
 
 

 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New 
Zealand). This thesis may be consulted by you, provided you comply with the 
provisions of the Act and the following conditions of use: 

• Any use you make of these documents or images must be for 
research or private study purposes only, and you may not make 
them available to any other person. 

• Authors control the copyright of their thesis. You will recognise the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any 
material from their thesis. 

 
To request permissions please use the Feedback form on our webpage. 
http://researchspace.auckland.ac.nz/feedback  
 

General copyright and disclaimer 
 
In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form

 
 

http://researchspace.auckland.ac.nz/feedback
http://www.library.auckland.ac.nz/instruct/thesisconsent.pdf


Novel Methods for the Removal of Colour

from Pulp and Paper Mill \Mastewater

Kathryn G Wingate

A thesis sabm.itted in panianfu[frtmant of tke reqairentffits for the

degree af Doctot af PhiLosophy nn Clwntlxry,

The UniYersiry af Aackland

Department of ,Cienistry

The University of Auckland June 2002



Abstract

Wastewater produced during pulp and paper manufacture is often highly coloured. Along

with a decrease in the aesthetic appeal of the receiving water, the coloured material also

reduces the penetration of the sunlight through the water which may decrease photosynthetic

rates and affect aquatic productivity. As a result, there is strong pressure from

environmental regulators for mills to reduce the colour of these wastewaters. Currently there

is no sustainable colour removal technology available to remove this colour, predominantly

due to economical restraints.

The current study was undertaken with the aim of assessing novel and environmentally and

economically sustainable technologies for the treatment of colour in pulp and paper mill

wastewaters.

A New Zealand softrvood integrated bleached kraft mill was used for the technology

assessment case studies. A synoptic survey of the mill was performed to locate the major

sources of wastewater constituents and to select the most appropriate waste streams for

application of these technologies. [t was found that bleach plant wastewater was a

significant source of colour Q4 7o total mill load), dissolved organic carbon (DOC, 32 %o),

and soluble chemical oxygen demand (sCOD, 25 Vo), and was the predominant source of

absorbable organic halides (AOX, -700 o/o). Given these relative contributions, the

concentrated flows arising from this source, and the relative ease of retro-fitting a treatment

process at full-scale, this wastewater was selected for remediation. The bleach plant

wastewater is discharged in two waste streams, the acidic stream (pH 2) and the alkaline

stream (pH ll).

Two systems were investigated as colour removal tools; one chemical, the other biological.

Both systems was chosen as suitable for the remediation of bleach plant wastewater (i.e.

functioned in the required pH and temperature range), and because they were novel systems

which had not been previously considered for removal of colour from wastewater.

The first technology was an advanced oxidative process (AOP) which utilised macrocyclic

tetraamide iron(llf complexes. These specially-designed complexes catalytically activate

hydrogen peroxide and were developed by Collins et al., at Carnegie Mellon University.

The activated complexes had previously been shown to be able to delignify and remove

residual colour from kraft pulp. Preliminary trials indicated that these complexes would alqo

have the potential to remove colour from pulp mill wastewaters.

The second technology was an enzymatic treatment that utilised the enzyme cellobiose

dehydrogenase (CDH). Although the broader purpose of these enzymes in biological



systems has not been firmly established, previous studies have demonstrated that CDH

reactions could reduce quinones. Quinones are highly coloured, lignin-related species

produced during the bleaching of pulp that have been hypothesised to contribute a significant

proportion of the colour found in bleached kraft mill wastewaters. It was therefore

postulated that this enzyme could form the basis of a biological colour treatment for

bleached kraft mill wastewaters, with particular focus on colour removal.

Studies were undertaken to assess the effects of substrate concentrations, pH, temperature

and time. As the AOP technology functioned best under alkaline conditions, it was selected

to remediate the alkaline bleach plant waste stream. Optimal conditions were determined at

pH 11,9 and 7. AtpH 11 the optimal conditions were found to be an activator concentration

of 2 pM (0.9 mg L'), u hydrogen peroxide concentration of 26 mM (0.75 g L-t), 40 oC and 4

hours. As the pH decreased to 9, and then 7, more activator and peroxide was required to

remove similar levels of colour from the alkaline waste stream. Under optimal conditions,

the AOP was able to remove 47 % of the colour from alkaline stage bleaching wastewaters.

Additionally, using these conditions the AOP could remove 25 Vo of. the chlorinated organic

material (as AOX), however it had no effect on the sCOD of the wastewater.

For the enzymatic treatment two strains of enzyme were assessed. One strain, purified from

the soft-rot fungus Humicola insolens,preferred alkaline conditions and was used to treat the

alkaline stage bleaching wastewater, and the other strain, purified from the white-rot fungus

Phanentchaete chrysosporium, prefened acid pH and was used to remediate the acid stage

wastewater. Conditions required fbr the enzyme strain that pref'erred alkaline conditions

were 0.01 IU of CDH, 7 mM (2.4 g L-'; of cellobiose, 40 "C and 4 days at pH 7. The

enzyme was able to remove 4l o/o of the colour from the waste stream, however the enzyme

treatment had no effect on the chlorinated organic content or the sCOD of the wastewater.

Due to a limitation in acidophilic enzyme, optimal conditions were not fully characterised.

However, it was found that using 0.1 IU of CDH,40 "C and 4 days at pH 4.5 resulted in a

colour removal from the acid stage bleaching wastewater similar to that achieved for the

enzyme strain that preferred alkaline conditions when treating the alkaline stage bleaching

wastewater.

An investigation of the structural changes in the wastewater organic material during

treatment indicated that the AOP predominantly removed phenolic structures from the

wastewater, in addition to structures containing aliphatic double bonds and carbonyl groups.

In contrast, CDH solely reduced quinone structures. These findings were supported by

studies using model compounds. With AOP treatment there were reaction rate differences

for a range of phenolic model compounds with the most reactive compounds being

vanillomandelic acid and catechol.
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Both technologies were able to remediate wastewater from other sources around the mill'

such as the combined whole mill wastewater and the post-secondary treatment system

wastewater. Removal efficiencies under optimal conditions were in the range 55 to 65 Vo. ln

addition to the removal of colour from wastewater produced during pine processing. both

technologies could also remediate wastewater produced during the processing of eucalypt, a

hardwood. In this case treatment efficiencies were somewhat lower (33 and 27 Vo for the

AOP and enzyme technolo-gies, respectively) possibly due to the difference in the nature of

the chromophores in the hardwood wastewater.

An environmental risk assessrnent of both technologies was undertaken. The results from

this assessment indicated that the AOP treatment did not improve overall biological

treatability of the wastewater. The enzyme treatment improved treatability of the wastewater

by 92 Vo. when measured as oxygen uptake of a microbial population. An investigation of

the molecular weight distribution found the molecular weight distribution of the wastewater

was not altered during treatment with the AOP, however it was altered during enzyme

treatment with a preferential decrease in material > 30 000 Dalton. When wastewater which

had been pre-treated with the AOP was subjected to biological treatment, the wastewater

showed a srnall colour increase of approximately l5 7o. whereas 96 Vo of the colour removed

during enzyme treatment reverted under model aerated lagoon conditions. This finding was

consistent with other studies which showed that structures reduced by the enzyme (i.e.

cluinones) could be oxidised back into their original tbrm. In comparison. the colour

removed by the AOP did not revert, suggesting that chromophores altered by the AOP were

unable to reform. MicrotoxrM studies showed that neither the AOP activator, nor the enzyme

were toxic to the receiving environment.

An economic stucly was carried out which found that although the activator is not yet

commercially available, the AOP technology could be economically feasible as long as the

price of the activator was reasonable. Inventors of the activzrtor estimate that its actual cost

would be between USD 100 and 500 per kilogram. Using a worst case scenario of USD 500

per kilogram. it was estimated that if the activator was installed fbr the remediation of the

alkaline bleach plant wastewater at the case study mill it would cost I % of the value of the

bleached pulp production, and result in a l2 Vo colour reduction of final wastewater. The

economic study found that the enzyme treatment was not feasible (cost relative to value of

production was 8 c/a\ d:ue to the high substrate concentrations required.

Overall, the study found that the AOP was a promising colour removal technology for the

remediation of the alkaline bleach plant waste strearn. Pilot plant trials for wastewater

remediation using the AOP technology are expected to commence in the near future.
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Chapter One: Introduction

1.1 Environmental Efficts of Pulp and Paper Mill Wastewater

The pulp and paper industry is a very large industry, with the USA alone consuming over

96 million tonnes of paper and paper products each year (Mclntosh, 2000). Unfortunately,

this large paper usage corresponds to the production of large volumes of liquid waste in

various pulp and paper mills around the world. Typically, a modern bleached kraft pulp and

paper mill produces approximately 20 m3 wastewater per tonne of product. This waste is

usually biologically treated and disposed of via discharge into a river, lake or marine

environment. Wastewater discharged from pulp and paper mills consists primarily of a

complex mixture of wood by-products and residual chemicals used during pulp and paper

manufacturing. The major environmental concerns of the discharged wastewater are

summarised as follows:

Orygen Demand

Chemical and biological processes which occur naturally in receiving environments oxidise

and break down organic constituents present in pulp and paper mill wastewater and can

result in depletion of oxygen concentrations downstream from the wastewater source

(Stumm and Morgan, 1981). Dissolved oxygen concentrations of 5 to 9 mg L-i are required

to maintain a healthy aquatic environment (Springer, 1993). Effective biological treatment

can remove 75 to 95 Vo of the biochemical oxygen demand (BOD) of pulp and paper

wastewater (Nicol, 1997).

Solids

Kraft mill wastewater contains suspended solids from bark, wood fibre and lime losses fiom

the chemical recovery process. Solids may settle in the recipient forming recalcitrant

deposits, which may smother the bottom of the recipient and impact on an important part of

the aquatic ecosystem. The efficiency of primary wastewater clarification means that

suspended solids loadings can be reduced by 19 to 85 Vo prior to biological treatment

(Grigsby and Stuthridge,IggT; Nicol, 1997). Biomass-derived materials formed during the

treatment process make up the majority of suspended solids exiting secondary treatment

systems.
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Toxicity

Acute and chronic toxicity results from trace organics such as resin acids and chlorophenolic

compounds (Melcer et al., 1995). The introduction of elemental chlorine free (ECF)

bleaching technology, using chlorine dioxide instead of chlorine, and effective biological

treatment typically results in substantial reductions in both wood-derived extractives and

chlorinated organic compounds.

Nutrients

For efficient biological treatment of pulp and paper mill wastewater it may be necessary to

add nutrients such as nitrogen and phosphorus to the secondary treatment system. Although

essential to plant life, the discharge of surplus nutrients may promote excessive weed and

phytoplankton growth resulting in eutrophication (Springer, 1993). Where nutrient addition

is practised, mill operators must carefully monitor nutrient levels in the wastewater to

prevent overdosing and excess nutrient loadings to the environment.

Colour

Dissolved lignin and carbohydrate fragments produced during pulping and bleaching carry

the bulk of the chromophoric bodies that are responsible for the wastewater colour. Along

with a decrease in the aesthetic appeal of the recipient, the coloured material also adsorbs

sunlight, reducing the photic depth of the receiving water which may decrease

photosynthetic rates and affect aquatic productivity (Thomas and Munteanu, 1997).

Wastewater colour is an important issue for the pulp and paper industry as the biological

treatment systems currently used to control wastewater discharges have little effect on

colour. While colour removal technology such as ultrafiltration and chemical oxidation

systems have been assessed, they have not been sufficiently developed to the point where

they are economically sustainable for the majority of pulp and paper mills.

Regutations controlling colour discharge are becoming increasingly stringent. In New

Zealand, the Resource Management Act (1991) states that the colour of the receiving water

must not be changed to a conspicuous extent. Water quality guidelines have also been

developed by the Ministry for the Environment regarding colour (Ministry for the

Environment, 1994). These guidelines have been developed to protect aesthetic and

recreational uses, and aquatic life. Therefore, the pulp and paper industry is under increasing
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pressure to identify suitable solutions to the colour impacts which are culrently considered to

be unacceptable.

An important issue to be considered when utilising colour treatment technologies is the most

appropriate point to install the colour removal system. The large volumes of wastewater

entering biological treatment systems are usually too high and too dilute to practically treat.

Targeting colour at its predominant point of origin would appear to be the most effective

approach to better waste management. A major source of colour in most bleached kraft pulp

and paper mills is the bleach plant where pulp is made whiter through the dissolution of

lignin residues using oxidative agents such as chlorine, chlorine dioxide and hydrogen

peroxide. At most mills, the bleach plant wastewater is discharged in two separate waste

streams, one acidic and one alkaline, depending upon the bleaching stage. The bleach plant

wastewater is usually discharged at slightly elevated temperatures, around 50 oC.

The current study was instigated as part of an on-going investigation into the removal of

colour from pulp and paper mill wastewater using a New Zealand integrated pulp and paper

mill as a case study. The Tasman pulp and paper mill has recently taken several steps to

significantly reduce the colour of the discharged wastewater. These have included the

conversion to 100 Vo elemental chlorine free (ECF) bleaching, which was completed in April

1998 and resulted in substantial reductions in wastewater colour. Unfortunately, the flow of

the receiving water, the Tarawera River, is relatively small and so a visible change in the

colour of the receiving water is still observed as the wastewater is discharged into it. As a

result, Tasman's discharge is closely monitored by regulatory administrators. Colour is seen

as one of the most important long-term issues in the lower Tarawera River as public

perception of the Tarawera River is mainly influenced by the poor visual appearance of the

water.

Figure 1-l gives an indication of the effect Tasman has on the colour of the river with colour

readings taken above and below the point of Tasman's discharge into the river. A
chemithermomechanical pulp mill also discharges its wastewater into the Tarawera River.

Its outfall is above the Tasman discharge, and is also responsible for a portion of colour

increase in the river.

Colour limits set by regulators of the river are also shown on Figure l-1. Although Tasman

has reduced the colour loading of its discharged wastewater over the last five years, they will

have to further lower its colour discharge loadings by 2005 to function within the limits

outlined by the regulators. Therefore, the mill will seek to reduce colour by approximately

50 Vo within the next three vears.
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Two potential colour removal technologies were selected to be investigated in this study.

The first technology was an advanced oxidation process (AOP) which used macrocyclic

tetraamide iron(III) complexes which form an active oxidative species with the addition of

hydrogen peroxide. This process was originally shown to be effective in bleaching of

organic dyes (Horwitz et al., 1998). Since then these complexes have also been successfully

applied to the pulp and paper industry for the delignification of pulp, with preliminary

studies suggesting that these complexes could also be used for the decolourisation of pulp

and paper mill wastewater (Hall, 1999). These catalysts are able to function over a wide pH

range? with an optimum pH between 9 and 11, and have been shown to function at

temperatures up to 140 oC and high pressures (Beach, 2001). Thus, this technology was

considered ideally suited to treat the alkaline stream discharged from the Tasman pulp and

paper mill bleach plant.

The second technology investigated in this study was an enzymatic process that utilised the

enzyme cellobiose dehydrogenase (CDH). Cellobiose dehydrogenase, purified from wood

degrading fungi, has been investigated as a method for both delignification and cellulose

degradation. Cellobiose dehydrogenase preparations have been previously shown to reduce

quinone structures. Quinones are highly coloured, lignin-related species produced during the

bleaching of pulp that have been implicated as one of the major colour-producing structures,

or chromophores, found in bleached kraft mill wastewater. The conditions under which

CDH functions depend on the fungal source from which it has been isolated. For example,

CDH purified from Humicola insolens performs best at alkaline pH, whereas CDH purified

from Phanerochuete chrysospcn'ium pefiorms best at acidic pH (lgarashi et aL.,1999). Thus,

either of these strains of CDH would be ideal for the treatment of bleach plant wastewater

which is discharged at either acidic or alkaline pH. Both of these strains of CDH were

assessed for their potential to remove coloured material from bleach plant wastewater'

The general aim of this thesis was to consider the potential application of these fwo

technologies to improved colour control within an integrated bleached kraft pulp and paper

mill. Several specific aims were addressed, including:

1. optimisation of treatment conditions for maximum achievable colour removal.

Z. determination of the effect of these colour treatment technologies on the structure of

potentially chromophoric compounds present in the wastewater.

3. environmental risk assessment for each technology.

4. comparison of the performance criteria and commercial potential of the two

technologies.
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Overall, the aim of this project was to reveal a feasible colour removal technology that could

be implemented in pulp and paper mills world-wide.



Chapter Two: Colour and Colour Removal
Technology

2.1 Composition of PuIp and Paper Derived Colour

Wastewater produced during the manufacture of pulp and paper contains a wide variety of

organic structures resulting from the degradation, modification and dissolution of cellulosic

and ligneous material in the wood feedstock.

Cellulose is a long linear polysaccharide comprised of approximately 10 000 anhydroglucose

units linked by B-1,4-glycosidic bonds, and has the general formula (CoHroOs)n.

Hemicelluloses are usually found as short chain, branched polysaccharides. They are

composed of 100 to 200, 5- and 6-carbon sugar monomers such as glucose, mannose,

arabinose, xylose and galactose linked in various combinations. Lignin is an amorphous

three-dimensional polymeric network of phenylpropane units. The exact structure of lignin

has not been elucidated due to the random polymerisation that takes place during its

biosynthesis. A hypothetical representation of softwood lignin is depicted in Figure 2-1.

ltc-oH
Iz\ttl

cH,ot\/,
I

o
.t

HC- O

ot{ o\

Figure 2-1: Structural representation of softwood lignin (Biermann, 1996)
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The complex structure of lignin allows for considerable double bond resonance, which is

responsible for the dark colour of native lignin. The aim of pulping and bleaching is to

remove the highly-coloured lignin from wood to make available the cellulosic fibre material

required for papermaking.

The dominant chemical pulping technology for obtaining pulp for quality paper is called the

kraft process. In this process, wood chips are impregnated with pulping liquor, a solution of

NaOH and NazS, and the mixture is then heated to 150 to 180 "C at high pressure for one to

two hours. Pulping breaks down most of the lignin present in the wood, which becomes

dissolved such that it can be carried off in the extracted liquor, the so-called 'black liquor'.

laden with lignin fragments, some cellulosic material and salts, the black liquor is burned in

the recovery boiler of the mill to generate energy and to return the majority of the pulping

salts for reuse. The energy generation and salt recovery are important components of the

financial feasibility of kraft mills. Environmentally, the advantages of the recovery system

are obvious.

In addition to chemical pulping, mechanical pulping is also used to produce fibres suitable

for papermaking. Mechanical pulping is divided into thermomechanical pulping (TMP) and

chemithermomechanical pulping (CTMP). During the thermomechanical pulping process

the wood chips are disintegrated using pressure and heat, while CTMP uses additional

chemicals during the presteaming stage. Unlike kraft pulping, where a yield is typically 45

to 50 o/o based on the dry weight of the original wood, the typical yield of mechanical

pulping is 95 o/o or greater depending on the process used. Consequently, wastewaters from

TMP and CTMP mills typically consist of wood-sap compounds, extractives, wood particles

and water, and have a much lower colour content than wastewater produced during kraft

pulping.

lftaft pulping cannot be continued until all the lignin has been removed, as unacceptably

high levels of carbohydrate degradation would accompany its removal. Thus, oxidative

bleaching follows the kraft process to remove the remaining lignin with the goal of obtaining

bright white cellulosic fibres. Traditionally, chlorine was used for bleaching, as it was cheap

and very effective in delignification. However, chlorine dioxide has superseded chlorine to

become the most common chemical used for bleaching. Chlorine dioxide is highly selective

in destroying lignin without degrading cellulose (Gellerstedt et al., 1991). Selectivity for

lignin over cellulose oxidation is a vital parameter in pulp bleaching; the higher the

selectivity, the longer the cellulose polymer chains in the fibres, and the stronger the final

paper product. Chlorine dioxide bleaching produces a strong, stable, clean pulp of high

brightness. Unfortunately, due to the corrosive properties of chlorine salts, the wastewater

produced during bleaching can not be burned in the recovery boiler. As a result the bleach

plant is the dominant source of undesirable wastewater in the mill. The wastewater is high
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in both colour and toxicity (Panchapakesan,

Malloy, 1990).

1991; Prasad and Joyce, 1991; Smith and

Chlorine and chlorine dioxide are both oxidising agents, meaning they accept electrons

during delignification. Equations I and2 show the chemical reactions.

Clz + 2e- - ZCl- (1)

ClOz + ZHzO + 5e- * Cl-+ 4OH- (2)

Based on these equations, it takes 33.5 kg of chlorine to accept one kg-mole of electrons,

whereas it only requires 13.5 kg of chlorine dioxide to accept one kg-mole of electrons

(Pryke, 1989). Thus, a lower bleaching chemical consumption results from the use of

chlorine dioxide, and subsequently there are environmental benefits of using chlorine

dioxide in lieu of chlorine. These include a decrease in toxicity of the wastewater due to the

lower chlorinated organics content (Pryke, 1939). In addition, substitution with chlorine

dioxi<le can decrease wastewater colour by 50 to 80 7o (Jain and Carpenter, 1,992).

Reactions of lignin model compounds with either chlorine or chlorine dioxide followed by a

sodium hydroxide extraction stage have been used to characterise the structure of wastewater

chromophores (McKague and Reeve, 1994; McKague et al., 1995). When model

compounds were reacted with chlorine, the major products were quinones. Following

alkaline extraction, these quinones underwent an intramolecular oxidation-reduction

(Cannizzaro) reaction with the simultaneous loss of two chlorine atoms to give lactones as

the main product. In contrast, compounds which were reacted with chlorine dioxide gave a

mixture of muconic acid esters, lactones and maleic acids as the major products. Reactions

of the lactones with sodium hydroxide resulted in saponification of the methyl esters and

ring opening to form muconic acids.

Generally, studies of bleach mill wastewater composition have found that the majority of the

phenolic content in the wood-derived ligneous material is destroyed during bleaching.

Nuclear magnetic resonance spectroscopy (NMR) indicates that the phenolic content of the

bleach plant wastewater is typically very low, being reduced to less that 5 Vo of the total

organic material (McKague and Carlberg, 1996). Nevertheless these residual structures are

generally highly conjugated, and consequently the ensuing polymeric substances have the

potential of being very coloured. Indeed, it has been estimated that 40 to 50 o/o of the colour

of bleach plant (caustic) wastewater may be due to quinones and about 20 Vo due to other

carbonyl structures (Momohara et a1.,1989; Chang et al., 1986). The remaining 30 to 4O o/o

of the coloured material may result from various other structural by-products of lignin as

well as sugar degradation products (Ziobro,1990). It is important to note, however, that the

precise nature of the dissolved organic material in bleaching wastewaters and the
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chromophoric structures therein, are still largely unidentified despite extensive studies. This

reflects the highly complex multi-functional nature of the material and the difficulty inherent

in characterising it using cunent analytical techniques.

The majority of past research on pulp and paper mill wastewater impacts and treatment has

focused on the more problematic low molecular weight (LMW) compounds. This has

largely been lead by the premise that the larger molecules of high molecular weight (tIIvfW)

have restricted passage through cell membranes and therefore can be considered to be

biologically benign (Kringstad and Lindstrdm, 1984). However, more recently the HIvtW

component of wastewater has been shown to be the principal source of the colour, along with

adsorbable organic halide (AOX) and chemical oxygen demand (COD) present in the

discharged wastewaters (Joshi and Hillaby, 1991; Dahlman et al., 1993; Yu and Welander,

1993). Although the complexity of the HMW material has precluded the identification of

specific compounds, this material has been chemically characterised as being virtually non-

aromaric with a low methoxyl and phenolic hydroxyl content and a high carbonyl and

carboxyl content (Morck et aL,l99l; Dahlman et al.,1994: Lindstr0m and Osterberg, 1984;

Osterberg and Lindstrdm, 1985). HMW material appears to be resistant to traditional

biological treatment used to treat bleached kraft mill wastewater. Therefore, most of the

HIvIW material and accompanying colour is discharged into the receiving water.

In the pulp and paper industry, the most common colour measurement method is that

adopted by the National Council of the Paper Industry for Air and Stream Improvement

(NCASI), USA. NCASI developed the method specifically for pulp and paper industry

wastewater (NCASI, l97l). The colour of the sample is obtained by taking

spectrophotometric readings at 465 nm on a filtered sample. 465 nm is the point of

maximum absorbance of the wastewater in the visible spectrum, and is called the 'dominant

wavelength'. The colour measured using the NCASI method is the 'true colour' of the

sample, that is, the colour of water from which turbidity has been removed. This is in

contrast to the 'apparent colour' of the sample which includes not only colour due to

substances in solution but also that due to colloidal or suspended matter. Apparent colour,

determined on the original sample without filtration, may be considerably higher than the

true colour as even a slight turbidity affects the absorbance of a sample. Furthermore, the

colour observed in pulp and paper industry wastewaters is pH dependent. As the pH

increases, changes in the ionic state of the chromophores alters their absorbtivity, thereby

increasing the colour of a given sample. This is not a linear relationship, but varies

depending on the source of the colour. Thus, samples are pH adjusted to a standard point,

pH 7.6, prior to determination of the colour so that all colour measurements are normalised.

The effects pulp and paper wastewaters have on a receiving environment have also been

measured in terms of hue and clarity. Hue is described using the system developed by

l0
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Albert H. Munsell. an American artist, who arranged five principle colours: red, yellow,

green, blue, and purplel in a wheel measured off in 100 segments. and assigning each colour

a number (Figure 2-2). Waters with a Munsell Hue of at least 30 (green-yellow) are

gerrerally considered acceptable for bathing and aesthetic purposes (Dell et a\.,1996). Pulp

and paper mill wastervater generally has a yellow hue and therefore is below prescribed

standards when not sufficiently diluted. Clarity of the water is measured using the black disc

method. The black disc rnethod consists of a periscope and a black disc, wltich is moved

horizontally away from the periscope until no longer visible to give a clarity measurement.

A visual clarity of at least 1.2 metres is generally considered acceptable for use (Dell al a/.,

1996). In New Zealand, administrators do not currently use hue to regulate industrial

discharges into the receiving water as this rnethod has not gained general acceptance'

Clarity, however, is used (Mclntosh, 200 | ).

*0

Figure 2-2: Munsell Hue Designations (rvww.colordome.com)

Colour is seen primarily as an aesthetic concern, however, it is also reputed to be responsible

for several environmental impacts. Coloured material adsorbs sunlight, reducing the photic

depth of the receiving water and consequently may result in decreased photosynthetic rates

and affect aquatic productivity. Also. the accumulation of precipitated coloured bodies in

lower velocity regions can cause benthic inhibition. For example, the river bed community

of the Tarawera River, in which pulp and paper wastewater is discharged, has decreased

diversity (from 14 species to 5) and size (from 35 o/o of the river bed to just 3 %) due to

colour load as a result of reduced light penetration (Dell ct al., 1996). Furthernrore, algal or

bacterial activity may increase due to the availability of nutrients bound to the colour-

causing organic compounds, and phenolics, which are an integral part of many colour-

causing compounds, can pose a potential taste problem. (Ramanathan, 1989: Thomas and

Munteanu. 1997\

ll
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2.2 Processes for Coloar Removal

Aerobic biological treatment systems such as aerated stabilisation basins and activated

sludge are most commonly used to treat pulp mill wastewaters. Even though a considerable

reduction in biochemical oxygen demand (BOD), and total suspended solids (TSS) occurs in

these systems, colour remains relatively unaltered. For example, a study undertaken by

Nicol (Lgg7) assessing the performance of the secondary treatment system of an integrated

bleached kraft mill found a 92 7o reduction in BOD, a 6O Vo reduction in TSS but only a I Vo

reduction in colour over the system. It is believed that colour-causing materials are not

readily biodegradable due to their high molecular weight (Bryant and Amy, 1989; Sherwood,

1992; Graves et aL, 1993; Knight et al., 1994). Overall, colour remains an issue for the

industry for which there still is no economically feasible solution.

The following section contains a review of technologies that have been considered for colour

removal. Although some of these technologies have been implemented in an industry

situation, none has proven to be an ideal solution for colour problems generated by pulp and

paper mills.

Coagulation, and Sedimentation or Dissolved Air Flotation (DAF)

Chemical coagulation technology involves the addition of a flocculant, such as polyamine,

alum, or ferric salts, to the wastewater stream. Flocs are formed between the coagulant and

colour-causing bodies. Coagulation is usually combined with sedimentation or dissolved air

flotation (DAF) to separate the flocs from the liquid. Coagulation has been applied to

various waste streams found in the mill, such as bleach plant waste streams, and it has been

shown that this technology is an effective treatment for both in-mill and whole mill waste

srreams (Amoth et al., 1992). In addition to the removal of coloured material, coagulation

has the ability to remove a wide variety of non-chromophoric organic materials from the

wastewater which are also resistant to biodegradation.

Laboratory studies to determine the best coagulants for pulp and paper wastewater

remediation have been previously undertaken (Amoth et al., 1992; Qegen et aI., L992;

Ganjidoust et al., 1997\. Both natural and synthetic coagulants have been considered.

Conditions required for some of these coagulants to achieve gleater than 90 Vo colatr

removal are listed below:
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Table 2-l: Conditions required by coagulants to achieve 90 Vo colour removal from

wastewater

Coagulant pH Dose

(me L 1)

Alum

Aluminium chloride (AlCl3)

Ferric chloride (FeCl3)

Lime

4.4-6
6

4.4 - 6.1

>11

180

180

400

3 000

lt can be seen that doses of coagulant are relatively high, nevertheless, chemical coagulation

followed by flotation or gravity separation is a well-established technology with applications

in the pulp and paper industry world-wide. Full-scale applications are found in the USA,

Canada, and Scandinavia. Several of these applications utilise the Stone Container Process,

which employs an organic coagulant polymer known only as 'polyamine'. Chemical

requirements of 150 mg L 1 polyamine are able to remove up to 90 7o of the colour.

However, it is not economic for most mills to apply the coagulant treatment on a continuous

basis and instead onlv use it on occasion.

In addition, there are sludge disposal problems related to coagulation treatment, as large

volumes of sludge are produced during this process. lt has also been shown that following

coagulation it is sometimes necessary to neutralise the pH of the wastewater before it is
discharged into the receiving environment, resulting in an additional expense for this

technology. In situations when the receiving environment conditions are not optimal, such

as under low river flow conditions, this technology is often applied intermittently

(McFarlane et al., 1993).

Membrane Technologies

Membrane technologies include microfiltration, ultrafiltration, nanofiltration, and reverse

osmosis. Ultrafiltration, the most common membrane system, is an effective method for

removing colour from wastewater, as much of the coloured material is found in the high

molecular weight fraction of the wastewater. Sierka et al. (1997) fractionated a bleach plant

wastewater sample and found that while 59 Vo of the total organic carbon (TOC) was below

1 kDa, 8O Vo of the colour was found in the high molecular mass fraction.

Several factors are important when considering the application of membrane processes for

separation, including membrane flux, membrane fouling and membrane life. Membrane flux
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is the filtration rate through the membrane in volume per unit membrane area per unit time.

Membrane fouling causes a decrease in membrane flux with time, often due to plugging of

pores of the membrane. This type of flux reduction can be overcome by cleaning the

membrane and/or increasing turbulence at the membrane surface. Membrane life is affected

by the compatibility of the membrane with chemicals in the solution being separated.

Incompatible chemicals in the feed stream can reduce membrane life, requiring frequent

membrane replacement. (NCASI, 1998)

With the advances in membrane technology, membranes manufactured from various

synthetic polymeric materials are now more compatible with most waste streams produced

during pulp and paper manufacture (acidic or alkaline). Whilst the initial pH of the

wastewater has little effect on the quality of the permeate, the pH of the wastewater can

influence the extent of membrane fouling (Nuortila-Jokinen et aI., 1995). Studies carried out

to assess the effects of temperature found an increase in temperature of 20 to 40 "C increased

permeate flux without affecting discharge quality (Sierka et a|.,1997). However, it has been

reported that processing temperature plays a major role in the fouling potential of wastewater

on membranes (Garner, 1991). To increase the life expectancy of the membrane, Pejot and

Pelayo (1993) found rhat washing rhe membrane (CARBOSEP@ M2, MWCO of 10 kDa)

every 120 to 170 hours allowed it to continue to remove 85 Vo of the colour for an entire

year. Another method to increase performance of the membrane is to pre-treat the

wastewater prior to ultrafiltration. de Pinho et aI. (1998) use a dissolved air flotation (DAF)

treatment prior to ultrafiltration to remove suspended solids from alkaline bleach plant

wastewater. The DAF pre-treatment of the wastewater resulted in higher permeate fluxes

than obtained for the non-pre-treated wastewater due to colloid destabilisation and higher

suspended solids removal. This technology also results in the production of sludge which

carries its own disposal costs.

Ultrafiltration of wastewater has been further investigated at pilot plant scale by Dorica

(1986). These studies found that 76 to 88 Vo of the colour was removed from caustic bleach

plant wastewater during treatment with an average flux for these systems ranged between 65

and 170 L m-zh-r. Rate fluctuations were the result of calcium deposits and defoamer present

in the wastewater.

Ultrafiltration is a very expensive option, as membranes are costly, and is generally only

used on highly coloured wastewaters. Ultrafiltration technology has been installed in several

mills world wide, but has since been decommissioned due to runnability issues and costs,

despite pre-treatment of the wastewater to maximise flux and minimise fouling of the

membrane.
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No full-scale nanofiltration or reverse osmosis plants for colour removal are known to

operate in kraft mills. (NCASI. 1998)

Adv anc ed Oxidati on P ro csJ's'e.r

Advanced Oxidation Processes (AOP) are an effective method to remove colour from

wastewater. The nlost common oxidants are ozone and hydrogen peroxide (H:Oz). Ozone is

the most effective oxidant, especially when used in combination with ultraviolet light (UV)

and a catalyst such as ZnO. Unfortunately, ozone is costly and often needs to be

manufactured on-site and thus no full-scale wastewater treatment plants have ever been

installed. As economic rnedium frequency ozone generators become more common, this

process has become more promising (Kallas and Munter. 1994). Hydrogen peroxide has

been installed in one mill. however treatment times are long and result in incomplete

decolourisation. One major advantage of AOPs over other colour removal technologies

proposed is they are destructive techniques. thus there is no need for sludge disposal.

