccntrati()11 l)ftht.:

\\ustcwalt.:r.

:\ e"nlUminanl of greal inleresl I,'und in a pulp and paper mill emuent is

l1c1ïnilcly diss"l\'ed lignin. since il is an ,'rganie compound th:ll is rather dillïeult to

c1iminale in a eonventional wastewater treatment process (sec maleriais and methodsl.

The hest results I,)r c1imination of dissol\'Cu lignin were ohlained in experiments 5 and 6.

hoth giving a 45 % removal of dissolved !ignin. This perl,'rmanec cannot he really

eompared 10 n:sults in thc liter.llure. since the analytical mcthod used to determine the

concentration of dissolved lignin might differ from one researcher 10 another. However.

this perlormance is better than the one ohlained hy Stenherg and Horherg wilh a

hiological trcalment process. where they had a :>5 '~'Ô reduction in acid soluble lignin of

their etlluent. This comparison holds truc if it is assumed that acid solubk lignin is

similar to dissolvcd lignin.

Lignin is one of the main organic compounds which account for the colour of a

pulp and paper emuent. Unfortunatdy. it .;as rather ditlicult to obtain reproducible

rcsults lor colour measurcments in these experiments. so this characteristic pararneter had

to he abandoned due to technical ditliculties. However. a diftèrcnce in absorbancc of the

etlluent before and alter photooxidation treatment is c10sdy relatcd to an dimination of

-:olour. The ditTercnces in absorbance tor ea,h experiment go in accordance \\;th the

ditTerences in dissolved lignin concentration. The lowest absorbance alter trealment.

among the experimcnts using a pure effiuent. was obtained with experiment 6. \\;th a

value of 1.67. Il was impossible to tind a comparative value for experiment 5 since the

pn..'Sence ofeuO in suspension caused a large increase in the absorbance of the

wastewater solution. The lowest absorbance obtained \\;th experiment 6 corresponds to

the highest tinal transmittance (2.14 %) since mese parameters are inversely proportional.

as demons!r:'.tcd by equation 5.3.

[n experiments \\;th pure hcat condensate solutions. results demonstrating the

ditTerences in turbidity and solids generally have the same pattern. The experiment which
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prl'lJuccJ the hi:;ht:~t rc.:m~'\-al "Cturbidit: ~ll1d t'\ ~'r;tll ~,'Iids \\;1:' lluml'l.'r (l, Iïlis

pCrf,)mlanCC is tl'lll'1\\cd. in Jccrc.:asins ,lrdl,.:r "'ftllr~idil: and s,'lids n..·l1h'\al. t':

cxpc.:rirnc.:nts 4. .:: and ~. This tn.:nJ :;l'lCS in ;ll..·cl'lrJ;mcc.: \\ ilh pn....\ i,'lusl: l,bttin....d rcsults.

l It)WC\'Cf. thc.:sc.: par..lml..:tI:rs cl)ulJ i1IJ! bc.: ù'nsidc.:rl.:\.f I~'r c:\pl.:'rimclll :'. duc..' Il' th\'" rn.:sc.:th.·C

,,1' susp.:nd.:d CuO whieh \\ollid h:lye p,'ssihh kad t" Iar"e anah tieal .:rrMS in tllrhidity.. .

and solids m'::lSllr.:m.:nt.

ln g.:n.:I"'..I1. for an ,'xidati,'n .:xp.:riment. a eh:mge in plI \\llllid 11llrtnally express

th.: .:xt.:nt of a r.:aetion. Th.: linal pli ,'hs.:r...:d in .:xp.:rim.:nts 2. 4 and (l is praetieally th.:

sam.:. i..:. approximatdy 3.00 - 3.05. I!o\\.:\w. th.: tinal pl! r,:slliting th"" .:xp.:rim.:nt .;

is rdativdy high. 3.56. This is llnexp.:et.:d. sine.: this exp.:rim.:nt prndlle.:d som.: ,,l' lh.:

most noticeable r<:sults in th.: r.:moval of COD :IS wdl as "th.:r .:har.let.:ristic par.llnctcrs.

which show.:d that oxidation was very dli:cti\',: during th.: tr'::lll11.:nt proc.:ss.

