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ABSTRACT

Analysis of expressions describing peroxide bleaching show that there are two distinct
mechanisms involved in peroxide bleaching. These routes can be associated firstly
with traditional bleaching by the perhydroxyl anion and the second mechanism appears
to involve the action of radical species. This analysis has been used as the basis for
experimental work to determine the existence and relative contribution of each of these

mechanisms.

Two-stage bleaching processes under acidic followed by alkaline conditions, without
an intermediate washingstage, have been investigated in order to separate the
contributions of anion and radical bleaching. The addition of chromium nitrate, which
is known to catalyse peroxide decomposition under acidic conditions, to such a
process enhances the brightness of the puip compared with a single stage alkaline
peroxide bleaching process. The addition of small quantities of aluminium nitrate to a
two-stage bleaching process also enhances the brightness of the pulp, this process
depending on the presence of both aluminium and manganese. The results are
explained in terms of radical concentrations in the acidic stage and the proposed

mechanisms and active bleaching species in peroxide bleaching.

Many transition metal ions decompose peroxide, with some producing significant
quantities of hydroxyl radicals. The effects of addition and removal of these metals on
peroxide bleaching have been investigated. Unusual negative effécts are observed
upon chelation and the addition of manganese, copper and iron does not appear to
promote darkening reactions caused by the decomposition products of hydrogen

peroxide.

The effect of pulp consistency on brightness response has also been investigated.



Work at constant conditions of peroxide and alkali, while varying either the total
consistency or the ratio of bleachable to inert fibre shows that consistency is not a
major factor in determining final brightness under alkaline conditions and indicates that

the effect of radical species is small at low consistencies.

A method of determining relative hydroxyl radical concentrations in solutions of
hydrogen peroxide has been developed, using N,N-dimethyl-4-nitrosoaniline. Under
alkaline conditions the effect of the hydroxyl radical appears to be negligible, whilst
under acidic conditions the concentration of radicals can be corelated to the observed

final brightness.
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CHAPTER ONE
Introduction

1.1 A Brief History of the Paper Industry

The use of paper in society is still increasing even though the use of computers has

become the major information storage medium in our society (1). Instead of the

predicted reduction in paper consumption, the demand for paper, particularly bleached

uncoated papers (1) has increased dramatically. The total world production of paper
“has increased by 20% in the past decade (1).

The papermaking process was developed in China about 100AD. Pulp was prepared
by pulverising mulberry, hemp, rags and other vegetable material to separate the fibres
and then allowing the formed sheets to dry (2). This process did not change for many
centuries (2) and the same processes of pulping and sheet forming, although automated
and mechanised to such a degree that they are hardly recognisable as the same

processes, are still used today.

Prihting was the next major development that effected the paper industry. Guttenburg's
development of the printing press in 1450 (2) meant the first mass production of
printed material was possible, and so the demand for paper would have increased
dramatically. Books were now freely available, making the communication of ideas to
a large audience possible, and paper was established as the primary means of
information storage and communication of ideas. Paper continued in this role until the

widespread use of computers and electronic communications.

To meet the growing demand, the production of paper, still made by hand, had to be
improved. The development of new pulping equipment was important but the

invention of the paper machine; the first patent was granted-in 1798 to Nicholas-Louis



Robert (2), was the next major advancement in the paper industry. The Fourdrinier
paper machine, named after the financiers of the initial machine (2), still bears the same
name. About thirty machines were built in the first twenty years of the next century in

England to meet the demand for paper.

The demand for raw material was now such that alternatives needed to be found.
Previously rags were the main source of fibre (2), but the use of wood as the principal
source of fibre was to become common practice in the 1870's. The idea of mechanical
groundwood pulp (Kellér 1840 (2)) and sulfite pulping (Tilghman 1857 (2)) were
implemented as the technology became available and made these processes both
practical and feasible. While new pulping and bleaching technologies have increased
and the size and production of paper mills has increased, essentially the same

processes are still used.

The future demand for paper based products is difficult to predict but the market is
currently still growing (1). The world average consumption of paper products per
person is 45 kg / year (3) and many developing countries are using well below this
level so an increase in demand could be predicted. However, this has to be offset by
the increasing awareness of the general population regarding the environment which
will tend to reduce or change the demand for paper, and hence reduce the impact the

production of paper has on the environment.

The major changes to the paper industry in the foreseeable future would appear to be
related to environmental concerns (4,5). These can take two forms: firstly the by-
products of the paper making process have been the cause of major concern and
secondly the preservation of native forests. During this decade and the last decade there
has been an increasing public awareness and concern regarding the waste disposal and
effluent treatment from major industries. This has brought about a significant change in

practice, not only in the paper industry but all major industry, which has in many cases



been expensive. This public concern has been acted on by various parliaments, due to
public pressure, to legislate environmental regulations and guidelines. While existing
technologies have been modified to meet the new regulations (4,5), and new processes
developed (4,5) there is still a call for even stricter legislation and improved
technologies. The demand for more environmentally conscious technology does not
appear to have been met with a changing demand in pulp quality. The same high

brightness chemical pulps are still in demand.

The second major area of concern is with the natural resources used in the manufacture
of paper. There is an increasing demand in many developed countries for the
preservation of the remaining native forests, but the demand for paper products is,
however, still increasing (1). This has lead to the development of plantations of fast
growing species to meet the demand for pulpwood. For example, in Australia 85% of
newsprint is produced from plantation radiata pine, and only 15% is made from native
eucalypt wood (6). There has also been a shift away from low yield chemical pulps to
semichemical and mechanical pulps in some applications (4,7). This means that a
lower mass of wood is required to produce the same quantity of pulp. The other major
development in the industry, again because of public pressure and legislation, is the
increased emphasis on recycling of paper products (4-6). While this practice has been a
part of the industry for many years, the requirement to increase the proportion of fibre
to be recycled leads to some problems. Secondary fibre has lower strength properties
than virgin fibres, and subsequent processing reduces the strength properties further,
and therefore, fibre can not be recycled indefinitely. The processing, transportation and
collection of recycled paper means that the cost is not significantly lower than that of
virgin fibr_e so there is no cost advantages associated with recycling. The advantage of
recycling, apart from using less wood for paper manufacture, is the reduction in

landfill caused by paper products.

These issues will cause changes in the industry in the next decade, but the future of the



paper industry seems assured, although changes will be necessary, as most new

communication technologies rely on paper products in many different ways.

1.2 The Composition of Wood
Wood consists of a variety of components including cellulose, hemicellulose, lignin

and low molecular weight extractives (8-10). A typical composition is shown in Table

1.1.

Table 1.1 The composition of wood.

Component Softwood Hardwood
Lignin 25-35%1 15-25%2
Extractives and ash 4-10% 4-10%
Cellulose | 40-50%3  40-50%3
Hemicellulose 25-35% 25-35%

1 Softwood lignin contains primarily guaiacyl units (9,10).
2Hardwood lignin contains both guaiacyl and syringyl units (9-10).

3The degreee of polymerisation of cellulose is about 10 000 (10).

The composition varies between species, within species and with location in the tree.

Therefore, it is difficult to characterise wood solely on its chemical composition.

The carbohydrate component of wood consists of cellulose and hemicellulose.
Cellulose is a linear polymer of 1,4-B- bonded anhydroglucose (10) and the degree of
polymerisation is about 10 000 (9-10). Hemicellulose is a polymer of various sugar
units: principally glucose, mannose, galactose, xylose, arabinose, 4-O-

methylglucuronic acid, galacturonic acid and rhamose (10). The molecular weight of



hemicellulose is much lower than cellulose and the polymer can be branched.

Lignin is a complex polymer of phenylpropane units (9,10). IThe basic precursors of
lignin are [1] p-coumaryl, [2] coniferyl (guaiacyl) and [3] syringyl alcohols. In both
hardwood and softwood lignin the presence of p-coumaryl units is negligible (10).
Softwood lignin consists primarily of coniferyl [2] units (9,10) while hardwood lignin
contains both coniferyl [2] and syringyl [3] units (9,10). The ratio of these units in

hardwood lignin ranges from 4:1 to 1:2 coniferyl to syringyl units (9,10).

1.3 Pulping and Bleaching Processes

There are a variety of methods for pulping and bleaching wood (11-16) with the major
consideration being the end use of the paper product. Such considerations as strength
propefties, optical properties, printability and longevity of the paper need to be
ascertained in order to determine appropriate pulping and bleaching methods for a

particular application.

1.3.1 Pulping

Pulping refers to the separation of wood, in the form of logs or chips, into separate
fibres. There are two basic methods of converting wood into pulp. Firstly the wood
can be chemically treated to remove the lignin portion and thus separate the fibres, or
secondly the wood can be mechanically treated to separate the fibres while retaining the

lignin. The processes are very different and produce pulps for different end uses.

Chemical pulps are produced by chemically treating the wood such that the lignin
portion of the pulp dissolves leaving mainly cellulose, hemicellulose and some residual
lignin. The conditions used to prepare a variety of chemical and semichemical pulps are

set out in Table 1.2



Table 1,2 Conditions for the production of chemical and semichemical pulps (after

Smook (11)).
Kraft Acid Sulfite Bisulfite NSSCl Soda?
Chemicals . NaOH H,S0; M3(HSO5) Na,SO4 NaOH
Na,S  M4(HSO3) N2,CO;  NayCO;
Cooking Time (h) 2-4 | 4-20 2-4 0.25-1 2-4
pH | 13+ 1-2 3-5 7-9 | 13+
Temperature 170-180 120-135 140-160 160-180 170-180

1 Neutral sulfite semichemical, 2 Additive such as AQ can also be present..

3M = Mg2+, Na+, NH4*. 4 M = Ca2+, Mg2+, Na*, NH4*.

Mechanical pulps are produced by physically separating the fibres by mechanical force
(11). There are two major types of mechanical pulps, stoneground wood (SGW) and
refiner mechanical pulps (RMP) of which thermomechanical pulp (TMP) is the
predominant type (11). SGW is produced by pressing a block of wood against a
rotating grindstone (17). Fibres, and fragments of fibres, are torn from the surface of
the wood and, after subsequent screening a pulp suitable for papermaking is obtained.
Stoneground woods are the oldest type of mechanical pulps and, due to the short fibres
have low strength properties (11). Refiner mechanical pulps are produced by passing
wood chips, which may have been pre-steamed (TMP) or treated with chemicals to
soften the wood (semi-chemical pulps), through a refiner (18). The refiner consists of
counter-rotating grindstones. The resultanf pulp, after several stages of refining is

ready for further processing. These pulps contain a greater proportion of long fibres,



and thus have better strength properties than stoneground woods.

It is possible to produce pulps using a combination of chemical and mechanical
methods (11). The properties of these pulps are intermediate to those of chemical and
mechanical pulps and are gaining wider acceptance as partial replacements for chemical
pulps in some applications. The production of thcsé pulps requires less mechanical
energy than mechanical pulps and lower chemical application than chemical pulps and
have an intermediate yield. The properties of chemical and mechanical pulps are
significantly different with respect to both physical and optical properties as outlined in
Table 1.3.

Table 1.3 Comparison of chemical and mechanical pulp properties

Pulp type Chemical © Mechanical
Yield low 40-55% high 90-95%
Fibre properties long short
Printability poor ‘good
Pulping chemical cost high negligible
Pulping energy low very high
Bleaching chemicals high, mﬁltistagc lower, lower brightness
Cost bleaching required achieved
Bleachability relatively easy to reach high Difficult to achieve high
brightness (85-90%IS0O) brightness (75 %ISO)
Strength propcftics high low

Examples Kraft, Sulfite, Soda SGW, TMP, RMP




1.3.2 Bleaching

Bleaching is undertaken to improve the optical properties of the pulp, where the
greatest concern is the brightness of the pulp. The aims of bleaching chemical and
mechanical pulps are significantly different (1 1). When bleaching chemical pulps the
bleaching procedure should remove essentially all of the residual lignin to leave a pulp
comprising mainly cellulose and other carbohydrate components. In the case of
mechanical pulps, in order to preserve the high yield, bleaching selectively removes or
modifies the coloured components of lignin, which only constitute a small percentage
of the lignin macromoloecule, without significantly altering the yield or delignifying
the pulp. For these reasons different bleaching reagents are used for chemical and

mechanical pulps.

The bleaching of chemical pulps, and especially kraft pulps, is performed in several
stages, the first part of the sequence being to eliminate the residual lignin and then the
latter part of the sequence aims to increase the brightness of the pulp (11). The use of
chlorine based bleaching reagents such as elemental chlorine, chlorine dioxide and
hypochlorite is common with chemical pulps and leads to environmental concerns
regarding the by-products of this treatment (11). These incréasing environmental
concerns are a major driving force behind development of different bleaching
technologies that reduce or remove the need for chlorine based chemicals. Thus
elementally chlorine free (ECF) and totally chlorine free (TCF) pulps are now being
produced (19-21). To replace these chlorine based chemicals, reagents such as ozone,
oxygen and hydrogen peroxide are increasingly being used in the bleaching of
chemical pulps (12-15). Alkaline extraction stages with the addition of oxygen and/or
hydrogen peroxide are also used and can reduce the quantity of chlorine based
chemicals required (12,13). The reactions occurring in these processes are as yet ill-
defined, but their understanding is of enormous potential economic importance. Under
conditions where selective lignin removal is required, as in bleaching of chemical

pulps, it is possible that processes involving the hydroxyl radical play a very



significant role (21). However, it is also known that attack on the carbohydrate
component of the pulp by this radical species can also lead to depolymerisation (22) ,
resulting in unacceptably low mechanical strength properties. The controlled activity of
this radical species as a selective reagent could therefore be crucial in moving to

chlorine free bleaching.

The use of chlorine dioxide as a partial or total replacement for chlorine is also a viable
process (12), and although still using chlorine based bleaching reagents, produces
significantly lower quantities of harmful by-products, such as dioxins and other
polychlorinated organics (12-14). A peroxide stage can also be used as the final stage
of a multi-stage bleach sequence when several extra points of brightness are required

(23).

The bleaching of mechanical pulps requires less severe conditions than for chemical
pulps as the aim is to preserve the high yield while improving the brightness, therefore
removal of lignin is not wanted. For this reason different reagents such as sodium
dithionite (hydrosulfite) and hydrogen peroxide are commonly used for bleaching
mechanical pulps. It should be noted that the bleaching of mechanical pulps with
hydrogen peroxide is performed under milder conditions than the bleaching of
chemical pulps, and different typés of reactions occur (11,13). These reagents are
capable of bleaching mechanical pulps to brightnesses suitable for lower grade paper
products, such as newsprint (11), while not lowering the yield of the pulp
significantly. Brightnesses of 75% %ISO are quite possible with peroxide in a single
stage (11). The cost of peroxide is significantly higher than that of dithionite but is
capable of producing higher brightness pulps with greater thermal stability (11). The

proportion of mechanical pulps bleached with hydrogen peroxide is increasing rapidly.

1.4 Peroxide Bleaching of Mechanical Pulps

Hydrogen peroxide has been used as an oxidative bleaching reagent for mechanical
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pulps for many years (24-29). As with bleaching of all mechanical pulps, the process
is lignin retaining, that is, the lignin is modified to reduce the colour but not removed
from the fibre (11). In this way the high‘ yield of mechanical pulps is maintained while
the optical properties are improved. The major bleaching reagent for bleaching of
mechanical pulps is sodium dithionite (hydrosulfite) (30,31) but the proportion of pulp
bleached with hydrogen peroxide is rapidly increasing due to the benefits it offers.
Peroxide is capable of achieving greater brightness gains and the pulp is less
susceptible to reversion processes (28,32-34), the disadvantage being the cost of
peroxide compared to sodium dithionite. Two-stage bleaching with peroxide follchd
by dithionite is used when high brightness mechanical pulps are required (29,32,35-
38). After the peroxide stage, dithionite is capable of bleaching to several %ISO
brighter at a much lower cost than peroxide. One of the majdr benefits of peroxide
bleaching is that the decomposition products, water and oxygen, are of no
environmental concern, whereas other bleaching reagents can produce by-products

which are harmful to the environment.

1.4.1 Peroxide Bleaching Conditions

H'ydrogen.peroxide is a very versatile bleaching reagent that can be used in a variety of
ways. These include use in the bleaching of chemical pulps (23), steep bleaching of
mechanical pulps (28) and the more traditional bleaching of mechanical pulps (24,29).
The conditions used vary depeﬁding upon the type of pulp, the final brightness

required and many other factors.

Typically the following conditions are used for the bleaching of mechanical pulps:
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Peroxide charge : 1-3% on o.d. pulp.
Alkali charge : 1-2% on o.d pulp, sufficient to give an initial pH of
(Sodium hydroxide) 10.5 - 11.5.

Consistency : 10-30%.

Time : 1-4 hours.

Temperature : 40-80°C.

Stabilisers : Sodium silicate (2-5% on pulp of a 30% solution),

Magnesium salts (0.05%), or Chelating agents
(0.2-0.5%).

1.4.2 The Chemistry of Peroxide Bleaching

The perhydroxyl anion, HO,", is thought to be the species primarily responsible for
bleaching of mechanical pulps (24,29). For this reason peroxide bleaching is
performed under alkaline conditions to maximise the concentration of this species.
Hydrogen peroxide is a weak acid with pK, = 11.6 (39), and dissociates according to

equation {1.1}
H,0p --> H* + HOy {1.1}

Therefore under alkaline conditions the concentration of the perhydroxyl anion can be

increased according to cquatioln {1.2}
» H202 + OH --> H20 + HOz' {1.2}

This is further complicated by the influence of alkali alone on pulp brightness. In the
absence of peroxide, or at low levels of peroxide tﬁe pulp can darken. This phenomena
is known as alkali darkening (29,40,41). Because pulp darkens in the presence of
alkali it is usual practice to ensure that there is peroxide remaining at the completion of

the bleaching process. This is typically of the order of 10% of the initial peroxide
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charge (29,40). In a single stage bleaching system this peroxide is normally neutralised
with sulfur dioxide prior to the papermaking process (25), but the possibility of
recycling this peroxide, due to the cost of the reagent, is now being considered in more
cases (27,40,42-44). Furthermore, the decomposition of hydrogen peroxide increases
at higher alkalinities (24), whether this is due to the influence of residual transition
metal ions or the base induced reductive cleavage of peroxide. It is therefore-nccessary
to achieve a balance between the concentration of the perhydroxyl anion and the level
of peroxide decomposition reactions and alkali darkening caused by high pH. Due to
these processes an optimum pH for the peroxide bleaching of mechanical pulps is

observed (24,28,34,45, Figure 2.18), generally in the range pH 10-5 - 11.5.

In alkaline peroxide solution species other that the perhydroxyl anion can be formed,
and some of these species can be powerful oxidants (39,46-48), capable of reacting
with the lignin and cellulose portions of mechanical pulps. While these species are not
usually considered useful bleaching reagents, and ¢fforts are made to reduce their
concentrations, they do need to be considered in the overall chemistry of peroxide
bleaching. In the absence of pulp, alkaline peroxide solutions can decompose via
mechanisms that involve the formation of species such as the hydroxyl, perhydroxyl
and superoxide anion radicals, OH’, HO," and ‘O,- (39,48). Many mechanisms have
been proposed to account for the generation of these species, with transition rﬁctal ions
playing a significant role in the production of these radical species. Such a scheme is

shown below.
Firstly, the base induced cleavage of hydrogen peroxide (48-50);
H,0, + HO, --> OH' + 'Op” + Hy)O

or secondly and more importantly, by transition metal ion catalysed decomposition of

hydrogen peroxide (48,49);
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M™ + HyOp —> OH + OH" + MW+
OH" +HO,” +M®*D+.5:0,° +H,0 +M™*
‘0" + HyOy --> O + OH' + OH”

The rate of the third reaction is small and is governed by the presence of transition
metal ions. The role of these species has traditionally been thought to be negative,
causing darkening of pulp (41) and loss of pulp strength (51). However, it has also

- been proposed that these species may have a positive influence on peroxide bleachi_ng.

Figure 1.1 shows a possible reaction scheme for this.

Water and
Oxygen

Radical

— Darkening

Hydrogen
Peroxide

» Bleaching

Perthydroxyl | Darkening

Anion

—————7#> Non-bleaching

Figure 1.1 The possible role of radical species and the perhydroxyl anion in peroxide

bleaching processes (after Burton et al. (26)).

1.4.3 Chromophoric Structures in Lignin
Lignin is a polymer composed of phenyl propane units and constitutes approximately
30% by weight of the the mass of wood (9). Within the wood the only coloured

component is lignin (9) and only a small proportion of the lignin units are coloured or
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potentially coloured. It is generally thought that there are three main types of
chromophoric structure present in mechanical pulps (52-54), these can either be
present in the native lignin or be introduced during pulping (46). These structures are

shown in figure 1.2.

I~ cZ © C C
C C=.O C
=z |
N o\ 0\ 0
cl) CH, (l) CH, 0
R R |
(1) (2) (3)

Figure 1.2 Chromophoric structures present in mechanical pulp lignin. (1) a-f
unsaturated aldehydes, (2) o-carbonyls and (3) o-quinones. R = Hor the lignin

macromolecule.

Peroxide is thought to be capable of reacting with each of these types of structures, and
in so doing, enhance the optical properties of the pulp. In the case of a-carbonyls
peroxide only appears to react when R = hydrogen (53), that is a p-hydroxyl group is
present. The abundance of these structures in lignin is uncertain and varies with wood
species and pulping processes but o-B unsaturated aldehydes are thought to constitute
about 3-5% of lignin units (54,55). Quinones appear to be primarily introduced during
pulping and only present in very low quantities in native lignin, but due to their high

absorption coefficient can contribute significantly to the colour of pulp (55,56).

The brightness-time response of mechanical pulps to alkaline hydrogen peroxide
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typically shows two distinct phases (52). An initial rapid increase in brightness being
followed by a much slower brightness increase with time, as shown in figure 1.3. This
response is noted under conditions where both peroxide and alkali concentrations are
declining, as encountered under industrial brightening conditions, and also under

conditions of constant reagent concentrations (57).

Brightness Gain (%ISO)

e
0 500 1000 1500
Duration of Bleach (min)

Figure 1.3 Brightness response of E.regnans SGW to alkaline hydrogen peroxide.
Conditions 1% consistency, 50°C, pH 11.0, 6% peroxide on o.d pulp.

Attempts have been made to try and identify ihe chromophore types that are reacting at
various stages of peroxide bleaching and give rise to the brightness-time profile
observed. It appears that o-B unsaturated aldehydes and o-quinones can react quickly
with peroxide (52), and so could be related to the initial rapid increase in brightness
and that a-carbonyls could be responsible for the slow residual rate of brightening.
However, it is well known that dithionite reacts with a-p unsaturated aldehydes and o-
quinones (52), even after extended times of peroxide bleaching significant brightness
increasi_as can be observed after subsequent dithionite bleaching, indicating that some of
these structures must still be present. It is clear that much work is still needed in this

area to decide which structures are susceptible to elimination by alkaline hydrogen
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peroxide.
1.4.4 Delignification and Brightening Chemistry

The aim of peroxide brightening of mechanical pulps and delignification of chemical
pulps are significantly different. In mechanical pulp bleaching the aim is to modify
chromophoric structures to increase the brightness while not significantly reducing the
yield of the pulp, that is, the lignin structure is left essentially intact. In the
delignification of chemical pulps the role of peroxide, whether used with or without
oxygen in an oxidative extraction stage, is to help breakdown the structure of the
residual lignin so it can be easily removed. Thus, mechanical pulp bleaching is yield

preserving while chemical pulp bleaching aims to degrade and remove residual lignin.

The colour of mechanical pulp lignin is due to a small fraction of the lignin (54-56).
Therefore, in order to bleach the pulp, a very selective reagent is required, but also a
relatively mild reagent so as not to react with other structures or degrade the lignin
macromolecule. Peroxide bleaching of mechanical pulps is a well established
procedure while its use in delignification of chemical pulps is a relatively new process

(58).

The presence of radical species in mechanical pulp bleaching has traditionally been
thought to have negative effects. However, delignification requires more severe
conditions than brightening and the presence of radical species are thought to play a
more significant role. Hydroxyl radicals are thought to be essential for maintaining a
reasonable rate of oxidative processes, as well as contributing to undesired cellulose

degradation (59).
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1.5 The Australian Industry

While the pulp and paper industry is important in Australia, it is still a net importer of
paper products (60). As shown in Table 1.4, Australia is close to self sufficient in
tissue and packaging grades but produces only about half its requirement for newsprint
and fine writing papers (60). As can be seen from this table, approximately 800 000
tonnes of paper products are imported each year significantly influencing the economy

of the country, by incurring a trade deficit of A$1.33 billion.

Table 1.4 Consumption of paper in Australia in 1989/90, all figures are in 1000
tonne units (after Sykes-Smith (60)).

Product Production Exports Imports Consumption
Newsprint 371 5 288 654
Printing and writing 406 27 439 823
Tissue 167 0 10 177
Packaging and Industrial 1067 136 221 1170
Total | 2011 168 958 2824

Au.stralia has approximately 41 million hectares of forest, 34.5 million hectares of
which is native eucalypt. Of this total area 18% is managed for wood production. The
employment generated in forestry, pulp and paper manufacture and related areas is
approximately 184 000 (60).

There are 21 pulp and paper related mills in Australia (60) operated by six major
companies. They produce a full range of pulp and paper products mainly from native
eucalypt or plantation Radiata pine. Recycling is also a major part of the industry with

900 000 tonnes of paper product recycled each year (60) and the possibility of a new
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recycling/deinking plant in the near future (6). This new development will be the first
facility in Australia to recycle newsprint and magazine grade papers for use as

newsprint. Currently approximately 45% of fibre processed in Australia is recycled.

1.6 Aims of the Project

Although hydrogen peroxide has been used as an oxidative bleaching reagent for many
years, recently much debate regarding active bleaching species has appeared in the
literature. As outlined in the previous section (Chapter 1.3) the perhydroxyl anion is
thought to be the active bleaching species, and the role of other decomposition

products of hydrogen peroxide, including radical species, is uncertain.

This project aims to elucidate the role of radical species in peroxide bleaching of
mechanical pulps, both under alkaline conditions and under acidic and neutral
conditions not usually encountered with peroxide. In so doing, it may be possible to
use conditions where radical species are major possible bleaching species and compare
this with conditions hnder which the perhydroxyl anion is dominant. Such experiments
may enable a conclusion to be reached relating to the role of different species in

peroxide bleaching.
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CHAPTER TWO
Two-Stage Peroxide Bleaching Sequences

2.1 Literature Review

As has been outlined in the previous chapter, peroxide bleaching of mechanical pulps
is generally performed in a single alkaline stage (1-4). The removal or deactivation of
peroxide decomposition catalysts and subsequent stabilisation of the bleach liquor is of
major importance (3-16). Decomposition of hydrogen peroxide is thought to be
undesireable due to the expense of the bleaching reagent and the products.of this

decomposition are not seen as having any significant bleaching effect (2,5,8,16-18).

Conventional single stage peroxide bleaching of mechanical pulps has been optimised
to such an extent that major improvements in the process seem unlikely. The use of
new bleach liquor stabilisers and increasing the consistency have been the most recent
developments. Therefore, if there are to be any significant changes in the peroxide
bleaching of mechanical pulps the use of multiple stages, wider ranges of conditions
with respéct to pH and the investigation of the role of other possible active bleaching

species could be considered.

Examination of previously reported kinetic expressions describing peroxide bleaching
(19-22) reveals the possible existence of two parallel paths of peroxide bleaching.
Associating these routes with the presence of the perhydroxyl anion and free radical
species will allow the development of novel peroxide bleaching sequences to test these
assumptions and to provide supporting evidence for the validity of the kinetic analysis

performed.

2.1.1 Proposed two-stage Bleaching Sequences

There have been several proposed processes for dual stage peroxide bleaching
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appearing in the literature recently (23-32). These can generally be classified into two
distinct groups. Firstly, the pulp is exposed to two consecutive alkaline stages (23-30),
with differing ratios of bleach chemicals in the two stages and various washing and
recycling procedures from one or both stages (23,24,26,29). Secondly, the pulp is
exposed to peroxide at two distinctly different levels of pH, generally one of the stages
being a conventional alkaline stage, but the other stage could be either neutral or acidic
(25,32) or of higher pH than a conventional alkaline peroxide bleéch stage (27). In

some of these stages transition metal ions are added (32).

Two stage peroxide bleaching under alkaline conditions, with various recycling
strategies have been studied in some detail (23,24,26,29). Generally these sequences
are used when high brightnesses are required. It appears that the best strategy is to
apply most or all of the total charge of peroxide in the second stage (P,) (23,26,29),
witlh less in the first stage (P,), or recycling peroxide from the P, stage to the P, stage
(23,24,26,29). With these strategies the optimised two stage sequence using a given
total peroxide charge (25,26) gives a higher brightness than an optimised single stage
bleach using the same peroxide charge. However, it should be noted that in some of
these processes significantly more alkali is required compared to a single stage bleach
(25,29), thus increasing chemical costs. Secondly, more capital expenditure is required
for the extra bleach tower, presses and associated equipment needed for these
processes (24), and this needs to be considered in the overall cost efficiency of the

process.

Kinetic models of peroxide bleaching have been developed which indicate that for a
given charge of peroxide a linliting brightness is achieved (33,34). Therefore, the
application of a higher chemical dosage will result in a higher brightness of the pulp,
but also a high peroxide residual. This can be used to explain why a higher peroxide
charge is applied in the second (P,) stage. Because of the cost of peroxide as a

bleaching chemical, there is a need to reuse this peroxide and hence, these two stage
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alkaline processes usually include recycling of the residual peroxide. The addition of
alkali to reestablish the pH to values normally associated with the start of a
conventional peroxide bleach, pH 10-11, has also been proposed as a second stage of
a two stage process (29). When there is a high peroxide residual after the P; stage, this
is an efficient method for utilising or ‘reactivating’ the hydrogen peroxide still present
in the pulp slurry. Although no further peroxide is added the concentration of the
perhydroxyl anion is increased by this addition of alkali, thus enabling further

bleaching to occur.

Various processes have been developed in which dual stage peroxide bleaching is
performed under conditions of pH that are not typically associated with peroxide
bleaching of mechanical pulps (25,32). Systems using acidic and then alkaline
conditions have been shown to give a similar or greater brightness using less peroxide.
However, as the P, stage is acidic more alkali is required to give a similar initial pH in

the P, stage compared to the single stage process (25).

A similar process, but with added transition metal ions, either tin, titanium or
vanadium can be used for either chemical or mechanical pulps (35), to both increase
the brightness and delignification of the pulp. This process does not reduce the
viscosity of the pulp as would occur in acidic peroxide without added metal ions (35).
The brightness of the pulp is only increased if the pH of the acidic stage is not lower
than approximately 3. Various metal additives show these properties to differing

degrees, with tin appearing to be the most active.

In another process, acidic hydrogen peroxide can be used as a pretreatment in a two
stage process to attain high brightness using only peroxide (25). This, coupled with
recycling of peroxide leads to a viable process. Again less hydrogen peroxide is
required for a given brightness in the two stage process, but the loss of some bleaching

reagent in the recycling makes the advantage small.
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Another approach to two stage bleaching is to have the first stage at a much higher pH
than normally used for conventional peroxide bleaching (27). This process, known as
hyper-alkali peroxide bleaching, increases the strength of the pulp, and the peroxide
present in the first stage appears only to prevent significant darkening from occurring.
While préducing a stronger pulp, additional alkali and presumably acid would be

required for this process.

2.1.2 Separate Radical and Anion stages

It would appear from the literature that both radical species (36-43), particularly the
hydroxyl radical, and the perhydroxyl anion (39) are capable of reacting with
structures typically present both in lignin and cellulose. Therefore it would be
reasonable to assume that a bleaching process that exposes mechanical pulps to both of
these species could be beneficial, or is at least of interest to determine the active species
and mechanisms of peroxide bleaching. Furthermore, if the two processes can be
separated, as much as possible, it may be feasible to determine the relative contribution

of each mechanism.

Clearly, increasing the pH of hydrogen peroxide solutions increases the concentration
of the perhydroxyl anion (49), and could be associated with increasing the rate of
bleaching due to this species. However, at elevated pH, abové approximately pH 11,
darkening reactions caused by alkali occur to such an extent that the bleaching response
is reduced (2,3,20). For this reason the traditional bleaching conditions of
approximately pH 11.0 initially, should be used for exposure of the pulp to the
perhydroxy! anion.

For radical induced bleaching other conditions need to be used. The decomposition of
hydrogen peroxide in alkaline solution in the absence of pulp proceeds, at least partly
via a radical chain mechanism (47,48), and presumably this also occurs in the presence

of pulp to some extent. This may be due to the presence of transition metal ion
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impurities (49-50) or may be a route of peroxide self-decomposition (47,48).
However, under normal bleaching conditions the pulp will be exposed to some
radicals, especially pulps which have high transition metal ions contents. For this

reason it is not possible to totally separate the two mechanisms.

In order to expose pulp to radical species under conditions of reduced perhydroxyl
anion concentration, neutral or acidic conditions need to be employed and the addition
of a peroxide decomposition catalyst to produce radical species is required as the
decomposition of peroxide under acidic conditions is very slow. Another reason for
this approach is that the oxidation potential of the hydroxyl radical inCreases in acidic
media (51,52), so any effects due to this species could be enhahced'in acidic solution,

however, the radical is still capable of reacting under alkaline conditions.

There are few reports of beneficial effects resulting from the presence of catalytic
species during bleaching (25,53-55). Introduction of manganese has been shown to
accelerate delignification and reduce carbohydrate degradation in studies of oxygen
delignification (54,56). Transition metal species have also been shown to be effective
in catalysing oxygen delignification of residual lignin in chemical pulps (55,57,58).
Recent studies have also shown that transition metal catalysts can promote peroxide
bleaching efficiency during two-stage processes, initially using acidic conditions

followed by a conventional alkaline peroxide stage (55,57,58).

In some cases fransition metal catalysed decomposition of hydrogen peroxide is
thought to proceed via free radical chain reactions, producing intermediate species such
as OH and O, é.nd there has been recent interest in the possible role of these active
spécies in chromophore elimination (38,59). The radicals formed, and particularly the
hydroxyl radical, are powerful oxidants and capable of reacting with structures

typically present in lignin.
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Chromium is unusual in that the maximum decomposition rate for hydrogen peroxide
in the presence of this transition metal occurs under slightly acidic conditions (16),
while the rate of decomposition is negligible at pH > 8.0. In contrast, transition metal
ions including manganese, copper and iron, which are often present in pulp samples,
have maximum activity under alkaline conditions (60,61). This observation for the
behaviour of chromium may allow the pulp to be exposed to radicals produced by the
catalytic decomposition of hydrogen peroxide in a pH range where the concentration of
the perhydroxyl anion is low, which enables the effects which occur under both acidic

and alkaline conditions to be studied separately.

In the present work, parallel pathways for peroxide bleaching have been examined
using a range of pH conditions. Further experimental work aimed at providing
additional evidence for this dual mechanism has also been undertaken, and discussed

in the context of the literature pertaining to active species in peroxide bleaching.

2.1.3 Kinetic Models of Peroxide Bleaching

During the past decade there has been an increasing interest in the kinetics of peroxide
bleaching (19-22). This interest probably arises from the greater use of peroxide as a
bleaching reagent for mechanical pulps as a replacement for reductive treatment with
hydrosulfite (2). Kinetic phenomena during peroxide bleaching of wood have been
much less extensively reported than for many other important reactions, particularly
alkaline pulping processes (62-64) and therefore, interpretation of these studies may

lead to further understanding of the mechanisms of peroxide bleaching.

There have been two basic approaches to formulating models to simulate the kinetics of
alkaline peroxide bleaching (4,19-22,65). One approach is to relate brightness increase
to variables such as initial pH and peroxide charge, temperature, stock concentration
etc. (4,65). This type of formulation may be useful in predicting final brightness of a

pulp using a given set of parameters, particularly under mill conditions. The other type
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of kinetic formulation can be closely associated with the approaches of standard
chemical kinetics. In this case, too, kinetic expressions must also be regarded initially
as empirical expressions. However, these expressions should reflect the net result of

many concurrcnt-elememary processes which occur during bleaching.

Many of the difficulties with interpretation of these types of kinetic expressions are
identical to those-encountered when considering expressions describing alkaline
pulping processes (62-64). These include the heterogeneous nature of the reaction,
uncertainties in the importance of diffusion processes and questions regarding the
validity of defining species within the lignin macromolecules on a molar concentration
basis (64). However, accepting these possible limitations, it is possible to proceed

with an analysis of this kinetic expression.

However, from an analysis of such expressions, particularly if they are formulated
directly in terms of the concentrations of the active species, a better understanding of
mechanisms involved should be achieved. An attempt to further analyse kinetic
expressions reported in the literature (19-22) to show how these can be reconciled with

observations concerning bleaching mechanisms has been made.

2.2 The Empirical Model

Several recent studies (19-22) have considered kinetic behaviour during alkaline
peroxide bleaching of fnechanical pulps. Kinetic expressions obtained under conditions
of constant concentrations of peroxide and alkali, usually obtained at low consistency,
are most appropriate to a consideration of reaction mechanisms. Under such conditions

the rate of removal of chromophores has been described by the expression:

-G = k[Hp0y' [OHT (G (2.1)
dt
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where [C] = concentration of chromophores
(Hy05]t01 = total concentration of peroxide

[OH"] = hydroxide ion concentration

It has been reported (19-22) that the orders of the reaction had the following values: a
(1.0), b (0.3 - 0.5) and ¢ (4 - 5). Specific values were found to depend on the
particular pulp studied. Although this expression has been derived for conditions of
low consistency and constant concentrations of reactants, it has also been applied to
typical bleaching situations found for mill conditions (26,66), the major difference
being the values of the orders of reaction with respect to alkali, peroxide and

chromophore concentration.

The high apparent order of reaction with respect to chromophore concentration would
be expected to occur for a set of chromophores with a wide variation in susceptibility
to peroxide bleaching. High apparent orders with respect to lignin concentration during
pulping and bleaching processes have been discussed previously (63,64). This effect
is similar to that found for other heterogeneous systems involving complex
components, as often encountered for processes of industrial importance. For
example, during cracking of hydrocarbons, while simple reaction orders are found for
single components (67) high reaction orders are calculated applying a kinetic model to
complex mixtures (gas-oils) containing é wide diversity of chemical structures with

different reactivity (68).

2.2.1 Kinetic Analysis
The dependence on the rate of chromophore elimination in equation {2.1} is expressed
in terms of the total peroxide concentration, which remains constant during the reaction

and is given by

{H202]t01 = [H202] + [HOz-] l2.2}
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where [H,0,] and [HO,] are the concentrations of undissociated hydrogen peroxide
and perhydroxyl anion respectively. As these species probably differ significantly in
their activity in bleaching processes, and many studies have suggested that the
presence of the anion has the dominant influence, equation {2.1} has been rearranged,
taking values of a,b and ¢ as 1.0, 0.5 and 5.0 respectively, and using the relationships

(21):

[H+] [HOy') = K, =101l {2.3}
[(Hy0,]
[H[OH] = K, = 10 (2.4)

to give the following kinetic expression:

-dC] = k ([OH1%S + 103/[0H1%5) [HO,] [C,)° (2.5)
dt

Equation {2.5} shows that the rate of chromophore elimination is directly proportional
to the concentration of perhydroxyl anions. The dependence of the rate on alkalinity of
the solution is a more complex function, however, consisting of the sum of two terms.
The first term increases with alkalinity while the second decreases with increasing pH
of the medium. Figure 2.1 shows the behaviour of the two components of this

expression as the pH is changed.

This formulation can be interpreted by assuming chromophore elimination can arise
through two parallel pathways following different mechanisms and hence leading to

distinct kinetic behaviour, as shown in equation {2.6}.



33

-d[Cy] = K[OH]%5 [HO,] [C, 1 + k(10-3/[OH1%5) [HO,7] [C, )5 {2.6}

dt

Route A Route B

Route A
Route B

Figure 2.1 Plots of the two pH dependent terms of the rate expression (IOH195 +
10-3/{OH"]05) against pH. Rates have been calculated based on the appropriate

concentration of hydroxide ion.

Route A is favoured by the presence of OH™ and HO,", while route B is favoured by
the presence of HO," and H*. Figure 2.2 shows the variation in the in the two
components of the expression ([OH7]93 +10'3/[0H']0'5)[H02']_ as the pH is varied. A
small magnitude is associated with both components under neutral and acidic
conditions. Under alkaline conditions the rate for route A increases with pH, while a
maximum rate is observed for route B at approximately pH 11. It is apparent that,
according to this analysis, both routes are of importance in the pHrange 8 - 12
normally encountered in conventional peroxide bleaching (Figure 2.3), with route A
dominant at pH > 11 and route B dominant at pH < 11. At pH 11.0 which would be a
typical initial pH value in peroxide bleaching the relative contribution from the two

routes would -be very similar.
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Figure 2.2 Plot of the two components of the rate expression ([OH']O'5 + 1073/
[OH‘]O-S) [HO,] as the pH is varied. Rates have been calculated based on the
appropriate concentration of hydroxide ion and using pK, = 10-!1 for H,0,. [H,0,] =
1.0OM

2.2.2 Mechanisms and Active Species

The classical cxplanation for the action of alkaline hydrogen peroxide is given in terms
of the perhydroxyl anion as the active species (2,69). This anion is thought to act as a
nucleophile, preferentially attacking centres of low electron density in the lignin
structure (39). These reactions would include addition of the perhydroxyl anion to a
double bond in a conjugated structure derived from a quinone methide intermediate at
the C, position of the side chain, at unsubstituted poéit:ions in the ring (39) or at the
carbonyl group (44). Addition to carbonyl groups in the a-position of the side chain
has also been suggested (43). Most mechanisms presented to illustrate these types of
process involve a series of séquemial steps, some of which may depend on the
presence of hydroxide ions, either during formation of a quinone methide structure

(43), or during breakdown of a perhydroxyl intermediate (44).
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0.12
O Route A rate

O Route B rate
0.091 A Total rate

0.06

Rate

0.03

0.00

Figure 2.3 Plots of the two components of the rate expression as in Figure 2.2, and
the sum of the two rates in the pH range 8 -12. Rates have been calculated based on the

appropriate concentration of hydroxide ion and using pK, = 101! for H,0,.

It would appear reasonable to identify this type of mechanism with route A in our
kinetic model, where the rate of chromophore elimination depends on [OH19, [HO,]
and [Ck]5 . The appearance of three concentration terms in the rate expression and the
non-integer order of the hydroxide ion is consistent with the proposal of a sequential
mechanism, in which the perhydroxyl anion and the hydroxide ion interact with the

chromophore in different steps of the overall mechanism.

It is apparent that the predicted bleaching rate via route A would increase continuously
with pH, so ihat the total rate of bleaching would nét exhibit a maximum value. Most
bleaching studies have been reported under conditions where the peroxide
concentration falls as the reaction progresses, and in most cases (2) a maximum
bleaching rate is found in the range pH 11-12. This could be attributed to an increased

rate of peroxide decomposition at high pH levels (70). However, a maximum in
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bleaching rate is also observed at approximately pH 11 when the peroxide charge is
maintained at a constant level throughout (22). This has been explained by the alkali
darkening effect (71), which has been attributed to competing alkali induced creation of

new chromophores at high pH levels.

It has been known for many years that decomposition of aqueous hydrogen peroxide
to produce mblccular oxygen can occur through free radical intermediates (38),
particularly when the process is catalysed by the presence of transition metal ions (38).
Those processes have traditionally been regarded as detrimental to peroxide bleaching
efficiency, leading to loss of the bleaching agent. Consequently, additives such as
sodium silicate, DTPA and magnesium salts are routinely incorporated into bleaching
s'ystems to retard decomposition (2,16). During the past decade, however, there has
been an increasing awareness that free radicals derived from peroxide decomposition
may, in fact, play an important role in the bleaching reactions of wood pulp
(37,39,40,72). In the absence of metal ion catalytic species, hydroxyl and superoxide
radicals can be produced as follows (39,42,47):

H,0, +OH <==> HO," + H,O {2.7}

ky

H,0, + HO, --—> HO + 'O, + Hy0 (2.8)

Taking equations {2.7} and {2.8} as the principal route to generation of free radicals,

and including a termination step (47):

ky
HO +.02' -—-> OH + 02 [29]

we have a simple overall mechanism for decomposition of hydrogen peroxide to
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produce molecuiar oxygen. The final step in which two free radicals combine is very
fast (73) compared to the overall rate of reaction (74). Assuming that equilibrium has
been established according to equation {2.7} and k, >> k| the steady state
concentration of free radicals (60) established will depend on the pH of the solution.
The kinetic behaviour of this system can be modelled by computer methods (62) using
a dynamic simulation program to give a profile of the variation in steady state total free
radical concentration with pH as shown in Figure 2.4. It is apparent that this profile
has a maximum at approximately pH 11, and is similar to that describing the magnitude
of route B in Figure 2.2. These distributions can also be compared with Figure 2.5,
which shows the reported (37) variation in rate constant with pH for oxidation of -
methyl syringyl alcohol with hydrogen peroxide at 30°C. The rate of alkaline peroxide
oxidation for this lignin model compound also exhibits a maximum at approximately
pH 11, and the mechanism for this process has been discussed in terms of free radical

intermediates derived from hydrogen peroxide (37).

Consequently, it is proposed that the generation of free radical species which can
interact with chromophores in the lignin structure gives rise.to route B in the kinetic
model. A number of studies have concluded that it is the hydroxyl radical rather than -
the superoxide radical that is active in reactions with lignin (18,38,44,46). The
hydroxyl radical is a strong oxidant (72) and is thought to add to aromatic rings in the

lignin structure as an electrophile (39).