Laboratory-scale treatments of pulp trnd paper mill wastewater have been undertaken using

ozone alone, combining ozone with UV, and ozone with both UV and ZnO. Little dif'ference

between rate and extent of lreatments when using ozone alone, or simultaneously with UV

radiation were observed (Mansilla et al., 1997: Kallas and Munter, 1994: Qeqen et ul., 1997),

However when ZnO was added, the system was more efficient at treating wastewater. The

literature reported the amount of ozone required varied between 20 and 300 mg L I,

depending on the wastewater stream being treated (Amoth et al., 1992; Oeller et al., 1997).

Increased pH (greater than 9) and elevated temperatures (40 "C) both lead to an increase in

ozone consumption. Ozone treatment resulted in a colour reduction of 83 Vo (Amoth et al.,

t992).

Mansilla et ul. (1997) reported that all ozone treatments needed to be performed under

alkaline conditions. Under these conditions the ozone can decompose to form hydroxyl

radicals which are very efficient in the degradation of phenolic compounds (Serpone eI al..

1993). Mansilla et al. (1997) found that a dramatic decrease in pH, explained by the

formation of organic acidic compounds (carboxylic acids), occurred instantaneously with the

end of the reaction (as measured by colour decrease). They also postulated that the addition

of ZnO to the reaction probably increased the generation of radicals, which in turn oxidised

phenol and polyphenols more rapidly. However. results from Kallas and Munter (1994)

werc not consistent with this hypothesis. They believed that free radicals were not involved

in the oxidation of kraft mill wastewatet with ozone. Their arguments to support this are a

diminishing reaction rate constant at higher values of pH, and no significant effect of UV

radiation when used in combination with ozone. Irrespective of the mechanism, it has been
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shown that in addition to removing colour from wastewater, ozone can also convert non-

biodegradable substances into biodegradable substances (qeqen et a\.,1992).

Hydrogen peroxide has also been applied in AOP systems. Hydrogen peroxide has the

advantage of being a considerably cheaper alternative to ozone, however the treatment times

with HzOz are long and result in incomplete decolourisation (Prat et a/., 1988). Combining

UV radiation with HzOz treatment can result in a greater reduction of colour in the

wastewater than when this oxidant is used in darkness. One confirmed full-scale wastewater

treatment process using peroxide has operated in the pulp and paper industry. A 5O Vo colour

reduction of the caustic bleach plant wastewater was reported to be economically achievable.

No information is available to indicate whether this mill is still using this technology.

White-Rot Fungi

White-rot fungi are the best known and successful biological technology for the removal of

colour from pulp and paper mill wastewaters. Most white-rot fungi are able to degrade all

the major components of wood, however lignin degradation is dominant when some growth

factor (i.e. carbon or nitrogen) becomes limited (Kirk er al., 1978). It is assumed that the

metabolism of the material in wastewater is similar to lignin degradation, although the

structures of these compounds are very different, since both take place under nutrient

deficient conditions (Pellinen and Joyce, 1990). It has been found that an oxygen

atmosphere promotes lignin degradation, probably by stimulating the production of enzymes.

Therefore, fungal based colour removal systems are typically operated under aerobic

conditions.

ln L977, Fukuzumi et al. first demonstrated the use of white-rot fungi for wastewater

treatment. Using a conventional cultivation technique, the fungi were grown in shaking

flasks in a liquid medium containing nutrients, vitamins, and CHCl3-extracted, dialysed

spent liquor from the first alkali extraction stage of pulp bleaching. Over 90 Vo

decolourisation in 4 days was reported (Fukuzum\ et al.,1977).

Sundman et aI. (1981) studied the reactions of the chromophoric material in wastewater

during fungal treatment. They observed that fungal attack led to a decrease in the content of

phenolic hydroxyl groups and organic chlorine, while concurrently increasing the oxygen

and hydrogen content. Furthermore, they noticed that the yield of high molecular weight

material decreased significantly during the fungal treatment. As the colour decreased by

80 To in the same time, they concluded that chromophores were destroyed while still in the

macromolecule. The results of a study on the effect of molecular weight showed no
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preference towards degradation of lower motecular weight polymeric material ovsr high

molecular weight material (Sundman et a|.,1981; Pellinen et aI., 1988).

To make fungi a more viable method to remediate wastewater, several methods of

immobilisation of the fungal mycelium have been proposed (Livernocke et al., 1983;

Messner et a1.,1988). A Rotating Biological Contactor (RBC) was found to be best suited to

the physiological needs of the fungus (Eaton et al.,1981; Eaton et a1.,1982). The RBC unit

contained a series of flat disks which were mounted in parallel on a rotating horizontal shaft

such that portions of each disk were alternatively submerged. These provided a large surface

area for the fungi to grow on and promoted efficient contact between the wastewater and

tungi.

A patented method of removing colour from bleach plant wastewater by using the fungus in

conjunction with a RBC was termed the MyCoR (mycelial colour removal) process (Chang

et a1.,1985; Chan g et al., 1957). Generally, the best results were obtained at a pH of 3 to 5,

a temperature of 28 to 40 'C, a 60 to 90 Vo oxygen atmosphere, and in a nutrient limited

environment (Eaton et aI., 1980). The MyCoR process could remove 75 To of the colour in

one day if the initial colour was less than 8 000 CPU, and from 50 to 60 7o of the colour in

one day if the initial colour was about 20 000 CPU (Yin et a1.,1989).

The most efficient way to use the MyCoR process was found to be to treat only the most

concentrated wastewaters (in particular the caustic bleaching wastewater) and use

conventional techniques (aerated lagoons) for the treatment of more diluted wastewaters

(Joyce et al., 1984). Although the MyCoR process was found to be quite efficient in

removing colour and organic chlorine from bleach wastewaters, it also had certain

limitations. The biggest problem was the relatively short active time of the reactor. The

reactor had to be cleaned and reinoculated every 3 to 4 weeks if concentrated wastewaters

were treated. For dilute wastewaters the active time was much longer, but the efficiency of

the reactor was lower and the reactor volume had to be increased. More than one reactor

was needed for a continuous process. For these reasons the MyCoR process has not been

effectively used. Overall, the technology to take advantage of the decolourising ability of

the white-rot fungus has not developed to a point where it can be utilised industrially.

Associated Enzymes

Many of the early biological methods considered for the removal of colour from wastewater

did not employ isolated enzyrnes, but used whole organism methods such as the MyCoR

process. However, due to the limitations of fungal treatments, such as the long treatment

time, and the need for additional nutrients, enzymes released from the wood-degrading fungi
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have been investigated as an alternative method for treating the wastewater. Peroxidase and

laccase have both been used for environmental applications in the pulp and paper industry

(Table 2-2).

Table 2-22 Extracellular enzymes released from wood rotting fungi and their uses

Peroxidase is able to oxidise chromophores, and thus remove colour from bleaching

u'astewater, in the presence of peroxide (Hakulinen, 1988). Unfortunately, the industrial

application of peroxidases has been limited, mainly because of their relative instability, high

isolation and purification costs, and the difficulty in recovering active enzyme after

completion of the catalytic process (Kennedy and Cabral, 1987; Hakulinen, 1988).

Adsorption

Adsorption methods have been used for removing organics from wastewaters for many

years. Activated carbon has been shown to be particularly suited to industrial wastewater

containing adsorbable, toxic and non-biodegradable organic material, such as pulp mill

waste streams (Qegen, 1994). Activated carbon is able to remove substantial amounts of

colour from pulp and paper mill wastewater (Qegen, 1993; Qegen, 1994).

Activated carbon adsorption functions by adsorbing pollutants onto the carbon's surface

thereby removing them from the wastewater. The carbon is often activated by heating or

chemical treatment before use. The adsorption that results is strong and the surface must

again be regenerated either thermally or chemically before re-use. Often the adsorption can

be irreversible requiring the spent carbon to be discarded because it is too expensive to

recycle.

Laboratory trials have demonstrated that activated carbon can remove up to 89 Vo of the

colour from a wastewater sample in 4 to 6 hours using a dosage of 25 g Lt (Amoth et al.,

1992). For industrial applications, activated carbon treatment is most applicable in

combination with other technologies, for example with DAF technology, which aids the

separation of coloured bodies from the liquid (Offringa, 1995).

Enzyme Operation Use Reference

Laccase

Peroxidase

oxidative polymerisation

oxidises chromophores

chlorophenol and phenol

removal

colour removal

Forss et a/., 1989

Schmidt and Joyce, 1980
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More recently, materials other than activated carbon have been considered for the adsorption

of colour from pulp and paper mill waste. Diez et al. (1999) studied the adsorption of colour

from bleached kraft mill wastewater using allophanic clay compounds. The best adsorption

of colour (96 To) was achieved at pH 5.0, when a natural allophane was used. The allophanic

material was activated for the adsorption trials by acidification and then calcination.

Biosorption using a fungal biomass has also been considered (Christov et al., 1999).

However, it appeared that the selected wastewater (caustic wastewater) contained a fraction

of coloured compounds (approximately 50 7o of total) which was resistant to biosorption.

Adsorption processes are limited in full-scale use due to problems such as costs related to

material or regeneration of spent material. Researchers have been investigating ways to

reduce material costs, such as using petroleum coke, a waste by-product from the oil sand

industry, as a source of activated carbon (Shawwa et a1.,2001), or using adsorption materials

other than activated carbon which may be more economical. Adsorption technology

produces sludge, which must be disposed of. No full-scale pulp mill installations curently

exist for activated carbon adsorption.

Summary

Of the colour removal technologies reviewed (Table 2-3), coagulation, membrane

technologies, advanced oxidation processes, white rot fungi, and adsorption methods, the

most successful has been coagulation. Several such plants have been installed in mills

world-wide. This technology is typically not used on a continuous basis, however, due to

high coagulant cost.

To find an economically feasible colour removal technology, cost (both chemical and

operational), treatment time, by-product generation, compatibility with pulping, bleaching

and treatment processes, and sludge handling and disposal options are all t'actors to be

considered. As yet there is no single, ideal approach for removal of colour from pulp and

paper mill wastewaters.
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Process Comments

Coagulation

Membrane technologies

Advanced oxidation processes

White rot fungi

Adsorption

Able to remove a widc variety of organic compounds

that are resistant t<l biodegradation

Cost of coagulant is high

Sludge production

No chemicals required

Sludge production

Fouling of membranes impacts runnability

High maintenance costs

No sludge production

Ozone costly and often needs to be produccd on-site;

peroxidc is a cheapcr altcrnativc but treatment times

are slow and decolourisation incomplete

Short active lifetime of reactor

Slow removal of colour

Disposal or regeneration of spent adsorbents

Adsorption media costs

Sludge production

Table 2-3: Potential colour removal technolosies

2.3 Two Novel Potential Colour Removal Technologies

Two novel potential colour removal technologies have been selected for trial. These two

technologies are an advanced oxidation process using macrocyclic tetraamide iron(lll)

complexes and an enzymatic process using cellobiose dehydrogenase. A review of the

available literature suggested that both technologies have the potential to remove substantial

amounts of colour from pulp and paper mill wastewaters. In addition, both of the proposed

technologies are destructive techniques that will not lead to sludge production, and the

consequent handling and disposal issues. Both technologies also appear to be compatible

with processes already used in-mill.
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M acrocyclic Tetraamide I ron(I I I ) C omplexes

Since 1980, research has been undertaken at Caltech and Carnegie Mellon University in

search of stable homogenous oxidation catalysts. Using an iterative process to design

progressively more oxidatively robust ligands, this research was successful in producing

macrocyclic tetraamide iron(lll) complexes that have been shown to form an active species

in the presence of hydrogen peroxide (Collins and Gordon-Wiley, 1998).

Horwitz et al. (1998) first demonstrated the potential of the macrocyclic tetraamide iron(III)

complexes with experiments that bleached organic dyes. The bleaching of the dyes by the

iron complexes in the presence of hydrogen peroxide was followed by UV-vis spectroscopy.

All l? dyes tested could be bleached within 30 minutes, seven within 60 seconds or less.

Only small concentrations of the activator were required. For example, pinacyanol chloride

(12 pM) was bleached within 40 seconds using a concentration of 0.043 pM activator. ln

the absence of activator the absorbance of pinacyanol chloride remained at 80 o/o of its
starting value after 300 seconds. These dye bleaching experiments also showed that the iron

complexes activated hydrogen peroxide at basic pH. A pH of 10 was found to be suitable to

bleach all dyes tested.

Dye oxidation and ligand degradation were found to be competitive processes, although dye

oxidation was considerably faster than ligand degradation. Activator degradation occurred

when each aliquot of dye had been bleached and the reaction was awaiting the next aliquot

of dye. Degradation of the iron complexes could possibly occur via either intramolecular or

intermolecular pathways. Intramolecular degradation is a process that is initiated from

within the macrocyclic complex, and intermolecular degradation is a process that involves

the macrocyclic complex and a reactive species, such as a hydroxyl radical, or an activated

form of the macrocyclic complex.

The activator lifetime could be controlled by the ligand design. A comparison of the

effectiveness of complexes (I) and (II) (Figure 2-3) to catalyse bleaching showed that the

catalytic activity of complex (I) was sustained for at least 3600 seconds, whereas the activity

of complex (II) had considerably slowed after 600 seconds (Figure 2-4).
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As shown in Figure 2-5, iron(lll) aqua complexes react with hydroperoxides to give an

alleged oxo complex which has been shown to exhibit catalytic properties for the oxidation

of nitriles containing C-H bonds, for example, acetonitrile, to form an iron(IV)-cyano

complex (Bartos et al., 1998). It was suggested that abstraction of a methylene hydrogen

atom from an ethyl substituent produced an iron(IV)-hydroxo complex containing a carbon-

centred radical on the ligand. Rearangement of this radical intennediate would produce an

iron(III)-N-isocyanate ligand. It was proposed the isocyanate ligand then condensed with the

adjacent amido-l/ ligand in the ring opened chelate, to give the iron(Ill)-O-hydantoin ligand
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mechanism would be different, and the process would be referred to as intermolecular

degradation. (Collins and Horwitz, 1999)

By replacement of the ethyl group on the ligand bridgehead with a methyl group, the ligand

degradation is dramatically suppressed such that nitrile oxidation alone is the dominant

reaction taking place. This inhibition of ligand degradation can be rationalised as resulting

from the increased C-H bond strength in the methyl group over the ethyl group. Since it is

apparent that the abstraction is critical to the degradation, the orientation of the abstractable

H-atom with respect to the oxo ligand is also critical, as this orientation determines the

distance of approach and abstraction reactions are distance dependent. In the structure

shown in Figure 2-6, the oxo group and methylenic H are restricted from as close an

approach as in the ethyl case because the methylene group of the cyclopentyl substituent

cannot rotate freely to bring the two groups into as close a juxaposition. Thus, the

conformational constraint approach serves to dramatically increase the resistance of a

cyclopentyl-substituted chelate to oxidative degradation. (Collins and Horwitz,1999)

rre resnicted
rotation

/N

Figure 2-6: Conformational constraints of the cyclopentyl substituent (Collins and Horwitz,

leee)

Subsequent to these initial studies involving dye bleaching, several potential industrial

applications of the macrocyclic tetraamide iron(III) complexes have been investigated. For

example, studies at Carnegie Mellon University are currently focused on the application of

these complexes as activators of percarbonates used in laundry detergents, and of hydrogen

peroxide for drinking water purification, for decolourisation of wastewater produced by the

textile industry, and for delignification and bleaching of pulp.

With regard to this study, the results of interest were derived from the investigation of the

complexes as activators of hydrogen peroxide for brightening of kraft wood pulp (Collins er

al., 1998; Hall et al., 1999a: Hall et al., 1999b). For the pulp and paper industry, this

bleaching technology has been labelled 'Pp.' to denote that it is a peroxide bleaching process

activated by iron complexes. Results showed that the Pps process was able to delignify kraft

pulp over a range of temperatures, from ambient to 90 'C. The selectivity of the Pr.

treatment at 50 oC was superior to conventional peroxide treatment, although at 90 oC the
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selectivity of Ppc treatment was the same as conventional peroxide bleaching. The rate of

delignitication when Pr. treatment was used was significantly greater than that observed for

conventional methods.

The development of a successt'ul pulp delignification process using the Pr" technology

suggested that a similar treatment of pulp mill wastewaters might also be possible as

wastewater contains a comparable mixture of compounds that have been solubilised from

wood. Accordingly, a preliminary experiment was carried out on a wastewater sample

collected from a pulp and paper mill secondary treatment plant (Hall, 1999). The sample

was adjusted to pH 11 before treatment with complex I and hydrogen peroxide at room

temperature. After a reaction time of 20 minutes the colour of the treated wastewater was

reduced significantly compared with the control. The adsorbable organic halogen (AOX)

content of the wastewater was also reduced during this treatment. Thus, it was concluded

that this technology could be ideal for the treatment of pulp and paper mill wastewater. In

the current study, a more thorough investigation of the ability of these complexes to

remediate wastewater was undertaken.

C ellobiose D ehy dro genase

White-rot fungi have been considered as a potential vehicle to remove or reduce colour

generating compounds from pulp and paper mill wastewater. This lead to the development

of the MyCoR process, as described previously (Section 2.2). However, the largest

impediment to implementing the MyCoR process industrially was the relatively short active

time of the reactors. As a result of these findings, a related but alternative approach was

proposed, where purified enzymes produced by fungi were evaluated for their potential to

process and efficiently decolourise paper mill wastewater. In theory this approach would

reduce reaction times and would not be reliant on maintaining optimal growth conditions for

microbial strains to remain active. To date, a number of fungal oxidative enzymes have been

investigated for their potential to remediate colour, including laccase, manganese peroxidase

(MnP) and lignin peroxidase (LiP) (Michel Jr. et al.,l99l; Jaspers et al., 7994; Ferrer et al.,

1991). Although it has been shown that fungal laccase production and wastewater

decolourisation occur simultaneously (Calvo et al., 1996), and both LiP and MnP can

degrade ligneous materials (Pellinen et a1.,1988; Tai et al., 1990), none of these enzymes

have emerged as the answer to the colour problem.

One enzyme produced by a range of wood-degrading fungi (white-rot, brown-rot and soft-rot

fungi), that has not been investigated for its colour removal potential is the oxidoreductase,

cellobiose dehydrogenase. Cellobiose dehydrogenase (CDH, EC 1.1.99.18) is a

flavohemoprotein with a mass of about 90 kDa (Eriksson el a1.,1993). In the presence of
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cellulose, CDH is cleaved by proteases resulting in the generation of a second active enzyme

containing the flavin prosthetic group of CDH (Henriksson et o1.,1991; Wood and Wood,

1992; Habu et a1.,1993). This flavoprotein is known as cellobiose:quinone oxidoreductase

(CBQ, EC l.1.5.1) (Westermark and Eriksson, 1974b; Westermark and Eriksson, 1975).

Cellobiose dehydrogenase and CBQ oxidise the reducing-end groups of cellobiose,

cellodextrins, and even cellulose to the corresponding b-lactones in the presence of electron

acceptors (Ayers et al., 1978; Kremer and Wood, 1992a; Kremer and Wood, 1992b).

Considering the cellobiose-oxidising ability of both CDH and its flavin domain (CBQ), the

flavin cofactor appears to be directly responsible for the oxidation of cellobiose (Henriksson

et al., 1991). In addition to their catalytic function, both CDH and CBQ can bind to

cellulose (Henriksson et al., 1991; Renganathan et al., 1990). [t was reported that the

cellulose-binding site is located on the flavin domain but not in the catalytic site, because the

enzyme bound to cellulose can still oxidise cellobiose (Renganathan et a|.,1990).

While the flavin domain is directly involved in both the oxidative and reductive half-

reactions, the heme moiety stimulates the reduction of one-election acceptors such as

cytochrome c and Fe(tII) (Henriksson a aI., L993; Henriksson et a1.,1991). Thus, CDH and

CBQ can be distinguished by their differences in catalytic properties (Ayers et al., 1978:

Westermark and Eriksson, 7974a; Westermark and Eriksson, I974b). Only CDH can utilise

cytochrome c as an electron acceptor while both enzymes can reduce 2,6-dichlorophenol-

indophenol (DCPIP) (Samejima and Eriksson, 1992). In other words, the reduction of

cytochrome c is dependent on heme, and an electron is transfened from cellobiose to this

electron acceptor via both FAD and heme, whereas the reduction of DCPIP is catalysed only

by flavin. Note that CDH can oxidise cellobiose using molecular oxygen as an electron

acceptor (Ayers et a1.,1978) and as a result CDH was formerly known as cellobiose oxidase

(CBO, EC 1.1.3.25). Since iron(Ill)-containing compounds were fbund to have much higher

affinity for this enzyme than does molecular oxygen (Kremer and Wood, I992a; Kremer and

Wood, 1992b; Samejima and Eriksson,'1992) CBO was renamed CDH (Bao et al.,1993).

To give a clearer picture on the action of CDH, a reaction scheme proposed by Mansfield er

al. (1997\ is shown below. Cellobiose dehydrogenase initiates a two-electron oxidation of

cellobiose, the substrate of choice, to form cellobiono-l,S-lactone. The reductive half-

reactions include a preferential single-electron reduction of iron(llf to iron(Il) (Coudray el

al., 1982), while in situations of limited iron(Ul), CDH can reduce Oz to generate H3O2

(Westermark and Eriksson, 7974a; Westermark and Eriksson, t974b). Autooxidation of

iron(ll) can also result in the generation of HzO: (Wood, 1994). Together H:Oz and iron(ll)

undergo Fenton's chemistry, generating hydroxyl radicals, which then can be actively

involved in the attack of localised substrates (Backa et a1.,1993; Halliwell, 1965; Koenigs,

1972; Koenigs, 1975).
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CDH'" + cellobiose -+ CDHre6 + cellobiono-1,s-lactone

2CDH,"d + 2Fe3+ --- 2CDH.* + 2Fe2+

CDH1.6 f 02--- CDH.* + HzOz

2Fe2* + 02 + 2H* --- 2Fe3* + H2O2

Fe2* + H2o2 - Fe3* + oH- + oH'

Although these enzymes were originally isolated and characterised almost 30 years ago

(Westermark and Eriksson, 1974b), their role in wood decomposition is still not known.

However, since CDH has a cellulose-binding affinity (Habu et a1.,1993; Renganathan et al.,

1990; Henriksson et al., 1991; Bao et aL, 1994), it is logical to believe that this class of

enzyme is involved in cellulose degradation. Work carried out by Mansfield et al. (1997)

demonstrated that CDH has the capacity to substantially reduce the degree of polymerisation

of wood pulp cellulose, and therefore suggested that this enzyme may contribute and/or act

in concert with the cellulolytic enzymes during cellulose degradation. Findings by Katagiri

et al. (1995) supported this assumption, as they cultivated both Phanerochaete

chrysosporium and Trametes vericolor on hardwood unbleached kraft pulp and measured

CDH activity. It was found that brightening of the pulp did not correlate well with CDH

production, however, cellulose degradation was found to be associated with the presence of

CDH activity (Katagiri et a1.,1995).

It has also been speculated that cellobiose-oxidising enzymes produced during cellulose

degradation are involved in tignin degradation (Eriksson et al., 1993; Ander, 1994; Costa-

Ferreira et al., 1994; Henriksson et al., 1995), as they have been shown to reduce phenoxy

radicals, which are thought to regulate lignin polymerisation and depolymerisation.

Furthermore, degradation of radioactively labelled synthetic lignin was studied in a CDH

system containing cellobiose, iron(IIQ and hydrogen peroxide (Henriksson et a1.,1995), and

shown to substantially alter the amount of lignin passing through membranes with different

mofecular weight cut-offs (Henriksson et a1.,1995; Ander, 1996). These findings suggest

that CDH activity contributes to lignin degradation.

Although the purpose of these enzymes has not been established, it is shown that CDH

preparations can reduce quinones (Westermark and Eriksson, 1974b). This reduction of the

quinones occurs simultaneously with the oxidation of cellobiose to cellobiono-lactone (a

proposed reaction scheme is given below). Quinones are highly coloured, lignin-related

species produced during the bleaching of pulp that have been ascribed to much of the colour

found in bleached kraft mill wastewater (Momohara et al., 1989). Thus, CDH enzymes

could directly remove colour from the wastewater in the form of quinone removal. CDH

could also be expected to generate hydroxyl radicals which rnight attack other chromophores

present in the wastewater such as phenoxy moieties. Along with its binding capacity for

cellulosic materials, these properties were thought to provide this enzyme with some unique
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waste treatment capabilities and make it an ideal biological treatment for bleached kraft mill

wastewaters, with particular focus on colour removal. Concurrently to the investigation into

the ability of the macrocyclic tetraamide iron(Ilf complexes to remove colour, a thorough

investigation of the ability of cellobiose dehydrogenase to remediate wastewater was

undertaken.

CDHox + cellobiose --- CDH,ea + cellobiono-1,S-lactone

CDH,ra + quinone * CDH.* + hydroquinone

2.4 Summary

Coloured material present in industrial wastewaters has adverse impacts on the receiving

environment. Methods previously suggested for the removal of this colour, such as fungal

treatment, membrane technology and oxidative processes, are not currently economically or

technically feasible. Two novel colour removal technologies which show promise are

presented for investigation. These two technologies are an advanced oxidation process using

novel, specially designed macrocyclic tetraamide iron(Ilf complexes and an enzymatic

process using cellobiose dehydrogenase. They were selected to be compatible with existing

technology used in industry, and because they are destructive technologies which would not

produce sludge. Thereforg this study set out to determine how effective each of these

technologies were in removing colour, and how feasible they would be for industrial

implementation.
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3.7 Synthesis Methods

Synthesis of the Macrocyclic Tetraamide Ligand

Preparation of the macrocyclic tetraamide ligand has been reported by Collins and Gordon-

Wylie (1998). This method, shown in Figure 3-1, involves the addition of ct-

aminoisobutyric acid with, for example, dimethylmalonyldichloride to form an intermediate.

The addition of diaminobenzene to the intermediate yields the macrocyclic tetraamide

ligand.

----------------

pyridine

I z'rrffi'pyndrne, | | ll
Nz, pcrr 

| \A*",
I

Figure 3-l: Synthesis of the macrocyclic tetraamide ligand (Collins and Gordon-Wylie,

1ee8)

Metal Insertion into the Macrocyclic Tetraamide Ligand

After synthesis of the ligand, the appropriate metal was inserted. Amide deprotonation was

followed by metal co-ordination to give the metal macrocyclic complex (Figure 3-2). The

metal complex has generally been isolated as a lithium or tetraethylammonium salt.

HO. NHr

)-/,__11"

+
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l-BuU FeCl2
---------------> 

-t
TTIF

Figure 3-2: Metal insertion into the macrocyclic tetraamide ligand
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3.2 Enzyme Purification and Assay

Fungal Growth and Protein Purffication

The method used for fungal growth and protein purification was taken from Mansfield et al.

(ree7).

Phanerochuete chrysosporiumwas maintained on agar plates containing 5 g L' glucose and

3.5 g Lr malt extract. Plates were inoculated and grown at 27 oC. The growth medium

contained (NH4)2HPOo (2.6 g),Z,2-dimethylsuccinic acid (2.2 e), KHzPO+ (1.1 g), urea

(0.6g), MgSOa.THzO (0.5 g), CaCl2.2H2O (74 mg), ZnSO+.7HzO (6 mg), FeSO+.7HzO

(5 mg), MnSO+.4HzO (5 mg), CoClz.6H:O (1 mg), thiamine (0.1 mg - approximately) and

microgranular cellulose (Whatman CC-41) (10 g) per litre. On the suggestion of Habu et al.

(1997), bovine calf serum (45 mL) was also added to each litre of medium.

P. chrysosporium was pre-grown in 20 mL medium containing 2 Vo glucose and 0.5 To leasl
extract, in 250 mL Erlenmeyer flasks at27 "C for 2 days at 80 rpm. The cultures were then

homogenised in a Waring blender for approximately 8 seconds and used to inoculate 250 mL

of the succinate medium in 500 mL Erlenmeyer flasks. The cultures were grown for

approximately 20 days at 27 "C.

Culture filtrates were collected by vacuum filtration and the extracellular protein present in

the supernatant was precipitated with 90 % (NH4)2SO+ at 0 "C. Precipitated protein was

collected by centrifugation at 8 000 rpm for 2 hours at 0 "C. Between each purification step

the protein solution was washed with l0 mM ammonium acetate, pH 4.5, and concentrated

with an Amicon system using a Diaflo YM 10 membrane with a 10 kDa cut-off. The

concentrated protein was loaded on a DEAE-Sepharose CL-68 column (Pharmacia Biotech

Inc.) pre-equilibrated with 10 mM ammonium acetate, pH 4.5, and eluted with 2 L of linear

gradient of 10 to 300 mM ammonium acetate, pH 4.5. Fractions showing CDH activity were

pooled, washed and concentrated. Subsequently, concentrated protein was loaded on a

Phenylsuperose HR 5/5 column (Pharmacia) equilibrated with 0.6 M (NH+)zSOa in 50 mM
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ammonium acetate, pH 4.0 and eluted with 30 mL of a linear gradient of 0.6 to 0.0 M

(NH+)zSO+ in 50 mM ammonium acetate, pH 4.0. Fractions showing CDH activity were

pooled, washed and concentrated and loaded on a Superose 6 HR 10i30 column (Pharmacia)

equilibrated with 50 mM ammonium acetate, pH 5.0. After gel filtration. CDH containing

tiactions were pooled, concentrated and stored at -80 "C before use.

Cellobiose dehydrogenase purified tiom Hunticola insolens was kindly provided by M.

Schi.ilein by Novozyme. Denmark.

C e Il obio s e D e hltdro I e nas e Enzyme Assal's

CDH activity was assayed by the reduction of cytochrome c at 550 nm (e = 28 mM-lcm-r) as

reported by Mansfield et al. (1997). The assay mixture contained 3 mM cellobiose,20 mM

succinate (pH a.5) for CDH from P. chrysosporimn and 20 mM tris (pH 7) for CDH from FL

insolens. 12.5 pM cytochrome c and varying amounts of enzyme preparations making a total

volume of I mL. Enzyme activity, expressed in international units (IU), was calculated

using Equation One.

Equation One

where time is measured in minutes

t = molecular extinction coefficient (fbr cvtochrome c)

3.3 Process Optimisation

Fresh wastewater samples were regularly collected throughout the course of this study.

Samples were always collected when routine monitoring by mill personnel indicated the mill

was operating in a typical manner. The colour. chemical oxygen demand, adsorbable

organic halide and organic carbon content were determined for the newly collected samples

and compared with the averages determined during the survey of the wastewater produced at

the Tasman Mill (Chapter Four) to ensure wastewater samples were similar.

(A absorbance/A tinp)
Enzyne activity (ru) =
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Wastewater Treatments using the Macrocyclic Tetraamide Complexes

Treatments of the wastewater using the activator were performed in an agitating incubator

pre-heated to the appropriate temperature. Adequate sample mixing was found to be vital

for reproducible colour removal using the advanced oxidative process. Buffer solutions

were used to maintain the stated pH throughout the reaction. Catalase (Aldrich) was used to

quench the reactions at the appropriate time. The possibility that the addition of catalase was

darkening samples was considered but tests confirmed this was not the case. All treatments

were performed in duplicate with average values being reported. Wastewater was diluted

twofold for these activator treatments as an investigation confirmed that this dilution did not

affect the amount of colour removal reported.

Wastewater (25 mL) previously adjusted to the desired pH was placed in a pre-weighed

reaction vessel. The volume in the vessel was made up to 50 g (less the activator and

hydrogen peroxide solution weight) using distilled water or the appropriate phosphate buffer.

Activator was then added followed by the hydrogen peroxide. Timing was started at the

point of hydrogen peroxide addition. Catalase was added at the desired time to quench the

reaction. The amount of catalase added was determined by the initial amount of hydrogen

peroxide used. In all cases 3 x the recommended amount of catalase was added.

C e ll ob ios e D e hy dr o ge na s e T r e atme nt of W a s t ew at e r

Treatments of the wastewater using the enzyme were performed in scintillation vials in an

incubator pre-heated to the appropriate temperature.

Treatments using cellobiose dehydrogenase from Humicola insolens were carried out using

0.01 tU CDH, 7 mM cellobiose, phosphate buffer (2 mL, pH 7) and 4.5 mL of wastewater

(adjusted to pH 7) making a total volume of 7 mL, for 4 days at 40 oC in the dark.

Treatments using CDH extracted from Phanerochaete chrysosporium were carried out using

0.1 ru CDH,28 mM cellobiose, at pH 4.5 and 40 aC.

For model compounds, treatments were canied out using 0.01 IU CDH, 7 mM cellobiose,

model compound (2 pmol) and phosphate buffer (pH 7) making a total volume of 2 mL.

Treatments were carried out for 4 davs at 40 oC in the dark.
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3.4 Techniques for the Assessnc ent of Environmental Impacts

Sampling

Many factors, such as operating conditions, spills and production demands, affect the nature

of the wastewater discharged from a bleached kraft pulp and paper mill. This high

variability can make it difficult to obtain a representative wastewater sample. Sampling for

the whole mill survey was performed monthly over a six month period while the intensive

survey of the Number 2 Bleach Plant and the treatment system was undertaken daily over a

six week period. Where possible, sampling was undertaken when routine monitoring by mill

personnel indicated the mill was operating in a typical manner.

Grab samples were taken from the selected sites around the mill and treatment system and

stored in high density polyethylene (HDPE) containers. These containers complied with

APHA standards (APHA, 1998). HDPE storage containers had previously been washed with

concentrated nitric acid and rinsed thoroughly with hot water followed by distilled water.

Samples were refrigerated promptly and stored at 4 eC until ana-lysis. Samples were

analysed as soon as practicable after collection.