1\'!or<:ov.:r. it would be normalto assumc that th.: .:xpcrimcntal conditions lhat

gave the best n:sults would also he the ones that .:onsum.:d hydrog.:n p.:rnxid.: most

elliciently. A high ditTer<:nc.: in hydrogen p.:roxide eonc.:ntl"'..Ition indi.:at.:s a larg.:

production ofhydroxyl ..adieals. whieh ar<: th.: main oxidizing agents in a lIV/H:O:

photooxidation proeess. The experiment which .:onsum.:d th.: most Il:0: is numb.:r S.

\\;th a differ<:nce in eonc.:ntration of 0.143 % w/v. follow.:d dosdy by .:xp.:rim.:nt 6.

with a H:O: eonsumption ofO.I:!4 % w/v. This mak.:s s.:ns.:. sine.: thes.: ,:xperim.:nL~

were very et1icient for the oxidation of th.: wast.:wat.:r. Exp.:rim.:nL~:! and 4 consumed

the saIne amount ofhydrogen peroxide. 0.108 'Yu w/v. and experiment 3 is the one wher<:

the H:O: consumption was the (cast ellici.:nt. with a ditli:r<:nce ofody 0.068 % wl\'

between the initial and tinal concentrations of H:O:. 111er<:tl)r<: the etlkiency of Il:0:

consumpùon is closely related to the etliciency of oxidation of the wastewater. The

experiment which starled with a SO % diluted heat condensate solution also had a

relaùvely high H20: consumption etliciency. with a ditTer<:nce in 1-1:0: ofO. III % w/v.

This is approximately twice the H:O: consumption obtained in experiment 3. where the

iniùal H:02 concentraÙon was the saIne but the heat condensate solutian was undiluted.
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1his is due 10 lhe hi=:her li=:hl '1hS(\rplion ol"the diluled enluent soIUli,,". lherehy

"'cilil'llin=: the phOlolysis ,,1" Il:( l:_

ln summ'lry. experiments ) '1nd (, =:enera1ly produced simibr resulls. This

il1die'ltes lh'll CuO e'ln he =:really hendkial 10 lhe pll<'!Ooxidatiol1 proeess. By addin=: O.)

mM oflhis eat'llyst 10 the Il:O:t:rlluent mixture. the time ofreaction is reduced by one

hour when compared 10 the lime ofreaelion neeessary 10 obtain simibr results with only

the II~O~/dlluent mixture =:ettin=: irr.ldi'lted with L;\" light. There was no signiticant

ditli:rence between the results oblained in experiments 2 and 4. This contradicts previous

results which showed tbt an incre:lSe in temper.lture signiticantly improved the

phOlooxidalion proccss (ligure 5.9). The poorest results \\"\:re produced by e:-:periment 3

in whieh the initial I-I~O~ concentration was reduced to 0.15 % w/v. instead of the usual

0.20 % w/v used tor ail other experiments with pure heat condensate. This means that a

concentration 01'0.15 % 1-1:0: is insutlicient lor an etlicient photooxidation of a pure heat

condensate solution. The results obtained in experiment 1 can not really be comparcd to

the on~'S obtained in the other experiments. since the initial etlluent concentration is

dilTerent. However. they contirm the previous observation that a diluted emuent can be

more easily photooxidized duc to its higher light transminance.

Experimental conclusions

The rt.'Sults obtained l'rom the numerous experiments perlormed during the scope

of this research work lead to a series ofconclusions:

• When UV light and HPz arc used separately to trcat the etlluent. each

individuai proccss slowly and partially oxidizes the organics trom the

wastcwater. However. \Vhen these two proccsses arc combined and form

hydroxyl radicals (. OH) in solution. the rate ofoxidation is greatly accelerated.

• There \Vas an optimal concentration of HzOz that had to be determined

experimentally. When the wastewater was 50 % diluted.. a concentration of 0.15
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IIU W \' 11:;\): rn)~!t1( ..\.i Ih\"·l,\,.·~·;t rl.::-.ulh. \\ bo...·1l !Ill.: \\~I~t"'·\\~ll,::· \\.1:-0 ;'t11\:. till..'

t'ptim:.!l Il:l): ~lln('l.:ntratil'n \\~b 1\ :\1" 01, l"lli:, tlll.:ans th~lt thl" 1.';'11111;11 II.t l.