In the presence of transition metal ions which can catalyse peroxide decomposition we
might expect the steady state concentrations of free radical species would be increased,
and this has indeed been observed (60). Furthermore, it has been found that the
position of the maximum rate occurs at a pH which depends on the metal present under
boﬂl homogeneous (16) and heterogeneous (75,76) conditions. The metal ions most
commonly present in wood pulp which are also active towards peroxide decomposition

are manganese, copper and iron. These ions have been found to produce maxima in the
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Calculated steady state free
radical concentration (x10 %)

Figure 2.4 Plot of the variation of steady state free radical concentration with pH.
Values calculated using TUTSIM dynamic simulation program (62) with k; = 10351
and k, = 100571,

k(obs) x 10 *3 (/min)

13

Figure 2.5 Variation in the rate constant for the oxidation of o-methyl syringyl

alcohol by hydrogen peroxide as a function of pH (44).
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pH range 9 -12 (60) as illustrated for manganese in Figure 2.6. This range includes the
pH at which maximum brightness is usually observed for peroxide bleaching (44).
Other metal ions, not normally present in pulp in high concentrations, can exhibit
maxima under neutral or acidic conditions as for example with cobalt and chromium
(16). Figure 2.7 shows that for chromium the maximum initial activity occurs at pH
5.8. This observation is useful, as it may enable us to expose pulp samples to high
concentrations of radical species under conditions where the perhydroxyl ion

concentration is low, and the contribution from route A should be very small.
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Figure 2.6 Variation in the rate of decomposition of hydrogen peroxide in the
presence of manganese against pH at 20°C. Initial concentration of hydrogen peroxide

0.10M; initial concentration of manganese nitrate 4.4 x 10°M.

Several recent studies have discussed the possibility of catalytic effects due to the
presence of transition metal ions leading to increased rates of delignification with
alkaline hydrogen peroxide (37,57). Other investigations have shown that acidic
peroxide treatment of pulp can have beneficial effects (32,35,77,78), and there are
indications that these may be promoted by the presence of metal ions acting as catalysts

(35). These observations, coupled with the kinetic analysis leads to further bleaching



studies under both acidic and alkaline conditions. The results of these studies are
described below. If the presence of radical species has a positive effect on bleaching
then a stage designed to expose the pulp to radicals may be able to produce an

increased brightness response compared to a single stage alkaline bleach.
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Figure 2.7 pH dependence of the rate of decomposition of hydrogen peroxide in the
presence of chromium at 20°C. Initial concentration of hydrogen peroxide 0.10M;

initial concentration of chromium nitrate 2.5 x 10*M .

2.3 Chromium Addition to two-stage Peroxide Bleaching

It has previously been reported (16), and confirmed in this work, that hydrogen
peroxide is catalytically decomposed by solutions initially containing chromium (III)
ions. This decomposition, unlike many other transition metal ions catalysts, occurs in
slightly acidic solutions, with a maximum rate at approximately pH 6. This
observation, together with the kinetic analysis reported in the prévious section, will
allow two stage bleaching sequences to be investigated in which the two proposed
mechanisms of bleaching are separated. This is of course assuming that chromium
catalysed decomposition of hydrogen peroxide proceeds via a radical mechanism. Later

work (Chapter 4) indicates that a radical mechanism is evident in this decomposition.
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Initially the chemistry of chromium-hydrogen peroxide solutions was studied, to find
appropriate conditions for later bleaching studies. Preliminary bleaching studies were
performed to determine if an increased brightness response could be observed and that
the response could be attributed to the presence of chromium in the acidic (P,) stage.
This process was then optimised and studied further in comparison to a single stage
alkaline peroxide bleach. The results are discussed in terms of the mechanisms and

_ active species involved in peroxide bleaching.

2.3.1 Chromium-Hydrogen Peroxide Solution Chemistry

This section focuses on the catalytic decomposition of hydrogen peroxide in the
presence of chromium ions and various peroxide stabilising agents. The investigation

- was directed at determining the pH range over which chromium decomposes hydrogen
peroxide and determining the effects of various additives on this range and rate of
reaction. These results were then used to determine appropriate conditions for using

chromium in a two stage peroxide bleaching sequence.

The rate of decomposition of hydrogen peroxide in the absence of chromium at pH 5.8
is insignificant compared to other first-order rate constants calculated. Similar
decomposition rates were observed in the presence of magnesium nitrate, aluminium
nitrate and sodium silicate when chromium nitrate was not present. For this reason the
residual peroxide decomposition rates were not considered when reporting rate

constants.

The decomposition of aqueous hydrogen peroxide in the presence of chromium nitrate
is first order with respect to total hydrogen peroxide concentration over the range of
pH studied. This was found to be the case in all situations investigafed except for the
addition of aluminium nitrate where the rate of reaction appears to be increasing as the
reaction p.rocecds. Figure 2.8 shows a typical decomposition in the presence of

chromium.
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Figure 2.8 Logarithmic plots for decomposition of hydrogen peroxide at 20°C at

various pH levels in the presence of 2.5 x 104 mol/L chromium.

Hydrogen peroxide decomposition was found to be strongly dependent on the pH of
the solution in the presence of chromium ions. The rate of decomposition of peroxide
varied with pH as shown in Figure 2.9. A maximum rate was observed at

approximately pH 5.8.

Due to the complex hydrolysis of chromium ions ('79-8?) and the associated change in
pH, it was necessary to maintain the pH at a constant level during a decomposition
experiment. If the pH was not controlled a change of up to 2 pH units was observed in

some instances.

The hydrolysis of chromium ions has been extensively studied. The presence of
polynuclear species (80-87), with hydroxy and oxy bridges, is now quite well
established and several species have been isolated and analysed (80,83). The

distribution of these species changes with both pH and concentration so it is difficult to
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propose a particular species that may be actively catalysing the peroxide
decomposition. However, from two separate studies (82,84) of species distribution in
chromium solutions, it would appear that the predominant species could be
Cr4(OH)66+. The influence of hydrogen peroxide on the hydrolysis may, however,

change the species present.
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Figure 2.9 Plot of variation of initial first-order rate constant with varying pH in the

presence of 2.5 x 10™* mol/L chromium.

As has been reported (88), the colour of the chromium - hydrogen pcroxidc. solutions
changéd with pH. At pH values less than 5.0 the solutions were nearly colourless or
slightly blue, at pH greater than 6.5 the solutions were yellow and at intermediate pH
values the solutions showed a red brown colouration. The UV-vis spectra of solutions
at varying pH shows a peak at 374 nm, typical of Crb+ (88), for pH values greater
than 6.0 indicating that the chromium ions had been oxidized by the peroxide. These
colourations were only present after the hydrogen peroxide had been added,
suggesting that the colour was due to either complex formed between chromium

containing species and the peroxide, or oxidation of chromium caused by the peroxide.



Due to the equilibrium of the hydrolysis products of chromium ions being reached
slowly (80-82,84), typically taking hours to days, the effect of aging solutions of
chromium before a decomposition experiment was investigated (89). This was
achieved by leaving a solution of chromium nitrate and potassium hydroxide at the
required pH to stand for a given time before addition of hydrogen peroxide. Similar
work with iron catalysed decomposition of hydrogen peroxide has shown aging to
effect the rate of decomposition (10). Figure 2.10 shows the variation in rate of
peroxide decomposition with the age of the solution. The complex nature of the
relationship between rate and age is not unexpected considering the complex
hydrolysis occurring. The variation in rate would appear to reflect the changing
concentration of the catalytically active species. Due to this change in catalytic activity
of chromium solutions with age, all further experiments were performed using fresh
solutions of chromium ions. The formation of the catalytically active species may also

be related to the presence of hydrogen peroxide.

It has been reported that chromium catalyses the decomposition of peroxide more
effectively when supported on alumina (90). It was thought that the addition of
aluminium nitrate to the system may have a similar effect on the rate of reaction.
Similar work with manganese (91) has shown aluminium has little effect on the rate of
hydrogen peroxide decomposition even when added in large quantities. Figure 2.11
shows the effect of adding aluminium to the reaction mixture. It is found that even at

low concentrations of aluminium, the rate of decomposition is dramatically reduced.

The hydrolysis of aluminium ions is complex (92-94), with polynuclear species being
present in solution. Like chromium, the hydrolysis of aluminium is slow to reach
equilibrium (93-95). The colour of solutions of peroxide with chromium and
aldminium 'is not as intense as when only chromium is present. It appears that
aluminium ions interfere with the formation of the catalytically active chromium species

and so slow the rate of reaction.
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Figure 2.10 Variation of initial first-order rate constant with the age of solution for

hydrogen peroxide in the presence of 2.5 x10-4 mol/L chromium.
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Figure 2.11 The effect of varying the aluminium to chromium ratio on the initial

first-order rate constant. Chromium ion concentration is 2.5 x 1074 mol/L.
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In the presence of aluminium nitrate the rate of reaction, unlike typical first order
reactions that slow as they proceed, appears to accelerate. Figure 2.12. shows a typical
decomposition against time plot. This may indicate that although the active species is
reduced in concentration at the beginning of the reaction, due to the presence of
aluminium nitrate, its concentration may be increasing as the reaction proceeds. Mixed
hydrolytic species have been proposed previously for other metal ions and may form

part of the éxplanation of this effect (91).
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Figure 2.12 Plot of conversion against time for decomposition of hydrogen peroxide

in the presence of 2.5 x 104 mol/L chromium and 5.0 x 10~> mol/L aluminium, pH

5.3.

It was thought that the addition of aluminium ions, which undergo hydrolysis in acid
solutions, that the pH of the maximum rate of decomposition may change. However,
as shown in figure 2.13, this was not the case. The maximum rate is still observed at

pH 5.8 and the rate varies in a similar manner to when only chromium is present.
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Figure 2.13 Variation in the initial first-order rate constant with varying pH in the

presence of 2.5 x 10"4 mol/L chromium and 2.5 x 10~ mol/L aluminium.

Magnesium has been reported to moderate the rate of metal ion catalysed
decomposition of hydrogen peroxide solutions for a number of metal ion catalysts
including copper and iron (15), especially in combination with silicate, and increase the
rate of reaction when manganese is present (91). Figure 2.14. shows that the addition
of magnesium ions does reduce the rate of chromiurﬁ catalysed decompositién of
peroxide over the range of pH studied. Various mechanisms have been reported
previously for the slowing of the decomposition including magnesium acting as a trap
for supéroxide anion radicals (15), which are an important carrier in the radical chain
mechanism. As the superoxide anion radical has a longer lifetime than the hydroxyl
radical it is more likely that the superoxide radical is where the mechanism could be

interrupted.
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Figure 2.14 The effect of pH on the initial first-order rate constant in the presence of

2.5 x 104 mol/L chromium and 5.0 x 10~3 mol/L magnesium.

The amount of magnesium added also has an influence on the rate of reaction. Figure
2.15 shows the change in the rate of decomposition as a function of the amount of
magnesium added. With increasing magnesium to chromium ratio the rate generally
decreases but the relationship between amount of magnesium and the rate is complex.
Binuclear species containing M - O - Mg (where M is a metal ion other than
magnesium) have been proposed previously to account for the action of magnesium
ions (91). If this occurs in the case of chromium ions then the reduced concentration of
the catalytically active species because of magnesium being incorporated into the
structure would account for the gradual reduction in rate. This proposal offers no
reason for the complex behaviour observed and again this could be related to the slow

hydrolysis equilibrium for chromium species.
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Figure 2.15 The effect of varying the magnesium to chromium ratio on the initial

first-order rate constant. Chromium concentration is 2.5 x 10'4 mol/L.

Silicate is another additive that has been reported to reduce the metal ion catalysed
decomposition of hydrogen peroxide (48), particularly by manganese, copper and
iron. Silicate was found to reduce the rate of chromium catalysed decomposition at pH
5.8. Figure 2.16. shows the effect of varying silicate dose on the rate of reaction at pH

5.8.

Several mechanisms have been proposed to account for this reduction in rate of
decomposition. These include silicate acting as a free radical trap (18), the formation of

stable intermediates (48) and the binding of metal ions (48).

Experiments varying the concentration of chromium nitrate at pH 5.8 were conducted.
Figure 2.17. shows the effect on the rate of hydrogen peroxide decomposition with
increasing chromium ion concentration. The graph shows near linear behaviour until

the Qonccnua_tion of chromium reaches 7.5 x 10 mol/ L and then the rate of increase
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slows. The final part of the graph may be explained by diffusion effects caused by
insufficient stirring of the solution. Another consideration would be the changing
species distribution as the chromium ion concentration is increased. The hydrolysis of
chromium does produce different species under different conditions and the

concentration may be such that proportionally less of the catalytically active species is

produced.
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Figure 2.16 Plot of variation of initial first-order rate constant with varying silicate to

chromium ratio. Chromium ion concentration is 2.5 x10-4 mol/L.

From this work, and the results in Chapter 4, it would appear thét catalytic
decomposition of hydrogen peroxide proceeds via a radical chain mechanism. Such a
mechanism has been proposed for basic solutions (57) and a similar mechanism would
.appear to be acting in this case. This will allow the separation of a radical stage from
conventional bleaching processes and provide suitably constructed two stage bleachiﬁg
sequence to further investigate the proposed two component mechanism of peroxide
bleaching. An initial stage at approximately pH 6 in the presence of chromium,

followed by a conventional alkaline stage at pH 11 should be an appropriate sequence.
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Figure 2.17 Plot of the initial first-order rate constant with varying chromium

concentration at pH 5.8.

The addition of stabilisers such as magnesium salts, sodium silicate and aluminium
nitrate will allow the reduction of peroxide decomposition catalysed by chromium, and
may reduce the hydroxyl radical concentration, whilst addition of further chromium
allows the radical concentration to be increased. These assumptions are confirmed in

later resul;s (Chapter 4).

This ability to vary the hydroxyl radical concentration would allow experiments to be
performed that can further elucidate the role of hydroxyl radicals in peroxide bleaching.
Chapter 4 will investigate the effect of varying the radical concentration in both single

stage and two-stage bleaching sequences.

2.3.2 Initial Bleaching Studies with Chromium Addition
Experimental studies were undertaken with Eucalyptus Regnans groundwood.

Bleaching was carried out at 50°C at constant pH levels using 1% consistency and 30%
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hydrogen peroxide (on o.d. pulp). Under these conditions the peroxide concentration
did not decrease to low residual levels during the bleaching runs, but it was possible to
measure the amount of peroxide consumed. As has been discussed previously, at
higher pH levels the increased concentration of perhydroxyl anion does not lead to
increased brightness due to reactions of the hydroxide ion causing darkening of the
pulp and increased transition metal ion catalysed decomposition of hydrogen peroxide
leaving less chemical available for bleaching. For single stage bleaching at pH 6.0
there was no increase in brightness of the pulp, even after 10 hours. At this pH any
brightness gain would be due to radical reactions due to the presence of chromium and

not the perhydroxyl anion which is only present in very low concentrations.

Figure 2.18 shows the increase in brightness of the groundwood pulp under alkaline
conditions (initial pH 11.0) over a period of 2 hours for three different bleaching
processes. The brightness increase for a standard one stage alkaline bleaching process
gives the lowest brightness improvement at any particular time. The figure also shows
the effect on brightness increase for two-stage processes with prior acid treafment of
the pulp at pH 6.0, both with and without addition of a catalytic amount of chromium
nitrate (1.0% on o.d. pulp). For these two stage bleaching experiments the duration of
the acid treatment was 30 minutes in each case, after which the pH of the solution was
adjusted to 11.0 by addition of potassium hydroxide. Figure 2.18 shows that the rate
of brightness enhancement is increased by an acid treatmeht prior to alkaline peroxide
‘bleaching at pH 11.0. The addition of chromium to the system at pH 6.0 increases the
effect of the first stage acid treatment. Our results can be compared to a previously
reported study in which a two stage peroxide bleaching sequence was used for
brightening an oxygen bleached hard>wood kraft pulp (35). While the chemistries of the
delignification of kraft pulps and the brightening of mechanical pulps are different
some similarities exist and comparisons can be made. In that study compounds of tin,
vanadium or titanium were introduced during the first stage under acidic conditions at

pH 4-6, followed by an alkaline bleaching stage. Another study (32) has described an
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improved bleaching response with a two stage acid/alkali peroxide treatment without

addition of a catalyst.

Figure 2.19 shows that the chromium is active in the first stage of the two stage
bleaching sequence. When chromium is added to the alkaline stage of a two stage
bleaching sequence significantly léss brightness gain is achieved. Comparing these
curves with figure 2.18, it is apparent that when chromium is present only in the
alkaline stage, the response is approximately the same as when no chromium is added,
thus further supporting the view that the chromium is having an effect during the first
stage of the bleaching sequence. This can be related to the solution studies (Chapter
2.3.1) which indicated that chromium only decomposes peroxide under mildly acidic

conditions.

Figure 2.20 shows the influence of chelating and washing the pulp with DTPA prior to
a two stage acid/alkali bleaching sequence in the presence of chromium. The metal ion
analysis of the pulp is reported in Table 5.1 (Chapter 5). By comparison with Figure
2.19 the results show that there is a reduced brightness enhancement when metal ions
are removed from the pulp, and it appears that the effects of chromium and the other
transition metal ions in the pulp are additive. It has also been shown that the removal of
transition metal ions from Pinus Radiata TMP by chelation and washirig reduces the

effectiveness of two stage acid/alkali peroxide bleaching (96).
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Figure 2.18 Comparison of one and two stage bleaching processes showing the
brightness gain for E.Regnans SGW bleached at 1% consistency, S0°C, with 30%
pcroxidcl (on o.d. pulp) under various conditions.
©) 30 minute acid bleach with 2.5x10* mol/L chromium nitrate followed by an
alkaline bleach at pH 11.0.
) 30 minute acid bleach with no added chromium followed by an alkaline
bleach at pH 11.0. |
0) alkaline bleach at pH 11.0 (no acidic treatment).
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Figure 2.19 The influence of addition of chromium during the first and second

stages (conditions as in figure 2.18). 2.5x10 mol/L chromium nitrate.
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Figure 2.20 The influence of pulp chelation on two stage acid/alkali bleaching

sequence in the presence of chromium (conditions as Figure 2.19).

It would appear that the acidic peroxide treatment results in changes in the lignin

55
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structure promoted by the species formed during the catalytic decomposition of
hydrogen peroxide (42,55). This can happen even when no catalyst is introduced (97),
as metal ions from the wood itself may be active or the acidic conditions may cause
changes that enhance peroxide bleaching in a subsequent alkaline stage. A number of
studies have indeed shown that lignin structures are reactive under acidic conditions
(39,77,78,98), most likely through processes involving free radicals.(39), although
little enhancement in brightness may be achieved (99) as expected from the kinetic
analysis. The initial product of reaction between a radical species and a lignin
chromophore can be regarded as an intermediate, the formation of which does not itself
improve pulp brightness. The rate of formation of the intermediate will depend

primarily on the concentration of free radical species as shown previously in Fig 2.5.

In order to observe an increase in brightness a second step is required in the overall
mechanism to eliminate the chromophore, which depends directly or indirectly on the

presence of the hydroxide ion :

original intermediate | product

chromophore

Under acidic conditions where hydroxide ion concentration is low the intermediate is
formed, and its production is enhanced by the presence of catalysts which promote
radical formation. Under alkaline conditions, this intermediate species may again be
produced, but it rapidly reacts with the perhydroxyl anion in the presence of hydroxide

ions leading to the elimination of the chromophore.

Fig 2.21 shows the consumption of hydrogen peroxide plotted against the increase in

pulp brightness for pulps bleached by a single stage alkaline process (initial pH 11.0)
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and the two stage acid/alkali process both in the presence and absence of chromium.
Comparing the single stage alkaline bleach and the two stage bleach in the presence of
chromium, it is apparent that the brightness gain achieved in each case is approximately
proportional to the amount of peroxide consumed. It is also clear that use of a two
stage process without added chromium can increase the efficiency of bleaching under

the conditions employed in this study.
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Figure 2.21 Plot of the peroxide consumption against brightness gain for pﬁlps
bleached at 1% consistency, 50°C and 30% peroxide (on o.d.pulp) under various
conditions:
©) 30 minute acid bleach with 2.5x10"* mol/L. chromium nitrate followed by an
alkaline bleach at pH 11.0.
0) alkaline bleach at pH 11.0 (no acidic treatment).
4) 30 minute acid bleach with no added chromium followed by an alkaline
bleach at pH 11.0.

2.3.3. Optimisation of two-stage Bleaching with Chromium Addition
Figure 2.22 shows the effect of a two-stage peroxide treatment with chromium nitrate

initially introduced and with an initial charge of 6% peroxide (on o.d. pulp). This
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shows the same trends as in figure 2.18 where a higher peroxide charge was uséd. In
the first stage, the pH was maintained at 5.8. After 30 minutes the concentration of
hydrogen peroxide was restored to its initial level before adding alkali to raise the pH
to 11.0 in the second stage of the bleaching sequ.ence This was in order to be
comparing alkaline stages with a similar peroxide charge. Curve (a) shows the increase
in brightness with time during the second stage of the bleaching process, at a. constant
pH under alkaline conditions. This can be compared with curve (b), which
corresponds to bleaching under the same conditions, but without pre-treating the pulp
with acidic peroxide or introducing chromium. It is apparent that chromophore
elimination occurs more rapidly for the pulp which has been subjected to the two-stage
bleaching sequence. It is important to point out that no brightness gain could be
detected for these pulps after the first (acidic) stage. It would appear that even though
chromophores are not eliminated by acidic peroxide treatment in the presence of
chromium, the chromophores present are rendered more susceptible to subsequent
removal by alkaline peroxide bleaching. Previous work (32,35) has shown that a two-
stage hydrogen peroxide bleaching sequence involving an acidic stage followed by
alkaline treatment can give an enhanced brightness over a conventional one stage
alkaline bleach. Curve (¢) in Figure 2.22 shows the effect of an acidic treatment
followed by an alkaline treatment without initial introduction of chromium. It is
apparent that the bleaching response for this pulp under alkaline conditions is
intermediate between the case where no acidic pre-treatmeht is applied, and that in
which chromium is introduced with acidic peroxide. These effects can be explained on
the basis of other metal ions which occur naturally in the wood, or have been
introduced during pulp production. The acidic conditions may also contribute to these
observations. It appears that the presence of these transition metal ions can induce
effects on the chromophores in the presence of acidic beroxide similar to those
produced in the presence of chromium. The total effect seen (curve (a)) in Figure 2.22
can therefore be attributed to the combined effects of chromium, the other metal ions in

the pulp and the acidic conditions.
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Figure 2.23 shows that the brightness gain for two-stage acid/alkali bleaching in the
presence of chromium is significantly reduced using the chelated pulp compared to an
unchelated pulp. It can be concluded that the presence of manganese and copper, and
possibly other metal ions initially present in the pulp, contribute to the observed effects

on brightness enhancement for the two-stage bleaching sequence.
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Figure 2.22 Brightness gain plotted against time of alkaline bleach (pH 11.0). (a)
acidic treatment (pH 5.8) for 30 minutes with 2.5 x 10*M chromium nitrate; (b) no

acidic treatment; (¢) acidic treatment (pH 5.8) for 30 minutes with no added chromium.

Figure 2.24 shows the effect of varying the amount of chromium introduced prior to
the two-stage acid/alkali peroxide bleaching sequence. It is clear that there is an
optimum range for addition of chromium to achieve maximum brightness gain of the
eucalypt pulp. This effect may be attributed to the additional reduction in peroxide
concentration under acidic conditions as the chromium concentration is increased
(Figure 2.25). At the highest level of chromium addition shown, about 25% of the
initial peroxide charge was consumed by the end of the first stage. The presence of
high levels of chromium also leads to excess total consumption of peroxide to reach a

given level of brightness after the alkaline bleaching stage. Figure 2.26 shows that
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addition of chromium beyond the optimum range results in increased total consumption
of peroxide without a proportional increase in pulp brightness. At lower chromium
levels, peroxide consumption is approximately proportional to brightness gain for both
the two-stage acid/alkali bleaching sequence and single-stage alkali treatment (see also

figure 2.21).

Brightness Gain (%ISO)

0 r T T T T
0 20 40 60

Duration of Acid Bleach (min)

Figure 2.23 Effect of removing metal ions from the pulp prior to bleaching: (a)
unchelated pulp; (b) chelated pulp. Acid stage: pH 5.8; alkaline stage: pH 11.0, 120

minutes.

With the conditions used in this study (1% consistency, 6% hydrogen peroxide on
o.d. pulp, 50°C, no stabilisers) the experiments showed that a maximum brightness
gain of approximately 10 %ISO can be achieved for this eucalypt pulp. The more ‘
rapidly this level is reached, and the smaller the amount of peroxide consumed, the
more efficient the process will be. Table 2.1 shows that the two-stage acid/alkali
treatment enables a target brightness increase of 8 units to be reached in less time
compared to a single stage alkali process while consuming a similar amount of

peroxide.
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Figure 2.24 The effect of varying the dose of chromium nitrate on the brightness
gain. Acid stage: 15 minutes, pH 5.8; Alkaline stage: pH 11.0. 0.13% on o.d. pulp =

2.5 x 10*M chromium nitrate.
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Figure 2.25 Effect of varying the amount of chromium on the peroxide consumption

after the first (acidic) stage. Acid stage: pH 5.8, 15 minutes.
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Figure 2.26 Plot showing the correlation between peroxide consumed and the
brightness gain. Acid stage: 30 minutes, pH 5.8; alkaliqc stage: pH 11.0. ;0% Cr
added, ;2.5x10*MCr, ;50x104MCr, ;1.0x103MCr, ; single stage
alkaline bleach only, no added Cr.

Figure 2.27 shows the effect on brightness gain resulting from varying the pH of the
first stage of the two-stage bleaching sequence. Both in the presence and absence of
chromium a minimum response is observed in the pH range 4-5, whereas at pH 7 the
response is similar both with and without chromium. The lower curve (b) can be
attributed to the effects of metal ions in the original pulp (e.g. ﬁmgmcw and copper)
and the acidic conditions. Figure 2.28 shows the effect of chromium alone, obtained
by taking the difference between the two curves in Figure 2.27. Figure 2.28 shows a
maximum in the pH range 5-6, and this may be compared with Figure 2.9, which also
shows a maximum in this range for peroxide decomposition catalysed by chromium.
This apparent correlation between catalysing peroxide decomposition under acidic
conditions and inducing brightness gain in the subsequent alkaline step may be

significant. The result may show that it is the products from catalytic decomposition of
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hydrogen peroxide (i. free radicals) which are active under acidic conditions in
causing changes in the susceptibility of chromdphorcs to subsequent alkaline peroxide

treatment, where there are much higher concentrations of the perhydroxyl anion (46).

Table 2.1 Time to Reach a Brightness Gain of 8 Points.

Time (min) Peroxide*  Brightness Gain/ Bleaching
[Cr] acid alkali total Consumed Peroxide Efficiency*
(% on pulp) (IS0/%) (ISO/%/hour)

0 - 170 170 2.08 3.83 1.35
0 | 30 120 150 1.74 4.59 1.84
2.5x104 15 120 135 1.58 5.03 2.24
5.0x104 30 60 90 1.86 4.30 2.87
1.0x103 30 60 90 3.64 2.19 1.46

Bleaching experiment at 50°C, 1% consistency. Acid stage: pH 5.8, initial peroxide

" charge 6.0% on.o.d. pulp. Alkaline stage: pH 11.0, initial peroxide charge 6.0% on
o.d. pulp. Initial brightness of eucalypt pulp 54.0.

* Efficiency = Brightness Gain / % peroxide consumed (on o.d. pulp) / time (hours).
* It should be noted that, due to the restoration of the peroxide charge to its initial level
after the first stage of the two stage bleaching process, the peroxide charge is higher

than 6.0% in some cases.
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Figure 2.27 The effect of varying the pH of the acidic stage for (a) 5.0 x 10*M
chromium nitrate added; (b) no added chromium. Acid treatment: 30 minutes; alkaline

stage: pH 11.0, 120 minutes.

Difference in Brightness (%ISO)

Figure 2.28 Difference in the brightness gain after the alkaline stage ( pH 11.0, 120
minutes) for the pulps bleached in Figure 2.27.
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There has been recent interest in the idea that free radical species, particularly the
hydroxyl radical (HO'), may indeed play an important role in peroxide bleaching,
under conventional alkaline bleaching conditions as well as under acidic conditions
(39,100). The idea that free radicals as well as the perhydroxyl anion may be active in
brightness development during peroxide bleaching suggests that there may be more
than one mechanism for chromophoré elimination. As shown previously (Chapter 2.2)
an analysis of kinetic phenomena dun'ng' peroxide bleaching at various pH levels was
based on the assumption of two distinct mechanisms of chromophore removal, one
dependent on the perhydroxyl anion concentration and the other depending on
participation of free radicals. The results of the present study also provide support for
the concept of a dual mechanism for chromophore elimination. Studies involving
chénging the concentration of radical species during two-stage acid/alkali peroxide
bleaching processes are reported later (Chapter 4.4), where a more thorough analysis

of hydroxyl radical concentration is included.

The addition of aluminium ions significantly reduces the rate of chromium catalysed
hydrogen decomposition in the pH range 4-7 (figure 2.13). If aluminium is used to
modify the rate of chromium catalysed hydrogen peroxide decomposition during
bleaching experiments unexpected results were obtained. For a single stage alkaline
peroﬁde bleach it has previously been reported (101,102) that the brightness gain is
lowered with the addition of aluminium. Using a two stage acid/alkali bleaching |
sequence with the addition of aluminium, in the presence and absence of chromium,
two observations are made. Firstly, significantly higher brightness gains are achieved
after the alkaline stage, even in the absence of chromium, and secondly, the peroxide
consumption is greatly reduced compared to the process in the presence of chromium. |
This was an unexpected result, as presumably less radicals are produced when the
decomposition of hydrogen peroxide is slowed, and the increased brightness had
previously been attributed to the presence of these reactive species. Secondly,

aluminium in a single stage alkaline peroxide bleach has an adverse effect on
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brightness (101,102). The implications of this result, further experimental results and

explanations will be attempted in the following sections.

2.4 Aluminium Addition to two-stage P.eroxide Bleaching

The previous section (Chapter 2.3) showed that two stage acid/alkali bleaching in the
presence of added chromium could result in higher bi‘ightness than single stage alkaline
peroxide bleaching. In the course of that work it was shown that the addition of
aluminium nitrate in the absence or presence of chromium ions could produce similar
brightness gains but with a significantly lower peroxide consumption. This result,
initially onl'y attained by way of checking that the presence of aluminium ions alone did
not influence the two stage bleaching sequence, leads to the possibility of another two
stage bleaching process. This investigation will allow further examination of the

proposed two mechanisms of peroxide bleaching.

2.4.1 Solution Chemistry of Aluminium ions

The hydrolysis of aluminium (IIT) has been studied extensively (92-95,103-110) with
significant disagreement on the species present. Some points are, however, quite clear.
The hydrolysis is very complex (92-95,103-110), and slow to reach equilibrium
(94,95). With time large polynuclear species are .formed (92,95) although the
composition of these species is not clear. There have been some attempts to measure
equilibrium constants for some of the initial hydrolysis products (104,105). A *Core +
Links™ model (107,108) has been proposed to try and further unravel the complexity of
the system, but this is also disputed (105). Overall, the hydrolysis is complex, and no

attempt will be made here to further investigate the system.

2.4.2 Optimisation of two-stage Bleaching with Aluminium Addition
Generally it has been found that the presence of aluminium is undesirable in
conventional alkaline peroxide bleaching of mechanical pulps, as it results in a lower

final brightness of the pulp (101,102). This is illustrated for a Eucalypt SGW pulp,
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in Figure 2.29 for a conventional single stage alkaline peroxide bleach. Figure 2.30
shows that although there is a reduction in peroxide consumption with increasing
addition of aluminium, this does not result in a higher brightness gain, that is, the
effect is not simply a case of peroxide stabilisation, as appears to be the case for
magnesium and other peroxide stabilising agents. However, Figure 2.29 also shows
that when a two stage, acid-alkali peroxide bleaching sequence is employed the
addition of aluminium to the bleaching liquor can enhance the brightness of the pulp
beyond that achieved in a single stage bleach, with a concurrent reduction in the
amount of peroxide consumed. From Figure 2.29 it can be séen that the dose of
aluminium added is critical in achieving maximum brightness gain in the two stage
process. Increasing the dose of aluminium above that required to give the maximum
brightness enhancement still leads to stabilisation of the bleach liquor although the
brightness gain is decreased. Most of the peroxide consumption occurs during the first
(acid) stage of the bleaching sequence as shown in Table 2.2. However, as shown in
Figure 2.31, the brightness gain achieved during this stage is negligible, as previously
reported for other two stage processes of this type (Chapter 2.3) and for the addition of

chromium.

Figure 2.32 shows that the duration of the first stage of the acid/alkali bleaching
sequence is important in achieving maximum brightness gain, with the optimum time
approximately 15 minutes under the conditions used. Longer times appear to result
only in increased consumption of peroxide during the acid stage, leaving less peroxide
available for bleaching in the alkaline stage. Shorter times result in reduced brightness
enhancement and increased consumption of peroxide. Figure 2.33 shows that the pH
of the first stage of the bleaching sequence does not significantly change the final
brightness of the pulp after the alkaline stage. Therefore, it would appear that using
neutral conditions would be most economical as this will eliminate the need to add acid
to the initial liquor and subsequently reduce the amount of alkali required to be added

to reach sufficiently alkaline conditions for the second stage of the bleaching sequence.
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Figure 2.29 Brightness response of pulp to both a single stage and two stage bleach
with varying levels of aluminium. 1% consistency; Acidic stage: pH 6.0, 30 minutes;

Alkaline stage: pH 11.0, 120 minutes.
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Figure 2.30 Variation in peroxide consumption during a single stage and two stage
bleaching sequence in the presence of various levels of aluminium. Conditions as in

Figure 2.29
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Figure 2.31 Brightness response of pulp to an acidic peroxide treatment in the

presence of various levels of aluminium. 1% consistency, pH 6.0, 60 minutes.

Table 2.2 Comparison of peroxide consumption in acid and alkaline stages of a two

stage bleaching sequence.

Aluminium dose Peroxide consumed(% on o.d. pulp)

(ppm on o.d.pulp) Acid stage Alkaline 'stage Total
0 0.51 1.65 2.16
50 0.41 0.08 0.49
100 0.24 0.15 : 0.39
250 0.33 0.15 | 0.48
500 0.43 0.15 0.58

Conditions: 1% consistency, 50°C, Initial charge peroxide 6.0% on pulp. Acid stage:
30 minutes, initial pH 6.0. Alkaline stage: 120 minutes, initial pH 11.0.
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Figure 2.32 The effect of varying the time of the acidic treatment on the brightness

gain of the pulp during a two stage peroxide bleaching sequence. 1% consistency; 50

ppm aluminium, Acidic stage: pH 6.0; Alkaline stage: pH 11.0, 120 minutes.
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Figure 2.33 The effect of varying the pH of the first stage of a two stage treatment.

1% consistency; First stage: 30 minutes; Second stage: pH 11.0, 120 minutes.
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If the presence of transition metal ions in the pulp is important in producing enhanced
brightness, removal of the metal ions by chelation and washing prior to bleaching may
“result in a different brightness response. Table 5.1 (Chapter 5) shows a typical metal
ion analysis for the pulp. Figure 2.34 shows the effect on brightness gain of removing
metal ions from the pulp prior to bleaching. Clearly the brightness response of the
chelated pulp is greatly reduced compared to that of the untreated pulp, indicating that
the presence of transition metal ions is indeed important in this process. From the table
of metal ion contents of the untreated and chelated pulps (Table 5.1) it can be sccﬁ that
the levels of manganese and copper, are changed significantly by chelation, whereas

the iron content remains unchanged.

O Normal pulp
O chelated pulp

Brightness Gain (%ISO)

—— .
0 100 200 300 400 500

Aluminium added (ppm)
~ Figure 2.34 Plot showing the different brightness response of normal and chelated
pulps to a two stage bleach. 1% consistency; Acidic stage: pH 6.0, 30 minutes;

Alkaline stage: pH 11.0, 120 minutes.

As chelated pulps produce a lower brightness response than normal pulps, it may be
possible to determine which transition metal ions are involved in promoting brightness
development during the two stage process. For a fixed addition of aluminjum to the

chelated pulp, the brightness gain was reduced with increasing doses of copper as
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shown in Figure 2.35. The peroxide consumption does not change significantly with |
copper addition in the presence of aluminium, even though copper is known to
catalytically decompose hydrogen peroxide under typical alkaline bleaching conditions
(16). At low levels of addition the peroxide consumption does not increase
significantly, which could indicate some stabilisation of the bleaching liquor under
these circumstances. Figure 2.36 shows the effect of addition of iron. This again
shows that the peroxide consumption increases with addition of iron and that the
brightness of the pulp initially decreases. However at higher levels of iron addition the
brightness gain increases, possibly indicating a role in bleaching for the products of

catalytic decomposition of hydrogen peroxide.

—O— Brightness Gain
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Figure 2.35 Correlation between the brightness gain and the peroxide consumption
for chelated pulp treated with various levels of added copper. 1% consistency, 40 ppm

alumimim; Acidic stage: pH 6.0, 15 minutes; Alkaline stage: pH 11.0, 180 minutes.
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Figure 2.36 Correlation between the brightness gain and the peroxide consumption
for chelated pulp treated with various levels of added iron. Conditions as in Figure

2.35.

The addition of manganese in the presence of a constant amount of aluminium exhibits
a different effect compared to the addition of either iron or copper. Figure 2.37 shows
that the addition of less than 10 ppm manganese, which is approximately the level ’
normally present in the pulp used in this study (see Table 5.1), in the presence of 40
ppm aluminium enhances the brightness gain during the two stage acid/alkali process.
The optimum level of manganese addition was found to be 2 ppm, corresponding to an
aluminium to manganese molar ratio of 35. This can be compared with a molar ratio of
16 corresponding to maximum brightness gain in Figure 2.29. It is not clear whether
these ratios reflect the chemical composition of particularly active catalytic species
formed through interactions between aluminium and manganese. Mixed binuclear
' spécies_ formed through oxy or hydroxy bridges between transition metal ions and
other centres capable of undergoing hydrolysis have been postulated, as for example in

Mg-O-Fe structures implicated in the stabilisation of iron catalysts by magnesium in the
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presence of alkaline peroxide (111,112). Both magnesium (91) and aluminium (92) are
known to undergo hydrolysis to produce dimers and higher polymers, even in acidic
and neutral solution, so the possibility of a mixed hydrolytic species being responsible

for the observed effect is significant.
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Figure 2.37 Correlation between the brightness gain and the peroxide consumption
for chelated pulp treated with various levels of added manganese. Conditions as in

Figure 2.35.

It has previously been reported (35) that the addition of transition metal ions such as
chromium, titanium and vanadium during two stage peroxide bleaching pfocesscs can
enhance the brightness development of mechanical pulps. It has also been shown (32)
that the metal ions occurring naturally in the pulp caﬁ give rise to enhanced brightness
gains when a two stage acid/alkali sequence is used instead of a conventional single
stage alkaline bleach. This has been demonstrated by observing the effects of removing
the naturally occurring metal ions by chelation and washing prior to two stage peroxide
bleaching as previously shown in Chapter 2.3. When aluminium is added to the pulp
changes occur in the nature of the catalytic species present under acidic or neutral

conditions. Reactions occurring in acidic or neutral peroxide in the presence of these
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catalysts render the chromophores present in the pulp more susceptible to elimination
in the subsequent alkaline stage. It has been suggested that generation of free radical
species in the presence of these catalysts may play a significant role in these processes.
Recent studies in the absence of pulp have shown that the presence of aluminium has
little effect on the catalytic activity of manganese during peroxide decomposition under
alkaline conditions (91). However other studies have shown that catalytic behaviour of
transition metal species may be significantly modified in the presence of pulp or lignin
model compounds (113). This can result in an enhancement of peroxide stability as

illustrated in Figure 2.30.

At 1% stock consistency the addition of small quantities of aluminium to a two stage
acid/alkali peroxide bleaching sequence can enhance the brightness gain with a
simultaneous decrease in the amount of peroxide consumed. Figures 2.38 and 2.39
show the brightness response at 4% and 8% stock consistency respectively. On
moving to higher stock consistencies the same brightness enhancement is observed.
Aluminium levels of 25-100 ppm on pulp lead to an increased brightness irrespective
of the stock consistency. The reduced peroxide consumption observed at 1% stock |

consistency is not observed at higher consistencies as shown in figures 2.40 and 2.41.

It appears, therefore, that the same mechanisms are occurring in all cases, independent
of the stock consistency. Further studies will be requiréd to identify species

responsible for enhancement of bleaching response during two stage processes,
although the presence of hydroxyl radicals have been postulated as having a significant |

role in peroxide bleaching of mechanical pulps (92).
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Figure 2.38 Brightness response of pulp to two stage bleach with various levels of

aluminium. 4% consistency, 1.5% peroxide charge; Acidic stage: pH 6.0, 15 minutes;

Alkaline stage: pH 11.0, 150 minutes.

9
~_—
Q
2]
Ll
g
.E
a
&)
]
7]
Q
=
b
So
=
=<]
5 v ¥ h Ll v I 1
0 50 100 150 200

Aluminium Added (ppm)

Figure 2.39 Brightness response of pulp to two stage bleach with various levels of
aluminium. 8% consistency, 0.75% peroxide charge; Acidic stage: pH 6.0, 15

minutes; Alkaline stage: pH 11.0, 120 minutes.
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Figure 2.40 Peroxide consumption of pulp during a two stage bleach with various

levels of aluminium at 4% consistency. Conditions as in Figure 2.38.
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Figure 2.41 Peroxide consumption of pulp during a two stage bleach with various

levels of aluminium at 8% consistency. Conditions as in Figure 2.39.
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2.5 Conclusions

This study has provided further evidence for a dual mechanism for chromophore
elimination during peroxide bleaching. Analysis of previously reported kinetic
expressions leads to the conclusion that two parallel routes exist for pei‘oxide bleaching
corresponding to [1] a reaction which depends upon the direct participation of the
perhydroxyl anion; and [2] a reaction in which free radical species participate in
chromophore elimination. This analysis suggests that both routes are important at pH
levels normally encountered in conventional bleaching of wood pulp with hydrogen
peroxide. Although the rate of chromophore elimination is very slow under acidic
conditions, reactions which occur render the chromophores present more susceptible to
subsequent reaction under alkaline conditions. Formation of these reactive
intermediates is promoted by the formation of free radical spécies produced through

catalytic decomposition of peroxide by transition metals such as chromium.

It has been shown that chromium is an active catalyst for the decomposition of
hydrogen peroxide in the pH range 3.8 to 7.3 with a maximum rate observed at pH
5.8. The rate of decomposition can be reduced by addition of aluminium, magnesium
or silicate, possibly due to the formation of mixed hydrolytic species which reduces the
concentration of the catalytically active chromium spccies. Silicate may also act as a
free radical trap, thus slowing the radical chain reaction proposed for metal ion
catalysed decomposition of hydrogen peroxide. The complex behaviour observed in
the case of aged chromium solutions and when magnesium is present in various

quantities at pH 5.8 reflects the complicated hydrolysis of chromium solutions.

~ The solution work is important in that it has allowed the development of a two-stage

_acid/alkali peroxide bleaching sequence in which the radical stage is separated from
conventional peroxide bleaching and the rate of radical generation can be altered. This
allows an examination of the role of various species in peroxide bleaching processes.

The presence of certain transition metal jons during a two-stage hydrogen peroxide
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bleach of Eucalypt SGW has been found to enhance the brightness of the pulp. The
total effect produced appears to be derived from the influence of chelatable ions
naturally present in the pulp, introduced chromium species and the prevailing acidic
conditions. The influence of these metal speéies during acidic peroxide treatment
renders the chromophores present in the pulp more easily removed during subsequent
bleaching under alkaline conditions. This effect may be related to generation of active
radical species through catalytic decomposition of hydrogen peroxide at low pH.
Using such a process, optimised for dose of catalyst and time of acidic treatment,

brightness gains can be achieved in less time while consuming no additional peroxide.

The two-stage peroxide bleaching process involving the addition of aluminium shows
that under certain conditions the transition metal ions present in mechanical pulps can
play a positive role in peroxide bleaching. At low and medium consistency the addition
of aluminium nitrate to a two stage acid/alkali peroxide bléachin g sequence can enhance
the brightness gain of the pulp. A reduction in the amount of peroxide consumed
compared to a conventional single stage alkaline peroxide bleach was also observed at
1% consistency. The effect appears to be due to an interaction between the manganese
present in the pulp and the added aluminium. The properties of transition metal ion
catalysts naturally present in the pulp appear to be modified by the addition of
aluminium so that greater stabilisation of peroxidc is achieved with enhanced
brightness response. This is further evidence that transition metal ions can indeed play
an important role in peroxide bleaching and are not universally undesirable as
traditionally thought. The results of this stﬁdy demonstrate the potential for utilizing the
catalytic properties of naturally occurring transition metal ions in the pulp, and shows
that these positive effects can be promoted through addition of trace amounts of
catalytically inactive elements such as aluminium. The use of these types of catalytic
Systems are more likely to be given commercial consideration than other previously
reported systems which rely on the addition‘of transition metals such as chromium or

titanium.
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From a mechanistic viewpoint, no brightness gain is observed in the acidic stage in
either process but changes clearly occur in the pulp that enable the perhydroxyl anion
to eliminate the chromophoric material more easily. Also of interest is the low level of
peroxide consumption in the second stage (P,) of the aluminium process, as shown in
table 2.2, compared to a single stage alkaline peroxide bleach. The role of radical
species in this case again appears to be essentially in the P, stage, although tﬁc nature

of the catalytically active species is uncertain.