Colour

The method used for colour determination was adopted by the National Council of the Paper

Industry for Air and Stream Improvement as the standard method for colour determination in

pulp and paper wastewaters (NCASI, 1971). Colour was determined as chloroplatinate

equivalents. The percentage reproducibility of this method, reported as the coefficient of

variation (CV), was t 2.2 o/o (Nicol, 1997).

A500 chloroplatinate unit (CPU) standard was made by dissolvingl.246 g pure potassium

hexachloroplatinate (K2PtCl6) and 1.0 g crystalline cobaltous chloride (CoClz.6HzO) in

deionised water, adding 100 mL H:SO4, and making the volume up to 1 L.

Samples were filtered through Whatman GF/C glass-fibre filter disks to remove suspended

and colloidal material. The pH of the samples was then adjusted to7.6 using dilute sodium

hydroxide and sulfuric acid solutions. A GBC UV-vis 918 spectrophotometer, zeroed with

deionised water, was used to measure the absorbance of samples and standards at 465 nm. H

necessary, samples were diluted to an absorbance range of 0.05 to 0.3 AU. Quantification

was made relative to the chloroplatinate colour standard (Equation Two).

aa
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AxCxn
Colour (CPLD = B

Equation Two

where A = absorbance of sample

B = absorbance of standard

C = conc€rtration of colour standard (500 CPU)

n = dilution factor

Oxygen Demand

Chemical oxygen demand is a rapid and reproducible way to determine oxygen demand.

However, the limitation of this test is its inability to dift'erentiate between biologically

oxidisable and biologically inert (recalcitrant) organic matter. Soluble chemical oxygen

demand (sCOD) was measured using a method adapted from APHA-AWWA-WEF Standard

Method 5220 D (APHA, 1998). Samples were digested with an excess of acidic potassium

dichromate solution and the reduced chromate determined colourimetrically. The percentage

reproducibility of this method, reported as the coefficient of variation (CV), was = 8.7 -
9.6o/o (APHA, 1998).

A dichromate solution was prepared in the following manner. 24.518 g of K2CI2O7 (Analar

grade, dried at 105 "C), 100 mL of concentrated H2SO+, and 26.6 g mercury(ll) sulfate were

dissolved in deionised water and made up to 1 L. A sulfuric acid solution was prepared by

dissolving 22 g silver sulfate in 2.5 L of HzSOa. A stock standard solution, with a COD of

5000 mg L-r, was prepared by dissolving 4.25 g potassium hydrogen phthalate (Analar

grade, dried at 105 "C) in 500 mL deionised water with 2 mL concentrated HzSO,r and made

up to I L. Working standards of 100 mg L-r, 250 mg Lr, 500 mg L r, and 1 000 mg Lr were

made up from the stock standard.

To measure sCOD, wastewater was first filtered through GFiC glass-fibre filter disks. 2 mL

of homogeneous sample was pipetted into a 10 mL borosilicate digestion tube. 0.75 mL

dichromate solution and 2.25 mL sulfuric acid solution were then added by automatic

dispenser. The tube was capped, mixed and digested at 150 oC for two hours. Standards and

two distilled water blanks were run with each set of samples. A GBC UV-vis 918

spectrophotometer was used to measure the absorbance of samples and standards at 600 nm.

A standard curve was constructed, and the slope and intercept calculated. A linear function

was used to calculate sample concentrations. Samples were diluted quantitatively, if
necessary, to give absorbances within the range of standards used.
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Adsorbable Organic Halide

Adsorbable organic halide (AOX) is a measure of the amount of organically bound halides

(Cl-, Bf, I-) in a sample. Determination was performed using an Euroglas AOX Analyser, in

accordance with SCAN-test Standard SCAN-W 9:98 (SPPBTC, 1989). Afier acidiflcation

to below pH 2 with nitric acid. organic constituents were adsorbed onto activated carbon.

while inorganic constituents were displaced by the nitrate ions. The carbon was then

combusted with oxygen and the resulting hydrogen halide was absorbed in an electrolyte

solution and determined by microcoulometric titration. Calibration was performed using 2-

chlorobenzoic acid standards with sample dilution into the calibration range when required.

The percentage reproducibility of this method, reported as the coeftlcient of variation (CV),

was * 4.1 - 6.4 7o (APHA. 1998).

.A. nitrate solution was made with 17 g sodium nitrate and I mL concentrated nitric acid

diluted to I L with deionised water. A washing solution was made using 50 mL of this

nitrate solution diluted to I L with deionised water. An electrolyte solution was made by

diluting 75 mL glacial acetic ucid and I g sodium perchlorate to 100 mL with deionised

water. A 250 mg LI 2-chlorobenzoic acid stock standard solution was made by dissolving

10.3 mg of CIC6H+COOH in distilled water and diluting to 100 mL with deionised rvater.

Duplicate 50 [g L I and 100 pg L I standards were made by dilution of the .stock solution.

Samples and standards were acidified to pH 2 with nitric acid. 50 rng of activated carbon

and 5 mL of nitrate solution were added to | 00 nrl- of diluted sample in an Erlenmeyer flask.

The flask was stoppered and shaken on a mechanical agitator for I hour. Organic

constituents were adsorbed onto ilctivated carbon, while inorganic constitllents were

displaced by the nitrate ions. The contents of the flask were filtered under vacuum through a

polycarbonate filter (Nucleopore, diameter 25 mm, pore size 0.4 prn), using a Bi.ichner flask

and membrane filtration holder. and washed with approximately 25 nrl- of the washing

solution. Using fbrceps the filter was folded and transferred into the boat of the combustion

apparatus, consisting of a quartz glass tube connected to a microcoulometric titration cell.

The carbon was then combusted with medical grade oxygen at I 000 "C. The resulting

hydrogen halide was absorbecl in the electrolyte, and determined by microcoulometric

titration.

A standard curve was constructed, and slope and intercept calculated. A linear function was

used to calculate sample concentrations. Samples were diluted quantitatively, if necessary.

to give titration values within the range of standards used.
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Carbon

Dissolved total carbon (DTC), dissolved inorganic carbon (DIC), and dissolved organic

carbon (DOC) were determined using a Shimadzu Model TOC-5000 Total Organic Carbon

Analyser. Wastewater samples were filtered through Whatman GFiC glass-fibre filter disks

prior to analysis in order to remove solids which may cause interference or damage the

analyser. DTC was measured by sample combustion in the presence of an oxidation catalyst

forming COz which was determined by a non-dispersive infra-red gas analyser (NDIR). DIC

was determined by the catalysed acidification of sample inorganic carbon forming CO2

which was measured by the NDIR. Sample DOC was obtained by subtracting the DIC from

the DTC. The percentage reproducibility of this method, reported as the coefficient of

variation (CV), for DOC was ! 1.2 7o (APHA, 1998).

A 1 000 mg L I total carbon (TC) standard solution was made by dissolving 2.725 g of

Analar grade potassium hydrogen phthalate in I L deionised water. TC standard solution

was subsequently diluted to 500 mg Lr and 50 mg Ur concentrations. A 1 000 mg L I

inorganic carbon (lC) standard solution was made by dissolving 3.5 g Analar grade sodium

hydrogen carbonate and 4.41, g of sodium carbonate in 1 L of deionised water. Dilutions of

the IC standard were made to create 100 mg Lr and 10 mg Lr standards.

Sample determinations were made in accordance with the analyser's operating manual, and

calculated using the analysis software. Calibration curves, which passed through zero, were

constructed for TC and IC standards, with triplicate determinations for each standard.

Samples and standards were run with duplicate injections.

Respirometry

Respirometric methods determine the amount of oxygen consumed during incubation by the

micro-organisms in a wastewater sample. Oxygen consumption was determined using a

Bioscience, Inc. 81-1000 Electrolytic Respirometer System in accordance with the user's

reference manual.

The wastewater sample was incubated in an airtight vessel where the produced COz was

absorbed by a hydroxide solution. The resulting slight vacuum inside the reactor relative to

the outer atmosphere causes a decrease in the electrolyte solution level in the electrolysis

cell, which causes the cell to be activated. When the cell is activated, an electric current

passes through the electrolyte between the wo submerged electrodes which hydrolyses the

water in the electrolyte solution into oxygen and hydrogen. The oxygen is added to the

reactor vessel until the original pressure is re-established while hydrogen is vented to the

36



Chapter Tfuee: Melhods and Mateials

atmosphere. The amount of oxygen produced is recorded on a computer loaded with the B I -

1000 sotlware.

This method requires the wastewater to be treated in a batch reactor which is not typical of

the continuous treatment that is undertaken in a treatment system of an industrial plant.

Thus, to check whether these results would be representative of a full scale treatment system,

a preliminary experiment comparing a batch reactor with a continuous reactor was

undertaken. The continuous reactor was set up in an identical arrangement as the batch

reactor, except 200 mL of the reactor liquor was removed daily and replaced with fresh

wastewater. Results from this experiment showed that the trends from both systems were

similar.

A I N sulfuric acid electrolyte solution was made by diluted 26.6 mL of concentrated HzSO.r

to I L with deionised water. A 45 Vc KOH solution was made by dissolving 45.0 g of KOH

pellets in 100 mL of deionised water. The reactor/cell was assembled following the user's

manual instructions, with the wastewater (800 mL + 200 mL'.seed') in the reactor vessel, the

KOH in the KOH trap and the HzSO+ in the electrolysis cell. The wastewater was stirred

during incubation at 30'C for 12 days. Oxygen production was recorded on a computer

loaded with the appropriate sofiware. All experiments were performed in duplicate.

Toxicirv

Toxicity was assessed using the MicrotoxrM toxicity test which assesses sample toxicity by

measuring the reduction in light output from a bioluminescent bacteria on sample addition.

Tests were carried out on samples adjusted to a standard pH using the 'Basic Test' protocol

as described in the MicrotoxrM manual (Microbics Corporation, 1992).

A standard was made by dissolving 100 mg of AR -erade phenol in I L pure water. Samples,

adjusted to a pH between 6 and 8, were diluted to bring them within the range of - 20 Va to

+ 200 7o of the EC56 value. To perform the 'Basic Test', standards and samples were added

to the first cuvette in the MicrotoxrM Model 500 analyser and fbur l:2 serial dilutions were

carried out. in duplicate, using a further four cuvettes. The MicrotoxrM reagent (lyophilised

bacterial culture) was reconstituted using ultrapure water 1t mL). l0 pL of reagent was

added to each cuvette containing the standard or sample. Each cuvette was placed in the

'read' well when prompted by the analyser, and the light output measured. Results were

recorded on a computer loaded with MicrotoxrM software, where a response curve was

plotted. The EC.,o values were read off the plot.
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Trace Metals

Trace metal concentrations in the wastewaters were determined by Hill Laboratories Ltd.

Total metals were determined using inductively-coupled plasma mass spectrometry

(ICPMS). Metal analysed for included lithium, boron, aluminium, vanadium, chromium,

iron, manganese, cobalt, nickel, copper, zinc, arsenic, molybdenum, cadmium, tin, antimony,

and lead.

Dissolved Carboh drate Analvses

Total dissolved carbohydrates were analysed using a method based on that of Petterson and

Schwandt t1991). Pre-filtered wastewater samples were hydrolysed in sulfuric acid,

separated by anion exchange chromatography and quantitatively measured with a pulsed

amperometric detector. Detection limits were 0.1 mg L-l arabinose,0.7 mg L-l galactose,

0.3 mg L-l glucose, 0,3 mg L-l xylose, and 0.5 mg L-l mannose.

In 25 mL Erlenmeyer flasks, 5 mL of wastewater or one of the three sugar standards were

added with I mL of 24 7o wlw HzSO+, to give a final acid concentration of 4 Vo. 25 gL of a

2 7o fucose solution was added as internal standard (giving 0.5 mg fucose). Each t'lask was

covercd with a watch glass and cooked at | 5 psi pressure ( 103 kPa, l2l "C), for 60 minutes.

Standard sugar solutions were made from a stock solution containing 0.25 mg/5 mL

arabinose, 0.25 mg/5 mL galactose, 1.2 mgi5 mL glucose, 1.2 mg/5 mL xylose, and 0.5 mg/5

mL mannose. The stock solution was used undiluted for the 'high' standud, diluted twofold

for the 'mediunr' standard. and diluted tenfold for the 'low' standard.

Monosaccharide analyses were performed using high performance anion-exchange

chromatography. The high performance liquid chromatography (HPLC) system consisted of

a Dionex Model 4000i pump and controller system ( I mL min r) connected to a Dionex

Model UEM-l Electrochemical Detector (PAD mode). The system was fitted with a Dionex

CarboPac PAI column (4 x 250 mm) and guard column. The eluent was water at

lml-min'l, with a regeneration cycle of 250 mM NaOH (l mL min-r). Post-column

addition of 0.5 mL min-r of 300 mM NaOH was used to improve detector sensitivity. The

HPLC program used is shown in Table 3- l.
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Table 3-1: HPLC program for separating monosaccharides

Time Water NaOH Opening valve

min) (500 mM) (iniecti

0.0 100 0 off

0.1 100 0 on

4.0 100 0 off

35.0 100 0 off

35.1 50 50 off

45.1 50 50 off

45.2 100 0 off

Results were recorded on a Hewlett Packard 3393A Integrator and quantified from

accompanying standard calibration curves.

3.5 Structural Characterkation

Ultrafiltration

Ultrafiltration was carried out using a stirred cell ultrafiltration unit. Wastewater samples

were filtered through Whatman CF/C glass-fibre filter disks prior to fractionation in order to

remove solids that might clog the ultrafiltration membranes.

Samples were adjusted to pH 7 before filtering through GF/C. Ultrafiltration was carried out

using an Amicon ultrafiltration pressurised stirred cell. Diaflo ultrafiltration membranes

with molecular weight cut-offs of 1, 3, 10, 30, 100, or 300 kDa were inserted into the cell.

The sample (50 mL) was placed in the cell and pressure applied. The first 10 mL of

permeate was discarded before the sample (15 mL) was collected. This procedure was

repeated with different membranes using a fresh sample of wastewater each time.

C hemical Pre -treatments

The effect of specific chemical treatments on the absorption spectra of the untreated and

AOPlenzyme treated wastewater was examined. This work helped elucidate which

functional groups in the wastewater were attacked during activator/enzyme treatment.

Methods for the three treatments (hydrogenation, heatment with sodium borohydride and

treatment with sodium periodate) have been modified from Pasco and Suckling (1998) and
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are given below. The resulting wastewaters were analysed by UV-vis spectroscopy using the

standard method.

C atalytic Hydrogenation

A 5 7o palladium on charcoal catalyst (3 mg) was added to deoxygenated solutions of

wastewater (5 mL, diluted fivefold with water). The resulting mixture was stirred for

17 hours under an atmosphere of hydrogen in a balloon. 1 mL was subsequently filtered

through a 0.45 pm polytetrafluoroethylene (PTFE) filter and diluted fivefold with pH 7

buffer, before determining the absorption spectra.

Reaction with Sodium Borohydride

Wastewater was diluted tenfold (100 mL) with water and sodium borohydride (200 mg)

added and stirred at room temperature. Further portions of sodium borohydride (200 mg)

were added after two and four days. On day seven, samples (7 mL) were neutralised with

5 7o sulfuric acid (2 drops) and centrifuged (3 000 rpm, 15 min) to remove boric acid salts

before spectral analysis.

Reaction with Sodium Periodate

Wastewater (5 mL, diluted fivefold with water) was added to 5 mg sodium periodate in a

closed vessel flushed with nitrogen at room temperature. Samples (1 mL) were then taken at

timed intervals and diluted with pH 7 buffer (a mL) before spectral analysis.

M odel Compound Treatments

Model compounds were selected for treatment with the activator/peroxide system. Model

compounds were treated with increasing severity of treatment (using 1,2,5, and 10 molar

equivalents of peroxide, and not limited by activator concentration) to assess the affects of

the activator on selected chemical structures.

Model compounds (2 pmol), NaOH (80 prmol), activator (0.004 pmol) and peroxide (I,2,5,
or L0 molar equivalents to the model compound) were placed in a vial, making a final

volume of I mL. Vials were placed in an agitating water bath at 40 "C for 15 minutes.

Model compounds were treated with the enzyme technology in a similar manner, except the

severity of the treatment was altered using temperature (room temperature, 25 oC, versus

40 "C) and time (10 minutes versus 4 days).
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3.6 Spectroscopic Techniques

Standard U ltraviolet-visible Spectroscopy

Ultraviolet-visible spectroscopy (UV-vis) was used as a tool to provide information on

chromophoric groups in the wastewater. The difTerences between the absorption spectra of

the untreated and the AOP/enzyme treated wastewaters were readily seen using difference

spectra, where the spectrum of the treated wastewater sample was subtracted from the

spectrum of the untreated wastewater sample. Chromophore removal was seen as a positive

peak while chromophore formation was seen as a negative peak.

lfV-vis analysis was performed on the untreated and activator/enzyme treated bleach plant

wastewater. Wastewaters were diluted tenfold using pH 6.5 buffer

(NaH:POq.2HzOlNazHPO+.12HzO) which maintained neutral pH. Absorption spectra were

recorded on a Philips PU8740 UV-vis Scanning Spectrophotometer and the data transferred

to a spreadsheet program (Excel). The spectra were recorded between 200 and 700 nm using

a path length of l0 mm, a bandwidth of 1.0 nm, and a scan speed of 250 nm min-r with no

additional smoothins.

U ltr av io let -v i s ib Ie S p e ctro s c op!, I o n i s at ion D ffi r enc e

Lignin, owing to its aromatic nature, absorbs strongly in the ultraviolet region of the

spectrum (Goldschmid, 1971). Ionisation difference (Aei) spectra provide information on

changes in phenolic groups within the lignin. The absorption spectra of tiee phenolic groups

differ when recorded in neutral and alkaline solutions, whereas those of etherified

phenylpropane units remain unchanged. In neutral solutions, the spectra of free and

etherified phenols are almost identical, whereas in alkaline solutions ionisation of the

hydroxyl groups shifts the absorption bands of the phenolic units to longer wavelengths

(Goldschmid, 1971). The Aei method subtracts the absorption curve measured in alkaline

medium from that recorded in neutral medium (Aulin-Erdtman, 1954) eliminating the

absorption of non-ionisable constituents. This results in a spectrum associated with phenolic

groups in the lignin. An example of the three curves is shown in Figure 3-3.
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Figure 3-3: UV-vis spectra of alkaline and neutral absorption curves and the ionisation

difference curve for a typical lignin sample

The maxima at 25O and 300 nm in the ionisation difference spectrum arise from the phenolic

groups present in the sample (Goldschmid, 1971). The maximum at 375 nm is attributed to a

combination of phenolic stilbene structures (tr.u, = 356, 378 nm) and cr-carbonyl structures

(L-"* = 350 nm) present in the sample.

Assuming that much of the colour in wastewater is due to lignin degradation products,

ionisation difference spectra were acquired as a method to provide information on

chromophore groups in the wastewater. Ionisation difference spectra for the control and

AOP (or enzyme) treated wastewater were compared to determine any changes in the

chromophore groups of the wastewater during treatment.

UV-vis analysis was performed on the untreated and AOP/enzyme treated bleach plant

wastewater. The wastewater was diluted tenfold using pH 6.5 buffer

(NaH2POa.2HzONa2HPO+.12H:O) which maintained neutral pH. To determine spectra in a

neutral solution, an aliquot (5 mL) of the diluted wastewater was added to the pH 6.5 buffer

(1 mL). Alkaline spectra were obtained by replacing the pH 6.5 buffer (1 mL) with an equal

volume of NaOH (0.6 M).

Absorption spectra were recorded on a Philips PU8740 UV-vis Scanning Spectrophotometer

and the data transferred to a spreadsheet program (Excel). The spectra were recorded
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between 200 and 700 nm using a path length of 10 mm, a bandwidth of 1.0 nm, and a scan

speed of 250 nm min-r with no additional smoothing.

E lectrospray M ass Spectrometry

Electrospray mass spectrometry (ES-MS) was used to monitor changes in model compound

structures during treatment with the activator or enzyme. lt was anticipated that the ES-MS

spectrum of the treated model compound would reveal a reduction in the concentration of the

initial model compound while concurrently identifying the resulting degradation product(s).

For this study, high performance liquid chromatography (HPLC) grade acetonitrile and milli-

Q water were used for sample preparation. Additionally, disposable glass vials were used

throughout the sample work-up. Following treatment of the model compound with either the

activator or enzyme, the solution was diluted twofold using acetonitrile. Sodium ions were

removed from the solution using Maxi-Clean ion exchange columns (lC-H, Aldrich).

Analysis of model compounds was performed on a Mariner Biospectrometry

Workstation fitted with a Time of Flight-Mass Spectrorneter (TOF-MS) analyser. The

workstation was connected to a computer loaded with Mariner software. The mass

spectral analysis of the model compounds was investigated in both the positive and negative

ion modes. Although different conditions were investigated in negative ion mode, including

the addition of I o/o ammonia (a volatile base to promote the formation of the negative ions)

and altering the solvent composition to include methanol instead of acetonitrile, positive ion

mode was found to be most successful and the resulting operating parameters are given in

Table 3-2. Calibration of the machine was undertaken daily using a calibration standard.

The concentration responses of the model compounds determined during ES-MS analysis

were highly dependent on a number of factors, such as the volume of sample injected.

Particular care was taken to inject an identical volume of sample each time. Repetitive

injections of samples indicated that results had good reproducibility (CV = 9.3 Vo).

However, as no internal standards were used, results were not strictly quantitative.

43



Chapur Three: Mctho& and Matcriats

Parameter Condition

Ion mode

Solvent composition

Solvent flow rate

Injection mcthod

Injection volume

Mass range

Ion count threshold

Nozzle potential

Spray tip potential

Nebulizer gas

Nebulizer sas flow rate

posrtlvs

acetonitrile:watcr (l:1) + 0.01, %t zcetic acid

10 pL min-'

manual

5pL
100-1200amu

0

50 volts

3 000 volts

Helium

0.25 L min-r

Table 3-2: ES-MS operating parameters

Gas Chromatography - Mass Spectrometry

Model compounds were treated and extracted using shaker extraction, and monitored by gas

chromatography combined with mass spectrometry (GC-MS). It was hoped that the GC-MS

could be used to monitor changes in model compound structure during treatment with the

activator or enzvme.

A surrogate standard was added prior to extraction to determine the reproducibility of the

method. The percentage reproducibility of this method, reported as the coefficient of

variation (CV), was t 9.3 a/o.

For this study, HPLC grade methyl t-butyl ether (MIBE) was used for extraction, and for

transferring extracts and post-extraction work up. All glassware coming in contact with the

extract had previously been washed with detergent and water, before being heated in a

muffle furnace at 450 "C for a minimum of four hours. Sodium sulfate, previously heated in

a muffle furnace at 450 oC, was used for drying extracts.

Model compounds were extracted with MIBE using shaker extraction. Extractions were

carried out in triplicate using an equal volume of MtBE and sample. 50 pL of 1 mg Lr

surrogate standard (Table 3-3) was added to each sample (adjusted to pH 2 using buffer,

I mL) prior to extraction. Extracts were passed through drying tubes containing muffled
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sodium sulfate, concentrated down to 0.5 mL using a Zymatk Concentration Station, and

transferred into GC vials.

Table 3-3: Surrogate standards, added prior to extraction

2,4,6-tribromoanisole

2,4,6-tribromophenol

D10 anthracene

Palmitic acid

8(14)-Abietenic acid

lesterol

Silylation of model compounds was undertaken using BSTFA (N,O,-

bis(trimethylsilyl)trifluoroacetamide catalysed with 1 Vo trimethylchlorosilane). 100 pL of

BSTFA was added to a GC vial containing the compound, which was capped and heated at

70 'C for an hour to ensure complete silylation. 50 pL of I mg Lr 9,l0-dibromoanthracene

injection standard was added prior to GC-MS analysis.

Analysis of model compounds was performed on a Hewlett Packard 5890 Series II gas

chromatograph connected to a Hewlett Packard 5971A Mass Selective Detector. Operating

parameters are given in Table 3-4.

Table 3-4: GC-MS operating parameters

Parameter Condition

Gas chromatograph

Detector

Column

Carrier gas

Column pressure

Mass range

Injcctor temperature

Detector temperature

Injection method

Iniection volumc

Hewlett Packard 5890

Hewlctt Packard 59714 Mass Selective Dctector

HP Ultra 2 (Crosslinked 5 7o Ph-Me Silicone) capillary column,

0.22 mm x 50 m, Film thickness 0.33 pm, Phase ratio 150

Helium

175 kPa

50 - 550 amu

280'C

300 "c
Purged splitless, 1 min

luL
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All analyses used identical gas chromatograph temperature programmes as summarised in

Table 3-5.

Table 3'5: GC-MS temperature programme

Initial time, min I 1

Initial temperature, "C I 60

Rate A, "C min-r I tO

Final tempcrature A, "C | 205

Rate B, oC min-r I S

Final temperature B, oC 
| 270

Rate C, oC min-' | 0

Final temperaturc C, "C | 300

Hold time, min | 37.83

Total timc" min 80

The resulting chromatogram was integrated using Hewlett Packard EnvironQuant

quantitation software, Version C.01.00. Quantification was achieved by integration of the

total ion chromatogram (TIC). Compounds were quantified rslative to an injection standard.

N uclear M agnetic Resonance Spectroscopy

Carbon-l3 nuclear magnetic resonance spectroscopy (t3C NMR) is well proven as both a

quantitative and qualitative analytical technique and can provide structural information on all

the carbon environments present within a molecule. t'C NMR was used to determine

degradation products of specific model compounds treated with either the activator or the

enayme technology.

The r3C spectra were obtained using 5 mm sample tubes on a Bruker DRX 400 NMR

spectrometer (operating at 100 MHz). AII decoupled spectra were acquired overnight using

a spectral window of 300 ppm, with 65 k data points. A 90 " r3C pulse was used and the

delay between each transient (combined acquisition time and relaxation delay) was

3 seconds. Line broadening of 1 Hz was applied before Fourier transformation. Model

compounds were prepared in water. A deuteroacetone lock stick was required to achieve

lock.
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3.7 Miscellaneous Methods

Standardisation of Hydrogen Peroxide

The hydrogen peroxide concentration of the bulk hydrogen peroxide solution was

standardised daily. PAPRO laboratory procedure I.602 was followed (PAPRO,1996).

Hydrogen peroxide was pipetted under the surface of a solution of distilled water (100 mL)

that contained sulfuric acid (10 mL, 4 N), potassium iodide (10 mL, 2 Vo) and saturated

ammonium molybdate (2 drops). The mixture was titrated with sodium thiosulfate (0.1 N) to

a starch endpoint. Peroxide concentration was calculated using Equation Three.

H2O2 (g Ll) =

mLNa2S2Or x NNazSzOt x 17

n x mLHzOz

Equation Three

where 77 = E equivalents of peroxide (M(HzOz/Z = 3412)

n = dilution factor

Life Expectancy of the Activator

A purified azo dye, Orange II, was used to monitor the life expectancy of the activator.

Purification of the dye was carried out by N Fattaleh (Carnegie Mellon University) tbllowing

the procedure of Giles and Greczek (1961). Degradation of the dye was followed using

ultraviolet-visible spectroscopy (UV-vis). Degradation profiles of this dye with and without

wastewater present indicated that the activator preferentially bleached this dye over bleach

plant wastewater.

A set of standard decay curves for the dye in the presence of the wastewater were

constructed using the activator at known concentrations. From these decay curves, the rate

constant was determined and the relationship between activator concentration and the rate

constant plotted. To determine the concentration of activator remaining after a certain time

during wastewater treatment, an aliquot of liquid was taken from the treatment vessel, the

dye added and the degradation of the dye followed using UV-vis. The rate constant was read

off the resulting decay curve and using the plot of the rate constant versus activator

concentration, the concentration of activator remaining in the treatment vessel.

To construct the standard curves: Wastewater (1.35 mL), activator (0, 0.025,0.05, 0.1, 0.25,

0.5, 1 or 2 pmol), dye (sufficient to achieve an absorbance of 1 at 1"**) were placed in a
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cuvette. At time zero,H2O2 (26 mM) was added (final volume = 3 mL) and degradation of

the dye was monitored by UV-vis at 486 nm.

To determine the concentration of activator remaining during wastewater treatment, an

aliquot (2.7 mL) was removed from a wastewater treatment and placed in a cuvette. Dye

was added, along with additional aliquot hydrogen peroxide and degradation of the dye was

monitored by UV-vis at 486 nm.

Immobilisation of the Enzyme

Cellobiose dehydrogenase (CDH) was immobilised onto aminopropyl silica (APS) using

tris(hydroxymethyl)phosphine (THP) as the coupling reagent. THP was synthesised from

tetrakis(hydroxymethyl)phosphonium chloride (THPC). THPC was obtained from Albright

and Wilson Ltd. The method used was identical to that published previously by Oswald el

a/. (1ee8).

For the immobilisation of 2.1,45 pg of enzyme, 200 mg of APS was used. To synthesise a

2.5 mg mLr solution of THP (required to activate 200 mg APS), 0.3125 g of 80 % THPC

was added to water (95 mL). Then, with rapid stiring, 0.0732 g of KOH (dissolved in 5 mL

of water) was added dropwise to the THPC solution. THP was then added to the support and

gently shaken at room temperature. After 5 to 10 min the support was washed free of THP

with water, and linkage of the THP to the silica gel was confirmed by the orange colouration

of the THP-bound silica gel when exposed to green NiQI) solutions. 2.145 Fg of CDH was

added to the THP-activated APS and the suspension shaken at room temperature for 2 h.

The support was then washed free of unbound protein using I M NaCl until no activity was

detected in the washes. then rinsed with distilled water.
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4.1 Introduction

A survey of the Tasman Mill waste streams was undertaken to locate the major sources of

wastewater colour from within the mill, and to assess which of these wastewater streams

would be best suited for treatment with colour removal technologies. The results of this

survey were compared to literature and the most appropriate waste stream selected for

further technology assessment.

4.2 The Tasman MilI

The Tasman Mill, co-owned by Carter Holt Harvey and Norske Skog, was selected as a case

study pulp and paper mill for this investigation. The mill's daily production of

approximately 2 000 tonnes of pulp and paper products is accompanied by the discharge of

over 100 ML of wastewater (Hunter, 1997). Although the wastewater is biologically treated

prior to discharge into the Tarawera River, a significant increase in river water colour is

observed. As this river is highly visible to the public, demands for a cleaner environment

have placed tight regulations on Tasman's discharge. Consequently, Tasman will have to

Iower their colour discharge loadings by approximately 5O o/o before December 30, 2005 to

function within the limits outlined by regulators. Tasman already has an efficient treatment

system, however, colour is not removed (Grigsby and Stuthridge, 1997). A potential means

to improve wastewater quality would be to treat targeted areas in-mill. A survey of the mill

is described, indicating the main sources of colour (and other undesirable parameters) from

around the mill.

Outline of Mill Processes at Tasman

A schematic representation of the mill, with sampling sites indicated, is shown in Figure 4-1.
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Figure 4-1: Schematic representation of the Tasman Mill (o sample location)

Wood Preparation

The bark is removed from logs before pulping. Smaller diameter logs are then cut into short

length for groundwood pulping, while Iarger diameter logs are chipped before they are used

for other pulping processes. As the main use of water in this area is for cooling, the

wastewater discharged is relatively innocuous.

Mechanical Pulping

Tasman has three mechanical mills utilising the stone groundwood, refiner groundwood and

thermomechanical (TMP) pulping processes. In the stone groundwood process logs are

forced against large grindstones to produce pulp. Refiner groundwood pulping uses wood

chips and refiners (rotating metal plates), as does the TMP process with the addition of heat

to improve pulping efficiency. While both groundwood and refiner groundwood wastewater

is relatively clean, the TMP wastewater is pre-treated biologically in a moving bed biofilm

reactor (MBBR) to reduce biochemical oxygen demand (BOD) prior to being discharged

into the main treatment system.
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Krafr Pulping

Kraft pulping is a chemical process that preferentially removes the lignin and hemicellulose

from wood leaving cellulosic fibres. Chips are fed into the continuous digesters along with

cooking chemicals (sodium hydroxide and sodium sulfide) and the mixture is cooked by

heating over a seven hour period in a continuous digester. The resulting pulp is washed and

reject material (knots and shives) removed. The wastewater produced during krafl pulping is

pumped to the recovery system where it is burnt to recover energy (see below).

Bleach Plants

The Tasman Mill uses Elemental Chlorine Free, or ECF, bleaching meaning elemental

chlorine is not used. The Number 1 Bleach Plant uses sodium hypochlorite to produce semi-

bleached kraft pulp. This is a mild bleaching process which produces a pulp with the colour

and brighlaess of newsprint. The Number 2 Bleach Plant produces a kraft pulp which is of
very high brightness. The pulp is first treated with an oxygen stage and an enzyme pre-

treatment. It then undergoes a five-stage bleaching process using chlorine dioxide, sodium

hydroxide, hydrogen peroxide and oxygen (total sequence = DE.pDED). Counter current

washing is used at Tasman to reduce the volume of waste and water use.

Chemical Preparation Plant

The chemicals used to bleach pulp

generate sodium chlorate which is

produce chlorine dioxide.

are manut'actured on site. Sodium chloride is used

mixed with sulfuric acid in a chemical generator

to

to

Evaporators, Chemical Recovery and Causticising Plants

The pulping liquor used in the digesters is recovered to minimise chemical costs and

environmental concerns. [n the evaporators, the liquor is concentrated by boiling off the

majority of the water content. The concentrated liquor then enters the chemical recovery

boilers where the lignin present in the liquor is burnt and the reacted pulping salts are

collected and dissolved to form green liquor. Green liquor is pumped to the causticising

plant which converts the chemicals in the liquor to newly active chemicals using burnt lime.