1.:'t..'nCl.:ntr:.ltilm incn.:a:"I.'S \\ith an in,... n.:;lsin:; \,.·:'t1u\"·nt \"·I.'n\"·\"·:~::-;:th'l1

• Chang..:s in th..: initial plll'fth..: <'l"llll<'llt did Ih't ha\<' ail <:Iï<,<'t l'Il .11<' <'ni.:i":IK\

oftht: photlll)xiJ:.ltÎl1n prl1ccss. This ùluld hl.:' ù'Tlsidl.:'n:d bc.:IH:lil,.'i;1! l~lr thl.:

proc..:ss, sine.: it \\l)uld nl't h..: ani:ct..:d b~ l'II \ ariati"lls lll" th<' <,('t111<'1lt.

• An incrcasc in the opcr..lting tt:mpcr..nun: IÎ'lltll 2:"'\' tll 45"l' pn,l\\.'d tl'

accd..:rat..: th..: r.lt..: of phOIO,)xidati')1l 01" th..: \\ast..:\\al..:r, Il,1\\'':\ ..:r, lhis dli:ct

was not ohs..:r"..:d in a s..:cond similar ..:xp..:rim..:nt \\h..:r..: th..: t..:mp..:ratur..: \\as

also rais..:d to 45"C,

• The concentration of the wastewater had an dli:ct on th..: plwto,'xidation pro..:..:ss

in tenns of percentage DCOD diminated, :\ more concentr.lt..:d dllu..:nt has a

higher absorbance and therdi.)re blocks l IV light away from Il,1 ),' thus ani.:cting

its photolysis potential and hydroxyl r.ldicals production,

• Cupric oxide (CuO) was "cry successful in accderating the rat..: llf photollxidation

of the effiuent. When exposed to UV light. CuO gelS phlltlllyzed tll gem:r.lte a

cupric ion (Cu.~). which can then act a.~ a eatalyst li.lr the de":llmposition or

hydrogen peroxide into OH radicals,

• The UV!H~O~process was succt.-ssful in consider.lbly reducing the amount of

dissolved lignin and organics n:sponsiblc tor colour in the heat cllndensate, This is

very useful. since lignin and other organics greatly contribute to the tol'ieity of the

effiuent.
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CHAPTER Cl CO:'o\CLtSIO:'o\

Contributions to knowlcd::c

Photooxidution of u TMP mill ~fflu~nt \\'ith hydrogen peroxid~ hus n~\"er been

ultémrl~d bc!ore. This cxpcrimcnwl rcscurch hus pro\"ed that photooxidation with H~O~

is upplicuble for the partial d~gradation of u "h~at cond~nsate··. a typical ~lllu~nt

g~n~r,ll~d by TMP mills.

Experimental rcsults support many pre\"ious obser\"ations made by other

n:searchers. For instance. that there is an optimal H202 concentration that hus to be

determined for cach ne,," set of experimental conditions. Additionally. an increase in

operating tempcrature accc!erates the rate of oxidation of the ellluen!. The process is also

affected by changes in the concentr"'inn of the emuenL since an inercase in effluent

concentration lcads to a higher absorbance and thus a blocking of UV ligh!.

The assumption that the rate ofoxidation of the effluent \"aries with its

transmittance. or that its rcaction rate constant is a function of the emuent transmittance.

is an innovative idea brought up by the author as an altempt to understand the shape of

eurves expn..'ssing the rate of disappea.'"aIlce of the emuent DCOD. An initially low

transmittance of the emuent would probably slow down the rate of reaction. and as the

oxidation proccss advances with time. color-producing organics are destroyed. and a

dccrease in emuent color is proportional to an increase in its transmittance. This allows a

higher amount of UV light to enter the effluent solution and photoactivate the remaining

H~O~. This way the photooxidation is a continuous proccss characterized by a relatively

slow degradation ofan initially-colored emuent.