The two-stage bleaching with added chromium or aluminium has shown that there is
potential scope for development of beneficial catalytic processes for the enhancement
of peroxide bleaching. Such processes may utilize the presence of metal ions naturally
present in the wood pulp, or species which may be introduced prior to peroxide
treatment. The development of such processes would appear to depend on recent
concepts of peroxide bleaching in which species other than the pérhydroxyl anion are
implicated in chromophore removal. This may in turn revise the traditional view that
the presence of transition metal ions in wood pulp should only be associated with

adverse effects in bleaching sequences.

Two-stage peroxide bleaching sequences with separate radical and anion stages have
been investigated. From these studies it is clear ﬂlat both hydroxyl radicals and the
perhydroxyl anion are both involved in the elimination of chromophoric material.
Although no brightness gain is observed for acidic bleaching stages there appears to be
evidence that changes occur in the pulp that make subsequent removal in alkaline

stages easier.

The addition of metal ions to produce radical species is therefore beneficial in the
peroxide bleaching of mechanical pulps. Although such factors as overall peroxide
consumption and capital costs need to be considered on an industrial scale, this work

has shown that the initial kinetic analysis is essentially correct in predicting two
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separate mechanisms of peroxide bleaching.

While the processes investigated here may be of no commercial significance, what has
been achieved is a further understanding of the mechanisms of peroxide bleaching. In
all peroxide bleaching processes it would appear necessary to ensure that both radical
and anion induced bleaching can occur, whether this be in separate stages, or more

conveniently, in a single stage.
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CHAPTER THREE
The Effect of Metal ions on Peroxide Bleaching

3.1 Literature Review

The presence of transition metal ions, particularly iron, manganese and copper, have
generally been considered undesirable during peroxide bleaching of mechanical pulps
(1-5) as they are thought to reduce the effective charge of bleaching chefnical. These
metals can arise from the wood itself, the process water or be introduced during pulp
processing (5). The decomposition products of transition metal ion catalysed
decomposition of hydrogen peroxide, including radical species such as the hydroxyl
and superoxide anion radicals, OH" and ‘O,", are traditionally thought to play no
positive role in bleaching (5-9) or even darken the pulp (3,9). Much effort is usually
expended on either trying to remove these metal ions prior to bleaching by using
complexing agents such as DTPA, EDTA or DTMPA (6,8-12), or rendering the metal
ions inactive by addition of stabilisers such as sodium sﬂicate or magnesium salts

(8,10-11,13).

During the past decade interest has been shown in the use of hydrogen peroxide under
conditions not previously employed. Usually peroxide bleaching is performed in a
éingle alkaline stage at pH 9-11 to maximize the concentration of the perhydroxyl
anion, HO,™ (2,8-10,14-15) as outlined previously (Chapter 1.3). However, some
recent studies have shown that two stage bleaching processes with the pulp initially
under acidic or neutral conditions, followed by a conventional alkaline stage can give
greater brightness enhancement. It has also been demonstrated that the addition of
various transition metal ions can, in fact, enhance the brightness development during
these two-stage processes (16-18). This chapter presents further results which show

the importance of metal ions in peroxide bleaching for both conventional single stage
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alkaline processes and two stage acid/alkali peroxide bleaching sequences.

3.1.1 Transition Metal ion Catalysed Peroxide Decomposition

It has been known for many years that certain transition metal ions can catalytically
decompose hydrogen peroxide. Many studies have been undertaken in the absence of
pulp in order to determine the mechanism of transition metal ion catalysed hydrogen
peroxide decomposition and subsequent stabilisation by known stabilising agents such

as magnesium salts and sodium silicate (1,19-26).

Generally the effects of transition metal ions are most apparent under alkaline
conditions (1,2,20-22,25,26), similar to those employed in the bleaching of
mechanical pulps (2,6,8-10), although some metals can decompose hydrogen peroxide
under acidic conditions (1,23). Various decomposition mechanisms have been
proposed, with some metals appearing to act via a radical mechanism (21,24),
involving the hydroxyl and superoxide anion radicals, and others proceeding by

mechanisms not involving radicals species (24).

In the absence of pulp, mechanistic studies have been performed to elucidate the
mechanism of stabilisation of transition metal catalysed decomposition of hydrogen
peroxide (19,22,24-26). While these studies are of significant interest, it appears that
the presence of pulp significantly alters the mechanism and catalytic activity (1,27).
For example, at low concentrations iron (III) does not significantly decompose
peroxide in alkaline media, but in the presence of pulp a much greater catalytic effect is

observed (27).

There are three possible means by which the presence of transition metal ions can
influence the response of mechanical pulps to peroxide bleaching. Firstly, the major
consideration is that increased consumption of peroxide via catalytic decomposition

leaves a reduced amount of peroxide available for bleaching reactions (1,5,19,20,28-
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30). It is essentially for this reason that stabilisers are added to peroxide bleach liquors.
Secondly, the metal ions themselves, especially iron, can form coloured complexes
with the lignin portion of the pulp (31,32). Finally, the products of the decomposition
can include reactive species that are themselves capable of reacting with pulp

(2,33,34). These reactions are the subject of much debate and will be discussed further
in this chapter (3.3). A more thorough examination of the role of of the hydroxyl
radical will be undertaken in the next chapter (4.1.1). Fc;r these reasons, transition

metal ions are either removed or deactivated to enhance the bleaching response of the

‘pulp.

3.1.2 Common Stabilisation Practices

Pulp samples typically contain transition metal ions that are capable of decomposing
hydrogen peroxide under the alkaline conditions employed for the bleaching of
mechanical pulps. Of major significance to peroxide bleaching are manganese, copper

and iron (2,5,8,19)).

Because of the presence of these metal ions and thé cost of hydrogen peroxide, an
effort is made to reduce this wastage, and thus leave more peroxide available for
bleaching reactions. This can be achieved in two main ways. Either the metal ions can
be partially removed, or the activity of the transition metal ions catalysts can be reduced

in some way.

The use of chelating agents is a common practice in the peroxide blcach.ing of
mechanical pulps. Soluble salts of diethylenetriaminepentaacetic acid (DTPA) and
ethylenediaminetetraacetic acid (EDTA) are the most commonly used chelating agents
(1,6,8,10,11,35). Figure 3.1 shows the structures of these chelating agents. Generally
this process is performed as a pre-treatment before exposure of the pulp to bleach
liquors, where 0.2-0.5% of chelating agent is added to the pulp at low consistency

(6,8,9,11) and after 5-30 minutes the pulp is filtered (6,9) and washed (35) to remove
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the complexed metal ions. This process is capable of removing significant quantities of

copper and manganese from pulp samples (9,35), but the removal of iron is not so

effective (See Table 5.1). With extended time of chelation and acid washing of the pulp

(9) further removal of metal ions is possible but this would appear not to be practical

on an industrial level.

HOOC— H,C /CHZ— COOH
)
HOOC— H2C\ /-CH2_' COOH CH,
N I
| CH,
CH, I
| 1]] —CH,— COOH
C|H2 CH,
N |
/ \ CH,
HOOC—H,C CH,— COOH I
N
R— HZC/ \CHz— COOH
(1) (2)

Figure 3.1 The structure of chelating agents EDTA (1) and DTPA (2).

Environmental concerns regardi-ng' the effects of chelatin g agents such as DTPA,
specifically with regard to metal ion solubility (36), may reduce or stop the use of these
and similar reagents in the future so new stabilising reagents are being sought by the

industry.

Secondly, reagents that partially deactivate the residual metal ions such as sodium
silicate (1,8,10,12,24,25,28,29) and magnesium salts (8,10,19,25) can be added to
peroxide bleach liquors to prevent or reduce transition metal ion catalysed
decomposition of hydrogen peroxide..

IThe addition of sodium silicate solution (2-5% on o.d. pulp) to pulp during peroxide

bleaching is a common practice. The addition of these solutions also provides some of
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the alkali required for peroxide bleaching. The mechanism by which sodium silicate
acts to stabilise peroxide solutions and so increase bﬁghtﬁess gains is not ciearly
understood with many conflicting views appearing in the literature. Suggestions
include the binding of silicate to transition metal ions (10,24,28,37,38), buffering
action (8,28,38), surface coating (37), a radical trap (24,28) and peroxysilicate

formation as an active bleaching species (13,24,37,39,40)

Studies by Burton (40) show that there is no advantage in forming a peroxysilicate
complex prior to the addition of pulp, thus indicating that this species has no advantage
over peroxide in the presence of silicate. Colodette ef al. (24) have also shown no
significant difference in the rates of peroxide reaction with lignin like structures in the
presence and absence of silicate, again indicating that the peroxysilicate complex is not

a more active bleaching species than the perhydroxyl anion.

Colodette et al. (24) have shown that, in the absence of pulp there is no significant
change in either the hydroxyl or superoxide anion radical concentration with silicate

addition, therefore indicating that silicate does not act as a free radical trap.

The interaction of silicate with transition metal ions has been extensively studied
(24,28). In the absence of pulp, silicate is capable of reducing the effects of iron and
manganese catalysed decomposition of hydrogen peroxide, but silcate addition to
copper enhanccé the catalytic activity. Therefore it appears that silicate does interact and
bind with transition metal ions but the effect on peroxide decomposition is not aiways

similar, and does not appear to be related to the coating of the metal with silicate (24).

The buffering action of silicate appears only to be present at levels that are much higher
than normally encountered in bleach liquor preparation, of the order of 16% on pulp

40).
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Therefore, it would appear that the main method of stabilisation by silicate is due to
binding between silicate and transition metal ions, and a subsequent change in the
activity of the metal species. If iron and manganese are the major metal ions present
then stabilisation would be predicted from the solution studies. In the case of high
copper levels, silicate addition would be not so beneficial and the use of other

 stabilisers in conjunction with silicate would be necessary.

Magnesium salts are less commonly added to bleaching liquors but can also have a
stabilising effect on peroxide solutions (8,10,19,25). Magnesium sulfate (Epsom salt)
is added in much smaller quantities (~0.05% on o.d. pulp) than silicate (8,10). The
method of stabilisation is agzﬁn unclear with several suggested mechanisms. The
formation of binuclear complexes involving magnesium and other transition metal ions
(22,25) has been suggested as a method whereby magnesium can stabilise peroxide
solutions in the absence of pulp by binding the active transition metal ions. Reaction of
magnesium ions with the superoxide anion radical has also been proposed as a
possible stabilisation mechanism (19,28). This radical is an intermediate in radical
chain processes (33,41,42) that produce hydroxyl radicals and finally leads to peroxide
decomposition to water and oxygen (33,41,42). By trapping the relatively stable
superoxide anion radical this chain process can be either slowed or stopped. Co-
precipitation of transition metal ions with magnesium oxides and hydroxides is also a
possible explanation for the behaviour of magnesium salts in peroxide solutions

(22,25).

These methods of stabilisation can either be used separately or in various
combinations. The reagents selected for a given situation are chosen to give the best
results for the particular pulp type and transition metal ion profile. The major
consideration being the maximum stabilisation, thus allowing a lower initial peroxide
charge, and the brightness response of the pulp compared to the cost of the stabilising

agents.
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3.1.3 Hydrogen Peroxide Decomposition Products

The products of hydrogen peroxide decomposition include very reactive species
capable of reacting with both the lignin and cellulose portions of mechanical pulps. The
influence these species have on the optical and physical properties of these pulps are
the subject of much debate. A more thorough review of the literature pertaining
specifically to the hydroxyl radical, considered to be the most likely species to effect
pulp properties, will appear later (Chapter 4.1.1) and experimental studies in this
chapter (3.3) will show results related to the effect of peroxide decomposition products

on pulp brightness.

3.1.4 Alkali Darkening

Under alkaline conditions, in the absence of peroxide, or at low peroxide
concentrations, darkening can occur (2,43,44). Alkali darkening has previously been
described in Chapter 1..3. While the effect of alkali alone is well documented, less
work has been performed to determine the influence of transition metal ions and radical
species derived from hydrogen peroxide decomposition. Work by Kutney et al. (2)
suggests that transition metal ions can either retard or accelerate darkening reactions in
the pfescnce of alkali and that the darkening occurring at the end of a peroxide
bleaching sequence cannot be attributed to alkali alone (2,43). From this work it has
been concluded that the decomposition products can accelerate darkening and hence,
support the traditional view that removal of transition metal ions is essential. This work
will be discussed further (Chapter 3.3) and additional experimental work performed to
éttempt to determine the effect of radical species on both alkali darkening and peroxide

bleaching.

3.2. Metal ion Removal
The effect of metal ion removal by chelation on the bleaching response of E.regnans
SGW has been investigated. Comparisons have been made between the bleaching

response of chelated pulps and untreated pulps, and also the effect of different
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chelating agents. The effect of addition of transition metal ions to chelated pulps has
also been studied to determine if the change in brightness response can be related to the
removal of metal ions, and which metal ions are involved in these processes. The
effect of two-stage acid alkali peroxide bleaching processes on chelated pulps has also
been investigated to determine if chelation has an influence on the phenomena reported

in the previous chapter.

3.2.1. Single Stage Bleaching under Alkaline Conditions

Figure 3.2 shows the increase in brightness with time for the Eucalypt pulp at 4%
consistency during alkaline peroxide bleaching at S0°C. The type of response observed
is typical of many reported bleaching experiments using alkaline hydrogen peroxide,
with the rate of brightness gain declining continuously as time progresses. For
experiments at lower consistency, however, this figure also shows an interesting effect
during the initial stages of bleaching. At both 1% and 2% consistency, the initial rate of
brightness gain is very low, and the typical bleaching profile is observed only after an
extended bleaching period. This type of "induction effect” can also be observed for
pulps which were chelated with EDTA and washed prior to alkaline peroxide
bleaching, as shown in Figure 3.3. This shows that at very low consistency, an
induction effect is also observed, in which the brightness of the pulp actually decreases
below the initial level of the unbleached pulp, that is, darkening reactions initially

predominate over bleaching reactions.

This evidence indicates that removing metal ions from a pulp can, under certain
coﬁditions, adversely effect the bleaching of the pulp during single stage alkaline
peroxide treatment. If the metal ion concentration is reduced to very low levels the
brightness response of the pulp can actually be retarded. From the analysis of the metal
ions in the pulp (Table 5.1) it would appear that removal of manganese or copper is
probably responsible for this effect, as iron levels do not change significantly with

chelation and washing. Manganese has previously been reported to have the most
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significant influence on peroxide bleaching of mechanical pulps (35), so the influence

of manganese was investigated.
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Figure 3.2 Bn’ghthess response of untreated pulps to alkaline peroxide bleaching at

1%, 2% and 4% consistency, initial pH 11.0, 50°C, initial peroxide charge 1.2 g/L.

Figures 3.4 and 3.5 show the influences of adding various levels of manganese to an
untreated pulp and a pulp which has been chelated with DTPA and then washed. In
each case, the pulp was allowed to remain in contact with a solution containing the
appropriate quantity of manganese nitrate for 20 minutes at pH 7 prior to bleaching at
1% consistency. The concentration of manganese reported indicates the amount of
manganese added, this does not include the rcsidual'llevel in the pulp after chelation I(1
ppm). It is clear that as the total amount of manganese is increased, the response to
brightness gain in alkaline peroxide is enhanced, and the effect of the induction process
is reduced. However, addition of manganese in excess of the levels normally
encountered in the pulp does not continue to give increased brightess. From this it
appears that a certain quantity of transition metal ions may need to be present to give
the most effective bleaching. Figure 3.5 shows that this corresponds to approximately

8 ppm manganese for bleaching at 1% consistency. If insufficient metal ions are
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present then an induction period is observed, while if excess metal ions are present
peroxide decomposition leads to loss of active bleaching species, resulting in a lower

final brightness.
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Figure 3.3 Brightness response of chelated pulps to alkaline peroxide bleaching.

Other conditions as in Figure 3.2

Figure 3.6 shows the effect of treating pulps with alkali (pH 11.0) in the absence of
pcroxide at 1%, 2% and 4% consistency. For both chelated and untreated pulps
alkaline treatment produces a darkening of the pulp. For the chelated pulps much
greater brightness losses are observed than for untreated pulps. This indicates that
metal ions in some way prevent the reactions that give rise to alkali darkening from
occurring. This again indicates that the presence of metal ions may be useful in
peroxide bleaching in reducing darkening of pulps. This is in accordance with other

results (43) which indicate that some metal ions can indeed inhibit darkening reactions.
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Figure 3.4 Brightness response of pulps to a single stage alkaline bleach in the

presence of manganese. 1% consistency, other conditions as in figure 3.2.
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Figure 3.5 Brightness gain plotted against amount of manganese added. Chelated

puip, 180 minutes, other conditions as in figure 3.4.
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Iron, manganese and copper, however, are reported to accelerate darkening (43). Other
metal ions which are present in the normal pulp could be responsible for this reduced
darkening observed for normal pulps compared to chelated pulps. The darkening
reactions appear to be near completion after 30 minutes at 50°C, which is similar to
results previously reported (43). It is not clear from this data whether the metal ions
protect potential chromophore sites in the lignin or act in some other way. It should
also be noted that the situation in the absence of peroxide may be different from that in
the presence of peroxide. If the pH in a bleach is too high, or the peroxide residual at

the end of a bleach is too low, darkening reactions may still occur.
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Figure 3.6 Brightness response of various pulps to treatment with alkali in the
absence of peroxide, pH 11.0. Normal pulps at various consistencies: A, 1%; ©, 2%;

0, 4%. Chelated pulps: 4, 1%; ®,2%; &, 4%.

3.2.2. Location of Manganese During Bleaching Processes

The manganese ions present in mechanical pulps are generally considered to originate
in the wood itself, rather than from processing equipment, as in the case of iron (5).
Having shown that under certain conditions the presence of manganese can have

beneficial effects during conventional single stage alkaline peroxide bleaching, it is
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useful to cénsider the location of the manganese within the pulp and during the
bleaching process, as this may influence the observed effects of the presence of
transition metal ions. The uptake of manganese ions from solution by various pulps
after allowing the system to equilibrate for 16 hours at 20°C is shown in Figure 3.7.
These figures show that manganese does not bind to any significant degree to pure
cellulose either at pH 7 or 9. In contrast, levels of up to 5000 ppm of manganese were
observed for the unbleached SGW, thué indicating that the manganese is bound to
either the lignin portion of the pulps as has been previously reported (26) or the
hemicellulose. It appears that manganese is bound to specific sites within the lignin and
hemicellulose portions of the pulp. Both hemicellulose and lignin react under the
conditions encountered in alkaline peroxide bleaching (45). The main reactions of
hemicellulose are deacetylation, dissolution and hydrolysis (45). At pH 9 for both
bleached and unbleached pulps manganese is associated with approximately 5% of
lignin units. These results indicate that the manganese ions are bound at specific sites
in the pulp structure. However, the ratios of manganese to lignin C9 units do not
appear to correlate with the amount of any simple functional group such as carbonyl or
phenolic hydroxyl, as the measured ratios are too low (46). However, the manganese
may be linked with some specific combination of groups within the lignin, of which
there are more in bleached pulp, such as an adjacent carbonyl and free phenolic

hydroxyl group in some particular stereochemical configuration.

If the presence of manganese in pulp can give rise to beneficial effects during peroxide
bleaching, then it would be reasonable to suggest that the manganese bound to
chromophores would be the most effective. Once the chromophore has been eliminated
the manganese could either remain attached to the lignin or be released into solution.

Figure 3.8 shows that during bleaching of the SGW pulp, manganese is released into
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Figure 3.7 The uptake of manganese by various pulps as a function of manganese

concentration in solution. 0.5% consistency, room temperature a) pH 7.0, b) pH 9.0.

the solution, with more manganese released from the untreated pulp compared to the
chelated pulps as would be expected due to the higher level manganese associated with

the untreated pulp. In the presence of alkali alone, the levels of manganese in solution
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vary as shown in Figure 3.9. It appears that the manganese is initially released from
the sites to which it is bound. However with time, the levels decrease possibly due to
precipitation of manganese as insoluble oxides and hydroxides. This maximum, at
approximately 30 minutes, also corresponds to the time over which alkali darkening

reaction occur (see Figure 3.6).
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Figure 3.8 The variation of manganese concentration in solution with time during

bleaching of pulps. 1% consistency, pH 11.0, 50°C, 12% peroxide on o.d. pulp.

- 3.2.3. Two-Stage Bleaching Processes

Two stage bleaching sequences using acidic and alkaline conditions have been reported
previously (16-18). In many of these processes (16,18) the addition of transition metél
ions to the first stage of the sequence is an important part of the process. In the other
studies (17) it would appear that the metal ions occurring naturally in the pulp are
sufficient to give the enhanced brightness observed. Other results reported here
(Chapter 2) suggest that the presence of transition metal ions, whether naturally
occurring or artificially introduced, are important'in the first stage of such two stage

| pfoccsses, and may be associated with the production of free radical species. Although

it is not possible to observe any increase in brightness after acidic peroxide treatments
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Figure 3.9 Variation of manganese concentration in solution with time during

treatment of pulps with alkali in the absence of peroxide, 1% consistency, pH 11.0.

of Eucalypt SGW pulps, it has been suggested that free radical species generated
through decomposition of hydrogen peroxide in the presence of certain transition metal
ions may render the chromophores present in the pulp more susceptible to subsequent
alkaline peroxide bleaching.

Figure 3.10 shows the brightness response of pulps (chelated with DTPA and washed)
comparing a conventional single stage alkaline peroxide treatment with a two stage,
acid-alkali treatment, both at 1% pulp consistency. At any time during the alkaline
stage the brightness of the pulp bleached using the two stage process is greater than
that using only a single stage bleach. It can also be seen that the initial brightness loss
observed in the single stage process is not present in the two stage process, although
there is still an induction period. The total peroxide consumption after three hours for
the single stage bleach (0.29% on o.d. pulp) and the two stage process (0.33% on o.d.
| pulp) are comparable. However, the brightness gain for the two stage process (6.5

%IS0) is greater that for the single stage bleach (4.8 %IS0O), indicating an increased
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efficiency for the two stage process.
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Figure 3.10 Brightness response of a chelated pulp to single stage and two stage
bleaching. Two stage: Acidic stage: pH 6.0, 15 minutes; Alkaline stage: pH 11.0.
Single stage: pH 11.0. 1% conssitency, 6% peroxide on o.d. pulp.

Figure 3.11 shows the effect of adding various levels of manganese to a pulp which
has been chelated with DTPA and washed prior to a two stage bleaching sequence. The
pulp was allowed to stﬁnd in contact with the manganese solution for 20 minutes
before commencement of the bleach. The amount of manganese reported corresponds
to that added to the pulp and does not include that already present (1ppm). This added
manganese may be in a different form to that already present in the pulp. It is clear that
increasing the total amount of manganese present enhances the brightness response of
the pulj:-. However, as shown in Figure 3.12, it is clear that this enhanced brightness is

achieved by consuming considerably more hydrogen peroxide.
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Figure 3.11 Final brightness of chelated pulps after a two stage bleaching sequence
with manganese addition. Acidic stage: pH 6.0, 15 minutes; Alkaline stage: pH 11.0,

180 minutes. 1% consistency, 6% peroxide on o.d. pulp.
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 Figure 3.12 Peroxide consumption against the amount of manganese added.

Conditions the same as in figure 3.11.
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Figure 3.13 shows the brightness response of both chelated and untreated pulps to a
two stage, acid-alkali bleaching sequence at 1% consistency. Clearly the presence of
additional metal ions in normal pulp gives an increased brightness and also removes

the induction period.

10
O Chelated pulp
O Normmal pulp
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Figure 3.13 Brightness response of normal and chelated pulps to a two stage

bleaching sequence. Conditions as in Figure 3.11.

Chromium ions are known to catalytically accelerate decomposition of hydrogen
peroxide in the pH range 4 to 7. The addition of chromium to a two stage bleaching
sequence can be used to give brighter pulps, as has been shown previously (Figure

2.19, 2.23)

3.3. Effect of Decomposition Products on Pulp Brightness
Decomposition of .hydrogcn peroxide is not only reduced to conserve the expensive
bleaching reagent, but also because the products of this decomposition are thought to
have a detrimental effect on pulp properties (2,47). Both darkening (2) and loss of
strength (47) have previously been attributed to these decomposition products. The

role of the hydroxyl radical, which is considered primarily responsible for these
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adverse affects, will be discussed in greater detail in Chapter 4 (4.1.1).

Some recent work (2) has shown that in the presence of peroxide, alkali and added
metal ions, pulp can be darkened rather than bleached. The explanation being that the
decomposition products of hydrogen peroxide cause darkening reactions which
outweigh any brightening reactions. The major aim of the work was to investigate the
amount of darkening that is attributable to peroxide decomposition products and to

alkali.

In this work (2) a mechanical pulp was bleached to a moderately high brightness (~76
%1S0) and then after filtering and washing, it was re-exposed to either alkali or

alkaline peroxide, with or without added transition metal ions.

It would appear that one major problem with this work was that the initial bleaching
was carried out with a higher peroxide charge than the subsequent bleaching stage.
Results from work by Ginting et al.(48) show that, under constant conditions of alkali
and peroxide concentration, darkening can occur when the peroxide concentration is
lowered. This has been discussed in terms of a proposed equilibrium kinetic model.
This model assumes an equilibrium exists between chromophores and colourless
leucochromophores (48), and the position of the equilibrium, which determines the
colour of the pulp, is dependent upon the peroxide and alkali concentrations. This
work has shown that, under conditions of constant concentration of alkali and
peroxide, reducing the peroxide charge can lead to darkening of the pulp. To overcome
this potential problem, all the work in this section was performed at a peroxide charge
of 3.0% on o.d. pulp and 4% consistency with reducing concentrations of peroxide

and alkali. Under these conditions the problems mentioned above should be overcome.

In respect of previous work with two-stage acid-alkali peroxide bleaching sequences,

which suggest hydroxyl radicals have a positive role in peroxide bleaching, this
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appears to be contradictory to other results results obtained here so further

investigations were carried out.

3.3.1 Effects of Manganese, Iron and Copper
For this work several pulps were bleached prior to further treatment, as shown in
Table 3.1. Samples of both E.regnans SGW and P.radiata TMP were used in order

to determine if the effects observed were specific to certain species or pulp types.

Table 3.1 Pulps used in this study. Bleaching conditions: 240 minutes, pH 11.0,

50°C, 4% consistency, 3% peroxide (on o.d. pulp).

Pulp Pulp Type Brightness
(%I1S0O)

A SGW 72.1

B SGW 71.1

C SGW 70.8

D TMP 69.7

A series of experiments were performed involving the addition of various quantities of
manganese, iron and copper during peroxide bleaching of the pulps described in Table
3.1 and determining changes in brightness. These transition metal ions are known to
decompose peroxide in alkaline solutions (1,2,5,10,19,22,28) and copper and
manganese are thought to decompose peroxide via a radical mechanism (49-51,
Chapter 4). Figure 3.14, 3.15 and 3.16 show the results of adding various amounts of

these transition metal ions to such a peroxide bleaching procedure.
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Figure 3.14 Brightness response of Pulp A to alkaline peroxide bleaching in the
presence of various levels of manganese. 50°C, 4% consistency, 3.0% peroxide on

o.d. pulp, initial pH 11.0.
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Figure 3.15 Brightness response of Pulp A to alkaline peroxide bleaching in the

presence of various levels of copper. Conditions as in figure 3.14
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Figure 3.16 Brightness response of Pulp A to alkaline peroxide bleaching in the

presence of various levels of iron. Conditions as in figure 3.14.

It can be seen that in all of these cases, except 100 ppm ﬁangancsc, some brightening
of the pulp is observed. For the addition of 100 ppm manganese all the peroxide is
consumed before the end of the bleach and a subsequcnt. brightness loss is observed.
This indicates that the darkening is most likely due to the action of alkali alone, rather
than any contribution from the decomposition products of hydrogen peroxide. All three
metals give similar trends with increasing metal concentration, the peroxide
consumption increases and a resultant reduction in brightness is observed due to the
decreased quantity of bleaching reagent available for brightening reactions, as shown
in figure 3.17. It shall be shown later (Chapter 4) that in solution the level of hydroxyl
radicals produced is significantly different for these three metals. Therefore, as no
significant differences are observed in the bleaching response in the presence of these
transition metal ions, the role of hydroxyl radicals appears not to be the cause of the

brightness changes.



113

[m] O Manganese

O Copper
A Iron

/l

o]

Peroxide remaining after
120 minutes (% on o.d. pulp)

(=]

v I

—0 v
50 100 150 200
Metal (ppm)

=

Figure 3.17 Peroxide residual after 120 minutes. Conditions as in figure 3.14.

There appears to be a correlation between the brightness gain and the quantity of
peroxide remaining for all of the metals studied, as shown in figure 3.18, 3.19 and
3.20 for manganese, copper and iron. This is due to the fact that in the cases where
greater consumption of peroxide occurs due to the added transition metal ions, less
peroxide is available for bleaching and, hence, a lower brightness is achieved. This
again indicates that the decrease in bﬂgﬁmess response or darkening is due primarily to

peroxide consumption rather the effect of peroxide decomposition.

A correlation between the brightness gain and the amount of metal is also possible as
shown in figure 3.21. This seems to indicate that the addition of these three metal ions
all have a similar effect on the brightness development and the peroxide consumption.
The only deviation from this behaviour being when all the peroxide charge is

consumed and alkali darkening occurs.
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Figure 3.18 Correlation between peroxide remaining and brightness gain after 120

minutes for bleaching with added manganese. Conditions as in Figure 3.14.
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Figure 3.19 Correlation between peroxide remaining and brightness gain after 120

minutes for bleaching with added copper. Conditions as in Figure 3.14.
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Figure 3.20 Correlation between peroxide remaining and brightness gain after 120

minutes for bleaching with added iron. Conditions as in Figure 3.14.
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Figure 3.21 Correlation between total metal ion concentration and the brightness

gain after 120 minutes. Conditions as in figure 3.14.
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3.3.2 Varying the Peroxide Charge.
A series of experiments were performed at peroxide charges of 1.5, 3.0 and 6.0% in
the second stage of bleaching with the addition of various levels of manganese after the
first stage was bleached at 3.0% peroxide as described in Table 3.1. Manganese
appears to be the most active peroxide decomposition catalyst of the three metals
studied and, as all three metals behave in a similar manner, as shown in figure 3.21,
only manganese was used in this series of experiments. Figures 3.22 and 3.23a show
the brightness response with time for various levels of peroxide. The results for 3.0%
peroxide are reported in the previous section (Figure 3.14). In all cases it can be seen
that there is a brightness increase after 120 minutes, except in the cases where no
peroxide remains (100 ppm manganese). In the case of bleaching with 1.5% peroxide
an initial loss of brightness is observed in some cases, with the decrease being greatest
for higher levels of manganese. Figure 3.23b shows the relationship between the
peroxide residual and the brightness achieved. Above a certain level of residual
peroxide only minor increases in brightness are observed, indicating that this is not a

significant factor in determining final brightness.
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Figure 3.22 Brightness response of Pulp B to second stage treatment with 1.5%

peroxide. Other conditions as in figure 3.14.
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Figure 3.23 (a) Brightness response of Pulp B to second stage treatment with 6.0%
peroxide.(b) Relationship between 120 minute brightness gain and the peroxide

residual. Other conditions as in figure 3.14.

Figure 3.24 shows a comparison of the brightness gain with metal ion concentration

for the three levels of peroxide addition. As expected a greater brightness gain is
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achieved in the case of the highest peroxide charge. The curve for 1.5% peroxide is
different in that the addition of manganese up to approximately 40 ppm appears to give
an enhanced brightness response, although this effect is small, after which further
addition causes reduced brightness increase. Similar results have been obtained
previously (Chapter 3.2) indicating that the presence of a certain level of msition
metal ions, and particularly manganese, is at times beneficial to bleaching. The general
trend is however, at increasing manganese addition, the brightness gain is reduced due

to the increased peroxide consumption.

The effect of alkali treatment on SGW is shown in Figure 3.25. It can be seen that he
brightness loss after 60 minutes is approximately 3 %ISO and further exposure to
alkali does not result in additional darkening. Similar results have been reported
pre_viously (43, Figure 3.6), indicating that darkening reaction are essentially complete

after a short exposure to alkali.
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Figure 3.24 Correlation of brightness gain to amount of manganese added.
Condition as in Figure 3.14, except 1.5% and 6.0% peroxide results are for Pulp B,

3.0% results are for Pulp A.
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Figure 3.25 Alkali darkening of Pulp C. pH 11.0, 50°C, 1% consistency.

These results are different from those obtained by Kutney et al. (2), but this could be
related to the type of pulp used. Therefore, a similar series of experiments were

performed using a different pulp type.

3.3.3 TMP Bleaching

A similar series of experiments were carried out using Pulp D, that had been chelated
with 0.5% DTPA for 30 minutes at 20°C prior to the first bleaching stage, to determine
if the species or type of pulp gave different results. Figures 3.26, 3.27 show the final
brightness and peroxide consumption of the pulp after further bleaching in the presence

of manganese.

These figures show that a similar response is achieved for the TMP as was observed
for SGW (Figures 3.14 and 3.17), _a}mdﬁgh there are several differences that should
be noted. Firstly, the brightness gains are significantly lower than observed for the

SGW and that a brightness loss is observed at lower peroxide charges even when
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peroxide remains at the completion of the bleach. Secondly, greater darkening is
observed with the TMP when the peroxide is totally consumed compared to SGW.
Although lower brightness gains are achieved, provided that the peroxide charge is as
high as the first stage, further brightening is possible even in the presence of added
transition metal ions. The darkening observed at 1.5% peroxide can be explained in

terms of the proposed equilibrium kinetic model described previously (Chapter 3.3)

(48,52).

O 1.5% Peroxide
O 3.0% Peroxide
871 A 60% Peroxide

-10 Y T T T T T T T Y 1
0 20 40 60 80 100

Brightness Gain (%ISO)

after 120 minutes

Manganese (ppm)

Figure 3.26 The effect of manganese concentration on the brightness development of

Pulp D. Conditions as in Figure 3.14.
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Figure 3.27 The effect of manganese concentration on the peroxide consumption

during bleaching of Pulp D. Conditions as in Figure 3.14.

Alkali darkening of TMP results in a brightness ldss of 5-7 %ISO as shown in Figure
3.28. The addition of manganese in the presence of alkali alone increases the amount
of darkening. Similar results have been reported previously (43). The effect of alkali
on SGW is slightly less than for TMP with brightness losses of 3-5 %ISO.
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Figure 3.28 Alkali darkening of TMP in the presence manganese at pH 11.0, 4%

consistency, 50°C.

3.4 Conclusions

The effects of chelating agents, DTPA and EDTA, on the peroxide bleaching of
E.regnans SGW are unusual. A lower brightness response is achieved when chelated
pulps are bleached with hydrogen peroxide. Generally the effect of chelation is to
reduce the peroxide consumed in side reactions, thus leaving a higher level of
bleaching chemical available for reaction with the pulp and so achieving an increased

brightness.

The reasons for this are unclear but various methods can be employed to overcome
some of the decreased brightnéss response. The addition of manganese, which is
known to catalytically decompose hydrogen peroxide, can improve the brightness
response of the chelated pulp to levels approaching that for an untreated pulp, but this
is offset by an associated increase in peroxide consumption. The use of a two-stage

acid/alkali peroxide bleaching process has also been shown to reduce the adverse
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effects of chelation. This has previously been discussed (Chapter 2) in terms of a dual
mechanism of peroxide bleaching involving radical species as well as the perhydroxyl

anion.

While the effect of DTPA in this case is unusual the role of transition metal ions,
particularly manganese, is also worthy of consideration. It has been previously shown
that the addition of transition metal ions can be beneficial during two-stage acid/alkali
peroxide bleaching sequences (Chapter 2), while these results indicate that under
alkaline conditions some benefit in terms of brightness response can also be achieved,

even if this is at the expense of peroxide consumption.

The effect of DTPA and EDTA under these conditions is unusual and can not be
explained using the traditional approach to peroxide bleaching of stabilising peroxide
by the removal of transition metal ions. There appears to be some interaction between
the chelating agent, the pulp and possibly transition metal ions that results in a reduced
bleaching response of the pulp. Further work (Chapter 4) will show that this result
does not appear to be related to radical concentration and that the effect of DTPA is
anomolous compared to other peroxide stabilisers and decomposition catalysts. The
effect of manganese addition to this system also appears not to be related simply to the

presence of radical species as will be shown later (Chapter 4).

The effect of the products of transition metal ion catalysed decomposition of hydrogen
peroxide has been investigated and shown té be minimal. Regardless of the pulp type
or wood species it appears that brightness gains can be achieved in the presence of
added transition metal ions. The major factors affecting the the final brightness of the
pulp are the peroxide charge, especially in relation to the charge applied in the pre-

treatment stage, and the transition metal ion concentration.

Provided that the peroxide charge in the presence of added transition metal ions is at
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least equal to that applied in the pre-treatment stage, bleaching will occur. This is in
accordance with the previously mentioned equilibrium kinetic model of peroxide
bleaching that suggests that pulp brightness is determined by an equilibrium between
chromophores and colourless leucochromophores. Lower brightness gains are
achieved at higher levels of transition metal ion addition and this is related to the
increased peroxide decomposition associated with the high levels of peroxide

decomposition catalyst present, thus leaving less peroxide available for bleaching.

Therefore, in a situation where the peroxide charge is of a sufficiently high level,
bleaching will occur until such time as the peroxide is totally consumed when the
influence of alkali will result in a darkening of the pulp. This is found the be the case
for both E.regnans SGW (Pulps A,B and C) and P.radiata TMP (Pulp D).

While the presence of transition metal ions has an effect on the rate of alkali darkening,
with some metals increasing and some reducing the effect of alkali, there appears to be
no evidence from this work for the products of hydrogen peroxide decomposition
adversely or beneficially altering the brightness of mechanical pulps under alkaline

conditions.
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CHAPTER FOUR
The Role of the Hydroxyl Radical in Peroxide Bleaching Systems

4.1 Literature Review

The role of radical species, and particularly the hydroxyl radical has been the topic of
much debate recently (1-6). Traditionally the perhydroxyl anion, HO,-, has been
considered the active bleaching species in alkaline peroxide bleaching of mechanical
pulps (1,7), but recent work (1-6) suggests that hydroxyl radicals can play a major role
in bleaching with oxygen containing species. However, it is not clear whether radical

species have a positive or negative effect.

Hydroxyl radicals have also been linked with the phenomena of photoyellowing of
pulp (8), alkali darkening of pulps in the presence of transition metal ions and
hydrogen peroxide (9) and carbohydrate degradation (4). Model compound studies
have shown that the hydroxyl radical can react with certain types of lignin groupings
(10-14). In many of these cases the radicals are produced by photolysis of hydrogen
peroxide solutions (15) or the use of Fenton's reagent (15). Various methods have

been employed for the detection of radicals, especially the hydroxyl radical, including
| ESR (16), chemiluminescence (17) and UV-Vis spectroscopy techniques (18-20).

These examples indicate that the role hydroxyl radicals play in peroxide bleaching
systems is not well understood. This chapter will attempt to clarify the role of radicals
and also to correlate the concentrations of radicals produced with the observed

bleaching response of pulps.

During peroxide bleaching the two major radical species produced are the hydroxyl
radical and the superoxide anion radical, OH' and -O,". Of these, the hydroxyl radical

is thought to be the species most likely to have any effect during bleaching (4).
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The generation of hydroxyl and superoxide anion radicals can occur in two major ways

(7,15). Firstly, the base induced cleavage of hydrogen peroxide (7,15,21);
H202 +HO,™ --> OH" + '0,” + HyO
or by transition metal ion catalysed decomposition of hydrogen peroxide (3,7,21);
M + H,0, --> OH' + OH™ + MO+ D+
OH™ +HO, +M(™1*.>:0y" +H,0 +M™
'02‘_ +Hy0p --> 0y + OH" + OH"

Work using potassium superoxide (22-24) has shown no noticeable change in either
lignin model compounds or kraft lignin. The conclusions are that the active radical
species is the hydroxyl radical. The superoxide anion radical has, however, been
shown to depolymerise cellulose (24). While this work is related to chemical pﬁlp
delignification it gives some indication that hydroxyl radicals are more reactive than

other radical species present. This situation may be similar for mechanical pulps.

The use of Fenton's Reagent (hydrogen peroxide and ferrous ions) has been used as a
source of hydroxyl radicals in many studies (25). It has been shown that hydroxyl
radicals react to degrade carbohydrates (25). As the hydroxyl radical is a very reactive
species, being the most powerful one electron oxidant in aqueous solution (3,10) with
a standard redu(l:tiOn potential of 2.72V in acidic media and 2.32V in neutral media, the
lifetime of the species is very shért This means that a radical will react with any
substance near the site of generation. If transition metal ion catalysed decomposition of

hydrogen peroxide is the main source of hydroxyl radicals, then the location of these
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metal ions may be of particular importance. Some previous work (Chapter 3.2.2) has
shown that, under the conditions employed, manganese binds to the lignin and
hemicellulose portions of the pulp and only very small amounts are bound to the
cellulose. This implies that, in the case of manganese at least, the radical species would
be expected to only attack the lignin and hemicellulose portions of the pulp and not

cause degradation of the cellulose.
Hydroxyl radicals react in the following ways:

1. Electrophilic addition to double bonds or to aromatic nuclei (3). Both of these

reactions reduce conjugation and hence reduce the colour of the residual lignin. -
2. Hydrogen atom abstraction from a saturated carbon atom (3).

Of these, the first reaction mode is 1-2 orders of magnitude faster than the second. At
increased pH values the oxyl anion radical, -O”, the anionic form of the hydroxyl
radical is formed [3], but this only has a standard reduction potential of 1.4V and
reacts more slowly than the hydroxyl radical in reactions involving addition to aromatic

nuclei.

Some transition metal ions are known to catalytically decompose hydrogen peroxide
via a radical mechanism (3-5,7,15,26-27) producing hydroxyl radicals. The location of
the decomposition process, whethef in solution or on the fibre surface, may have an
influence on the effectiveness of the radicals produced. If the site of radical generation
is in close proximity to a chromophore or a potential chromophore, then reactions
influencing the resulting brightness of the pulp are more likely. By similar reasoning it
has been postulated (28) that at higher pulp consistencies, radical species play a more

significant role as their site of generation is more likely to be adjacent to a fibre.
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Other recent interest in the hydroxyl radical has arisen in other areas of chemistry and
biochemistry. For example the interaction of hydroxyl radicals with Deoxyribonucleic
acid (DNA) (29) is of great interest. Modelling of atmospheric chemistry (30) usually
includes hydroxyl radicals as an important part of these systems. The self-purification

of natural waters is also related to the presence of hydroxyl radicals (31-33).

4.1.1 The Role of Radical Species in Peroxide Bleaching

Hydrogen peroxide has been used as a bleaching reagent in the pulp and paper industry
for over 40 years, mainly to achieve higher brightness for mechanical pulps.
Approximately 90% of the hydrogen peroxide currently supplied in Canada is used for
this purpose and is becoming the dominant chemical for mechanical pulp bleaching
(34). It has traditionally been thought that the active species present under alkaline
bleaching conditions is the perhydroxyl anion, HO,~ (7,35-38). Oxidative reactions
involving nucleophilic attack of this species on specific chromophore types such as o~
B unsaturated aldehydes, o-carbonyls and o-quinones have been described as the
major route for elimination of chromophores (1,14,39-45). Over the past decade there
has been a growing awareness that other species, particularly the hydroxyl radical
(OH’) may also play an important role during peroxide bleaching processes
(1,2,10,13,15,44). There are, however, contradictory reports in the literature
concerning whether this radical species leads to beneficial or detrimental effects during
chromophore elimination (1,2,9,10,13,15,44). It has been suggested that hydroxyl
radicals contribute to alkali darkening (9), carbohydrate degradation (4), bleaching

(1,3,4) and peroxide decomposition.

The superoxide anion radical, also present in alkaline hydrogen peroxide solutions, is
considered to be less likely to cause significant changes in optical and physical

properties. Superoxide is capable of reacting with cellulose and decreasing the degree
of polymerisation to approximately that achieved with acid hydrolysis (24). It appears

that the radical weakens the fibre and subsequent mechanical processing can break the
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ﬁbfe? thus reducing fibre length and the strength of the pulp. Superoxide radicals do
not react with lignin models vanillin, acetovanillin, guaiacol, o--methyl vanillyl alcohol
and catechol even after extended times (22). The radical also causes no significant
changes to kraft lignin (22). This may indicate that hydroxyl radicals rather than

superoxide anion radicals could also be more important in the bleaching of mechanical

pulps.

The superoxide anion radical only shows a small degree of radical character as the
unpaired electron appears to be in a molecular orbital between the oxygen atoms, and
thus the representation ‘Oy" , over emphasises the radical character of this species. The
pK, is 4.69 (23) so will be unprotonated in typical bleaching conditions, forming the

perhydroxyl radical under acidic conditions.

The hydroxyl radical has a significantly higher standard reduction potential under
acidic and neutral conditions as mentioned previously (chapter 4.1), and is typically
thought to be the species most likely to react with lignin and cellulose. The modes of

reaction of the hydfoxyl radical have been mentioned previousiy (chapter 4.1)

Phenolic units in lignin, represented by a-methyl syringylalcohol (13), have been
studied, and the major reacting species has been shown to be the hydroxyl radical.