As chemicals are circulating in a closed loop cycle (Figure 4-2), the environmental impacts

of kraft pulping combined with the recovery system are limited.
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from Kraft Pulp Washes
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Figure 4-2: Evaporation, recovery and chemical preparation processes used at Tasman

Pulp Machines and Pulp Dryers

Market pulp is produced by pulp machines. A thick mat of pulp is formed on a large

forming drum betbre being pressed to remove some of the water. The remaining water is

removed in steam-heated dryers. Wastewater discharged from this area is considered

relatively clean.

Paper Machines

Paper is produced from a mixture of the four pulps and two feedstocks. The pulp mixture

flows onto the paper machine as a sheet which is first pressed to squeeze out water before

passing through a series of dryers. The wastewater produced by the paper machines is

generally considered relatively harmless although it is high in suspended solids.

Wastewater Treatment

Tasman uses approximately 150 ML of freshwater daily. This water is taken from the

Tarawera River and treated to provide the required water quality necessary for the pulp and

paper manufacturing process. During processing, wastewater is generated in almost every

part of the mill and the result is a complex mixture of organic and inorganic contaminants,

which are discharged into either the main process sewer or the acid sewer. The main process

sewer, which is slightly caustic, is then treated in the primary treatment plant. The acid

sewer, about lO o/o of the total flow, is characteristically very low in suspended solids and as

a result bypasses primary treatment.
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The primary treatment plant consists of bar screens and a primary clarifier. The clarifier is a

standard circular sedimentation clarifier with a hydraulic capacity of about 20 ML,
equivalent to a three hour retention time. The clarifier underflow is pumped into a

dewatering system and the solids transferred to a landfill site. Following clarification, the

wastewater is combined with the acid sewer to produce a wastewater of neutral pH. The

combined wastewater flows under gravity to the secondary ffeatment system.

The secondary wastewater treatment system is a biological system consisting of a four pond

aerated stabilisation basin (ASB) system with a six to seven day hydraulic retention time

(Figure a-3). The total hydraulic capacity of the system is approximately one million cubic

metres.

t.+.;end I

Figure 4-3: Schematic representation of Tasman's secondary treatment system (adapted

from Grigsby and Stuthridge, 1997)

Pond 1 is a small pond with a retention time of six to eight hours. [t operates under anoxic

conditions with no aeration and acts as a back-up settling pond for the clarifier. It also

provides an environment for the preliminary degradation of toxic resin acids. Pond 2 is the

first of the aerated ponds and contains 18 of the total 38 aerators in the system.

Approximately 60 Vo of the biochemical oxygen demand (BOD) is removed in this pond.

Pond 3 is less intensively aerated, although it is still responsible for significant BOD

degradation. The final pond in the system, Pond 4, is a polishing and settling pond with

quiescent zones. These zones allow settling of secondary solids prior to the river discharge,

f-
i
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as there is no secondary clarifier in the system. Dredging is carried out periodically on all

ponds in the system.

The final wastewater is discharged into the Tarawera River via a series of underwater

diffusers over a distance of 200 metres. The discharge BOD is typically 25 mg Lt 190 
o/o

reduction on influent concentrations) and suspended solids about 28 to 30 mg Lt 170 Vo

reduction) when the system is operating under optimum conditions. The pH and dissolved

oxygen (DO) are 7 to 8 and 4 to 5 mg Lr respectively. No significant colour removal occurs

in the treatment system (Hunter, 1997).

Tasman Feedstocks

Traditionally the Tasman Mill has used the softwood Pinus radiata as the main wood source

to produce pulp and paper. In recent years there has been an increase in the use of eucalypt

species as a feedstock for the kraft process. Kraft pulping and bleaching of eucalypt species

is generally carried out in 10 day campaigns each month. During a eucalypt campaign,

Tasman pulps mixed eucalypt species in the Number 3 Continuous Digester and P. radiata

in the Number 2 Continuous Digester. The eucalypt pulp is then bleached in the Number 2

Bleach Plant. Thus, the wastewater discharged from the bleach plant will be solely from a

eucalypt source although whole mill wastewater will be a combination of pine and eucalypt

components. As bleach plant wastewater is an important contributor to the total organic load

entering the treatment system, the composition of the combined wastewater will be strongly

influenced by the eucalypt component. Since eucalyptus is a hardwood there will be

changes in relation to the composition and treatability of the wastewater produced during

these campaigns.

4.3 Suney of Mill Wastewater

ln 7997, Grigsby and Stuthridge performed a detailed synoptic survey of wastewater sources

throughout the Tasman pulp and paper mill while concurrently assessing the performance of

the secondary treatment system (Grigsby and Stuthridge, 1997). Results from that survey

indicated that the Number 2 Continuous Digester was the predominant source of many

undesirable chemical constituents in the wastewater, including soluble chemical oxygen

demand (sCOD), dissolved organic carbon (DOC) and colour, with a relative contribution of

40, 39 and 50 7a, respectively, of the total mill wastewater loadings. The secondary

treatment system was able to remove 63 Vo of the sCOD, 60 % DOC, 55 %i absorbable

organic halide (AOX), but only 19 7o of the colour from the total mill wastewater.
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Since 1997, Tasman has undergone a substantial mill modernisation programme as a result

of increasingly stringent discharge limits. Recent changes at the mill include the conversion

to 100 o/o elemental chlorine free (ECF) bleaching, which was completed in April, 1998, and

the introduction of tighter water use and recycling. Anecdotal evidence suggested that these

improvements had resulted in substantial reductions in wastewater colour and chlorinated

organic compound content. Thus, the results of the survey carried out by Grigsby and

Stuthridge were no longer relevant in identifying the major sources of undesirable

wastewaters within the mill.

Whole Mill Survev

A survey was carried out investigating all sources of wastewater within the mill. For this

investigation, sampling was carried out when the mill was processing pine. Samples were

collected and analysed for colour, soluble chemical oxygen demand (sCOD), dissolved

organic carbon (DOC) and absorbable organic halide (AOX) content. Results are shown in

Figure 4-4 and Table 4-1. Raw data can be found in the Appendix.

Table 4-l: Sources of colour, DOC, sCOD, and AOX from within the mill

unable to determine 9-5 % confidence interval* unablc to separate papcr machine and groundw'ood mill wastewater streams

Sample Site Colour

ks d'r

DOC

kq d-'

sCOD

ks d''

AOX

ks d-'

Wood prcparation

Continuous digesters

Rccovcry boiler and evaporators

Bleach plant

Causticising

Pulp dryer

Mechanical pulp

Paper machincs and groundwood

mill*

TOTAL

87t65

15676*9923

2019*2889

12ti33=3154

444 + 187

505 r 334

487tJr1909

t 091 t lttl

37 533

-15 = 17

3606t2191

489 t 709

8003t1057

1 I74 * 4I2

145 * 88

6 967 x.2738

4 2fl3 * 545

712

131 :33

9 218 x. 4 076

i5ll*2097
165lt*1770

5911*3114

462*.284

19 307 x.7 643

12380t1442
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Figure 4-4: Sources of colour, DOC, sCOD, and AOX from within the mill (with 95 o/o

confidence intervals indicated)

The results from this survey showed that the continuous digesters still contributed a high

proportion of the colour to the final mill wastewater. However, this source has been

substantially reduced since this current survey through the installation of better screening

and washing systems as part of the mill modernisation programme. Thus, the colour of the

resulting pulping-sourced wastewaters was significantly reduced as more wastewater was

recycled through the pulping liquor recovery system (Donald, 2000). In contrast, the bleach

plant wastewater continued to be not only high in colour, but also contributed significantly to

DOC and sCOD, and was the primary source of AOX and therefore became the focus of

further study.

Bleach Plant and Treatment System Wastewater Survey

The results presented in the previous section prompted a second survey which investigated

the variability of daily discharges from the bleach plant over a six week period in order to

obtain more in-depth baseline data. Intensive sampling of the Number 2 Bleach Plant was

carried out from July I to August 7, 1998. To fully quantify the bleach plant wastewatet,
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samples were collected from two separate sewers resulting from different stages of the

bleaching process. These different stages are referred to by mill staff as the acid and caustic

stages. Acid stage wastewater was produced when the 'true bleaching reagent', chlorine

dioxide, was applied to the pulp to modify the water solubility of the residual lignin. Acid

stage wastewater was discharged with a pH of approximately 2, and an average daily flow of
7.77 ML d-I. Caustic stage wastewater was produced when an alkali extraction process was

used to extract and wash out the modified lignin. Due to the nature of the alkali extraction

process, this waste stream is considered to be higher in undesirable species than the acid

stage waste stream. Tasman caustic stage wastewater had a final pH of approximately 11,

and was discharged with an average daily flow of 6.05 ML d-r. For this study both acid and

caustic stage wastewater sarnples were analysed separately for the standard wastewater

parameters and then results were combined using a flow ratio to give combined bleach plant

data.

The sampling period selected for this study incorporated one of the mill's ten day eucalypt

processing campaigns. Therefore, this survey allowed a direct comparison of pine and

eucalypt wastewater in order lo assess the influence of feedstock source on the composition

of the bleach plant wastewater.

Concurrent to the survey of the bleach plant, an additional survey was undertaken of the

whole mill wastewater. Samples of the whole mill wastewater were collected during the

same period on every second day from the secondary treatment system inlet and outlet in

order to better assess the performance of the secondary treatment system.

Raw data for the survey of the bleach plant and the secondary treatment system can be found

in the Appendix.

Number 2 Bleach Plant

Changes in the characteristics of wastewater from the bleach plant during the six week

sampling period are depicted in Figure 4-5 and Table 4-2, which show changes in sCOD,

AOX, colour and DOC, respectively. Units are expressed as kilogram per tonne of pulp

bleached.
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Figure 4-5: Changes in sCOD, AOX, colour and DOC in the combined bleach plant

wastewater during the six week synoptic survey

Table 4-2: Combined bleach plant loadings for pine and eucalypt processing

Parameter Pine Eucalypt
(ke tonne-r) (ks tonnc r)

Reduction*

(Vo\

sCOD

AOX

Colour

DOC

32.05 * 4.05 25.09 * 5.55

1.41 * 0.18 0.93 r 0.20

21.50 x.4.52 11.19 t 3.58

15.70 x.2.67 10.53 t 2.04

228

34

48

33
* for eucalypt rclativc to pine feedstock
$ not significant

Results from this survey showed that the quality of the wastewater was highly variable. For

in-mill treatment processes of the wastewater to be feasible, these processes must be able to

cope with this variability in the wastewater. Processing alternating fibre resources also lead

to changes in wastewater quality as the bleaching of eucalypt pulp resulted in significant

decreases in AOX, colour and DOC in the combined bleach plant wastewater compared to

pine processing. No significant decrease in sCOD production occurred when eucalypt was

being processed.

-r- pine

eucalypt -\Ar.,
r/ \./\ f,'\/

V

/ \'""+ 
\ ;
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Figure 4-6: Conrparison of pine and eucalvpt bleaching on caustic and acid wastewater

Results comparin-s the individual caustic and acid wastew:lter stream loadirrgs tbr both pine

ancl eucall'pt are shown graphically in Fi_sure 4-6. It was fbund th:rt there was no significant

diff'erence in sCOD or DOC production between the tw'o stages for either pine or eucalypt.

However. thc-re lvas considerablv more AOX in the acid rvnste stream than tlie caustic \,\'aste

streant tbr both wood types. This rvas in contrast rvith literature rvhich reports that 60 to

70 c/c of the AOX is removecl during thc alkaline extraction stage. which is the case when

chlorine is r.rsed as the bleachin-s agent (Kenrpf ancl Dence. 1970: Hardell and de Sousa,

19771 Pfister and Sjcistrcirn. 1979). When consiclering colour production. pine processirrg

rcsultc-d in significantly more colour being observed in tlre acid wastervater thlrr thc caustic

wastewater'. This was not observed durring eucalypt processing, and may indicatc- that

substantially lower concentrations ol'acid extractable chromophoric constituents are present

in eLrcalvpt. possibl.v- because of its higher polyphenolic content. This nreans the colour of

the total bleach plitnt rvastewaLer was lower during eucalypt processing resulting in a lor,l,er

coloLlr discharge to the treatment system.

S e ct n d u rt' T re u Im e nt Sr'.rlenl

AOX. sCOD. colour and DOC rvere also dctcrminecl tor total nrill *'astewater enterin-q lncl

cxiting the secondary treatment systen'l (Figure 4-7. Table -l-3). It should be noted that when

considering the whole ntill wastewater. 7-rirur' wastewater w'as produced durin-e processing of'

pine only, rvhile euutlvpt wastewater was produced rvhile one continuous digester ancl the

Nuntbc'r 2 Bleach Plant were processing eucalypt but the rest of tlre nrill was processin-sl

prne.

! prne

E eucalypl
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Figure 4-7: Changes in sCOD, AOX, colour and DOC entering and exiting the secondary

treatment system during the six week synoptic survey

Table 4-3: Changes in sCOD, AOX, colour and DOC entering and exiting the secondary

treatment system during the six week $ynoptic survey

Parameter Entering Exiting

(tonnes d-r) I tr"nnes d-r)

Survev Literature* | Survev Literature*

Reduction

(vo)

Survev Literature*

sCOD

AOX

Colclur

DOC

49.6 * 9.3 93.3 = 16.2

0.6 = 0.2 1.1 s 0.-5

44.1t9.1 118.9 * 24.8

18.9 * 3.4 29.2 x.16-2

19.8 +.4.2 34.6 t 5.1

0.2 * 0.1 0.5 r 0.1

38.8 * 8.7 96.9 * 15.8

7.9 + 1.7 Il.7 x. 1.3

60 63

62 55

12 19

5ri 60
* results of a survey carricd out by Grigsby and Stuthridge (1997)
modernisation programmc

the instigation of the mill

Biological treatment was able to remove substantial levels of sCOD, AOX and DOC (Figure

4-7, Table 4-3). However, biological treatment was not effective at removing colour.

Globally, this is a well-known limitation of biological treatment. Results of a 1997 survey of
Tasman's treatment system have been included in Table 4-3. This survey was undertaken

prior to the instigation of the mill modernisation programme currently being undertaken in

the mill. Comparing the results of the 1997 survey with the data collected in the current

prior to

60

- . . pine, entering ponds

eucalypt, entering ponds

" mixed, exiting ponds

--. pine, entering ponds
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study, it can be seen that mill modernisation has had positive impacts on the whole mill

wastewater as all four parameters measured were lower for the samples analysed during the

current survey. Soluble chemical oxygen demand loadings have reduced from 93 to
50tonnes d-r, AOX from l.l to 0.6tonnes d-1, colour from 119 to 44 tonnes d-land DOC

from 29 to 10 tonnes d-r. Interestingly, the removal efficiencies of the secondary system

were very similar for both surveys which supports the notion that Tasman already has an

effective treatment system and the most effective manner to further improve wastewater

quality is to treat targeted areas in-mill.

Wastewater entering the secondary treatment system during eucalypt processing was lower

in all of the four parameters measured (Table 4-4). This reduction reflected the lower waste

production rates (26 Vo lower) during the processing of eucalypt. Effects of eucalypt

processing on wastewater being discharged from the treatment system were more difficult to

determine. The hydraulic retention time (HRT) for the system is approximately six days.

Thus, it would take 18 days (three F{RTs) before the treatment system was fully flushed with

eucalypt wastewater. As eucalypt processing is carried out only in ten-day batches, the

wastewater leaving the treatment system remains a combination of both pine and eucalypt

processing.

Table 4-4: Composition of the whole mill wastewater entering the secondary treatment

system

Parameters Pine Eucalypt

(tonnes d-r) (tonnes d-r)

Reduction
(%\

sCOD

AOX

Colour

DOC

55.7 x.5.2 40.4 t 8.9

0.7 * 0.2 0.5 t 0.3

49.1*.6.5 34.1*7.1

20.7 x.2.3 t6.1 * 3.2

27

33

31

22

4.4 Comparison to Other Mills

Source of Colour

Surveys similar to that outlined in the previous section have all found the bleach plant to be

the dominant source of the coloured material found in wastewater discharged from bleach

kraft mills (NCASI, 1998; Panchapakesan, 1991; Prasad and Joyce, 1991; Smith and Malloy,

1990). In one case, it was reported that 9l Vo of the colour from the mill originated from this

source, and less than 5 7o originated from the pulp mill (Smith and Malloy, 1990). This is in

contrast with the results reported here for the Tasman Mill, which indicated that although
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colour loadings were high from the bleach plant, the continuous digesters were also

responsible for much of the colour in the final mill wastewater. However, measurss have

been undertaken since the completion of this survey in 1998 to resolve this issue. By the end

of 2000, the continuous digesters were substantially closed and analysis indicated that the

colour of the resulting wastewater was reduced by 93 7o (Donald, 2000).

The aim of this preliminary survey was to locate the major sources of wastewater colour

from within the mill and consequently select the appropriate waste stream for the application

of potential colour removal technologies. The literature findings, along with post-survey

modifications of the continuous digesters, confirmed the selection of the bleach plant waste

stream as the focus of this studv.

Tre at ment Sy s t e m P e rfo rmanc e

A performance comparison between the secondary treatment system at Tasman and systems

used at other mills was undertaken (Table 4-5). The selected mills were all bleached kraft

mills which operated an aerated stabilisation basin (ASB) for the biological treatment of

their wastewater. This comparison indicated that the performance of the secondary

treatment system used at Tasman was similar to other mills around the world. The

percentage removals of sCOD, AOX, colour and DOC, at 60, 62, 12 and 58 7o respectively,

fitted within the ranges of removal found in the literature.

Table 4-5: Secondary treatment system removal efficiency comparisons

Parameter Tasman

(Vo)

Literature

(Vo)

Reference

sCOD

AOX

Colour

DOC

60

62

t?

58

48-60

57 -73

<30

45-62

Banerjee et al., 1996; Nicol, 1997

Banerjee et aI.,1996; Nicol, 1997

valtilla, l99l; Nicol, 1997

Baneriee et al..1996: Nicol, I997

Discharges

A survey of 22 elemental chlorine free (ECF) pulp and paper mills in the USA, the world's

biggest single producer of paper, found that wastewaters discharged into the receiving water

had an average total COD loading of 39 kilogram per tonne of product, and an average

colour loading of 87 kilogram per tonne of product (Louch, 2001). Absorbable organic

halide loadings were not reported. The Tasman Mill (I 770 ADT d-t (average pulp

production 1999) (Trevor, 1999)) had a sCOD loading of 11.1 kilogram per tonne of product
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(total COD not measured), and colour loading 21.9 kilogram per tonne of product. Both

sCOD and colour loadings of the final wastewater were therefore lower than the average

loading for a similar mill in the USA. Many of the USA mills are less modern than the

Tasman Mill. Upgrading and modernisation of these mills may considerably lower their

sCOD and colour loadings. The AOX loading of the Tasman wastewater was calculated to

be 0.14 kilogram per tonne of product.

By the end of 2005, the colour loadings of wastewater discharged from the Tasman Mill
must be approximately half the current colour loadings for the mill to operate with the limits

set by regulators. The colour loading will, therefore, need to be approximately 10 kilogram

per tonne of product, substantially lower than the average colour loading of 87 kilogram per

tonne of product recorded in the USA. None of the existing technologies, which have been

proposed for colour removal, have been successful. Thus, innovative technologies must be

developed if significant overall reductions in colour are to be achieved. In this study, two

such technologies are investigated.

4.5 Summary

Secondary biological treatment, such as the aerated stabilisation basins used at Tasman,

is ineffective at removing colour present in the wastewater. To achieve significant

reductions in discharged colour, innovative colour removal technologies must be

developed.

An investigation to find the appropriate waste stream for treatment with a colour removal

technology found the bleach plant waste streams to be high in colour, DOC and sCOD,

and the primary source of AOX. Thus, the bleach plant wastewater was selected as the

appropriate waste stream for remediation.
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Chapter Five: Optimisation and Performance
Evaluation of an Oxidative Wastewater Treatment

5.1 Introduction

The first technology investigated for the colour remediation of wastewater was an advanced

oxidative process (AOP) that had previously been considered for the bleaching of wood

pulp. This technology combined hydrogen peroxide with an iron-based complex which

acted as an 'activator' of the peroxide. This process functioned best under alkaline

conditions. Thus, this technology was selected as a treatment for the caustic waste stream

discharged from the bleach plant. This wastewater contributed a substantial proportion of

the colour, absorbable organic halide (AOX) and carbon loadings of the whole mill (Chapter

Four). During preliminary analyses of the caustic waste stream it was found to retain a

significant concentration of residual hydrogen peroxide, a result of peroxide being added

during the alkaline extraction stage. The presence of this residual peroxide offered the

potential to undertake the oxidative treatment without the need to add high levels of
additional hydrogen peroxide to the process.

The iron(lll) complex used in this study was comparable to that used by Hall (1999) during

preliminary experiments treating pulp and paper mill wastewater. The principal difference

between Hall's complex and the one used in this study were the substituents present on the

aromatic ring. The complex used in the previous investigation had two chlorine substituents

on the aromatic ring, while the complex used in this study (Ia) was unsubstituted.

This complex was selected from several different macrocyclic tetraamide iron(lll)
complexes currently available which all have the same basic structure. Substituents on the

ligand varied to give the various activators a range of reactivities and stabilities. Studies of
differently substituted iron(llf complexes (Figure 5-l) did not report one activator to have

advantages over the others as each complex had different strengths and weaknesses

depending on the parameter being investigated (Collins and Horwitz, 1999; Hall et al.,

1999a). For example, dye bleaching experiments showed that IIa was less oxidatively

robust than Ia, Ib or III as the diethyl substituents on IIa are more susceptible to oxidation

via an intramolecular H-atom abstraction process with the activated iron centre (Collins and

Horwitz, 1999). However, during delignification of kraft pulp, the same structure (IIa)
made most efticient use of the hydrogen peroxide.
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Figure 5'1: Five macrocyclic tetraamide iron(III) complexes

Ia was selected for use in this study for the following reasons:

1. This activator is the closest to being commercially available as'scale-up'

synthesis of this compound has been undertaken.

It was effective in delignification of kraft pulp, demonstrating sufficient stability

to allow effective colour removal in a homogenous system (Hall et al., 1999a;

Hall er al.,1999b).

No chlorine substituents on the aromatic ring. Degradation of a complex

containing chlorine substituents may result in an increase in AOX of the resulting

wastewater.

5,2 Initial Assessment of the Advanced Oxidntive Process fo,
Wastewater Reme diation

An initial assessment of this technology was undertaken to cnnfirm that the macrocyclic

tetraamide iron(III) complexes were able to remediate the wastewater. Two questions were

considered during this initial assessment:

1. Is the advanced oxidative process (AOP) able to remediate bleach plant

wastewater for colour?

2. Can iron(Ilf salts and hydrogen peroxide accomplish the same level of
remediation as the tetraamide iron(IIQ complexes?

2.

J.
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All activator and hydrogen peroxide concentrations reported in this chapter are the final

concentrations of these compounds in the wastewater.

Remediation of Bleach Plant Wastewater using the Advanced Oxidative
Process

For the current study, all optimisation experiments were canied out using caustic bleach

plant wastewater obtained from the Tasman Pulp and Paper Mill Number 2 Bleach Plant

during the processing of pine. This wastewater was discharged with a pH of approximately

l1 and at a temperature around 50 "C. Although at the time of discharge from the bleach

plant the caustic wastewater contained residual hydrogen peroxide (approximately

0.37 mM), additional peroxide was added for the trials as the concentration of peroxide in

the wastewater was insignificant by the time the wastewater was treated with the activator in

the laboratory.

Initial treatment trials were carried out on a filtered wastewater sample (25 mL) which had

been previously adjusted to pH 11. The complex Ia (0.5 pM) was added simultaneously

with hydrogen peroxide (0.8 mM or 25 mg,l mg HsO2/mL wastewater) and was left to react

at 50 "C for 30 minutes. The activator and peroxide concentrations were selected from

experiments undertaken by HaIl (1999), whereas pH and temperature values were selected to

mirror conditions of the caustic wastewater as it was discharged from the bleach plant, The

effectiveness of the treatment was monitored as the amount of colour removed from the

wastewater.

Results from this experiment showed that the AOP was able to remove 4l Va of colour from

the bleach plant wastewater (Table 5-1). Initial treatments also showed that adequate mixing

of the wastewater was required for effective colour removal. For example, when no mixing

was used, colour reductions varied from 9 to 42 7o over seven repetitions. The final colour,

and standard deviation, of the wastewater for these repetitions were 495 * 68 CPU. When

mixing was used, the final colour and standard deviation of the wastewater were

348 s 8 CPU. Therefore, mixing resulted in an overall better colour removal and results

were more consistent. This result presumably reflected the better contact between

chromophores and the active species.
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Table 5-l: Preliminary assessment of the AOP treatment of caustic stage wastewater

Colour

(CPU)

Reduction

(Vo\

Control

Trcated

592

348 4l
Conditions: 0.5 pM activator, I6 mM hydrogen peroxide, 30 min, pH 11,50 'C

Remediation of Bleach Plant Wastewater using Iron(III) Sa/rs and
Hydrogen Peroxide

It is well known that transition metal ions can catalyse the decomposition of hydrogen

peroxide into radical species that can oxidise or dehydrogenate organic substances (L-achenal

et aI., 1997). For example, an aqueous solution of Fe2* salts and HzOz, called Fenton's

reagent, produces hydroxyl radicals in the following manner (Cotton and Wilkinson, 1988):

p"2*"e + Hzoz --' Fe "t(oH)t*uo + oH'

It was considered possible that the removal of coloured species from the wastewater using

the AOP may actually have resulted from the decomposition of the iron(III) macrocyclic

tetraamide complexes to release iron. The released iron could then tbrm Fenton's reagent in

conjunction with the hydrogen peroxide as it has been reported that iron(lll) can be

converted to iron(Il) in aqueous alkaline solutions in the presence of hydrogen peroxide,

UV-light or mineral pollutants (Wu and Heitz, 1995; Lin and Gurol, 1998; Isbell et al.,1975;

Feng and Nansheng, 2000; Mazellier and Bolte, 1997), Consequently, replacement of the

activator with iron(llI) chloride was caried out to compare the effectiveness of the activator

with free iron(lll) ions. The final concentration of iron(Ilf was equivalent when added

either as activator or FeCIr (l pM). Treatments were carried out for 30 minutes at 50 oC and

pH 11.

Results showed that adding iron(lll) in conjunction with hydrogen peroxide at these

concentrations had no effect on wastewater colour (Table 5-2). It was concluded that the

iron(Ilf macrocyclic tetraamide complex working in conjunction with hydrogen peroxide

was responsible for the removal of colour from bleach plant wastewater.
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Type of treatment Colour

(CPU)

Reduction

9a\

Control

Activator/?eroxide

FeCl./Peroxide

592

356

592

40

0

Table 5-2: Effect of iron species on colour removal

Conditions: I prM activator/F'eCl-r, 26 mM hydrogen peroxide, 30 min, pH 11, 50 "C

5.3 Modification of Reaction Conditions

Optimisation of the reaction conditions for colour removal was difficult. Obviously altering

just one experimental variable at a time would be a simple method to find optimum colour

removal conditions. However, it is likely that altering one parameter would effect the other

parameters. Thus, an iterative experimental design was employed (Figure 5-2).
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Figure 5-2: Iterative experimental design for the determination of optimal conditions
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Activator and Hy dr ogen P eroxide C oncentr at ions

The ratio of activator to hydrogen peroxide was an important aspect of the advanced

oxidative proc€ss (AOP) as altering the concentration of one variable has a direct impact on

the concentration of the other. For this investigation it was decided to fix pH and

temperature, leaving only activator concentration and hydrogen peroxide concentration as

variables. The pH and temperature chosen were and 50 oC, respectively. These conditions

were selected to correspond with the conditions in the caustic waste stream as it was

discharged from the bleach plant.

For the initial experiment hydrogen peroxide was fixed at a concentration of 16 mM and the

activator was added to give a final concentration ranging from 0 to 50 pM. The maximum

colour removal was 44 o/o and was achieved at 1 pM activator concentration (Figure 5-3). A
substantial increase in colour removal occurred within a very small range of activator

concentrations (0.05 to 0.1 trrM) demonstrating the efficiency of the system. Concentrations

of the activator greater than 5 pM resulted in lesser colour removal from the wastewater.

Figure 5-3: Effect of activator concentration on colour removal

Conditions: pH 11, 30 min, 50 'C, l6 mM hydrogen peroxide

Previous studies involving the Ia complex to bleach dyes have also shown that larger

concentrations of activator were actually detrimental to the reaction because of self-catalysis

and destruction of the peroxide (Hall et a\.,1999a). In addition, the strong yellow colour of
the activator at higher concentrations actually added to the overall colour of the wastewater

counteracting the colour removal achieved (Figure 5-3). Both these findings were

considered favourable from an industry perspective as the less activator required, the cheaper

bS
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o
E
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o
o(J

69



Chapur P'ive: Optimivtion and Perjormance Evaluatian oI an Oxidative Wa$cwater Treatutenl

this technology would be, and there would also be less opportunity for environmental

impacts from the chemicals used during treatment.

Once the optimum concentration of activator was determined at a particular hydrogen

peroxide concentration, this was fixed while the concentration of hydrogen peroxide was

varied. A wide range of hydrogen peroxide concentrations, ranging from 0 to 320 mM, were

tested. The maximum colour removal, 44 7o, was achieved at a peroxide concentration of

13 mM. Once colour reached a concentration plateau, addition of further peroxide had no

effect on removal efficiencies (Figure 5-4). Obviously, excess hydrogen peroxide would

constitute an unnecessary expense.

Figure 5-4: Effect of hydrogen peroxide concentration on colour removal

Conditions: pH 11, 30 min. 50 "C, 1 trrM activaror

After several more iterations the optimum ratio of activator to hydrogen peroxide was

confirmed. The optimum ratio was found to be I pM activator to t3 mM hydrogen

peroxide, at pH 11 and 50 'C. This was an important finding as it means that the activator

and peroxide should always be added in this ratio for most efficient colour removal. If the

concentration of activator was lowered for any reason, the concentration of peroxide could

simultaneously be lower so the ideal ratio was maintained.

Using this set ratio of activator to hydrogen peroxide, further experiments were then

performed in which the concentration of both the activator and the hydrogen peroxide were

altered to see if further colour removal could be achieved (Figure 5-5). The activator

concentration of 1 pM and hydrogen peroxide concentration of 13 mM are depicted as an

activator/peroxide amount of one in Figure 5-5.
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It was found that concentrations of 2 pM activator and 26 mM hydrogen peroxide gave

maximumcolourremoval,46Vo, atpH 11 and50"C(Figure5-5). Thisamountof colour

removal was only slightly higher than that achieved using 1 pM activator and 13 mM

hydrogen peroxide but the difference was statistically significant. This small gain in colour

removal does question the need to use twice as much activator and peroxide if the

technology was to be implemented on an industrial scale. Indeed, the concentration of both

activator and hydrogen peroxide could be quartered with little effect on the overall colour

removed.

23
Amount of activator/hydrogen peroxide

Figure 5-5: Effect of altering activator/hydrogen peroxide on colour removal

Conditions: pH 11,30 min,50 oC, activator/hydrogen peroxide value of one corresponds to an activator
concentration of I pM and hydrogcn peroxidc concentration of 13 mM

It has been postulated that peroxide alone could be used to remove colour fiom the caustic

stage wastewater at the Tasman Mill, however, it was found that the peroxide requirement

for that treatment would be approximately 520 mM,40 times that required for the AOP.

pH

Dye bleaching studies using a variety of dyes have shown that the AOP performs best at

alkaline pH (Horwitz et a1.,1998). To determine the effect of pH on the current process, a

series of experiments were conducted over the range pH 5 to pH 13. Buffered solutions

were used to maintain the pH at a constant value. All other conditions of the reactions were
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consistent with those used previously (2 pM activator, 26 mM hydrogen peroxide,

30 minutes and 50'C ).

The results indicated that colour removal was most effective at alkaline pH and that the

optimal pH appeared to be pH 9, where 46 Vo of the colour was removed (Figure 5-6). No

colour removal occurred under acidic conditions. This suggested that the active species

which removes colour was only generated in alkaline media. [t was proposed by Hall (1999)

that the formation of the active species required the presence of the hydroperoxide anion as

this anion is formed only under alkaline conditions in the following manner:

HzOz + OH-
PK, = 11'6 (25 'gC)

HOO- + HzO

Hall (1999) also pointed out that under alkaline conditions above pH 11.6, hydrogen

peroxide decomposes to give hydroxyl and superoxide radicals as shown below. This would

also lead to a decrease in the hydroperoxide anion which would explain the drop in

efficiency of the AOP at higher pH.

H2O2 + OH- --------+ HOO- + HzO

H2O2 + HOO- ----------> Oz' + OH' + HzO

2HzOz + OFf 
--------> 

Oz-' + OH' + 2H2O

Figure 5-6: Effect of pH on colour removal

Conditions: 2 pM activator, 26 mM hydrogen peroxide, 30 min,50 "C
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Experiments were carried out to find the optimum treatment conditions for colour removal at

pH 9. First the activator concentration was varied, and then the hydrogen peroxide

concentration, while all other conditions remained constant. The temperature of the

experiment was again 50 'C and the reaction time was 30 minutes.

Colour removal at pH 9 using 'pH 9 optimised conditions' was greater than had been

previously achieved at pH 1l using'pH 11 optimised conditions'. A colour decrease of

55o/a was attained at pH 9 while 46 Vo removal was achieved at pH 11. Howevero much

higher concenhations of both activator and hydrogen peroxide were required to gain this

advantage (Table 5-3). Seven times more activator was required at pH 9 to achieve the

additional colour removal which could potentially make this treatment less economically

feasible under those conditions.

The pH of wastewater in secondary treatment systems of bleached kraft mills is generally

around pH 7. It is not feasible to adjust this volume of wastewater to pH 11 so that activator

could be applied at optimum conditions. Therefore, further optimisation experiments were

carried out at pH 7 to determine if realistic levels of colour removal were possible at pH 7

using the AOP. Although the temperature of the wastewater in the secondary treatment

system varies between 20 and 35 "C, these experiments were carried out at 50'C so these

results are directly comparable to those determined at pH 1 1.