Using CuO as a photocatalyst in an advanced oxidation proccss has not been

widely investigated by other rcsearchers. since very few information on the subjcct is

available in the literature. A series of experiments donc during this ell:perimental work

have showed that it is a very efficient catalyst for photooxidation with H~O~. since it

accelerates the rate ofoxidation of the effluent considerably when added to the reacting

mÎll:ture.
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Finally. an important ,'hs.:rvati,'Il mad.: durin:; !his .:xp.:rilll':I1l,I1 \\,'rk is th.:

.:limination of color and dissolv.:d li:;nin hy th.: I:Y II~O~ ph"!",'xidati,,,, pr,'c.:ss.

Lignin is on.: of th.: most toxic .:ompounds "fpllip and pap.:r mill .:fIlll':l1l and is lIsllally

dil1ïclllt to b.: tak.:n car.: ofhy conv.:nti,'nal. hi"I":;ical s.:c,'ndary tr.:;ltlll.:nt pr,'c.:ss.:s.

Feasibili~' study

Throughollt this .:xp.:rim.:ntal work. it has hccn dcnll'llstr.llcd that th.:

photooxidation proc.:ss combining hydrog.:n p.:roxid.: with IIV light h;IS som.: int.:r.:sting

potcntial for the treatment ofa pulp and pap.:r mill .:tllu.:nt. Th.: photooxidation proc.:ss

was not only effective in dccrcasing the COD of the .:tlluent. hut it was ais,' sue.:essful in

the partial destruction ofdissolvcd lignin and d.:colori7.ation of th.: h<::1l .:,'tld.:nsate. two

actions usually difficultto achicve \\lth a conventional hiologieal treatm.:nt proc.:ss.

However. the implementation of a photooxidation proc.:ss as an alt.:mative to

biological treatrnent might be neither practieal nor eeonomieal. 111is advaneed oxidation

proeess \Vould be subjectto design limitations whieh would make it rather dil1icult to use

in a real-size effluent treatrnent plant.

First. it \Vas demonstrated that the transmitlanee and/or colour of the ellluent play

a major role in the efficiency of the photooxidation process. The \Vastewater has to he

clear enough in order to absorb a sufficient amount of UV light for an el1icient

photoactivation ofH20 2• This is generally not truc for a typical pulp ard paper mill

effluent coming out ofa primary trcatment stage which usually consist.~ ofa simple

decantation ofsenleable solids. In fact. most pulp and paper ellluents contain a high

concentration ofdiss;;lved solids and eolor-producing organic compounds which would

block UV light out. In thc course ofthis rcsearch work. the hcat condensate ellluent was

the clearest type ofeffluent that eould be found at the invcstigated mil!. and its dilution in

pure water proved to be very beneficial to the proccss. However. diluting the effluent is

definitively out oftbe question in the operation ofa pulp and papcr mil!. since one of the

main objectives ofan environmental strategy is to rcduce the consumption of fresh water

by the mill. For a photooxidation process to be efficient a secondary treatment process•
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lh" primar:' slag" oftr"atm"nl wOt!ld n""d to. along with a r"duction in solids

concentration. c1iminale sorne of th" color-produeing organic constitu"ms of the emuent.

\vithin tlv~ baleh experimenlal conditions lhat were used. the phOlooxidation

process required a ver:' long time (~ 3 hrs) 10 signilicantly decrease the OCOO of the heat

condensale. A slow reaction time means that a high retention lime would be required by

the emuem in a continuous now photooxidation system. The wastewater would need an

extensive amount oftime to gel sulliciemly oxidized. In the design ofa typi":ll

wastewater treatment plant. hydraulic retention time is a ver:' importam pararncter to

consider. since a high retention time means larger tank volume and higher surface arca

requircmcnts. This lcads to an incrcasc in the cost of infrastructures. possible design

complications and more functional problcms. etc.

The nowratc ofa pulp and papcr mill total cmuent is usually ver:' large sinee the

operations ofa typical mill require massive amounts ofwater. A large photooxidation

system would then have to be built in order to take earc ofail the gcnerated \Yastewater.

An additional complication is the faet that UV light ean penetrate the wastewater only up

to a certain extent ofdepth. This would have to be taken into consideration for the design

ofa UV/H20 2 system. sinee it signifies that a large number of UV lamps would be

required to trcat a pulp and paper mill emuent. These lamps require a lot ofenergy and

some maintenance. whieh lead to an inereasc in operating eosts. If the adopted design is a

eontinuously-stirred tank reaetor. intense mixing would also be required. However.

despite ail these design complications. a large UV/H20 2 system might still be feasible.

sincc thcre arc already some domestic \Yastewater treatment plants which use large

systems with UV lamps for the disinfection oftheir water.