- This reaction is accelerated by the presence of transition metal ions, again indicating the
role that these radicals have in some aspects of peroxide bleaching. However, the
reaction of conjugated carbonyl structures (c-B unsaturaterd aldehydes) (14), a major
source of colour in mechanical pulps, has been shown to have a first-order dependence
on the perhydroxyl anion, whi;:h is usually considered to be the active bleaching
species. This work does, however, still suggest that the presence of transition metal

ions accelerates the reaction.

Model lignin compounds with biphenyl linkages (5-5'-dehydrodivanillic acid), when
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treated with hydrogen peroxide under UV irradiation, show breakage of this type of
linkage (15). This same study found that B-O-4 linkages were also broken' by direct
addition of the hydroxyl radical (15). Under conditions of UV irradiation of hydrogen
peroxide, hydroxyl radicals can react with simple non-phenolic lignin models. The two
main reactions are Ca'CB cleavage and the cleavége of the aryl-alkyl ether bond,
forming phenoxyl radicals (10). Creosol and methylated creosols have also been
studied (12) reacting with the hydroxyl radical to form a variety of products. Phenolic
structures produce mainly coupling products whereas non-phenolic structures give rise
to phenolic structures via demethylation and hydroxylation (12), which then can

undergo the reactions typical of phenolic model compounds.

Therefore, it is clear that the hydroxyl radical is capable of reacting with lignin and the
chromophoric material present to have an influence on the optical properties of

mechanical pulps during peroxide bleaching.

4.1.2 The Effect of Consistency

Peroxide bléaching, as outlined in chapter 1.4.1, is generally performed at high stock
consistencies as this is thou ght to lead to more efficient brightening of mechanical
pulps (46). This increased brightness response appears to be related to the increased
concentration of peroxide as the pulp to peroxido ratio is generally kept constant but the
peroxide to water ratio increases. Experiments to determine the effect of consistency,
therefore, need to be carried out under conditions of equal peroxide concentration. To
eliminate the different pH and peroxide consumption profiles observed with different
consistencies it is necessary to work under conditions where the concentration of
peroxide and the pH are maintained at fixed levels throughout the bleaching
experiment. Such conditions are described in chapter 5.1.2.2, and are typically used in

the kinetic analysis of peroxide bleaching (28,47,48).

It has been postulated (28) from a kinetic analysis of peroxide bleaching, that as the
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consistency is increased the rate of peroxide bleaching increases also. This study
reports only the rate constants, and from this infers that at consistencies between 0.25
and 4.0%, increasing consistency causes an increase in bleaching rate. The rate
appears to double over this consistency range. This increased brightness response is
discussed in terms of movement of particularly reactive species between pulp fibres. At
higher consistencies there is a greater possibility of these species being generated
adjacent to a fibre, ahd able to transfer between fibres. Therefore, if these species have
a positive effect on brightness, an increased bleaching response should be observed. In
peroxide bleaching systems radical species are present and could behave in this

manner.

Unfortunately, it is not possible to extend the range of consistencies studied using this
method to those used industrially due to problems related to mixing, sampling and

maintaining the peroxide and alkali charges.

4.1.3 Radical Detection Methods -~
A number of methods have been developed to measure the levels of hydroxyl radical
present in aqueous systems. These include using phthalic hydrazide as a trap and
detection via chemilluminescence of the species formed (17), UV determination of
radicals formed by the intefaction of hydroxyl radicals with thiocyanate (20) or
bicarbonate ions (19) and ESR techniques. A simple spectrophotometric method based
on the oxidation of N,N-dimethyl-4-nitrosoaniline (DMNA) has been demonstrated to
be specific for hydroxyl radicals in alkaline media (18,49). The method has been
applied to studies of the influence of metal ions in neutral and mild alkaline solutions of
| hydrogen peroxide (32,33,50-52). In this study pH conditions at levels encountered
under industrial bleaching conditions have been used (pH 11), and a kinetic analysis
deycloped to show the inﬂucnce of both transition metal additives and also several

stabilising reagents commonly encountered in commercial bleaching processes.
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The use of DMNA for the detection of hydroxyl radicals has been used for many years
(18), but has rarely been used in conjunction with peroxide bleaching, although some
work haé been reported (53) in which the production of radicals in peroxide blcaching
liquors in the absence of pulp has been investigated. Hydroxyl radicals react
quantitatively with DMNA, and this reaction reduces the observed absorption of
DMNA. This decrease in absorption allows calculation of the amount of DMNA

reacted.

4.1.4 Problems of Detection

While there are many proposed methods for the detection of hydroxyl radicals there are
many factors to be considered in order to choose the most appropriate for the particular
application. For this reason direct methods, such as ESR (53) are most suitable as no
interference is encountered, but the issue of availability, limits of detection and cost
need to be coﬁsidered. Indirect methods can also be employed but caution must be

exercised to minimise interferences.

In the case of peroxide bleach liquors the reagent chosen for the detection of hydroxyl
radicals should not alter the peroxide decomposition or react with peroxide and ideally
should not interrupt the radical chain processes. The first consideration is relatively
simple to check and many reagents are available that met this requirement. The second
issue is more complex. If a trapping reagent competes successfully for a high
proportion of the radicals available then the chain processes will not proceed as they do
in the absence of the reagent. This means that the presence of the radical trap alters the
course of the reaction, and the results obtained do not necessarily accurately reflect the
situation in the absence of the radical trap. Therefore, a reagent that traps a small
percentage of the radicals will only have a slight influence on the course of the reaction
and will give results that more accurately reflect the radical concentration. If the reagent
does not interfere with the physical or optical properties of the pulp it can be used

during bleaching experiments. If this is not possible then experiments must be
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undertaken to ensure that a valid correlation exists between the bleaching response in

the absence of the radical trap and the solution studies.

4.2 The Effect of Consistency

In order to determine the effect of consistency conditions of constant concentration of
peroxide and alkali are required. The brightness-time response of pulp at various
consistencies can then be directly compared. If increasing consistencies give rise to
enhanced bleaching rate then higher brightness would be expected to be observed. This
increase in brightness can not be related to the concentration of the perhydroxyl anion.
The concentration of metal ions would also increase with consistency and may have an
effect on the concentration of peroxide decomposition products. Any effect of
consistency, therefore, would appear to be related to the presence of metal ions or

radical species.

4.2.1 Constant Conditions Bleaching

Bleaching of pulps under conditions of constant concentrations of peroxide and
constant pH gives more easily interpretable information regarding the effect of
consistency compared to bleaching under conditions of reducing peroxide and alkali
concentration. This is because peroxide and pH profiles vary with consistency and the
addition of various peroxide decomposition catalysts and stabilisers, thus meaning that
reshlts can not easily be compared. Studies related to the kinetics of peroxide bleaching
are often performed under similar conditions (28,47,48). Figure 1.3 (Chapter 1)

shows a typical brightening response under these conditions.

Interestingly the response shows many similarities to a pulp bleached under
conventional conditions, a rapid initial stage followed by a much slower stage of
bleaching (48), apparently reaching a brightness limit after long reaction times. In the
case of reducing reagent concentration this can be explained in terms of loss of

bleaching reagent, however, this is not the case for constant conditions bleaching,
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indicating that the apparent limiting brightness reached after extended times is related to -

the concentration of peroxide and alkali (54,55)

4.2.2 Varying Pulp Consistency

The effect of conéistcncy can be determined by working under conditions of constant
concentrations of peroxide and alkali, as described above, and varying only the
consistency of the pulp. Using such conditions the pulp consistency was varied from
0.1% to 8% and the brightness time response monitored. As can be seen from figure
4.1 the increase in brightness after approximately six hours is slow, so comparisons
were made at extended times of bleaching. Figure 4.2 shows the effect of varying the

consistency on final pulp brightness while keeping all other conditions constant.
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Figure 4.1 Bleaching response of SGW. Conditions: 1.2g/L peroxide, pH

11.0, 50°C, 3% consistency, peroxide and alkali maintained at initial levels.

Although there is no clear trend observable it can be seen that at higher consistencies
(3-8%) a brightness increase of approximately 1-2 %ISO higher is obtained indicating
that the increasing consistency does improve the bleaching response of the pulp. This

may be related to the presence of radicals that are produced by peroxide
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decomposition. As the consistency is increased these are more likely to be generated
close to a fibre and so be more likely to effect the colour of the pulp. This is in
agreement with previous work (28) which related an empirical rate constant to the pulp
consistency. This showed an increase in the rate of bleaching with increasing

consistency.
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Figure 4.2 The effect of consistency of the final brightness of Eucalypt SGW.
Conditions as in Figure 4.1. Points are the average of duplicates, maximum

deviation was 0.3%ISO.

4.2.3 Inert Fibre Addition

The addition of an inert fibre, that does not consume considerable amounts of peroxide
or change brightness when bleached with alkaline hydrogen peroxide can also allow a
study of the effect of c::msistency on bleaching rcSponse. If the total consistency ié kept
constant while the proportions of the inert and bleachable fibre are changed, this

effectively alters the consistency of the bleachable fibre.

It was found that P. Radiata bleached kraft pulp, after being bleached for 6 hours with

alkaline peroxide, consumed very little peroxide when again exposed to peroxide and,
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as expected, showed very little change in brightness.’fhe brightness of the kraft pulp
after the initial peroxide treatment was 85%ISO. Bleached kraft pulp that has been
previously exposed to peroxide, therefore, was considered suitable as an inert fibre.
Kraft:SGW pulp ratios of 7:1, 3:1, 1:1, 1:3 and 0:1 were used giving effective
consistencies of SGW of 0.5, 1.0, 2.0, 3.0 and 4.0%.

Two series of experiments were performed, both under constant concentrations of
peroxide and alkali. Firstly, kraft and SGW were bleached together in the above ratios
and the brightnesses of samples withdrawn at suitable intervals were measured.
Secondly, samples of kraft and SGW were bleached separately at 4% consistency and
handsheets were then prepared in the above ratios to give a comparative set of data.
Figure 5.1 shows a diagramatic representation of the experiment. The comparison of
the two sets of results shduld show the effect of the addition of inert fibres, and give

some information about the effect of consistency in peroxide bleaching.

If Bleaching at a higher consistency is beneficial, possibly due to the effect of radical
species, then we would expect to observe greater brightness in the samples bleached
separately (as the bleachable fibre was effectively bleached at a higher consistency
(4%)) than those bleached together, as the inert fibre reduces the consistency of the

bleachable fibre.

Figure 4.3 shows the bleaching response of various ratios of SGW and bleached kraft
pulp together. This graph shows that for the various kraft:SGW ratios the bleaching
response is typical of peroXide bleaching with a rapid initial stage followed by a slower
phase. Also, as expected, the higher kraft:SGW ratios correspond to higher initial
brightness and lower brightness gain with there being a smaller percentage of

bleachable fibre present.

- Figure 4.4 shows a comparison of the brightness of sheets formed from a fixed ratio
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of kraft: SGW, but blcéchcd by the two methods, either separately or combined. These
figures show that there is no significant difference in brightness response associated
with the method of bleaching. This shows that the SGW bleaching response does not
appear to alter over the range of consistencies covered (0.5% - 4.0%) when the total

consistency is maintained at 4% by inert fibre addition.
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Figure 4.3 Bleaching response of mixtures of SGW and kraft pulp bleached
together in the given ratios to make appropriate handsheets. Conditions: 50°C,
pH 11.0, 4% consistency, 3% Peroxide on o.d. pulp, constant conditions of

alkali and peroxide.

From these experiments it can be concluded that the effect of varying the consistency
for bleaching of SGW is small (approximately 10% of the brightness change) and there
is no observable effect in the case of kraft:SGW bleaching. In the case of mixed
kraft:SGW bleaching the total pulp consistency is always 4%, so, although the
coﬁsistcncy of the bleachable fibre is altered, the transfer of radical species between
fibres may not be altered significantly. Therefore meaning that the component of
bleaching due to radical reactions and transfer of reactive species is always equivalent

to that of 4% consistency.
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Figure 4.4 Comparison of separate and combined bleaching of SGW :kraft in a

ratio of (a)1:3 and (b) 1:7. Conditions: 1.2g/L peroxide, pH 11.0, maintained

throughout the experiment.
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4.3 The Interaction of DMNA with the Hydroxyl Radicai

The simplest method of hydroxyl radical trapping was found to be the use of N,N-
dimethyl-4-nitrosoaniline (DMNA). Being hjghiy coloured (€449 = 34200) allows
detection of very small quantities of hydroxyl radicals, but also has the disadvantage

that it may not be used directly during bleaching experiments.

While the use of DMNA as a specific hydroxyl radical trap is well established (18,49),
and it has previously been used in conjunction with hydrogen peroxide solutions
(32,33,50-52), no kinetic analysis of this interaction has been performed and no

studies in conjunction with peroxide bleaching have been reported.

4.3.1 Previous DMNA Studies

The bleaching or oxidation of DMNA by the hydroxyl radical has been studied
previously (18,49). Most of these studies have utilised either photolysis (49) or
radiolysis (18,49) to generate hydroxyl radicals in aqueous solutions of DMNA. It has
been concluded from these studies that the method is specific to the hydroxyl radical
and that the photolysis and radiolysis induced reactions appear to be the same. The rate

of the reaction is very fast, and is nearly diffusion controlled (18).

One of the limitations of this system is that some of the products of the reaction
betweeen DMNA énd the hydroxyl radical have significant absorbances close to 440
nm, the absorption maxima for DMNA. As DMNA is oxidised the the maximum
absorption moves to lower wavelengths. To overcome this problem decomposition of

DMNA is kept to approximately 30% of the initial charge.

Most of the work performed with hydrogen peroxide solutions has been principally
investigating the role of hydroxyl radicals in the self-purification of natural waters
(31,32). These studies have concluded that manganese - bicarbonate catalysed

decomposition of hydrogen peroxide produces a significant quantity of hydroxyl
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radicals and so the mechanism of decomposition appears to be a radical chain
mechanism (51), as does the osmium tetroxide catalysed decomposition of hydrogen

peroxide (50).

In a study of hydrogen peroxide stability at low levels of transition metal ion
impurities, the spontaneous decomposition of hydrogen peroxide was found to consist
of two distinct parts (31). One part dépends on the formation of micro-colloidal iron
complexes (31,32) and the other on the level of such transition metal ions such as
copper, manganese, nickel, chromium and cobalt (31,32). Another study (32) reports
that micro-colloidal iron does not cause an increase in radical production, suggesting
that this decomposition does not proceed via a radical chain mechanism, but the
addition of copper does increase both the decomposition of peroxide and the
concentration of hydroxyl radicals. Similar studies also support the radical mechanism
for copper catalysed decomposition of hydrogen peroxide (31-33) but suggest that

manganese does not produce significant quantities of radical species, similar to iron.

In a study of hydrogen peroxide stability related to the use of peroxide as a bleaching
reagent for mechanical pulps, Colodette (53) performed studies with DMNA. He
concluded that copper does appear to decompose peroxide via a radical mechanism,

while manganese and iron do not.

4.3.2 Kinetic Models

Simplified kinetic expressions for oxidation of DMNA can be developed as follows:

kil
HyOp, + M - >OH’ {4.1} Radical formation
ki
X + OH ----- > P, {4.2} Radical removal by species X
ks

DMNA + OH' ----- >P, {4.3} Oxidation of DMNA
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HyOy ----- >H,0+1/20, {4.4} Overall decomposition of peroxide

Where: - M is a metal species.
- X are species (other than DMNA) which can trap
hydroxyl radicals.
.- DMNA is N,N-dimethyl-4-nitrosoaniline.

- P, and P, are oxidation products.

The rate of removal of DMNA (32) is given by:

-d[DMNA] = k;[DMNA]J[OH'] {4.5}
dt

The steady state concentration of hydroxyl radicals is given by:

-d[OH'] = k;[DMNAJ[OH ] - k{[H,0,](M] + k_;[OH][X] =0
dt {4.6}

Two limiting cases can be considered:

Case 1:

Reaction with DMNA is the dominant reaction leading to the removal of radicals:
-i.e k3[DMNA][OH] >> k_|[OH][X]

so that:

" [OH] = k,[H,0,1[M] | {4.7}
k;[DMNA]
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and: -d[DMNA] =k[M][H,0,] {4.8)

dt

se 2:
- Reaction with other species (X) is the dominant termination reaction for hydroxyl
radicals. In our system X could be metal species (2), hydrogen peroxide (32) or

another radical species (13).

Under this condition k_j[OH][X] >> k3[DMNA][OH']

leading to

[OH] = k[H,0,][M] (4.9}
k_[X]

and: -d[DMNA] =k k;[DMNA][H,0,][M] {4.10}
dt k_[X]

The derived kinetic expressions {4.8} and {4.10} indicate first-order dependence on
concentrations of metal ion species and peroxide concentrations. It is well known that
the nature of the metal ion species present in aqueous systems is strongly dependent on
the pH of the medium (57). For studies carried out at constant pH, [M] could be

regarded as constant throughout a particular experiment.

Assuming no peroxide decomposition, integrating equations {4.8} and {4.10} results

in the following expressions:

Case 1 |
[DMNA], = [DMNA], - k,[M][H,0,].t {4.11}
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Case 2:
In[DMNA]; =k k;[DMNA][M][H,0,].t {4.12}
[DMNA], k,[X]

Now, allowing for decomposition of hydrogen peroxide, which is typically first order:

-d[H,0,] =k,[H,0,] {4.13}
dt

on integrating we have:

[H,0,] = [H,0,] 2! {4.14}

where [H,0,], denotes the initial concentration of hydrogen peroxide.

Substituting equation {4.14} into equation {4.11} and {4.12} we have:

Case 1:

[DMNA]; = [DMNA], - kl[M][Hzoz]Oe‘kZ‘.t {4.15}

Case 2:

In[DMNA]; = k;k3[DMNA][M] [H202]0c'k2‘.t {4.16}
[DMNA], k [X]

Case 1 requires a zero-order dependence on [DMNA], while a first order dependence
is predicted in case 2. It should be easily established which model is preferable by
observing whether the rate of removal of DMNA depends on the concentration of the

amine initially introduced. Thereafter, the the validity of the proposed model can be
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further tested by examining plots of the appropriate [DMNA] function against the time
kot '

variable te
4.3.3 Model Testing;

Experiments were performed to follow the rate of removal of DMNA in alkaline
peroxide solutions at 50°C, under conditions of constant pH = 11.0. The concentration
of DMNA was measured spectrophotometrically, while decomposition of hydrogen
peroxide was measured by periodic titration of samples. The effect on kinetic
phenomena of ihtroducing transition metal ions, including iron, manganese and copper
were observed, as well as the influences of adding stabilisers such as sodium silicate,

magnesium nitrate and complexing agents.

The development of the kinetic models as shown in the theory section assumes that the
rate of t)eroxide decomposition is first-order with respect to peroxide concentration.
This was found to be a reasonable assumption for each of the systems investigated,
with linear logarithm-time relationships as shown in Figure 4.5. Addition of transition
metal ions or stabilisers to the alkaline peroxide solution changed the magnitude of the
rate constant for peroxide decomposition (k,) as shown in Tables 4.1 and 4.2

respectively.

Experiments also showed that the rate of DMNA removal is dependent on the initial
concentration of the amine, as shown in Figure 4.6. This demonstrates that the kinetic
expression developed as Case 1 cannot be valid under these conditions. Analysis of
kinetic phenomena was therefore based on testing the validity of equation {4.16}

(Case 2).
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Figure 4.5 First-order rate plots for hydrogen peroxide decomposition in the
presence of various catalysts and stabilisers. Peroxide concentration = 0.0353M,

pH 11.0, 50°C, copper = 8.02 x 100M, manganese = 9.14 x 10"M, DTPA =
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Figure 4.7 shows that, in the the absence of added transition metal ions or stabilisers,

plots of In((DMNA]/[DMNA],)) against the time function te X2t are linear, with values

of the coefficient of determination (R2) close to unity. This is consistent with equation

{4.16}, assuming that the concentration of radical terminating spccicé [X] can be

regarded as constant for a particular system.
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Table 4.1 Rate constants for peroxide decomposition in the presence of added

transition metal ions. Rate = 2.00 x 10-3 in the absence of additives.

Copper Manganese Iron
[Cu] ky [Mn] ky [Fe] ky
x10°6)  x10"3/min x100)  x10-3/min x10®)  x10"3/min
4.01 6.57 4.55 233 4.49 1.74
8.02 9.33 9.10 4.18 8.98 1.65
20.0 13.3 22.7 10.3 2.5 2.74
40.1 20.3 45.5 25.0 44.9 3.05

Table 4,2 Rates constants for peroxide decomposition in the presence of added

stabilisers. Rate = 2.00 x 10-3 in the absence of additives.

Magnesium DTPA Silicate
Mg] ky [DTPA]  k, Si1 . ky
(x109)  x10%/min x10%)  x10%/min (x1073) x10-3/min
6.63 3.30 2.54 5.50 5.26 2.71
15.8 3.36 5.09 5.77 10.1 2.21
37.5 3.65 10.2 7.68 ©20.1 1.3

20.4 8.32 40.0 0.45
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Figure 4.7 Model fit for various levels of peroxide concentration. DMNA

concentration = 2.00 x 10-5M, pH 11.0, 50°C.
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The slopes of the plots illustrated in Figure 4.7 can be related to the value of the rate
constant for removal of DMNA defined by

K = kiks , {4.17)

—

kg

The magnitude of K gives the rate constant for the removal of DMNA in each case.
This term also reflects the relative ratio of k,/k_;, and is therefore a measure of the

hydroxyl radical concentration available for reaction with DMNA.

4.3.4 Kinetic Phenomena under Alkaline Conditions

As peroxide bleaching is usually performed under alkaline conditions the effect of
various peroxide decomposition catalysts and stabilisers was investigated at pH 11.0
and 50°C. The proposed model was found to be valid in the presence of all additives

and the values of K and k are reported.

4.3.4.1. The Influence of Added Transition Metal ions

The transition metals commonly reported to have most influence on hydrogen peroxide
stability during industrial bleaching of mechanical pulps are manganese, iron and
copper (57-60). The presence of manganese in particular is a concern under conditions
normally encountered during bleaching (61). Traces of these transition metal impurities

are derived either from the wood itself or are introduced during pulp processing.

The influence of addition of copper, manganese and iron on the kinetics of peroxide
decomposition and DMNA oxidation was investigated at pH 11.0 and 50°C. As
already described, in the presence of these catalysts first order kinetics was observed
for peroxide decomposition, with calculated rate constants (k,) reported in Table 4.1.
The validity of equation {4.16} was tested in the presence of introduced metal ions by
plotting ln[DMNA]L,[DMNA]O against the time function te’k2t. Inall cases tested,
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adequate linear relationships were obtained, as illustrated in Figure 4.8. Using the
slopes of these plots, values of K were plotted as a function of metal additive

concentrations as shown in Figure 4.9.
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Figure 4.8 Model fit for the addition of transition metal ion catalysts.
Conditions as in Fig. 1, DMNA concentration = 5.00 x 10-5M, copper = 4.01 x
10-6M, manganese = 9.14 x 10-°M, iron = 4.49 x 10°°M

Previous studies by Emestova and Skurlatova on the DMNA-peroxide system have
been reported at 70°C at pH 7 (32). Their results showed that addition of iron(III) had
no effect on the bleaching of DMNA (32), and concluded that micro-colloidal iron
particles present do not contribute to the formation or disappearance of hydroxyl
radicals. Other studies have concluded that iron does not decompose peroxide via a

radical mechanism (31).

Figure 4.9 shows that the rate constant K is not significantly affected by increasing the
amount of iron in the system. In fact it appears that the addition of iron causes a slight

reduction in K compared to the system where no iron is introduced.
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Figure 4.9 Plots showing the variation in K for the addition of copper, iron

and manganese.

In contrast, the addition of copper to the alkaline peroxide system produces a
significant increase in the values of K as illustrated in Figure 4.9. Steady state levels of
hydroxyl radicals as measured by K are almost directly proportional to the levels of
copper introduced. These observations are in agreement with previous studies (31-33)
where addition of Cu(II) is found to produce a proportionate increase in the rate of
oxidation of DMNA. These workers also reported that the effects of added Mn(II) was
similar to that of iron and the addition of manganese had little influence on the
formation or removal of hydroxyl radicals. Other studies have concluded that the
catalytic decomposition of hydrogen peroxide in the presence of Mn(II) does proceed
via a radical chain mechanism involving hydroxy! radicals (51). The results show little

influence of manganese on radical concentration.
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4.3.4.2 The Influence of Added Stabilising Agents

Stabilising agents commonly used in the peroxide bléachjng of mechanical pulps are
magnesium salts (57,62,63), sodium silicate (36,57,62,63) and chelating agents sucﬁ
as DTPA and EDTA (35.36,57,61,63). Thc addition of these reagents aims to feduce
the catalytic decomposition of hydrogen peroxide, and thus leave higher levels of
peréxide available for pulp bleaching. Peroxide decomposition in the presence of these
stabilisers follows first-order kinetics and the values of k, are repc;rted in Table 4.2. In
all cases stabilisation of peroxide is achieved and plots of I[DMNA],/[DMNA],,
against te kot again showed adequate linear correlations. Vlalues of K were calculated
from these plots for the addition of magnesium, silicate and DTPA are shown in Figure
4.10, 4.11 and 4.12.
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Figure 4.10 Plots showing the variation in the rate constant K for magnesium.

Conditions as in Figure 4.8.
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The effect ollf the addition of magnesium is shown in Figure 4.10. The value of K and
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is decreased markedly at low levels of magnesium and further addition does not effect
these values significantly. From this it would appear that the mechanism of
stabilisation of alkaline peroxide solutions by magnesium involves either the
interruption of free radical processes that are initiated by the residual transition metal
ions present in the solution, or deactivation of the catalytically active species in some

way.

The addition of DTPA, as shown in Figure 4.11 shows a very similar trend for K as
magnesium. The value is reduced to low levels compared to unstabilised peroxide
solutions, and further addition of stabiliser has little or no effect. It has previously been
proposed (61) that the mechanism of DTPA stabilisation of alkaline peroxide solutions
is related to the ability of DTPA to bind and deactivate the residual transition metal ions
in solution and thus reduce thé catalytic decomposition of hydrogen peroxide. This

appears to be supported by the results obtained here.

The effect of sodium silicate addition, as shown in Figure 4.12, is different from
magnesium and DTPA. The value of K, which is a measure of the hydroxyl radical
concentration, does not decrease on addition of silicate. This tends to indicate that the

mechanism of stabilisation by silicate is different than for either magnesium or DTPA.

4.3.4.3 The Influence of Added Methanol

Alcohols, particularly methanol and ethanol, are known to be effective hydroxyl radical
traps (33), and have been used as such in experiments similar to these. Figure 4.13
and 4.14 show the effect of varying the methanol concentration on the rate of
decomposition of peroxide, the rate of decolorization of DMNA and the calculated
steady state concentration of hydroxyl radicals. Figure 4.13 shows that increasing the
concentration of methanol leads to an increase in the rate of decomposition of peroxide.
The reason for this is not clear but could- be related to the level of impurity transition

metal ions in the methanol being at such a level that catalytic decomposition of peroxide
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is increased. Figure 4.14 shows that increasing the proportion of methanol in solution
significantly decreases the value of K, mdlcatm g that methanol successfully competes
for hydroxyl radicals with DMNA. Figure 4.15 shows the effect of increasing
hydrogen peroxide concentration on the values of K in 1:1 methanol: water. As

expected, higher concentrations of hydrogen peroxide results in higher values of these

constants.
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Figure 4.13 The effect of methanol addition on peroxide decomposition rate.

Conditions as in Figure 4.8.
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Figure 4.14 The effect of methanol addition on K. Conditions as in Figure

4.8.
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Figure 4.15 The effect of varying peroxide concentration in 1:1 methanol:water

on K. Conditions as in Figure 4.8.

Fiéures 4.16 and 4.17 show the effect of increasing the methanol to water ratio in the
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presence of added iron and copper. The effect of methanol on the rate of
dc_composition of peroxide, as shown in Figure 4.16, is small. Increasing the
| prollmrti.on of methanol in the solution markedly decreases the rate of DMNA
decolorization (Figure 4.17) and, therefore, the calculated steady state concentration of

hydroxyl radicals decreases markedly.
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Figure 4.16 The effect of methanol addition on k,, in the presence of added
copper (1.003x10-3M) and iron (1.113x10"°M). Conditions as in Figure 4.8.

4.3.5 Kinetic Phenomena under Acidic Conditions

Some transition metals exhibit maximum catalytic activity towards peroxide
decomposition under acidic conditions (64). Under such conditions the rate of
decomposition of peroxide is usually low without added catalysts. Table 4.3 shows the
first-order rate constant for decomposition of hydrogen peroxide in the presence of
added chromium. Again the model (equation {4.16}) gives adequate linear
correlations. Figure 4.18 shows that the rate of removal of DMNA and, therefore, the

steady state concentration of hydroxyl radicals increases with the addition of

chromium.
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Figure 4.17 The effect of methanol addition on K in the presence of added

copper and iron. Conditions as in Figure 4.16.
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Figure 4.18 Plots showing the variation in K for the addition of chromium.

Conditions: pH = 5.8, [DMNA] = 5 x 10-5M.
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I'able 4,3. Rates of peroxide decomposition in the presence of added chromium.

[Cr] ky

(x10°5) x10%min
0.00 4.206
2.49 6.000
4.97 9.866
9.95 16.03

The addition of methanol to acidic solution of hydrogen peroxide containing chromium
results in marked decreases in K at much lower levels of methanol than required in the
case of alkaline solutions, as shown in Figure 4.19a. The rate of decomposition of
peroxide is greatly reduced in the presence of methanol, compared to the significant
increases noted in alkaline solution. The addition of magnesium under acidic

conditions to this system has a similar effect on K at low levels of addition as shown in
Figure 4.19b. However, at higher levels of addition the value of K approaches that of

the unstabilised system.

Previous investigations (64) have shown that under acidic pH conditions addition of
chromium to peroxide bleaéhing liquors can improve the subsequent response of
mechanical bulps under conventional alkaline bleaching conditions. These studies
showed that although no brightness gain was observed under acidic bleaching
conditions, the chromophores present are rendered more susceptible to bleachingin an
alkaline peroxide medium. This implies that hydroxy! radicals may have a positive

effect on bleaching provided pulp is exposed to radicals under acidic pH.

4.4 Studies of Hydroxyl Radical Concentration
Attempts were made to directly measure hydroxyl radical concentrations in peroxide

bleach liquors, in order to verify the results obtained using the oxidation of DMNA. It
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was not possible with ESR spectroscopy, presumably due to the very low
_ concentration of hydroxyl radicals in these solutions. Therefore it was necessary to

confirm the validity of the method by comparison with similar reported methods.

Results obtained here ﬁre i.n agreement with Ar.hose.of Reitberger er al. who used a
method based ori chemiluminescence of solutions after addition of phthalic hydrazide
(17) to follow generation of hydroxyl mdicals during peroxide bleaching. They
reported that copper was particularly efficient in formation of hydroxyl radicals from
alkaline hydrogen peroxide, while silicate, DTPA and magnesium sulfate reduced their

concentration (4).

Colodette (53) measured hydroxyl radical concentrations by observing the
hydroxylation of benzene, forming phenol and biphenyl, as well as the oxidation of .
DMNA. His study concluded that both methods gave similar results, thus supporting
the method used in this study. He found that copper significantly increased the level of
hydro.xyl radicals while iron and manganesé, at very low levels, actually decreased the

radical concentration.

Previous studies using DMNA, although not using the kinetic analysis developed here
have reached similar conclusions to this study. Copper appeairs to produce hydroxyl
radicals in its catalytic decomposition of hydrogen peroxide (31,32), iron does not
decompose peroxide via a radical mechanism (32) and the mechanism of manganese

catalysed decomposition depends on the metal ion concentration (32,51).

Studies of the interaction of DMNA with the hydroxyl radical have shown that DMNA

is a specific trapping agent for this radical species (18,49).

Therefore, it appears that results obtained from ihe oxidation of DMNA are in

agreement with other reported studies relating to hydroxyl radical concentration, and
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although direct evidence of the correctmess could not be obtained there would seem to

be strong supporting evidence for the results obtained.
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Figure 4.19 Plots showing the variation in K for the addition of (a) chromium
and methanol and (b) chromium and magnesium. Conditions: pH = 5.8,

[DMNA] =5 x 10-M.
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4.5 Bleaching Studies with Radical Traps

In theory it is possible to examine the influence of hydroxyl radical concentration
during alkaline peroxide bleaching by following DMNA oxidation in the presence of
pulp. Brightness gain could then be correlated with the radical concentration profile for
each system. However, this approach has the drawback that DMNA, being highly
coloured, may directly affect the brightness of the pulp by adsorption onto the fibres.
Figure 4.20 shows the effect of DMNA concentration on brightness gain during
alkaline peroxide bleaching and also in the absence of peroxide under alkaline
conditions. Clearly, DMNA itself can influence the optical properties of the pulp.

It is therefore preferable to draw correlations between the calculated radical
vconcentrations', from our solution studies with the results of peroxide bleaching
experiments in the absence of DMNA. However, it is first necessary to determine
whether the presence of the pulp affects the oxidation of DMNA under our
experimental conditions, as reflected by the calculated parameters. Table 4.4 shows
that the calculated values for K are similar in the presence and absence of pulp. In
order to achieve this samples of pulp were withdrawn and filtered prior to determining
the DMNA concentration. Values of k, are increased in the presence of pulp in the case
of magnesium addition and with no additive present, due to tHe consumption of
peroxide b‘y bleaching processes. It therefore appears reasonable to correlate values of
K from solution studies (in the absence of pulp) with the observed bleaching response

of the pulp in the absence of DMNA.
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Table 4.4 Values of rate constants for hydrogen peroxide decomposition and DMNA
removal in the presence and absence of pulp. Conditions: 50°C, 1% consistency, pH

11.0, 0.0353M peroxide.

Additive ' ky K
(x 103 /min) (x 102)

none solution - 2.00 1.24
copper solution 13.3 1.89
magnesium solution 0.36 0.67
none pulp 3.10 1.27
copper pulp 9.17 1.71
magnesium pulp 1.29 1.28

4.5.1 Alkaline Conditions

Figure 4.21a shows results obtained for the addition of various amounts of magnesium
nitrate to peroxide bleaching of pulp. The final brightness of the pulp is not
significantly effected by the presence of magnesium or the implied reduced
concentration of hydroxyl radicals. A slight reduction in peroxide consumption was
‘achieved with the introduction of magnesium, but the brightness gains in the presence
and absence of magnesium are similar. Bleaching studies in the presence of varying
quantities of methanol, illustrated in Figure 4.21b, also show that pulp brightness is
not significantly effected by the presence of a radical trap, thus supporting the results

obtained with magnesium.
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Figure 4.20 The effect of DMNA concentration on (a) the bleaching response
of pulp and (b) alkali darkening. Conditions: pH 11.0, 50C, 1% consistency, (a)
12% peroxide on o.d. pulp, (b) [DMNA] 2 x 10“M.

Figure 4.22 shows negative effects of additions of iron, copper and manganese on

brightness gain during.peroxide bleaching experiments. However, it is difficult to |
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isolate the influences of radical concentration in these experiments, as the concentration
profile for total peroxide is also strongly dependent on the introduction of these
additives. For this reason experiments were performed under conditions where both
the pH and peroxide concentration were maintained at constant levels (48,49). Table
4.5 shows that for the introduction of either transition metal ions or stabilisers under .
constant conditions there is no significant difference in brightness gain, even though
the solution studies indicate that significantly different concentrations of hydroxyl

radicals would be available.

The addition of DTPA under these conditions gives an unusual result. With all other
additives approximately the same brightness is achieved after three hours bleaching,
independent of the calculated radical concentration. The hydroxyl radical concentration
for the addition of DTPA is lower than for no addition but not lower than magnesium
addition, so this difference in brightness response does not appear to be caused by the
variation in hydroxy! radical concentration. As has been reported previously (chapter
3.2), chelaﬁng agents, including DTPA, appears to have an unusual effect with this

pulp and this result adds further weight to the conclusions of that chapter.

These results are in agreement with those of Reitberger et al. who used a method
based on chemiluminescence of solutions after addition of phthalic hydrazide (17) to
follow generation of hydroxyl radicals during peroxide bleaching. They reported
similar results with copper, silicate, DTPA and magnesium sulfate (2). Their method
also showed that at low pulp consistencies (2.5%) there were no positive effects due to
enhanced formation of hydroxyl radicals during alkaline peroxide bleaching of a

mechanical pulp.
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consistency, 50°C, pH 11.0, 12% peroxide on o.d. pulp, duration of bleach: 180
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Table 4,5 Bleaching response of E. regnans pulp under conditions of constant
concentration of peroxide (12% on oven dry pulp) and alkali (pH 11.0). Other

conditions as in Figure 4.21a.

Additive - Concentration Brightness Gain (%ISO) Kk,
| M (x 105) 60 minutes 180 minutes (/min x 10 -5)
None 11.9 18.4 2.41
Copper 1.00 10.6 17.6 15.0
Manganese 1.14 12.7 17.5 3.56
Iron _ 1.12 12.1 18.3 1.98
Magnesium 7.98 10.6 17.2 0.23
Silicate 2000 11.5 18.1 1.60
DTPA 50.8 9.7 15.3 0.52

However, other investigations have concluded that peroxide decomposition products
can have either positive or negative effects on brightness gain. Sjogren et al. (4) have
reported positive effects of hydroxyl radicals produced by irradiation with Y rays
during peroxide bleaching of a mechanical pulp. Kutney and Evans (9) observed
brightness reversion when a bleached pulp was exposed to alkaline peroxide in the
presence of catalysts including iron, manganese and copper, and attributed the effects

to peroxide decomposition products.

The apparent inconsistencies in these observations regarding the influence of the
hydroxy! radical duriﬁg alkaline peroxide bleaching of mechanical pulps may lie in the
experimental conditions used, for example pulp consistency. From analysis of the
kinetics of chromophore removal during pcroxide bleaching, Moldenius and Sjorgen

(28) postulated that the effects of short lived species become much more apparent as
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the pulp consistency is increased, as these active intermediates could more easily
migrate between fibres. Reitberger (2) also found that at increased pulp consistency

positive effects of hydroxyl radicals become apparent.

4.5.2 Two-stage acid-alkali Bleaching

Previous investigations (Chapter 2.3) have shown that under acidic pH conditions
addition of chromium to peroxide bleaching liquors can improve the subsequent
response of mechanical pulps under conventional alkaline bleaching conditions. These
studies showed that although no brightness gain was observed under acidic bleaching
vconditions, the chromophores present are rendered more susceptible to bleaching in an
alkaline peroxide medium. This implies that hydroxyl radicals may have a positive

effect on bleaching, provided the pulp is exposed to radicals under acidic conditions.

Figure 4.23 shows the bleaching response after the two-stage acid/alkali process in the
presence of added chromium in the first stage. This can be compared to Figure 4.18
showing the calculated hydroxyl radical concentrations. By increasing the hydroxyl
radical concentration in the acidic stage of a two-stage process, the final brightness of
the pulp can be increased. This process has been explained previously in terms of a
dual mechanism of peroxide bleaching (Chapter 2.3), with bleaching being related to
both the presence of the perhydroxyl anion and the hydroxyl radical, and these results

support such a mechanism.

In the presence of stabilisers to reduce the hydroxyl radical concentration (Figure
4.19), a decrease in brightness may be anticipated. Figure 4.24 show that for the
addition of méthanol or magnesium, a decrease in brightness is indeed observed
after the alkaline stage. Clearly, as the radical concentration is reduced the
brightness gain also decreases, indicating that the presence of hydroxyl radicals
can result in an increased brightness response. This cannot be associated with a

change in radical concentration in the alkaline stage as has previously been
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shown (Table 4.5, Figure 4.21)
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Figure 4.23 The effect of chromium addition on the brightness response
during a two-stage bleaching process. Conditions: 1% pulp consistency, S0°C,
12% peroxide on o.d. pulp, acidic stage: 15 minutes, pH 5.8; alkaline stage 120
minutes, pH 11.0.

Bleaching under acidic conditions in the presence of the hydroxyl radical enhances the
final brightness of the pulp after the alkaline stage. However, no change in brightness
is observed after the acidic stage as reported previously (Chapter 2.3). This indicates
that changes occur within the lignin structure that do not cause a change in colour of
the pulp, but increases the susceptibility of the chromophores to elimination in the

subsequent alkaline stage, as outlined below.

OH’ OH/HO,"
[ —— 0, > P
(Coloured) (Coloured) (Colourless)
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Figure 4.24 The effect of (a) chromium and methanol and (b) chromium and
magnesium addition on the brightness response during a two-stage bleaching

process. Conditions: as in figure 2.23.

The reason for the hydroxyl radical not having an influence under alkaline conditions

may be related to the oxidation potential of this species. Under alkaline conditions the
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oxidation potential of the hydroxyl radical is signiﬁcanﬂy lower than under neutral or
acidic conditions (3), thus lowering the reactivity. Furthermore, the pK; of the
hydroxyl radical is 11.6 (1,3), producing the oxyl radical, O~ , which has a
significantly lower oxidation potential than the hydroxyl radical, and is therefore less

likely to be a majdr bleaching species.

Under acidic conditions, the oxidation potential of the hydroxyl radical is increased
compared to alkaline conditions (3) and, therefore, the effect of hydroxyl radicals
under acidic conditions may be more easily observed. Several two-stage peroxide
bleaching processes have been reported, as outlined in Chapter 2.1.1, under acidic
conditions followed by alkaline conditions, and the effects appear to be related to the

action of the hydroxyl radical.

4.6 Conclusions

Work using constant concentrations of peroxide and alkali also shows some evidence
for the importance of radicals in peroxide bleaching. Increasing the consistency leads
to some improvement in the bleaching response of the pulp, and this can be related to
the higher radical mobility and activity at higher consistencies. This effect however,
appears to be small (1-2%IS0O) and indicates that under alkaline conditions the
principal bleaching species appears to be the perhydroxyl anion with radical species

only making a small contribution to the overall bleaching.

Kinetic analysis of the interaction between DMNA and the hydroxyl radical has shown
that the dominant termination reaction does not involve DMNA. The kinetic analysis,
however, gives information regarding the steady state concentration of hydroxyl

radicals in solution.

The decomposition of hydrogen peroxide under alkaline conditions proceeds, at least

partly, via a radical mechanism. Under acidic conditions hydroxyl radicals are also
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produced when hydrogen peroxide decomposes. The presence of various transition
metal ion peroxide decomposition catalysts under both acidic and alkaline conditions

can alter the radical concentration.

: Cdpper has been shown to greatly increase the hydroxyl radical concentration when
used to catalytically decompose hydrogen peroxide under alkaline conditions, but the
addition of iron and manganese.has little effect on the radical concentration. This
indicates that copper catalysed decomposition of hydrogen peroxide proceeds via a
radical chain mechanism, but iron and manganese decompose peroxide via a non-
radical mechanism. Stabilisers such as DTPA and magnesium salts cause a significant
decrease in hydroxyl radical concentration at low levels of addition, and could be
acting by binding active metal ions such as copper. Silicate has little effect on radical
concentrations. Methanol, a known radical scavenger, can also signiﬁcantly reduce the
observed hydroxyl radical concentration, presumably by providing an alternate

termination reaction for these radicals.

Chromium, under acidic conditions, also appears to decompose peroxide via a radical
mechanism. The addition of magnesium and methanol to such a sysytem shows similar
trends to those observed under alkaline conditions, significantly reducing the hydroxyl

radical concentration.

Having shown that a valid comparison can be made between hydroxyl radical
concentration in the presence and absence of pulp, a correlation between bleaching
response and radical concentration can be performed. Under alkaline conditions there
appears to be no influence on bleaching response with varying radjéal concentration.
However, when two-stage, acid-alkali peroxide bleaching sequences are employed, a
correlation exists between the final pulp brightness after the alkaline stage and the
radical concentration inlthe acid (first) stage. This appears to be related to the action of ~ '

the hydroxyl radical under acidic conditions, as postulated earlier (chapter 2), when the
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reduction potential of the hydroxyl radical is maximised.
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CHAPTER FIVE
Experimental

5.1 General Procedures
The following procedures were used throughout this work unless otherwise stated,

either in section 5.2, or in the section relevant to the results.

5.1.1. Chemicals used

The following chemicals were used throughout the work presented in this thesis.
Hydrogen peroxide (30%), aluminium nitrate (97%) and sulfuric acid (98%) were
obtained from Ajax chemicals. Metal nitrates of iron, copper, manganese, chromium
and magnesium, all 99% purity or higher, and semiconductor purity potassium
hydroxide (99.99%) were obtained from Aldrich chemicals. Semiconductor purity
potassium hydroxide was used as the source of alkali in all bleaching studies and
solution work to reduce the level of added transition metal ions (1).Sulfuric acid was
used as the source of acid when required. Diethylenetriamine-pentaacetic acid (DTPA)
(97%), ethylenediaminetetraacetic acid (EDTA) (99%) and sodium silicate sblution
(30% Si02,16% NaOH), and N,N-dimethyl-4-nitrosoaniline (DMNA) (97 %) were
obtained from Aldrich chemicals.

Potassium iodide (Laboratory grade), sodium thiosulfate (Aldrich, 99%), dilute
sulfuric acid, saturated ammonium molybdate and 1% starch solution were used for

iodometric determination of hydrogen peroxide (2).

All bleaching experiments, and work in the absence of pulp was performed in Milli-Q

deionised water (1), to reduce the level of added transition metal ions in solution.
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5.1.2 Bleaching Procedures

All experiments were performed in polyethylene reaction vessels suspended in a
constant temperature water bath maintained at 50°C. The reaction vessels were
periodically washed with warm, dilute sulfuric acid to prevent the accumulation of
metal ions. The r¢acti6n vessels were washed with multiple portions of deionised

water before all experiments.