Conditions at pH 7 were established which gave levels of colour removal comparable with

those observed at pH 1l and pH 9. As with conditions at pH 9, much higher concentrations

of both activator and hydrogen peroxide were required to achieve this. True optimum

conditions could not be determined for pH 7, as the experiment was limited by the amount of
peroxide which could be added. The ratio of peroxide to activator was determined, but no

maximum colour removal was reached when increasing the concentrations of reagents in this

ratio. Table 5-3 shows the best conditions observed at pH 7, and are compared to results

determined at the other pH levels.

Table 5-3: 'Optimum' conditions and amount of colour removed at pH 11, pH 9 and pH 7

pH Activator Hydrogen peroxide

concentration concentration

(uM) (mM)

Colour

removed

(Vr,\

11

9

7

226
15 102

10 I 360

46

55

6l
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Comparing the colour removed at each pH (Table 5-3) suggests greater colour removal can

be achieved at pH 7 than at pH 11. However, 33 Vo of the colour removal at pH 7 was the

result of the high concentrations of hydrogen peroxide alone (Figure 5-7).

pH 11

Figure 5-7: Colour removed by peroxide alone and the AOP at various pH values

All further optimisation experiments using the activator and hydrogen peroxide (as discussed

in the following sections) were canied out at pH f 1. As lower quantities of both activator

and hydrogen peroxide were required to achieve optimal conditions at pH ll, this treatment

would be more economically feasible than at pH I or pH 7. In addition, the caustic

wastewater discharged from the bleach plant is typically around pH 11. If this technology

were to be implemented within a mill, the bleach plant would be the most efficient point to

add the activator as the volume of wastewater discharged in the caustic stream from the

bleach plant is only 4 % of the total mill wastewater volume but contributes 34 % of the total

mill colour.

Reaction Time

For the advanced oxidative process to be feasible in industry, colour removal must occur

rapidly to minimise the size and, therefore, cost of the reaction vessel. To monitor the

progress of colour removal over time, samples were collected at 5, 15 and 30 minutes, and at

1, 2, 4, 8, 16. 24 and 48 hours. The experiments were all carried out at pH 11 under

previously determined optimal conditions.
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840
Eo
930
E
E
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Figure 5-8: Effect of time on colour removal

Conditions: 2 FM activator, 26 mM hydrogen peroxide, pH l l, 50 "C

Colour removal rapidly reached a maximum over time (Figure 5-8). Within four hours a

maximum colour removal of about 55 7o was reached. Furthermore, the results showed an

immediate reduction in colour. No further colour removal was achieved by prolonging the

reaction beyond four hours. This result implied that the active species formed quickly and

then reacted rapidly with the chromophores present in the wastewater. At an industrial scale

a four hour reaction time was quite realistic with regard to the volume of wastewater to be

treated. To treat all the caustic wastewater discharged from the bleach plant at the Tasman

Mill (6.05 ML d-r), a vessel able to hold a volume of only I ML would be required.

Temperature

A range of temperatures between 16 and 70 "C were investigated to determine the ability of
the AOP to function within typical mill wastewater temperature limits. Results showed little

variation in colour removal at increasing temperatures (Figure 5-9), with no significant

difference in the colour observed at both 30 and 50 "C. A temperature of 40 'C was selected

for further experiments involving this activator as this is predicted to be the temperature

most likely to be encountered at industrial scale. Wastewater discharged from the bleach

plant is typically 50 'C but a slight lag period between discharge and treatment with the

activator would result in some heat loss.
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Temperature

Figure 5-9: Effect of temperature on colour removal

Conditions: 2 pM activator, 26 mM hydrogen peroxide, 4 h, pH l1

Summary of Optimum Conditions

The conditions determined for maximum colour removal from caustic bleach plant

wastewater at pH 11 using iron(Ill) complexes are summarised in Table 5-4. These

conditions are favourable for installation of this technology at an industrial scale. The

chemical concentrations are low which would minimise chemical costs. The temperature

required is elevated which is common for waste streams discharged from industrial sites. An

alkaline pH is required which is ideally suited for the treatment of the highly coloured

caustic waste stream discharged from the bleach plant. The treatment time of four hours is

realistic for industrial implementation and would only require a 1 ML vessel to treat all the

caustic wastewater discharged from the bleach plant at the Tasman Mill. In addition, the

treatment time investigation showed there was a very rapid reduction well before 4 hours so

a shorter retention time could be used to achieve good colour removals.
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Table 5-4: Optimum conditions for colour removal using iron([[) complexes

Parameter Condition

Activator concentration

Hydrogcn peroxidc concentration

pH

Tcmperaturc

Time

2pM

26 mM

ll
40 "c
4h

To test the reproducibility of these conditions, treatments of wastewater using these optimum

conditions were repeated on l5 different days. Treatments were carried out using diff'erent

caustic bleach plant wastewater samples, which had been collected over several weeks, but

always when the mill was processing pine. Statistics from these treatments are given in

Table 5-5. These data shows that colour removal using the advanced oxidative process was

very reproducible. This was an important tinding for mill implementation, especially if the

final wastewater has a colour level close to the discharge limit. If the colour removal

technology had highly variable results, then the wastewater discharged from the mill may be

under the limit some days. and on others it mav not.

Table 5-5: Reproducibility of colour removal using iron(lll) complexes

Original colour

(CPU)

Mean colour removed

(CPU)

95 7o confidence interval

(CPU)

593 279 (47 %)\ t1

5.4 Kinetic Studies

Method of Activator Addition

Previous experiments undertaken using these iron(lll) complexes (Figure 5-l) for the

delignification of wood pulp showed that the effectiveness of each treatment depended on

the mode of activator addition (Hall et al., 1999b). Three methods of additions were

compared at that time: i) total amount of hydrogen peroxide and activator added at the start

of the reaction, ii) incremental additions of both hydrogen peroxide and activator added

throughout the treatment, and iii) total amount of hydrogen peroxide added at the start of the

treatment with incremental additions of activator added throughout the treatment.
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Results showed that adding all the hydrogen peroxide and activator at the beginning of the

experiment, or staggering the addition of both throughout the experiment, made no

difference to the final outcome of the treatment in terms of the extent of delignification of

the pulp or efficiency of hydrogen peroxide use. The best delignification was observed

where all of the hydrogen peroxide was added at the beginning and incremental activator

additions were made throughout the experiment. [t was concluded that keeping the activator

concentration low throughout the experiment yet ensuring all hydrogen peroxide was

available from the start of the experiment clearly produced an improved activator treatment.

It was suggested that the higher the concentration of the activator, the more unstable the

activator became as there was greater opportunity for reactions between the activator and

either hydrogen peroxide or another activator molecule. Reactions between activator

molecules could lead to intermolecular decomposition which would result in the decrease of
the overall concentration of the activator thereby decreasing effectiveness. Reactions of the

active fbrm of the activator with hydrogen peroxide by, for example, an H-atom abstraction,

could lead to peroxide decomposition which would also limit the reaction.

Consequently, for colour treatment assessment, the activator was added to the wastewater by

two different methods. The first method entailed adding the entire dose of activator to the

experiment at the onset of the reaction. The second method added the activator in a stepwise

process over the 4-hour reaction period in two, three or four evenly spaced doses. The total

amount of activator added was equivalent for all reaction scenarios. In all cases, hydrogen

peroxide was added in one dose at time zero.

Stepwise additions of activator gave a slight increase in colour removal (Table 5-6),

however, this increase was not significant. Adding the activator in four doses, did not

achieve any further colour removal than adding the activator as two doses. This result is

favourable for the installation of this technology at an industrial scale, as a single dose is

simple to control compared to a multi-dosing system.

ln addition to the stepwise activator addition, a sequential reaction scenario was evaluated,

where wastewater was treated under optimal conditions twice. tn this reaction scenarion

maximum colour removal was attained for a wastewater sample before a second addition of
activator was added. A second addition of hydrogen peroxide was added concurrently with

the second addition of activator. The reaction was left for a further four hours before colour

measurements were undertaken. Results showed a slight but statistically insignificant

increase in colour removal could be achieved using an additional treatment of activator and

hydrogen peroxide (Table 5-6). This indicated that all chromophores available to this

pafiicular reaction had been eliminated and other technologies were needed to remove the

remaining colour.
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Table 5-6: Colour removed when using multiple doses of activator

Type of addition Colour removed

(%\

Onc off addition

2 additions

3 additions

4 additions

Seuuential treatment*

47 *2
50 =2
50=2

50*2
49 =2

Conditions: 2 pM activator, 26 mM hydrogen peroxide, 4 h, pH 11, 40 "C
Conditions for (*): 2 pM activator, 26 mM hydrogen peroxide, 4 h + 2 pM activator, 26 mM hydrogen
peroxide,4 h; pH 11,40 "C

Lift Expectancy of the Activator

For full scale implementation of the technology, it is important to know the life expectancy

of the activator. If the activator were to survive for an extended period of time in the

wastewater, it may be discharged into the receiving water and have undesirable

repercussions on the environment. The activator, however, must be sufficiently robust to

remove the chromophores from the wastewater over the reaction period.

From previous experiments it was apparent that maximum colour removal from wastewater

was achieved after four hours using the advanced oxidative process (AOP) (Section 5.3). It
was also found that two sequential treatments did not achieve further colour removal.

However, it could not be determined from these results how long the activator remained in

the wastewater. It was necessary to determine the life expectancy of the activator in the

wastewater. Optimal conditions determined for pH l1 were used.

A purified azo dye, Orange II, was used for this experiment. This dye was selected as it was

bleached rapidly in the presence of the activator, and was shown to be bleached

preferentially over the wastewater. Orange II was added to the wastewater to determine the

concentration of activator remaining using a pre-determined relationship between activator

concentration and the rate of bleaching of the dye. The first step entailed developing this

relationship between activator concentration and the rate of bleaching of the dye (ko6r). A set

of decay curves showing the decrease in dye absorbance versus time for the activator at

varying concentrations was acquired (Figure 5-10). These were re-plotted as the natural log

of the absorbance versus time (Figure 5-11) and using linear regression the slope (ko6,) was

determined for each activator concentration. The relationship between kot, and activator

concentration was then plotted (Figure 5-12). The equation for the line gave a direct
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conelation betw€en aetivator consentration and dye removal rate, As this relationship was

linear up to an activator cor'rcentrafion of 2 U.M, this equation could be used to calculate the

eoncentralion of activator in the wastewater at any trme following activator addition.
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Wastewater lras freated using the AOF rmd6r opdmal colour removal eondltions and, at

predetEmined times, aliquots were removed ftom the te.atuent vossel and woro ptaced in

the UV-vis spectrophotomorer. Additional hydrogen peroxide was added simultaneously

with the dye, and the deeatrl rate for the dye determined. The decarr cqrves for the dy,e at

time = 0, 1" 3,5; and 10 min-utes are 6how-n in Figure 5-13.
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In determining the kou* for these curves (Figure 5-13), it was possible to estimate the

concenfation of activator remaining in solution using the linear relationship between kou'

and activator concentration (Figure 5-12). It was apparent that there was no activator present

in the wastewater after 10 minutes. After five minutes the activator concentration was only

0.05 pM, 97.5 7o lower than at time zero (Figure 5-14). The rate of decrease of the activator

and the shape of the curve suggested that at higher concentrations the activator may have

undergone intermolecular degradation, however, as the concentration of the activator

decreased, this fbrm of degradation diminished.

6

Time (min)

Figure 5-14: Concentration of activator remaining in the wastewater over time

The colour of the wastewater continued to decrease even after the apparent disappearance of
the activator. During treatment of the wastewater, aliquots were also removed for colour

analysis (Figure 5-15). After five minutes only 29 Vo of the colour had been removed, whilst

after ten minutes 34 Vo of the colour had been removed. Colour analysis undertaken at

60 minutes showed that 46 To of the colour had been removed, 72 Vo morc than was attained

at a point where it had been shown that there was no activator remaining. This additional

colour removal was thought to be a result of hydrogen peroxide attack on groups that had

been newly exposed during activator treatment, as a treatment of hydrogen peroxide alone on

the wastewater did not remove colour to any significant extent. These findings have major

implications for the industry. The activator remained in the wastewater long enough to

eliminate all the chromophore available to the active species but did not survive long enough

to be discharged into the receiving environment.
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Figure 5-15: Activator concentration and colour removal over time

5.5 Comparison of Dffirent Activators

Three different activators all derived from the one family of macrocyclic tetraamide iron(Ilf
complexes were assessed for their ability to remove/reduce colour (Figure 5-16). The

experiments were expected to ascertain if altering the macrocyclic ring substituents on the

complexes affected their ability to activate hydrogen peroxide toward decolourisation of
wastewater. The complexes differed with respect to the substituents at the bridgehead of the

ligand, and the .substituents on the aromatic ring. Complexes I and Ia both had a germinal

dimethyl substituent at the bridgehead, whereas this part of the ligand contained a

cyclopropyl group in complex V. Complex I had chlorine atoms at the 3 and 4 position on

the aromatic ring, while these positions contained hydrogen atoms in the case of complexes

Ia and V. Complex Ia is the structure used for aU preceding investigations detailed in this

thesis.

The different substituents on the complexes affect their reactivity. It has been suggested that

the chlorine substituents on complex I may make the activated form of complex I more

oxidising than that of complex Ia, as chlorine is more electron withdrawing than hydrogen.

The cyclopropyl substituent on the bridgehead of complex V resulted in this complex being

more stable than the other two complexes (Vuocolo, 2000), as conformalional constraints of
the cyclopropyl unit restricts intramolecular degradation via proton abstraction.
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Figure 5-16: Three macrocyclic tetraamide iron(llf complexes

Treatments of caustic wastewater were undertaken using all three complexes. These

treatments were carried out at pH 11 using the optimised conditions previously determined.

The concentration of each activator was identical for each treatment.

Results indicated that all three activators were able to decolourise caustic wastewater (Table

5-7). Complexes I and Ia removed similar levels of colour from the wastewater suggesting

that the oxidising ability of the complex did not strongly influence the amount of colour

which could be removed. From an environmental perspective, however, it would be more

desirable to use complex Ia over complex I, as when this complex degraded no chlorine

containing fragments of the complex would be added to the wastewater. Complexes I and Ia

both appeared to remove more colour than complex V which indicated that the stability of
the cyclopropyl unit did not enhance the amount of colour removed. However, it must be

remembered that the conditions used have been optimised for complex Ia and not the other

two complexes. To be able to confidently say that complex Ia was the better activator of the

three for the removal of colour from wastewater, conditions should be optimised for all three

complexes and the colour removal compared using the individual optimal conditions. The

reader should be reminded, however, that complex Ia is still the most likely to be

commerciallv available in the near future.
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Table 5-7: Colour removed when using different iron(III) complexes

Complex Colour removed

(0/a\

I

Ia

v

46*3
48:3
37 +3

Conditions: 2 prM activator, 26 mM hydrogen peroxidc, pH 11, 4 h, 40 oC

5.6 Effect
Composition

of the Advanced Oxidative Process on Wastewater

Changes in Bulk Parameters

Parameters commonly used to characterise wastewater include colour, absorbable organic

halide (AOX), soluble chemical oxygen demand (sCOD) and dissolved organic carbon

(DOC) content. Each of these parameters was determined for the caustic wastewater before

and after treatment with the advanced oxidative process. The changes, if any, observed for

these parameters during treatment are shown in Table 5-8. The level of each of these

parameters is regulated for the discharged wastewater. Thus, the removal of any of these

parameter using the advanced oxidative process (AOP) would, obviously, be advantageous,

however, if any of these parameters were increased during the AOP this could have serious

implications for the final wastewater.

Table 5-8: Reduction in colour, AOX, sCOD and DOC of wastewater when treated with the

advanced oxidative process

Initial concentrations Absolute removal Percentage removal

Coklur

AOX

sCOD

DOC

593 CPU

3.44 ppm

590 ppm

262ppm

279 * ll CPU

0.86 t 0.37 ppm

0

0

47

25

0

0

These results indicated that there was no significant reduction in either DOC or sCOD. This

suggests that the AOP was very selective, and only subtle structural and functional changes

are taking place during treatment. Fortunately, both DOC and sCOD are effectively

removed during biological treatment. Chromophores were targeted by the activator. AOX
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was also reduced by activator treatment. This finding has significant implications for this

technology as the AOX of discharged wastewater is still widely regulated world-wide. A
technology that is abie to remove AOX, in addition to colour, would be valuable to the pulp

and paper industry.

From preliminary work (not reported in this thesis) it was found that the experimental

conditions for maximum colour removal did not coincide with maximum AOX removal.

This suggests that the removal of colour and AOX are not directly related. It is possible that

some of the organically bound chlorine was involved in the chromophores and thus was

destroyed during the treatment and/or that the AOX was specifically targeted and

dehalogenation was occurring. A model compound study was designed to investigate this

further.

Molecular Weight Distribution of Organic Material in the Untreated and
Treated Wastewater

The susceptibility of individual molecular weight fractions of the wastewater to the AOP

treatment was assessed. It is commonly assumed that the high molecular weight material

(> 1 kDa) present in the pulp mill wastewater is primarily derived from lignin breakdown

products released during the bleaching process. Previously, this component of wastewater

has been shown to be the principal source of the colour and AOX being discharged from the

bleach plant (Yu and Welander, 1993). Biological treatment of pulp and paper mill
wastewater has been shown to have little effect on the high molecular weight recalcitrant

material. If this AOP could target this material, and degrade it into lower molecular weight

material, it would be a potential pre-treatment for wastewater entering a biological treatment

system.

In order to determine which molecular weight fractions were targeted by the AOP, both

control and treated wastewaters were fractionated using an ultrafiltration system. Using

membranes of different molecular weight cut-offs, specific fractions were analysed for

colour and DOC.

Colour was not preferentially removed in any one of the molecular weight fractions by the

AOP. Instead removal/reductions occurred in all molecular weight fractions (Figure 5-17).

A colour balance was performed which found that the sum of the colour removed in all

fractions was equivalent to the overall colour removed in the whole wastewater. These

results suggested that the activator was not impeded by the site of the chromophores within

the macroreticular organic matrix.
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Figure 5-17: Molecular weight distribution of colour belbre and aftcr AOP treatment

Thc' rnolecular weight distribution of dissolved or-eanic carbon (DOC) in wastewater treated

with AOP did not change fiom that of the original wastewater (Figure 5-18). This implies

that the activator treatment only caused subtle changes to the organic material in the

wastewater, and did not break down high molecular weight malerial to fbrm lower molecular

weight material. As a result. biological treatment is unlikely to be benefited significantly by

a pre-treatment with the activator.

3-10 10-30 30-100
Molecular weight (kDa)

Figure 5-18: Molecular weight distribution of carbon in untreated and AOP treated samples
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5.7 Effect of the Advanced Oxidative Process on Dilferent Functional
Groups

Studies were carried out to determine which functional groups were susceptible to activator

attack. UV-vis spectroscopy was used as a simple tool to assess changes in functionality of
organic material before and after lreatment with the advanced oxidative process (AOP). UV-
vis spectroscopy had the advantage of being able to monitor changes in both the functional

groups and the colour of the wastewater simultaneously.

These investigations were carried out by:

f . investigating the absorbance and ionisation difference spectra

and the AOP treated wastewaters.

2. examining the effects of selected chemical treatments which

functional groups on the absorption spectra of the untreated

wastewaters.

of the untreated

removed specific

and AOP treated

Absorbance and lonisation Dffirence Spectra of Untreated and Treated
Wastewater

Figure 5-19 compares the absorption spectra of the untreated and AOP treated wastewater at

equivalent concentrations. It can be seen from these spectra that most of the absorbance of
the wastewater is in the ultra-violet region and, by comparison. the visible region (400 to

700 nm) had very little absorbance. The change in absorbance of the wastewater when

treated with activator was very small. This may imply either that there are only very small

changes to the organic material. as illustrated by molecular weight distribution investigation,

or that the extinction coefficient of the compounds altered was small and has been

overwhelmed by the extinction coefficient of the compounds not altered.

Differences in the absorption spectra of the untreated and the AOP treated wastewaters were

most readily seen using difference spectra (Figure 5-20) where chromophore removal is seen

as a positive peak while chromophore formation produces a negative peak. Figure 5-20

indicates that the AOP removed chromophores, and the greatest absolute reduction in

absorption of the wastewater was in the ultraviolet region of the spectra centred on 270 nm.

The percentage difference was also determined and plotted (Figure 5-21). Inspection of this

plot found that the greatest percentage removal in absorption of the wastewater was near the

beginning of the visible region of the spectrum centred on 370 nm. This was a favourable

finding, as it is more efficient to remove a majority of the absorbance from the visible region

of the spectrum, as this is the difference observed by the human eye.
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Figure 5-21: Percentage difference between untreated and AOP treated wastewater

Ionisation difference (Ae;) spectra, obtained by subrracting the spectrum of wastewater

recorded in neutral solution from that recorded in alkaline solution, provide intbrmation on

phenolic units in the wastewater. The maxima at 250 and 300 nm in the ionisation

difference spectrum arose from the phenolic groups present in the wastewater samples. The

maximum at 375 nm has been attributed to a combination of phenolic stilbene structures

(L*u* = 356,378 nm) and a-carbonyls (trro,. = 350 nm) (Goldschmid, 1971).

The ionisation difference spectra for the untreated and treated wastewaters are shown in
Figure 5-22. These ionisation difference spectra show that treatment of the wastewater with
the AOP removed phenolic groups, including phenolic a-carbonyl structures from the

wastewater. Inspection of the ionisation difference spectrum of the untreated wastewater

indicated that there were no phenolic stilbenes in the caustic bleach plant wastewater prior to

activator treatment. This was expected as the wastewater has already had contact with
hydrogen peroxide, and stilbenes are readily removed in the presence of such an oxidising

agent.

Although ionisation difference spectra indicated that the activator attacked phenolic

structures, phenolic compounds absorb shongly in the ultraviolet region of the absorption

spectrum and are generally not associated with colour.
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Figure 5'22: Ionisation difference spectra of untreated and AOP treated wastewaters at

equal concentrations

Ionisation difference spectra were used to calculate the total amount of phenolic structures

using the following equation developed by Giirtner et al. (1999):

I
Phernlic content (rnnnl gr; = (0.025 + A1s0nn(NaOH) + Arson-(NaOFI)) * 

c _ |

Equatiott Four

where A = absorbance

c = concentration of sample (g Lt)
I = cuverre width (cm)

A number of assumptions were required to make this calculation. For example, it was

assumed that the concentration of organic material in the wastewater was 0.31 g L-l based on

yields obtained during the freeze-drying of the wastewater, and using the molecular weight

distribution data it was assumed that the average molecular weight of the organic material in

the wastewater was 2 000 Da. On the basis of these calculations it was shown that only 2 Vo

of the organic material was phenolic. This would be comparable to previous reports on the

high molecular mass organic composition of bleach plant wastewater which suggest phenolic

contents of 2 to 3 7o (Osterberg and Lindstnim, 1985). This result indicates that if the AOP

was predominantly attacking the phenolic structures in the wastewater, then it was only

altering 2 Vo of the organic material. This would explain why no change in the dissolved
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organic carbon (DOC) or soluble chemical oxygen demand (sCOD) content was observed

for wastewater treated with the AOP.

Effect of Select Chemical Treatrnents on Absorption Spectra and
Wastewate r Functionalin

J

To determine which structures may contribute to chromophore groups in the wastewater,

chemical treatments which target a specific functionality, were employed. These treatments

included hydrogenation, which targeted aliphatic double bonds, treatment with sodium

borohydride, which targeted carbonyl structures, and treatment with sodium periodate, an

oxidising agent used to confirm the complete oxidation of the wastewater in the presence of

the activator. These treatments were first carried out on untreated caustic wastewater, to

confirm these structures were present in the wastewater, and to find their contribution to the

colour of the wastewater. Then the treatments were carried out on activator pre-treated

wastewater to determine whether the AOP degraded these structures. The effect of specific

chemical treatments on the untreated and treated wastewater was determined by the

examination of the resulting absorption spectra.

C atalytic Hydro g enation

Control and AOP treated wastewater was subjected to hydrogenation at atmospheric pressure

using 5 7o palladium on carbon as the catalyst. Hydrogenation under these conditions

removes aliphatic double bonds such as those found in stilbenes (Pasco and Suckling, 1998).

The absorbance of the different samples was monitored at 465 nm, the wavelength used to

measure colour, to determine the role of the aliphatic double bonds in the chromophores.

No change in the absorbance at 465 nm was seen when the AOP treated wastewater was

subjected to hydrogenation (Table 5-9). However, wastewater that had not been pre-treated

with the activator did show a change in absorbance following hydrogenation. This result

suggested that chromophores removed from wastewater by catalytic hydrogenation were also

removed by AOP. It has already been shown by ionisation difference that phenolic stilbenes

are not present in the caustic wastewater, thus some other, similar, degraded lignin structures

containing aliphatic double bonds were degraded by the AOP. Results from the

hydrogenation experiment also indicated that these aliphatic double bonds were responsible

for a portion of the colour of the wastewater. [n fact, 37 Vo of the colour removed from the

wastewater was removed by the elimination of aliphatic double bonds, suggesting

approximately one third of the colour in caustic wastewater was due to aliphatic double

bond-based chromophoric structures. The presence of double bonds in caustic bleach plant

wastewater was also reported by Lindstr6m and Osterberg (1984). Lindstrdm and Osterberg

identified the double bonds using both nuclear magnetic resonance spectroscopy (NMR) and
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infra-red spectroscopy (IR), however, no estimation of the double bond content of the

wastewater was reported.

Table 5-9: Effect of hydrogenation on the untreated and AOP pre-treated wastewater

Control Hydrogenated

absorbance' absorbance'

Change in absorbance

with hydrogenation

Untreated

Prc-treated with the AOP

0.019 0.012

0.009 0.009

0.007

0
n absorbance read at 465 nm

Sodium Borohydrkle

Sodium borohydride reduces carbonyl groups found in structures such as c-carbonyls and

quinones (Pasco and Suckling, 1998). Control and activator pre-treated wastewaters were

subjected to sodium borohydride treatment to establish the content of carbonyl groups in the

different wastewaters. As with the hydrogenation experiment, the absorbance of the

different samples was monitored at 465 nm to determine the role of the carbonyl groups in

the chromophores. The results (Table 5-10) suggested that chromophores removed from

wastewater by borohydride treatment were also removed during treatment with the activator

and hydrogen peroxide. As sodium borohydride treatment targeted quinone and cr-carbonyl

structures, this result suggested that the activator was able to remove these structures. This

assumption was partly supported by the ionisation difference spectra which indicated that

phenolic cr-carbonyl structures were removed during treatment with the activator. Results

from borohydride treatment also indicated that structures containing carbonyl groups are

responsible for approximately 69 Vo of the colour in thewastewater, as this portion of colour

was removed by borohydride treatment. Indeed, it has been estimated that 40 to 50 o/o of the

colour of bleach plant (caustic) wastewater is due to quinones and about 20 Vo due to other

carbonyl structures (Momohrua et a1.,1989; Chang et aL.,1986).
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Table 5-10: Effect of lrorohydride treatment on the change in absorbance of the untreated

and AOP pre-treated wastewater

Sodium Periodqte

Oxidation of the organic material in the wastewater was carried out using sodium periodate.

As the AOP is also an oxidising system, the periodate treatment should have no effect on

wastewater which has been pre-treated with the activator if the activator is an effective and

efficient treatment. As expected, results shown in Figure 5-23 indicated that no functional

groups were further oxidised during treatment with sodium periodate. This finding confirms

that the activator is a very effective oxidising treatment and was able to oxidise all

potentially oxidisable species present in the wastewater.

0.00

-0.02

-0.04

-0.06

-0.08

-0.10

I-igure 5-23: Difference spectrum

sodium periodate (Periodate absorbs
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s00

Wavelength (nm)
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treated with

Control Borohydride

absorbance' treatedabsorbance'

Change in absorbance

with borohydride treatment

Untreated

Pre-treated with the AOP

0.016 0.005

0.01 0.01

0.011

0
+ absorbance read at 465 nm
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Summary

Functional group studies were undertaken using UV-visible spectrometry. UV-visible

spectra confirmed that treatment of bleach plant wastewater with the AOP removed

chromophores across a broad wavelength band. The greatest relative reduction in absorption

of the wastewater was near the beginning of the visible region of the spectra centred on

370 nm. Ionisation difference spectra indicated that phenolic compounds were being

removed during activator treatment, including phenolic a-carbonyl structures. Ionisation

difference spectra also indicated that the phenolic content of the caustic wastewater was

approximately 2 7o of the total organic material.

Catalytic hydrogenation of the wastewater prior to UV-vis analysis showed that the AOP

degraded structures containing aliphatic double bonds. Borohydride treatment of the

wastewater demonstrated that the AOP appeared to remove both quinones and a-carbonyl

structures, These findings supported results obtained from the ionisation difference spectra.

Further interpretation of the results from the borohydride and hydrogenation experiments

found that the structures containing a carbonyl component, such as a quinone, were

responsible for approximately 69 Vo of the colour in the caustic wastewater while the

aliphatic double bonds were responsible for approximately 37 o/o of the colour in the

wastewater. Since the activator treatment was shown to remove all carbonyl containing

structures, and all aliphatic double bonds, these structures must have been present in the

same chromophores in some cases as not all the colour was removed from the wastewater as

it should have been if these two structure types were mutually exclusive. To test this

hypothesis a further experiment is needed where the wastewater sample was treated with
both borohydride and by hydrogenation to see if additive amounts of colour can be removed

from the wastewater. However, even if it was found that the structure types were not

mutually exclusive, these values appeared to be high as it has previously been shown that the

AOP could only remove 47 % of the colour from the wastewater. Thus, it was postulated

that the AOP treatment may be altering some of these structures in such a way that they are

still responsible for colour, but are prevented from being removed during the hydrogenation

and borohydride treatment. The remaining 'unoxidisable' colour not attacked by the AOP

was due to some other structures not elucidated by this study. A final treatment using

sodium periodate showed that all potentially oxidisable structures present in the wastewater

had been oxidised by the AOP. The link between the degradation of the phenolic structures

and the coloured carbonyl structures and aliphatic double bonds was further investigated

using a model compound study.

95



Chapter Five: Oplimiytion and Performance Evaluation of an Oxidative Wastewater Treatmed

5.8 Model Compound Study

Model compounds (Figure 5-24) were treated with the advanced oxidative process (AOP) to

assess the effect of this process on specific structures. These compounds were selected using

results generated during the functional group study. A range of phenolic compounds were

selected, as ionisation difference spectra found these compounds were targeted by the

activator treatment. Series One compounds (Figure 5-24) were a selection of phenols with a

variety of functional groups substituted at the para position. This range was chosen to

determine the influence of different substitution groups, from unsubstituted to methyl,

aldehyde, ketone and carboxylic acid substitution. Series Two compounds (Figure 5-24)

contained a- and $-substituted carbons. Homovanillic acid and homoveratric acid were

selected to compare the effect of the phenolic group on the susceptibility of a structure,

whereas VMA had an additional hydroxy group in the cr-position. Ferulic acid was selected

as a compound containing a carbon-carbon double bond. Hydrogenation experiments

indicated that aliphatic double bonds were prone to attack by the activator. The third series

was a miscellaneous collection of structures. The quinone was selected as functional group

studies found this compound to be susceptible to activator attack. Catechol was selected as a

biphenolic compound and because it has been implicated in colour increases during

biological treatment (Milestone, 2001). Muconic acid was selected as a second compound

containing aliphatic double bonds and representative of the previously identified organic

structures making up a significant proportion of the high molecular mass material in
bleaching etfluents (Vilen, 1999). Finally, 4-chloro-2-methoxy phenol was selected as a
compound to represent adsorbable organic halides (AOX). This compound could be

compared with guaiacol and creosol to determine the influence of the chlorine group.

These compounds were treated with increasing severity from one equivalent hydrogen

peroxide (with activator) to ten equivalents of peroxide (with activator) so an order of
reactivity of these compounds could be determined.
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Figure 5-24: Model compounds used to assess the affect of the activator on certain

structures

Mass Spectrometry

The study attempted to use both electrospray mass spectrometry (ES-MS) and gas

chromatography mass spectrometry (GC-MS) to assess changes in the structure of select

model compounds during treatment with the activator. ES-MS analyses of model

compounds was carried out in both negative and positive ion modes. Positive ion mode was

most successful, however, the parent ion was not seen for all compounds. Compounds for
which the parent ion was $een were vanillin, acetovanillone, vanillic acid, homoveratric acid

and ferulic acid. To this extent, only limited data were obtained from the ES-MS analyses.

GC-MS was the more successful of the two methods. GC-MS spectra were recorded on

silylated derivatives.

Results from GC-MS analysis lead to the construction of the following degradation graphs

(Figure 5-25). These graphs show the percentage of model compound remaining with
increasing severity of treatment. Interestingly, the curve shape for the degradation of the

rA
Y\ocs,

OH

vanillic acid
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Using the degradation curves for the model compounds (Figure 5-25), the order of reactivity

of the compounds was determined by calculation of the amount remaining over time and is

summarised below in a scale of decreasing reactivity (Figure 5-26).

OCllr

I

ocnr fl".*r, \\ocH.,
oH

"oYn

',A',
\A**

0tl

Figure 5-26: The order of reactivity of the studied model compounds when treated with
activator

This was compared to the order of reactivity of model compounds under oxygen pre-

bleaching conditions, as proposed by Johansson and Liunggren (1994) (Figure S-27). The

order of reactivity proposed by Johansson and Ljunggren (1994) was dependent on the rate

of degradation of each compound, whereas the order of reactivify proposed here was

dependent on the severity of treatment. Even so, for the same compounds studied, an

identical order of reactivity was found suggesting both sets of compounds were reacting by

similar oxidative mechanisms. Under alkaline oxygen conditions, it is proposed that these

compounds react via the abstraction of an electron from the phenolate anion, giving a

phenoxy radical (Figure 5-28). It has been suggested that the formation of the phenoxy

radical is the rate-determining step and is dependent on the R group (Gersmann and Bickel,
1959; Gersmann and Bickel,1962\.