In a pulp and paper mill. the total effluent is usually a combination ofmany

different effluents generated by various processes. An interesting alternative for the use of

a UV/H20 2 system would be to apply it only onto a certain effluent which would be

bener suited for a photooxidation process. instead ofapplying it onto the total combined

effluent of the mil\.
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Suggestions for future work

Photooxidation has n:cciy.:d a I<'t<,f ;\ttcnti<>n th'm resean:hers in the past Ii:w

years. sinc.: it is consider.:d to hc a t.:chnol<'gy with an cn<'ml<'US pot.:ntial I,'r th.:

trcatm.:nt of pollut.:d dtlucnts. During this pn'.i.:ct. a rcal pull' ;md pap.:r mill cnlucnt

was photooxidized with UV and H:O:. Ey.:n th<'ugh th.: pn'duc.:d r,:sllits wcr.: y.:ry

intcr.:sting l'rom a r.:s.:areh point of ykw. th.:r.: ;Ir.: oth.:r ay.:nll':s that .:<'uld h.: tak.:n in

further experiments to complement thos.: results and inyestigat.: th.: proe.:ss more fi.l Ily.

A photooxidation proe.:ss sueh as the one that was inyestigat.:d should he test.:d ;IS

a tertiary trcatment altcrnatiye. Sine.: aetual secondaI")' tr.:atm.:nt process.:s sueh as

biologieal rcaetors or arcatcd lagoons do not lully diminat.: ail organi.:s and lignin l'rom

thc effluent, and thercfore do not allow n:eycling of th.: treat.:d wast.:wul.:r huek into th.:

mill. thcre is a need for a tertiary treatm.:nt proe.:ss whieh would he in c1mrg.: of polishing

the effluent. Photooxidation couId b.: w.:11 suit.:d lor that. sine.: in th,:ol")' it eould destroy

ail the rcmaining organies ofthc wastcwater and thus allow its n:eycling haek into th.:

mill. In facto the future of photooxidation t.:ehnologies probably li.:s in th.: dimination of

toxic trace elements present in contaminatcd wat.:rs.

In this research work it was dccidcd to t.:stthe UV/H20 2 proeess on a n:al pull'

and paper mill effluent to study the applieability of this process in a n:al mill operation.

However. in many effluent trcatment studies. the invcstigated wastewater is generally a

simulated one. First. the researchcr finds and isolates the main toxie constituents of the

effluent ofinterest.. and he make solutions ofthese eonstituents in laboratory. so that he

ean investigate the effect of the process on each constituent individually. In our case. it

would have been interesting to simulate in laboratory a wastewater containing solcly

dissoIved lignin. for instance. Even though this is less representative than real field

effluent, it allows more flexibiIity to the rescarcher to investigate the effect of the proccss

on the toxie compound he is most interested in.

This experimental study \VaS very much engineering oriented in the sense that it

investigated the effect ofoperational pararneters on the efficiency ofa photooxidation

process. It would be a good idea. however. to also study the chemistry of the proccss and
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its kinelies in more detaib. This ean lead 10 a heller underslanding (lI" the trealment

proccss and possihly crcatc.: original idcas on ho\\' tn nptimizc il.

Additional helerogennus pholncatalysts eould he investigaled. or at nlher

wavdengths. TiO, should he ddinilivdy investigaled al a pholOnie \\a\'denglh 01" 400

nm. lor inslance. since experiments Ii'om other researehers have many limes proV"Cd ilS

dlieiency as a helerogeneous phol0catalysl al thal wa\"denglh.

Finally. olher advaneed oxidalion proeesses eould be invesligaled tor lhe

secondary or lenia~' lrealmenl ofa pulp and paper mill diluent. For example. ozone with

UV lighl. ozone wilh hydrogen peroxide. or a eombinalion of ozone and hydrogen

peroxide with UV lighl. These processes arc ail kno\\TI 10 be producers ofhydroxyl

radicals. and thcir etliciency regarding lhe lrealment of polluted walers has been provcd

many limes by various researchers.
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