Pulp suspensions were prepared by adding appropriate amounts of pulp to Milli-Q
water, and pre-heating the slurry to 50°C prior to addition of bleaching chemicals and
other additives. The order of addition was always additive(s), hydrogen peroxide and
then acid or alkali to achieve the required pH.

Samples were withdrawn at intervals to allow sheet formation for brightness

determination and calculation of peroxide consumption.

Peroxide determination was performed by titration of a known sample volume of the
filtered bleach liquor which was acidified with dilute sulfuric acid, and an excess of
potassium iodide added. Saturated ammonium molybdate solution was added to
catalyse the formation of iodine. The resulting solution was titrated against sodium

thiosulfate to a starch endpoint (2).

Brightness sheets were formed by filtering a sample of the pulp suspension on a
Whatman number 1 filter paper. For 1% consistency bleaching, the sheet was then
washed twice with 50 mL portions of deionised water. For higher consistencies, the
filtered pulp was resuspended in 100 mL of deionised water, filtered and then washed
with two 50 mL portions of deionised water. The same mass of pulp was used inall
cases. The sheets were then dried prior to brightness determination. Brightnesses
(%IS0O) were determined on either a Zeiss Elrepho (Chapter 2 and 3), using a 457 nm
filter or a Datacolor Elrepho 2000 (Chaptef 4). The brightness of unbleached pulp wés
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regularly monitored to allow calculation of brightness gains.

5.1.2.1 Reducing Peroxide Concentration

Typically industrial peroxide brightening of pulps is performed by applying an initial
charge of chemicals to the pulp slurry and allowing the bleaching reagents to be
consumed until the required brightness is obtained (3). In this work much bleaching
was performed in this manner. An initial charge of peroxide was applied and the pH of
the bleach liquor adjusted to the r¢quired level. For two stage acid/alkali bleaching
Sequences the pH was adjusted to the level required for the first stage, either 5.8, 6.0
or 7.0. Alkaline peroxide bleaching was usually performed at pH 11.0, unless

otherwise stated.

In some cases, where indicated in the text, the pH of the solution during bleaching was
maintained at a constant level, generally pH 11.0. This was to allow easier
comparisons with solution studies, in which thé pH was maintained at a fixed level,
and to allow comparisons between bleaching systems that have different pH profiles
during the course of the bleaching, for example, experiments with different
consistencies. In solution studies the pH tends to increase with peroxide consumption,
due to hydrogen peroxide being a weak acid, whilst during bleaching the pH tends to
fall due to consumption of alkali in the bleaching reaction, therefore maintaining the pH

at the required level makes comparisons possible.

5.1.2.2 Constant Peroxide Concentration

Using this method both the pH and the concentration of peroxide were maintained at
fixed levels for the duration of the bleach (4). This was achieved by monitoring these
values and adding either alkali or peroxide as deviations from the starting conditions
are observed. Generally chemical addition every ten to fifteen minutes keeps peroxide

charge within 5-10% and pH within 0.1 units of the set values.
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Samples were withdrawn at intervals and peroxide levels determined. From this the
amount of peroxide required to reestablish the set conditions was calculated and
subsequently added. Overall peroxide consumption was not monitored in these

experimenté. The pH was also monitored and alkali added as required.

5.1.2.3 Alkali Darkening

Alkali darkening experiments were performed at 50°C in polyethylene reaction vessels.
To a pulp slurry at the appropriate consistency was added sufficient alkali to reach the
required pH. Brightness sheets were prepared at various times in accordance with

previous procedures.

5.1.3 Pulps

Eucalyptus regnans stoneground wood (SGW) was prepared on a small scale
grindstone at ANM, Boyer mill. Blocks of E.regnans wood were soaked in deionised
water for three days prior to grinding. The wood was ground at 80°C, in the presence
of dilute sodium hydroxide (3% on 0.d wood). The pulp produced was filtered to
incréase the consistency from 1.5% to approximately 20%. The pulp, in approximately
60g batches, was then washed with two portions of deionised water (~500 mL total)
pﬁor to storage at 4°C until use. SGW pulps were kept for a maximum period of three
months during which time the brightness of the unbleached pulp was monitored to
ensure no significant deterioration of the pulp occurred during storage. The brightness
of the unbleached pulp was in the range 52-55 %ISO. Generally bleaching results are
presented as brightness gains to reduce differences caused by slight changes in the

unbleached pulp brightness.

Bleached P.radiata kraft pulp was obtained from Tasman Pulp and Paper, New -
Zealand. Before use in any experiments, the pulp was bleached with alkaline peroxide
(50°C, 4%consistency, 3% peroxide on o.d. pulp, pH 11.0, peroxide and alkali

concentrations were maintained at these levels throughout the experiment) for six hours
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to remove any chromophoric material that could be removed with hydrogen peroxide
* and to limit any brightness change in subsequent experiménts. The brightness of the

pulp only changed very slightly with this peroxide treatment.

* The Pinus radiata thermomechanical pulp was provided by Australian Newsprint Mills
from TMP unit 2 at their Boyer mill. The pulp was stored at 8% consistency and 4°C
until used. The brightness of the unbleached pulp was 58-60 %ISO.

Cellulose (3.2.2) was obtained by disintegrating Whatman number 42 filter papers.

These filter papers consist or highly purified cotton cellulose.

S 14 Atomic Absorption Spectrophotometry

The following method was used to analyse pulp samples for manganese, iron and
copper. Samples of bleach liquor were also analysed on some occasions.

An oven dry sample of accurately known mass, generally about 5.0 g, was placed in a
conical flask, to which 50 mL of concentrated nitric acid (70%) and 5 mL of
concentrated sulfuric acid (98%) was added. The sulfuric acid was present to pre\}ent‘
the solution boiling to dryness, which is potentially dangerous after the addition of
perchloric acid. This solution was gently heated, with occasional stirring, until no pulp
was visible. This takes between five and fifteen minutes depending on the pulp type.
At this stage 5 mL of concentrated perchloric acid (70%) was added, along with
boiling chips, and the solution was boiled until a clear or straw coloured solution was
obtained. The final solution, after cooling, was carefully diluted to 100 mL in a

volumetric flask.

Solution of manganese, iron and copper were prepared by standard methods and used

for calibrating the spectrophotometer prior to sample analysis.

Samples were analysed for manganese, copper and iron on a Varian spectrAA-10-
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spectrophotometer with an acetylene-air flame. Aluminium analysis was performed on
a Varian AA1475 épectrophotometer using an acetylene - nitrous oxide flame. Results
are generally reported as ppm metal on o.d bulp.

Milli-Q water was used in the preparation of all samples and a blank digestion, in the
absence of pulp, wéts_ analysed to determine 1f the leaching of metal ions from the glass

flask or boiling chips was significant.
Typical values of metal ion contents of pulps are reported in Table 5.1.
Table 5.1 Metal ion content of pulps used in this work.

Metal ion (ppm)

Wood type Iron Manganese Copper  Aluminium
Eucalypt SGW 32 8 72 12.8
Chelated Eucalypt SGW 32 1 32 11.4

5.1.5 Chelation of Pulps

In some cases pulps were pretreated with either EDTA or DTPA prior to bleaching.
The required amount of pulp, generally 5 or 10 g 0.d., was added to to Milli-Q water
to give a pulp slurry of 2% consistency, and maintained at 20°C. To this slurry either
0.2% or 0.5% (on o.d. pulp) of the chelating agent was added and the mixture stirred.
The pulp was stirred occasionally during the chelation treatment. After the appropriate
time, usually 15 or 30 minutes, the slurry was filtered to approximately 20%
consistency and washed with two 200 mL portions of deionised water, Atomic

absorption results show that metal ion concentrations, particularly copper and
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manganese, are reduced with this treatment.

Bleaching pulps in the presence of chelating agents, without pre-treatment, was also

undertaken in some experiments.

5.1.6 Solution Chemistry N
Peroxide decomposition experiments were performed in polyethylene reaction vessels
thaf wefe maintained at either 20°C or 50°C in a constant temperature water bath.

Before experiments the vessels were washed with warm, dilute sulfuric acid and then

with multiple portions of deionised water to prevent accumulation of metal ions.

To an appropriate volume of preheated Milli-Q water were added, any additives to be
used, hydrogen peroxide and acid or alkali to obtain the required pH. The order of
addition of chemicals was kept constant to minimise any effect such as species
formation that may influence results (5). An initial sample was analysed for peroxide
concentration and periodically throughout the experiment the peroxide concentration
was determined to allow calculation of decomposition rates. Generally the |
decomposition was first order with respect to hydrogen peroxide concentration, and
first order rate constants were obtained from plots of In(concentration) against time. All

first order rate constants are reported in units of (min'l) .

5.1.7 UV.Visible Spectroscopy

All spectra were recorded on a Varian DMS-100 spectrophotometer. 1 cm quartz cells
were used in all cases, with Milli-Q water as the reference and the baseline was

corrected in all spectra. When rates of decomposition of DMNA were being observed,
samples were taken every 10 minutes. The residual rate of DMNA reaction was
subtracted before further calculations were performed. This residual rate of reaction

was very low compared to the other rates in the presence of peroxide. The difference in

absorbance was used to calculate the change in concentration of DMNA. Plots of -
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ln([DMNA]t/[DMNA]o) against the appropriate time function were plotted, and the
slope calculated. The .slope gives the value of thé rate constant K, as outlined in

Chapter 4.3.2.

5.1.8 ESR Spectro_scopy ‘

Attempts to detect hydroxyl radicals in aﬂkaline hydrogen peroxide solutions were
performed using a Joel JES-FE3X ESR Spectrometer using X-band microwave
radiation. Solutions were analysed both in liquid and frozen states with no detection

being possible by either method.

5.2 Specific Procedures
In certain aspects of this work different procedures were used either in addition to, or

instead of those mentioned in the previous section (5.1)

5.2.1 Chapter 3

The determination of the absorbance of manganese to various pulps (3.2) was carried
out as follows. To a 2.0g sample of pulp at 1% consistency and 20°C a calculated
amount of manganese was added and the pH adjusted to the required level. The pulp
was then allowed to stand, with occasional stirring for given time. At the completion of
this time the pulp was filtered and washed with two 100mL portions of deionised
water prior to drying at 105°C. The digestion and atomic absorption spectrophotometry

then followed the procedures outlined previously (5.1.4).

_ The bleaching of pre-bleached pulps (5.3) was performed as follows. The given pulp
was bleached for 4 hours at 50°C with an initial peroxide charge of 3% on o.d. pulp,
4% consistency and pH 11.0. At the completion of this stage the pulp was filtered,
washed and stored at 4°C until required. The pulps were then exposed to alkali or

alkaline peroxide in the presence or absence of added transition metal ions.
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CHAPTER SIX
Conclusions

The role of radical species, particularly the hydroxyl radical, and transition metal ions
in peroxide bleaching processes has been investigated. While the addition of transitibn
metal ions to bleach liquors causes increased decomposition of peroxide, no negative
effects could be related to the presence of the decomposition products. Indeed, under
certain circumstances the presence of transition metal ions appears to have a positive
effect on bleaching response. The hydroxyl radical, produced via the catalytic
decomposition of hydrogen peroxide by some transition metai ioné,’appears to have a

significant positive influence on peroxide bleaching processes under certain conditions.

An analysis of previously reported kinetic expressions describing peroxide bleaching
indicates the possibility of two distinct mechanisms of bleaching associated with the
perhydroxyl anion and the hydroxyl radical. By performing experiments that separate
the effect of the hydroxyl radical from the combined effect of radical species and the
perhydroxyl anion it bhas been shown that the predictions of the kinetic analysis are
eéentially correct. Enhanced brightness response can be achieved by exposing pulp to
both these species in a two-stage bleaching sequence. Whilst there are economic
problems with the implementation of such processes in terms of capital expenditure, a
further understanding of the mechanism of peroxide bleaching of mechanical pulps has

been achieved.

From the kinetics of the oxiciation of N,N-dimethyl-4-nitrosoaniline (DMNA),
variations in the calculated hydroxyl radical concentration can be échieved by the
 addition of various peroxide decomposition catalysts and stabilisers. During bleaching
exberiments these differing levels of hydroxyl radical concentration appear to have no

effect on the brightness response at low pulp consistency. However, at increased pulp
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consistency there does appear to be some benefit to bleaching response, presumably
reléted-to the presence of reactive radiéal s;pécies. The hydroxyl mdiéal being the most
reactive of these species, is most likely to react with the pulp. Under acidic conditions,
as part of a two-stage, acid-alkali scqlience, there appears to be some benefit in
exposing i)ulp to hydroxyl radicals. An increased final pulp brightness can be

correlated to the calculated hydroxyl radical concentration.

There appears to be no evidence for darkening of pulps caused by decomposition

products iof hydrogen peroxide.

Therefore, from these studies it can be concluded that hydroxyl radicals can contribute
significantly to hydrogen peroxide bleaching particularly when acidic or neutral
conditions are employed or high pulp consistency is employed, as is typically the case
for industrial bleaching of mechanical pulps with hydrogen ﬁeroxide. It would appear
that the perhydroxyl is the major bleaching species, particularly under alkaline
conditions. The initial kinetic analysis appears correct in that both anion and radical
proc;esses appéar to operate in peroxide bleaching with radical bleaching being most

significant under acidic conditions.

It appears, therefore, that the presence of transition metal ions during’peroxidc
bleaching may not be totally undesirable as previously thought. If the catalytic
decomposition of transition metals can bé modified so as to réduce the overall -
consumption of bleaching reagent while still producing significant quahtities of

hydroxyl radicals, new processes employing novel conditions may be developed. |
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PEROXIDE BLEACHING REACTIONS UNDER ALKALINE AND
ACIDIC CONDITIONS

G.C. Hobbs and J. Abbot .
Chemistry Department, University of Tasmania,
Hobant, Tasmania, Australia

ABSTRACT

An examination of previously reported kinetic expressions describing
peroxide bleaching of wood pulp under alkaline conditions reveals that the overall
process can be considered as a combination of two parallel reaction routes. The first
route corresponds to a reaction involving direct participation of the perhydroxyl
anion in chromophore elimination. This mechanism can be identified with the
classical explanation for peroxide bleaching. The second route can be associated
with reactions in which chromophores are eliminated through the action of free
radical intermediate species. New experimental evidence is presented to show that
processes catalysed by transition metal fons can lead 1o enhancement of bleaching.
A two stage peroxide bleaching sequence, initially under acidic conditions in the
presence of chromium, followed by atkaline conditions produces an acceleration in

bleaching rate, without significant additional consumption of peroxide.
INTRODUCTION

Alkaline hydrogen peroxide is used extensively for bleaching of mechanical
pulps (1-6). Alihough the relative proportion of mechanical pulp bleached with
peroxide (approximately 8%) is significantly smaller than that bleached with
hydrosulfite (7), this proportion is expected to increase. Hydrogen peroxide is also
used under alkaline conditions during production of fully bleached chemical pulps
(8). A peroxide stage is often used as the final stage after a conventional multistage
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Copyright © 1991 by Marcel Dekker, Inc,

147



226 HOBBS AND ABBOT

bleaching sequence (8) when several extra points of brightness are required. With
increasing envirommental concerns, there has also been recent interest in the
possibility of replacing chlorinated reagents with hydrogen peroxide during
production of bleached chemical pulps (9,10).

For many years the action of alkaline hydrogen peroxide as a bleaching agent
has been explained through the action of the perhydroxyl anion HO,™ (1,2,5),
which can be produced according to the equation:

1,0, + Ol <==> HO,” + HP ()

1t was believed that this anion was the principal active species involved in the
elimination of chromophores in lignin structures (1,2,5). This explanation is
consistent with the observation that bleaching activity is generally enhanced by
increasing the pHl, up to approximately pH 11 (1). Decreased bleaching efficiency at
higher pll levels can be explained on the basis of reactions leading to increased
peroxide decomposition, particularly those involving the catalytic effects of
wansition metal ions (11-13). It is also believed that at high pH levels competing
reactions producing new chromophores become important (1), giving rise to the
“alkali darkening" effect (13).

During the past decade the bleaching action of peroxide has been an active
area for research, with many workers concluding that these systems are much more
complex than once thought, In particular, it is now believed that various radical

species including OH” and ‘O, can panicipate in chromophore elimination (14-17).
Funthermore, there has been consideration of possibilities for bleaching processes
over a much wider range of pl1 conditions than used in conventional peroxide
bleaching, including neutral and acidic conditions (19-21). In the present work we
have examined parallel pathways for peroxide bleaching using a range of pH
conditions. We have also undertaken further experimental work aimed at providing
additional evidence for this dual mechanism, and discussed our resulis in the
context of the literature pentaining to active species in peroxide bleaching.

There have been two basic approaches to formulating models to simulate the
kinetics of alkaline peroxide bleaching (6,22-26). One approach is to relate
brightness increase to variables such as initial pll and peroxide charge, temperature,
stock concentration etc. (6,26). This type of formulation may be useful in predicting
final brightness of a pulp using a given set of conditions, particularly under mill
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conditions. The other type of kinetic formulation can be closely associated with the
approaches of standard chemical kinetics. In this case, too, kinetic expressions must
afso be regarded initially as empirical expressions. However, these expressions
should reflect the net result of many concurrent elementary processes which occur
during bleaching. By analysis of such expressions, particularly if they are
formulated directly in terms of the concentrations of the active species, a better
understanding of mechanisins involved should be achieved. We have therefore also
attempted to further analyse kinetic expressions reported in the literature (22-25) 1o
show how these can be reconciled with our observations conceming bleaching

mechanisms,

EXPERIMENTAL

Hydrogen peroxide (30%) and sulfuric acid (98%) were obtained from Ajax
Chemicals. Chromium(il) niteate (99%), D'IPA (97%) and potassium hydroxide
(99.99%) of semiconductor purity were supplied by Aldrich Chemicals.
Semiconductor gmde potassium hydroxide was used as the source of alkali in these
studies as this introduces very tow levels of transition metal impurities (27,28),

All bleaching studies were performed in polyethylene reaction vessels
maintained at 50°C in a constant temperature water buth, Blocks of Eucaypius
Regnans wood were soaked in Milli-Q water for three days prior to grinding. The
wood was ground in the presence of dilute aqueous sodium hydroxide , using a
small scale grindstone at Australian Newsprint Mills, Boyer, Tasmania. The pulp
was filiered to increase the consistency from 1.5% to approximately 20% and stored
at 4°C until used. .

Bleaching experiments were performed by adding sufficient £. Regnans
pulp to a solution prepared by adding the required amount of hydrogen peroxide,
chromium niteate and acid or alkali (for pH control) as required to give a totl
volume of 5(X) mL with addition of Milli-Q water (26-27). All experiments were
carried out at 1% pulp consistency and the solutions were stirred (29) throughout
the bleaching runs. For bleaching under acidic conditions the pH was adjusted 1o
6.0 wilh either potassium hydroxide or sulfuric acid. Afier the prescribed time,
sufficient potassium hydroxide was added to give a pH of 11.0 for the alkaline
bleaching phase. The acidic reatment was performed for 30 minutes and followed
by an alkaline phase for 30 - 120 minutes.
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Chelated pulps were prepared by treating the pulp with 0.2% DTPA (on o.d.
pulp) at 2% consistency for 15 minutes, then filtering and washing the pulp
thoroughly.

lodometric determinations of hydrogen peroxide were performed before the
pulp was added, and to the initial filirate, at the completion of the bleaching run.
Aftter addition of acidified potassium iodide and a few drops of ammonium
molybdate solution, the liberated iodine was titrated against sodiun thiosulfate
solution (30). The initial concentration of hydrogen peroxide was 0.10M.

The brightness (%1SO) of the handsheets prepared were then measured
using a Zeiss Elrepho with n 457nm filter. Blanks were regularly prepared to
monitor any changes in the original pulp with storage time and to atlow brightness

gains to be calculated.

:S : DD SSI10

Kinetic Model

Kinetic phenomena during peroxide bleaching of wood have been much less
extensively reparted than for miny other important reactions, particularly alkaline
pulping processes (31-33). Several recent studies (22-25) have considered kinetic
behaviour during alkaline peroxide bleaching of mechanical pulps. Kinetic
expressions obtained under conditions of constant concentrations of peroxide and
alkali, usually obtained at low consistency, are most appropriate to a consideration
of reaction mechanisms. Under such conditions the rate of removal of
chromophores has been described by the expression:

-dICy)

= k[0, 1o ¢y (2)
dr

where  [Cy] = concentration of chromophores
[H202)y1 = total concentration of peroxide
|O11") = hydroxide ion concentration
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It has been reported (22-25) that the orders of the reaction had the following
values: a (1.0), b (0.3-0.5) and ¢ (4 - 5). Specific values were found 1o depend on
the farticular pulp studied. Although this cxpression has been derived for

conditions of low consi y and co concentrations of reactants, it has also
been applied 10 typical bleaching situations found for mill ccm;lil.ions (4.34).

Many of the difficulties with interpretation of this type of kinetic expression
are identical to those encountered when considering expressions describing alkaline
pulping processes (31-33). These include the heterogeneous nature of the reaction,
uncentainties in the importance of diffusion processes and questions regarding the
validity of defining species within the lignin macromolecules on a molar
concentration basis (33). IHowever, accepting these possible limitations, it is
possible to proceed with an analysis of this kinetic expression,

‘The high apparent order of reaction with respect to chromophore
concentration would be expected to occur for a set of chromophores with a wide
variation in susceptibility to peroxide bleaching. 1ligh apparent orders with respect
to lignin during pulping and bleaching processes have been discussed previously
(32,33). This effect is similar to that found for other heterogeneous systems
involving complex components, as often encountered for processes of industrial
importance. For example, during cracking of hydrocarbons, while simple reaction
orders are found for single components (35) high reaction orders are calculated
applying a kinetic model to complex mixtures (gas-oils) containing a wide diversity
of chemical stnuctures with differem reactivity (36).

The dependence on the rate of chromophore elimination in equation (2} is
expressed in tenns of the total peroxide concentration, which remains constant
during the reaction and is given by

110,15 = 11,041 + 1O, 3

where [H,0,] and [HO,"] are the concentrations of undissociated hydrogen
peroxide and perhydroxyl anion respectively. As these species probably differ
significantly in their activity in bleaching processes, and many studies have
suggested that the presence of the anion has the dominant influence, we have
re:imnged equation (2), taking values of a,b and c as 1.0, 0.5 and 5.0
respectively, and using the relationships (22):

9v
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[H*] {HO,)
-------------- = Ka =l(}‘”
(H,0,)
HYoH) = K, = 1M

to give the following kinelic expression:

------------ = k (IOH1%5 + 10°3/]011'|%3) [HOy | [C, PP

HOBBS ARD ABBOT

(4)

(5}

{6}

Equation {6) shows that the rate of chromophore elimination is directly

dence of the rate

proportional to the concentration of perhydroxy! anions. The def

on alkalinity of the sofution is a more complex function, however, consisting of the
sum of two terms. The first term increases with alkalinity while the second
decreases with increasing pH of the medium. Fig 1a shows the behaviour of the

two components of this expression as the pil is changed.

This formulation can be interpreted by assuming chromophore elimination
can arise through two parallel pathways following different mechanisms and hence
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leading to distinct kinetic behaviour. Route A is favoured by the presence of OH”
and HO,", while route B is favoured by the presence of 110, and H*. Fig 1b
shows the variation in the in the two components of the expression ([O! l']"’-S +
yon Io's)[ll(')z'l as the pll is varied. A small magnitude is associated with both
components under neutral and acidic conditions. Under alkaline conditions the rate
for route A increases with pil, while a maximum rate is observed for route B at
approximately pH 11. It is apparent that, according to this analysis, both routes are
of imponance in the pH range 8 - 12 nonnally encountered in conventional peroxide
bleaching (Fig Ic), with route A dominant st pH > 11 and route B dominant at pH <
11. At pH 11.0 which would be a typical initial pH value in peroxide bleaching the
relative contribution from the two routes would be very similar.

. ive Speci

Route A

The classical explanation for the action of alkaline hydrogen peroxide is
given in terms of the perhydroxyl anion as the active species (1,8). This anion is
thought to act as a nucleophile, preferentially attacking centres of low electron
density in the lignin structure (14). These reactions would include addition of the
perhydroxyl anion to a double bond in a conjugated structure derived from a
quinone methide intermediate at the C, position of the side chain, at unsubstituted
positions in the ring (14) or a1 the carbony! group (15). Addition to carbonyl groups
in‘the alpha position of the side chain has also been suggested (9). Most
mechanisms presented to illustrate these types of process involve a series of
sequential steps, some of which may depend on the presence of hydroxide ions,
either during formation of a quinone methide structure (9), or during breakdown of
a perhydroxyl intermediate (15).

It would appear reasonable to idemify this type of mechanism with route A
in our kinetic model, where the rate of chromophore elimination depends on
(O]9, {10, ) and [C, 1% The appearance of three concentration terms in the rate
expression and the non-integer order of the hydroxide ion is consistent with the
proposal of a sequential mechanism, in which the perhydroxyl anion and the
hydroxide ion interact with the chromophore in different steps of the overall
mechanism.
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Itis apparent that the predicted bleaching rate via route A would increase
continuously with pH, so that the total rate of bleaching would not exhibit a
maxigmum value. Most bleaching studies hive been reported under conditions where
the peroxide concentration falls as the reaction progresses, and in most cases (1) a
maximum bleaching rate is found in the mni;e pH 11-12. This could be attributed to
an increased rate of peroxide decomposition at high pHl levels (5). However, a
maxirmum in bleaching rate is also observed at approximately pH 11 when the
peroxide charge is maintained at a constant level throughout (23). This has been
explained by the alkali darkening effect, which has been attributed to competing
alkali induced creation of new chromophores at high p levels.

Route B

Ithas been known for many years that decomposition of aqueous hydrogen
peroxide to produce molecular oxygen can occur through free radical intermediates
(21), paniicularly when the process is catalysed by the presence of wransition metal
ions (21). Those processes have traditionally been regarded as detrimental to
peroxide bleaching efficiency, leading to loss of the bleaching agent. Consequently,
additives such as sodium silicate, DT'PA and magnesium salts are routinely
incorporated into bleaching systems 10 retard decomposition (1,11), During the past
decade, however, there has been an increasing awareness that free radicals derived
from peroxide decomposition may, in fact, play an important role in the bleaching
reactions of wood pulp (14-17,37,38), In the absence of metal ion catalytic species,
hydroxyl and superoxide radicals can be produced as follows (39);

H,0, + 0l <==> HO," + 1,0 7
, _
1,0, + O, > 1O’ +7°0,” + 11,0 (8)

Taking equations (7} and (8) as the principal route to generation of free
radicals, and including a termination siep (40):

ky

HO' 40, ——> Ol + 0, ' 9

8V
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we have a simple overall mechanism for decomposition of hydrogen peroxide to
produce molecular oxygen. The final step in which two free radicals combine is
very fast (40) compared to the overall rate of reaction (41). Assuming that
equilibrium has been established according to equation (7} and k, >> k, the steady
state concentration of free radicals (42) established will depend on the pli of the
solution. The kinetic behaviour of this system can be modelled by computer
methods (31) using a dynamic simulation program to give a profile of the variation
in steady state total free radical concentration with pH as shown in Fig 2a. It is
apparent that this profile has a maximum at approximately pH 11, and is similar 10
that describing the magnitude of route B in Fig 1b. These distributions can also be
compared with Fig 2b, which shows the reported (17) variation in rate constant
with pH for oxidation of alpha-methy! syringy! alcohol with hydrogen peroxide at
30°C. The rate of alkaline peroxide oxidation for this lignin model compound also
exhibits a maximum at approximately pH 11, and the mechanism for this process
has been discussed in terms of free radical intenuediates derived from hydrogen

" peroxide (17).

' Consequently, it is proposed that the generation of free radical species which
can interact with chromophores in the lignin structure give rise to route B in the
kinetic model. A number of studies have concluded that it is the hydroxyl radical
rather than the superoxide radical that is active in reactions with lignin (21,43-45).
‘The hydroxy! radical is a strong oxidant (38) and is thought to add to aromatic rings
in the lignin structure as an electrophile (14),

In the presence of transition metal ions which can catalyse peroxide
decomposition we might expect the sieady state concentrations of free radical
species would be increased, and this has indeed been observed (42). Furthermore,
it has been found that the position of the maximum rate occurs at a pH which
depends on the metal present under both homogeneous (11) and heterogeneous
(46,47) conditions. The metal ions most commonly present in wood pulp which are
also active towards peroxide decomposition are manganese, copper and iron. These
ions have been found to produce maxima in the pil range 9 -12 (42) as illustrated
for manganese in Fig 3a. This range includes the pH at which maximum brightness
is usually observed for peroxide bleaching (15). Other metal fons, not normally
present in pulp in high concentrations, can exhibit maxima under neutral or acidic
conditions as for example with cobalt and chromium (11). Fig 3b shows that for
chromium the maximum initial activity occurs at pH §.8. This observation is useful,
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Brightness Gain (%IS0)

FIGURE 4. Plot of brightness gain against pH for samples of E.Regnans

bleached for 120 minutes at 1% consistency, 50°C, with 30%
peroxide (w/w on o.d. pulp). Initial brighiness of pulp : 53.2
(%150).

as it may enable us to expose pulp samples to high concentrations of radical species
under conditions where the perhydroxyl ion concentration is low, and the
contribution from route A should be very small,

Several recent studies have discussed the possibility of catalytic effects due
to the presence of transitlion metal ions leading to increased rates of delignification
with alkaline hydrogen peroxide (12,17). Other investigations have shown that
acidic peroxide treatment of pulp can have beneficial effects (48-53), and there are
indications that these may be promoted by the presence of metal jons acting as
catalysts (50). These observations, coupled with our interpretations of kinetic
phenomena led us to undertake further bleaching studies under both acidic and
alkaline conditions, and the results of these observations are described below.
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FIGURE 5a.  Comparison of one and two stage bleaching processes showing
. the brightness gain for £.Regnans bleached at 1% consisiency,
50°C, with 30% peroxide (w/w on o.d. pulp) under various
conditions; Enitial brigh of pulp : 56.0 (%150).

E) 30 minute acid bleach with 2.5x10"* mol/L. chromium
nitrate followed by an alkaline bleach at pii 11.0.

C) 30 minute acid bleach with no added chromium followed
by an alkaline bleach at pH 11.0.

G) alkaline bleach at pH 11.0 (no acidic treatment).

ith Eiic R

Experimental studies were undertaken with Eucalyptus Regnans
groundwood. Bleaching was carried out at 50°C at constamt pll levels using 1%

consistency and 30% hydrogen peroxide (on 0.d. pulp). Under these conditions the
peroxide concentration did not decrease 1o low residual levels during the bleaching
runs, but it was possible to measure the amount of peroxide consumed. Fig 4
shows the the influence of ptl on the brightness of the pulp after bleaching for a
period of 2 hours in a single stage alklaine process. For single stage bleaching at pH
6.0 there was no significant increases in brightness of the pulp, even after 10 hours.
Fig 5a shows the increase in brighiness of the groundwood pulp under
alklaine conditions (initial pl! 11.0) over a period of 2 hours for three different
bleaching processes. The brightness increase for a standard one stage alklaine
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FIGURE 5b  The influence of addition of chromium during the first and second

:‘l;z%se:) (fondilions as Figure 5a). Initial brightness of pulp : 55.6

G) 30 minute acid bleach with 2.5x10°* mol/L. chromi
nitrate followed by an alkaline bleach ar pl IJF:I‘:(;r o

E) 30 rnimfle acid bleach with no added chromium followed
by an alkaline bleach with 2.5x10 mol/L. chromium nitrate

at pH 11.0.
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FIGURE 5c  The influence of pulp chelation on two sia ge acid/alkali bleaching
sequence in the presence of chromium (conditions as Figure 5a)
Initial brightness of pulp : 55.6 (%1S0). .

G) 30 minute acid bleach with 2.5x10 mol/L chromi
nitrate followed by an alkaline bleach at pH ”‘o.rom o

E) 30 minute acid bleach with no added chromi
by an alkaline bleach at pH 11.0. romium followed
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bleaching process gives the lowest brighiness improvement at any particular time.
The figure also shows the effect on brighiness increase for two-siage processes
with prior acid treatment of the pulp at pH 6.0, both with and without addition of a
catalytic amount of chromium nitrate (1.0% on o.d. pulp). For these two stage
bleaching experiments the duration of the acid wreatment was 30 minutes in each
case, after which the pH of the solution was adjusted to 11.0 by addition of
potassium hydroxide. Fig 5a shows that the rate of brightness enhancement is
increased by an acid treatment prior to alkaline peroxide bleaching at pH 11.0. The
addition of chromium 1o the system at pl 6.0} increases the effect of the first stage
acid treatment. Qur results can be compared to a previously reported study in which
a two stage peroxide bleaching sequence was used for brighiening an oxygen
bleached hardwood kraft pulp (50). In that study compounds of tin, vanadium or
titanium were introduced during the first stage under acidic conditions at pH 4-6,
followed by an alkaline bleaching stage. Another study (51) has described an
improved bleaching response with a two stage acid/alkali peroxide treatment without
addition of a catalyst.

Figure 5b shows that the chromium is active in the first stage of the two
stage bleaching sequence. When chromium is added 1o the alkaline stage of a two
stage bleaching sequence significantly less brightness gain is achieved. Comparing
these curves with figure 5a, it is apparent that when chromium is present only in the
alkaline stage, the response is approximately the same as when no chromium is
added, thus further supponting the view that the chromium is having an effect
during the first stage of the bleaching sequence.

Figure 5c shows the influence of chelating and washing the pulp prior to a
wo stage acid/alkali bleaching sequence in the presence of chromium. Table 1

shows that this procedure has a significant effect on reducing the levels of transition
metal ions in the pulp. The results in figure Sc show that there is a reduced

brightness enhancement when metal ions are removed from the pulp, and it appears
that the effects of chromium and the other transition metal ions in the pulp are
additive. We have also shown that the removal of transition metal ions from Pints
Radiata TMP by chelation and washing reduces the effectiveness of two stage
acid/alkali peroxide bleaching (52).

It would appear that the acidic peroxide treatment results in changes in the
lignin structure promoted by the species formed by the catalytic decomposition of
hydrogen peroxide (18,54). This can happen éven when no catalyst is introduced
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TABLE 1. Metal ion content of Pulps used in this work.

Metal ion (ppm)’

Wood type Iron  Manganese Copper
Eucalypt SGW 32 8 n
Chelated Eucalypt SGW 32 1 32

1) Concentration determined by atomic absorption after digestion of pulp.

% Peroxide charge consumed

(1] -7 v T +
0 5 10 15
Brightness Gain (%150}

FIGURE 6. Plot of the peroxide consumplion against brightness gain for pulps
bleached at 1% consistency, 50°C and 30% peroxide (on o.d.pulp)
under various conditions:

E) 30 minute acid bleach with 2.5x10 mol/L. chromium
nitrate followed by an alkaline bleach at pii 11.0.

G) alkaline bleach at pH 110 (no acidic reatment).

C) 30 minute acid bleach with no added chromium followed
by an alkaline bleach at pH 11.0.

(484



242 HOBBS AND ABBOT

(55), as metal ions from the wood itself may be active, A number of swdies have
indeed shown that lignin structures are reactive under acidic conditions
(14,20,48,49), most likely through processes involving free radicals (14), although
little enhancement in brightness may be achieved (19) as expected from our kinetic
analysis. We can regard the initial product of reaction between a radical species and
a lignin chromophore as an intermediate, the formation of which does not in itself
improve pulp brightness, The rate of formation of the intermediate will depend
primarily on the concentration of free radical species as shown in Fig 2b.

In order to observe an increase in brightness a second step is required in the
overall mechanism to eliminate the chromophore, which depends directly or
indirectly on the presence of the hydroxide ion :

radical OH"
Ci e > Cf' e > C .
original intermediate product
chromophore

Under acidic conditions where [OH"| is low the intermediate is formed, and its
production is enhanced by the presence of catalysts which promote radical
formation. Under alkaline conditions, this intermediate species may again be
produced, but it rapidly reacts in the presence of hydroxide ions leading to
elimination of the chromophore.

Fig 6 shows the consumption of hydrogen peroxide plotted against the
increase in pulp brightness for pulps bleached by a one stage alkaline process (initial
pH 11.0) and the two stage acid/alkali process both in the presence and absence of
chromium. Comparing the single stage alklaine bleach and the two stage bleach in
the p of ch ium, it is apf that the brightness gain achieved in each
case is approximately proportional to the amount of peroxide consumed. It is also

clear that use of a two stage process without added chromium can increase the
efficiency of bleaching under the conditions employed in this study.

CONCLUSION

This study has provided further evidence for a dual mechanism for
chromophore elimination during peroxide bleaching. Analysis of a previously
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reported kinetic expression leads to the conclusion that the two parallel routes for
bleaching correspond to: { 1] a reaction which depends upon the direct panticipation -
of the perhydroxyl anion; (2] a reaction in which free radical species panticipate in
chromophore elimination. Our analysis shows that both routes are important at pH
levels normally encountered in conventional bleaching of wood pulp with hydrogen
peroxide. Although the rate of chromophore elimination is very slow under acidic
conditions, reactions occur which render the chromophores present more
susceplible to subsequent reaction under alkaline conditions, Forination of these
reactive intermediates is promoted by the formation of free radical species produced
through catalytic decomposition of peroxide by transition metals such as chromi
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TWO-STAGE PEROXIDE BLEACHING OF EUCALYPT-
SGW WITH CHROMIUM CATALYSTS

" G.C. Hobbs and J. Abbot,
Chemistry Department, University of Tasmania,
Hobart, Tasmania, Australia.

ABSTRACT

The addition of chromium nitrate 10 a two-stage hydrogen peroxide bleach of
Eucalypt SGW can enhance the brightness of the pulp. It is proposed that radicals
produced in the catalytic decomposition of hydrogen peroxide by chromium under
acidic conditions participate in reactions which render the chromophores more
susceptible to bleaching in the alkaline stage. This two-stage process, under optimised
conditions, consumes no more peroxide than a wraditional single stage alkaline bleach
and allows the pulp to be bleached to a given brightness in a shorter time. Enhanced
bleaching response was also observed for a two-stage acid/alkali peroxide bleaching
sequence without the addition of chromium, and we have atmibuted this effect 1o
catalytic effects of ransition metal ions which occur naturally in the pulp.

INTRODUCTION

Catalytic processes have been developed and utilised 10 a much less significant
extent in the pulp and paper industry than in many other imporant chemical process
industries. The reason for this may lie partly in the greater difficulty encountered in
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catalyst recovery and recycling in heterogeneous sysiems with liquid and solid
components compared to vapour/solid systems. The soda-anthraquinone pulping
process! 4 represents an important exception, where a catalytic process reccived
widespread interest and has been subsequently developed through to a commercial
scale. There are many reports in the literature conceming catalytic effects during
bleaching of pulp, particularly with regard 1o the effect of transition metal ions®'%. In
most cases, however, the reported catalytic influences during bleaching are considered
1o have a detrimemal effect on overall efficiency.

For example, colloidal sulfur is thought 1o promote the catalytic decomposition
of sodium dithoinite during bleaching of mechanical pulp under acidic conditions'!
producing thiosulfate ions which are a major source of corrosion in paper
machines!!"'4, Certain transition metal ions including copper and iron are found to
have negative influences during both oxygen delignification®® and bleaching with
hydrogen peroxide™ ' under alkaline conditions. During oxygen delignification the
presence of catalytic amounts of wransition metals can cause both reduction in
delignification rate and loss of pulp viscosity’%. Catalytic decomposition of hydrogen
peroxide by transition metal jons is well established' !5, and can lead 10 loss of
bleaching efficiency unless reagents such as DTPA, magnesium or sodium silicate are
introduced'”'8,

' There are fewer reports of beneficial effects resulting from the presence of
catalytic species during bleaching!®2!. Introduction of manganese has been shown to
accelerate delignification and reduce carbohydrate degradation in studies of oxygen
delignification® 2%, Transition metal species have also been shown to be effective in
catalyzing oxygen delignification of residual lignin in chemical pulps?'22. Recemt
studies have also shown that transition metal catalysts can promote peroxide bleaching
efficiency during two-stage processes, initially using acidic conditions followed by a
conventional alkaline peroxide step?! 2, In this study we bave investigated the usc of

chromium catalysts in this type of bleaching sequence for a stone ground eucalypt pulp.

EXPERIMENTAL
Materials

Hydrogen peroxide (30%) and sulfuric acid (98%) were obiained from Ajax
chemicals, Chromium nitrate (99%), magnesium nitrate (99.999%), sodimn silicate

THO-STAGE PEROXIDE BLEACHING m

(30%) and potassium hydroxide (99.99%) of semiconductor purity were supplied by
Aldrich chemicals. Semiconductor grade potassium hydroxide was used as the source
of atkali as this introduces very low levels of transition metal ion impurities'®18.

Procedures

Blocks of Eucalypius Regnans wood were soaked for three days in Milli-Q
water and then ground at 80°C in the presence of dilute sodium hydroxide on a small
scale grindstone at ANM, Boyer. The pulp was washed with distilled water and filtered
to increase the consistency from 1.5% to 20%. The pulp was then stored at 4°C until
used.

Bleaching studies were carried out in polyethylene reaction vessels mainiained at
50°C in a constant teinperature water bath, Bleaching experiments were performed by
adding the required amoumts of pulp, hydrogen peroxide, chromium nitrate and acid or
alkali to give a total volume of S0l with addition of Milli-Q water"®*®, In some
bleaching experiments the required amounts of sodium silicate and magnesium nitrate
were added o the bleaching solution. All experiments were performed at 1% pulp
consistency and the solutions were stirred?* throughout the bleaching runs. The initial
charge of hydrogen peroxide was 6% on o.d. pulp. For bleaching under acidic
conditions the pli was adjusted to the appropriate level (generally 5.8) with either
potassium hydroxide or sulfuric acid. Afier the prescribed time sufficient potassium
hydroxide was added to adjust the pH to the level required for the second stage
(generally 11.0).

Chelated pulps were prepared by treating the pulp with 0.5% EDTA (on o.d.
pulp) at 2% consi y for 15 minutes then filtering and washing the pulp thoroughly
before use . Meul ions present in the original pulp and after chelation were determined
by atomic absorption spectroscopy. 5.00g o.d. pulp was digested in 50 ml.
concentrated nitric acid and 5 mL. sulfuric acid until no pulp was visible, 5 ml.
concentrated perchloric acid was then added and the solution heated until a clear
solution was obtained. The results are given in Table 1.

lodometric determinations of hydregen peroxide were performed before the pulp
was added, and to the initial filrate at the completion of the bleaching run. Afier
addition of acidificd potassium iodide and a few drops of ammonium molybdate
solution the liberated iodine was titrated against sodium thiosulfate solution?”.
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TABLE 1. Metal ion content of Pulps used in this work.

Metal ion (ppm)°

Wood type Iron Manganese Copper
Eucalypt SGW 32 8 72.
Chelated Eucalypt SGW 32 1 32

* Concentration determined by atomic absorption afier digestion of pulp.

Hydrogen peroxide levels were also determined at the completion of the acidic treatment
and sufficient peroxide was added to restore the level to 6% on o.d. pulp at the start of
the alkaline stage.

The brightness (%1S0) of the bleached pulps were measured on a Zeiss Elrepho
using a 457nm filter. Handsheets were also regularly prepared to monitor any changes
in the original pulp with storage time and to allow brightness gains to be calculated. The
brightness of the unbleached pulp was in the range 53-55 %ISO.

RESULTS AND DISCUSSION
Lransition Metal lon Catalyst

‘Transition metal ions are known to catalytically decompose hydrogen
peroxide®2, This catalytic decomposition is generally considered detrimental during
bleaching processes due to increased consumption of peroxide and much work has
been carried out to reduce the effect of the caulytically active species?8-30, Traditionally
the perhydroxyl anion, HO,, is thought of as the active bleaching species®! %,
Transition metal catalysed decomposition of hydrogen peroxide is thought to proceed
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FIGURE 1. Variation in the first order rate constant with pH for decomposition of
hydrogen peroxide in the presence of chromium at 20°C. Initial concentration of

hydrogen peroxide 0.10M; concentration of chromium 2.5 x 104M.

via free radical chain reactions, producing intermediate species such as Ol and ‘0,7,
and there has been recent interest in the possible role of these active species in
chromophore elimination®#33, Chromium is unusual in that the maximum
decomposition rate for hydrogen peroxide in the presence of this transition metal
occurs under slightly acidic conditions (at pH 5.8) as shown in Fig. 1, while the rate of
decomposition is negligible at pH > 8.0. In contrast, transition metal jons including
manganese, copper and iron, which are often present in pulp samples, have maximum
activity under alkaline conditions®*7, This observation for the behaviour of chromivm
may allow the pulp to be exposed to radicals produced by the catalytic decomposition
of hydrogen peroxide in a pll range where traditional bleaching is ineffective, which
enables us to study effects which occur under both acidic and alkaline conditions
scparately.