CHc

I

rA
Y

OH

I

rA
flocH, \\".*

OH OH

Figure 5-27: The order of reactivity of model compounds under oxygen pre-bleaching

conditions (Johansson and Ljunggren, 1994)
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oFr Ot
----

Figure 5-28: The proposed mechanism of phenolic compounds with oxygen under alkaline

conditions (Gierer and lmsgard,1977; Ljunggren and Johansson, 1990)

Two of the model compounds were not reactive to the activator even under the very severe

treatment conditions. These were homoverahic acid and muconic acid (Figure 5-29). This

was confirmed by both GC-MS and ES-MS. Although the parent ion for muconic acid was

not seen by ES-MS, the signature of mass peaks observed for muconic acid did not change

as the intensity of the treatment was increased.

OH

o

A
rA
Y

OCH3

OCHr

a'\
ll l-on

oFl

Figure 5-29: unreactive model compounds when treated with activator

From these results it could be deduced that a phenolic group made a structure susceptible to

activator attack. Functional group studies indicated that phenolic structures were readily

degraded by the AOP. Functional group studies also indicated that some aliphatic double

bonds were susceptible to activator attack, and although ferulic acid was degraded during
activator treatment, muconic acid, which did not contain a phenolic group, was not. The

phenolic group may, indeed, be the key point for activator attack, similar in nature to oxygen

degradation. This proposal was supported by the difference is reactivity of homovanillic
acid and homoveratric acid with the AOP. These two compounds were identical in structure

except that homovanillic acid was phenolic, whereas homoveratric acid had a methoxy

substituent in place of the alcohol substituent. Homovanillic acid was degraded by the AOP,
whereas homoveratric acid was not. Results from the investigation of oxygen on the

reactivity of model compounds also found that the non-phenolic compound used was much

less reactive than its phenolic equivalent (Figure 5-30) (Johansson and Ljunggren, 1,994).
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Figure 5-30: The non-phenolic compound and its phenolic equivalent used by Johansson

and Ljunggren (1994)

The finding that muconic acid does not react with the AOP may have other consequences. It
has been proposed that lignin is degraded to acid structures during oxygen bleaching (Gierer

and Imsgard,7977; Ljunggren and Johansson, 1990). This proposal has been supported by

Vilen (1999) who reported that muconic acids were found in the bleached kraft mill
wastewater, and are among the most abundant species in high molecular weight material

produced during chlorine dioxide bleaching. This supposition may explain the lack of
change in dissolved organic carbon (DOC) and soluble chemical oxygen demand (sCOD)

content observed in the wastewater treated with the AOP. If a majority of the organic

rnaterial was muconic acid type structures, and the AOP did not degrade muconic acids, then

the majority of the organic material in the wastewater would not be altered when treated with
the AOP. This were further supported by functional group studies which found that phenolic

structures, which are degraded by the AOP, made up only 2 Vo of the organic material in the

wastewater. The reason muconic acid was not degraded by the AOP may be because these

compounds are already well oxidised. Fortunately, muconic acids themselves are not

coloured structures, although they may be incorporated with a chromophore.

Interestingly, VMA appeared to react quite differently from the other compounds monitored.

GC-MS results indicated that the acid group on VMA rearranged rapidly and readily into the

vanillin side chain, which then reacted in the same manner as vanillin. This observation was

also apparent during ES-MS analyses, as although the VMA parent ion was not observed,

after treatment with one equivalent of hydrogen peroxide (and activator) the vanillin peak

appeared. This observation was not seen for homovanillic acid, which is a very similar

structure to VMA, except it is missing a hydroxyl group on the cr-carbon. Obviously, this

hydroxyl group is imperative for the rearrangement of VMA to vanillin in the presence of
the activator. It also makes the VMA very reactive with the activator, as its degradation

occurred rapidly relative to other compounds of similar structure.

With the one exception of VMA, degradation products of the model compounds could not be

identified using GC-MS, as the resulting spectra did not contain any significant degradation

products.
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Quinone Behaviour

One of the model compounds, quinone, could not be analysed using mass spectrometry.

Ultraviolet-visible spectroscopy (UV-vis) was used to determine whether quinones were

affected by treatment with the activator.

ln agreement with results obtained with sodium borohydride treatment of the wastewater

during the functional group study, UV-vis analyses indicated the quinones were destroyed by

the AOP (Figure 5-31). In fact it was shown that hydrogen peroxide alone, which is added

during activator treatment, could remove structures of a quinonic nature under alkaline

conditions. Quinones are highly coloured, lignin-related species produced during the

bleaching of pulp that have been ascribed to 40 to 5O 7o of the colour found in bleached kraft

mill wastewater (Chang et a1.,1986; Momohara et a1.,1989). Thus, the degradation of the

quinones was directly related to colour removal.

200

Figure 5-31: Changes in the UV-vis spectrum of methoxy-1.,4-benzoquinone when treated

with the AoP

Nuclear M agnetic Resonance Spectroscopy

Carbon-I3 nuclear magnetic resonance spectroscopy (NMR) was used to determine the

degradation products of the model compounds in aqueous solution. Control experiments

0.0
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were conducted to confirm that the presence of the panmagnetic iron(lll) complex would

not interfere with the acquiring of data.

Spectra were obtained for the model compounds prior to treatment with the activator.

However, once the model compounds had been treated with the advanced oxidative process

only solvent peaks were observed in the NMR spectra (Figure 5-32). A likely explanation

for this is that the model compound has been broken down into many different degradation

products. Because the concentration of each product was very low, they are not observed in

the resulting spectrum. Essentially, it was concluded that NMR was not a good method to

determine the degradation products of the model compounds.

I

200
I

180
ttttl

150 140 120 100 80
I'l

60 40
t'

20 ppm

Figure 5-32: l'C l.[vIR spectra of untreated guaiacol (top) and activator treated guaiacol

(bottom)
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Summary

The results obtained from the model compound study generally supported results that had

been acquired during functional group studies. Phenolic model compounds were

decomposed during activator treatment as shown by ionisation difference spectra of the

wastewater before and after activator treatment. Interestingly, homoveratric acid was not

attacked by the activator whereas the activator attacked a similar structure, homovanillic

acid, which did contain a phenolic group, suggesting the phenolic group was an important

component in the activator attack. Furthermore, of the two structures containing aliphatic

double bonds, only the phenolic structure, ferulic acid, was degraded whereas muconic acid

was not, even though functional group studies indicated that the AOP attacked aliphatic

double bonds. This may be because muconic acid is a highly oxidised structure that is
unable to be further oxidised by the activator system. Carbonyl containing structures,

including quinones, were also decomposed by the activator.

These results had interesting implications for the pulp and paper industry. If, indeed

muconic acid structures make up a large proportion of the material in the wastewater (Vilen,
1999), and phenolic structures make up only 2Vo of the material, as indicated by ionisation

difference spectra, it is obvious why the dissolved organic carbon (DOC) content and

molecular weight distribution of the wastewater was unaltered during treatment with the

advanced oxidative process. In addition, phenolic compounds absorb in the ultraviolet

region of the spectrum and are not usually related to colour. However, in the caustic

wastewaler the phenolic must somehow be integrated with chromophores as the advanced

oxidative process targets phenolic structures, and it removes colour from the wastewater, or

it may simply indicate that the 'AOP sledgehammer' attacks oxidisable structures, phenolic

or chromophoric, in a similar manner.

4-chloro-2-methoxy phenol, the structure selected to represent AOX, was degraded by the

AOP. As this structure was phenolic, the mechanism of its degradation may be similar to the

other phenolic structures, and not a result of the chlorine substituent which is present. Non-
phenolic chlorinated model compounds would be required to investigate the mechanism of
breakdown further.

From the techniques investigated, GC-MS appeared to be the most favourable method for the

analyses of these model compounds, although the parent ion of one structureo quinone, was

not visible by GC-MS. However, UV-vis was also a good method to monitor the presence of
these model compounds as it was an easy technique which required little sample preparation.

The advantage of using GC-MS was its ability to quantify the amount of model compound

remaining after each treatment, and for identification and quantffication of degradation

products. Unfortunately, other than the conversion of VMA to vanillin, the identification of
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degradation products was not possible due to the lack of peaks observed in the resulting

spectra. Theoretically, ES-MS could also be used in the same way as GC-MS and has the

advantage of being a softer ionisation technique. Although much time was spent altering the

conditions of the equipment, and the solvent composition, the appropriate conditions could

not be determined to observe the parent ion for all compounds. Therefore, this technique

was not a satisfactory method for determining the fate of the model compounds when treated

with the activator. NMR was also investigated for the identification of degradation products

resulting from the treatment of the model compounds as GC-MS failed to do this. The

untreated model compounds were observed by NMR. however, no degradation products

were observed. As concluded previously, the most likely explanation for this phenomenon is

that the model compounds had been broken down into many different degradation products

and the concentration of each product was too low for the compound to be observed in the

resulting spectrum.

5.9 Environmental Risk Assessment

For a new colour removal technology to be successful, it must be able to remove colour from

the wastewater without impacting on the other mill waste management technology

performance or harming the environment. An environmental risk assessment was carried out

on this advanced oxidative process (AOP) to confirm that this technology did not have

adverse effects on the environment.

Colour Reversion

A study was undertaken to confirm that the coloured material removed during activator

treatment did not return during biological treatment, or with time in the receiving water as a

result of physicochemical processes.

Biological Stabiliry

lncreases in the colour of wastewater is a commonly observed phenomena of wastewaters

moving through secondary treatment systems of elemental chlorine fiee (ECF) bleached

kraft mills (Kemeny and Banerjee, 1997; Nicol, L997). Although nor observed during the

assessment of treatment system performance of the Tasman Mill, a survey of another

New Zealand ECF kraft mill found a colour increase of almost 200 Vo across the secondarv

treatment system (Nicol, 1997).
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Biological stability of the colour removed from the wastewater by activator treatment was

investigated using laboratory scale reactors designed to simulate the secondary treatment

system of a bleached kraft mill. For convenience batch type reactors were used instead of
continuous systems. The one-litre reactors were seeded with a secondary system microbial

population and aerated while being maintained at 30 "C for the period of the study. Caustic

wastewater was pre-treated with the AOP using optimum conditions at pH 11. Untreated

and pre-treated wastewater was then adjusted to neutral pH before being subjected to

biological treatment. Colour measurements were undertaken pre- and post-biological

treatment.

Some of the colour removed by treatment with the activator returned during biological

treatment (Table 5-11). The colour removed as a result of the oxidative process was 47 Vo

prior to biological treatment but this was reduced to 39 % following biological treatment.

Although the colour of the final wastewater was still substantially lower than it would be

without the activator pre-treatment, in an ideal situation no colour reversion would be

preferable.

Further analysis of the results found the colour of the untreated wastewater also increased

during biological treatment. This is consistent with reports of industrial situations where

colour increases in the secondary system has been observed. Here, a colour increase in the

untreated wastewater of ll o/o was seen over the 12 dav trial.

The most important result from this investigation was the difference between the untreated

pre-biological treatment wastewater and the AOP treated post-biological treatment

wastewater, as this would be the overall gain if this technology was implemented in-mill to
treat bleach plant wastewater. This gain was a colour removal of 3l Vo. This finding
highlighted a disadvantage of treating the wastewater colour in-mill as opposed to following
biological treatment. However, if the AOP technology was instead implemented following
biological treatment a much larger volume of wastewater would need to be treated, as the

caustic waste stream discharged from the bleach plant only contributed approximately 4 Vo

of the total volume of the mill wastewater.
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Table 5-11: Effect of biological treatment on colour removed following treatment with the

AOP

Absolute colour

(CPU)

Colour removed

(ol'\

Untreated - pre-biological treatment

Treated - pre-biological treatment

593 r 18

316 + l5 47

Untreated - post-biological treatment

Treated - post-biolosical treatment

670 * 27

409 *26 39

Chemical Stability

A further experiment was carried out to determine whether the colour reversion observed

during biological treatment was a result of the biological activity or was a result of chemical

reversion. Two sets of wastewater (with controls) were treated with the AOP using optimum
conditions at pH 11. One set was then left on the bench in sunlight while the other was kept

in the dark. The length of the experiment was identical to that used for the biological

treatment (12 days).

Results showed chemical reversion of colour had not occuned in wastewater which had been

treated using the activator and hydrogen peroxide during the time period monitored (Table 5-

12). This showed that the colour that has reverted during biological treatment was a result of
microbial activity and not chemical instability. This finding also implies that colour which
has been removed from the wastewater by the activator treatment is unlikely to chemically
revert once discharged into the receiving wastewater.

Table 5-12: chemical stability of AoP treated wastewater in light and dark

Colour removal

(Vo\

Colour removed prior to sunlight treatment

Colour removed post sunlight treatment

47 tZ
49 t2

Colour removed priur to dark treatment

Colour removed post dark treatment

46*2
44*2
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Respirometry

It was postulated that this AOP could alter material in the wastewater so as to improve the

treatment efficiency of this material in the secondary treatment system. Thus, this treatment

could be used directly to remove colour and as a pre-treatment to improve wastewater

treatability. An experiment was designed to determine whether wastewater pre-treated with
the AOP was more susceptible to biological degradation. This was undertaken using a

respirometer. Respirometry is the measurement of the amount of oxygen consumed by a

nricrobial population, and in most situations the amount of oxygen consumed, or oxygen

uptake, is a direct measure of the population's ability to degrade the contaminants in a waste

stream.

Results indicated that the overall treatability of both the untreated and treated wastewater

was comparable (Figure 5-33). Thus, wastewater was no more susceptible to biological

degradation when pre-treated with the activator. This result was expected as it was found in
earlier experiments that this process did not alter the chemical oxygen demand of the organic

carbon content of the wastewater. ln addition, the molecular weight distribution of the

organic material in the wastewater did not change when treated with the activator. If the

activator had degraded the higher molecular weight material into lower molecular weight

rnaterial it would have been likely that the resulting wastewater would be more treatable by

the microbial population.
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Figure 5-33: Treatability of a control and activator treated wastewater
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The lag time observed for the treated wastewater (Figure 5-33) may be a result of residual

hydrogen peroxide present in the wastewater. which is toxic to the microbial population.

This is an important observation if this process is to be installed just prior to an in-mill
biological treatment or in a mill operating an activated sludge secondary treatment system.

Activated sludge is used instead of an aerated stabilisation basin (ASB) in situations when

land availability is limited. Activated sludge is a high rate aerobic treatment process which

has a short hydraulic retention time (HRT), generally less than one day as opposed to a five
to ten day HRT observed in ASBs. This experiment indicated that the residual peroxide

from treatment with the advanced oxidation process hinders the ability of the microbes to

treat the wastewater for up to ten hours after treatment. If this wastewater was treated with
the activator shortly prior to activated sludge treatment, the effectiveness of the activated

sludge treatment would be severely rednced due to a much shorter effective treatment time.

Therefbre, in such situations. it may be more effective to apply the AOP following biological
treatment.

Toxicitl"

The toxicity of the activator treated wastewater and these iron(III) complexes was

determined as there is little advantage gained by using these complexes to remove colour if
they increased the toxicity of the final wastewater. It was shown that the life expectancy of
these complexes was very short with no activator remaining in solution l0 minutes after
addition. Thus, any toxicity resulting ftom the complex wonld be due to stable clegradation

products and not due to the complex as a whole.

The MicrotoxrM toxicity test was carried out on the control wastewater, the activator treated

wastewater, and on a solution of activator at the concentration used during wastewater

treatment. Due to the high toxicity of the hydrogen peroxide, this compound was eliminated
from the solutions prior to MicrotoxrM testing. The ECso results are summarised below in

Table 5- 13. An ECso value of > 100 Zo showed that the activator treatment of the wastewater

did not affect toxicity. Also, no detectable toxicity of the activator was found at the

concentration used for wastewater treatment.
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Table 5-13: MicrotoxrM-derived toxicitv of untreated and AOP treated wastewater. and

activator

ECso

Untreated wastewater

Treated wastewater

Activator

> 100 Vc

> 100 7c

> 100 Vc

5J0 Applicatiorrs for the Advanced Oxidative Process

An experiment was designed to determine whether this technology could be more broadly

applied to other points around the mill. The treatment efficiency for caustic waste srreams

was compared with that of samples collected from the holding and settling ponds at the mill
(Pond [n and Pond Out). The additional samples were all adjusted to pH I I as optimum
conditions determined at this pH were used tbr the treatments.

Substantial colour removal/reduction. in some cases greater than 60 Vc, was obtained for
wastewater from all sources treated with the activator under optimal conditions (Figure 5-
34). Of course. it was not particularly practical to treat the wastewater in the ponds at pH I I
as a large volume of wastewater would need to be pH adjusted. However, if this wastewater

was treated at pH 7, this treatment could be very costly as a treatntent at pH 7 required five
times more activator and 53 times more peroxide than at pH I t. In addition, the volume of
wastewater being treated in the ponds was far greater than the bleach plant wastewater

volume, as the caustic waste stream discharged from the bleach plant was responsible for
only 4 7c of the total wastewater volume.

A further experinrent was undertaken where the wastewater streams being discharged front
the bfeach plant were combined to a final pH of 9. This ratio (48 Vc, acid stream arnd 52 c/c

caustic strearn) was similar to the actual tlow ratio of the waste streams from the bleach plant

(44 7a acid stream and 56 7c caustic stream). Treatment of this 'combined wastewater' using

conditions determined as optimum at pH 9 resulted in a colour reduction of 40 c/o. Hence,

this technology could be used in-mill to remediate two highly coloured wastewarer streams

simultaneouslv.
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Figure 5-34: Effect of wastewater source on the amount of colour removal observed when

treated with the activator

The efficacy of this technology for the treatment of wastewaters generated from different
wood sources was also examined. Processing of hardwood is becoming more common in

New Zealand, with the Tasman Mill now processing eucalyptus for approximately 10 days

every month. Many mills overseas use hardwood exclusively as their feedstock for pulping.

In order to assess the effectiveness of the activator treatment for colour removal of
wastewaters generated from different wood sources, caustic bleach plant wastewaters

produced during the processing of both pine and eucalyptus were treated.

The activator was less effective at removing colour from wastewater produced during

eucalypt processing than from wastewater produced during pine processing (Figure 5-35). It
is likely that the lower efficacy of colour removal from eucalypt wastewater is related to the

difference in the nature of the chromophores in the hardwood wastewater. For example,

hardwood chromophores are more likely to be a result of tannins, which are present in high

concentrations in eucalypt wood. Also, hardwood lignin is very different from softwood

since it is high in syringyl groups, whereas guaiacyl goups are more common in softwood

Iignin (Gellerstedt. 1996).
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Figure 5-35: Effect of wastewater type on colour removal when treated with activator

5.II Summary

The advanced oxidation process (AOP) was found to be quite effective in the removal of
colour from bleach plant wastewater (caustic stage). Optimum conditions required for
maximum possible colour removal from caustic stage wastewater were investigated and are

given in Table 5-14. The relatively low dosage requirements make this process favourable

for industrial implementation. Using the conditions determined at pH 11, a reduction of
47 Vo for colour and 25 % for adsorbable organic halide,s (AOX) was observed for
wastewater treated with the activator, however, no reduction was seen for either soluble

chemical oxygen demand (sCOD) or dissolvetl organic carbon (DOC). This suggests that

this process was not a highly destructive technique, but only altered select functional groups

in the wastewater. This was supported by molecular weight analysis, which found that the

molecular weight distribution of the material in the wastewater was not altered during
treatment. The implications of these findings are that if this process was used to treat the

wastewater prior to biological treatment, it is likely that the performance of the biological
treatment would not be altered. This was later confirmed using reactors to simulate the

biological treatment system.
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Parameter Conditions

pH ll
Conditions

pH9

Conditions

pH7

Actil'ator concentration

Hydrogen peroxide concentration

pH

Temperature

Time

2pM

26 mM

ll
40 0c

4 hours

l-5 ptM

,1.8 mM

9

40 "c
4 hours

l0 pM

64 mM

7

40 "c
4 hours

Chapter Fitc: Optinrisation and Perfonnance Etaluation of an Otidative Wastewater Treatnent

Table 5-14: Suntmary of optimum condirions derermined at pH I l. pH 9 and pH 7

Further optimisation experiments found that no advanrage was gained by adding the

activator in multiple doses, which is preferable for industrial implementation as it makes for
easier operation and control of the process. It was also found that no activator remained in

the wastervater l0 minutes after addition, which suggestecl that the four hour time frame

given above was unnecessary, and instead only a l0 minute treatment could be used to

remove the majority of the treatable colour.

Studies lound that some of the functional groups targeted by this AOP included phenolic

groups, aliphatic double bonds, quinones and c-carbonyl structures. The phenolic content of
bleach plant wastewater was low. calculated to be just ? 7a of the organic material for this
wastewater from ionisation difference studies. Aliphatic dourble bonds were responsible for
approximately 37 ?c of the AOP-treatable colour in the wastewater. and quinone ancl

carbonyl structures were responsible for approximately 69 Va of the AOP targeted colour.
As only approximately 50 Va of the colour was removed by the AOP these two structure

types cannot be mutually exclusive. Approximately 5O Vo of the colour in the wastewater did
not appear susceptible either to AOP or to other oxidative or reductive treatments.

Mcldel compound studies were used to augment results obtained during the functional group

studies. The model compound studies confirmed that the AOP did target phenolic

compounds. In addition, the process also destroyed quinone structures. Interestingly,

muconic acid was not destroyed by this treatment although it contains aliphatic double

bonds. It has been postulated that nruconic acids make up a large portion of the organic

material in the wastewater (Vilen. 1999). perhaps indicating why the DOC and molecular
weight distribution of the wastewater remained unaltered durins treatment with the AOP.

Furtherstudies found that only 5 to l0 Vo of the colour removed by the AOP returned during
biological treatment. Neither the activator or the AOP-treated wastewater showed any

toxicity usin-e the MicrotoxrM toxicity test. A final study found that this process could be
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applied to wastewater in other locatisns aro.und the ndll, includi,ng the socondary biotqgical

treament system, and to wa$tswator ploduced'during the proeesstqg of hardwood, howeven,

trgamen of hardwood wastewater w$s not as offective as treatment of ,softwood wastewatet.

gverall, this technology showed considerable promfse as a colour removal Eehuology for
the pulp and paper industry. These results supported the original sugge.stion thal th 'bleach

plant is the ideal location to ituplenent this technolo.gy" Nor only is the colour and AOX
congeuttatlonhigh, and thevsluure o.f,wastewatm low, but fhe caustic wtute;shsam needs no

pH or temper,ature adjustment prior to b-eatment,
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Chapter Six: Optimisation and Performance
Evaluation of an Enzymatic Wastewater Treatment

6.1 Introduction

The second colour removal technology investigated in this study was a biological method

that used the enzyme cellobiose dehydrogenase (CDH). CDH has previously been

investigated for application in the pulp and paper industry as a biological agent for pulp

bleaching. However, this enzyme has never been used for the remediation of pulp and paper

mill wastewater. It was believed that CDH could be used to remove colour from wastewater,

as CDH has been shown to reduce quinones (Westermark and Eriksson, I974b). Quinones

are highly coloured, lignin-related species produced during the bleaching of pulp that have

been ascribed to much of the colour found in bleached kratl mill wastewater (Chang et aI.,

1986; Momohara et a\.,1989).

CDH are produced by many wood-degrading fungi and the conditions under which CDH

functions depends on the fungal source from which it has been isolated. For example, CDH

purified from the soft-rot fungus Humicola insolens performs best at alkaline pH whereas

CDH purified from the white-rot fungus Phanerochaete chrysosporium performs best at

acidic pH (lgarashi et al., 1999). Thus, either of these strains would be ideal for the

treatment of bleach plant wastewater which is discharged in two waste streams, one acidic

and the other arlkaline. Consequently, CDH puritied from both these fungal sources were

considered in the optimisation experiments.

6.2 Initial Assessment of Cellobiose Dehydrogenase

A preliminary assessment of the Phanerochaete chrysosporium cellobiose dehydrogenase

(CDH) was undertaken to assess whether this enzyme was able to remove colour from the

wastewater. Mansfield et al. (1997) had previously used this strain of CDH for the

depolymerisation of cellulose. Mansfield et al. reported that the addition of CDH alone had

little effect on cellulose. However, when CDH (0.1 IU ml--t) was supplemented with the

necessary co-factors, cellobiose (20 mM) and iron (FeCl3, 0.2 mM), a substantial reduction

in the degree of polymerisation of the cellulose was observed at 30 oC and pH 4.5 over 18

hours (Mansfield et al., 1997). These results were the basis of the method developed for
wastewater treatment with CDH.

Initially it was anticipated that the bleach plant wastewater to be used for CDH treatment

would contain sufficient concentrations of both iron and cellobiose so that supplementary
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amounts would not need to be added during CDH treatment. However, analysis of the

wastewater indicated that iron content of the wastewater was less than 0.5 mg Ll and the

sugar concentration was also very low (0.04 mg m[--l glucose, determined following
secondary acid hydrolysis). Thus, supplementary iron and cellobiose were used during
initial CDH treatmenr.

Treatment was carried out using a wastewater sample collected from the acid sewer of the

bleach plant (4.5 mL) adjusted to pH 4.5. Cellobiose (20 mM) and FeCh (0.2 mM) were

added simultaneously with CDH (0.2 IU) to give a final volume of 5 mL and left to react for
24 hours at 30'C. Two control experiments were also undertaken in which either cellobiose

or FeCl3 were added independently to the wastewater sample. Results indicated that

cellobiose addition alone (i.e. no enzyme) had no effect on the wastewater colour (Table 6-

l). When FeCl: was added with the enzyme the colour of the wastewater increased as a

result of the colour associated with the added ferric chloride. Therefore, a second

experiment was carried out identical to that outlined above, except the iron was omitted.

The results from this experiment were more promising, especially as the amount of CDH
used was only half that used to depolymerise cellulose. A colour removal of 72 o/o w&s

recorded over the 24 hour period.

Table 6-l: Effect of CDH (with co-factors) on colour

Type of treatment Colour
(CPU)

Reduction

(o/o\

Blank

Cellclbiose control

FeCl3 control

Cellobiosc, FeCl3 and CDH

Cellobiose and CDH

920

920

| 240

1 192

807

0

-35

-30

l2
Conditions: 20 mM cellobiose,0.2 mM FeCl-r, 0.2IU CDH, 24 h, pH 4.5, 30.C

6.3 Selection of Cellobiose Dehydrogenase Enzyme and optimising
Conditions for Colour Removal using Cellobiose Dehydrogenase

CDH purified from the soft-rot fungus Humicola insolens performed best at alkaline pH

whereas CDH purified from the white-rot fungus Phanerochaete chrysosporium performed

best at acidic pH (lgarashi et a|.,1999). Consequently, CDH purified from both these fungal

sources were used in the optimisaiion experiments. CDH from P. chrysosporium was
optimised using acidic bleach plant wastewater while CDH from H. insolens was optimised
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using caustic bleach plant wastewater. Unlike the macrocyclic tetraamide iron(III) complex

discussed in the previous chapter, these enzymes have pre-defined conditions under which

they will function and therefore facilitated a means to more readily establish optimum

conditions for colour removal.

pH

Employing the cytochrome c reduction assay it was confirmed that CDH from

P. chrysosporium demanstrated its maximal activity at pH 4.5 (Mansfield et al.,1997), and

was subsequently reduced to only 3 Vo efficiency at pH 6, while no activity was observed at

neutral pH. [n contrast, CDH purified from the fungus H. insolens performed best at pH 8
(Schou eta1..1998).

To determine the effect of pH on wastewater decolourisation a series of experiments were

conducted o\ier a range of pH values centred on pH 8 for CDH purified from F/. insolens,

and pH 4.5 for CDH purified from P. chrysosporium. Wastewater was pH adjusted

accordingly and buffered solutions were used to maintain the pH at a constant value. An
excess of substrate was used for this preliminary trial. Enzyme concentration was limited in
order to preserve the limited quantity of purified enzyme preparation. All other conditions

were consistent with conditions used in the preliminary trials.

-t- H. insolens
+P.

Figure 6-l: Effect of pH on colour when treated with CDH

Conditions: H. insolens:0.01 IU CDH, 28 mM cellobiose, 30 oC, 24 h; P. chrysosporium: 0.02 IU CDH,
28 mM cellobiose, 30 oC, 24 h
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It was apparent that optimal colour removal did not correspond to the optimal activity pH for
the H. insolens CDH preparation (Figure 6-l). Instead, it was found that a pH 7 resulted in

the greatest amount of colour removal. This is in agreement with findings of Schou er a/.

(1998) who reported that the pH-dependence of the CDH depends on the electron acceptor.

When cytochrome c was used as the electron acceptor, the pH optimum centred around pH 8

while when 3,5-di-tert-butyl-1,2-benzoquinone was used, the preferred pH was 7. Results

for the P- chrysosporium CDH found that optimal colour removal occurred at pH 4.5 as

predicted.

Enzyme Concentration

To find the optimal amount of CDH needed for maximum colour removal, cellobiose was

added in excess, while the pH was maintained at pH 7 for H. insolens CDH and pH 4.5 for
P. chrysosporium CDH. The time and temperature used were 24 hours and 30 "C,
respectively.

Under these conditions, increasing the concentration of CDH beyond 0.1 ru of enzyme for
the P. chrysosporium preparution did not improve the removal of colour (Figure 6-2). In

contrast, the results for the H. insolens CDH indicated that maximum colour removal fiom
the wastewater occurred when 0.01 ru CDH was added. Furthermore, it was shown that

excessive amounts of enzyme caused a reduction in the efficiency of the treatment. This
phenomenon is likely related to addition of the enzyme, which itself is a coloured molecule

and can contribute to the overall colour of the reaction mixture.

1-H. insolens
.\.. . P.

Figure 6-2: Effect of enzyme concentration on wastewater colour
Conditions: H. insolens;28 mM cellobiose, 30 sC,24 h, pH 7; P. chrysosporium: 28 mM cellobiosc, 30 qC,

24 h, pH 4.5
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The difference in enzyme requirements of the two CDH preparations could be a result of
several factors including the difference between the chromophores in caustic and acidic

wastewater. This idea was supported by additional experiments which showed that when F/.

insolens CDH was used to treated pH-adjusted acidic wastewater a different amount of
enzyme was required to achieve maximum colour removal than when treating caustic

wastewater (Figure 6-3). To attain maximum colour removal from the acidic wastewater

0.02 IU of CDH was required while treatment of caustic wastewater required 0.01 ru CDH.
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CDH concentration (lU)

Figure 6-3: Effect of wastewater source on enzyme concentration required for maximum

colour removal

Conditions: H. insolens:28 mM cellobiose,30 aC, 24 h, pH 7

Temperature

A range of temperatures between 20 and 60 oC were investigated. Temperatures were not

increased over 60 qC as the temperature of wastewater being discharged from the bleach

plant does not exceed 60 qC. As H. insolens is a thermophilic fungus and P. chrysosporium

is not, it was expected that CDH extracted from these two fungi would behave differently
over this temperature range. For .F/. insolens CDH it was expected that colour removal

would improve as the temperature was increased. Previous reports have indicated that this

strain of enzyme has an optimal activity at 65 aC (Schou et al., 1998). In contrast, CDH

from P. chrysosporium may lose the ability to function at this relatively high temperature.
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Experiments were conducted at 20, 30, 40, 50 and 60 "C using the conditions already
optimised at 24 hours.

It was apparent that optimal temperature for colour removal by the H. insolens CDH
preparation was lower than predicted by the literature. The results clearly indicated that
maximal colour removal for both CDH preparations was reached between 40 and 50 "C
(Figure 64). These findings were very encouraging as wastewater discharged from bleach

plants in pulp mills is often around 50 oC, and these results suggest that both enzyme

preparations are stable and functioning near their optima. For reasons discussed in Section

5.3, a temperature of 40 oC was selected for further experiments involving these two strains

of CDH.

-t- H. insolens
-.:'" P. chrysosporium

Figure 6-4: Effect of temperature on the wastewater colour when treated with CDH

Conditions: H. insolens:0.01 tU CDH, 28 mM ccllobiose. pH 7, 24 h; P. chrysosporium: 0.1 IU CDH, 28 mM
cellobiose, pH 4.5, 24 h

Reaction Time

The time required for maximum colour removal to occur was also investigated. To monitor

the progress of colour removal over time, samples were collected at 4, 8, 24, 48, 72,96 and

120 hours while the reaction conditions were maintained at 40 oC and the appropriate

buffering pH.
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It was apparent that the removal of colour from wastewaters was a slow process, even

though enzymatic reactions occur relatively quickly. Colour removal proceeded until it
reached a plateau of approximately 45 o/o tctrlroval, at approximately 96 hours (Figure 6-5).

Note, only the data for.F/. insolens CDH are shown as a limited supply of P. chrysosporium

CDH resulted in a lesser number of data points. Nevertheless, trends for the two strains of
CDH were similar.

Figure 6-5: Effect of time on wastewater colour when adding CDH

Conditions: H. insolens:0.01 tU CDH, 28 mM ccllobiose, pH 7, 40 !'C

C e llobiose C oncentration

CDH functions optimally in the presence of co-factors, such as oligosaccharides. Hence, all

reaction scenarios carried out to date were supplemented with cellobiose in an excess

concentration. Baminger et al. (2001) reported that CDH was not inhibited by high

concentrations of substrate. However, given the costs of this substrate it was important to

establish the minimum concentration of cellobiose which could be used without detriment to

the amount of colour removal. Due to a limitation in the amount of P. chrysosporium

available, experiments were carried out at pH7,24 hours,30'C using 0.01 ru H. insolens

CDH.

Figure 6-6 demonstrates that the colour removal achieved could not be improved by adding

more than 7 mM cellobiose. Furthermore, the results indicated that the soluble sugar

concentration in the wastewater was sufficiently high enough under these optimised
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conditions to promote some colour removal (23 Vo) without the addition of any substrate.

This is in contrast with results obtained during the initial assessment of this technology,

which showed no removal of colour from the wastewater when cellobiose was not added.

This may be a result of treating different waste streams. In the preliminary investigations

acid wastewater was used whereas caustic wastewater was used during this investigation.

The caustic wastewater was found to contain double the amount of glucose than the acid

wastewater, which may then be used as a substrate for CDH.

10 15 20

Cellobiose concentration (mM)

Figure 6-6: Effect of cellobiose concentration on wastewater colour when CDH was added

Conditions: H. insctlens:0.01 IU CDFI,24 h, pH 7,40''C

Summary of Optimum Conditions

Cellobiose dehydrogenase purified from Phanerochaete chrysosporium was shown to be able

to remove/reduce coloured material from acid wastewater discharged from a pulp mill bleach

plant. In a similar manner, CDH originating from Humicola insolens could treat the caustic

waste stream discharged from the same bleach plant.

The preferred conditions for CDH purified from the two different fungi are listed below

(Table 6-2). The main difference between these two strains of fungi was the preferred pH at

which they functioned. CDH purified from H. insolens removed colour from wastewater at a

neutral pH, whereas CDH purified from P. chrysosporiarr functioned best at a pH of 4.5.

Unfortunately, the time required to achieve the maximum colour removal was long (4 days).

However, the shape of the reaction time versus colour curve suggested that if this technology
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was feasible in other ways, the reaction time could be considerably shortened without having

too greater impact on colour removal achieved.

Table 6.2: Optimum conditions for colour removal using cellobiose dehydrogenase

Parameter H. insolens P. chrysosporium

Enzyme concentration

pH

Temperature

Time

Cellobir:se concentration

0.01 ru 0.1 ru

7 4.5

40 "c 40 "c
4 days 4 days

7 mM n.d.
n.d. = not determined

Of the two enzymes assessed, H. insolens CDH was selected for further investigation.

H. insolens CDH functioned under conditions most similar to the advanced oxidation

process described in the previous chapter. Thus, there was potential to combine these two

technologies to produce an advanced colour removal technology which was able to remove

much of the colour from problematic pulp and paper mill wastewaters.

The reproducibility of the H. insolens CDH treatment was tested by treating different

wastewater samples on different days using optimised conditions. Statistiqs from these

treatments are given in Table 6-3. This data shows that colour removal using cellobiose

dehydrogenase was very reproducible. A colour removal technology which has tight

reproducibility is important for the industry, especially if mills which installed this

technology have strict regulations to function within.

Table 6-3: Reproducibility of colour removal using cellobiose dehydrogenase

Original colour

(CPU)

Mean colour removed

(CPU)

95 Vo confidence interval

(CPU)

593 242 @l Vo\ 6
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6.4 Kinetic Studies

Method of Enzyme Addition

Having established the optimal reaction conditions for colour reduction/removal, the

appropriate procedure for enzyme addition needed evaluation to determine whether a greater

portion of the coloured material could be removed from the wastewater using an alternative

method of enzyme addition. Enzyme was added by nvo different methods. The first method

entailed adding the entire dose of enzyme to the experiment at the onset of the reaction,

while the second method added the enzyme in a stepwise process over the four day reaction

period in two, three or four evenly spaced doses. The total amount of enzyme added was

equivalent for both reaction scenarios, and in both cases cellobiose was added in one dose at

time zero.

The results showed no advantage when using stepwise additions of enzyme (Table 6-4). In
fact, adding the enzyme over time was actually detrimental to the reaction, most likely as a

result of limited reaction times for the enzyme spike added at the latter times, and therefore

did not have sufficient time to interact with the coloured material in the wastewater.

Table 6-4: Colour removed when using multiple enzyme doses

Type of addition Colour removed

(t/o\

One off addition

2 additions

3 additions

4 additions

Sequcntial treatment*

4I+.I
40 x.1

40= I

37*7
46: I

Conditions: 0.01 IU CDH,7 mM ccllobiose, pH 7,40 oC,4 tl
Conditions for (*): 0.01 IU CDH, 7 mM ccllobiosc. 4 d + 0.01 IU CDH, 7 mM ce llobiose, 4 d; pH 7,40 'C

In addition to the stepwise enzyme addition, a sequential reaction scenario was evaluated,

where wastewater was treated under optimal conditions twice. In this reaction scenario,

maximum colour removal was attained for a wastewater sample before a second addition of
enzyme was added (Table 6-4). During this reaction, a second addition of cellobiose was

added concurrently with the second addition of enzyme. The reaction was left for a further

four days before colour measurements were undertaken. Results showed a slight increase in

colour removal could be achieved using an additional treatment of CDH and cellobiose.

However, the additional colour removal was limited, and did not justify the need for the
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additional four day reaction period. These results imply that the colour removal is limited

structurally not kinetically.

Life Expectancy of the Enzyme

For this elzyme to be used in an industrial situation, it was important to know how long the

enzyme remained active in the wastewater. Enzyme assays were undertaken of the

wastewater containing CDH over an extended period of time to determine the lifetime of the

enzyme.

Monitoring the CDH activity in the wastewater over time using the cytochrome c assay

showed a rapid decline in the amount of active enzyme present in the first four days (Figure

6-7). This was likely due to the cleavage of the CDH into the heme and flavin domains as a

result of interactions with material in the wastewater. However, after four days the amount

of CDH in the wastewater remained constant, only dropping off very gradually over time.

For a mill, this implies that if the enzyme were added to the wastewater, residual enzyme

would likely be remaining in the wastewater when it is discharged. But, if this enzyme was

immobilised, the enzyme that was not used immediately could be used at a later date. In

addition, immobilisation of the enzyme was likely to stabilise the protein from being cleaved

at the linker region between the two domains and prevent the rapid degradation of active

enzyme.

0.008

3 0.006

o,

:E

E o.oo4
E
-oo

0.002

Figure 6-7: Concentration of CDH remaining in the wastewater over time
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6.5 Potential Substrates for Cellobiose Dehydrogenase

Dehydrogenases are defined as enzymes that carry out a two-electron oxidation of an

electron donor, with the uptake of a hydride ion, and then transfer the electrons to an

acceptor. In the case of CDH, the reported prefened electron donor was cellobiose,

however, this enzyme is able to oxidise other disaccharides and oligosaccharides (Baminger

et a1.,2001; Schou et al., 1998). Cellobiose is expensive, and as a relatively high

concentration of cellobiose is required for this enzyme to function, other cheaper substrates

were investigated as possible electron donors for CDH.

glucose cellobiose

Substrate

Figure 6-8: Effect of substrate type on wastewater colour when treated with CDH

Conditions: 0.01 ru ClDFl, 7 mM substrate. pH 7.40 "C.4 d

Cellobiose was indeed found to be the most favourable substrate for CDH (Figure 6-8).

However, lactose was also an excellent substrate for this enzyme. Baminger et al. Q00l)
and Schou et al. (1998) both recently indicated that lactose was a suitable substrate for CDH
when they published almost identical kinetic constants (ko1) for lactose and cellobiose. h.t
is the maximum catalytic rate of an enzyme when the substrate is unlimited. However,

Baminger et al. (2(lO1) and Schou et al. (1998) also published the Michaelis constant (K,)
for both cellobiose and lactose and these were significantly different for each substrate. Kn'

is the concentration of substrate at which half the active sites of the enzyme are filled.
Cellobiose has a much lower Kn, than lactose indicating that lactose is a poorer electron

donor than cellobiose and thus higher concentrations of lactose are needed. Lactose is a far

cheaper alternative than cellobiose, as it is produced as a by-product of the dairy industry.

Therefore it might be preferable to increase the concentration of lactose to obtain better

colour removal than use cellobiose for this treatment if this technology was installed in an
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industrial situation as cellobiose is more than 30 times more expensive than lactose. Note,

results were corrected for the colour removal observed when CDH used the soluble sugars

already present in the wastewater.

6.6 Effect of Enzyme Treatments on Wastewater Composition

Changes in Bulk Parameters

A range of generic parameters (adsorbable organic halide (AOX), soluble chemical oxygen

demand (sCOD), dissolved organic carbon (DOC) and colour) were determined for the

wastewater before and after treatment with CDH.

Table 6-5 shows there was significant reduction in colour of the wastewater when the

enzyme was applied. However, when AOX, sCOD and DOC were similarly determined, no

changes were observed. As with the advanced oxidative process (AOP) discussed in the

previous chapter, this treatment only caused subtle functional changes in the wastewater

structure. In fact, the enzymatic treatment appeared to be even more selective than the AOP
as the enzyme did not alter the AOX content of the wastewater whereas the AOP did.

Table 6-5: Reduction in colour, AOX, sCOD and DOC of wastewater when treated with
CDH

Initial concentrations Absolute removal Percentage removal

Colour

AOX

sCOD

DOC

593 CPU

3.44 ppm

590 ppm

262oom

242t 6CPU

0

0

0

4l
0

0

0

Molecular Weight Distribution of Organic Material in the Llntreated and
Treated Wastewater

Both control and enzyme treated wastewater was fractionated using an ultrafiltration cell. tt
was apparent that colour was not preferentially removed in any one of the molecular weight

fractions by the CDH treatmenr (Figure 6-9).

127



Chapter Sir: Optimisation and Perlornunce Evaluation of an linzymatic Wastcwater Treatment

3-10 10-30 30-100
Molecular weight (kDa)

l'igure 6-9: Molecular weight distribution of colour before and after enzymatic treatment

It was shown that the molecular weight distribution of carbon fclr the untreated and CDH
treated wastewaters changed following enzymatic catalysis. The highest molecular weight

fraction (> 3(X) kDa) disappeared during treatment as did the smallest molecular weight

liaction (< 3 kDa). while the material in the 3 to 30 kDa range increased (Figure 6-10). This
change in molecular weight distribution may mean the wastewater was more degradable

during secondary biological treatmc'nt if the wastewater had first undergone the enzymatic

treatment.

3 - 10 10 - 30 30 - 100 100 - 300 >300

Molecular weight (kDa)

F'igure 6'10: Molecular weight distribution of carbon before and after enzymatic treatment
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6.7 Effect of Enzyme Treatments on Dffirent Functional Groups

Absorbance and lonisation Dffirence Spectra of Untreated and Treated
Wastewater

As described previously (Section 5.7) the differences between the absorption spectra of the

untreated and the CDH treated wastewaters (Figure 6-11,) are most readily seen using

difference spectra (Figure 6-12\. Chromophore removal is seen as a positive peak while
chromophore formation as a negative peak. Figure 6-12 shows CDH treatment had very
little effect on most of the chromophores in the wastewater. The percentage difference in the

absorbance was plotted (Figure 6-13) and it was seen that the majority of the absorbance

removed from the wastewater was removed from near the beginning of the visible region of
the spectrum centred on 390 nm. This was a favourable finding, as it is the visible region

which needs to be reduced to have an impact on the observed colour of the wastewater.

Figure 6-11: UV-visible spectra of untreated and cDH treated wastewater

Wavelength (nm)
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Figure 6-12: Difference between untreated and CDH treated wastewater (A,m."ur"d - Atr""reo)

Figure 6-13: Percentage difference between untreated and CDH treated wastewarer

The ionisation difference spectra for the untreated and enzyme treated wastewaters are

shown in Figure 6-14. CDH treatment did not appear to remove any phenolic structures

from the wastewater. The increase that is observed in phenolic content for the CDH treated

wastewater is a result of residual enzyme present in the sample, as the amino acid tyrosine

has a phenolic R group that was observed in the ionisation difference spectrum.
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0.0
200 400 500

Wavelength (nm)

Figure 6-14: Ionisation difference spectra of untreated and CDH treated wastewaters at

equal concentrations

Effect "f Select Chemical Treatments on Absorption Spectra and
Wastew ater F unctional itv

The effect of specific chemical treatments on the absorption spectra of the untreated and

CDH treated wastewater was examined. These treatments included hydrogenation, and

treatment with sodium borohydride or sodium periodate.

C atalytic Hydrogenation

CDH treated wastewatet was subjected to hydrogenation at atmospheric pressure using 5 7o

palladium on carbon as the catalyst. A decrease in the absorbance of the CDH treated

wastewater was observed with hydrogenation (Table 6-6). This decrease was identical to the

decrease seen for the control wastewater. These results suggest that chromophores removed

from wastewater by catalytic hydrogenation were not removed with treatment of CDH. Thus

it was concluded that CDH did not attack aliphatic double bonds.
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Table 6-6: Effect of hydrogenation on the change in absorbance of the untreated and CDH

treated wastewater

Control Hydrogenated

absorbance' absorbance.

Change in absorbance

with hydrogenation

Untreatcd

CDH prc-treated

0.019 0.012

0.013 0.006

0.007

0.007
* absorbance read at 465 nm

Sctdium Borohydride

Sodium borohydride reduces carbonyl groups such as those found in a-carbonyl and quinone

structures (Pasco and Suckling, 1998). The results suggested thar some of these structures

were removed during treatment of CDH (Table 6-7). It was postulated that CDH removes

quinones, but not ct-carbonyls as it was already been shown by the ionisation difference

experiment that phenolic a-carbonyls were not effected by CDH. Literature also supports

this suggestion as Westermark and Eriksson have previously shown that CDH preparations

can reduce quinones (Westermark and Eriksson, 1974b).

Since results from borohydride treatment indicated that structures containing carbonyl

groups were responsible for approximately 69 Vo of the colour (Section 5.7), then this would
suggest that 44 Vo of the colour of the wastewater was due to quinones.

Table 6-7: Effect of borohydride treatment on the change in absorbance of the untreated

and CDH treated wastewater

Control Borohydride

absorbance' treated absorbance'

Change in absorbance with

borohydride treatment

Untrcated

CDH pre-treated

0.016 0.005

0.01 0.006

0.011

0.004
* absorbance read at 465 nm

Sodium Periodate

Sodium periodate is an oxidising agent, and therefore structures reduced during CDH
treatment can be oxidised back into their original form when subject to sodium periodate

treatment. For example, if quinones were reduced to hydroquinones during CDH treatment,

132



Chapter Sir: Optinimtion and Performance Evaluation o;f an Enrymatic Wos,ewoterTreaanent

as suggested previously (Westermark and Eriksson, 1974b), the quinones should reform

upon addition of sodium periodate.

Results for the CDH treatment showed that structures were oxidised in the CDH treated

wastewater when sodium periodate was applied, whereas no structures in the untreated

wastewater were aff'ected (Figure 6-15). Figure 6-1 shows that after 4 hours of oxidation the

spectrum of the treated wastewater became more like the control spectra. After 24 hours, the

spectrum for the treated wastewater was identical to the control (spectrum not shown).

Although not conclusive, it is probable that these changes are a result of hydroquinone

structures being oxidised back into quinones. This implies that colour removed by CDH

treatment may return if the hydroquinones were oxidised back to quinones.

0.00

-0.02
- 

control t h

-'.-..-'control 4 h
,'t1'. treated t h

-l- treated 4 h

-0.08

-0.10
500

Wavelength (nm)

Figure 6-15: Difference spectrum from treatment of CDH pre-treated wastewater with
sodium periodate (Periodate absorbs light below ca. 320 nm)

Summary

Studies were undertaken to determine which structures were attacked during enzymatic

treatment. Ionisation difference spectra indicated that phenolic groups present in the

wastewater were not effected by the enzymatic treatment and catalytic hydrogenation of the

wastewater prior to UV-vis analysis indicated that CDH did not remove aliphatic double

bonds. However, borohydride treatment of the wastewater suggested that the CDH treatment
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c
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did remove quinones. This result concurred with previous findings (Westermark and

Eriksson, 1974b). Borohydride Lreatment also indicated that quinones were responsible for

approximately 44 a/o of the colour in the wastewater. This agrees with the literature which

have estimated that 40 to 50 Vo of the colour of bleach plant (caustic) wastewater may be due

to quinones (Chang et a\.,1986; Momohara et al.,1989).

A treatment using sodium periodate showed that structures reduced by the enzyme could be

oxidised back into their original form, suggesting that these changes were a result of
hydroquinone structures being oxidised back into quinones. This means that the colour

removed from the wastewater by enzymatic treatment may revert which is not desirable for
industrial application.

6.8 Model Compound Study

Gas chromatography mass spectrometry (GC-MS) was used to assess changes in the

structure of select model compounds (Figure 5-24) during treatment with the cellobiose

dehydrogenase (CDH). These compounds were treated with CDH under previously

established optimal conditions to assess their potential as electron acceptors, and hence the

Iikelihood of being a candidate for structures involved in colour removal/reduction in

wastewaters.

All compounds monitored using GC-MS showed no change in structure after undergoing the

enzymatic treatment. The only compound not to be investigated using GC-MS was quinone

as previous investigations have indicated that GC-MS was not a suitable technique to study

quinone (Section 5.7).

UV-vis analysis confirmed that none of the model compounds treated with CDH were able

to act as electron acceptors for CDH, even after a 4 day treatment at 40 aC, with the

exception of quinone.

As it appeared that only quinone structures were altered by CDH, a range of quinone

compounds were selected for treatment with CDH. These compounds are shown in Figure

6-16.
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It was apparcnt that heatrnefits, of ,q-uinones with CDH reduced most of tho para-quinones

vcry nptdly as fl,4.benzoquinone, 2-melhoxy-1,4-benzoquinone and 2,methyl-1,4-

benzoquinoue weie all redleed wjthin t0 minutes. An examplc, 2-mcthoxy.l,-4--quilonoo is

shown in Figure 6-17. The forrth para-quinone cnalyse{ duroquftnone, wae not reduced

undcr these taBid condi$ions, The duroquinone was then subjected to a 4 day treatment at

40 qC, however, the duroquinone was still not degraded (Figure 6-18). fhis suggestod that

CDH was unable to reduee highty substituted qurnones, perhaps drue to stede interactions.

The orthonuinorie, 3-mcJhoxy-Lr2Senzoqoinone, also did not react with eUt{ evem after

subjection to a 4 day treatment at 40 0C (Figure G19).

?-,methy,l- 1.,4-benrequinone

Figure Gl6r Quinone model compoundu

3-,irethoxy- X p-benzoquinone
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200 300 400 500

Wavelength (nm)

Figure 6-19: Changes in the UV-vis spectrum of methoxy-1,2-quinone when treated with
the enzyme

Summary

Overall, model compound studies confirmed that CDH attacks quinones. Quinone
compounds are the only structures investigated that were attacked by the enzyme. All other

compounds tested, including vanillic acid, vanillin, muconic acid and catechol appeared to

be ineffective as electron acceptors for CDH, even after a 4 day treatment at 40 aC. These

results support the findings of the functional group study. A review of the literature found
that CDH could be expected to generate hydroxyl radicals which might attack other

chromophores present in the wastewater such as phenoxy moieties. However, this model

compound study did not support this hypothesis.

Further studies utilising UV-vis spectroscopy showed that only para-quinones with low
substitution were reduced by CDH. The ortho-quinone structure investigated, 3-methoxy-

1,2-benzoquinone, was not reduced by CDH. Using borohydride treatment the functional
group study found that 44 Vo of the coloured material in the wastewater was due to quinone

structures. Previous reports have estimated that 40 to 50 Vo of the colour of bleach plant

(caustic) wastewater may be due to quinones (Chang et a1.,1986; Momohara et a1.,1939).
As a majority of the colour in the wastewater related to quinones was removed by the

enzyme it was suggested that most of the quinones in the caustic wastewater are para-

quinones with low substitution.
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6,9 Environmental Risk Assessment

An environmental risk assessment was carried out to determine the impacts of the enzymatic

treatment on the receiving environment.

In particular, a study was undertaken to confirm that the colour removed during enzymatic

treatment did not revert during biological treatment, or over time when left standing.

Bkilogical Stabiliry

Wastewater was treated with cellobiose dehydrogenase (CDH) using optimum conditions

and then untreated and treated wastewater were subjected to biological treatment in a batch

type reaction. Colour measurements were undertaken pre- and post-biological treatment.

As predicted during functional goup studies on the potential behaviour of quinonic

chromophores, the colour removed by enzyme treatment returned during biological

treatment (Table 5-11). Both the functional group studies and the model compound studies

suggested that this enzyme removed colour from the wastewater by reducing highly coloured

quinone structures to hydroquinones. It is likely that these structures were oxidised back to

their original form during biological treatment. This was an unfavourable finding. If this

technology were installed in-mill, it would need to be installed following the secondary

treatment system where volumes of wastewater are large, and the concentration of colour is

low. The high concentration of substrate required for this technology would likely make this

treatment unfeasible.

This study also found that biological treatment was able to remove some colour (ll o/o) from
the untreated wastewater. This is a contrast from results obtained for a similar experiment

described in the previous chapter. The difference is likely due to differences in the

wastewater sample or the seed used to initiate biological treatment.

Table 6-8: Effect of biological treatment on colour removed by enzymatic treatment

Absolute colour
(CPU)

Colour removal

9o\

Untreated - pre-biological treatmcnt

Treated - pre-bioloeical treatment

593 r i8
350 = 15 4l

Untreated - post-biological treatment

Treated - post-biological treatment

529*3

51tt * 8 2
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Chemical Stabiliry

Results showed chemical reversion of colour had not occurred in wastewater which had been

treated using the enzymatic treatment during the time period monitored (Table 5-12). This

showed that the colour that has reverted during biological treatment was a result of microbial

activity and not chemical instability. This finding also implies that colour which has been

removed from the wastewater by the enzyme treatment is unlikely to chemically revert once

discharged into the receiving wastewater.

Table 6-9: Chemical stability of enzyme treated wastewater in light and dark

Colour removal

(%'\

Colour removed prior to sunlight treatment

Colour removsd post sunlight treatment

47 t2
39*2

Colour removed prior to dark treatmenl

Colour removed post dark treatment

41*2
43 t2

Respirometry

An experiment was carried out to determine whether wastewater pre-treated with the

enzymatic system was more susceptible to biological degradation. The treated wastewater

might be more susceptible to biological degradation since the high molecular weight material

in the wastewater appeared to be destroyed during enzyme treatment.

The biological treatability of the enzyme treated wastewater was indeed much higher than

the untreated wastewater (Figure 5-33). Controls were used to confirm that this difference

was not a result of the presence of the cellobiose in the wastewatero however, no control was

used to confirm the lactone, the oxidised product of the cellobiose, was not responsible for
the difference in treatability. Due to the similarity of the lactone and the cellobiose,

however, it was assumed that both structures would impact this experiment in a similar
manner. Although it was assumed that the enzyme treated wastewater was more treatable

due to the change in molecular weight distribution, the increase in microbial activity may

also have result from the oxidation of the hydroquinone structures back into quinone

structures.
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500

- 
untreated
trealed

Figure 6-20: Treatability of a control and enzyme treated wastewater

Comparing these results for those obtained during rhe rrearability study of the advanced

oxidative process (AOP), it is seen that the degradability of the caustic wastewater (control)

was dramatically different. This was thought to be due to the microbial populations used to

seed each experiment. The AOP study used a seed from a mix of wastewaters from the mill
whereas the study tor the enzymatic treatment used a seed from a biological treatment of
thetmomechanical pulp (TMP) wastewater and thus the microbial population had not

previously been exposed to compounds found in the caustic wastewater.

The MicrotoxrM toxicity test was carried out on the control w&stewater, the enzyme treated

wastewater, and on a solution of CDH at the concentration used during wastewater treatment

and on a solution of cellobiose at the concentration used during wastewater treatment. The

EC5s results are summarised below in Table 5-13. MicrotoxrM results showed that the

enzymatic treatment of the wastewater significantly increased toxicity even though neither

the enzyme nor the substrate were toxic when added alone. This toxicity is thought to be a

result of the hydrogen peroxide generated by the action of the enzyme, as peroxide is highly
toxic. This toxicity would likely disappear as rhe peroxide degraded.
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Table 6i10: Microto.xffi-derivod toxicity, of untreated and CDH treated wastew,ater, aRd

CDH and cellobiose

SCso

Untreated wast€weter

Trenred wantervate,r

En'zyrne

Cellobiose

> trAAVo

A.7 fa

> 100 9o

> 100%

6.10 Applieations of Cellobios e Dekydrogenase

The treatment efflcieney: for caustic waste streams was comp,afed with ,that of samples

'collected frorn the holding and settli,rtg ponds at ttre ,miII. For this:ex,periment only the

Gaustic bleach p-lant samille needed to be pLI adjusted as the treatrnent pond samples ar€

inhelen-tly elo e to :neutf,al pH, and thus suitable f,or celtobiose de-hyd-rogenase (CD'II)

treatment.

It was apperent that substantial eolour rernoval/teduction, great-er than 40 Vo, w'as geen for all
wastewater types trEated with CDH undor qFiftal conditions (Figure 5-34). Thus, this
tr:chnology could be applied Bost-secondary freatrner.rt and still aehieve good removal.

Colouf re'vel$ion experimerrts indicated that the enzyme would have to be applied post-

secon'dary ffefitment to avsid the r.eversion of,cslour due to rn:icrobial activity in the ponds,.

Figure 6-2L Effect of w:asterrratersourcc on the,,araount of co-l.our rcmoval obsenNed wheu

treated with the _e,nzyrrre
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The efficacy of the enzymatic treatment of wastewaters generated from different feedstocks

was also examined. As observed for the advanced oxidative treatment, the enzyme was less

effective at removing colour from wastewater produced during eucalypt processing than

from wastewater produced during pine processing (Figure 5-35). As the enzyme reduces

quinones, it was postulated that the eucalypt wastewater contains less quinone structures

than the softwood wastewater.

Wastewater type

Figure 6-222 Effect of wastewater type on colour removal when treated with CDH

6.1 1 Immobilisation Studies

The immobilisation of the enzyme, or the activator described in the previous chapter, to solid

media would be a sustainable method for allowing the re-use of these materials in industrial

situations, and could reduce the cost of each treatment. Unfortunately, life expectancy

experiments found that the activator had all disappeared ten minutes after being added to the

wastewater. However, the enzyme was longer lived, with a portion of the enzyme still
remaining in the wastewater 12 days after addition. ln addition, immobilisation of enzymes

often increases their stability, therefore increasing their life expectancy (Klibanov, 1979).

Thus, etzyme immobilisation was investigated as a method of increasing the feasibiliry of
treating wastewater with cellobiose dehydrogenase (CDH). It was hoped that immobilisation

would result in lower enzyme costs as a consequence of enzyme reuse and increased enzyme

stability.

Immobilisation of the enzyme to an insoluble support was undertaken using the coupling

reagent tris(hydroxymethyl)phosphine, P(CH2OH)3, (THP) (Petach et a1.,1994). THP is a

highly water soluble species which reacts via a Mannich-type condensation reaction with
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amino compounds, ideally using non-essential NHz groups, to minimiso enzyme inactivation

(Oswald et a1.,1998):

\
P-CH,OH +

/

This method was suggested

elevated temperatures than

the wastewater to be treated

\r-.*-*/
,/\

H-N/ _+ Hzo

as being better for the immobilisation of enzymes to be used at

traditional methods (Oswald et al., 1998) which is desirable as

with CDH is typically between 40 and 50 oC.

I mmobilisstion of C ellobiose Dehydrogenase

THP was synthesised from tetrakis(hydroxymethyl)phosphonium chloride, P(CH2OH)aCI,

(THPC), and potassium hydroxide.

[P(CH2OH)4].CI- + KOH P(CH2OH)r + CHzO + KCI

THPC THP

The coupling agent THP was successfully attached onto a silica gel support, as shown by the

orange colouration of the THP-bound silica gel when exposed to green nickel(ll) solutions.

CDH was immobilised onto aminopropyl silica (APS) using THP as the coupling reagent via

the >P-CH2-N< linkage described above. To confirm that CDH had been successfully

immobilised, and that the enzyme had not lost activity as a result of being immobilised,
caustic wastewater was added and the colour of the wastewater monitored. Results from the

treatment of wastewater using both immobilised and free enzymes are shown in Table 6-11.

Table 6-ll: Colour removed using free and immobilised CDH

Colour removed

(%\

Free CDH

Immobilised CDH

Silica eel alonc

38

96

92

Unfortunately, results were inconclusive as the aminopropyl functionalised silica gel

absorbed much of the wastewater colour onto its surface so it could not be determined

whether the immobilised enzyme had removed any of the colour from the wastewater.

Unfortunately, due to the bulk of silica gel used, the cytochrome c assay could not be

employed to determine the activity of the immobilised enzyme. Further work needs to be
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done in this area investigating alternative supports, including synthetic polymers such as

polyacrylamide which also contain -NH2 groups, and would not adsorb organic material

from the wastewater.

6.12 Summ&ry

Cellobiose dehydrogenase (CDH) was shown to be effective in removing colour from bleach

plant wastewaters. Two strains of CDH were used in the optimisation studies. One was

purified from the soft-rot fungus Humicola insolens and performed best at alkaline pH. The

other was purified from the white-rot fungus Phanerochaete chrysosporium and performed

best at acidic pH. CDH from l/. insolens was suited to treat caustic bleach plant wastewater,

whereas CDH from P. chrysosporium was able to directly treat acidic bleach plant

wastewater. Conditions giving maximum colour removal for both strains of enzyme are

given in Table 6-12. Further studies showed that no advantage was gained by adding CDH
in multiple doses. A reduction of 41 Vo for colour was observed for wastewater treated with

H. insolenr CDH at optimal conditions. No reduction was seen for adsorbable organic

halides (AOX), soluble chemical oxygen demand (sCOD) or dissolved organic carbon

(DOC) content of the wastewater. However, the molecular weight distribution of the

material in the wastewater appeared to change during treatment. This suggested that the

treatability of the wastewater could be altered. This was later confirmed using reactors to

simulate the biological treatment system and found that wastewater pre-treated with the

enzyme was more degradable than untreated wastewater.

Table 6-12: Summary of optimum conditions determined for cellobiose dehydrogenase

Parameter H. insolens P. chrysospoium

Enzyme concentration

pH

Tcmperature

Time

Cellobiose concentration

0.01 IU 0.1 ru

7 4.5

40 "c 40'c
4 days 4 days

7 mM n.d.

n.d. = not dctermined

UV-vis studies were used to elucidate the mechanism of CDH. These studies found that the

only structures altered by CDH were quinones. Quinones are highly coloured structures so

the degradation of the quinones would result in a colour decrease. Model compound studies
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confirmed that CDH attacked quinone compounds. Para-quinones with low substitution, in

particular, were targeted by CDH. Quinonic structures reduced by the CDH could be

oxidised back into their original form. This was confirmed by an additional study which

found that colour removed during enzymatic treatment returned during biological treatment,

and this may be the reason for increased microbial activity during the biological treatment of
the enzyme treated wastewater.

Further studies found that neither the enzyme nor the cellobiose showed any toxicity using

the MicrotoxrM toxicity test. However, when added simultaneously the toxicity of the

wastewater increased dramatically. This toxicity is thought to be a result of the hydrogen

peroxide generated by the action of the enzyme, and would likely disappear as the peroxide

degraded. An additional study found that this process could be applied to wastewater in

other locations around the mill, including post-secondary biological treatment wastewater,

and to wastewater produced during the processing of hardwood.

Immobilisation studies were also undertaken with the aim to reduce chemical costs.

Experiments were carried out to immobilise the enzyme onto .silica -eel. However, results

from this investigation were inconclusive as much of the colour in the wastewater absorbed

onto the silica gel support.

Overall, this investigation has found that CDH was not a good technology to remove colour

fiom pulp and paper mill wastewater. Although colour was removed during enzyme

treatment, this colour returned during biological treatment. If the technology was installed

following secondary treatment to avoid this problem, which still resulted in good colour

removal, huge concentrations of substrate would be required, rnaking it unfeasible.
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7,1 Compartson of the Colour Removal Technologies

Introduction

An oxidative and an enzymatic process were investigated as possible technologies to remove

colour from pulp and paper mill wastewaters. The advanced oxidative process (AOP) was

able to remove 47 o/o of the colour from caustic stage bleaching wastewater using the

conditions outlined in Table 7-1, whereas the enzymatic process was able to remove 4I o/o of
the colour from the wastewater under its optimal conditions (Table 7-1). Using these

conditions the AOP also reduced concentrations of chlorinated organics (measured as AOX)
by 25 Vo but had no effect on the chemical oxygen demand (COD) or dissolved organic

carbon (DOC) content of the wastewater. The enzyme treatment did not reduce

concentrations of chlorinated organic constituents, DOC or COD in the wastewater.

Table 7-1: Optimum conditions for colour removal using the oxidative and enzyme systems

Parameter AOP Enzvme

Activator/Enzyme concenlration

Peroxide/Cellobiose concentratio n

pH

Tcmpcrature

Timc

2 pM (0.9 mg L-') 0.01 IU

26 mM (0.75 g L'r) 7 mM Q.4 eL''\
It 7

40'c 40 "c
4 hours 4 davs

The purpose of the work in the following section was to investigate whether greater colour

removal, and/or treatment efficiency, could be achieved by using these two technologies in

combination.

Combined Treatments

Studies using functional group analysis and model compounds found that the AOP and the

enzyme used different mechanisms to remove colour from the wastewater. AOP, an

oxidative process, targeted phenolic structures in addition to structures containing aliphatic

double bonds and carbonyl groups. In contrast, cellobiose dehydrogenase (CDH) only

reduced quinone structures. Given the difference in mechanisms, it was considered possible
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that the two technologies could be combined to provide higher levels of colour removal

efficiency. In addition, the CDH enzyme forms hydrogen peroxide in the presence of
oxygen. Were the AOP process to be combined with CDH treatment, then potentially the

CDH could provide hydrogen peroxide for the activation of the iron(tll) complex.

A study was therefore carried out combining the two technologies to see if: i) higher levels

of colour removal could be achieved using a combined system synergistically than for either

technology alone, and ii) to see if enzyme treatment could be used to activate the AOP.

Conditions outlined in Table 7-1 were used for the combined treatment. Due to differences

in reaction conditions, in particular pH, oxidative and enzymatic treatments were carried out

in series with a pH adjustment between the two treatments. At the time of this pH

adjustment, colour was also measured to assess the effect of each stage of the treatment.