Fig. 2 shows the effect of a iwo-siage peroxide treatment with chromium nitrate
(0.13% Cr on o.d. pulp) initially introduced. In the first stage, the pH was maintained
at 5.8, with an initial charge of 6% peroxide (on 0.d. pulp). After 30 minutes the

ation of hydrogen peroxide was restored 1o its initial level before adding alkali

to raise the pil to 11.0 in the second stage of the bleaching sequence, Curve (a) shows
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Brightness Gain (%ISO)

0 —————
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Duration of Alkaline Bleach (min)

FIGURE 2. Brightness gain plotted against time of alkaline bleach (pHl 11.0). (a) acidic
reatment (pl1 5.8) for 30 minutes with 0.13% chromium (on o.d. pulp) (2.5 x 10M);
(b) no acidic weatment; (c) acidic ueatment (pH 5.8) for 30 minutes with no added
chromium,

the increase in brightness with time during the second stage of the bleaching process, at
a constant ptl under alkaline conditions. This can be compared with curve (b), which
corresponds to bleaching under the same conditions, but without pre-treating the pulp
with acidic peroxide or introducing chromium. It is apparent that chromophore
elimination occurs more rapidly for the pulp which has been subjected 10 the two-stage
bleaching sequence. It is important to point out that no brightness gain could be
detected for these pulps after only the first (acidic) stage. It would appear that even
though chromophores are not eliminated by acidic peroxide treatment in the presence of
chromium, the chromophores present are rendered more ptible to subseq

removal by alkaline peroxide bleaching. Previous work2#3839 has shown that a iwo-
stage hydrogen peroxide bleaching sequence involving an acidic stage followed by
alkaline treatment can give an enhanced brightness over a conventional one stage
alkaline bleach. Curve (c) in Fig. 2 shows the effect of an acidic treatment followed by
an alkaline treatment without initial introduction of chromium. It is apparent that the
bleaching response for this pulp under alkaline conditions is intermediate between the

case where no acidic pre-treatment is applied, and that in which chromium is introduced

TWO-STAGE PEROXIDE BLEACHING 335

10
)
w1
—
&
St
£
L]
O
§
et
£
20
s
H
n ¥ T h L) v
0 20 a0 60

Duration of Acid Bleach (min)

FIGURE 3. Effect of remaving metal ions from the pulp prior to bleaching: (a)
unchelated pulp; (b) chelated pulp. Acid stage: pH 5.8; alkaline stage: pHl 11.0, 120
minutes.

with acidic peroxide. These effects can be explained on the basis of other metal ions
which occur naturally in the wood, or have been introduced during pulp production.
Manganese, iron and copper are found 10 be typically present in mechanical pulps’26,
as shown in Table 1 for our SGW cucalypt pulp. We believe that the presence of these
transition metal ions can induce effects on the chromophores in the presence of acidic
peroxide similar to those produced in the presence of chromium. The total effect scen
(curve (a)) in Fig. 2 can therefore be attributed to the combined effects -ol' chromium
and the other metal ions in the pulp.

Evidence for the effect of the residual metal ions can be obtained by bleaching
experimenis with chelated pulps. Table | shows that chelition with D'TPA removes
most of the manganese initially present in the pulp, and also produces a significant
reduction in copper content, The amount of iron present, however, is linle influenced
by the chelation procedure, and these resulis are consistent with previous repors®,
Fig. 3 shows that the brightness gain for two-stage acid/alkali bleaching in the presence '
of chromium is significantly reduced using the chelated pulp compared 10 an unchelated
pulp. It can be concluded that the presence of manganese and copper, and possibly
other metal ions initially present in the pulp, contribute to the observed effects on
brightness enhancement for the two-stage bleaching sequence,
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FIGURE 4A. “Ihe effect of varying the dose of chromium catalyst on the brightness
gain. Acid siage: 15 minutes, pll 5.8; Alkaline stage: pll 11.0.
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FIGURE 4B. Effect of varying the amount of chromium on the peroxide consumption
after the first (acidic) siage. Acid stage: pl1 5.8, 15 minutes,
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Peroxide Consumed
(% on o.d. pulp)

Brightness Gain (%1S0)

FIGURE 5. Plot showing the correlation beiween peroxide consned and the
brightness gain. Acid stage: 30 minutes, ptl 5.8; alkaline stage: 30 - 120 minutes, pH
1L.0.0; 0% Cr added,a ; 0.13% Cr added, ®; 0.26% Cr added,®; 0.52% Cr added, o
3 single stage alkaline bleach only, no added Cr.

Fig. 4A shows the effect of varying the amount of chromium introduced prior to
the two-stage acid/alkali peroxide bleaching sequence. It is clear that there is an
optimum range for addition of chromium to achieve maximum brightness gain of the
cucalypt pulp. This effect may be attributed to the additional reduction in peroxide
concentration under acidic conditions as the chromium concentration is increased (Fig.
48). At the highest level of chromium addition shown, about 25% of the initial
peroxide charge was consumed at the end of the first stage. The presence of high levels
of chromium also leads to excess total consumption of peroxide to reach a given level
of brightness after the alkaline bleaching siage. Fig. 5 shows that addition of chromium

beyond the optimum range results in increased total consumption of peroxide withouta

proportional increase in pulp brightness. At lower chromium levels, peroxide
consumption is approximately propontional to brightness gain for both the two-stage
acid/alkali bleaching sequence and single-stage alkali treatment, )

With the conditions used in this study (1% consistency, 6% hydrogen peroxide

on oud. pulp, 50°C, no stabilisers) our experiments showed that a maximum brightness
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TABLE 2, Time to Reach a Brightness Gain of 8 Points.

Time (min)

Peroxide*  Brightness Gain/  Bleaching
wi% Cr acid alkali ol Consumed Weight Peroxide  Efficiency*
(on o.d. pulp)} (% on pulp) (1S0/%) (150/%/Mour)

0 - 170 170 2.08 383 1.35
0 30 120 150 1.74 4.59 1.84
01 15 120 135 1.58 5.03 2.24
0.26 30 6 9 1.86 430 2.87
0.52 30 60 90 364 2.19 1.46

Bleaching experiment a1 50°C, 1% consistency. Acid stage: pH 5.8, initial peroxide charge 6.0%
on o.d. pulp. Alkaline stage: phi 11.0, initia! peroxide charge 6.0% on o.d. pulp. Initial
brightness of eucalypt pulp 54.0.

* Efficiency = Brighiness Gain / % peroxide consumed (on o.d. pulp) / time (hours)

* It should be noted that, due to the restoration of the peroxide charge to its initial level after the
first stage of the two stage bleaching process, the peroxide charge is higher than 6.0% in some
cases.

gain of approximately 10 %1SO can be achieved for this eucalypt pulp. The more
rapidly this level is reached, and the smaller the amount of peroxide consumed, the
more efficient will be the process. Table 2 shows that ihe two-stage acid/alkali reatment
enables a target brightness increase of 8 units 10 be reached in less time compared to a
single stage alkali process while consuming a similar amount of peroxide.

Fig. 6A shows the effect on brightness gain resulting from varying the pH of the first
stage of the two-stage bleaching sequence. Both in the presence and absence of
chromium a minimum response is observed in the pH range 4-5, whereas a1 pH 7 the
response is similar both with and without chromium. The lower curve (b) can be
auributed 1o the effects of metal ions in the original pulp (e.g. manganese and copper).
Fig. 6B shows the effect of chromium alone, obtained by taking the difference between
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Brightness Gain (%IS0O)
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FIGURE 6A. The effect of varying the pli of the acidic stage for (a) 0.26% chromium
(on o.d. pulp) added; (b) no added chromium, Acid ireatment: 30 minutes; alkaline -
stage: ptl 11.0, 120 minutes.
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FIGURE 6B. Difference in the brightness gain after the alkaline stage ( pli 110, 120
minutes) for the pulps bleached in Fig. 6A.

(444



340 HOBBS AND ABBOT

!S‘L
ES 10 )
B3
SE
o= o
@
-
— 5
= E
0 t+—————x—v—r—r—7rr—rr
0 100 200 300

Silicate : Chromium molar ratio

FIGURE 7. The effect of varying the chromium : silicate molar ratio on the rate of
decomposition of hydrogen peroxide. Initial hydrogen peroxide concentration 0.10M,

20°C, chromium concentration of chromium 2.5 x 10-*M.

the two curves in Fig. 6A. Fig. 6B shows a maximum in the pH range 5-6, and this
may be compared with Fig. 1, which also shows a maximum in this range for peroxide
decomposition catalyzed by chromium. This apparent correlation between catalyzing
peroxide decomposition under acidic conditions and inducing brightness gain in the
subsequent alkaline step may be significant. The result may show that it is the products
from catalytic decomposition of hydrogen peroxide (i.e free radicals) which are active
under acidic conditions in causing changes in the susceptibility of chromophores to
subsequent alkaline peroxide treatment, where there are much higher concentrations of
the perhydroxyl anion?,

There has been recent interest in the idea that free radical species, particularly the
hydroxyl radical (HO'), may indeed play an important role in peroxide bleaching, under
conventional alkaline bleaching conditions as well as under acidic conditions®142,
Model compound studies with alpha-methy! syringyl alcohol, a model lignin
compound, shows a maximum rate of oxidation by hydrogen peroxide at pH 11, and
the mechanism for this process has been discussed in terms of free radical intermediates
derived from hydrogen peroxide®>. The idea that free radicals as well as the
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FIGURE &A. Plot of the brigluness gain against time for an alknlir-uc bleach (pl1 11.0)
with (O) no added silicate; (a) 18% silicate (on o.d. pulp) added.
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FIGURE 8B, Plot of the brightness gain against time for a two-stage bleach (Acid
stage: pl 5.8; alkaline stage: pH 11.0, 120 minutes) with (0) 0.26% chromium (on
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FIGURE 9. Variation in the rate of decomposition of hydrogen peroxide against pl1 at
20°C (a) in the presence of 2.5 x 10/*M chromium; (b) in the presence of 2.5 x 10M
chromium and 5.0 x 10-*M magnesium, Initial concentration of hydrogen peroxide
0.10M.

perhydroxy! anion may be active in brightness development during peroxide bleaching
suggests that there may be more than one mechanism for chromophore elimination. A
recent analysis of kinetic phenomena during peroxide at various pl levels was based
on the assumption of two distinct mechanisms of chromophore removal, one dependent

- on the perhydroxyl anion concentration and the other depending on panticipation of free
radicals?. The resulls of the present study also provide support for the concept of a
dual mechanism for chromophore elimination,

Effect_of Magnesium and Silicaie

_ Both magnesium salis and sodium silicate are commonly used as stabilisers for
peroxide bleaching liquors28-29:44-46 The effect of these stabilisers has been
investigated in the two-stage process currently being studied. Silicate reduces the rate of
hydrogen peroxide decomposition in the presence of chromium at pll 5.8 as shown in
Fig. 7. Silicate is thought ta retard transition metal ion catalysed decornposition of
hydrogen peroxide by acting as a free radical trap?’. Other studies have also concluded
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that sodium silicate is effective in stabilising peroxide under alkaline bleaching
conditions through buffering action? and through deactivation of metal ions?. Fig. 8A
shows that similar brightness gains were observed in a single stage alkaline bleach in
the presence or absence of silicate, although the amount of peroxide consumed was
reduced in the presence of silicate. Similar brighiness gains were also observed in a
two-stage process in the presence of silicate and chromium, as shown in Fig. 8B, again
with slightly lower peroxide consumption.

Magnesium also inhibits the rate of chromium catalysed decomposition of
hydrogen peroxide as shown in Fig. 9. In a single stage alkali bleach, magnesium, as
shown in Fig. 10A, has the effect of reducing the brightness of the pulp. This is an
interesting result in view of the common practice of including magnesium salts as a
stabilising agent during commercial bleaching of mechanical pulps with hydrogen
peroxide. The effectiveness of magnesium as a stabiliser under alkaline conditions
appears (o be related to the nature of the other metal jons present in the pulp. It has been
shown'? that addition of magnesium to solutions containing manganese ions causes a
significant increase in catalytic activity towards peroxide decomposition. In contrast,
addition of magnesium to solutions containing iron produces a stabilising effect's, and
this has been auributed to formation of an iron-magnesium complex'S, The observed
loss in pulp brightness observed here on addition of magnesium cannot be explained
simply on the basis of peroxide stability. However, it is likely that the natre of
catalytic species present is modified by the addition of magnesium which may in um
modify the types and concentrations of decomposition products formed. Fig. 10B
shows that in a two-stage process a much lower brightness is also obtained in the
p ¢ of magnesium, the lower brightness probably being caused by the presence of
the magnesium in the alkali stage.

CONCLUSION

The presence of transition metal ions during a two-stage hydrogen peroxide
bleach of Eucalypr SGW has been found 1o enhance the brightness of the pulp. The
total effect produced appears to be derived from the influence of chelatable ions
naturally present in the pulp and also introduced chromium species. The influence of
these metal species during acidic peroxide treatment renders the chromophores present
in the pulp more easily removed during subsequent bleaching under alkaline conditions.
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This effect may be related to generation of active radical species through catalytic
decomposition of hydrogen peroxide at low pll. Using such a process, optimised for
dosq of catalyst and time of acidic treatment, brightness gains can be achieved in less
time while consuming no additional peroxide.

This study has shown that there is potential scope for development of beneficial
catalytic processcs for the enhancement of peroxide bleaching. Such processes may
utilise the presence of metal ions naturally present in the wood pulp, or species which
may be introduced prior to peroxide treatment. The development of such processes
would appear to depend on recent concepts of peroxide bleaching in which species
other than the perhydroxyl anion are implicated in chromophore removal. This may in
tum revise the traditional view that the presence of transition metal ions in wood pulp
should be associated with adverse effects in bleaching sequences.
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SUMMARY

The role of ragical species. particularly the hydroxyl radical, in
peroxide bleaching systems has been investigated for bleaching of
Eucalyptus regnans sfone groundwood.

Under conditions of constant concentration of peroxide and alkali,
increasing the pulp concentration showed a small positive effect
on brightness gain after extended bleaching times. Bleaching of a
mixture of bieachable stone grounawood and inert fibres showed
no increased brightness response when increasing the proportion
of bleachable fibre. or effectively increasing the concentration of
the bleachable fibre.

Studies using N.N-Dimethyi-4-nitroso aniline as a radical trap have
shown that the trapping of hydroxy! radicals reduces the final
brightness of pulps by 1 to 5% ISO. and that the final brightness
of the pulps can be related to the initial rate of radical formation.
The addition of transition metal ions usually present in pulps
(manganese. iron and copper). to peroxide bleaching liquors
increases the peraoxide decomposition but does not significantly
increase the rate of radical generation, whereas the presence of
peroxide stabilizers decreases the peroxide consumption and the
rate-of radical generation.

The role of radical species, and particularly the hydroxyl
radical has been the topic of much debate recently(l-6).
Traditionally the perhvdroxyl anion, HO,”, has been
considered the active bleaching species in alkaline peroxide
bleaching of mechanical pulps(l,7), but recent work(1-6)
sugests that hydroxyl radicals can play a major role in
bleaching. However it is not clear whether radical species
have a positive or negative effect.

Some transition metal ions are known to catalytically
decompose hydrogen peroxide via a radical
mechanism(3-5,7-10) producing hydroxyl radicals. The
location of the decomposition process, whether in solution
or on the fibre surface, may have an influence on the
effectiveness of the radicals produced. If the site of radical
generation is in close proximity to a chromophore or a
potential chromophore, then reactions influencing the
resulting brightness of the pulp are more likely. By this
reasoning it has been postulated(ll) that at higher puip
concentrations, radical species play a more significant role
as their site of generation is more likely to be adjacent to
a fibre.

Hydroxyl radicals have also been linked with the
phenomenon of photovellowing of pulp(12) as well as alkali
darkening of pulps in the presence of transition metal ions
and hydrogen peroxide{13). Lignin model compound
studies(14-18) have revealed that the hydroxyl radical is
capable of reacting with chromophoric structures typically
present in pulp.

Various methods have been employed for the detection of
radicals, especially the hydroxyl radical, including electron
spin resonance (ESR)(19), chemiluminescence(20) and UV-
visible spectroscopy(21-23).

These examples indicate that the role hydroxyl radicals play
in peroxide bleaching systems is not well understood. This
paper will make some attempits to clarify the role of radicals
and also to correlate the concentrations of radicals produced
with the bleaching response of pulps.
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EXPERIMENTAL
Materials
Hydrogen peroxide (30%) was obtained from Ajax

" Chemicals. Potassium hydroxide (99.99%) of semiconductor

purity, copper nitrate, manganese nitrate, iron nitrate and
chromium nitrate (all 99.9%), EDTA (99%), DTPA (98%),
sodium silicate (30%) and N,N-Dimethyl-4-nitroso aniline
(DMNA) (97%) were obtained from Aldrich Chemicals.

Procedures

Eucalypt stone groundwood (SGW) was produced on a
small scale grindstone at Australian Newsprint Mills Boyer
mill. The wood was ground in the presence of dilute sodium
hydroxide (3% on o.d. wood). After grinding the pulp was
filtered and washed prior to storage at 4°C and 20%
concentration until used.

Bleaching experiments were performed by preheating
appropriate amounts of puip, Milli-Q water#(24) and other
additives to 50°C prior to addition of alkali and peroxide.
Samples were withdrawn at intervals<o allow the calculation
of peroxide consumption and for handsheet formation. Two
methods of bleaching were used. Firstly an initial charge of
peroxide and alkali was applied and allowed to decrease with
time. Secondly pulps were bleached under constant
conditions of peroxide and alkali concentration. This was
achieved by applying initiai chemical charges and
maintaining these concentrations by addition of appropriate
amounts of chemical when deviation from initial conditions
was observed, generally every 10 to |5 minutes. For these
exﬁerinaents the usual conditions were 1.2 g/L peroxide and
pH 11.0.

For bleaching mixtures of SGW and kraft pulp,
appropriate amounts of samples were added to sufficient
water to give the required pulp concentration and ratio.
Bleached radiata pine kraft pulp was bleached with peroxide
for six hours prior to use in further experiments under the
conditions stated above for work with constant conditions
of peroxide and alkali concentration.

Studies with N,N-Dimethyl-4-nitrosoaniline (DMNA),
A, =440 nm e=34200, were performed using 5-10~'M
solutions diluted from 1-10~M solution which was stored
away from strong light and discarded after two weeks(21).
Bleaching was performed as previously mentioned except
DMNA was added just prior to the peroxide and alkaii.
_Sqlpt!ilon studies were performed at $0°C and pH 11.0
mnitaily.

* Type | (> 18 Mohm}, The reference gives an analyss of the water. The water is
hrough a carbon ge. 1wo ion echang idges and a further carbon
filter. The resistance is measured 1o ensure quality.

i
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Brightness (%ISO) was measured using a Datacolor
Elrepho 2000. The brightness of the unbleached pulp was
51.0% and sampies were regularly prepared to monitor any
changes in the pulp with storage.

RESULTS AND DISCUSSION
Literature review )

Recently much discussion has appeared in the literature
regarding the role of radical species in both bleaching and
photoyellowing of pulp. The focus of this paper is on the
role radicals play in peroxide bleaching processes.

During peroxide bleaching the two major radical species
produced are the hydroxyl radical and the superoxide anion
radical, OH" and "O;". Of these, the hydroxyl radical is
thought to be the species most likely to have any effect during
bleaching{4).

The generation of hyroxyl radicals can occur in two major
ways(7,10). Firstly the base induced cleavage of hydrogen
peroxide(7,10,25)—

H.0: + HO; —> OH + 0, + H.0

or by transition metal ion catalysed decomposition of
hydrogen peroxide(3,7.10)—

M*™ + H,O0, —> OH + OH~ + M"™*
OH- +HO,” +M'""'"" —> ‘0, +H,0 +M"*
0;" + H0;, —> 0; + OH" + OH"

Work using potassium superoxide(26-28) has shown no
- noticeable change in either lignin model compounds or kraft
lignin. The conclusions are that the active radical species is
the hydroxyl radical. The superoxide anion radical has,
however, been shown to react to depolymerize cellulose(28).

Model compound studies have shown that the hydroxyl
radical can react with certain types of lignin groupings(14-18).
In many of these cases the radicals are produced by
photolysis of hydrogen peroxde solutions.

Phenolic units in lignin, represented by «-methyl
syringylalcohol(1,8), have been studied, and the major
reacting species has been shown to be hydroxyl radicals. This
reaction is accelerated by the presence of transition metal
ions, again indicating the role that these radicals have in some
aspects of peroxide bleaching.

However, the reaction of conjugated carbonyl
structures(17), a major source of colour in mechanical pulips,
has been shown to have a first order dependence on the
perhydroxyl anion, which is usually considered 10 be the
active bleaching species. This work does. however, still
suggest that the presence of transition metal ions accelerates
the reaction.

The use of Fenton's Reagent (hydrogen peroxide and
ferrous ions) has been used as a source of hydroxyl radicals
in many studies(29). It has been shown that hydroxyl radicals
react to degrade carbohyvdrates(29). As the hydroxyl radical
is a very reactive species, being the most powerful one
electron oxidant in aqueous solution(3,14) with a standard
reduction potential of 2.72 V in acidic media and 2.32 V in
neutral media the life time of the species is very short. This
means that a radical will react with any substance near the
site of generation. [f transition metal ion catalysed
decomposition of hydrogen peroxide is the main source of
hydroxyl radicals, then the location of these metal ions may
be of particular importance. Some previous work(30) has
shown that, under the conditions emploved, manganese is
bound almost exclusively to the lignin portion of the pulp
and only very small amounts are bound to the cellulose. This
implies that, in the case of manganese at least, the radical
species would be expected to attack only the lignin portion
of the pulp and not cause degradation of the cellulose.

Hydroxyl radicals react in these ways—
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¢ Electrophilic addition to double bonds or to aromatic
nuclei(3). Both of these reactions reduce conjugation and
hence reduce the colour of the residual lignin.

* Hydrogen atom abstraction from a saturated carbon
atom(3). )

Of these the first reaction mode is 1 to 2 orders of
magnitude faster than the second. At increased pH values
the oxyl anion radical O, the anionic form of the hydroxyl
radical, is formed(3) but this only has a standard reduction
E:;;ntlial of 1.4 V and reacts more slowly than the hydroxyl

ical.

Effect of pulp concentration

Bleaching of eucalypt SGW under constant conditions of
peroxide and alkali gives more easily interpretablé
information regarding the effect of pulp concentration than
bleaching under conditions of reducing peroxide and alkali
concentration. This is because peroxide consumption and
pH vary with pulp concentration, thus meaning that results
cannot be easily compared. Figure | shows a typical
brightening response under these conditions.

Interestingly the response shows many similarities to a pulp
bleached under conventional conditions, a rapid initial stage
followed by a much slower stage of bleaching(31), apparently
reaching a brightness limit after long reaction times. In the
case of reducing reagent concentration this can be explained
in terms of loss of bleaching reagent, however, this is not
the case for bleaching under constant conditions, indicating
that the apparent limiting brightness reached after extended
times is related to the concentration of peroxide and
alkali(32). Figure 2 shows the effect of varying the pulp
concentration while keeping all other conditions constant.

Although there is no clear trend observable it can be seen
that at higher concentrations (3 to 8%) a brightness increase
approximately I to 2% ISO higher is obtained indicating that
the increasing concentration does improve the bleaching
response of the pulp. This may be related to the presence
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Fig. 1 — Bleaching response of SGW. Conditions: peroxide 1.2 g/L,
pH 110, temp. 50°C, p.c. 3%, peroxide and alkali
maintained at initial levels.
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of radicals produced by peroxide decomposition. As the pulp
concentration increased these are more likely to be generated
close 0 a fibre and so be more likely 10 affect the colour
of the pulp. This is in agreement with previous work(lI)
which related an empirical rate constant to the pulp
concentration. This showed an increase in the rate of
bleaching with increasing concentration.

The addition of an inert fibre, that does not consume
considerable amounts of peroxide or change brightness when
bleached with alkaline hydrogen peroxide can allow a study
of the effect of pulp concentration on bleaching response.
If the total concentration is kept constant but the proportions
of the inert and bleachable fibre are changed, this effectively
alters the concentration of the bleachable fibre.

It was found that radiata pine kraft pulp, after being
bleached for six hours with alkaline peroxide, consumed very
little peroxide when again exposed to peroxide and, as
expected, showed very little change in brightness. The
brightness of the kraft pulp after the initial peroxide tretment
was 85% [SO. Bleached kraft pulp that has been previously
exposed to peroxide, therefore, was considered suitable as
an inert fibre. Kraft:SGW pulp ratios of 7:1, 3:1, I:1 and 1:3
were used giving effective concentrations of SGW of 0.5, 1.0,
2.0 and 3.0%.

Two series of experiments were performed. Firstly kraft
and SGW were bleached together in the above ratios and the
brightness of samples withdrawn at suitable intervals was
measured. Secondly samples of kraft and SGW were
bleached separately and handsheets were then prepared in
the above ratios to give a comparative set of data. The
comparison of the two sets of results should show the effect
of the addition of inert fibres, and give some information
about the effect of pulp concentration in peroxide bleaching.

If bleaching art a higher concentration is beneficial,
possibly due to the effect of radical species, then we would
expect to observe higher brightness in the samples bleached
separately (as this was effectively bleached at a higher
concentration) than those bleached together, as the inert fibre
reduces the concentration of the bleachable fibre.

Figure 3 shows the bleaching response of various ratios
of SGW and bleached kraft pulp when bleached together.

This graph shows that for the various kraft:SGW ratios
the bleaching response is typical of peroxide bleaching with
a rapid initial stage followed by a slower phase. Also. as
expected, the higher kratft:SGW ratios correspond to higher
initial brightness and lower brightness gain with the smailer
percentage of bieachabie fibre present.

Figures 4a and 4b show a comparison of the brightness
of sheets formed from a fixed ratio of kraft:SGW, but
bleached by the two methods, either separately or combined.

These figures show that there is no significant difference
in brightness response associated with the method of
bleaching. This shows that the SGW bleaching response does
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not appear to alter over the range of concentrations covered
(0.5 to 4.0%).

From these experiments it can be concluded that the effect
of varying the pulp concentration for bleaching SGW is small
(approximately 10% of the brightness change) and there is
no observable effect in the case of kraft:SGW bleaching. In
the case of mixed kraft:SGW bleaching the total pulp
concentration is always 4%, so, although the-concentration
of the bleachable fibre is altered. ghe transfer of radical
species between fibres may not be altered significantly.

Radical detection

The use of DMNA for the detection of hydroxyl radicals
has been used for many years(2!), but has rarely been used
in conjunction with peroxide bleaching, although some work
has been reported(19) in which the production of radicals
in peroxide bleaching liquors in the absence of pulp has been
investigated. Hydroxyl radicals react quantitatively with
DMNA; this reaction reduces the observed absorption of
DMNA. This decrease in absorption allows calculation of
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the amount of DMNA reacted. Figure 5 shows the amounts
of DMNA reacted under various conditions.

As can be seen from Figure 35, some DMNA reacts in the
absence of peroxide so this must be considered in all other
cases. The presence of peroxide greatly increases the amount
of DMNA reacted, indicating the presence of hydroxyl
radicals, but the brightness of the pulp is not affected in the
presence of DMNA alone. Table | shows the amount of
DMNA reacted in solutions of peroxide in the presence of
various additives. In all cases the amount of DMNA that
decolorizes in the absence of peroxide in 60 minutes has been
subtracted.

From Table |1 several significant points are noticeable.
Firstly, the addition of stabilizing agents reduces the quantity
of hydroxyl radicals produced and, except in the case of
silicate, reduced the consumption of peroxide. For EDTA,
DTPA and magnesium there is little change in the ratio of
DMNA and peroxide reacted, indicating that the mechanism
of peroxide decomposition may not be significantly altered
by the addition of these stabilizers.

Secondly, the addition of iron, copper and manganese
greatly increases the amount of peroxide consumed, but only
in the case of copper is more DMNA reacted than in the
case of peroxide alone. The ratio of DMNA to peroxide
consumed in these cases indicates that a far smaller
proportion of peroxide decomposition is via mechanisms
involving radicals. This result for copper is different from
previously reported work(l9) and requires further
investigation.

The addition of chromium nitrate to acidic peroxide shows
that a free radical mechanism involving the production of
hydroxyl radicals is @ more imporiant route leading to
peroxide decomposition. The ratio of DMNA to peroxide
consumed is far greater than the blank at this pH. The
decomposition of peroxide at lower pH generates far fewer
radicals than at higher pH, probably due to the base induced
mechanism being far less significant. This result is significant
in terms of previous work utilizing acid/alkaline two stage
peroxide bleaching sequences with the addition of
chromium(33-34). It now appears that the interaction of
hydroxyl radicals with chromophoric structures in the first
(acidic) stage causes changes in the chromophores which
render them more susceptible to removal in the subsequent
alkaline stage, thus giving the pulp a higher brightness
compared to a single stage alkaline peroxide bleach.

In the presence of pulp DMNA can also be used to detect
hydroxyl radicais. This allows a determination of the quantity
of radicals and also the effect their removal has on the
brightness of the pulp by performing parallef experiments
in the presence and absence of DMNA. In ail cases the
peroxide consumption was similar, indicating that the
presence of DMNA does not affect the stability of the
peroxide, and the brightness of unbleached or bleached pulp
was not atfected by soaking in DMNA for 30 minutes. As
can be seen from Figure 6 in the absence of DMNA a higher
brightness is achieved.

Here it is evident that the presence of DMNA, and hence
the removal of hydroxyl radicals reduces the brightness of
the pulp. Therefore, it appears that the presence of hydroxyl

Table 1

Peroxide and DMNA ted in the p of vari ddii

pH Mol rescied Molar ruio

H10: DMNA DMNA/H 0,
« 10’ “ 10t « et
H] 0.67 B.14 12.2
Mn 1 7.3 141 0.47
Cu 11 16.1 9,08 0.56
Fe 1 8.00 o7 0.63
Si 1] 0.9 .75 0
Mg 1 047 1.59 8.7
EDTA il ™47 4.37 9.30
DTPA [} 0.39 4,06 10.41
58 042 0.99 134
Cr 5.8 0.7t 13.3 18,73

Condians: 60 minutes SU*C, 1.53-100°M perowide, Mn. Fe: L9 107'M. Cu: 3,58 10-°M,
sodium silicate: 0.6 lfL EDTA. OTPA: 020 gL, Myg: t9500'M, Cr: 5.03-0007 M,

September 1992
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radicals enhances the brightness response of the pulp. This
has been observed in all cases. Table 2 shows the quantity
of DMNA reacted when bleaching under various conditions.

This table shows that the loss in brightness due to the
removal of hydroxyl radicals is between 1 to 5% [SO (c.6
to 30% of total brightness gain). Similar differences in
brightness are recorded after 120 minutes, indicating that the
radicals may be involved in initiating reactions that cause
colour changes in the pulp. The bleaching response of the
pulps, as can be seen in Figure 6, shows little difference after
30 minutes. In some cases this can be associated with the
complete removal of DMNA, allowing radical processes to
again be significant (eg 4% p.c., Fe addition), but similar
observations are made when DMNA is still present. It can
also be seen that increasing the pulp concentration greatly
increases the production of hydroxyl radicals. It has
previously been postulated(11) that the ability of hydroxyl
radicals to transfer between fibres is beneficial to bleaching
efficiency but it appears that more radicals are produced,
so any improvement in bleaching with higher pulp
concentration could be related to the increased production
of hydroxyl radicals. This increased production of hydroxyl
radicals could be related to a greater number of potential
sites for production of radicals and an increased
concentration of transition metal ions.

The addition of chromium again shows a significant
increase in radical production when compared to the blank.

The addition of manganese, iron and copper also shows
some interesting trends as presented in Table 3.

This table shows that an increased initial hydroxyl radical
production appears to be correlated to an increased final

Table 2

DMNA reacted under various conditions*
Additive aH Moles DMNA ABrighiness
rescied 10° " 150
il 417 3.80
DTPA 11} 3.78 0.77
1% pulp conc 11 8,78 2.5
4% pulp conc 11 .z 4,05
Mn 11 4.82 4.40
Fe 1 B.15 0.69
Cu 1 2.95% 1.20
5.8 1.15 1358
Cr 5.8 4.53 3.01

* Conditions: $10°'% DMNA, 30 qunutes reaction time., M. Fe™®y: 9.0-107°M.
Cr 2.51-10"*M, DTPA (.3% on o.d. pulp pnor o bleaching. Pulp concentration 1™ excemn
where indicated.

Table 3
Comparison of brighiness and radicsl production®

Additive Mokes DMNA rescted 10° Brighiness gain e 150
30 min 120 min
4.7 15.07
DTPA 178 11.49
Mn 4.82 15.78
Cu 1.95% 14,58
Fe 8.46 16.56
* Conditions as i Table 2. Brightness in the adsence of DMNA after 120 minutes.
01
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brightness, again indicating that radicals have an important
role in peroxide bleaching svstems. Chelation of the pulp has
the effect of reducing the radical production and also
reducing the final brightness of the pulp. However, as can
be seen in Table 2, the difference in brightness between
chelated pulp bleached in the presence and absence of
DMNA is very small, indicating that few radicals are invoived
in bleaching pulps pre-treated with a chelating agent, under
the conditions emploved here. The presence of certain
transition metal ions can enhance the bleaching response of
the pulps.

CONCLUSION

This work has shown that hydroxyl radicals play an
important role in peroxide bleaching systems. Preliminary
studies with DMNA have shown that under typical bleaching
conditions more hydroxyl radicals are produced at higher
pulp concentrations. A correlation between the initial rate
of radical formation and the final brightness of the pulp
appears to indicate the positive role these radicals play in
bleaching. It appears that hydroxyl radicals are involved in
bleaching reactions and need to be considered, along with
the perhydroxyl anion, as a major bleaching species.

Work using constant concentrations of peroxide and alkali
also shows some evidence for the importance of radicals in
peroxide bleaching. Increasing the pulp concentration leads
to some improvement in the bieaching response of the pulp;
this can be related to the higher radical concentrations under
these conditions.

Further work is required in this area to firstly determine
the reactions of hydroxyl radicals and secondly to determine
the optimum balance between radical induced bleaching and
bleaching by the perhydroxyl radical.

ACKNOWLEDGEMENT

Financial support for this work was provided by Australian
Newsprint Mills Limited, Interox Pty Ltd and the Australian
Research Council.

REFERENCES

(1) Gierer, J. — Int. Symp. Wood Pulp. Chem. 1,279 (1987).
(2) McDonough, T., Kirk. R. C., Backlund, B. and Winter, L. — int.
Delign. Conf., TAPPI Proceedings 165 (1987).

348

()]
(8]

i3

-

16}

n
8

(9)
(1m

(n
2

(13
(14

(15
(16}
(an
(18) A
a9

(20)
n

22)
(23

249
(25

126}

(27
(28)

2N
30

(30
(33
(34

-

A32

Gierer, J.. Jansbo, K., Yang, E. and Yoon. B. — Int. Symp. Wood
Pulp. Chem, 1, 93 {1991).

Sjorgen. B.. Danielson. J., Engstrand, P., Gellerstedt. G.. Zachrison,
:-l! 9;9:111 Reitberger, T. — Wood Pulp. Conf. TAPPI Proceedings 161
Lachenal, D., DeChoudens. C. and Monzie, P. — Tappi 63(4):119

(1980).
Lachenal. D. and Papadopolous. J. — [nt. Symp. Wood Pulp, Chem.
1. 295 (1987).

Francis, R. C. — Bleach Plant Op. Conf.. TAPP! Press, 85 (1989).

Lachenal, D.. Soria. D.. DeChoudens. C. and Monzie, P. — [at. Pulp

Bleach. Coni. TAPP! Press, 145 {1982).

Walling, C. — Accr. Chem. Res. 8:125 (1975).

Tatsumi, K., Murayama, K. and Terashima. N. — Int. Ox. Delign.

Cont. TAPPI press 99 (1987).

Mqoslgen:us 5. and Sjorgen, B. — [ Wood Chem. Technol. 29(4)y:447

{1 )

Agnemo, R., Francis, R, C.. Alexander, T. C. and Dence, C. W. —

Int. Symp. %od Pulp. Chem. 1, 631 (1991).

Kutney, G. W. and Evans. T. D. — Svensk Pappersridn. 88(9):84 (1985).

Gierer, J., Jansbo, K. and Reitberger, T. — Int. Symp. Wood Puip.

Chem, 2, 157 (1991).

sE;lkis;g;l T. and Gierer, J. — Wood Pulp. Chem. Conf. TAPPI Press,

{ ).

Gierer, .. Yang, E. and Reitberger, T. — Int. Symp. Wood Pulp. Chem.

2,197 (1991).

Gellersledx G. and Agnemo. R. — Acta Chem. Scand. B33:337 (1979).
R. and Gell dt, G. — Acte Chem. Scand. B3:275 (19800,

Collodetie. 5. L. — Ph. D. Thesis, SUNY Coilege of Environmental

Science and Forestry, (1987).

Reitberger, T. and Gierer, J. — Holzforschung 42(6):351 (1988).

ggmg;;}c. I. and Trumbore, C. N. — [ Am. Chem. Soc. 87(12):2547

Bielski. B. H., Comstock, D. A. and Bowen, R. A. — J Am. Chem.

Soc. 93(22):5624 (1971

[;Iegl;:;r‘ D., Bevan, P. L. T. and Scholes, G. — /£ Phvs. Chem. 76{11%:1537

Abbot, J. and Brown, D. G. — Can. . Chem. 68:1537 (1991).

Agnemo, R.. Gellersiedt, G. and Lindlors. E. — Acta Chem. Scand.

B33:154 (1979). -

Ii;;kshau. R.. Bastion, J. and Thompson, M. 5. — Tappi J. 68(101:110

( ).

Sawver, D. T. and Valentine, J. S. — Acct. Chem. Res. 14:393 {1981).

Thompson, N. S. and Corbett, H. M. — [nt. Pulp Bleach. Conf,

TAPPI Press, 201 (1985),

Larsen. B. and Smidsrod. O. — Acta Chem. Scand. 21:552 (1967).

:-'{gglb)s. G. C. and Abbot, J. — [nt. Symp. Wood Pulp. Chem. 1, §79

Ariadi. B. and Abbot, J. — Appira L 45(3%:178 (1992).

Abbot, 1. and Ginting, Y. A. — J. Pulp Paper Sci. in press (1991),

Hggbs G. C. and Abbot, J. — J’ Wood Chem. Technol. 11{2):225

11991}

F:-_?;]bs G. C. and Abbot, J. — J. Wood Chem. Technol 11(3):329

] I

Maruscript recewved tor publicanon 15.5.92,

Apprta Vol. 45 Na 5



A33

The Influence of Metal ions on Two-Stage Peroxide Bleaching of Radiata Pine TMP.

J. Abbot and G.C. Hobbs, J. Pulp Paper Sci., 18(2), J67-70 (1992).



The Influence of Metal lons on Two-Stage |
Peroxide Bleaching of Radiata Pine TMP

J. ABBOT and G.C. HOBBS

The influence of metal ions during
a two-stage peroxide bleaching process
has been studied with Radiata pine TMP.
Brightness development of the pulp car-
ried out under ailkaline conditions could
be enhanced by the presence of certain
metal ions during the initial stage under
neutral conditions. Removal of metal ions
naturally present in the pulp reduced
brightness gain for the two-stage process,
while addition of chromium nitrate had
the opposite effect. The resulits of this
study show that, under certain conditions,
the presence of transition mezai ions can
have beneficial effects during peroxide
bleaching of puip, and this may be relat-
ed to the generation of free radical spe-
cies under low pH conditions.

INTRODUCTION

The presence of transition metal
ions is generally considered to produce
detrimental effects during bleaching of
wood puip with hydroger peroxide {1-4].
Under ajkaline conditions, metal ions can
catalyze decomposition of peroxide {1-4],
leading to loss of the bleaching reagent.
These effects can be reduced by addition
of complexing agents such as
diethylenetriaminepentaacetic acid

J. Abbot and G.C. Hobbs
M University of Tasmania
GPQ Box 252C
Hobart
Tasmania 7001
Austratia

(DTPA), sodium silicate or magnesium
salts (5-6]. A number of recent studies
have reported that it is possible to bleach
pulp in a two-stage process with hydro-
gen peroxide [7-8], using acidic peroxide
in the first stage followed by a conven-
tional alkaline stage. In the present study
we have examined further this type of
two-stage peroxide bleaching sequence,
using neutral conditions in the initial step,
followed by alkaline bieaching at pH 11
to evaluate the possible role of particu-
lar metal ions in the process.

EXPERIMENTAL

Hydrogen peroxide (30%) was ob-
tained from Ajax Chemicals. Chromium
nitrate (99%), cobalt nitrate (97.5%),
nickel nitrate (97.0%), sodium silicate
(30%), DTPA (97%) and sodium hydrox-
ide of semiconductor purity (99.99%)
were supplied by Aldrich Chemicals.

The Pinus radiata thermomechan-
ical pulp was provided by Australian
Newsprint Mills from TMP unit 2 at their
Boyer Mill. The puip was stored at 18%
consistency at 4°C until used.

Bleaching studies were carried out
using polyethylene reaction vessels main-
tained at 50°C in a constant temperature

water bath. The puip suspensions were -

stirred {9) during the course of the bleach-
ing reactions. The bleaching experiments
were performed by mixing the required
amounts of pulp, hydrogen peroxide, so-

JOURNAL OF PULP AND PAPER SCIENCE: VOL. 18 NO. 2 MARCH 1992

dium hydroxide (and catalyst where ap-
propriate) with the required volume of
Milli-Q deionized water to give the desired
consistency. The pulp and dilution water
were heated to reaction temperature be-

fore addition of reagents. Sodium silicate.

and DTPA were also added where in-
dicated.

The pre-chelated pulps were pre-
pared by treating the TMP with 0.5%
DTPA at 2% consistency for 30 min,
filtering and then thoroughly washing the
pulp with Milli-Q deionized water. The
concentrations of transition metal ions
present in the original pulp and after pre-
chelation were determined by atomic ab-
sorption after digestion with nitric acid
and are given in Table [. Metal ion con-
centrations present in the Milli-Q
deionized water and the hydrogen perox-
ide have been reported previousiy [10].

Pulp samples were withdrawn at in-
tervals to determine the brightness of the
pulp and consumption of hydrogen
peroxide. Residual peroxide concentra-
tions were determined on filtrates by io-
domaetric titration with standard sodium
thiosulphate [11], after acidification and
addition of potassium iodide and a few
drops of saturated ammonium molybdate
solution.

All pulp samples were thoroughly
washed with dejonized water before mak-
ing handsheets. The brightness (% [SO)
of bleached pulp handsheets was mea-
sured with a Zeiss Elrepho using a 457 nm

J87
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Brightness Gain (%150)

DTPA and Silicate
absent

Brightness Gain (%IS0)

—
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Time (min)

two-stage process
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one-stage process

200 150 0 50

100 150 100

Time (min)
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Fig. 1. The influence of DTPA and sodium silicate on bright-
ness gain. Bleaching at 50°C, constant pH 11.0, 4% con-
sistency, 6% initlal peroxide charge (on o.d. puip); C:0.25%
DTPA, 10% sodium silicate (on o.d. pulp); O: no addition

of DTPA or sillcate.

filter. The measured brightness of the un-
bleached pulp was 58.5, and this was not
found to vary over a 30 day period dur-
ing storage.

RESULTS AND DISCUSSION

Samples of a thermomechanical
pulp produced from Pinus raediata were
bleached with alkaline hydrogen perox-
ide at a constant pH of 11.0. Bleaching
was carried out in the presence of the
complexing reagent DTPA (0.25% on
o.d. pulp) and sodium silicate (10% on
o.d. pulp). In the absence of these rea-
gents, peroxide decomposition occurred
rapidly resulting in significantly lower
brightness gains as shown in Fig. |. This
accelerated decomposition can be at-
tributed to catalytic effects of transition
metals present in the pulp [1-4]. Man-
ganese, copper and iron are often present
in wood pulp, originating from both the
wood itself and also processing equip-
ment. and these metals are generally con-
sidered to be the main cause of peroxide
decomposition. Table [ shows the levels
of these metals present in the TMP, and
the results are comparable to other report-
ed analyses [12].

The active species during bleaching
with hydrogen peroxide is generally
thought to be the perhydroxyl anion

Fig. 2. Etfect on brightness gain of pre-treating pulp at pH
7.0 for 30 min with hydrogen peroxide (initial charg
o.d. pulp), followed by alkaline conditions at pH 11.0 with
0.25% DTPA and 10% sodium

e 3% on
silicate (on o.d. pulp). Bleach-

ing at 50°C and 4% consistency with initlal 3% peroxide
charge during aikaline stage. (1: two-stage process; O: one-

stage process.

HO; ™ [13,14]. The concentration of this
species is very low under neutral and acid-
ic conditions (15), and consequentiy
peroxide bleaching is usually carried out
under alkaline conditions (above pH 9).
There has, however, been some recent in-
terest in the possibility of two-stage
processes in which the pulp is initially
treated with peroxide at an acidic pH, fol-
fowed by a second stage under normal
alkaline conditions {7,8], as such process-
es can lead to enhanced brightness de-
velopment and lower peroxide con-
sumption [16].

Figure 2 shows a comparison be-
tween brightness gain for a standard one-
stage alkaline peroxide bleach at pH 11.0
with that for a two-stage process using
neutral conditions (pH 7.0) for 30 min,
followed by alkaline conditions. The time
indicated corresponds to the duration of
the alkaline treatment in both cases. For
the two-stage process, the peroxide con-
centration was restored to the initial lev-
el after 30 min, after which DTPA
(0.25% on o.d. pulp) and sodium silicate
(10% on o.d. pulp) were added and the
pH adjusted to [1.0. Although no in-
crease in brightness was observed at the
end of the neutral stage of the two-stage
process, it is apparent that the resulting
pulp is more susceptible to brightness gain

TABLE |

in the alkaline stage, compared to the
pulp exposed to only alkaline peroxide.
Although the concentration of HO- ™ is
very low under neutral conditions, reac-
tions must nevertheless occur which
render the chromophores present more
susceptible to removal during alkaline
bleaching.