Results showed that no advantage was gained by combining the oxidative and enzymatic

treatments (Table 7-2), as maximum colour removal was reached by treatment with the AOP

alone. These results supported literature reports indicating that much of the colour present in

the wastewater was related to quinone structures (Momohara et al., 19S9). This was also

shown during functional group studies that found approximately 44 Vo of the colour in the

wastewater resulted from quinones. Here it was shown that the enzyme treatment could

remove 4O o/o of the colour, presumably by the reduction of quinones. An additional

oxidative treatment only removed an additional I % of the colour even though this process

was shown to be able to remove phenolic structure, aliphatic double bonds, and other

carbonyl structures in addition to quinone structures. The nature of the remaining 50 Vo of
the colour was not identified by this studv.

Table 7-2: Effect of combining the AOP and the enzyme technologies

Order of treatments Colour removed following

Iirst treatment

(Vo\

Colour removed following

both treatments

(7ol

AOP then enzyme

Enzyme then AOP

Enzyme then AOP (no

additional pcroxide)

48r3
40t 1

40r 1

48t3
48*3
40t1

No additional colour was removed from enzyme pre-treated wastewater using the activator

in the absence of additional peroxide (Table 7-2). Peroxide production by CDH was slow

with no peroxide detected in the treatment solution until day four. This may mean that the
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peroxide did not start to accumulate until all the quinones had been removed as quinone may

be the dominant electron acceptor for the enzyme in this situation. From the equations given

below, it can be seen that hydrogen peroxide will not be formed unless oxygen or iron(lll)
are used as electron acceptors.

CDHr.a + quinone --- CDH., + hydroquinone

CDH,"6 + Or ---r CDH.* + HzOz

2CDHr..1+ 2Fe3+ -- 2CDH,,* + 2Fe:*

2Fe?* *03+ 2H* - 2Fe3*+HzOu

Economic Feasibilin

Calculations were undertaken to determine if these novel treatment technologies were

economically sustainable for industrial implementation. These calculations were undertaken

using the Tasman Mill as a case study. Production data for the mill is given in Table 7-3.

Table 7-3: Production data for the Tasman Mill

Parameter Value

Bleach plant production

Market value of bleached softwood kraft pulp

Tasman annual kraft pulp production

760 ADT d | (277 400 ADT y-r)

USD 4-51 pcr tonner

USD 125 million
1. Octobcr 2001 price (www.paperloop.com)

The economic feasibility of the AOP was assessed using three different treatment conditions
while the economic feasibility of the enzyme treatment was assessed only using the

conditions determined at pH 7. Chemical requirements for these treatments are summarised

in Table 7-4.

Table 7-4: Chemical requirements for the AOP at pH 11, pH 9 and pHT,and the enzyme ar

pH7

Parameter AOP pH 1l AOP pH 9 AOP pH 7 Enzyme pH 7

Activator/Enzyme concentration

Hydrogen peroxide/Cellobiose

concentration

0.9 mg Lr

0.75 g L'
6.75 mg L-l

3gL''

4.5 mg L-'

40 g L'r

0.01 ru

2.4 gL-l
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Scenario

End user The Tasman Mill
Option A Treat caustic stage bleach plant wastewater using the AOP at pH l1
Option B Treat combined bleach plant wastewater using the AOP at pH 9

Option C Treat whole mill wastewater using the AOP at pH 7

Option D Treat combined bleach plant wastewater using enzyme technology atpHT
Option E Treat whole mill wastewater using enzyme technology at pH 7

Operational Parameters

Wastewater production:

Option A Caustic stage 6 ML d-'

Option B and D Combined bleach plant 14 ML d-l

Option C and E Whole mill wastewater 130 ML d-t

Chemical requirements:

Option A Activator 2 tonne y-r

Hydrogen peroxide 1600 tonne y-r

Option B Activator 34 tonne y'l

Hydrogen peroxide 15 330 tonne y-r

Option C Activator 215 tonne y'l
Hydrogen peroxide I 898 000 tonne y-r

Option D Enzyme 51 million IU y-'

Substrate 10 280 tonne v-r

Option E Enzyme a7a million IU y-t

Substrate 95 457 tonne v-r

Chemical costs:

Activator USD 500 per kilogram (estimate)

Hydrogen peroxide USD 0.33 per kilogram (Orica)

Enzymer USD 55 for 10 000 ru (Sigma)

Substrate? USD 0.94 per kilogram (www.expresspharmapulse.com)

l. The H. insolens CDH enzyme is not currently commercially available. For the purposes of this exercise,
xylanase, an enzyme used in the pulp and paper industry to aid bleaching, was chosen to develop cost models
as it is produced in bulk quantities. Xylanasc aided bleaching is cuncntly uscd in approximately 20 mills
around the world (Tolan, 2001).

2. [actose was used as the substrate as it is approximately one thirtie th of the price of cellobiose.
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Table 7-5: Cost and outcome of the novel treatments

Option A Option B Option C Option D Option E

Operating costr (million USD yr-')

Cost relative to value of production (7o)

Colour reduction of final wastewaterlJ (%)

1.5 22.r 733.8 9.9 91.3

118587873
t2 19 57- 65 194 st'

l. For these calculations it was assumed that no pH adjustnrcnt was required
treatment.

2. Calculations made using data following closure of thc continuous digester i.e.
48 Vc of the total mill colour.

3. Did not account for colour reversion.
4. Assumed colour rcmoval obtained when using cellobiosc as the substrate.

of the wastewater prior to

the bleach plant contributes

The capital costs have not been considered for this study. A simple flow-through vessel

would be suitable for the implementation of both technologies. For the AOP treatment a

capacity of approximately one million litres, or less if the time frame for wastewater

treatment were reduced from four hours due to a short activator life expectancy, would be

required to treat the caustic stage wastewater. A vessel approximately double in size would

be required to treat the combined bleach plant wastewater. For the enzyme treatment a

vessel with the capacity for 50 million litres would be required for the treatment of the

combined bleach plant wastewater due to the four day treatment time. For the treatment of
the whole mill wastewater, the vessel would have to be huge, equivalent in size to the

aerated stabilisation basins currently used at Tasman, which is not a feasible option. This

technology could not be added to the treatment system due to problems with colour reversion

in the biological treatment environment.

In addition, some of the operating costs of this system have not been factored into the

calculation, such as the cost of chemical addition. Earlier investigations have found that the

most effective method of activator and enzyme addition was as one dose. Thus, this

operating cost would be minimal as both chemicals could be added as a continuous stream to

the flow-through vessel. On-line monitoring equipment may be required for both

technologies. Overall, these costs should be low relative to the chemical costs.

In summary, these calculations indicated that the AOP was realistic in terms of economical

feasibility for the treatment of the caustic stage wastewater (Table 7-5). The chemical costs

of this treatment only add up to 1 Vo of the current value of the kraft pulp produced by the

mill. This technology also has the advantage of producing no secondary waste streams, such

as the sludges arising from ultrafiltration, and consequently no disposal costs need to be

considered. Unfortunately, this technology may not be ideal for the wastewater colour issues

encountered at the Tasman Mill as less than 50 Vo of their total mill colour is discharged

from the bleach plant, which means that treating the caustic stage waste stream only results
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in a 12 7o decrease in the whole mill colour. However, this colour removal technology is

ideal for implementation in pulp and paper mills where a majority of rhe wastewater

originates in the bleach plant.

These calculations indicated that the enzyme treatment would be extremely expensive and

not economically feasible due to high substrate requirements. Studies investigating the

reversion of colour removed during enzyme treatment found that the colour could return

using biological treatment. Thus, this technology would have to be installed following
secondary treatment. This economic feasibility study found that the treatment of the whole

milf wastewater would cost 73 Vo of the current value of the krati pulp produced by the mill.

Environnrcntal Risk As s e s s ntent

When considering new technologies for the remediation of pulp and paper mill wastewater,

it is irnportant to rlssess the possible environmental impacts of these technologies. Once

discharged to the recipient, by-products from these technologies may cause detrimental

effects in the environment. Thus. toxicity studies were carried out on both technologies

under consideration. In addition. it is important to assess the impacts of the technologies on

the performance of other waste management processes in the plant. For example, the

changes in secondary biological treatment performance of the colour-treated waste streams

and any potential inhibition on biological degradation arising fiom rhe colour removal
processes. To investigate these issues respirometry experiments were carried out to simulate

secondary biological treatment.

MicrotoxrM studies showed that the AOP was not toxic to the receiving environment,

however although neither the CDH or cellobiose alone showed any toxicity. when used in

combination they were toxic. The toxicity of the enzyme treatment was assumed to be due

to the hydrogen peroxide produced during the action of the enzyme. Hydrogen peroxide is

highly toxic, even in low doses. Thus. if sufficient enzyme acrivity was retained in the

secondary biological treatment system, the continual production of hydrogen peroxide may

result in the 'sterilisation' of the svstem.

Respirometry experiments were able to determine whether the colour removal technologies

were able to increase the degradability of the wastewater durin*e biological treatment. The

results fronr this assessment indicated that the AOP did not make the wastewater any more

degradable during biological treatment. however the enzyme treatment did increase the

treatability of the wastewater (Figure 7-l). These results were ret'lected by an investigation

of the molecular weight distribution which found the molecular weight distribution of the

wastewater was not altered during treatment with the AOP, however it was altered during
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enzyme treatment. Biological treatment of pulp and paper mill wastewater has little effect

on the high molecular weight material in the wastewater. Therefore, by degrading this

material into lower molecular weight material, the wastewater becomes more degradable

during biological treatment, as was seen for the enzyme treatment. Note, the negative

change in accumulated oxygen uptake observed for the AOP up until approximately

50 hours was a result of residual peroxide in the treated wastewater which interfered with the

activity of the microbial population used for this study.

_AOP
enzyme

0

-100

Figure 7-l: Change in degradability of the wastewater in the presence of the AOP and the

enzymatic treatment

A final environmental assessment of these technologies investigated the possibility of the

colour removed in each case reverting. Both chemical stability and biological stability were

investigated. The colour removed by both technologies appeared to be chemically stable,

however, it was discovered that the colour that had been removed during oxidative treatment

did not return during biological treatment whereas colour removed during enzyme treatment

did. This finding was supported by functional group studies which showed that quinones

which were reduced by the enzyme to remove colour could be oxidised back into their

original form. This is a serious limitation of this technology. It means that the enzyme

treatment could only be installed post-biological treatment where volumes of wastewater to

be treated are high.
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7.2 Conclusions

The advanced oxidative process (AOP) was able to remove approximately 47 Vo of the

colour, and chlorinated organics to a smaller extent, from caustic wastewater. Removal of
colour was rapid (< 4 hours). Although the activator is not yet commercially available, this

technology has the potential to be economically feasible for the treatment of bleach plant

wastewater as long as the price of the activator is not too excessive, especially if the waste

stream to be treated already contains hydrogen peroxide. The AOP has several attributes

which are beneficial for industrial implementation including, being able to withstand

variations in temperature, and, to a lesser extent, pH, as long as conditions are still alkaline.

Unfortunately, the activator has no effect on DOC or sCOD and does not make the

wastewater any more treatable during biological treatment.

Cellobiose dehydrogenase (CDH) also removed colour from alkaline stage bleaching

wastewaters (41 Vo). CDH also appeared to increase the treatability of the wastewater during

biological treatment. Unfortunately, CDH has some operational disadvantages:
. CDH has no effect on AOX, DOC or sCOD content of the wastewater.

' CDH requires signiticant amounts of substrate (typically l0 280 tonnes yr-r just to treat

the combined bleach plant wastewater) to f'unction, and this substrate is generally

expensive, making this technology economically unfeasible.

' The enzymatic treatment was slow. For optimal colour removal, a four day treatment

was required which is not feasible on an industrial scale. [n addition to the long time, an

extremely large vessel would be required for this treatment.
r Most importantly, the mechanism of the enzyme is an issue. It has been shown the CDH

removes colour from the wastewater by reducing quinones to hydroquinones. However,

these hydroquinones could be oxidised back into quinones. [t was found that all colour

removed during enzyme treatment returned during secondary biological treatment. In

contrast, the AOP removed quinones by oxidation, thus, they were unable to revert back

to the highly coloured quinones during biological treatmenr.

Options for improving treatment performance were explored. Unfortunately, it was found

that combining the two technologies did not lead to greater colour removal than observed

when the AOP was used alone.

Overall, the AOP was found to be the more promising of the two colour removal

technologies for the pulp and paper industry.
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8.1 Introduction

Wastewaters discharged from pulp and paper mills contain a significant amount of colour.

Along with a decrease in the aesthetic appeal of the recipient, the coloured material also

adsorbs sunlight, reducing the photic depth of the receiving water which may decrease

photosynthetic rates and effect aquatic productivity (Thomas and Munteanu, 1997). Over

the years a number of alternative means of removing colour from the wastewater have been

evaluated, including the use of ultrafiltration and chemical oxidation systems, however none

of the proposed methods have been sufficiently developed to the point where they are

economically sustainable for the majority of pulp and paper mills.

This study investigated two potential colour removal technologies. The first technology was

an advanced oxidation process (AOP) using macrocyclic tetraamide iron(lll) complexes to

form an active oxidative species with the addition of hydrogen peroxide. The second

technology was an enzymatic process that utilised the enzyme cetlobiose dehydrogenase

(CDH). Both technologies were assessed using a New Zealand integrated pulp and paper

mill, the Tasman Mill, as a case study.

8.2 Assessrnent of Wastewater Produced at Tasman Pulp and Paper
Miu

A survey of the waste streams around the Tasman Mill was undertaken to locate the major

sources of wastewater colour from within the mill, and to assess which of these wastewater

streams would be best suited for treatment with colour removal technologies. The results of
this survev showed:

Secondary biological treatment, such as the aerated stabilisation basins used at Tasman,

is ineffective at removing colour present in the wastewater. Therefore, an additional

technology that is able to remove this colour is necessary if discharges of colour at the

current level are unacceptable.

The bleach plant waste stream was high in colour, soluble chemical oxygen demand

(sCOD) and dissolved organic carbon (DOC), and the primary source of chlorinated

organic compounds (measured as adsorbable organic halides). Thus, this waste stream

was selected as the appropriate waste stream for remediation.
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8.3 Optimisation and Performance Evaluation of an Oxidative
Wastewater Treatment

Applying the advanced oxidation process (AOP) to the bleach plant waste stream found:

Optimal conditions for colour removal from caustic stage bleach plant wastewater were

2 ttM activator, 26 mM hydrogen peroxide and 40 oC at pH I I for four hours. The

relatively low dosage requirements make this process favourable for industrial

implementation. Optimum conditions were also determined at pH 9 and 7 but both of
these treatments required greater concentrations of both activator and peroxide.

A reduction of 47 7c for colour and 25 Vo for adsorbable organic halides (AOX) was

observed for caustic stage wastewater treated with the AOP under the above conditions

at pH I l. A colour recluction of greater than 40 Vo was achieved using half the

concentration of both activator and peroxide. No reduction was seen in either soluble

chemical oxygen demand (sCOD) or dissolved organic carbon (DOC) content of the

wastewater. In addition, investigations found that the molecular weight distribution of
organic carbon in wastewater did not change during AOP treatment, suggesting that the

AOP had little affect on the overall structure of the organic material in the wastewater.

No advantage was gained by adding the activator in multiple doses, which is preferable

for industrial irnplementation as it makes for easier operation and control of the process.

No activator remained in the wastewater 10 minutes after addition, which suggested that

the four hour time fiame was unnecessary, and instead a much shorter treatment time
would remove the majority of the treatable colour. This finding also meant that no

residual activator was discharged into the receivin_e environment.

UV-vis studies indicated that AOP treatment of wastewater removecl chromophores.

Further investigation indicated that some of the chromophores removed by the AOP were

related to carbonyl .strucnrres and aliphatic double bonds. The AOP was also able to
remove phenolic structures from the wastewater.

Model compouncl studies were used to augment results obtained during the functional
group studies. The model compound studies confirmed that the AOP did target phenolic

compounds. In addition. the process also destroyed quinone structures, which are highly
coloured compounds present in the wastewater. Interestingly. muconic acid structures

were not destroyed by this treatment although they contain aliphatic double bonds. It has

been postulated that muconic acids make up a large portion of the organic material in the

wastewater (Vilen, 1999), perhaps indicating why the DOC content and molecular
weight distribution of the wastewilter remained unaltered during treatment with the AOP.
Neither the activator nor the AOP-treated wastewater showed any toxicity using the

M icrotoxrM toxicity test.

o Further studies found that only 5 to l0 7o of the colour removed by the AOP returned

during biological treatment.
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r ,A final study found that this process could be applied to wastewater in other locations

around the mill, including the secondary biological treatment system, and to wastewater

produced during the processing of hardwood, however, treatment of hardwood

wastewater was not as effective as treatment of softrvood wastewater.

' Overall, the AOP showed considerable promise as a colour removal technology for the

pulp and paper industry.

8.4 optimisation and Performance Evaluation of an Enzymatic
Wastewater Treatment

Cellobiose dehydrogenase (CDH) was also assessed as a potential colour removal

technology. Findings from these studies included:

CDH was shown to be effective in removing colour from bleach plant wastewaters. Two
strains of CDH were used in the optimisation studies. One was purified from the soft-rot

fungus Humicola insolens and performed best at alkaline pH. The other was purified

from the white-rot fungus Phanerochaete chrysosporium and performed best at acidic

pH. CDH from FI. insolens was suited to treat caustic bleach planl wastewater, whereas

CDH from P. chrysospnrium was able to directly treat acidic bleach plant wastewater.

Conditions giving maximum colour removal for CDH from H. insolens were 0.01 IU
CDH, 7 mM cellobiose, pH 7,40 "C over four days, while conditions for CDH from P.

chrysosporium were o.1 IU cDH, pH 4.5 and 40 "C over four days. cDH from P.

chrysosporium also required cellobiose to function, however the optimum concentration

was not determined.

A reduction of 4l o/o for colour was observed for caustic stage wastewater treated with H.

insolens CDH at optimal conditions. Unfortunately, no reduction was seen for
adsorbable organic halides (AoX), soluble chemical oxygen demand (scoD) or

dissolved organic carbon (DOC) content of the wastewater.

Further studies showed that no advantage was gained by adding CDH in multiple doses.

Life expectancy investigations found that some of the enzyme remained in the

wastewater following the four day treatment. This finding indicates that the enzyme can

be reused for further treatments of the wastewater.

UV-vis studies were used to elucidate the mechanism of CDH. These studies found that

the only structures altered by CDH were quinones. Quinones are highly coloured

structures so the degradation of the quinones resulted in colour removal.

Model compound studies confirmed that CDH attacked quinone compounds. Para-

quinones with low substitution, in particular, were targeted by CDH.

' Functional group studies also found that quinonic structures reduced by the CDH could

be oxidised back into their original form. This was confirmed by an additional study

a

a
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Chapter Eight: Sumnary and Conclusions

which found that colour removed during enzymatic treatment returned during biological

treatment.

The molecular weight distribution of the material in the wastewater appeared to change

during treatment. This implies the treatability of the wastewater could be altered. This

was later confirmed using reactors to simulate the biological treatment system and found

that wastewater pre-treated with the enzyme was more degradable than untreated

wastewater.

Further studies found that neither the enzyme nor the cellobiose showed any toxicity

using the MicrotoxrM toxicity test. However, when added simultaneously the toxicity of
the wastewater increased dramatically. This toxicity is thought to be a result of the

hydrogen peroxide generated by the action of the enzyme, and would likely disappear as

the peroxide degraded.

A final study found that this process could be applied to wasrewarer in other locations

around the mill, including post-secondary biological treatnlent wastewater, and to
wastewater produced during the processing of hardwood.

Overall, it was concluded that the enzyme technology was not a particularly feasible

colour removal technology for the pulp and paper industry due to issues with time

constraints and reversion of the removed colour during biological treatment.

8.5 Summary

Overall, the advanced oxidative prc,cess (AOP) was found to be a promising colour removal

technology for the pulp and paper industry whereas the enzyme cellobiose dehydrogenase

was not. The AOP technology has the potential to be economically feasible for the treatment

of bleach plant wastewater as long as the price of the activator is not excessive, especially if
the waste stream to be treated already contains hydrogen peroxide. In summary. the AOP
was selected as a f'easible colour removal technology which could remove approximately 50

Vo of the colour fronr bleached kraft mill wastewater.

8.6 Fature Work

The study of novel colour removal technologie.s detailed herein has provided fundamental

information on the capabilities of two colour removal technologies. Unfortunately, it was

shown that the enzymatic treatment was not feasible for implementation at an industrial

scale, however the advanced oxidative process (AOP) does have considerable potential. The

next step tbr the implementation of the AOP technology at nrill scale would be pilot plant

trials. These trials would show if this technology was ef'tective on a larger scale. This
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inforulatioqi would be vital to dEtermine how snccessful this,technology would be if installed

iu-mill.

Anothet fosus of futurc w,orlc w,ould be the trialing of additional m:acrocyelis tetraa&qide

iron(III) csmplexet. Slmultaqeously, with the cuffent study, sev€ral uew- activators have

been developed. These include activators codaining cationlc tails, which may be attractEd

to nogative grollps,J sueh as deprotonated phenols, ,on colour containing or,gade molecgles"

Thc attraption of the astivator to these co-Ioured grcups may inerease effieienc! of bleaching.

In additiqu, longer-lived activ'ators have bwn developed wtich could be imnobilised for
reuse, reduoing clenical eosts. Finally, aetivators which are stable undet acidic conditisns

have be€n s-ynthesi$ed imcaning ftsatrnent of the highly coloured acidic waste stream

diseharged ftm the bleach plan! may be possible usi'n€ this technology.
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Appendix A: Whole Mill Survey

Below are the results of the survey of all wastewater sources around the Tasman Mill. The

soluble chemical oxygen demand (sCOD), absorbable organic halide (AOX), colour and

dissolved organic carbon (DOC) content was determined for all samples collected. The

small sample size (n = 6) and the considerable variability of the results are reflected by the

wide confidence limits. However, this is not of concern as the purpose of this suryey was

only to give indication of sCOD, AOX, colour and DOC sources around the mill.

SCOD

AOX

Sample Site Mean

ks d-'

95 Vo Cl

kg d'!

Min

ks d'r

Max

ks d-r

Wood prcparation

Continuous digesters

Recovery boiler and evaporators

Bleach plant

Causticising

Pulp dryer

Mechanical pulp

Paper machines and groundwood mill

131

I2t8
I 511

16 511

5 911

462

1,9 307

12 380

33

4 076

2097

1 770

3 rI4
284

7 643

| 442

98

4101

136

15 607

2 631

191

7 285

r0 246

172

17 715

3 618

t7 4r4

I 954

1 138

34 142

14 356

Sample Site Mean

ks d-r

95 Vo Cl
ksdl

Min

kedl
Max

kedr

Wood preparation

Continuous digesters

Recovery boiler and evaporators

Bleach plant

Causticising

Pulp dryer

Mechanical pulp

Paper machincs and groundwood mill

0.1

0

0.2

320.1

0.1

0.1

0

0.3

6.0

0.1

0

0.2

317.0

0.1

0.1

0

0.3

0.1

0

0.2

323.1

0.1

0.1

0

0.3

= unable to determine

159



Colour

Sample Site lVIean

ks d-r

95%Cl
ks d4

Min
kEdr

M!
l€ d-l

tVoodprepamtion

Continuous digesters

Reoovery boiler aod evaporaton

Bloach plant

eaustieisihg

Fulp dryer

Meohanicalpulp

Paper ftlnehines alrd ig.tatrlttdwood Edl

87

15 6V6

2019

t2833

444

505

4878

1 091

65

9923

2 88s

3 L54

lW
334

1 909

l8:1

34

4998

196

Lt?2=3

87

[13

1 8il1

808

r85

39 677

493'2

14442

759

1 25L

7W3
L 449

DOC

Sample Site Mean

ks d'l

96 7o Cl
ke d{

Min

ks dr
Max

kedr

Wood prcparzttiori

Continuous digosters

Reaovery boiler arid evqpgrato6

tsleachplmt

Causticising

Pulp drye.r

MechaniEal pulp

Pager @aehines aqd arcuodwCIod mill

45

3 606

89
8,003r

71't4

145

6967

4?s,3

\V

2191

709

r 057

4t2

88

2,738

545

30

L?3ii1

50

74ffi
62:7

q3

2777

34/.8

'6v

8 825

r2w
8543

1 861

345

t2n7
5 411
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Appendix B: Intensive Suryey of Bleach Plant and
T reatment Sy stem Wastewater

Below are the raw data from the intensive survey of the Number 2 Bleach Plant and the

secondary treatment system wastewater. The soluble chemical oxygen demand (sCOD),

absorbable organic halide (AOX), colour and dissolved organic carbon (DOC) content was

determined for all samples collected. The temperature and pH was recorded for bleach plant

samples. The numbers highlighted in grey correspond to the processing of eucalypt whereas

all other number correspond to the processing of pine.

B.l Number 2 Bleach Plant

sCOD AOX

Day Acid

ks fl
Caustic

kp t-r

Combined

ks tr

1

2

3

4

5

6

t

8

9

10

11

t2

13

14

15

16

17

18

19

z0

4.51

6.33

4.38

8.48

4.81

3.U

5.23

9.88

8.72

6.97

8.47

6.60

8.24

9.19

q.29

7.46

6.31

3.26

9.10

9.39

5.24

s.35

3.60

5.7'1.

3,74

3,4"7

3.99

4.55

3.33

7.35

8.35

6.08

5.44

7.00

6..s5

1.1,.34

4.91

6.40

6.92

7.30

9.75

11.68

7.99

L4.19

8.51

6.90

9.22

14.43

12.O5

14.32

16.82

12.68

13.68

16.49

15.84

r8.80

11.22

9.66

16.02

't6.69

Day Acid

ks t-t

Caustic

ks t-r

Combined

ke t'r

1

2

3

4

5

6

7

I
9

10

ll
72

l3

t4

15

t6

t7

18

19

20

0.5-5

0.65

0.68

L.26

0.82

0.73

0.4ti

0.75

0.61

1.20

'1.24

t.r2

1.16

1.30

0.98

0.94

0.97

0.37

1.09

'1.20

0.31

0.15

0.60

0.18

0.14

0.72

0.16

0.11

0.06

0.42

0.44

0.31

o.26

0.31

0.35

0.62

0.29

0.31

0.34

0.34

0.86

0.80

1.43

7.45

0.96

0.86

0.64

0.86

0.68

r.62

1.68

1.44

1,.42

1.61

1.33

1.56

t.26

0.69

1.42

1.54
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Colour

Day Acid

kE t-r

Caustic

ks fr
Combined

kgt.r

I'=_

2._,,
..=.=

3,

4,

5

,6. 
=.

'7" "

I
9.=:

10

t1

L2

13
-1.4

15

16

17

18

L9

20

3;yt ,.
t 

no.6g'=

4;ffi

8.18

3"34

%63,

"e93

9.80.

8.491:

11.40

r_5.70

L3.76

13.73

15.63

17,85

15,95

9.62

4.9V

16.92

L8.24

'. 
1L0E

1Q;66,

4.J4

4,sCI

sijs
2.34

2-9t

[3A

L85

7.97

T2.97

8.77

6,03

7.5s

L.75

2A.22

4.77

4.07

4.39

4.34

:::l::::::: ''

l4;#. ',,

Cr,p+

9'64

E:4i
9"trq

,.,4.ffi,

6.84

,tr1--

10.34

19.36

28.61

22.53

19.77

73.18

19.60

36.17

14.33

9.04

2r.3L

?2.5:8

Day Acid

kg t-I

Caustic

kgt-r

Combined

ke t-l

T

2
3

4

5

6

7

I
I
t0
11

LZ

13

L4

15

15

T7

18

r.9

20

_3.37

1off
4.90

s.l8

3.3+

L63

393

9.81

8.49

71.40

15.70

13.76

13.73

15.63

17.85

15.95

9.62

4.W

16.92

18,24

rx,08

10i6
4J4

4,3CI

5.80

234
2i91

LVA

1.85

7.97

12.91

8.77

6.03

7.55

1.75

20.22

4.70

4.07

4.39

4.34

tr4*M.:,:,
.2L,94,

9;6.4,

13.4E,

9.15

4,!18.

6'84

1X51

10;34

19.36

28.61

22.53

!9.77

23.18

19.60

36.L',l

t4.33

9.O4

21.37

n.5:8
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Appendix

ICOD Summary

Acid

pine eucalvpt

Caustic

oine eucalvnt

Combined

oine eucalvot

Mean

95 7r, Cl

Minimum

Maximum

7.66 6.24

1.19 1.68

3.26 3.n4

9.39 9.88

7.06 4.28

1.r0 0.73

4.90 3.07

1r.33 5.71

14.72 10.53

r.7s 2.03

9.66 6.90

18.80 14.43

AOX Summary

Colour Summary

DOC Summary

r63

Acid
pinc eucalvnt

Caustic

Dine cucalvpt

Combined

pine cucalvot

Mcem

95 Va CI

Minimum

Maximum

1.05 0.73

0.16 0.t7

0.37 0.48

1.30 1.26

0.36 0.21

0.06 0.1.2

0.26 0.06

0.61 0.60

r.42 0.93

0.18 0.20

0.68 0.64

1.68 1.44

Acid

pine cucalvpt

Caustic

oine eucalvot

Combined

pinc eucalvpt

Mean

95 Va CI

Minimum

Maximum

13.98 6.15

2.57 2.35

4.97 2.63

18.23 10.68

7.52 5.04

3,3_s 2.70

1.74 1.70

20.22 11.08

2r.50 11.19

4.52 3.58

9.04 4.98

36.17 2t.34

Acid

pinc eucalvpt

Caustic

oine eucalvot

Combined

oinc eucalvot

Mean

95 7o Cl

Minimum

Maximum

13.9tr 6.1.s

2.57 2.35

4.97 2.63

18.24 10.68

7.52 5.04

3.35 2.70

4.07 1.70

20.22 11.08

2t.50 11.19

4.52 3.58

9.04 4.97

36.1,7 21.34



Apwtdix

Temperature pH

Day Acid

'c
Caustic

"c

,1 '=
4=h =:=

3

4

5.,,=

6; ==

ft::=

8. 
t=

I=,
10

11

72

13

L4

15

t6

t7
18

t9

20

,,45,

' "" 51,,.
.. :r:r': ',. .49

,,61
39:-, -'4-S''

-t',t'w
,416

{5

43

39

50

49

48

42

46

42

54

32

:35"

{:,
&.,,

65

45..,

g5',,

55

5.6'

56

54

58

55

59

57

2V

47

50

48

Day Acid Caustic

1-
4'
4r

3

4

5

6
''7,

I
'9'

10

11

12

13

T4

15

16

T7

18

19

20

3,26 , ,,,

?.3i1 
=',

2.68 :,-,:

2.68, 
=

8.73""''''

z::rc"''t'
'?;49.'t'::::-1

z.ffi,..,
238;

2,44

425

4.00

4.32

2.62

2.64

2.08

1.e8

2.01

2.30

2.30

10,'99

l&.s3

10is3

10"33

9'"77

,(1 q

10"98

10.48

r0.7r

71.87

10.82

r0.51

10.72

10.41

10.20

to.27

11.10

11.30
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Acid

Dinc, eucalWt

Caus-ffe

oine oucalvot

lVIeao

95 Vo CI

Mininum

Maximum

45.

,5

3,2

54

49

5

M
6l

51

7

n
59

52

7

35

63

Tunperature Sumrnar!

pH Summa;ry

Acid
pine eucal*ot

Causfic

Bine eucalvot

Mean

95 Va Cl

l{iniuum

Marinun

2.8t 2.66

0.63 A.2A

1.98 2.31

4,y2 3.26

14.V6 10.70

a..J4 0.39

10.20 9.7:7,

11.87 \r.L1
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Appendix

8.2 Secondary Treatment System

sCOD AOX

Day Pond in

ke d'r

Pond out

ks d-'

I
')

3

4

5

6

1

8

9

10

30 006

46722

33 956

42876

49 284

63 267

57 060

54 444

52079

58 337

23 654

16 064

13 704

13 720

22 482

18 856

22 698

223t7

19 319

25 s23

Colour DOC

Day Pond in

ke dr

Pond out

ke d-l

1

2

-J
4

5

6

-
8

I
l0

432

736

399

359

511

883

921,

762

459

805

178

227

155

1.64

221

250

289

269

302

361

Day Pond in

ke d-r

Pond out

ke d-r

1

)
3

4

5

6

7

8

9

10

33 3N
37 387

32261

32560

49 124

55 355

46823

42273

43 538

57 542

36 507

33 7l(t

28264

26 556

31 620

40 462

45 056

48 933

46049

50 715

Day Pond in

ks d-r

Pond out

ks d'r

1

2

3

4

5

6

7

8

9

10

r7 107

L9 759

12257

16347

t7 865

23 973

22368

19 738

18702

21 461

6 868

5 904

5 5tt0

5 981

7 885

I 499

9 263

I 123

9 806

L0 072
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Appendit

ICOD Summary

AOX Summary

Colour Summary

DOC Summary

Pond in

pine eucalvpt

Pond out

Mean

95 7o Cl

Minimum

Maximum

55 745 40 390

5 183 8 876

49284 33 956

63267 46722

19 833

4226

13 704

?5 523

Pond in
pine eucalvot

Pond out

Mean

95%Cl

Minimum

Maximum

724

203

359

736

481

274

459

921.

242

66

155

361

Pond in
pine eucalvpt

Pond out

Mean

95 Vo CI

Minimum

Maximum

49 109 34067

6532 71,39

42273 32261

57 542 37 381

38 788

87(A

26 556

50 715

Pond in

pine eucalvpt

Pond out

Mean

95 Vo CI

Minimum

Maximum

20684 16 116

zMO 6778

t7 856 12252

23973 19759

7 898

| 716

5 580

10 072
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Appendix C: My Achievement

Below is a photograph of the untreated (left) and AOP treated (right) caustic wastewater.
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