Figure 3 shows that the effective-
ness of the two-stage process is reduced
by prior application of a chelating agent
(DTPA) to the TMP followed by
thoroughly washing the pulp with
deionized water. This treatment signifi-
cantly reduces the concentration of me-
tal ions in the pulp, as shown in Table 1.
It can be concluded that effective perox-
ide treatment under neutral conditions de-
pends on the presence of metal ions in the
pulp. Enhancement of brightness gain us-
ing the two-stage process with the pre-
chelated puip can be restored by addition
of certain transition metal ions to the pulp
at the start of the neurral stage. For ex-
ample, the effect of adding between 1.25

X 10-2and 5.0 x 10-?mol chromium _

nitrate (0.033% - 0.13% Cr on o.d. pulp)
is illustrated in Fig. 4. We have also found
[8,16] that addition of chromium during
a two-stage acid/alkali peroxide bleach-
ing process for a hardwood species (E.
regnans) is beneficial. For the TMP this
effect is dependent, however, on the na-

. ture of the metal introduced. Figure §

METAL ION CONTENT OF PULPS USED IN THIS WORK

Metai ion (ppm)?

Wood type Iron Manganese Copper

P. radiata TMP 16 64 5

Chelated P. radiata 16 8 05

1. G ation by atomic absorption after digestion
of pulp.

shows that, while addition of chromium
to the pre-chelated pulpimproves bright-
ness gain in the two-stage process, the in-
troduction of nickel nitrate (2.5 x 10-2
mol) has very little observable influence.
In contrast, addition of cobalt nitrate (2.5
x 10-2 mol) actually causes a decrease
in pulp brightness. The lack of brightness
development in the latter case can be at-
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Fig. 4. The effect on brightness gain of addition of chromi-
um nitrate to a pre-chelated pulp for a two-stage process.
Pulp consistency 4%, with other conditions as in Fig. 3.03:
no chromium tddlﬁorl- Chromium sdditlon — A: 1.25 x
10-2 mot; & :2.50 x ‘ll)'2 mol; O: 5.0 x 10-2 mol._
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Fig. 3. The effect of removal of metsl ions by pre-cheiation
on two-stage bleaching processes at a) 2%, b) 4% and c) 8%
consistency. Other conditions as in Fig. 3. Z: no pulp

Fig. 5. Effects on brightness gain of addition of metal ions
to a pre-chelated pulp for a two-stage process. Pulps at 4%
consistency, other conditions as in Fig. 3. Metals introduced
as nitrates (2.5 x 10-2 mol) O: Cr; O: Co; A: Ni; O: no

pre-
treatment; O: pulps pre-treated with 0.5% DTPA for 30 min

then washed with deionized water.

tributed to the rapid decomposition of
hydrogen peroxide in the presence of
cobalt at high pH, whereas chromium is
active as a catalyst only at lower pH [1].

Figure 6 shows resuits for the total
consumption of hydrogen peroxide plot-
ted as a function of brightness gain cor-
responding to experiments at 4%
consistency. This shows that the two-stage
process in the presence of chromium ni-
trate consumed less peroxide than that re-
quired for the corresponding brightness
gain using a single-stage alkaline bleach.
For two-stage processes without addition
of chromium, peroxide consumption was
increased for both the pre-chelated pulp
and the uatreated puip. These resuits in-

metal added.

dicate that the efficiency of the two-stage
process must depend on the nature of
catalytic species present.

The effects of metal ions in pulp
described here may also explain bright-
ness gains reported for two-stage process-
es using acidic peroxide in the initial stage
with no specific introduction of catalytic
agents [17). The mechanism of these
processes may be linked to the concept of
the participation of free radical species in
peroxide bleaching reactions {18]. There
has been recent interest in the idea that
free radicals, particularly the hydroxyl
radical OH" may be active in chromo-
phore climination, as well as the
perhydroxyl anion HO» ™. It is possible

JOURNAL OF PULP AND PAPER SCIENCE: VOL. 18 NO. 2 MARCH 1992

that the role of the transition metal ions
under neutral or acidic conditions is to
promote formation of active radicals
which subsequently interact with chromo-
phores present, causing these functional
groups to be more easily removed during
the alkaline stage.

CONCLUSIONS

The present study shows that there
are influences of metal ions during
bleaching with hydrogen peroxide which
can enhance the development of pulp
brightness. The active metal ions may be
those naturally present in the original
wood, those introduced in processing or
ions artificially introduced, as illustrated
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Fig 6. Plots of total consumption of hydrogen peroxide against brightness gain
for one- and two-stage bleaching processes. Bleaching at 50°C, 4% consisten-
cy, constant pH 11.0.
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ABSTRACT: The influence of metal ions during a two-stage peroxide bleaching process
has been studied with Radiata pine TMP. Brightness development of the pulp carmied
out under alkaline conditions could be enhanced by the presence of certain metal ions

durmg the initial stage under neutral conditions. Removal of metal ions naturally present -

in the pulp reduced brightness gain for the two-stage process, while addition of chromi-
um nitrate had the opposite effect. The results of this study show that, under certain
conditions, the presence of transition metal ions can have beneficial effects during perox-
ide bleaching of pulp, and this may be relaled (o the generation of free radical species
under fow pH conditions.

RESUME: Nous avons étudié I'influence des ions métaliiques sur la PTM de pin Radia-
ta au cours du procédé de blanchiment au peroxyde a double stade. L'élaboration du
degré de blancheur de |a pate réalisée dans des conditions aicalines pourrait étre
amelioree par la p de ions metalligues au niveau du premier stade de
blanchiment dans des conditions neutres. L'élimination des ions métalliques natureile-
ment presents dans ia péte réduit I'accroissement du degré de blancheur dans le cas
du procede a deux stages, pendant que |'aadition de nitrate de chrome a |'effet con-
traire. Les résuitals de notre étude montrent que, dans certaines conditions, la prasence
d'ions metalliques de transition peut avoir des effets favorables au cours du procédeé
de blanchiment de la pate. Ce phénoméne peut étre relié 4 la production de variétés
radicalaires libres dans des conditions & faible pH.

KEYWORDS: PINUS RADIATA, THERMOMECHANICAL PULPS, CATIONS, TRAN-
SITION METALS, HYDROGEN PEROXIDE. BLEACHING, REAGENTS, REACTION
MECHANISMS, PARAMETERS, CHELATION.

here for the case of chromium. The
results reported here for a two-stage
peroxide bleaching process with chromi-
um using neutral followed by alkaline
conditions indicate that there is scope for
designing catalysts which will promote
brightness development without increas-
ing peroxide consumption. It may also be
possible to develop processes for commer-
cial pulp bleaching which utilize poten-
tial effects of ions naturally present,
rather than regard the presence of these
trace elements as universally undesirable.
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ABSTRACT

The effect of metal ions, particularly
manganese, during alkaline peroxide bleaching
of a Eucalypt-S5GW has been investigated.
Contrary to traditional views, the removal of
metal ions from the pulp prior to bleaching
using chelating agents, has been shown to
negatively effect the brightness gain under the
conditions used in this study. For pulps not
treated with a chelating agent, bleaching at
low consistency exhibits an inducticn period
during which little brightening is observed.
These observations can be linked to the amount
of manganese present, both in the pulp and also
in solution. The adsorbance of manganese from
solution and its location within the pulp has
been studied in order to understand these
results. The observed brightness losses and
induction periods can be removed by use of
higher consistencies, manganese addition or
using a two-stage, acid-alkalil bleaching
sequence.

INTRODUCTION

The presence of transition metal ions,
particularly iron, manganese and copper, has
generally been considered undesirable during
peroxide bleaching of mechanical pulps [1-5] as
they are thought to reduce the effective charge
of bleaching chemical. The decomposition
products of transition meral ion catalysed
decomposition of hydrogen peroxide, including

radical species such as OH ang 02- are

traditionally thought to play no positive role
in bleaching (5-9] or even darken the pulp
{3,9}. Much effort is usually expended on
either trying to remove these metal ions prior
to bleaching by using complexing agents such as
DTPA or DTMPA (5,6,8~12], or rendering the
metal ions inactive by addition of stabilizers
Such as sodium silicate or magnesium salts
(8,10~11,137.

During the past decade interest has been
shown in the use of hydrogen peroxide under
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conditions not previously employed. Usually
peroxide bleaching is performed in a single
alkaline stage at pH 9-~11 to maximize the

concentration of the perhydroxyl anion, HOZ'

[2,8~10,14-15]. However some recent studies
have shown that two stage bleaching processes
with the pulp initially under acidic or neutral
conditions, followed by a conventional alkaline
stage can give greater final brightness
enhancement. It has also been demonstrated that
the addition of various transition metal ions
can, in fact, enhance the brightness
development during these two-stage processes
[16-20]. This work presents further results
which show the importance of metal ions in
peroxide bleaching for both conventional single
stage alkaline processes and two stage
acid/alkall peroxide bleaching sequences.

EXRERIMENTIAL

Hydrogen peroxide (30%) and sulfuric: acid
({98%) were obtained from Ajax chemicals. EDTA
(99.5%), DTPA (97%), chromium nitrate (99%),
manganese nitrate (99.9%) and potassium
hydroxide (99.99%) of semiconductor purity were
supplied by Aldrich chemicals. Semiconductor
grade potassium hydroxide was used as the
source of alkali as this introduces very low
levels of transition metal ion impurities (21-
22].

Blocks of Eucalyptus Regnans wood were
soaked for three days in Milli-Q water and then
ground at 80°C in the presense of dilute sodium
hydroxide on a small scale grindstone at
Australian Newsprint Mills, Boyer. The pulp was
washed with distilled water and filtered to
increase the consistency from 1.5% to 20%. The
pulp was then stored at 4° until used. This
pulp will be referred to as normal or untreated
pulp throughout this paper.

Bleaching studies were carried out in
polyethylene reaction vessels maintained at
50°C in a constant temperature water bath.
Bleaching experiments were performed by adding
the required amounts of pulp, hydrogen
peroxide, manganese nitrate and acid or alkali
to give a total volume of S00mL with addition
of Milli-Q water {21-22]. Experiments were
performed at 1%, 2% and 4% pulp consistency.
The initial charge of hydrogen peroxide was 6%
(1% consistency), 3% (2% consistency) or 1.5%
(4% consistency) on o.d. pulp. For bleaching
under acidic conditions the pH was adjusted to
the appropriate level (6.0) with sulfuric acid.
After the prescribed time sufficient potassium
hydroxide was added to adjust the pH to the
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level required for the second stage (11.0).

Chelated pulps were prepared by treating the
pulp with 0.2% EDTA or DTPA (on o.d. pulp) at
2% consistency for 15 minutes then filtering
and washing the pulp thoroughly [9,23]. Metal
ions present in the original pulp and after
chelation were determined by atomic absorption
:spectroscopy. The pulp (5.00g9 o.d.) was
digested in 50 mL concentrated nitric acid and
5 mL sulfuric acid until no pulp was visible.
Concentrated perchloric acid (5 mL) was then
added and the solution heated until a clear
solution was obtained. The results of metal ion
analysis are given in Table 1.

TRBLE 1: Metal ion content of pulps used in
this work.

Metal ion {(ppm)*

Wood type Iron Manganese Copper

Eucalypt SGW 3z 8 72

Chelated and
washed 32 1 32
Eucalypt SGW

* Concentration determined by atomic absorption
after digestion of pulp.

Iodometric determinations of hydrogen
peroxide were performed at the commencement and
completion of each bleaching sequence. Residual
hydrogen perdxida levels were also determined
at the completion of the acidic treatment.
After addition of acidified potassium iodide
and a few drops of ammonium molybdate solution,
the liberated lodine was titrated against
standard sodium thiosulfate sclution [24].

Manganese adsorption experiments were
performed by adding an appropriate amount of
manganese nitrate to 1.0 g of pulp in 200 mL of
Milii-Q water and allowing the suspension to
stand at 20°C for 16 hours. After this time the
pulp was filtered and washed twice with 100 mL
of water. The cellulose used in these
experiments was obtained from filter paper that
had been stirred as an aqueous solution for
several hours to allow separation of the
fibres.

The brightness (ISO} of the bleached pulps
were measured on a 2eiss Elrepho using a 457nm
filter. Handsheets were also reqularly prepared
to monitor any changes in the original pulp
580/6th ISWPC '

A40

with storage time and to allow brightness gains
to be calculated. The brightness of the
unbleached pulp was in the range 53-55 ISO.

. RESULTS AND DISCUSIION

Single Stage Aleaching upder Alkaline
Qondirions.

Figure la shows the lncrease in brightness
with time for the Eucalypt pulp at 4%
consistency during alkaline bleaching at 50°%C.
The type of response observed is typical of
many reported bleaching experiments using
alkaline hydrogen peroxide, with the rate of
brightness gain declining continuously as time
progresses. For experiments at lower
consistency, however, Figure la also shows an
interesting effect during the initial stages of
bleaching. At both 1% and 2% consis:enéy. the
initial rate of brightness gain is very low,
and the typical bleaching profile is observed
only after an extended bleaching period. This
type of "induction effect™ can also be observed
for pulps which were chelated with EDTA and
washed prior to alkaline peroxide bleaching, as
shown in Figure lb. This shows that at very low
consistency, an induction effect is also
observed, in which the brightness of the pulp
actually decreases below the initial level of
the unbleached pulp.
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EICUSE 13: Brightness response of untreated
pulps to alkaline peroxide bleaching at 1%, 2%
and 4% consistency, pH 11.0.
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EIGURE 1b: Brightness response of chelated
pulps to alkaline peroxide bleaching at 1%, 2%
and 4% consistency, pH 11.0.

This evidence indicates that removing metal
ions from a pulp can, under certain conditiens,
adversely effect the bleaching of the pulp
during single stage alkaline peroxide
treatment. If the metal ion concentration is
reduced to very low levels the brightness
response of the pulp can actually be retarded.
From the analysis of the metal ions in the pulp
(Table 1) it would appear that removal of
manganese or copper is probably responsible for
this effect as iron levels do not change
significantly with chelation and washing.

Figures 2a and 2b show the influences of
adding various levels of manganese to a pulp
which has been chelated with DTPA and then
washed. In each case, the pulp was allowed to
remain in contact with a solution containing
manganese nitrate at the appropriate
concentration for 20 minutes at pH 7 prior te
bleaching at 1% consistency. The concentration
of manganese reported indicates the amount of
manganese added, which does not include the
residual level in the pulp after chelation (1l
ppm) . It is clear that as the total amount of
manganese is increased, the response to
brightness gain in alkaline peroxide is
enhanced, and the effect of the induction
Process is reduced. However, addition of
manganese in excess of the levels normally
encountered in the pulp does not continue to
give increased brightness. From this we can
deduce that an optimum amount of transitioen
metal ions needs to be present to'give the most
effeective bleaching. Figure 2b shows that this
corresponds to approximately 8 ppm manganese
for bleaching at 1% consistency. If
insufficient metal ions are present then an
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induction period is observed, while if excess
metal ions are present peroxide decomposition
leads to loss of active bleaching species.
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Pigure 2a: Brightness response of pulps to a
single stage alkaline bleach, pH 11.0, 1%
consistency.
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EIGURE 2p: Brightness gain plotted agalinst
amount of manganese added. Chelated pulp, pH
11.0, 1% consistency, 180 minutes,

Figure 3 shows the effect of treacing pulps
with alkali (pH 11.0) in the absence of
peroxide at 1%, 2% and 4% consistency. For both
chelated and untreated pulps alkaline treatment
produces a darkening of the pulp. For the
chelated pulps much greater brightness losses
are observed than for untreated pulps. This
indicates that metal ions in some way prevent
the reactions that give rise to alkali
darkening from occurring. This again indicaces
that the pres-~nce of metal ions may be useful
in peroxide bleaching in reducing darkening of
pulps. This is in accordance with cther results
[25] which indicate that some metal ions can
indeed inhibit darkening reactions. Iron,
manganese and copper, however, are reported to
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accelerate darkening [25]. Other metal ions
which are present in the normal pulp could be
responsible for this reduced darkening observed
for normal pulps compared to chelated pulps.
The darkening reactions appear to be near ’
completion after 30 minutes at 50°C, which is
similar to results previocusly reported [25]. It
is not clear from this data whether the metal
ions protect potential chromcphore sites in the
lignin or act in some other way. It should also
be noted that the situation in the absence of
peroxide may be different to that in the
presence of peroxide, If the pH in a bleach is
too high, or the peroxide residual at the end
of a bleach is toc low darkening reactions may
still ocecur.

- 2
=)
wl
= 0
=
-] -
3 2
2 4
E
% -6
5
-8 T
] 100 200

Duration of Treatment (min)

Eigure 3: Brightness response of various pulps
to treatment with alkalli in che absence of
peroxide, pH 11.0. Normal pulps at various
consistencies: A, 1%; O, 2%; 0, 4%. Chelated
pulps: +, 1%; x, 2%; &, 4%.

Location of Manganese During Bleaching
Brocesses.

The manganese ilons present in mechanical
pulps are generally considered to originate in
the wood itself, rather than from processing
equipment, as in the case of iron [26). Having
shown that under certain conditions the
presence of manganese can have beneficial
effects during conventional single stage
alkaline peroxide bleaching, it is useful to
consider the location of the manganese within
the pulp and during the bleaching process, as
this may influence the observed effects of the
presence of transition metal ions. The uptake
of manganese lons from solution by various
pulps after allowing the system to eguilibrate
for 16 hours at 20°C is shown in Figures 4a and
4b. These figures show that manganese does not
bind to any significant degree to pure
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cellulose at either pH 7 or 9. In contrast,
levels of up to 5000 ppm of manganese were
observed for the unbleached SGW, Chus
indicating that the manganese is probably bound
to the lignin portion of the pulps, as has been
previously reported [26]. Under neutral
conditions, using a limiting uptake of 3000 ppm
for unbleached pulp and 5000 ppm for bleached
pulp, each manganese lon could be associated
with approximately 3% of the Cg lignin units
for the unbleached pulp and 5% for the bleached
pulp. At pH 9 for both bleached and unbleached
pulps manganese is associated with
approximately S% of lignin units. These results
indicate that the manganese ions are bound at
specific sites in the lignin structure.
However, the ratios of manganese to lignin C9

units do not appear to correlace with the
amount of any simple functional group such as
carbonyl or phenclic hydroxyl, as the measured
ratios are too low (27]. However, Che manganese
may be linked with some specific combination of
groups within the lignin such as an adjacent
carbonyl and free phenolic hydroxyl group in
some particular sterecchemical configuratien.

5000

Cellulose

Unbleached SGW
Bleached SGW

Manganese Uptake (ppm)
1

g ===~
0 5000 10000
Manganese Applied (ppm)
EFIGURE 4a: The uptake of manganese by various

pulps as a function of manganese concentration
in solution. 0.5% consistency, room
temperature, pH 7.0.

If the presence of manganese in pulp can give
rise to beneficial effects during peroxide
bleaching, then it would be reascnable to
suggest that the manganese bound to
chromophores would be the most effective. Once
the chromophore has been eliminated the
manganese could either remain attached to the
lignin or be released into solution. Figure 32
shows that during bleaching of the SGW pulp,
manganese is released into the solution, with
more manganese released from the untreated pulp
compared to the chelated pulps.
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FIGURE 4b: The uptake of manganese by various
pulps as a function of manganese concentration
in solution. 0.5% consistency, room
temperature, pH 9.0.
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EIGURE Sa: The variation of manganese
concentration in solution with time during
bleaching of pulps. 1% consistency, pH 11.0,
50°C.

In the presence of alkali alone, the levels
of manganese in solution vary as shown in
Figure Sb. It appears that the manganese is
initially released from the sites to which it
is bound. However with time, the levels
decrease due to precipitacion of manganese as
insoluble oxides and hydroxides. This maximum,
at approximately 30 minutes, also corresponds
to the time over which alkall darkening
reaction occur {(see Figure 3).
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[} 100 200
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EIGURE Sh: Variation of manganese cencentration
in solution with time during treatment of pulps
with alkali in the absence of peroxide, 1%
consistency, pH 11.0.

During bleaching approximately 25% of the
total manganese is released from the untreated
pulp. This may indicate that the sites of
attatchment may be being destroyed during the
bleaching process. During alkaline treatment
approximately 100% of the manganese is
released.

Iwg Stage Bleaching Processes,

Two stage bleaching sequences using acidic
and alkaline conditions have been reported
previously [16-20}. In many of these processes
{16,18-19] the addition of transitiqn metal
ions to the firsc stage of thg sequence is an
important part of the process. In the other
sctudies [17,20] it would appear that the metal
ions occurring naturally in the pulp are
sufficient to give the enhanced brightness. We
have suggested [18-19] that the presence of
transition metal ions, whether naturally
oceurring or artificially introduced, is
{mportant in the first stage of these two stage
processes, and may be associated with theé
production of free radical species. Although we
did not observe any increase in brightness
after acidic peroxide treatments of Eucalypt
SGW pulps [18] we have suggested that free
radical species generated through decomposition
of hydrogen peroxide in the presence of certain
transition metal ions may render the
chromophores present in the pulp more
susceptible to subsequent alkaline peroxide
bleaching [18].

Figure 6a shows the brightness response of
pulps (chelated with DTPA and washed)} comparing
a conventional single stige alkaline peroxide
treatment with a two stage, acld-alkall
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treatment, both at 1% consistency. At any time
the brightness of the pulp bleached using the
two stage process is greater than that using
only a single stage bleach. It can also be seen
that the initial brightness loss observed in
the single stage process is not present in the’
two stage process, although there is still an
induction period. The total peroxide
consumption.after three hours for the single
stage bleach (0.29% on o.d. pulp} and the twe
stage process (0.33% on o.d. pulp) are
comparable. However, the brightness gain for
the two stage process (6.5) is greater that for
the single stage bleach (4.8), indicating an
increased efficiency for the two stage process.
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EIGURE 6a: Brightness response of a chelated
pulp to single stage and two stage bleaching.
Two stage: Acidic stage: pH 6.0, 15 minutes;
Alkaline stage: pH 11.0. Single stage: pH 11.0,

Figure 6b shows the effect of adding various
levels of manganese to a pulp which has been
chelated with DTPA and washed prior to a two
stage bleaching sequence. The pulp was allowed
to stand in contact with the manganese solution
for 20 minutes before commencement of the
bleach. The amount of manganese reporﬁed
corresponds to that added to the pulp and does
not include that already present ({lppm). It is
clear that increasing the total amount of
manganese present enhances the brightnless
response of the pulp. However, as shown in
Figures 6c and 6d, it is clear that this
enhanced brightness is achieved by consuming
considerably more hydrogen peroxide.
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Brightness Gain (ISO)
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EIGURE 6b: Final brightness of chelated pulps
after a two stage bleaching sequence with
manganese addition. Acidic stage: pH 6.0, 15

minuces; Alkaline stage: pH 11.0, 180
minutes.
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EIGURE 6c: Variation in peroxide consumption
with manganese addition during a two stage
bleaching sequence. Conditions as in Figure 6b.
O, chelated pulp; O, normal pulp; Manganese
added:A, 2 ppm; +, 10 ppm; x, 20 ppm;88, 40
PPm.
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Eiqure fd: Peroxide consumption against the

amount of manganese added. Conditions the same
as in figure 6€b.

Figure 7a shows the brightness response of
both chelated and untreated pulps to a two
stage, acid-alkali bleaching sequence at 1%
consistency. Clearly the presence of additional
metal ions in normal pulp gives an increased
brightness and also removes the induction
period.
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EIGURE 7a: Brightness response of normal and
chelated pulps to a two stage bleaching
sequence. Conditions as in Figure éb.

Chromium ions are known to catalytically
accelerate decomposition of hydrogen peroxide
in the pH range 4 to 7. The addition of
chromium [18], to a two stage bleaching
sequence can be used to give brighter pulps.
Flgure 7b shows that the brightness response of
pulp to a two stage process in the presence of
chromium (curve a) can give a significantly
higher brightness than a single stage alkaline
bleach (curve b). For a two stage process
without added chromium (curve c) an
intermediate brightness gain is achieved. This
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clearly shows that the metal ifons naturally
present in the pulp, or addition of chromium
ions can cause increased brightness in these
two stage processes. In each of these cases the
peroxide consumption per unit of brightness
gain is approximately equal (18].
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EIGURE Th: Brightness gain plotted against ctime
of alkaline bleach (pH 11.0} (a) acidic
treatment: pH 5.8, 30 minutes, 0.13% chromium
(on o.d. pulp); (b) no acidic treatment: (c)
acidic treatment: pH 5.8, 30 minutes, no added
chromium,

CONCLUSION

Removal of metal ions prier to bleaching with
hydrogen peroxide can have a negative effect on
the brightness of the pulp under certain
conditions. This effect, however, is reversible
with the addition of metal ions to the pulp
prior to bleaching. By increasing the
consistency of the pulp, which effectively
increases the cencentration of metal ions in
solution, the effect can also be removed.
Alternatively use of a two stage bleaching
sequence using an acidic peroxide treatment,
followed by a traditional alkaline bleach stage
can nullify the effects of metal ion removal.

This study has shown that contrary to the
traditional viewpoint in the pulp and paper
industry, transition metal ions can have a
positive role in peroxide bleaching of pulps
under certain conditions, It is possible thac
these effects can be observed only under
conditions not normally used in bleaching |
e.g. low consistency, very low metal ion
content ). However, the influences of these
processes may still be valid under normal

. bleaching conditions, and may be important to

the overall understanding of the mechanisms
involved. -
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TWO-STAGE PEROXIDE BLEACHING OF EUCALYPT-SGW WITH
' ALUMINIUM AND METAL 10N CATALYSTS.

G.C. Hobbs and J. Abbot,
Chemistry Department, University of Tasmania,
Hobart, Tasmania, Australia.

ABSTRAC

The addition of aluminium nitrate to a two-stage, acid/alkali, hydrogen peroxide
bleach of Eucalyps SGW can enhance the brightness gain of the pulp over a range of
consistencics. It is proposed that the presence of aluminium ions modifics the catalytic
behaviour of the ransition metal ions present in the pulp, especially manganesc,
reducing peroxide consumption whilst increasing the brightness of the pulp. The two-
stage process, under optimised conditions at low consistency, consumes considerably
less peroxide while achieving a greater brightness increase than a conventional single
stage alkaline peroxide bleach.

INTRODUCTION

Traditionally transition metal ions, pasticularly iron, manganese and copper, are
thought to have a detrimental influence during peroxide bleaching as they catalytically
decompose hydrogen peroxide (1,2), effectively reducing the charge of bleaching agent
(3-6). However, recent work (7-10) has shown that under certain conditions transition
metal ions can be beneficial to peroxide bleaching. This idea, together with bleaching
under conditions not normally employed, such as the use of acidic and neutral pH as
part of a two-stage bleaching sequence, can give risc to efficient peroxide bleaching
processes (7). For example, the addition of chromium nitrate (which catalyticalty
decomposes hydrogen peroxide under slightly acidic conditions) to a two-stage
acid/atkali bleaching sequence has been shown (7,11) to give greater brightness
enhancement than a conventional single stage process. Metal ions naturally occuring in

wood (3) or released from processing equipment (12) can also give rise to enhanced
brightness using a two-stage bleach. The aim of this work is to investigate possibilities
for modifying the catalytically active species present to reduce the peroxide

v, ption while still achieving the enh d brightness levels atained for two-stage

bleaching sequences. ’
EXPERIMENTAL

Materials

Hydrogen peroxide (30%), aluminium nitrate (98%) and sulfuric acid (98%)
were obtained from Ajax chemicals. Manganese nitrate (99.9%), iron(I1l) nitrate
(99.9%), copper nitrate (99.9%) and potassium hydroxide (99.99%) of semiconductor
purity were supplied by Aldrich chemicals. Semicond grade potassium hydroxide
was used as the alkali source, as this introduces very low levels of transition metal ion

impuritics (1,2).
Brocedures

Blocks of Eucalyprus Regnans wood were soaked for three days in Milli-Q
water and then ground at 80°C in the presence of dilute sodium hydroxide on a smail
scale grindstone at Australian Newsprint Mills, Boyer. The pulp was washed with
distilled water and filtered to increase the consistency from 1.5% to 20%, then stored at
4°C until used. o

Bleaching studies were casried out in polyethylenc veaction vessels maintained at
50°C in a constant temperature water bath. Duplicate experiments were performed in all
cases. Bleaching experiments were performed by pre-heating the required amaounts of
pulp and Milli-Q waler (1,2) prior to addition of solutions of aluminium nitrate and,
where indi d, ition metal ion ni hydrogen peroxide and finally acid or
alkali to give a total volume of S00nil. The resulting suspension was mechanicatly

stirred to ensure even distribution of chemicals. Experiments were performed at 1%,
4% and 8% pulp consistency. The initial charges of hydrogen peroxide were 6% (1%
consistency), 1.5% (4% consistency) and 0.75% (8% consistency) on o.d. pulp. For
bleaching under acidic conditions the pii was adjusted to the appropriate level
(generally 6.0) with sulfuric acid. After the prescribed time sufficient potassium
hydroxide was added w0 adjust the pH to the level required for the second stage
(generally 11.0). R

Chelated pulps were prepared by treating the pulp with 0.2% DTPA (on o.d.
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pulp) at 2% consi y for 15 mi then filtering and washing the pulp thoroughly
(12). Metal ions preseat in the original pulp and after chelation were determined by
atomic absorption spectroscopy. The pulp (5.00g 0.d) was digested in 50 m.

" concentraied nitric acid and 5 mL sulfuric acid until no solid was visible, S ml.
concentrated perchlornic acid was then added and the solution heated until a clear
solution was obtained. The resulting solution was diluted to 100 mL. prior to analysis.

lodometric determinations of hydrogen peroxide were performed on the initial
pulp suspension, and to the filtrate at the completion of the bleaching run. Hydrogen
peroxide levels were also determined at the complenion of the acidic treatment. Afier
addition of acidified potassium iodide and a few drops of ammonium molybdate
solution the liberated iodine was titrated against sodium thiosulfate solution (13).

The brightness (%IS0) of the bleached pulps was measured on a Zeiss Elrepho
using a 457om filter. Handsheets were also regularly prepared to monitor any changes
in the original pulp with storage and to measure brightness gains. Unbleached pulp
brightness was in the range 53-55 %I1S0.

RESULTS AND DISCUSSION
n B I [ ! I P ‘ B '] I EI I -

Generally the presence of aluminium is considered undesirable in conventional
alkaline peroxide bleaching of mechanical pulps, as it results in lower final pulp
brightness (14,15). This is illustrated for a Eucalypr stoneground wood (SGW) pulp,
in Figure 1a for a conventional single stage alkaline peroxide bleach. However, Figure
1a also shows that when a two-stage, acid-alkali peroxide bleaching sequence is
employed the addition of aluminium to the bleaching liquor can enhance pulp brightness
beyond that achicved in a single stage process by approximatcly 2-3 %180,
concurrently reducing peroxide consumiption. Figure 1b shows that although there is a

reduction in peroxide col ton wilth i ing aluminium addition, this does not

result in a higher brightness gain for a single stage bleach. The dose: of alumininm
added is also critical in achicving maximum brightness gain in the two-stage process,
although increasing the dose of aluminium above that required for maximum brightness
enhancement still leads to stabilization of the bleach liguor. Most of the peroxide
consumption occurs during the first (acid) stage of 1he bleaching sequence as shown in
Table 1. However, as shown in Figure 2, the brightness gain achieved during this stage
is negligible, as previously reported for other two-stage processes of this type (7,11).
Figure 3a shows that the duration of the first stage of the acid/alkali bleaching

sequence is important in achieving maximum brightness gain, with the optimum time
being 15 minutes under the conditions used here if peroxide consumption is also
considered. Longer times appear to result only in increased peroxide consumption
during the acid stage, leaving less peroxide available for bieaching in the atkaline stage,
as shown in figure 3b. Figure 4 shows that the pH of the first stage of the bleaching
sequence does not significanily change the final pulp brigh afier the alkaline stage.
Therefore, neutral conditions would be most economical as this will eliminate the need
1o add acid to the initial liquor and subsequently reduce the amount of alkali required to
reach sufficiently alkaline conditions during the second stage.

At 1% stock consistency the addition of small quantities of aluminium to a two-
stage acid/alkali peroxide bleaching sequence can enhance the brightness gain with a
simultaneous decrease in the amount of peroxide consumed. Figures Sa and 6a show
that enhanced brightness response can also be achieved at 4% and 8% stock
consistency at aluminium levels of 25-100 ppm (on pulp). However, the reduced
peroxide consumption observed at 1% stock consistency is not observed at higher
consistencies, as shown in figures 5b and 6b.

The I ion of Alumini ith Transiti Li

Table 2 shows the metal ion content of the pulp before and after chelation and
washing. In particular, this shows that the levels of manganese and copper are changed
significantly by chelation, whereas the iron and aluminium content remains at similar
levels. This is in agreement with other studies (16) which have shown similar results.
If the presence of transition metal ions in the pulp is important in producing the
enhanced brightness observed in the present studies, removal of the metal ions by
chelation and washing prior to bleaching may vary brightness response. Figure 7
shows the effect on brightness gain of removing metal ions from the pulp prior to
bleaching using the two-stage acid/alkali process in the presence of aluminium. Clearly
the brightness response of the chelated pulp is greatly reduced compared to that of the
untreated pulp, indicating that the presence of ransition metal ions is indeed impontant
in this process.

As chelated pulps produce a lower brightness response, it may be possible to
determine which transition mtal ions are involved in promoting brightness
development during the two-stage process. For a fixed addition of aluminium to the
chelated pulp, the brightness gain was reduced with increasing doses of copper as
shown in Figure 8a. The peroxide consumption docs not change significantly with
copper addition in the presence of aluminium, even though copper is known to
caialytically decompose hydrogen peroxide under typical alkaline bleaching conditions
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(3). Figure 8b shows the effect of addition of iron. This shows that the peroxide
consumption increases with addition of the metal ion and thai the brightness of the pulp
initially decreases. However at higher levels of iron addition the brighmess gain
increases, possibly indicating a role in bleaching for the products of catalytic
decomposition of hydrogen peroxide (17).

The addition of manganese in the presence of a constant amount of aluminium
exhibits a different effect compared to the addition of either iron or copper. Figure 8¢
shows that the addition of less than 10 ppm manganese in the presence of 40 ppm
aluminium enhances the brightness gain during the two-stage acid/alkali process. The

p level of manganese addition was found to be 2 ppm, corresponding to an
Al:Mn molar ratio of 35. This can be compared with a mofar ratio of 16 corresponding
to maximum brightness gain in Figure 1a. It is not clear at this stage whether these
ratios retlect the chemical composition of particularly active catalytic species formed
through interactions between al and g Mixed binuclear species
formed through oxy or hydroxy bridges between transition metal ions and other centres
capable of undergoing hydrolysis have been postulated, as for example in Mg-O-Fe
structures implicated in the stabilization of iron catalysts by magnesium in the presence
of alkaline peroxide (6,18). Both magnesiwm (1) and aluminium (19) are known to
undergo hydrolysis to produce dimers and higher polymers, even in acidic and neutral
solution. Studies in the absence of pulp (1) have shown that the addition of aluminium
ions to alkaline solutions containing manganese shows a reduction of peroxide
decomposition for molar ratios of Al:Mn in the range 100:1 to 200:1. {t has been
proposed that complex species linking metal ion centres through oxy and hydroxy
bridges may explain this type of effect. For example Gilbert et al (6) suggest that this
type of species could account for the stabilizing influence of magnesium salts when
added to alkaline peroxide solutions containing iron. This concept has been further
extended to include other transition metals in the presence of silicate, magnesium and
zinc. Further studies will be required 1o identify and characterize active catalytic species

formed through i ion of T3 and
It has previously been reported (7-8,10) that the addition of transition metal jons!
such as chromium, titanium and vanadium during two-stage peroxide bleaching

processes can enhance the brightness development of mechanical pulps. It has also
been shown (9.11) that the metal ions occurring naturally in the pulp can give rise to
enhanced brightness gains for a two-stage acid/alkali peroxide bleaching sequence. This
has been demonstrated by observing the effects of removing the naturally occurring
metal ions by chelation and washing prior (0 iwo-stage peroxide bleaching (7,8). When
aluminium is added to the pulp changes occur in the natire of the catalytic specics
present under acidic or neutral conditions, Reactions occurring in acidic or newtral

peroxide in the presence of these catalysts render the chromophores present in the pulp
more susceptible to elimination in the subsequent alkaline stage. It has been suggested
that generation of free radical species in the presence of these catalysts may play a
significant role in these types of processes (7-11).

CONCLUSION

This study has shown that transition metal ions present in mechanical pulps can
play a useful role in peroxide bleaching. At low consistency (1%) the addition of
aluminium nitrate to a two-stage, acid-alkali peroxide bleaching sequence can enhance
the brightness gain of the pulp, and reduce the amount of peroxide consumed compared
to a conventional single-stage alkaline processes. A similar enhancement of brightness
response is also observed at 4% and 8% consistency. These effects may be due 10 an
interaction between the manganese present in the pulp and added aluminium. The
properties of transition metal ion catalysts naturally present in the pulp appear to be
modified by the addition of aluminium so that enhanced brightness gain is achieved.

‘This study provides further evidence that transition metal ions can indeed play an
important role in peroxide bleaching, and are not universally undesirable as traditionally
thought. Our work demonstrates the potential for utilizing the catalytic properties of
naturally occurring transition metal ions in the pulp, and shows that the these positive
effects can be promoted through addition of trace amounts of catalytically inactive

elements such as aluminium. The use of these types of catalytic systems are more likely

to be given commercial consideration than other previously reported systems which rely
on the addition of transition metals such as chromium or titanium.
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TABLE 2 Metal ion content of pulps used in this work.

Metal ion (ppml'

Woud type Iron Munganese Copper Aluminium
Eucalype SGW k7] 8 n 12.8
Chelated Eucalypr SGW 32 1 n 114

* Concentration determined by atomic absorption after digestion of pulp.
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Figure 6a.  Brightness response of pulp to iwo-stage bleach with various
levels of aluminium. 8% consistency, 0.75% peroxide charge;
Acidic stage: pH 6.0, 15 minutes; Alkaline stage: pH 11.0, 120

minutes.
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ABSTRACT

The presence of manganese in mechanical pulps
can produce a significant contribution to
decomposition of hydrogen peroxide under
bleaching conditions. Removal of manganese by
chelation and washing or the addition of
magnesium salts reduces peroxide decomposition.
Studies on the effect of magnesium addition to
alkaline solutions containing manganese in the
abeence of pulp do not provide a good model to
similate the behaviour of the system under
bleaching conditions, as increased
decamposition is observed. Introduction of a
lignin medel compound, such as vanillin,
however, leads to peroxide stabilization in the
presence of magnesium and provides a more
appropriate system to study. The influence of
the presence of manganese in pulp on brightness
gain can be explained solely on the basis of
additional peroxide consumption. The effect of
magnesium, however, cannot be attributed sclely
to additional stabilization of peroxide, and
these results are discuseed in the context of
kinetic models for peroxide bleaching.

INTRODUCTION

It is well known that the presence of certain
transition metal ions in mechanical pulps can
have a detrimental influence during bleaching
with alkaline hydrogen peroxide (1-7). This has
been attributed to increased decomposition of
the bleaching reagent (1,4). Iron, copper and
manganese are thought to play a major role in
this particular problem, because these metals
are present in the wood itself and can also
accumulate from sources including process
equipment (5). Several inorganic species are
known to have stabilizing influences during
peroxide bleaching, with sodium silicate and
magneeium salts used commonly during industrial
processing (8). This study focuses on the
action of manganese as a major cause of
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decamposition under alkaline conditicns, and
also the role of magnesium, which can
contribute to stabilization.

EXPERIMENTAL

Hydrogen peroxide (30%) was obtained from
Ajax Chemicals. Magnesium nitrate (99.0%),
vanillin (99%), manganese nitrate (99.99%),
DTPA (97%) and sodium hydroxide of
semiconductor purity (99.99%) were supplied by
Aldrich Chemicals. The Pinus radiata thexmo-
mechanical pulp was provided by Australian
Newsprint Mills, Boyer Mill, from TMP unit 2.
The pulp was stored at 8% comsistency at 4°C
until used.

Bleaching studies were carried out using
polyethylene or Teflon reacticn vessels
maintained at 50°C or 95°C in a comstant
temperature water bath. Pulp suspensions were
stirred during the course of the bleaching
reactions. The bleaching experiments were
performed by mixing the required amounts of
pulp, hydrogen peroxide, sodium hydroxide (and
metal salts where appropriate) with the
required volume of Milli-Q deionised water to
give the desired consistency. The pulp and
dilution water were heated to reaction
temperature before addition of reagents. The
chelated pulps were prepared by treating the
TP with 0.5% DTPA at 2% consistency for 30
minutes, filtering and then thoroughly washing
the pulp with Milli-Q deionised water. The
concentrations of transition metal icne present
in the original pulp and after chelation were
determined by atomic absorption @fter digestion
with nitric acid.

Pulp samples were withdrawn at intervals to
determine the brightness of the pulp and
consumption of hydrogen percxide. Residual
peroxide concentrations were determined on
filtrates by iodometric titration with standard
sodium thiosulfate, after acidification and
addition of potassium iodide and a few drops of
saturated ammonium molybdate soluticn (9). All
pulp samples were thoroughly washed with
deionised water. The brightnesses (8ISO) of
bleached pulp handsheets were measured with a
Zeiss Elrepho using a 457nm filter. The
measured brightness of the unbleached pulp was
58.0, and this was not found to vary over a 30
day period during storage.

Peroxide decomposition experiments in the
absence of pulp were carried out in
polyethylene vessels at either 50°C or 20°C.
The volume of solutions was 500mL. UV/visible
absorbance measurements were made using a
Varian DMS 100 spectrophotometer.
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RESULTS AND DISCUSSION

Bleaching of Pinua Radiata TMP in the presence
of Manganese and Magmeaium

Table L shows the concentratians of
manganese, iron and copper present in the pulp,
ae determined by atcmic abscorption. Chelation
of the pulp with DTPA, followed by washing with
deicnised water is effective in reducing the
cencentraticns of these transition metal ioms
(Table 1). It is apparent that, while the
concentration of manganese is highest in the
original pulp, it is also most easily removed
by complexation and washing (5,10).

Table 1 Concentrations of transition metal
icns (ppm) in Pinus radiata TP

™P Mn Fe Cu
Normal 32.1 6.0 4.2
Chelated 2.29 2.45 L.3

Figure 1 shows the increase in brightnese
with time for alkaline percxide bleaching,
initial peroxide charge 6% cn o.d. pulp, of P.
radiata TMP at 4% consistency and 50°C. As
expected, the chelated pulp is more easily
bleached than the normal pulp. This can be
asscciated with reduced lose of the percxide
during the initial period of bleaching due to
catalyric decamposition induced by the presence
of transition metals.
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Figure 1. Brightness gain for (a) normal pulp O
; (b) chelated and washed pulp O ; (¢)
chelated and washed pulp with manganese
addition (30ppm on pulp) 4.
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Figure 2 shows a comparison between percudde
decomposition for the normal and chelated pulps
throughout the bleaching experiments. In all
cases there is a rapid initial decline in
percxide ccncentraticn, with very little
peroxide decorpoeition ocowring after 1 hour.
The difference in the levels of percxide
residuals reflects the extent of peroxide
decomposition in side reacticns caused by the
presence of chelatable transiticm metals
(appraximately 30% of the initial charge).

100
JE
S u 80 SN o M)
2o (d)
n x (e
w O
@ 60
E =3 = ) (a)
40 1 1] 1 L]
0 200 400 600 800
TIME (min)
Figure 2 Changes in total peroxide
concentraticn with time (a) normal; (b)
chelated and washed pulp; (¢} chelated and
washed pulp with manganese added; (d) normal

pulp with 2.5% magnesium nitrate (cn o.d.
pulp) .

It can be demenstrated that manganese
contributes significantly to this excess
percxide coneumption (3,11). Figure 1 shows the
effect on bleaching of restoring the
concentraticn of manganese to the same level as
that preeent in the original pulp. The pulp wase
allowed to stand in contact with a solution of
manganese nitrate for 1 hour prior to
bleaching. It is apparent that the bleaching
response is reduced to a level scmewhat above
thac for the original pulp. There is additiocnal
peroxide consumption campared to the chelated
and washed pulp as shown in Figure 2, leading
to a lower residual level of peroxide. The
cbeerved decomposition of peroxide ie not as
great as for the original pulp, however,
showing that there is scme contribution to’
catalytic decampoeition from other chelatable
metals in the pulp such as copper and iron.

Stabilization of hydrogen peroxide by use of
complexing agents such as DTPA ise widely used
to improve efficiency during the bleaching of
mechanical pulpe (2,6,7). Other reagents known

' tg produce stabilizing effects and improved



bleaching response include scdium silicate
{8,12} and magnesium salts (8,12). The function
_of these additives is not yet clearly defined
and remains the subject of debate (13-19}.
Figure 3 shows that addition of magnesium
pitrate to the TP improves brightness gain,
and there is a corresponding stabilization of
hydrogen peroxide as shown in Fig 2. As
manganese has been shown to contribute
significantly to peroxide decompositicn, it is
reasonable to assume that magnesium can produce
a retarding influence on the catalytic activity
of the manganese associated with the pulp, and
this is now discussed.

Mg added

BRIGHTNESS (%1S0)

0 140 280 420 560 700
TIME (min)

Figure 3. Brightness gain for (a) normal pulp
O; (b) normal pulp with addition of magnesium
nitrate: O 2.5% on o.d. pulp; & 5.0% on o.d.
pulp. Bleaching conditions as in Figure 1.

Catalytic decomposition of alkaline hydrogen
peraxide has been shown to follow first order
kinetics with respect to total peroxide
concentration for introduction of both
manganese salts (20-22) and manganese dioxide
(23-26) . Linear relationships between the
calculated firset order rate constante (figures
4 and 5) show that these processes are alao
firet order with respect to manganese.
Catalytic activity towards peroxide
decompoeition is also found to depend on pH
(20,23,27) exhibiting a maxisum at pH 11 for
both systems as shown (Figure 6). This shows
that addition of manganese nitrate to the
alkaline medium produces a catalyst with
approximately twice the activity campared to
addition of manganese dioxide. However, it hase
previcusly been reported that the activity of
manganese dioxide depends also on the
particular crystalline modification used (23).

RATE CONSTANT

A6l

-1
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o
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Figure 4. Dependence of first order rate
conatanta for peroxide decamposition on
manganeee nitrate addition.
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Figure 5. Dependence of firet order rate
constants for peroxide decomposition on
manganese dioxide addition.
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Figure 6. Effect of pH on the rate constant for

peroxide decomposition at 20°C.

{(a) manganese

nitrate added (b) manganese dioxide added.
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Although manganese dioxide and soluble
manganese salts appear similar in their
behaviour as catalytic agents in peroxide
decamposition, the two systems are not
equivalent. Filtration of reaction mixtures
containing manganese dioxide was found to
remove the active catalyst, which is in
agreement with previcus observations that
catalytic decamposition by manganese dioxide is
a heterogenecus process (24). Filtration of
alkaline soluticns to which manganese nitrate
has been added is found to remove most of the
manganese (l5), and the filtrate has little
residual activity towards peroxide
decamposition. Filtration of these alkaline
systems after addition of hydrogen peroxide,
however, shows that the manganese is present in
a soluble form during the catalytic
decamposition processes, and is reprecipitated
as a brown solid when all the hydrogen peroxide
has been consumed. It is well known that most
transition metal icns are hydrolysed in aquecus
media to give dimeric and polymeric structures
in which the metal centres are linked by oxy
and hydroxyl bridges (28-31). It is likely that
manganese is present in these types of
structure on addition of a scluble manganese
salt to an alkaline soluticn (28), but not in a
rigid lattice as found for manganese dioxide.
Further evidence for this can be found by an
examination of the manganese-magnesium systems.

id irion by M 4
Magnesium

The introduction of a combinaticn of soluble
magnesium and manganese salts has previously
been reported to accelerate the catalytic
decanpoeition of alkaline hydrogen peroxide
(32,33). Figure 7 showe the effect of Mg/Mn
molar ratic on the initial rate constant for
peroxide deccmpositicn at pH ll. These effects
have been explained by suggesting that a
manganese-peroxide complex decomposes on the
surface of precipitated magneeium hydroxide
{32). It has also been proposed that a complex
is formed in which manganese and magnesium
centres are linked through oxygen bridges (20)
and this camplex speciea is more active as a
catalyst towards peroxide decomposition.
Evidence for formation of a new epecies is
provided by following the effect of the Mg/Mn
molar ratio on abseorbance (20) as shown in
Figure 8. Further evidence is provided by
e.s.r. studies (32), which have shown that when
manganese and magnesium are coprecipitated from
solution, the manganese centres are not coupled
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since the distinctive set of six signals is
clearly cbserved.
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Figure 7. Effect of Mg/Mn molar ratioc cn
initial rate constant for peroxide
decomposition. Initial pH 11.0, initial amount
of Mn introduced: O 1.10 x10™> mol; O 5.50 x
10°¢ mol.
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Figure 8. Effect of Mg/Mn melar ratio on
absorbance at 350nm of solutions containing
manganese nitrate and magnesium nitrate at
20°C. pH 10.3.

In contraset, addition of magnesium ions to a
system initially containing manganeee dicidde
ies found to hawve little influence on the
decomposition of alkaline hydrogen peraxide, as
shown in Figure 9. This impliee that the
linidng of Mg and Mn centres through oxygen
doee not occur, as the manganese dioxide
lattice does not break down to permit formation
of Mn-0-Mg etructures, except perhape as a
surface layer.

It ie apparent from the above discussion that
an examination of alkaline manganese-magnesium
systema in isolation does not simulate the
phenomena cobserved when magnesium is added



during peroxide bleaching of T™P containing
high levels of manganesa, as the stabilization
of peroxide deccomposition was not cbserved in
either case. It is therefore appropriate to
examine samewhat more complex systems where
possible interactions with components of the
pulp are alsc considered. : :

8
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Mg/Mn Molar Ratio

Rate Constant
(molfitre) min ~' (mol Mn)’

Figure 9. Effect of Mg/Mn molar ratic on
initial rate constant for peroxide
decompoeition with initial introduction of
manganese dioxide at 20° C. pH 10.3.

Binding of Manganese to Pulp and Pulp
Componenta

The origin of manganese present in mechanical
pulps can be attributed to the natural
occurrence of the element in wood, where it is
generally thought to be loosely complexed with
camponents of the pulp (33). Over 90% of <he
manganese present in our TMP wae removed by
complexation with DTPA followed by washing as
shown in Table 1. Figure 10 showe the uptake of
manganese by the chelated pulp from solutione
at pH 7 and 20°C containing dissolved manganese
nitrate. The pulps were allowed to stand in
contact with the solutions for 16 hours before
filtration and analyeis. The relationship in
Figure 10 where a limiting concentration is
approached suggests that manganese is bound at
specific sites in the pulp, and there is a
limiting value corresponding to 900 ppm. Figure
10 also showse the uptake of manganese for
cellulose suspeneione prepared from filter
paper. It is clear that there ie little
affinity for binding between cellulose and
manganese under neutral conditions at 20°C. It
would seem probable that the large uptake of
manganese by the TMP ie aesociated with binding
to lignin rather than carbohydrate components.
If thie is the case, the limiting level of
adsorption shown in Figure 10 would correspond
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to approximately one manganese for every 100 c:9
lignin units in the TMP. This calculaticn
assumes that all groups present within the
lignin macrcmolecule are accessible to the
metal ions. Reported analyses of cammon (34)
functicnal groups present in softwood ligninas
suggest that this amount does not correspond to -
any single type of functicnal group such as
carbonyl or free phenolic hydroxyl.

For example Adler and Marton (35) have
estimated that a coniferaldehyde group
associated with a free phenolic hydroxyl is
present to the extent of approximately 1 in 100
phenyl propane units in spruce lignin. It is
however possible that this corresponds to scme
specific combination of groupe, perhaps located
in some particular sterecchemical arrangement
within the lignin structure. The compound
vanillin was therefore used in subsequent
studies on peroxide decamposition to serve as a
potential model binding site in the lignin
structure.

1000

Mn Adsorbed (ppm)

0 10000 20000 30000

Mn Added (ppm)

Figure 10. The uptake of manganese from
soluticons containing dissclved manganese
nitrate at pH 7, and 20°C. {a) chelated and
washed ™P, O ; (b) cellulose, O.

Peroxide Decomposition ip the Pragence of Pulp
Components

Figure lla shows the extent of peroxide
decomposition with time in the presence of
manganese concentration equivalent to that
found in 209 of ™P (at 30 ppm). Addition of
magnesium (equivalent to 2.5% cn o.d. pulp)
produces an acceleration in peroxide
decamposition as might be expected from the
previous diecuseicn. Introductien of cellulcse
had no eignificant effect on peroxide
deccomposition as shown in Figure 1lb, ae might
be expected from cur cbeervations regarding the
affinity of cellulcse for manganese. Additicn
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of magnesium to the manganese/peroxide system
is eeen to produce a small stabilizing effect
as shown in Figure llb.

1 mgadaed

20 _ @

CONVERSION (%)

0 10 20 30 40

R

Mg/celluiose

CONVERSION (%)

30 40

CONVERSION (%)

80

TIME (min)

Figure ll. Decompesition of hydrogen peroxide
by manganese nitrate, 1.2 x 10°5 mol, at 20°C,
initial pH 11.0 (+). (a) Influence of magnesium
nitrate addition O, Mg/Mn molar ratio 160. (b)
influence of cellulose & (10.0g) and
cellulose/magnesium O (Mg/Mn =160). (c)
influence of vanillin O and vanillin/Mg © ;
vanillin/Mn molar ratio = 55.

Addition of vanillin to alkaline solutions
containing manganese also produces little
cbservable effect on peroxide deccomposition as
shown in Figure llec. Introduction of magnesium
to this eystam, however, can produce a
significant stabilizing influence (Figure llc).
The extent of stabilization depends on the
amount of magnesium present, and shows a
maximum corresponding to a magnesium/manganese
ratio of 580. This ie aleo shown in Figure 12
where peraxide decampoeiticn after 15 minutes
is plotted as a function of the amount of
magneaium introduced. Also plotted in this
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figure is the peroxide consumed during
sleaching of TMP with magnesium added. It can
be seen that there is also a maximum
stabilization corresponding to this molar ratio
of magnesium/manganese.

g 60

§ 40
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e 20 vanillin
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Q 0 2 4 6
Magnesium nitrate added (g)

Figure 12. The influence of magnesium addition
on decompoesition of hydrogen peroxide in the
presence of manganese nitrate (a) vanillin (b)
T™F.

Kineric Models for Bleachi it g

The development of kinetic models for
peroxide bleaching of mechanical pulps has
received much less attention than other
procesees of importance to the pulp and paper
industry which occur under alkaline conditicns,
such as soda-additive pulping (36-38). We have
recently developed several models to describe
kinetic phencmena during alkaline peroxide
bleaching of mechanical pulps based on various
assumptions concerning the types of
chromophores present. At present, the most
successful model appears to be based on the
assumption of a rapid equilibrium reaction
process between chromophores (C) and colourless
species which can be identified with

© leucochromophores {C‘.L}, coupled with a slower

irreversible process to give a colourless
product CP' This model is illuetrated in figure
13a. Figure 13b shows that peroxide bleaching
of T™P at pH 10.0 can be fitted auoceastul}y
with this model The overall rate of removal of
chramophores depends on the concentration of
the HO,” anion, and is aleo inhibited by
hydroxide ione. Strictly speaking, the model
has been developed in terms of chromophore
concentratione which are aesumed to be directly
proporticnal to the light absorption
coefficient (k). However, very similar trends
are observed in the behaviour of both k and
brightneses (Figure 14), so the model can be
used to describe the brightness respcnse of the
pulp in a qualitative manner.
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Figure 13. (a) The equilibrium model for
alkaline peroxide bleaching. (b) Theoretical
and experimental results for bleaching of T™™P
with constant reagent concentrations at 50°C.
pH 10.0, hydrogen peroxide concentration
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Figure 14. Variation in the absorption
coefficient (k) O and brightnees O for
peroxide bleaching of TMP pulp. Bleaching
conditions as in Figure 13b.

The model has been described in detail for
bleaching of Eucalypt SGW pulp using constant
conditions of pH and peroxide concentraticn
during the bleaching reactione (39).
Experimental results reported by other workers
for peroxide bleaching of softwood mechanical

pulpe have alsoc been analyeed using this model.

The fitting obtained is generally superior to
that using a previous model which assumes a
kinetic expression of the form

d
.. A B ]
"E =k [CH] [Hzozl Ck
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where a,b, and ¢ represent orders of reaction.
with respect to hydroxide ion, total peroxide -
concentration and chramophore concentration
respectively (41,42). :

The equilibrium model has been found to be
superior to other proposed models as this
kinetic formulation can account for the maximum
in bleaching rate at pH ll1-12 often reported
during peroxide bleaching (6,43). This model
also provides an explanation for the limits to
brightnees gain under given experimental
conditicns and the reversibility in brightness
cbserved during alkali darkening (44,45).

Figure 15 shows a plot of maximum brightness
gain observed during bleaching at 95°C with
constant initial alkali charge (1.0% on pulp)
ae a function of average peroxide concentration
{40). The limit to pulp brightness increases
with the average peroxide concentration.
hddition of manganeee produces increased
peroxide consumption, and lowering of the
brightness, but results still lie on the same
curve. This indicates that the influence of
manganese can be explained by a decrease in the
available peroxide. Additicn of magnesium
causee an increase in the stabilization of
peroxide. However the plotted position of
brightness against peroxide concentration lies
above the curve. This indicates the actian of
magnesium is not likely due to the increased
stabilization of peroxide.
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Figure 15. Effects of manganese and magnesium
on limiting brightness for bleaching of ™P at
95°C at constant initial alkali addition (2.5%
NaCH on ©.d. pulp). Normal O ,magnesium
nitrate added O (2.5% on o.d. pulp), manganese
addition & (corresponds to 50ppm on pulp).

CONCLUBSION

The presence of manganese in ™P can be
associated with increased deccompoeiticn of
hydrogen peroxide through catalytic reacticns.
This excess peroxide decompoeition reduces the
concentration of peroxide and the brightnees
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gain achieved. The adverse effects of manganese
can be reduced by its removal through chelation
and washing, or by addition of magnesium icns.
Studies of the effects of magnesium and )
manganese combinations in the absence of pulp,
do not reveal this atabilizing influence. This
appears to be a consequence of the binding of
manganese at epecific locations within the
pulp, particularly at sites associated with
lignin, which modify the ocbserved catalytic
behaviour. A more appropriate system appears to
be provided by studies of manganese and
magnesium in combination with a lignin model
such as vanillin, which enables the stabilizing
influence to be manifested.
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ABSTRACT

The kinctics of N N-dimethyl-4-nitrosoaniline (DMNA) oxidation in alkaline and
acidic hydrogen peroxide have been studicd at 50°C. Based on the premise that DMNA is
a specific acceptor for the hydroxyl mdical during the oxidation process, the effects of
transition metal ions and smbnlmng agents on sicady state concentrations of the radical

pecies have been d ined. Using these kinctic formulations, it has been inferred that
the hydroxyl radical has litde influcnce on alkallnc peroxide blcaching of mechanical
wood pulp at low consistency. However, using a two-stage acid/alkali peroxide
bleaching process a correlation exists between the calculated relative hydroxyl radical
concentranon in the acidic stage and the final pulp brighincss after the alkaline stage.

INTRODUCTION

Hydrogen peroxide has been used as a bleaching reagent in the pulp and paper
industry for over 40 years, mainly to achicve higher brightness of mechanical pulps.
Approximately 90% of the hydrogen peroxide cumrently supplied in Canada is used for

this purpose and is becoming the dominant chemical for mechanical pulp bleaching (1).
It has traditionally been thought that the active species present under alkaline bleaching
conditions is the perhydroxyl anion. HO," (2-6). Oxidative reactions involving
nucleophilic attack of this species on specific chromophore types such as a—f§
unsatrated aldehydes, a-carbonyls and quinones have been described as the major route
for elimination of chromophares (7-15). Over the past decade there has been a growing

awareness that other species. particularly the hydroxy! radical (OH') may also play an
important role during peroxide bleaching processes (12.14,16-19). There are, however,
contradictory reponts in the literanre conceming whether this radical species leads to
beneficial or detrimental effects during chromophore eliminazion (12.14,16-20).

The use of hydrogen peroxide is also expected to increase very significantly over the
next decade as a bleaching agent for chemical pulps (21-24). Traditionally, high -
brightness chemical pulps (e.g. Kraft pulps) have been obuained using reagents such as

chlorine and chlorine dioxide to remove residual lignin and achieve the high brightness
levels required for market pulp. Increasingly, however. environmental concems are
applying pressure on industry to move toward chlorine-free processes using agents such
as oxygen, ozone and hydrogen peroxide. The reactions occurring in these processes are
as yet ill-defined, but their undersianding is of enonmous potential economic imponance.
Under condidons where selective lignin removal is required, as in blcaching of chemical
puips, it is possible that processes involving the hydroxyl radical play a very significant
role (21). However, it is also known that auack on the carbuhydrate component of the
pulp by this radical species can also lead o depolymerisation (25), resulting in
unacceptably low mechanical saength propeniics. The controlled activity of this radical
species as a selective reagent could therefore be crucial in moving to chlorine-free
bleaching.

Recently (26) a kinctic analysis of peroxide blcaching has also shown the possibility
of a dual mechanism. Of these two mechanisms one can be associated with the -
pethydroxyl anion while the { can be related to the pi ¢ of radical species.
Several two-stage acid/alkali peroxide bleaching processes (26-31) have been developed
1o test this kinetic analysis and also investigate altemaic peroxide bleaching sequences.

Recent interest in the hydroxyl radical has arisen in other arcas of chemistry and
biochemisiry, as for example, the interaction of hydroxyl radicals with DNA(32).
Malelling of atmospheric chemistry (33) usually includes hydroxy! radicals as an
imponant part of these systems. The sclf-purification of natural waters is also related to
the presence of hydroxy! radicals (34-36).

A number of methods have been developed 10 measure hydroxyl radical
concentrations in aqueous systems. These include using phthalic hydrazide as a trap and
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‘detection via chemiluminescence of the species formed (37), UV detenmination of
radicals formed by the interaction of hydroxyl radicals with u»ocymte (38) or
bicarbonaic ions (39) and ESR techniques. A simple spectroph hod based
on the oxidation of N V-dimethyl-4-nitrosoaniline (DMNA) has been demonsirated 1o
be specific for hydroxyl radicals in alkaline media (40-41). The method has been applied
to studies of the influence of metal ions in 1 and mild aikali lutions of
hydrogen peroxide (35-36,42-44). In this study we have used pH conditions typical of
industrial bleaching (pH 11), as well as mild acidic conditions, and developed a kinetc
analysis to show the influence of both ransition metal additives and stabilizing reagents
commonly enc dinc ial bleaching processes.

Using this analysis we have attempied to elucidate the effect of hydroxyl radicals in
single stage alkaline peroxide bleaching and rwo-stage acid/alkali peroxide bleaching
p by a lation of the calculated relative sieady state hydroxyl radical
concentration with the final brighwness response of the pulp.

EXPERIMENTAL

Hydmgcn peroxide (30%) was obwined from Ajax l’.‘hemmls. Numcs of cnppcr.
iron, g and chromium (all 99%), dicthyl
acid (DTPA) (97%), N.N-dimethyl-4-nitrosoaniline (DMNA) (97%). powssnum
hydroxide of semiconductor purity (99.99%) and sodium silicate solution (30%) were
obriined fmm Aldrich Chemicals. Methanol was distilled before use.

All exp were perf 1 in polyethylene reaction vesscls immersed in a
constant temperature water bath maintained ar 50°C throughout the experiment. Milli-Q
walcr (45) was used 1o minimize the level of inroduced wransition metal jons. The pH
was maintained at either 5.8 or 11.0 throughout all experiments by addition of either
potassium hydroxide or diluie sulfuric acid.

uv- Vlsuble spectra were recorded on a Varian DMS 100 specropholometer. DMMNA

cone were ined from the absorbance at 440nm. Experiments were
ceased when approximately 30% of the initial DMNA charge was consumed due to the
influence of reaction products which have significant absorptions close 1o 440mm. In the
absence of peroxide, DMNA solwions at pHl 11.0 decolourize slowly. This has been
taken in to consideration in all cases. Peroxide residuals were determined by iodometric
tirration of samples. The samples were added to sulfuric acid, excess potassium iodide
and ammonium molybdate. The liberated iodine was then titrated with sodium thiosulfate

to a starch endpoint.

Bleaching experiments were performed in polyethylene reaction vesscls maintained
a1 50°C in a constant temperawure water bath. All bleaching was under conditions of
constant pH 11.0 to ullow comparison with solution studies. In two-stage bicaching
processes the pH of the first stage was maintained at 5.8. The pulp used was E. regnans
SGW, prepared on a small scale grindstone a1 Ausoalian Newsprint Mills Bayer mill.
The pulp, afier filtration and washing, was stored a1 20% consistency and 4°C untl
used. Experiments were performed at 1% pulp consistency with a peroxide charge of
12% on oven dried pulp. Samples were taken at 30 minute intervals for determination of
peroxide residuals and brightnesses (%150). For bleaching under constant conditons of
alkali and peroxide concentration. additions of chemicals were made when deviation
from the initial conditions were observed. This was achieved by regular determination
(10-15 minute intervals) of the peroxide conceniration and continuous pH measurement.

The brighmess of the unbleached pulp was regularly monitored to allow calculation
of brighmess gains and to d ine if any chang d with ge. The
brightness of the unbleached pulp was 53-55 %IS0. Pulp trightnesses were measured
using a Elrepho 2000 (as %150) afier making standard handsheets.

IHEOQRY

Previous swudies have shown thar DMNA reacts specifically with the hydroxyl
radical in the presence of hydrogen peroxide (40-41).
Simplified kinetic expressions for oxidation of DMNA can be developed as follows:

k
1
HyOp + M > OH' (1] Radical formation
kg .
X + O - >P, 2} Radical removal by species X
ky
DMNA + Ol ---> P, [3] Oxidation of DMNA
ky
Hy0p - >H0+120, [4) Overall decomposition of peroxide
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where: - M is a mewal species.
- X are species (other than DMNA) which can map
hydroxyl radicals.
- DMNA is NN-dimethyl-4-nitrosoaniline.
- Py and Py are oxidation products..
- k. k.y, k2 and k3 arc the respective rate constants
The rate of removal of DMNA (35) is given by:

-dIDMNA| = k;[DMNAJ[OH') [5)
dr

The steady state concenmaton of hydroxyl rmdicals is given by:

-d[OH') = k;{DMNAJIOH'] - k) [H,0,](M] + k ,[OH'][X] =0
Coodr [6]

Two limitng cases can be considered:

Reaction with DMNA is the dominant reacrion leading to the al of radical

i€ kI DMNAJOH'] >> k [OH][X])
so that:

o] = K, H,0,01M] ]
k3IDMNA] '

and: -df[DMNA] =k (M][EH,05) . 8]
dt

Cﬂ.ﬁ: e
Reaction with other species (X) is the dominant ennination reaction for hydroxyl

radicals. In our system X could be metal species (19), hydrogen peroxide (35) or
another radical species (17).

Under this condition  k_j[OH'][X] >> k;[DMNAJ{OH')

leading 10
(OH] = KfH,0,lM| o)
k. IX}
and: -d[DMNA] =k ky[DMNAJH,O41[M) (10)
dt k[X]

The derived kinetic expressions [8] and [10] indicate firsi-order dependence on
concenmrations of metal ion species and peroxide concenmarions. It is well known that the
namre of the metal jon species present in aqueous systems is smongly 'dependem on the
pH of the medium (46). For smdies carried out at constant pH, (M] could be regarded as
constant throughout a particular experiment. Maintaining the peroxide concengration a a
constant level throughout an experiment is difficult, particulary in the presence of
significant concenmraions of catalyuic species where the raie of decomposition is
appreciable. [nsicad, itis preferable 1 take account of the continuous decline in peroxide
concenmmation with tme in the kinetic expression, by assuming first-order decomposition:

-d[Hy0,] =ky[H,0,] (131]
— :

on integrating we have:

(H,05] = [H,0,) ¢ 52! n2

where [E1;04), denotes 1he initial concentration of hydrogen peroxide.
Substitting equation [12] into equation [8] and [10] we have:

-dDMNA] -kllM]{llzozlue'kz' . 3]
dr )
and -dDMNA] =k k;[DMNAJ(H,0,1e2(M] {14
dr k,IX]

On integrating, the kinetic expressions are:
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Case 5

[DMNA, = [DMNAJ, - ky[M][H, 0, Jpe k21 (s
ky
! :a:: b
In(DMNAL, = kky[DMNAJIMI[H,0,)ge 21 (16)
{DMNA], K kalX] ' :

Case 1 requires a zero-order dependence on [DMNA), while a first-order
dependence is predicied in case 2. It should be easily established which model is
preferable by observing whether the rate of removal of DMNA depends on the initial
amine concentration. Thereafier, the the validity of the proposed model can be further’
tested by examining plots of the appropriate [DMNA| function against the time variable
e k2l

RESULTS AND DISCUSSION

KINETIC PHENOMENA UNDER ALKALINE CONDITIONS

Experiments were performed 1o follow the rate of removal of DMNA in alkaline
peroxide solutions at 50°C, under conditions of constant pli = 11.0. The concentration
of DMNA was 1 spectroph ically, while decomposition of hydrogen
peroxide was measured by periodic titration of samples. The cffect on kinetic phenomena
of inroducing transition metal ions, including iron, manguncse and copper were
observed, as well as the influences of adding stabilizers such as sodivm silicae,

magnesium nitrate and DTPA.
The development of the kinetic models as shown in the theory scction assumes that
the rate of peroxide decomnposition is first-order with respect to p ide conc i

This was found to be a reasonuble assumption for cach of the systeins investigated, with
linear togarithmtime relationships as shown in Fig. 1. Addition of wansition metal ions
or stabilizers 10 the alkaline peroxide solution changed the magnitude of the rate constant
for peroride decomposition (ky) as shown in Table 1 .

TABLE 1. Rae « for peroxide decomposition in the p of added
ransition metal ions and swabilisers at 50°C.
Additive Concentration ks

(x 10 M) (x 107 /mim)
None - - 2.00
Copper 0.40 6.56
Manganese 0.91 4.18
Iron . 0.90 1.65
Magnesium 6.63 0.33
DTPA 25.4 0.55
Silicate 2000 1.33

Experiments also showed that the rue of DMNA remaval is dependent on the inidal
amine concentration, as shown in Fig. 2. This demonstrates that the kinetic expression
developed as Case 1 cannot be valid under these condidons. Analysis of kinetic
phenomena was therefore based on testing the validity of equation [16] (Casc 2).

Fig. 3 shows that, in the the absence of added wansition metal ions or swabilizers,
plots of InfDMNA]/IDMNA |, against the time function te"X2! arc linear, with values of
the corretation coefficient (R2) close 1o unity. This is consistent with equation {16],
assuming that the concentration of radical terminating specics [X) can be regarded as
constant for a paricular system.

The slopes of the plots illusirated in Fig. 3 can be refated to the value of the rate
constant for removal of DMNA defined by

K= Kk : an
k 1k

The Influence of Added Transition Metal lons

The ition metals ¢ ly reparted 1o have most influence on hydrogen
peroxide stability during industrial bleaching of mechanical pulps are mangancse, iron
and copper (46-49). The p e of mang in panticular is a under

conditions normally encountered during bleaching (50). Traces of these transition metal
impurities arc derived cither from the wood itself, or are inwoduced during pulp
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processing (47).

The influence of copper, manganese and iron addition on the kinetics of peroxide
decomposition and DMNA oxidation was i igated a1 pH 11.0 and 50°C. The validity
of equation { 16] was tested in the presence of introduced metal jons by plotting

In[DMNAJ/[DMNA], againsi the dme tunciion 1’2 10 al cases wsted, adequate linear

relationships were obtained, as ill d in Fig. 4. Using the slopes of these plots.
values of K and Kk, were plonied as a function of mewal additive concentrations as
shown in Fig. 5. The magnimde of K gives the rate constant for the removal of DMNA
in each case. This term also retlects the relative ratio of k /& to ko, and is therefore a
measure of the hydroxyl radical concentration available for reaction with DMNA per
mole of peroxide consumed. The term Kk, is directly propontional to the steady state
concentration of radicals (equation [9)).

Previous studies by lémcsxova and Skurlatova on the DMNA-peroxide sysiem have
‘been reponted at 70°C at pH 7 (35). Their results showed that addition of iron(IIT) had no
cffect on DMNA oxidaton (35), and concluded that micro-colloidal iron particles present
do not conmribute 10 the formadon or disappearance of hydroxyl radicals. Other studies
have concluded that iron docs not decompose peroxide via a radical mechanism (34).
Fig. Sa shows that K is not significantly affected by increasing the amount of iron in the
system. In fact, it appears that the addition of iron causes a slight reduction in K
compared to the system where no iron is introduced. A similar rend is observed for the
-values of Kk, as shown in Fig. 5b, showing that iron species present at pH 11.0 have
linle influence on the level of hydroxyl radicals available.

. In conmast. the addition of copper to the alkaline peroxide system produces a
sighiﬁcanl increase in the values of both K and Kk, as illustrated in Figs. 5a and 5b.
Hydroxy! radical concenwrations as measured by Kk, are almost directly proportional to
the levels of copper introduced. Our observations are in agreement with previous studics
(34-36) where addition of Cu(ll) was found to produce a proportionate increase in the
rate-of oxidation of DMNA. These workers also reported that the effecis of added Mn(I)

were similar to those of iron, with manganese addition producing little influence on the
formation or removal of hydroxyl radicals. Other studies have concluded that the

cawalytic decomposition of hydrogen peroxide in the presence of Mu(ll) does proceed via
a chain mechanism involving hydroxyl radicals (43). Our results at low levels of
manganese addition show liule influence of manganese on hydroxy! radical
concentration. However, at higher levels of manganese addition, the meral additive
produces a significant increase in the availability of hydroxyl radicals as reflected in the
valucs of Kk shown in Fig. Sb, with the valuc of this factor approaching that observed

for copper.

The Influence of Added Stabilizing Agents

Stabilizing agents commonty used in the peroxide bleaching of mechanical pulps are
magnesium salts (46,51-52), sodium silicate (3,46.51-52) and chelating agents such as
DTPA and EDTA (2.3,46.50.52). The additon of these reagents aims to reduce the
caulytic decomposition of hydrogen peroxide. leaving higher levels of peroxide available
for pulp bleaching. Peroxide decomposition in the p of these stabilizers follows
first-order kinetics and the values of kzlan: reported in Table 1. In all cases stabilization
of peroxide is achieved and plots of In[DMNA]/[DMNA], against 1e'52 again showed

dequate linear corretations. Calculated values of K and Kk, from these plots for the
addidon of magnesium. DTPA and silicate are shown in Fig. 6. '

The effect of the of magnesium additon is shown in Fig. 6a. The value of both K
and Kk, are decreased markedly at low levels of magnesium and further addition does
not affect these values significantly. The mechanism of stabilization of alkaline peroxide

solutions by magnesium involves cither the interrupdon of free radical processes that are
initiated by the residual mansition metal ions present in the solution (46), or deactivation
of the catalytically active specics in some way (46).

The addidon of DTPA, as shown in Fig. 6b shows very similar trends for both K
and Kk, as magnesium. Both values are reduced to low levels compared to unstabilized
peroxide solutions at low stabilizer addition, and further addition of stabilizer has litle or
no effect. It has previously been proposed (50) that the mechanism of DTPA stabilization
of alkaline peroxide solutions is related to the ability of DTPA to bind and deactivate the
residual transition metal ions in solution, thus reducing the catalytic decomposition.

The effect of sodium silicate addition, as shown in Fig. 6c, differs from that of
magnesium and DTPA. The value of K, which is a measure of the hydroxyl radical
concentration available for reaction with DMNA per mole of peroxide consumed, does
not decreasc on addition of silicate. However, the addition of silicate does reduce the
value of Kk, significantly as a result of the reduction in the rate of peroxide

decomposition.
The Influence of Mecthanol

Alcohols, particularly methanol and ethanol, arc known to be effective hydroxyl
radical traps (36). Figs. 7u and b show the cffect of methanol concentration on peroxide
decomposition, decolorization of DMNA and the calculated steady state concenmation of
hydroxyl radicals. Fig. 7a shows that increasing the concentration of methano! leads to
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an increase in the rate of peroxide decomposition. The reason for this is not clear. but
could rdal.e 10 ransitdon mclal ion impurities inreduced with methanol. Fig. 7b shows
that ing g the prog of methanol in solution significandy decreases the values
of K and Kk. Fig. Tc shows the effect of increasing hydrogen peroxide concentration
on the values of K and Kk, in [:1 methanol:walcr. As expected, higher concentrations of
hydrogen peroxide results in higher values of these constants.

Figs. Ba.b and ¢ show the effcct of increasing the methanol 1o warer ratio in the
presence of added iron and copper. The effect of methanol on the re of peroxide
decomposmon as shown in Fig. 8a. is small. Increasing the proponwn of methanol in
the sol rkedly d the ratz of DMNA decolorization (Fls 8b) and the

. calculated concenmation of hydroxyl radicals (Fig 8¢) also decrease significantly.

The variation of radical concentrations

Equadon 9 shows that the concentration of hydroxyl radicals available for reactdon
will depend on the ratio k /& | which is proportional to the factor Kk, and in wum
depends on the presence of stabilisers or transition metal ions. The hydroxy! mdical
concenration at any time also depends on the peroxide concentration, according to
equation 9. Figure 9 shows plots of Kkqf11,0,] against e for alkaline systemns
containing various levels of added wansition inetal jons and swabilisers. Copper and

ganese greatly enhance the conc ion of hydroxyl radicals, even though they
concurrently accelerate the decline in peroxide con ion, Magnesium and silicate
both reduce the stewdy state con ion of hydroxy! radicals compared 1o the

unstabilized system.
BLEACHING STUDES UNDER ALKALINE CONIMTIHONS

In theory it is possible 1o examine the influcnce of hydroxyl radical concentration
during alkaline peroxide bleaching by following DMNA oxidation in the presence of
pulp. Brightaess gain could then be corrclated with the radical concentration profile for
cach system. However, this approach has the drawback that DMNA, being highty
coloured, may dlirecty affect the brightness of the pulp by adsorption onto the fibres. Fig

10 shows the effect of DMNA conc ion on brigl gain during atkaline peroxide
bleaching and atso in the absence of peroxide under alkaline conditions. Clearty, DMNA
itself can influence the optical propenies of the pulp.

Iuis therefare preferable 1o draw comelations between the calculared radical
conc ions from our solution studies with the results of peroxide bleaching

experiments in the absence of DMNA, However, it is first necessary to determine
whether the presence of the pulp affects the oxidation of DMNA under our experimental
conditions, as reflected by the calculaed parameters. Table 2 shows that the calculated
values for K and Kk, are very similar in the p and ab of pulp. Values of k,
are increased in the presence of pulp in the case of magnesivm addition and with no
additive present, due to the consumption of peroxide by bleaching processes. Table 3
also shows that the values of Kk, which reflect availability of hydroxyl mdicals, give
similar trends with additives introduced. both in the presence and absence of pulp. It
therefore appears reasonable for us to comrelate values of Kk, from our soluton swdics
(in the absence of pulp) with the observed bleaching response of the pulp in the absence
of DMNA.

TABLE 2 Values of rate constants in the presence and ahsm of pulp. Conditions:
50°C, 1% consistency, pH 11.0, 0.0333M peroxide,

Additve ky K Kk,
(103 /min)  (x10?) (x 10°3 /min)

none solution 2.00 1.24 . 2.48
copper solution 13.3 1.89 252

goesi luti 0.36 0.67 0.24
none pulp 310 1.27 381
copper pulp 9.17 1.71 15.6
magnesium pulp 1.29 © 128 1.65

Figure 112 shows results obined for the addition of various amounts of

2 nitrate 1o p itle blcaching of pulp. The final brightness of the pulp is not
significantly affected by the p ¢ of magnesium or the implicd reduced
of hydroxyl radicats. A slight reduction in peroxide prion was achicved with the

introduction of magnesium, but the brighmess gains in the presence and absence of
magnesium are similar. Bleaching studies in the presence of varying quantities of
methanol, illustrated in Fig. 11b, also show that pulp brightness is not significantly
affected by the presence of a radical trap, thus supporting the results obtained with
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- magnesium.

Figure 12 shows negative cffects of additions of iron, copper and manganese on
brightness gain during peroxide bleaching experiments. However, it is difficult w isolae
the influences of radical concentration in these experiments, as the concentration profile
for total puroxide is also strongly dependent on the inroduction of these additives, For
this reason experiments were performed under conditions where both the pH and
peroxide concenwration were maintained at constant levels (53). Table 3 shows that for
the inoroduction of cither mansition metal ions or stabilisers under constant conditions

 there is no significant difference in brighwness gain. even though the solution swudies
indicate that significandly different concenmrations of hydroxyl radicals would be
available.

TABLE 3. Bleaching response of E. regnans pulp under conditions of consant
ion of peroxide (12% on oven dry pulp) and alkati (pH 11.0). Other
conditions as in Fig. 10a.

Additive C i Brighmess Gain (%1SO) Kk,
(x 10 M) 60 minutes 180 minutes  (x 10 -3 /min)

None 11.9 18.4 2.41
Copper o Loo 10.6 17.6 15.0
Manganese Li4 12.7 17.5 3.56
Iron L12 12.1 18.3 1.98
Magnesivm 7.98 10.6 17.2 0.23
Silicaie 2000 1.5 18.1 1.60

. Our results are in agreement with those of Reitberger et al. who used a method
based on chemiluminescence of solutions afier addition of phihalic hydrazide (37) to
follow generation of hydroxyl radicals during peroxide bleaching. They reported that
copper was partcularly efficient in formation of hydroxy! radicals from alkaline
hydrogen peroxide, while silicate, DTPA and magnesium sulfate reduced their
concentration (54). Their method also showed that av low pulp consisiencies (2.5%)
there were no positive effects due 10 enhanced fonnation of hydroxyl radicals during
alkaline peroxide bleaching of a mechanical pulp.

However, other investigations have concluded that peroxide decomposition

products can have either positive or negative effects on brightmess gain. Sjorgen et al
(55) have reponed positive effecis of hydroxyl radicals produced by iradiation with ¥
rays during peroxide bleaching of a mechanical pulp. Kumey and Evans (20) observed
brightness reversion when a bleached pulp was exposed to alkaline peroxide in the
presence of catalysts including iron, manganesc and copper, and auributed the effects to
peroxide d pasition prod

The apparent inconsisiencies in these observations regarding the influence of the
hydroxyl radical during alkaline peroxide bieaching of mechanical pulps may lic in the
experimental conditions used, for example pulp consistency. From analysis of the
kinetics of chromophore removal during peroxide bleaching. Moldenius and Sjorgen
(56) postulated that the effects of short lived species become much more apparent as the
pulp consistency is increased, as these active intermediates could more easily migrate
berween fibres. Reitberger (54) also found that at increased pulp consisiency positve
effects of hydroxyl radicals become apparent

KINETIC PHENOMENA UNDER ACIDIC CONDITIONS

Some transition metals exhibit maximum catalytic activity towards peroxide
decomposition under acidic conditions (26,27), although the rate of decomposition of
peroxide is usually low withowt added catalysts at low pH. Table 4 shows first-order rate
constants for decomposition of hydrogen peroxide in the presence of added chromium.
Again the model (equation [16]) gives adequate linear correlations and peroxide
decomposition follows first-order kinerics, Fig. 13a shows that the rate of removal of
DMNA and the sicady state concentration of hydroxyl radicals both increase with the
addition of chromium.

TABLE 4. Rate constant for peroxide decomposition in the presence of added

chromium at 50°C.

(Cr) ky
(x10°3M) (x10~¥/min)
0.00 4.20
2.49 6.00
4,97 9.86
9.95 16.0
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The additon of methanol to acidic soludons of hydrogen peroxide containing
chromium results in marked decreases in K and Kk, at much lower levels of methanol
than required for alkaline solutions (Fig. 7b), as shown in Fig. 13b. The peroxide
decompasition rate is gready reduced in the presence of methanol, compared 10 the small
changes noted in alkaline solution. The additon of magnesium under acidic conditions
has a similar effect on Kk; as shown in figure 13c.

BLEACHING STUDIES UNDER ACIDIC CONDITIONS

Previous investigations (26-28) have shown that under acudic p conditions
addition of chromium to peroxide bleaching liquors can improve the subsequ:nl
response of mechanical pulps under ional alkaline bleachi These
studies showed that although no brighmess gain was observed under acidic bleaching
conditons, the chromophores present are rendered more susceptble to bleaching in an
alkaline peroxid tium. This implics that hydroxyl radicals may have a positive cffect
“ on bleaching, provided the pulp is exposed t radicals under acidic conditions.

Figure 14a shows the blcaching response afier the two-stage aci/alkali process in
the p ¢ of added chromium in the ficst stage. This can be compared to figure 13a
showing the calculated hydroxyl radical ¢ jons. By i ing the hydroxyl
radical concentration in the acidic stage of a iwo-stage process, the final brighmess of the
pulp can be increased. This process has (26-27) been explained previously in terms of a
dual mechanism of peroxide bleaching, with bleaching being related to both the presence
of the perthydroxyl anion and the hydroxyl radical, and these resulis suppont such a
mechanisin.

In the presence of suabilisers to reduce the hydroxyl radical concentration (Figure 13
b.c), a decrease in brightness may be anticipated. Figures 14b and 14¢ show that for the

Idition of methanol or magnesivin, a decrease in biighiness is indeed observed after the
slkaline stage. Clearly, as the radical concentration is reduced the brightness gain also
decreases, indicaing that the presence of hydroxyl radicals can result in an increased
brighiness responsc. This cannot be associated with a change in radical concentration in
the alkaline stage as has previously been shown (Table 4, Figs. 11a and 11b)

Bleaching under acidic conditions in the preseace of the hydroxyl radical enhances

the final brightness of the pulp after the alkaline, stage. However, no change in
brighiness is obscrved after the acidic stage (26-28). This indicates that changes occur
within the lignin structure that do not cause a change in colour of the pulp, but increases
the susceptibility of the ch pl w climination in the subsequent alkaline stage, as
outlined below.

C e > C* e --.-) P
(Coloured) (Coloured) (Colourless)

The reason for the hydroxyl radical not having an infl under alkali
conditions may be related to the oxidation potential of this species. Under alkaline
condidons the oxidation potential of the hydroxyl radical is significantly lower than
under neutral or acidic condidons (16), thus lowering the reactivity. Furthermore. the
pK; of the hydroxyl radical is 11.4 (16), producing the oxyl radical, Q" , which has a
significanty lower oxidation potential than the hydroxyl radical, and is therefore less
likely 1o be a major bleaching species. )

Under acidic conditions, the oxidation p ial of the hydroxyl radical is i d
compared 1o alkaline conditions (16) and, therefore, the effect of hydroxyl radicals under
acidic conditions may be more easily observed. Several two-stage peroxide bleaching
processes have been repored (26-31) under acidic conditions followed by alkaline
conditions, and the cffects have been auributed to the activn of the hydroxyl radical.

CONCLUSION

Concentrations of hydroxy! redicals available for reaction in alkaline or acidic
solutions of hydrogen peroxide can be calculated from an analysis of DMNA oxidation
kinetics, Similar p lating 10 radical ation arc obtained both in the
presence and absence of pulp. These parameters can be cormrelated with bleaching
response in the absence of DMNA. The present studies show that a wide range of
conceatration levels of hydroxyl radical are available d fing on wheib
stabilisers are present during bleaching. However, the F nal pulp brightness at low
consisicncy under alkaline conditions is not significantly affected by reactions involving
the hydroxyl radical. For two-stage bleaching processes, where the pulp is first
subjected 1o acidic conditions, the availability of hydroxyl radicals at low pH can
significantly influence the final pulp brightness achieved after subsequent alkaline
bleaching.

metal ions or
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LIST OF FIGURES

FIGURE 1. First-order rate plots for hydrogen peroxide decomposition in the
presence of various catalysts and stabili Peroxide ation = 0.0353M, pH

11.0, 50°C, copper = 8.02 x 10-6M, mangancse =9.14 x 105M, DTPA = 5.09 x 10-5M
and silicate = 4.00 x 10"2M

FIGURE 2. Relationship berwcen the initial DMNA concentration and the quandy
reacted after 20 minutes.

FIGURE 3. Model fit for various levels of peroxide concentration. DMNA
concentration = 2,00 x 10-M.

FIGURE 4. Model fit for the addidon of transition metal ion catalysts. Conditions
as in Fig. 1, DMNA concentration = 5.00 x 10-3M. copper = 4.01 x 10-6M, manganese
=9.14 x 106M, iron = 4.49 x 10°M

FIGURE 5. Plots showing the variadon in rate constants for the addition of
copper, iron and manganese: (a) K, (b) Kk,.

FIGURE 6. Plots showing the variation in rate constants K and Kk, for
(a) magnesium, (b) DTPA and (c) silicatc. Conditions as in Fig. 4.

FIGURE 7. The effect of methanol addition on (a) peroxide decomposition rate,
(b) K and Kk,. (c) The effect of varying peroxide concentration in 1:1 methanol:water.

Couditions as in Fig. 4.

FIGURE 8. The cffect of methanol addition on (a) k,, (b) K and (c) Kk, in the
presence of added copper (1.003x 10-3M) and iron (1.1 lelO‘sM). Conditioas as in Fig.
4. '

FIGURE 9. The variation of calculated relative radical concentration in the
presence of (a) added copper (2.00x10°3M), iron (2.22x10°5M) and manganese
(2.27x10°3M); and (b) magnesium (3.75 x 10*M) and silicate (0.02 M)

FIGURE 10, The effect of DMNA concentration on (a) the blcaching response of
pulp and (b) alkali darkening. Conditions: pH 11.0, 50C, 1% consistency, (a) 12%

peroxide on o.d. pulp, (b) [DMNA) 2 x 10-M.

FIGURE 11. The brightness responsc of £. regnans SGW in the pn;cscncc of (a)
magnesiun and (b) methanol. pH 11.0, 12% peroxide on oven dry. pulp, 1% stock
consistency, 50°C.

FIGURE 12. The change in a) final brightacss and b) peroxide consumption for
bleaching in the presence of added transition metal ions. Conditions: 1% pulp
consistency, 50°C, pt 1.0, 12% peroxide on o.l. pulp, duration of bleach:180
minutes.
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FIGURE 13. Plots showing the variation in K and Kk, for the addidon of (a)
chromium, {b) chromium and methanol and (¢) chromium and magnesium. Conditi
pH = 5.8, [DMNA] = § x 10°5M.

FIGURE 14. The cffect of (a)chromium, (b) chromium and methanol and (c)
chromium and magnesium addition on the brighmess r;:s’gonsc during a rwo-stage
bleaching process. Conditions: 1% pms:sl:unr. C, 12% rr.roude on o.d. pulp,
acidic stage: 15 minutes, pH 5.8; alkaline stage 120 minutes, pH 11
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